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Abstract

Wind power is growing rapidly around the world as a means of dealing with the world energy shortage and
associated environmental problems. A wind electrical generation system is the most cost effective of all the

environmentally clean and safe renewable energy sources in world.

In this thesis, double fed induction generator and grid system are modeled under normal conditions of the
grid system and under grid faulty conditions. Any abnormalities associates with grid are going to affect the
system performance. Taking this into account, the performance of double fed induction generator (DFIG)
variable speed wind turbine under network faults is studied using simulation developed in
MATLAB/SIMULINK results show the fault behavior of the double fed induction generator when a sudden
short circuit and voltage dip on the grid side. After the clearance the short circuit fault and voltage dip the

proportional integral controller manages to restore the wind turbine’s normal operation.

The three-phase fault model is done by giving a fault equivalent resistance value of 0.01Q and voltage dip at
grid side with the value of 0.45p.u. At this time, the current, voltage, active power and reactive power value
of DFIG is fluctuating between 0.2p.u and 1.36p.u, 0.7p.u and 1.12p.u, 0 and 6MW, 0.75 and 0.42MVAr,
respectively. But in order to operate at normal operation the DFIG current and voltage value is at 1p.u. The
maximum active power that generated from DFIG is 9MW. To stabilize the system the proportional integral
controller compare the reference voltage and current with generated and minimize the error between voltage
and current. The proportional integral controller minimizes the error by decreasing the rising time and
makes the value of current and voltage to 1p.u. The detailed results of steady state and faulty or three-phase
short circuit on grid system has been noted and analyzed with proper justification. In order to increase the
fault ride through capabilities of the system, crowbar protection and series dynamic resistor could be added

to the system.

This thesis done by modeling and simulating of the controller using Matlab/Simulink in wind turbine system
integrated with grid system. Finally, we observed and interpreted the result with Matlab/Simulink

simulation software.

Keywords:- , doubly fed induction generator; wind turbine; proportional integral controller;
MATLAB/SIMULINK;
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1. Chapter One: Introduction

1.1. Background

Electrical power is the most widely used source of energy for our homes, work places and industries.
Population and industrial growth have led to significant increases in power consumption over the past three
decades. Natural resources like coal, petroleum and gas that have driven our power plants, industries and
vehicles for many decades are becoming depleted at a very fast rate. This serious issue has motivated
nations across the world to think about alternative forms of energy which utilize inexhaustible natural

resources [1].

The combustion of conventional fossil fuel across the globe has caused increased level of environmental
pollution. Several international conventions and forums have been set up to address and resolve the issue of
climate change. These forums have motivated countries to form national energy policies dedicated to
pollution control, energy conservation, and energy efficiency, development of alternative and clean sources
of energy. The “Kyoto Protocol to the Convention on Climate Change” has enforced international

environmental regulations which are more stringent than the 1992 earth summit regulations.

Renewable energy like solar, wind, and tidal currents of oceans is sustainable, inexhaustible and
environmentally friendly clean energy. Due to all these factors, wind power generation has attracted great
interest in recent years. Undoubtedly, wind power is today’s most rapidly growing renewable energy source.
Even though the wind industry is young from a power systems point of view, significant strides have been
made in the past 20 years. Wind turbine capacity has grown from 1.3 kW to machines producing 1.5 MW
and more. Increasing reliability has contributed to the cost decline, with availability of modern machines
reaching 97- 99%. Wind plants have benefited from steady advances in technology made over past 15 years.
Much of the advancement has been made in the components dealing with grid integration, the electrical
machine, power converters, and control capability. We are now able to control the real and reactive power
of the machine, limit power output and control voltage and speed. There is lot of research going on around
the world in this area and technology is being developed that offers great deal of capability. It requires an
understanding of power systems, machines and applications of power electronic converters and control

schemes put together on a common platform [2].
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Typically wind generation equipment is categorized in three general classifications: (1) Utility scale-
Corresponds to large turbines (900kW-3.5MW) used to generate bulk power for energy markets. (2)
Industrial Scale- Corresponds to medium sized turbines (50kW-250kW) mainly used by industries for
remote grid production to meet local power requirement. (3) Residential Scale- Corresponds to small sized
turbines (400 watts-50kW) mainly utilized for battery charging. Most of the commercially available utility-
scale wind turbines are based on the “Danish concept” turbine configuration. This configuration has a
horizontal axis, three-bladed rotor, an upwind orientation, and an active yaw system to keep the blades
always oriented in the direction of wind flow. The drive train consists of a low-speed shaft connecting the
rotor to the gearbox, speed increasing gearbox, a high speed shaft connecting gearbox to the generator. The

generators from established manufacturers typically operate at 550-690V (AC).

Unlike a conventional power plant that uses synchronous generators, a wind turbine can operate as fixed-
speed or variable-speed. In a fixed-speed wind turbine, the stator of the generator is directly connected to
the grid. However, in a variable-speed wind turbine, the machine is controlled and connected to the power
grid through a power electronic converter. There are various reasons for using a variable-speed wind
turbine. (1) Variable-speed wind turbines offer a higher energy yield in comparison to constant speed
turbines. (2) The reduction of mechanical loads and simple pitch control can be achieved by variable speed
operation. (3) Variable-speed wind turbines offer acoustic noise reduction and extensive controllability of
both active and reactive power. (4) Variable-speed wind turbines show less fluctuation in the output power.
The permanent magnet synchronous generator (PMSG) and doubly-fed induction generator (DFIG) are the

two machines on which the variable-speed wind turbines are based [3].

The doubly-fed induction generator (DFIG) is a ‘special’ variable speed induction machine and is widely
use as modern large wind turbine generators. It is a standard, wound rotor induction machine with its stator
windings directly connected to the grid and its rotor windings connected to the grid through an AC/DC/AC
pulse width modulated (PWM) converter. The AC/DC/AC converter normally consists of a rotor side
converter (RSC) and a grid-side converter (GSC). By means of the bi-directional converter in the rotor
circuit, the DFIG is able to work as a generator in both sub-synchronous (positive slip s > 0) and super-
synchronous (negative slip s<0) operating area [4]. Depending on the operating condition of the drive, the
power is fed in or out of the rotor. If (Pr<0): it is flowing from the grid via the converter to the rotor in

sub-synchronous mode or vice versa (Proor>0) in super-synchronous mode. In case (sub-synchronous and
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super-synchronous) the stator is feeding energy to the grid (Psawor> 0).For variable speed systems with
limited variable-speed range, e.g. £30% of synchronous speed, the DFIG is reported to be an interesting
solution. The back-to-back converter consists of two converters, i.e., rotor-side converter (RSC) and grid-
side converter (GSC) connected back-to-back. Between the two converters a DC-link capacitor is placed.
With the RSC it is possible to control the torque or the speed of the DFIG. Doubly fed induction machines
can be operated as a generator as well as a motor in both sub-synchronous and super-synchronous speeds
using the RSC control. Only the two generating modes at sub-synchronous and super synchronous speeds

are of interest for wind power generation.

DFIG wind turbine has many advantages, like, its capability for better reactive power management, it needs
only low power converter-inverter circuits, and no sudden variation in torque with variation in speed and
hence the output power will be smooth, it is that the converter needed to control the machine is moved to the
rotor, and the rotor can be made to handle significantly less power than the stator but still be able to control
the power through the stator. The DFIG is an adjustable-speed induction machine which is widely used in
modern wind power industry. Compared to a direct-driven synchronous generator system, one major
advantage of DFIG is that the power electronic converters have to handle only a fraction (20-30%) of the
total system power. This means that power losses in power electronic converters of a DFIG are much lesser
than the direct connected synchronous generator which has to handle the total system power.

DFIG offers several advantages when compared with fixed speed generators including speed control. These
merits are primarily achieved via control of the RSC. Many works have been proposed for studying the
behavior of DFIG based wind turbine system connected to the grid. Most existing models widely use vector
control DFIG. The stator is directly connected to the grid and the rotor is fed to magnetize the machine. But,
its drawback is very sensitive to grid disturbances.

Unlike a conventional fixed-speed induction machine, a DFIG delivers power to the grid from both the
stator and rotor paths. The DFIG frequency converter can be a potential cause of concern for effective
control of a DFIG system. From a different point of view, although d-q vector control technique regulates
DFIG speed, it also changes the basic parameters of the DFIG such as torque, stator real/reactive power,
rotor real/reactive power and the effectiveness of PWM converter modulation. This demands an integrative
approach for investigation and evaluation of the DFIG characteristics.
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Figure 1.1 DFIG wind turbine integrated with grid system

Further, the effectiveness of DFIG controller in extracting maximum energy from the wind by decoupled d-
g voltage control is extremely important in analyzing its design and performance. The energy captured and
converted from the wind by a DFIG depends not only on the induction machine but also on the integrated
aerodynamic and electrical systems of the wind turbine. Also their control technique under variable wind
conditions has to be analyzed to assess the overall performance of a DFIG. In order to better design and
manage a DFIG control system under variable wind conditions, it is important to understand how the
electrical characteristics of the generator and the aerodynamic characteristics of the turbine blades affect the
energy extraction and speed control of a DFIG system. Traditionally, DFIG electrical and aerodynamic
characteristics are usually inspected in separate environments. Few efforts have been made to study DFIG
behavior by combining the two characteristics together in one integrative environment. Unlike a
conventional fixed-speed induction machine, a DFIG has sophisticated controls at both wind turbine and
generator levels, and the extracted power by a DFIG relies not only on the aerodynamic properties of the
turbine blades but also on the coordination of the mechanical, electrical and power converter systems under
variable wind conditions. Those issues must be considered collectively in DFIG system study and controller
designs so as to enhance the overall system performance, efficiency and transient stability. The main
features of this research are (1) a study of generator converted power characteristics using DFIG d-q steady-
state model and faulty state model, (2) an investigation of extracted power characteristics versus generator,
slip, and (3) grid faulty conditions with extracted power characteristics of the turbine blades for DFIG speed

control study.
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Proportional-Integral(P1) controllers is a combination of proportional and an integral controller the output
(also called the actuating signal) is equal to the summation of proportional and integral of the error signal.
As we know in a proportional and integral controller output is directly proportional to the summation of
proportional of error and integration of the error signal [5]. The proportional-Integral (PI) controller is used
to calculate the error value as the difference between a measured process variable and a desired set point.
The PI controller attempts to minimize the error. It helps in reducing the steady state error, thus makes the
system more stable. Slow response of the over damped system can be made faster with the help of these
controller. Due to their unique ability they can return the controlled variable back to the exact set point
following a disturbance that’s why these are known as reset controllers. Its drawbacks are increasing the
maximum overshoot of the system, tends to make the system unstable because it responds slowly towards
the produced error. After designing a controller for the DFIG for maximum energy extraction, the main
issue and overall goal is to obtain effective control of the faulty conditions of the grid. A suitable control

system has to be designed to achieve successful control of grid fault conditions.

1.2. Statement of the Problem

Doubly Fed Induction Generator (DFIG) is widely used for wind turbine electricity generation. A typical
system of wind turbine contains a DFIG along with a back-to-back, DC-link converter and WTG. The rotor
side converter (RSC) is used to control the machine speed and reactive power. The stator side converter is
used to maintain the DC-bus voltage constant. During grid voltage dips or sag and short circuit on grid side
consequently rotor current rises. This leads to damage to DFIG, converter switches, DC-link capacitors and
electromagnetic torque fluctuations which cause mechanical stress on the drive-train system of wind turbine.
To overcome those problems, we can use a controller that can control the speed of the rotor and the slip of
the generator with following the natural curve of the DFIG. At a time of grid fault, the wind turbine or DFIG
will wait until the fault is extracted otherwise, it will interrupt themselves from the system and generate the

power to the nearby bus.
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1.3. Objective of Thesis

1.3.1. General Objective
The main objective of this thesis is study of DFIG under grid fault condition in wind power generation

systems.

1.3.2. Specific Objectives

%+ Model the controller speed of the rotor using a proportional integral controller, in order to stabilize
rotor speed and slip of the generator.

¢ Evaluate the performance of DFIG during voltage sag or dip and three-phase short-circuit condition on
grid side.

++ Evaluate the active power and reactive power at a time of grid fault.

¢+ Conduct power flow control during normal condition of grid, during grid faulty condition and after
clearances of grid fault of wind turbine.

% Conduct the faulty system with MATLAB/SIMULINK.

1.4. Literature Review
Around this thesis idea, several methods for DFIG power flow control under grid fault conditions in wind

turbine were proposed and analyzed.

In [6], a technique is described which the objective to keep the generator has connected to the grid in case of
a grid failure so that it can resume power generation after clearance of the fault in the grid. The key of the
technique is to limit the high currents and to provide a bypass for it in the rotor circuit via a set of resistors
that are connected to the rotor windings without disconnecting the converter from the grid. The wind turbine

can resume normal operation within a few hundred milliseconds after the fault has been cleared.

In [7], wind turbines can either operate at fixed speed or variable speed. For a fixed speed wind
turbine the generator is directly connected to the electrical grid. For variable speed wind turbine the
generator is controlled by power electronic equipment. There are several reasons for using variable-speed
operation of wind turbines; among those are possibilities to reduce stresses of the mechanical structure,

acoustic noise reduction and the possibility to control active and reactive power. Most of the major
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wind turbine manufactures are developing new larger wind turbines in the 3MW to 5MW range. These
large wind turbines are all based on variable-speed operation with pitch control using a direct driven
synchronous generator (without gearbox) or DFIG. Fixed-speed induction generators with stall control are
regarded as unfeasible for these large wind turbines. DFIGs are commonly used by the wind turbine
industry for larger wind turbines. Under this paper, it didn’t consider the fault condition. It only studies at

variable speed of wind.

In [8], Describes the dynamic behavior of a typical fixed speed wind turbine connected to the grid; the
model is developed in the simulation tool MATLAB/SIMULINK and created as a modular structure. The
pitch control system is used for stabilization of the wind turbine at grid faults. In this way, voltage stability
of the system with grid-connected wind turbines can be improved by using blade angle control for a

temporary reduction of the wind turbine power during a short-circuit fault in the grid.

In [9], Control strategy for a DFIG feeding an unbalanced grid or stand-alone load. Explain a new
methodology to compensate the stator voltage unbalance of DFIG has been proposed. The effects of voltage
unbalances in DFIG have been discussed, equivalent circuits and small-signal models, appropriate to design
the current control loops, have been proposed. Experimental results have been presented to validate the
proposed control methodology. For stand-alone and grid-connected applications the performance of the
control system has been tested considering variable-speed operation, fixed-speed operation and step
connection of unbalanced loads.

In [10], Transient stability simulation of a fixed speed wind turbine by Matlab/Simulink is explains the
detailed overview of fixed speed wind turbine. Describes the dynamic behavior of a typical fixed speed
wind turbine connected to the grid; the model is developed in the simulation tool Matlab/Simulink and
created as a modular structure. The pitch control system is used for stabilization of the wind turbine at grid
faults. In this way, voltage stability of the system with grid connected wind turbines can be improved by
using blade angle control for a temporary reduction of the wind turbine power during a short-circuit fault in
the grid.

In [11], Decoupled of active and reactive power control of a DFIG is explaining detailed explanation for the
active and reactive power in wind turbine systems. It provides decoupled regulation of the primary side

active and reactive power and it is suitable for both electric energy generation and drive applications. The
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mathematical model of the machine written in an appropriate d-q reference frame is established to
investigate simulations. In order to control the power flowing between the stator of the DFIG and the
network or grid, a decoupled control of active power and reactive power is synthesized using PI controllers.

Their respective performances are in terms of stator currents references tracking.

Recently,[12], the DFIG became the popular configuration in variable speed wind energy applications. The
development and use of the DFIG machines was dictated by the need for wide operational range as well as
the necessity to allow flexible power flow control, grid integration as well as economic reasons. The use of

the DFIG machines, however, increased the long term cost and complexity of the wind energy generation.

1.5. Motivation for this Thesis

Wind is intermittent or stopping and starting at irregular intervals. Many time the voltage dip and three-
phase short circuit will happen on grid sides. Grid voltage dip cause many problems for induction
generators; torque pulsations, reactive power pulsations and unbalanced currents in grid system.

In double fed induction wind generators, three-phase short circuit and voltage dip on grid side cause a
number of problems, such as over-current, unbalanced currents, reactive power pulsations, unbalanced
voltage on grid system and stress or damage on the mechanical components from torque pulsation.
Therefore, beyond a certain amount of unbalance, double fed induction wind generators are switched out of
the network or grid system. This can further weaken the grid. DFIGs, control of the rotor speed allows for

adjustable currents operation and reactive power control.

1.6. Contribution of the Thesis

In this work, the gaps between theory and practical simulation are completely filled with clear explanations.
The simulations are proven with provided models. The undertaking in this thesis aims to extend this
treatment to a DFIG wind turbine system. It is the intention of the author to quickly get the reader familiar
with the mathematical constructs, the basic physics of the machines and the control theory necessary to
construct a working model or MATLAB/SIMULINK model. Provided along with the theory is a working
simulation model in the Simulink environment. Every chapter is geared towards understanding the system

for simulation purposes.
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1.7. Thesis Outline

Chapter -2 deals with induction machine with basic dynamic d-q model, axes transformation, double fed
induction generator, deals with detail modeling of wind turbine coupled with DFIG and also modeling of
wind turbine in brief. Chapter-3 deals with, power flow control in wind turbine, power balance and also
mode of operation of DFIG,.Chapter-4 deals with control design, design of inner control loop and design of
outer control loop. Chapter-5 deals with simulation results in normal operation of the grid, faulty conditions
and after fault clearance conditions. Chapter- 6 deals with the conclusions, recommendations and future

work in details.
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2. Chapter Two: Theoretical Background

2.1. Introductions

An induction generator or asynchronous generator is a type of alternating current (AC) electrical generator
that uses the principles of induction motors to produce power. Induction generators operate by mechanically
turning their rotors faster than synchronous speed. A regular AC asynchronous motor usually can be used as
a generator, without any internal modifications. Induction generators are useful in applications such as mini
hydro power plants, wind turbines, or in reducing high-pressure gas streams to lower pressure, because they
can recover energy with relatively simple controls. An induction generator usually draws its excitation
power from an electrical grid; sometimes, however, they are self-excited by using phase-correcting
capacitors. Because of this, induction generators cannot usually "black start" a de-energized distribution

system.

Like other electrical machines, induction machines can be operated as either generators or motors. They are
cheap to manufacture, reliable and find their way in most possible applications. Variable speed drives
require inexpensive power electronics and computer hardware, and allowed induction machines to become
more versatile. In particular, vector or field-oriented control allows induction motors to replace DC motors

in many applications.

The Induction motors (IM) for many years have been regarded as the workhorse in industry. Recently, the
induction motors were evolved from being a constant speed motors to a variable speed. In addition, the most
famous method for controlling induction motor is by varying the stator voltage or frequency. To use this
method, the ratio of the motor voltage and frequency should be approximately constant. With the invention
of Field Orientated Control, the complex induction motor can be modeled as a DC motor by performing
simple transformations. In a similar manner to a dc machine, in induction motor the armature winding is
also on the rotor, while the field is generated by currents in the stator winding. However the rotor current is
not directly derived from an external source but results from the emf induced in the winding as a result of

the relative motion of the rotor conductors with respect to the stator field [13].

The concept of the steady state torque control of an induction motor is extended to transient states of
operation in the high performance, vector control ac drive system based on the field operation principle
(FOP). The FOP defines condition for decoupling the field control from the torque control. A field oriented
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induction motor emulates a separately exited dc motor in two aspects: i)Both the magnetic field and torque
developed in the motor can be controlled independently. ii) Optimal condition for the torque production,
resulting in the maximum torque per unit ampere, occurs in the motor both in steady state and in transient

condition of operation.

2.2. Dynamic d-q Model

It has been found that some of the induction machine inductances are functions of the rotor speed,
whereupon the coefficients of the differential equations (voltage equations) that describe the behavior of
these machines are time varying except when the rotor is stalled. A change of variables is often used to
reduce the complexity of these differential equations. The general transformation refers machine variables to
a reference that rotates at an arbitrary angular velocity. All known real transformations are obtained from
axis transformation by simply assigning the speed of the rotation of reference frame.

In the late 1920s, [14] R.H. Park formulated a change of variables which, in effect, replaced the variables
(voltages, current and flux linkages) associated with the stator windings of a synchronous machine with
variables associated with fictitious windings rotating with the rotor. In other words, he transformed or
referred, the stator variables to a frame of reference fixed in the rotor. He referred stator variables to the
rotor that choosing an appropriate frame of reference can simplify machine equations immensely. The
reason is an electric machine is basically comprised of electric circuits in relative motion linked by mutual
inductances. The inductances vary with rotor position through time, however if the frame of reference is
rotated at the proper speed the inductances will appear constant and the machine is simplified. Park’s
transformation, which revolutionized electric machine analysis, has the unique property of eliminating all
time-varying inductances from the voltage equations of the synchronous machine which occur due to: (1)

Electric circuits in relative motion and (2) Electric circuits with varying magnetic reluctance.

H.C. Stanley, [15], in late 1930's proposed a model for induction machine with respect to stationary
reference frame. He showed that the time-varying inductances in the voltage equations of an induction
machine due to electric circuits in relative motion could be eliminated by transforming the variables
associated with the rotor windings to variables associated with fictitious stationary windings. In this case the

rotor variables are transformed to a frame reference fixed in the stator.
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Later G. Bryon’s, proposed a transformation of both stator and rotor variables to a synchronously rotating
reference frame that moves with the rotating magnetic field. Lastly Krause and Thomas proposed a model
for induction machine with respect to stationary reference frame [15].

2.2.1. Axes Transformation

Consider a three-phase induction machine with stationary stator winding axes as-bs-Cs with voltages Vs, Vs,
Vs and with respect to the stationary reference frame (d*-g°), the voltages are referred as Vg, Vigs. Assume
that the d*-g*-axes are oriented at an angle 0. The voltages vy~ Vg can be resolved into as-bs-cs

components.
Vas cos 6 sin 0 11 /Vas
(Vbs>:[cos(9 —120°) sin(6 — 120°) 1‘ (Vqs> (2.1)
Ves/ lcos(0 + 120°) sin(0 + 120°) 11 \V,
The corrosponding inverse releation of the above equation is:

Ves |7|sin®  sin(@ — 120°)  sin(® + 120°) [ [ Vs
Vol | 1/2 1/2 1/2 Ve

(2.2)

(Vds> cos® cos(0—120°) cos(8+ 120°) (Va5>

The voltages on the d*-g° can be converted into d®-g° reference frame (synchronously rotating frame). To

find the synchronously rotating reference frame, we use a triagonometric relation.
Veqs:Vsqscosee'VsdsSinee (23)
Veds:Vsquinee-VstCOSGe (2.4)

Resolving the rotating frame parameter into stationary reference frame:

V24s5=Vqsc080e+V gssinbe (2.5)

\VARES -V 4s81n0e+VyscosOe (2.6)

Let, Vas=Vmcos (wet+0) 2.7)
Vbs =VmC0Ss (oet-27/3+0) (2.8)
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Ves=VmC0S (wet+27/3+0) (2.9)
From equations 2.5-2.9, we get the reference frame:
V23s=Vmcos (wet+0) (2.10)
V4= -Vmsin (wet+0) (2.11)
From equation: - V¢s=VmC0s® (2.12)
Vgs= -Vmsin® (2.13)

This shows that the sinusoidal variables in a stationary frame appear as DC quantity.

[V[=Vm (2.14)

CSs

d’® — axis

Figure 2.1 Stationary frame a-b-c to d-g axes transformation

" w

Figure 2.2 Stationary frame d-g to synchronous rotating frame d-q
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2.2.2. Synchronously Rotating Reference Frame-Dynamic Model (Kron's equation)
The stator circuit equations are [16]:

VoosmRsigsts (2.15)

Vsds:Rsisds‘l'%l//sds (2.16)
Where, y’qsand w’qs g-axis and d-axis flux linkage respectively.

Vis=Rslgst- s el (2.17)

Vus=Rslgs +%l//sds'(0el//ds (2.18)
If the rotor is not rotating, the rotor equations will be written as:

Var=Riigrt=- o toepr (2.19)

Vdr:Rridr"'%l//Sdr"'CUelﬂqr (2.20)

Where, . is the reference frame speed that interprets stationary circuit variables referred to the
synchronously rotating reference frame and o, is the reference frame speed that interprets stationary circuit

variables referred to a reference frame fixed in the rotor.

2.2.3. The Equivalent Circuit of a DFIG

The steady state equivalent circuit of an induction machine is a widely known topic cover thoroughly by
many authors. Figure 2.3 and 2.4 shows the standard model for a caged machine [17]. The modification for
a DFIG operation is simply to include the rotor voltage V., see Figure 2.3 and 2.4. Note that, it is necessary
to divide it by the slip to bring the frequency of the rotor to that of the stator. Furthermore, notice that all

rotor parameters are referred in magnitude to the stator by an equivalent turns ratio.
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Idr

Figure 2.3 The equivalent circuit of d-axis

If rotor rotates, then the equation will be:

. d
Vqr:RrIqr'l'El//Sqr'l' ((De'()\)r)l//dr (221)
- d
Vdr:Rr|dr+E‘//Sdr+ (we-0r)War (2.22)
iqs lqr
A p -+ — z, -+ e P-4
s @y, = r
= = (a)e — a)r )Wdr
17( s EL”' ‘)‘ r
” Yoy Y o "
p 4

Figure 2.4 The equivalent circuit of g-axis

The flux linkage expressions in terms of the circuit currents are:

Wos=LisiaetLm (igsHigr) (2.23)
Wor=Liigr+Lan (igs*+ior) (2.24)
Was=Lisigs+Lm (igs+iar) (2.25)
War=Lirigr+Lm (Igs*iar) (2.26)

Wom= Lm (igstiqr) (2.27)

Wam = Lm (igs*iar) (2.28)

We can write the above equations using matrix form as follows:
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[Vqs] Rg + SLy WL SL,
lVdsj: —welLs Rs + SLg —Welny (2.29)
Vqr SLS (we - wr)Lm Rr + SLr (we wr)L '
Vard 1=(we — wp) Ly SLm —(we — )Ly, R, + SL, llqr

2.2.4. The Equivalent Circuit of a DFIG under Fault Conditions

As the fault process has a very small time constant compared to that of the system, the slip does not vary
during the fault. Because of this, the DFIG may be considered to behave like a synchronous machine. In
other word, synchronous machine parameters may be applied to a DFIG fault simulator. To argue for this

possibility being valid, one must be familiar with the function of the synchronous generator [18].

+ e AAA- O
—=—
Ig
Vq

Figure 2.5 The equivalent circuits of g-axis under fault conditions

A synchronous machine is fed from a three-phase voltage source in the stator exactly like the induction
machine. The difference is in the rotor, where the synchronous machine has a constant magnetic field
generator. The source may be either permanent magnets or windings fed with DC voltage [19]. The three-
phase stator voltages produce a rotating field which interacts with the constant field of the rotor. Unlike the
case of the induction machine, the synchronous machine has no slip (the rotor field leads the stator field in a

generator)
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Figure 2.6 The equivalent circuits of d-axis under fault conditions
In Figures 2.5 and 2.6, the subscript kq, kd stands for amortization circuits and subscript, fd for the field

winding, respectively.

Starting the synchronous machine working as a generator (wanting to connect to the consumer) or a motor
requires special attention. To start the machine, a stronger field is needed because the windings are not
magnetized and the mechanical inertia which tends to keep the rotor in stand still state. The starting field
cannot be obtained by the stator and rotor alone [19]. As a consequence, the machine will start in an
asynchronous manner. A synchronization procedure is needed. For this, power electronics are used to
control the field. To assist at start up by creating a surplus field, an amortizations winding is used. After the

machine had started, the amortization circuit is taken out as the machine is fully magnetized.

Stator voltage equation:
V=Rt dg-0rda (2.30)

V=Rt dg-0rdg (2.31)

Where, Vq—q-axis voltage, V4—d-axis voltage, R«—stator resistance, iq—q-axis current, i-—d-axis current,

bq—q-axis flux, ¢pg—d-axis flux, and wg—rotor speed.
The flux equations show a dependency of inductances and currents:
$q=LalqtLmgi’kq (2.32)

$o=Lalg+Lmd(i a1 kd ) (2.33)
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where, Lq, Lg—leakage inductance, Lng, Lmg—magnetization inductance, iqg—field circuit current in d-axis,
i’kg—Tield circuit current in g-axis and i’kq—amortization circuit current in d-g- axis. The prime indicates

that to differentiate source current from field circuit and amortization circuit current.

Flux equations are presented as:

¢’ 16=L a1 ta+Lma(i’a+i’ka) (2.34)
¢’ k=L kdi "ka+Lma(i’ a1 ’1a) (2.35)
$’kq1=L"kql"kq1+Lmglg (2.36)
$’kg2= L'kg21’kg2tLmgl’q (2.37)

Field circuit voltage equation from Figure 2.6:

V’fd:R’fdi’fd"‘%(I)’fd (2.38)
Amortization circuit voltage equations:

V,kd:R,kdi’kd"'%(I)’kd (2.39)
Where, R’ ¢—Is the resistance of the amortization circuit.

For Figure 2.5 the amortization g-voltage is:
V’kqlzR,kdli,kql"'%(I)’kql (2.40)
For diagram present in Figure 2.5:

b b b d b
Vka2=R ka2l kaz+ -9 ka2 (2.41)
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2.3. Wind Turbine and Wind Energy Conversion System

2.3.1. Wind Turbine

Wind turbines are mechanical devices specifically designed to convert part of the kinetic energy of the wind
into mechanical energy. The wind turbine captures the wind’s kinetic energy of air mass by a rotor
consisting of two or more blades which is mechanically coupled to an electrical generator. Most of the time
the turbine is mounted on a tall tower to enhance the wind energy capture. The sites with steady high wind
produce more energy over the year. Wind turbines convert aerodynamic power into electrical energy. In a
wind turbine two conversion processes take place. The aerodynamic power (available in the wind) is first
converted into mechanical power. Next, that mechanical power is converted into electrical power. Those

power conversations are shown on Figure 2.7 below.

A modern wind turbine comprises of the principal components such as the tower, the yaw, the rotor and the
nacelle, which houses the gear box and the generator. The tower holds the main part of the wind turbine and
keeps the rotating blades at a height to capture sufficient wind power. The yaw mechanism is used to turn
the wind turbine rotor blades in direction of the wind. The gearbox transforms the slower rotational speeds
of the wind turbine to higher rotational speeds on the electrical generator side. Electrical generator will
generate electricity when its shaft is driven by the wind turbine, whose output is maintained as per
specifications, by employing suitable control and supervising techniques. The block diagram of a typical

wind energy conversion system is shown in Figure 2.7 below.
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Figure 2.7 Block diagram of wind energy conversion system

The tip speed ratio ()) is defined as the ratio of the speed of the extremities of a wind turbine rotor to the

speed of the free wind speed. Modern wind turbines are also classified as high rotation speed ones and low
rotation speed ones. This ratio can be taken as a metric in comparing the different characteristics of the wind

turbines.

Solidity (G) is other parameter, which is used to distinguish wind turbines. It is usually defined as the
percentage of the area of the rotor, which contains material rather than air.

Classification of wind turbine rotors

Wind turbines are usually classified into two categories, according to the orientation of the axis of rotation

rotor with respect to the direction of wind [20]. Those are :(1) Vertical-axis turbines and (2) Horizontal-axis

turbines.

Vertical-axis Wind Turbine (VAWT)

The axis of rotation of vertical axis wind turbine (VAWT) is vertical to the ground and almost perpendicular

to the wind direction. The VAWT can receive wind from any direction. Hence complicated yaw devices can
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be eliminated. Vertical axis machines have very good aerodynamic efficiency and have low manufacture
cost and simple control systems. The generator and the gearbox of such systems can be housed at the ground
level, which makes the tower design simple and more economical. Moreover, the maintenance of these
turbines can be done at the ground level. Advantages of the VAWT are; Easy maintenance for ground
mounted generator and gearbox, receive wind from any direction (no yaw control required), and simple

blade design and low cost of fabrication.

For vertical axis machines the solidity of turbine is defined as:

=25 2.42
= (2.42)

Where parameter o is the solidity of the turbine, z is the number of the blades, r is the radius of the rotor and
c is the chord (width) of the blade.

Disadvantages of a vertical-axis wind turbine are; not self-starting (require generator to run in motor mode
at start), lower efficiency (the blades lose energy as they turn out of the wind), limited options for speed
regulations in high wind speed, difficulty in controlling blade over-speed, and oscillatory component in the

aerodynamic torque is high.

The first windmills were built based on the vertical-axis structure. This type has only been incorporated in
small-scale installations. Typical VAWTSs include the Darrius rotor, after the French engineer who invented
it in 1920s [20]. VAWTSs contain vertical rotor, often slightly curved symmetrical airfoils. The largest
VAWT was installed in Canada, the electricity generating capacity of 4200KW. Since the end of the 1980s,

however, the research and development of VAWT has almost stopped world-wide.
Horizontal-axis Wind turbines (HAWT)

The axis of rotation of horizontal axis wind turbines (HAWT) is horizontal to the ground and almost parallel
to the wind stream. They can operate with the blades in front of the wind (up-wind) or behind the wind
(down-wind). They have one, two, three or a large number of blades and they cover approximately 90% of
the installed wind turbines around the world. Most of today’s commercial wind machines are three blades
HAWTS due to their aerodynamic stability. The most common design of modern turbines is based on the
horizontal-axis structure [20]. HAWT are mounted on towers. The tower’s role is to raise the wind turbine

above the ground to intercept stronger winds in order to harness more energy. Higher efficiency, low cut-in
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wind speed, easy furling or ability to turn the blades, lower cost to power ration and high power coefficient

are the distinct advantages of horizontal axis machines.

Disadvantages of the horizontal-axis; generator and gearbox should be mounted on a tower (thus restricting

maintenance servicing), more complex design required due to the need for yaw or tail drive.
For horizontal axis machines the solidity of the turbine is defined as:

_z.cr?
G p—

— (2.43)

Where, parameter o is the solidity of the turbine, z is the number of the blades, ris the radius of the rotor and
c is the chord (width) of the blade. In this section basic properties of wind are described which are very
important for power controller design of a DFIG.

2.3.2. Annual Wind Distribution

The annual wind distribution is an extremely important factor for the power output of a wind turbine. The
wind speed is never same throughout the year and keeps changing with different weather conditions.
Considering this factor the average wind speed for a short period of time depends not only on the annual
wind speed but also on the wind distribution. It has been found that annual wind distribution can be
described by statistical concept of Weibull probability density function [21]. This Weibull probability

density function is given by:
f (©) :%(Cﬁ)k'le—(k/ ok (2.44)

Where, k-is a shape parameter, c-is a scale parameter and w-is the wind speed. Therefore, the average wind
speed can be obtained as:

(oavg=f0°° of(w)dw (2.45)
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Figure 2.8 Weibull distributions for wind speeds: 5.4m/s, 6.8m/s and 8.2m/s

2.3.3. Power Extracted from the Wind

Wind is the movement of air in response to pressure differences within the atmosphere. Pressure differences
exert a force which causes air masses to move from a region of high pressure to one of low pressure. Such
pressure differences are caused primarily by differential heating effects of the sun on the surface of the

earth. Thus wind energy can be considered to be a form of solar energy [22].

The mechanical power produced by a wind turbine is proportional to the cube of the wind speed. The
rotational speed of the wind turbine for which maximum power is obtained is different for different wind
speeds. Therefore, variable speed operation is necessary to maximize the energy yield. Variable speed
turbines are connected to the grid via an electronic converter that decouples the rotational speed of the wind

turbine from the grid frequency, enabling variable speed operation.

The derivation of power extraction from wind:

1. Wind velocity:

y==2 (2.46)
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Where, V-is the speed of wind, AX-is the displecement of wind moving during a At ( change of time)

2. Air mass flowing:

Am=pAAX

Where, m —is air mass flowing in atmosphere, p- is air density and A-is swept area.

3. Mass flow rate at swept area:

A AAX

4a. Kinetic energy change:
AKE = %m(Vzl- V2,)
Where AKE- is change of kinetic energy,
4b. Force on turbine blades:
F:ma:mAA—‘t/:Qt(Vl-Vz)
Where, F-is the force of turbine blades.

5a. Power extracted:

_AKE _1m _1 2 _y2
P =- —zAt—th(Vl V<,)

Where, P- is the power that extracted from wind.

5b. Power extracted:
P =FV, = QV,(V, — V)
6a. Substitute equation (3) into (5a):
P = D)pAVe(V2i- V2y)
6b. Substitute equation (3) into (5b):
P = pAV3,.(V, = V)

7. Equate equation 6a and 6b:

(2.47)

(2.48)

(2.49)

(2.50)

(2.51)

(2.52)

(2.53)

(2.54)
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S () V(v V2= V2, — V) = Q) Ve — VW + 1) = V2,7 — ) =) (i + V) =

(2.55)
8. Substitute (7) into (6b):
P =pAc((3) Vi + V)2, (Vy = V) = 2L (V21- V2,)(Vy + V) (2.56)
9. Factor out v;*:
_ 3 1 _ (V22 Va
P =pA V31— ((D?)* (1 +2 (2.57)
10. Define wind stream speed ratio, a: This ratio is fixed for a given turbine & control condition.
=2
a= (2.58)
11. Substitute into power expression of (9):
P=p211_a2)(1+0a) (2.59)

12. Differentiate and find a, which maximizes function:

2 = p2 i 2a(a+1) + (1-a))] = 0=-2a> —2a+1—a? = —3a® —2a + 1= 0 =(~3a +

D(a+1) =0=a= %, a=-1 (2.60)

13. Find the maximum power by substituting a=1/3 into (11):

AtV 1 AtV 184 __ 8pAfV3,

P=pM(1-p(@=pG255 =20 (261)

14. Define Cy, the power (or performance) coefficient, which gives the ratio of the power extracted by the
converter, P, to the power of the air stream, Pj,.

Power extracted by the converter:-

AV3,

P=p (1-a®>(1+a) (2.62)

Power of the air stream:-

AKE_lm(
= At = 24t

1 1 1
V21 -0)= 5QtV21 = EPAtV1V21 = EPAtV31 (2.63)
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pAV31(1-a®)(a+a)

C,=—= 3 =-(1-a’)(1+a) (2.64)

= = T
P Pin ZPALV34

The total power is the mechanical power extracted by a wind turbine from the wind is expressed by the cube
law [11].

1
P = CyPi =5 CopA V3, (2.65)

Where, p-is the air density [kg/m®], A-is the area covered by the rotor blades in [m?], Cp-is the turbine
performance coefficient [dimensionless], Vi-is the wind speed [m/s],

=R
1=R% (2.66)
Where, R- is the radius of the rotor blades, w- is the angular speed of the blades and A-is the tip-speed-ratio.

The air density (p) depends on factors, such as plane altitude and air temperature and may vary between
1.07 kg/m® in hot and high altitude region to 1.395 kg/m? in a cold and low lying region. The performance
coefficient C,is a function of the tip-speed-ratio A and the pitch angle of the rotor blades . It depends on the

aerodynamic principles governing the wind turbine and may change from one wind turbine to another.

The performance coefficient C,can be found by two ways: One way to get C,is by using lookup table from
the manufacturer data sheets. Another way is by approximating C, by using a non-linear function. The

second method is used in this thesis because it gives more accurate results and is faster simulation.

_S
Cp(ﬂ: l) = C1 (;_21 - CBE - C4) e Ai + C6A (267)
Where, ¢1=0.22, c,=116, ¢3=0.4, c4=5, c5=12.5 and ¢4=0

1 1 0.035

i A+0.08p - B3+1 (2.68)

The mathematical representation of C, is obtained through the expression given below where aj;
coefficients are given in [12]. The curve has been obtained for values of A between 2 and 13.

Cp(ﬁr )= ?:0 Z?zo aijﬂi M (2.69)

This implies that higher values of wind generates power more than the rated capacity of the generator and

low speed wind generates small power or sometimes may not be sufficient to turn the turbine rotor. For each
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pitch angle of the rotor blades, there is an optimum tip-speed-ratioA,,.for which C,takes a maximum value.
This is to say, maximum power extraction from wind for that particular pitch angle. Hence, at low speeds of

wind, the angular speed of the rotor blades is regulated to an optimum valuew,, ,,:through DFIG controls at

the rotor blades.

0.4 -

0.1

0.0 4 =t T . ;
0 2 B 6 8 10 12 14 16 18 20

tip-speed-ratio

Figure 2.9 A 1.5MW wind turbine curves

15. The maximum value of Cpoccurs when its numerator is maximum, i.e., when a=1/3:

¢ =—=3(3)(5) =5 = 05926 (2.70)

Pin 2\9/\3 27
This fraction is described by the power coefficient of the turbine, which is a function of the blade pitch

angle () and the tip-speed ratio (A). It can be found that the maximum power from a wind system is 59.3%

of the total wind power. This is called the Betz limit for maximum power extraction from the wind system.
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2.4. Doubly Fed Induction Generator
Among the various renewable sources, wind energy has gained much attraction in the past few years
because of its availability and eco-friendly nature. Large sized wind turbines (WT) are of two types: fixed

speed wind turbine generators and variable speed wind turbine generators.

2.4.1. Fixed Speed Wind Turbine Generators

Fixed speed wind turbine generator has the following properties: simple and robust, cannot operate to
efficiently capture the energy in the wind, can operate at one speed and the wind speed is variable, for each
wind speed there is a certain turbine shaft speed that produces maximum power, and can only operate at
maximum aerodynamic efficiency for one particular wind speed. As the wind varies from this speed the

efficiency of the wind turbine is reduced.

2.4.2. Variable Speed Wind Turbine Generators

To solve those all problems mentioned under 2.4.1, | recommend to use the best wind turbine generator is
the variable speed wind turbine generators. We must use a variable speed wind turbine generators. The wind
turbine must be made to operate at variable speeds and to follow the curve of maximum power extraction.
Therefore, variable speed wind turbine utilizes the available wind resource more efficiently than fixed speed
wind turbine. In Figure 2.10, a variable speed wind turbine capable of tracking the maximum power curve
will extract more power than a fixed speed turbine for every wind speed except at point (B = B’) in the

diagram below.
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Figure 2.10 General wind turbine characteristics curve

2.4.3. The Advantage of a DFIG Configuration

Doubly fed induction generator (DFIG) is a popular variable speed wind turbine system [23]. The
advantages of using DFIG in wind turbine systems are: its capability for better reactive power management,
it needs only low power converter-inverter circuits, and no sudden variation in torque with variation in

speed and hence the output power will be smooth.

The main advantage of a DFIG is that the converter needed to control the machine is moved to the rotor, and
the rotor can be made to handle significantly less power than the stator but still be able to control the power
through the stator. The power handled by the rotor is roughly proportional to the slip or relative speed

difference from synchronous speed.

But, wind power system based on the DFIG is very sensitive to grid disturbances. A sudden dip in the grid
voltage would cause over-currents and over-voltages in the rotor windings and if this exceeds the limit it
will destroy the converter if no protection elements are installed. In the conventional protection methods, the
DFIG will be disconnected from the grid during the fault. The ability of WT to stay connected to the grid
during voltage sags or dip is termed as the low voltage ride through (LVRT) capability. To achieve the
LVRT requirement for DFIG WTSs, the over-current that can occur in rotor and stator circuits and the DC-
link over-voltage during grid fault should be considered properly.
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A doubly fed induction machine (DFIM) is wound rotor induction machine with its stator windings directly
connected to the grid and its rotor windings connected to the grid through a converter. By means of a bi-
directional converter in the rotor circuit the DFIG is able to work as generator in both sub-synchronous and

super-synchronous modes. DFIG is connected with back-to-back converters.

In this thesis, the grid side converter itself compensates for the reactive power rather than providing an
additional compensating device. Additional power is also extracted from the rotor side. The machine side
converter controls the rotor speed by using the voltage frequency control technique while the grid side
converter controls the DC-link voltage and ensures the operation by making the reactive power drawn by the
system from the utility to zero by using the voltage oriented control technique. The grid side current is

controlled by using reference current generation in d-q theory.

Wound rotor induction generators (WRIGSs) are provided with three-phase windings on the rotor and on the
stator. They may be supplied with energy at both rotor and stator terminals. Hence, they are called DFIG or
double output induction generators (DOIGS) in the generator mode. Both motoring and generating operation
modes are feasible, provided the power electronic converters that supply the rotor circuit via slip rings and

brushes are capable of handling power in both directions.

The AC/DC/AC Converter is divided in to two components the rotor side converter (RSC) and the grid side
converter (GSC). These converters are voltage sourced converters that use force commutated power
electronic devices to synthesize an AC voltage from a DC source. A capacitor connected on the DC side

acts as the DC voltage source. A coupling inductor is used to connect the grid side converter to the grid.

2.5. C(lassification of Wind Turbine based on Generation Technologies

According to differences in generation technology, wind turbines have been classified into four basic types
[24]:

a) Type 1: Fixed-speed wind turbines,
b) Type 2: Variable-slip wind turbines,
c¢) Type 3: Doubly-fed induction generator (DFIG) winds turbines and

d) Type 4: Full-converter wind turbines.
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2.5.1. Type 1: Fixed-Speed Wind Turbines

Fixed-speed wind turbines (popularly known as the “Danish concept”) are the most basic utility scale wind
turbines in operation. External reactive power support is necessary to compensate for the reactive power
consumed by the induction machine. Because of the limited speed range in which these turbines operate,
they are prone to torque spikes that may damage the mechanical subsystems within a turbine and cause
transients in the electrical circuitry. These turbines may employ stall regulation, active stall regulation or
blade pitch regulation to regulate power at high wind speeds. Despite being relatively robust and reliable,
there are significant disadvantages of this technology, namely that energy capture from the wind is
suboptimal and reactive power compensation is required. An example of a popular fixed-speed wind turbine
is the NEG Micon NM64/1500 turbine, rated at 1.5MW. A schematic for a fixed-speed wind turbine is
shown in Figure 2.11 [24].

Drive
Train

To grid
Squirrel
Cage IM
Pad-mounted
Transformer

Figure 2.11 Fixed-speed wind turbine schematics

2.5.2.  Type 2: Variable-Slip Wind Turbines

Variable-slip wind turbines are designed to operate at a wide range of rotor speeds. These turbines usually
employ blade pitching for power regulation. Speed and power controls allow these turbines to extract more
energy from a given wind regime than fixed-speed turbines can. Variable-slip turbines employ wound-rotor
induction machines that allow access to both the stator and the rotor of the machine. The rotor circuit of the

machine is connected to an alternating current (AC)/direct current (DC) converter and a fixed resistance.
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Figure 2.12 Variable-slip wind turbine schematics

The converter is switched to control the effective resistance in the rotor circuit of the machine to allow a
wide range of operating slip (speed) variation (up to 10%). However, power is lost as heat in the external
rotor circuit resistance. A controller may be employed to vary the effective external rotor resistance for
optimal power extraction. Reactive power compensation is still required. Vestas OptiSlip turbines, such as
the Vestas V66 (1.65MW), were the most successful turbines to employ this technology. A schematic for
this technology is shown in Figure 2.12 [24].

2.5.3. Type 3: Doubly-Fed Induction Generator (DFIG) Wind Turbines

DFIG turbines remedy the problem of power loss in the rotor circuit by employing a back-to-back
AC/DC/AC converter in the rotor circuit to recover the slip power. Flux vector control of rotor currents
allows decoupled real and reactive output power as well as maximized wind power extraction and lowered
mechanical stresses. Also, these turbines usually employ blade pitching for power regulation. Because the
converter handles only the power in the rotor circuit, it does not need to be rated at the machine’s full

output power.

The disadvantages of this technology namely, higher cost and complexity are offset by the ability to extract
more energy from a given wind regime than the preceding technologies. The General Electric 1.5MW wind
turbine is an example of a successful DFIG implementation; more than 15,000 have been installed in

different country. A schematic for this technology is shown in Figure 2.13.
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Figure 2.13 DFIG wind turbine schematics

2.5.4. Type 4: Full-Converter Wind Turbines

In full-converter turbines, a back-to-back AC/DC/AC converter is the only power flow path from a wind
turbine to the grid. Thus, there is no direct connection to the grid, and the converter has to be rated to
handle the entire output power. These turbines usually employ high pole count, permanent magnet,
synchronous generators to allow low-speed operation, thus allowing the elimination of the gearbox to
increase reliability. Nonetheless, using induction generators is also possible. Also, full-converter turbines
offer independent real and reactive power control, and they typically employ blade pitching for power
regulation. Although these turbines are relatively expensive, the increased reliability and simplicity of the
control scheme vis-a-vis DFIG turbines are attractive features, especially in offshore installations where
maintenance is costly. Enercon manufactures turbines based on this technology, such as the popular E82
2MW turbine .A schematic for this technology is shown in Figure 2.14.

To grid
Drive
Train | |
Pad-mounted Xer

— | T

Figure 2.14 Full-converter wind turbine schematics
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From those four types of wind turbine, we can detail explain about a Type 3. DFIG turbine model has also
been developed using the MATLAB SimPowerSystems toolbox. This model is a phasor model [7]; it treats
the power system as a balanced three-phase fixed-frequency network in which each phase voltage is
identical in magnitude but out of phase by 120 degrees. Phasor simulation replaces the differential equations
representing the network with a set of algebraic equations at a fixed frequency. Phasor simulation facilitates
transient stability studies of systems with multiple machines. Phasor simulations, also known as positive
sequence simulations, cannot be used to study unbalanced events. This model is better adapted to simulate
the low-frequency electromechanical oscillations within seconds to minutes. Another technique available to
simulate a generator is to use a three-phase representation, in which an unbalanced simulation can be
performed. The unbalanced conditions may come from the grid unbalanced voltage (faults, dips, or other

transients) or unbalanced grid impedance.

2.6. Operating Principle of DFIG

The mainstream high-power wind-energy conversion systems (WECSSs) are based on doubly-fed induction
generators (DFIGs). The stator windings of DFIGs are directly connected to the grids, and rotor windings
are connected to the grids through back-to-back power electronic converters. The back-to-back converter
consists of two converters, i.e., rotor side converter (RSC) and grid side converter (GSC). Between the two
converters a DC-link capacitor is placed, as energy storage, in order to keep the voltage variations in the
DC-link voltage small. Control of the DFIG is more complicated than the control of a standard induction
machine. In order to control the DFIG the rotor current is controlled by a power electronic converter. Wind
turbines use a DFIG consisting of a Wound rotor induction generator (WRIG) and an AC/DC/AC power

electronic converter.

The stator winding is connected directly to a three-phase, frequency of 50Hz grid while the rotor is fed at
variable frequency through theca/DC/AC converter via slip-rings to allow DFIG to operate at variable
speeds in response to changing wind speeds. A typical application, for DFIG is wind turbines, since they

operate in a limited speed range of approximately 20-25%.

The total system is that the machine-side converter controls the speed, while the grid-side converter controls
the DC-link voltage and ensures the operation at unity power factor (i.e. zero reactive power). By means of
a bi-directional converter in the rotor circuit the DFIG is able to work as a generator in both sub-

synchronous and super-synchronous modes. Depending upon the operating condition, power is fed in to or
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out of the rotor (which is the case of super synchronous mode), then it flows from the rotor via the converter

to the grid.

2.6.1. DFIG Capability Curves and the Coordinated Reactive Power Controller

2.6.1.1. Two- Mass Model
In stability analysis, when the system response to heavy disturbances is analyzed the drive-train system must
be approximated at least a two-mass spring and damper model. It includes generator inertia (Jg), turbine

friction damping (D+) and generator friction damping (Dg).

dwr

TT: Ksh (GT-QG)-DT(DT:\]T? (271)

Where, T+-is turbine torques and Kgy- is shaft stiffness (Nms/rad)

dwe

Ksh (QT-eg)-TG-(DTDG:JG? (272)

Tsn=Ksh (07-06) (2.73)

Where, Tgn-is shaft torques (Nm), Dt- turbine friction damping and 6+, 6¢-turbine and generator angular

position (rad).

The idea of using a two-mass mechanical model is to get more accurate response from the generator and the
power converter during grid faults and to have a more accurate prediction of the impact on the power
systems. A two-mass model (i.e. turbine, drive-shaft and generator inertia) has been used for the DFIG
while the drive-train system was represented with finite shaft stiffness. The RSC and GSC reactive power
controllers comprise of two control schemes: a slow controller and fast current controller. In terms of the
GSC an additional droop is implemented within the slow controller, since both controllers control the

reactive power at the point of common coupling (PCC).

2.6.1.2. DFIG Reactive Power Capability Characteristics
The reactive power capability curve of the DFIG can be accredited to both the RSC and GSC. The reactive
power capability charts were derived considering the limiting factors and the methodology outlined for the
GE 1.5MW DFIG.
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Doubly Fed Induction Machine is an induction machine which has four mode of operation where it can
work as a generator and as a motor in both positive slip and negative slip region. Both stator and rotor of
DFIG are connected with the grid where stator winding is directly connected while, rotor winding is also
connected with grid via a back-to-back three-phase voltage source converters. A capacitor of high rating
(C4c) connects these two converters and power is flowing through these winding depends upon torque and

flux developed machine [25].
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Figure 2.15 DFIG capability curve; a) RSC and b) GSC

The RSC reactive power capability is mainly constrained by the stator current, rotor current and rotor
voltage limits [25]. These limiting factors further depend on the operating slip of the machine, and hence
individual capability curves were produced for several values of slip. The RSC is capable of operating
between +0.95 to -0.95 power factor across the full active power range of the DFIG without additional
reactive power support from the GSC. However, 0.90 lagging power factor operation reactive power
capability is limited to 0.90 p.u active power output, hence additional reactive power must be provided by

the GSC during such conditions.

The GSC reactive power capability is mainly limited by the DC-link and the back-to-back converter ratings,
which was derived based on the method outlined in [25]. The GSC capability chart indicates £0.28 p.u.
average reactive power capability for a 30% converter rating across its full operating range while for a 50%

converter rating the average reactive power capability increases to +0.48 p.u. Therefore, a 50% converter
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rating indicates a combined reactive power capability of 1.28 p.u during zero active power production.

However, during full active power production this reduces to 0.83 p.u.

2.7. Double Fed Induction Generator under Fault

2.7.1. Introduction

There can be many causes for a voltage dip, short circuits somewhere in the grid, switching operations
associated with a temporary disconnection of a supply, the flow of the heavy currents that are caused by the
start of large motor loads, or large currents drawn by transformer saturation.

Voltage dips due to short-circuit faults cause the majority of equipment trip. Faults are either symmetrical
(three-phase or three-phase-to-ground faults) or non-symmetrical (single-phase (1¢) or double-phase (2¢) or
double-phase-to ground faults). Depending on the type of fault, the magnitudes of the voltage dips of each
phase might be equal (symmetrical fault) or unequal (non-symmetrical faults). The magnitude of a voltage
dip or sag at a certain point in the system depends mainly on the type of the fault, the distance to the fault,

the system configuration, and the fault impedance.

The dynamics of the DFIG have two poorly damped poles in the transfer function of the machine, with an
oscillation frequency close to the line or grid frequency. These poles will cause oscillations in the flux if the
doubly-fed induction machine is exposed to a grid disturbance. After such a disturbance, an increased rotor
voltage will be needed to control the rotor currents. When this required voltage exceeds the voltage limit of
the converter, it is not possible any longer to control the current as desired. This implies that a voltage dip
can cause high induced voltages or currents in the rotor circuit. The high currents on the rotor might destroy
the converter of DFIG wind turbine system, if nothing is done to protect it. The rotor currents of the

machine are shown for a voltage dip of 85%, implying, that only 15% of the grid voltage remains.

2.7.2. DFIG Wind Turbine under Grid Fault Condition
Consider DFIG in which, immediately after a three-phase fault occurs, the stator voltage and flux reduces
toward zero. The voltage drop depends on the location of the fault. The rotor current then increases to

attempt to maintain the flux linkage within the rotor windings constant. However, for a DFIG the increase in
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the rotor current immediately after a fault will be determined by two factors. The first is the change in the

stator flux and the second is the change in the rotor injected voltage.

Grid side converter controls reactive power flow during the fault condition and maintains the voltage of DC
link capacitor during normal operating condition. Hence, GSC acts as a rectifier during normal operating
condition and as an inverter during fault condition. Rotor side converter control active power and reactive
power flowing DFIG by application of vector control method. As grid frequency depends upon active power
flow and grid voltage depends upon reactive power flow. By controlling active and reactive power flow we
can control the frequency and voltage of gird. To study the control of three-phase current one method is
applied in which three-phase grid currents i, Ip, ic are converted into direct axis current iy and quadeture-axis

current iq [26].

2.7.3. DFIG Wind Turbine Behavior Immediately after the Fault

In the fault instant, the voltage at the DFIG generator terminal drops and it leads to a corresponding
decrease of the stator and rotor flux in the generator. This results in a reduction of the electromagnetic
torque, reactive power and active power. As the stator flux decreases, the magnetization that has been stored
in the magnetic field has to be released. The generator starts its demagnetization over the stator, which is

illustrated by the reactive power peak in the moment of the fault.

In the fault moment, as the stator voltage decreases significantly, high current transients appear in the stator
and rotor windings. In order to compensate for the increasing rotor current, the rotor side converter increases
the rotor voltage reference, which implies a rush of power from the rotor terminals through the converter.
On the other side, as the grid voltage has dropped immediately after the fault, the grid side converter is not
able to transfer the whole power from the rotor through the converter further to the grid. The grid side
converter’s control of the DC-voltage reaches thus quickly its limitation. As a result, the additional energy

goes into charging the DC-bus capacitor and the DC-voltage rises rapidly.

2.7.4. DFIG Wind Turbine Behavior at Fault Clearance Time

During the fault, the stator voltage and rotor flux have been reduced, the injected rotor voltage has been
changed and the rotor speed has been increased. Immediately the fault is cleared the stator voltage is
restored, and the demagnetized stator and rotor oppose this change in flux thus leading to an increase in the

rotor and stator currents.
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2.8. DFIG Protection Schemes during Grid Faults
For wind power generation systems, the doubly-fed induction generator (DFIG) currently dominates with its
variable wind speed tracking ability and relatively low cost compared to full-rated converter systems, e.g.

permanent magnet synchronous generator (PMSG).

Significant disadvantage of the DFIG is its vulnerability to grid disturbances because the stator windings are
connected to the grid through a transformer and switchgear with only the rotor-side buffered from the grid
via a partially rated converter. Therefore, to protect the wind farm from interruptions due to onshore grid
faults and wind farm faults, a crowbar protects the induction generator and associated power electronic

devices. This protection system is widely used in industrial applications.

2.8.1. Crowbar Protection

A crowbar is a set of resistors that are connected in parallel with the rotor winding on occurrence of an
interruption, bypassing the RSC. The active crowbar control scheme connects the crowbar resistance when
necessary and disables it to resume DFIG control. For active crowbar control schemes, the control signals
are activated by the RSC devices [which are usually insulated-gate bipolar transistors (IGBTs)]. These have
voltage and current limits that must not be exceeded. Therefore, the RSC voltages and currents are the
critical regulation references. The DC-link bus voltage can increase rapidly under these conditions, so it is

also used as a monitored variable for crowbar triggering [27].

A major disadvantage of crowbar protection is that the RSC has to be disabled when the crowbar is active

and therefore the generator consumes reactive power leading to further deterioration of grid voltage.

2.8.2. DC-Chopper
A braking resistor (DC-chopper) is connected in parallel with the DC-link capacitor to limit the overcharge
during low grid voltage. This protects the IGBT from over-voltage and can dissipate energy, but this has no

effect on the rotor current.

2.8.3. Series Dynamic Resistor
In a similar way to the series dynamic braking, which has been used in the stator side of generators, a
dynamic resistor is proposed to be switched in series with the rotor (series dynamic resistor) and this limits

the rotor over-current. Being controlled by a power electronic switch, in normal operation, the switch is on
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and the resistor is bypassed; during fault conditions, the switch is off and the resistor is connected in series

to the rotor winding [28].

___________ DC-link i R, oL,
{ Shunt- Shunt- + Bi-directional | v
i Resistor | 2E’\/l | Resistor :;Rotor e Bypass Switch ! ro
/T Vv
RSC i..Series-Resistor |
DC-Chopper Crowbar Series Dynamic Resistor

Figure 2.16 DFIG rotor equivalent circuits with all protection schemes

The difference between the series dynamic resistor and the crowbar or DC-link braking resistor is its
topology. The latter are shunt-connected and control the voltage while the series dynamic resistor has the
distinct advantage of controlling the current magnitude directly. Moreover, with the series dynamic resistor,
the high voltage will be shared by the resistance because of the series topology; therefore, the induced
overvoltage may not lead to the loss of converter control. Hence, it not only controls the rotor overvoltage
which could cause the RSC to lose control, but also limits the high rotor current. In addition, limiting the
current reduces the charging current of the DC-link capacitor, which helps avoid DC-link overvoltage.
Therefore, with the series dynamic resistor, the RSC does not need to be inhibited during the fault.

The crowbar is adequate for protection of the wind turbine system during grid faults in onshore
developments. The adverse impact of temporarily losing RSC of a DFIG in a small-scale wind farm can be
tolerated since it only involves a small amount of reactive power consumption; which is not presently the

case for large-scale offshore wind farms.
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3. Chapter Three: Power Flow Control in Wind Turbine

The phase sequence of the AC voltage generated by the RSC is positive for sub-synchronous speed and
negative for super-synchronous speed. The frequency of this voltage is equal to the product of the grid
frequency and the absolute value of the slip. The RSC and the GSC have the capability of generating or
absorbing reactive power and could be used to control the reactive power or the voltage at the grid
terminals. The RSC is used to control the wind turbine output power and the voltage (reactive power)
measured at the grid terminals. The GSC is used to regulate the voltage of the DC bus capacitor [28].
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Figure 3.1 DFIG power flow control

3.1. Overall Power Flow in DFIG Wind Turbine System during Grid Fault

The overall energy flow diagram of wind power generation is illustrated in Figure 3.2. The input energy is
the kinetic energy stored in the wind. The wind drives the mechanical linkage that converts wind energy into
mechanical energy and the electrical linkage converts mechanical energy into useful electrical power from a

wind power plant to the energy consumers via transmission and distribution lines.

AAIT, SCHOOL OF ELECTRICAL & COMPUTER ENGINEERING DEPARTMENT OF g
ELECTRICAL ENGINEERING | Chapter Three: Power Flow Control in Wind Turbine



Study of Doubly Fed Induction Generator Control under Grid Fault
Conditions

2016

Electromechanical

) r mechanical | "
Wind . Distance 1 Distance 2 )
Linkage . . | - e R,
speed| ~nxage Electrical Linkage —— R P
Gear-Box
I oA
L T35V
Pitch Controlled W1 Fault
| - __WindRgter ________ __ L |
Aeromechanic i "@ | —>
= AC filter
Conversion E |  Electric
| Power

Figure 3.2 Overall energy flows in grid systems

3.1.1. Mechanical Linkage
The mechanical linkage consists of different components, like, shaft, blades, gearbox etc. The input is an
aerodynamic input and the output is the electrical output. The source of mechanical stresses (mechanical

loads) are diverse.

3.1.1.1.Aerodynamic Input
The aerodynamic input consists of the average wind speed and additional turbulent wind speed. The
turbulence is the higher frequency components, caused by wind obstruction (ridges, trees, other turbines)
that creates mini swirls of wind imposed on individual blades. In addition, one turbine may experience
different wind turbulence from other turbines within a wind power plant. Generally speaking, wind
turbulence may excite the mechanical components within the mechanical linkage and may be detrimental to

the mechanical component when it hits its frequency modes.

3.1.1.2.Mechanical Output
The mechanical output is the torque that drives the generator. In Type 1 and Type 2 turbines, this torque is a
function of the rotational speed. In Type 3 and Type 4 turbines, this torque is controllable by the power
converter. The mechanical output converted from the aerodynamic power is affected by the aerodynamic

and mechanical controls.
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3.1.1.3.Inherent Short-Term Storage and Damping
The inherent short-term storage that exists within the mechanical linkage includes the blade aero-elasticity,
the Kkinetic energy in and out of the rotating mass (shaft, gearbox, generator, blades) and potential energy
within the shaft and gearbox stiffness. Short-term storage also includes the inherent damping in the blade-air
interaction, the gear-to-gear in the oil bath of the gearbox, the wind age from the air-cooled generator,
and/or liquid friction losses in the water- or oil-cooled generator. All of these actually provide some kind of
buffer to smooth out the energy spikes presented to the turbines by the presence of turbulence or other

sources.

3.1.1.4.Aerodynamic and Mechanical Control
The aerodynamic control of a wind turbine is provided by stalling a wind turbine (self-limiting aerodynamic
control). However, the stalled-control wind turbine has not been adapted in the newer turbines. Most of the
new turbines use pitch control to adjust the aerodynamic input. Another type of control used in a wind
turbine affecting the aerodynamic input is the yaw drive. Mechanical brakes (electromagnetic or hydraulic)
are also common in WTGs to avoid a possible runaway event when a wind turbine loses its connection to

the grid, and to stop the turbine during parking or repair/maintenance.

3.1.2. Electrical Linkage
The electrical linkage consists of different components (generator, power converter, capacitor, inductor,
controllers, etc.). The input is a mechanical torque at the generator shaft input and the output is the electrical

power. The sources of electrical stresses (voltage and current) in a wind turbine are diverse.

3.1.2.1.Grid Side Transmission Lines
Many events may occur at the grid as results of natural causes (lightning; short circuits caused by falling
trees or animals; shorted, sagging lines caused by high winds, etc.) or man-made events(capacitor switching,
loss of lines during fault clearing, loss of generators, loss of loads, etc.).These events may create overload
currents, overvoltage and under voltages, or normal/unbalanced voltages. However, before being cleared,
the abnormal event may be severe enough that it creates irreversible damage on the turbine components (the
gearbox, generator, power converters, etc.), especially if the event creates torque or voltage spikes. These
events may not cause instant fatal effects; however, if left uncorrected, the torque pulsations and unequal

heating in the generator stator windings may lead to catastrophic failures.
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3.1.2.2.Point of Interconnection to Substation
The point of interconnection of a transformer is often chosen to be the high side of the substation
transformer, where the metering is installed and the revenue is accounted. At the substation, protections
(circuit breakers, transient voltage suppressors, fuses, etc.) are in place to keep the transformer, switchgear,
and generators from experiencing abnormal conditions (short-circuit currents, over-voltages, etc.). If the
various protections installed at the substation malfunction (e.g., because of aging, improper maintenance,
damage, or the wrong coordination of relay protection), the abnormal events can be transmitted to the

generators and power converters connected to a power line.

3.1.2.3.Generators and Power Converters
Generators and power converters are connected to the grid. In Type 1, 2, and 3 WTGs, the generator stator
windings are connected to a power grid; hence, any voltages and frequency disturbances may affect wind
turbine components instantly and directly. In Type 4 WTGs, a power converter connects the grid to the

stator winding of the generator; thus, there is less direct impact of line disturbance on WTGs.

3.1.2.4. Power Converters
The power converters for Type 3 and Type 4 WTGs are connected to the grid; thus, anything that occurs on
the grid can be passed to a generator directly (for Type 1, 2, and 3 WTGS) or indirectly(for Type 4 WTGS).
The power converter and generators are very susceptible to abnormal events occurring on transmission
lines. Subsequently, because of abnormal events on the grid, the generated torque may impact the wind
turbine mechanical components. Further, the extreme ramping rates and turbulence coming to the wind

power plant may affect the power system to which it is connected.

3.2. Power Balance Relations

The equivalent circuit in Figure 2.3-2.6 completely neglects any mechanical power losses and the electrical
core losses. This model has been chosen to match up with the complexity of the dynamic model required for
control. It is still more than detailed enough to describe the basic power balance and flow through the

machine. The purpose of this section is to give an idea how power flows in the four different modes.

3.2.1. Active Power Balance
First of all there are three places active power can be injected or removed from the machine; the stator
terminals, the rotor terminals and the rotor shaft. Additionally some active power is dissipated as heat from

AAIT, SCHOOL OF ELECTRICAL & COMPUTER ENGINEERING DEPARTMENT OF ¥
ELECTRICAL ENGINEERING | Chapter Three: Power Flow Control in Wind Turbine



Study of Doubly Fed Induction Generator Control under Grid Fault | 2016
Conditions

the stator and rotor winding resistances. Both stator and rotor currents are assumed to be entering the
machine, that is they are in motoring convention. This means that a positive Psor P,implies the machine is
consuming power from the respective terminals and negative Psand P, implies the machine is supplying

power from the respective terminals.
Ps= 3Re {Vs*Is '} (3.1)
P.=3Re {V,*I,'} (3.2)

In the motoring convention, Ppech iS chosen positive for motoring power; that is Pmecn=>0, i.e. the machine is

producing mechanical torque. Pmecn<O implies that the machine requires mechanical power from an outside

source, the prime mover. The mechanical power modelled by the resistor Rr(%)is:

PrmechsRr= 3||r|2 Rr(%) (3.3)

When Ppech,rr IS positive and it represents dissipation of electrical power, which matches the definition
of Pmech Where electrical power is converted to mechanical for positive values. Note that a negative value of

slip will make Pmech,rr NEQative, which means it is supplying electrical power. The mechanical power

modelled by the voltage source V., (%)is:

I:)mech,Vr: 3 (%)Re{vr |r*} (3.4)

Notice the voltage is in source convention; the current is leaving the positive terminal. This is in opposition

to the definition of Pmech Since a positive value of Pryech v means electrical power is injected into the circuit.

The reason for choosing this polarity for V; (%) was to match with the polarity of V,when separating V,/s

into V,and V, (?). Now the full expression for mechanicalpower can be written:

Pmech= Pmech,Rr— Pmech,vr (3.5)
Pmech= 3||r|2Rr(%)'3 (%)Re{vr*lr*} (36)

Finally, the power dissipation from the stator and rotor winding resistances are given as:
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Peus= 3||s|2Rs (3.7)
Peur= 3||r|2Rr (3.8)

The power in the stator and rotor pass to each other through the air gap. For motoring convention, positive
power at the air gap implies power flowing from the stator to the rotor. On the stator side,

Pag= Ps — Pcus (3.9)
On the rotor side,
— Pag= Pr = Peur— Prmech (3.10)
Therefore, the power balance of the entire machine is,
Ps+ Pr=Peurt Peust Pmech (3.11)

Where, Pag, Ps, Pcus, Peuyr, Prand Pmecn, air-gap power, stator power, power dissipation from the stator and

rotor winding resistances, stator power and mechanical power, respectively.

All power on the stator side is electrical in nature while the rotor is host to both mechanical and electrical
power. Electrical power in the rotor is sometimes referred to as slip power [29], because its magnitude is

proportional to slip.
I:)slip: Peu,r— Pr (3.12)
= 3|I°R, — 3Re {V/*1,'} (3.13)

Therefore, the total power passing through rotor is:

-Pag= 3|I°Ri/s— 3Re{V*I, " }1/s (3.14)
Now it is apparent to see, Pgjip= SPag (3.15)
Pmech= (1 — S)Pqg (3.16)
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3.2.2. Reactive Power Balance
Reactive power is necessary to magnetize the machine windings. Unlike a conventional induction machine
that must draw reactive power from its stator, the DFIG can inject reactive power through the rotor to better
utilize the copper in its windings. That is the reactive power load of the machine, which constitutes an
increase in current can be shared by both windings [30].The leakage and magnetizing inductances Ls,L,and
Lm consume reactive power denoted by Qs, Qur and Qun respectively. The stator and rotor terminals are

ports that can exchange (either consume or supply) the reactive power Qs and Q. Additionally, there is a
voltage source V, (?) which can exchange the reactive power Q... By analyzing the model in a completely

mathematical sense, the reactive power balance is:

Qust Qurt Qum= Qst Qrt Quir (3.17)
Where;

Qs=3Im {V¢*Is'} (3.18)
Q=3Im {V/*I,'} (3.19)

Qus= 3|Is|2035*|—s (320)
Qu= 3|Ir|20)s-k|—r (3.21)
Qum = 3|ls+ I @s*Lnm (3.22)
Quir= 3Im{ (ZHV*1} (3.23)

Note that Qrs, Qvr, QLm, Qsand Q, have physical meaning, whereas Q.- is more obscure. According to [31]
the term Q.;r which arises from the voltage source Vr(%)is a virtual effect of the external circuit and is

necessary to include when the circuit manipulations to reduce the rotor to the stator are applied. The reactive
power introduced to the circuit from this modeling element actually comes from the external circuit (the

power converter).
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3.3. Modes of Operation of DFIG

All machines are capable of working in the four quadrant operation depicted, provided they are connected to
a capable drive. A wound rotor induction machine is able to operate in modes that a caged induction
machine cannot because of the added flexibility provided by the access to the rotor terminals. It is able to
achieve a full four quadrant operation for a uni-directional shaft rotation. This is different from the usual
definition of four quadrant operation. That is they can motor and generate in the forward and reverse
directions. The ability to reverse direction is unnecessary in wind turbine applications; the turbine blades

will always spin the shaft in the same direction.

Induction machines are designed to operate around their synchronous speed. When the shaft spins slower
than synchronous speed it is known as sub-synchronous operation and the machine can only motor. When
the shaft spins faster than synchronous speed it is known as super-synchronous operation and the machine
can only generate. This is because the direction of the induced torque in an induction machine depends on
the speed. A wound rotor machine can be made to generate or motor above or below synchronous speed and

thus achieves this sort of four quadrant operation.

3.3.1. Characteristics of the DFIG Wind Turbine System
The exchange of power through the terminals of a wound rotor machine can be explained here in this
section. It will be seen that the intrinsic nature of the flow is well suited for variable speed generation. For
this discussion, the dissipated power in the stator and rotor resistances will be neglected to simplify the
explanation and make the fundamental points clear. As a renewable resource, wind has several important
characteristics including that it is hard to predict and that its direction and speed vary quickly and randomly.

These features complicate the process of converting energy from wind to electricity.

The negative value of the slip implies running the machine above synchronous speed in the direction of the
rotating field. As the torque direction is simultaneously reversed (opposite to the direction of the rotating
field), the machine has to be driven by a source of mechanical power to counteract the opposing torque. In
the process the machine acts as a generator feeding power to the source. For s>1, the machine runs in a
direction opposite to that of the rotating field and the internal torque. In order to sustain this condition, the
machine should also be driven by a mechanical power source. This mode of operating the induction

machine is known as plugging and is equivalent to an electrical braking method.
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Figure 3.3 Natural curve of slip for the DFIG (full load torque and current)

As the rotor speed spins slower or faster than synchronous, the slip begins to increase. The power flowing
stays proportional to this slip and everything keeps working if the proper frequency alternating currents are
injected into the rotor. Now by limiting the speed ranges around synchronous, the power flow through the
rotor is limited as well. If the speed range was extended all of the way to zero, or all of the way to twice
synchronous, then the rotor would have to handle full power and the advantage would be lost. Fortunately,
to cover the normal range of wind speeds that exist in nature, it has been found that the slip range only needs
to extend about 30% above or below synchronous, so the power converter can be reduced to 30% as well
[31].

3.3.1.1.  Sub-synchronous Motoring
This mode is characterized by Precn>0, that is mechanical power is available at the shaft, and a slip in the

range of 0 < s <1.See figure 3.3.

_Pmech
1-s

Pag

=Pag>0 and [Pag| > |Pmech| (3.24)

Psjip= SPag=> Psiip>0 (3.25)

Therefore, the power flows across the air gap from stator to rotor side. There is more power at the air-gap

than available at the shaft, and the extra power is present at the rotor terminals.
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Figure 3.4 Power flow in sub-synchronous motoring mode

]

3.3.1.2. Super-synchronous Motoring

This mode is characterized by Prnech>0, and a slip in the range of -1< s <0.

Pag:P;neCh:)Pag>o and |Pag| < |Pmech| (3.26)
-'-Ps|ip: SPagﬁ Ps||p<0 (3.27)

As with sub-synchronous motoring, Py is still positive, it flows across the air-gap from the stator to the

rotor. This time it is less than Pmecn and the power required to sustain motoring must be input to the rotor;

this is seen by Pgi, becoming negative.
Psh‘p

o) -

Figure 3.5 Power flow in the super-synchronous motoring mode

3.3.1.3. Super-synchronous Generating
This mode is characterized by Pmecn<O, that is mechanical power is needs to be input to the shaft, and a slip
in the range of -1< s <0.

Pmech

Pag :Pag<0 and |Pag| < |Pmech| (328)

*Pslip= SPag=> I:>slip>0 (3.29)
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The main input to the system is in the rotor now, reversing the direction of P4 to transfer power to the stator.

terminals.

The input mechanical power is greater than the air-gap power and the extra power is available from the rotor
-Pslip
-

_—) dag

Figure 3.6 Power flow in the super-synchronous generating mode

3.3.1.4. Sub-synchronous Generating

This mode is characterized by Pmecn<O and a slip in the range of 0 <s <1.

:"Pag<0 and |Pag| > [Pmecn| (3.30)
"'Pslip: SPagﬁ I:>slip<o (3.31)

Ps Pr:.[g P;'

slip
P@K o=
‘Rnech

Figure 3.7 Power flow in sub-synchronous generating mode

As with super-synchronous generation P3<0 and power is transferred from the rotor to the stator. This time
the mechanical power is less than the air-gap power and extra power must be injected into the rotor to
sustain the generating mode. Electrical power in the rotor is sometimes referred to as slip power.
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4. Chapter Four: Controller Design

4.1. Introduction

Proportional plus Integral (PI) controller is used to calculate the error value as the difference between a
measured process variable and a desired set point. The controller attempts to minimize the error. The
combination of proportional and integral terms is important to increase the speed of the response and also to
eliminate the steady state error. The PID (Proportional-Integral-Derivative) controller block is reduced to P

(Proportional) and I (Integral) in Matlab/Simulink blocks.

4.2. Parameter Selection of the controller
Proportional plus Integral (PI) control

A proportional-integral controller is a control loop feedback mechanism commonly used in industrial
control systems. PI controller continuously calculates an error value as the difference between a desired set
point and measured process variable. The controller attempts to minimize the error over time by adjustment
of a control variable, such as the position of a control valve, a damper or the power supplied to a heating
element. Including a term that is a function of the integral of the error can, with the type of plant shown in

Figure 4.1 below, eliminate steady-state errors.

Rz(s)
Proportional
Controller
1 - K C(s)
Ai(s) + El(s) K, Lis) ; . K s .—
Figure 4.1 Proportional control of a first-order plant
Consider a control law of the form:
u(t)=Ke(t)+ Kaof edt (4.1)

Taking Laplace transforms:

U(s) = (K1 +Ky/s) E(s)
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=K1 (1+K3/K18) E(s)
=K (1+1/T;s) E(s) (4.2)

In above equation, T;is called the integral action time and formally defined as, the time interval in which the
part of the control signal due to integral action increases by an amount equal to part of the control signal due
to proportional action when error is unchanging [31]. Inserting the Pl-control law gives in above equation

(4.2) into the first-order plant transfer function shown below: The plant transfer function is:
K —
(U()-Re(9))( 7)) = C(68) (4.3)
And the proportional control law, from the equation:
u(t) = Kie(t) it becomes ,U(s) = K1(R1(s)-C(s)) (4.4)

Inserting the above equation (4.4) into equation (4.3) gives:

_ {K1(R1(s)-C(s))-Ra(s)}K
C(s) = T (4.5)
This can be written as:
{(1+K1K) +T}C(s) =K1KR1(5)-KR(s) (4.6)

Re-arranging above equation (4.6) gives

(15}1:1{1() Ry (S)_(ﬁ) R1(s)

C(s)= 4.7
© (4 i) &)
When ry(t) is a unit step and r,(t) is zero, the Final Value Theorem:
f(o0)=lim;_,oo f (£)* =limg_, o, (SF(s))?! (4.8)
Gives the steady-state response:
_, K4k
C(t)'(1+1<11<) ast=w (4.9

Hence, for the system to have zero steady-state error, the terms in equation (4.7) should be
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KiK _ K _
et 0 (4.10)

1+K,K

This can only happen if the open-loop gains constant K;K is infinite. In practice this is not possible and
therefore the proportional control system will always produce steady-state errors. These can be keeping the
open-loop gain constant K;K as high as possible. Since the close-loop time-constant form above equation
(4.7) is:

T
1+K K

Te=(

) (4.11)

Then maintaining K;K at a high value will reduce the close-loop time constant and therefore improve the
system transient response. Inserting the Pl-control law given in above equation (4.2) into first-order plant
transfer function in equation (4.3) gives:

_ (K1 (1+7) (R1()=C()—Ra(s)K

C(s) = S (4.12)

This can be written as:
{TiTEHTi(1+KK)s+K1KIC(s) = KiK (1+Tis) Ry (5)-K1KTisRa(s) (4.13)
Re-arranging gives:

(1+T;5)R1(s)—TisR2(s)

(E) 24Ty (1+L) +1
K1 K s s K1K s

C(s) =

(4.14)

4.3. Proportional-Integral Controller

The traditional proportional integral (PI) controller is usually adopted with either stator voltage orientation
(SVO) or stator flux orientation. In this PI controller, perfect regulation is only achievable for the DC
components, steady state error is zero and a lot of derivatives can be obtained at high frequency terms.
There are typically two control strategies for the variable-speed wind turbine. In low wind speed below
rated value; the speed controller can continually adjust the speed of the rotor to maintain the speed at a level,
which gives the maximum power coefficient. Then the efficiency of the turbine will increase. Pitch angle

regulation is required in conditions above the rated wind speed when the rotational speed is kept constant.
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Small change in pitch angle can affect the power output of the wind turbine system. Based on the general
description, PI controller is adopted in the rotor circuit of DFIG.P accounts for present values of the error.
For example, if the error is large and positive, the control output will also be large and positive. | accounts
for past values of the error. For example, if the current output is not sufficiently strong, error will

accumulate over time, and the controller will respond by applying a stronger action.
The purpose of the control can be summarized in three aims as follows:

1. Optimizing the power output when a wind speed is less than rated wind speed
2. Keeping the rotor power at design limits when the wind speed is above rated wind speed

3. Minimize the fatigue loads of the turbine mechanical components.

Why I choose the PI controller?

In an active Proportion-Integral-Derivative (PID) pitch controller, the sensitivity of aerodynamic power to
the rotor collective blade pitch angle is negative. With positive control gains, the derivative term will
increase the effective inertia of the drive-train. Because of the above reasons | recommend using a

proportion integral (P1) controller.

However, Bouthezzar suggest using only a proportional pitch controller based on the test results that show a
more complex controller (P1 & PID) will make the pitch control more turbulent without a significant
improvement of the power regulation performance. Moreover, it is shown that using an advanced control
strategy such as LQR(Linear Quadratic Regulator)control design technique ensures a better power tracking
than the PID controller, but this turns out to be still insufficient to meet all the control objectives (Eisenhut
et al. 2007).

Theoretical method to calculate Pl-controller Gain

Change in the pitch angle is:

B= (Ba-B)/ts (4.15)

1
B+1

P/Ba= (4.16)
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This is the transfer function for the actuator. Where tg-is a time constant depends on the pitch actuator.

e o Bd B 1
—A " T/ > B+l

Om-ref  + - + -

N

The output signal from Pl-controller is By as showing in Figure. 4.2 above, which also contains the

Figure 4.2 PI controller system

actuator’s transfer function that obtained from above equation. The PI-controller and desired pitch angle can

be expressed as follows:
ﬁd:er‘FKif edt (4.17)
Where, €= Om-ref - Om, Om-ref-1S the rated rotor speed (reference generator speed).
To find the solution, let be X,
d
x= K[ edtor d—’;:Kie (4.18)

Ba=Kpe+Ki [ edtand x= K;[ edtfrom this equation, the partial derivatives of Bq with respect to e, is

expressed as follows:

dpd_d(Kpe+K; f edt)

de de (4.19)
apd_ dx dx/dt Kre
2 et :>Kp+de/dt " e /dt (4.20)

For an adjustable slip asynchronous generator, the variation range of e is very small. Moreover, K, is far

greater thanK;. Equation (4.20) can be simplified as follows:

_dpd
de

Kp ﬁdBdZBd( Bdo=0- initial V8.|U€) (4.21)
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To find the direct relation between 3 and B4 we reduce inner closed loop for the actuator in above Figure 4.2,

to the forward path and assuming =1 sec. then we obtain the transfer function:

B_ 1 _ 1 . B _t_ 1 =
s mriors N the steady state lets =0, = = —— =-— =[=2p (4.22)
The K and K are:
____ 2B
DT TR @20

Wm ref om Pm_ref_om

From equations (4.23) and (4.24), the value of the integral coefficient K,= 0, since the middle of the
equation (4.24) is equal to zero. The gain of the PI controller is obtained from the proportional gain K, and
integral gain K;. These gains reduce the rise time, steady state error and increases overshoot and settling

time.
Gri(s) =Kt (4.25)

For fault condition the above equations become:

p__1 _ 1 B _t_t - :
Bd Bl siz in the fault state lets = t, B4 = 512 1rz =p¢= (t+2)p, then K, and K;:
K. = (2B (4.26)
Wm_ref_wm
Ke— Lt ( t+2)B Kp)*ag—:) (4.27)

Wm_ref_ om @Pm_ref_.wm

Where, t is the fault time interval.
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4.4. Design of Inner Control Loop

In low wind speed below a rated value, the speed controller can continually adjust the speed of the rotor to
maintain the speed at a level, which gives the maximum power coefficient, and then the efficiency of the
turbine will be increased. Pitch angle regulation is required in conditions above the rated wind speed when
the rotational speed is kept constant. Small changes in pitch angle can affect the power output. The inner
loop is designed with outer loop variables viewed as constants.

Inner Loop

Speed ¢ Torque = Elec. Mech. speed

Ctrl. Ctrl. | System | System

'a:.

Y

current

speed

Figure 4.3 Standard cascading control structure

For the DFIG there are two of cascaded control loops, see Figure 5.3. Vector control acts on the inner loop
and regulates the fastest changing electrical variables. The torque producing component i can then be
related to real power in the outer loop. The flux producing component i is related in the outer loop to the

reactive power of the machine. In this way decoupled control of active and reactive power is achieved.

d-axis
Rotor ;! Qs (ira) |'——>
Dynamics Zra Qs
g-axis =
Ty - P
e T o o R
Dynamics

Figure 4.4 Top: the d-axis control loop regulating Qs, Bottom: the g-axis control loop regulating Ps
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A slight modification and improvement to the cascading control structure of DFIG method is provided by
Tapia. et al [33] in their work with DFIGs. Instead of completely ignoring the inner loops, they approximate
them by simple first order systems.

Many authors and researchers use a standard Pl controller to satisfy the inner and outer loops independently
according to the method of cascaded control. The proportional part is fed directly from the measured value
instead of from the error signal. Figure 4.5shows the standard PI control structure and Tapia’s modification.

The transfer function for the inner loop is derived in Appendix C:

’ — ‘, ;
Upd = Vrg 1 ird
R, +sol,

R,.+sol,

Figure 4.5 Top: standard PI configuration, Bottom: Tapia's modified configuration

The advantage to this structure is that the transfer function of the dynamics will be in standard second order

form, as opposed to the standard PI structure which leads to a zero in the transfer function.

i Kp1S+K
Standard: —X2=—— —PLo7o01 (4.28)
lrd(s) S oLy+s(Ry+Kpq1)+Kq
i Ry+Kpq
L brd(s) _ _oly
Tapia: —==——r—~ik>~ ®, (4.29)
Lrd(s) S“+s (—O'Lr ) +0'Tr

Notice that Tapia’s structure results in a transfer function in the standard 2" order form of:

G(s) = —n (4.30)

s2+2éwps+w?y,

Calculation of Inner Loop Controller Constants Kp; and Kj;
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The first criterion that Tapia’s method requires is that the system is critically damped. This sets the

following condition: = 1.

The inner loop must be critically damped so that it exhibits no overshoot and its second order dynamics can
later be approximated accurately with a first order system. The second criteria that Tapia suggests are to
specify the natural frequency o, by demanding a reasonable settling time. According to [34], the time for a
standard second order system to settle with 2% of its final value is,

4

To=r - (4.31)
Comparing coefficients in equations 4.29 and 4.30, Kp; and Kp; are determined,
o=l (4.32)
28 wny =0 (4.33)
Imposing the criteria from equation 4.31 in Equations 4.32 and 4.33 yields,
Kon=r- oL, — R, (4.34)
Kiy :% oL, — R, (4.35)

Tapia suggests an inner loop settling time of Tg;= 40ms. Checking the bandwidth criterion in wg = 0.65wn,
and ws<27500. Where, wg the bandwidth of the closed loops system.

wp~0.65*4/T5=0.65*4/0.04=65<27500. (4.36)
This settling time is more than conservative enough to be achieved with a 5kHz inverter.

The rotor voltage dynamics are derived by aligning the rotor voltage equation to the stator flux.
Vi=[Retj(g-om)]irt L ir+(0g-om)Lmist Li- is (4.37)
Next the stator current is eliminated, which at the same time will align the equation to the stator flux

linkage, the derivation of c-available on the appendix on the last page of the thesis paper.

. . d. .. L Lm d
Vi=[Rtj(0ys-om)oL]ir +o LE 1) ((mws-mm)ﬁ\vsﬁ% ¢ Vsd (4.38)
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—>Breaking down the expression along the d and q axes:
V=Rt oL ird-GLo(@yson)ig* Ln/Lso- thsd (4.39)
Vig=Riirg+ 0L iq-6L(0ys-0m)irgHOys-0m) L/ Ls- sd (4.40)

. a . . . . d . . . .
Where, errd+chEer —d-axis dynamics, errq+chazrq —q-axis dynamics, oL(ys-®m)iq—Cross
coupling term (d-axis compensation terms), cL(®ys-om)i—Cross coupling term (g-axis compensation

terms), L/ Ls% Psdand (®ys-Om)Lm/ Ls% Psd—disturbance terms.

These expressions explicitly separate the dynamics of the rotor currents and show how they affect
the rotor voltages on the same axis. The actual dynamics are simple, linear, first order systems and are the
same for both axes. The compensation terms arise from the cross-coupling of the equations. They do not
contain the control variables for their respective axis and thus will be seen as a disturbance for the

controller.

The rotor dynamics are actually identical on both the d and g-axes, so the design is only done for one and
duplicated on the other. Many authors and researchers use a standard proportional-integral (PI) controller to
satisfy the inner and outer loops independently according to the method of cascaded control. In this way
they completely isolate the control design for each successive loop. Tapia et al. [13] which uses a slightly
modified version of the PI controller. The advantage to this structure is that the transfer function of the
dynamics will be in standard second order form, as opposed to the standard PI structure which leads to a

zero in the transfer function.

4.5. Design of Outer Control Loop

The outer control variables are selected to be the real and reactive power of the stator. These are ideal for a
wind turbine as decoupled control of the power is a desired feature. It will allow the turbine to follow the

MPPT curve and do so at any desired power factor.

The real and reactive power at the stator is given by Equations:
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Ps=3/2Re{V;i5=3/2(Vsgis*+Vsqisq) (4.41)
Qs=3/2Im{V;i5}=3/2(Vsgisa+Vsdisq) (4.42)

The effect of stator flux orientation is examined on the expressions. Aligning the stator voltage,
Vs:Rsis"'% Ysd+josysd (4.43)

To further simplify the stator voltage expression a few assumptions are made. First of all, the term
%lpsdcan be considered zero. Under vector control g is held constant so its derivative is zero, unless there

is a change to the set point of isg. While this will happen as the reactive power reference changes, the effect
is small as all authors who adopt this method ignore it [34]. Secondly, the stator resistance is considered
small enough that Rs ~ 0. Using these assumptions,

This implies that, V=0, and Vsg= josysa=|Vs] (4.45)

Because of those assumissions the active power and reactive powers become:
3L .
Ps=->==[Vslig (4.46)

Q=2Vs) (522 isd) =222 s |- 22 Vs iy (4.47)

Ls 2 Ls

Therefore after a few assumptions the approximate dynamics between the rotor current and the stator real
and reactive power can be found. Note that the reactive power has a term that does not depend on rotor

current. It is left to the controller to deal with this term as a disturbance [33].

Calculation of Outer Loop Controller Constants KP 2 and KI2

The design will be done for one axis (g-axis) and duplicated on the other axis (d-axis). The transfer function
for the outer loop is derived in Appendix D:and is shown here,
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ird 7;&_?:“—“ Qs
trg - _%%f|gg}| P-s s
Figure 4.6 Outer control loops-Top: reactive power loop; Bottom: real power loop
Lm|vs]
Ps(s) __ 0s(8) _ LT 12 (4.48)

p.ref () 0,7 (s) c2a( % . Lmlvs] Lm|vs|
1) Q" (s) s +<T51'6Ls T51K12)5+6 s Koz

Again, the transfer function is in standard form for a general second order system. The same procedure
applied to the inner loop is used to calculate Kp, and Kj,. This time the settling time is selected to be longer
than it was for the inner loop. It does not have to be orders of magnitude larger, because the inner loop
dynamics have been accounted for in the outer loop transfer function. Tapia suggests 70ms for the outer
loop settling time.

From equation 4.48 we can get:

(1)n22: 6 IL_T:%KIZ (449)
4 Lon s
25“)"125 +6 L—S%K,Z (4.50)

Imposing the criteria in Equation 4.31

Kpp=o (Fte2) Lo (4.51)

Ts2 L |vs]

_8 Ts1ls 1
3 T2 %L |vs]

12 (4.52)

AAIT, SCHOOL OF ELECTRICAL & COMPUTER ENGINEERING DEPARTMENT OF !
ELECTRICAL ENGINEERING | Chapter Four: Controller Design



Study of Doubly Fed Induction Generator Control under Grid Fault | 2016
Conditions

5. Chapter Five: Simulation and Result Discussion

5.1. Introduction

According [27], Simulink is a block diagram environment for multi-domain simulation and Model-Based
Design. It supports system level design, simulation, automatic code generation and continuous test and
verification of embedded systems. Simulink provides a graphical editor, customizable block libraries and
solvers for modeling and simulating dynamic systems. It is integrated with MATLAB, enabling you to
incorporate MATLAB algorithms into models and export simulation results to MATLAB for further

analysis.
5.2. Simulation Model Description

5.2.1. Detail Description of Simulink Model
The wind turbine and the generator which constitute the physical subsystems that are being simulated and
the associated control blocks which are governing their behavior. The physical generator is simulated and
then the measurable outputs are fed to the machine estimator, which computes the values of other variables
which are not measurable but are necessary for the control. It is important to keep this distinction between
physical system and virtual control clear. This is because every signal in the models treated as the same and
looks the same whether it is a real power or reactive power signal or an estimated value that would only

exist in a microcontroller in the real world.

The inverter dynamics are not studied in this work, so they appear in the model as simply a gain of one. The
input to this inverter would be the desired rotor voltage waveforms. Then through PWM techniques the
inverter would replicate the signals at the desired power levels, with some harmonic distortion. This reality
is neglected by the simulation; the control blocks calculate the required rotor voltage and it is fed directly to
the machine. At its output, the generator model calculates every variable within the machine: the torque,
speed, flux and current. In reality it is only practical to measure some of these variables: the current, the
rotor speed and perhaps the voltages. This is why only these variables are fed back to the estimator and the
control. It would be useless to design a control system that requires all of the variables. Again, any
dynamics in the sensors and any realistic concerns such as sampling and analogue to digital conversion are

ignored by the models well. Therefore this model must be taken for what it is: an ideal functional
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description of a DFIG wind turbine connected to a grid that treats each component in the most simple and

fundamental way possible.

5.2.2. Physical System of the DFIG Wind Turbine Connected to the Grid System
The two physical components, the generator and the wind turbine, have their shafts coupled by a gearbox.
Gearbox is a transmission device that transforms the incoming mechanical energy to a different
characteristic (Speed and Torque) mechanical energy gearbox is the key component of the turbine drive
train. Gearbox can be defined as an assembly of parts including the speed changing gears and the propeller
shaft by which the power source to the output shaft [28]. Gearbox uses gears and gear trains to provide
speed and torque conversions from a rotating power source to another rotating device (Generator).The
relationship between speed and torque is inversely proportional: If the gearbox increases the output speed,
the torque decreases and if the gearbox decreases the output speed, the torque increases. The information of
its shaft speed comes from the generator model which computes the speed based on an inertial model and

the balance of its own back torque and the torque input of the turbine.

Wind Turbine Grid

Veind e
’ \ T, Gearbox
Sy
i ‘~
Wind * H o
Profile |

T gt

Generator

Figure 5.1 Overview of the simulation

5.2.3. Wound Rotor Induction Machine Parameters
DFIG has parameters like, stator voltage, rated rotor voltage, apparent power, speed, number of pole pairs,
stator resistance, stator reactance, etc. For the simulation obtaining those required parameters from
manufacturer nameplates or data sheets is not sufficient. Parameter determination experiments must be run
on the machine to determine the equivalent circuit parameters. A 1.5MW generator was chosen as it will be
of sufficient size to be matched to a multi-megawatt turbine. This machine is also ideally suited for doubly-
fed operation. DFIGs realize their main advantage by limiting their slip about 30% around synchronous

speed.
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5.3. Operational Characteristics of a DFIG at Normal Condition of the Grid
System

A 9MW wind farm consisting of six 1.5 MW wind turbines connected to a 25kV distribution system exports
power to a 120kV grid through a 30km, 25kV feeder. 2MVA plant consisting of a motor load and of a
200kW resistive load 800kvar power factor (PF) correction capacitor is connected on the same feeder at bus
B-25. Both the wind turbine and the motor load have a protection system monitoring voltage, current,
machine speed and the DC-link voltage of the DFIG. Wind turbines use a DFIG consisting of Double
Squirrel-Cage Induction Generators (DSCIG) and an AC/DC/AC Insulated-Gate Bipolar Transistor (IGBT)-
based Pulse Width Modulation (PWM) converter and frequency converters that converts frequency from
OHz to 12Hz. The stator winding is connected directly to the 50 Hz grid while the rotor is fed at variable
frequency through the AC/DC/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. The optimum turbine speed producing maximum mechanical energy for

a given wind speed is proportional to the turbine speed.

5.3.1. Converter Control System
The back to back PWM converter has two converters, one is connected to rotor side (RSC) and another is
connected to grid side (GSC).

5.3.1.1. Rotor Side Converter Control System
The rotor-side converter is used to control the wind turbine power output and the voltage measured at the
grid terminal. The terminal voltage controller is designed to control the terminal voltage to maintain a
constant value such that the terminal of this wind turbine DFIG system can be modeled as a variable wind
speed.

The power is controlled in order to follow a pre-defined power-speed characteristic, named power tracking
characteristic. This characteristic is illustrated by the ABCD curve superimposed to the mechanical power
characteristics of the turbine obtained at different wind speeds. The actual speed of the turbine o, is
measured and the corresponding mechanical power of the tracking characteristic is used as the reference
power for the power control loop. The tracking characteristic is defined by four points: A, B, C and D. From
zero speed to speed of point A the reference power is zero. Between point A and point B the tracking
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characteristic is a straight line. Between point B and point C the tracking characteristic is the locus of the
maximum power of the turbine (maxima of the turbine power vs turbine speed curves). The tracking
characteristic is a straight line from point C and point D. The power at point D is one per unit (1p.u.).

Beyond point D the reference power is a constant equal to one per unit (1p.u.).

For wind speeds lower than 8m/s the rotor is running at sub-synchronous speed. At high wind speed it is
running at hyper-synchronous speed. Open the turbine menu, select "Turbine data™ and check "Display wind
turbine power characteristics”. The turbine mechanical power as function of turbine speed is displayed for
wind speeds ranging from 5m/s to 13.4m/s. The DFIG is controlled in order to follow the red curve. Turbine
speed optimization is obtained between point B and point C on this curve. Another advantage of the DFIG

technology is the ability for power electronic converters to generate or absorb reactive power.

For the rotor-side controller the d-axis of the rotating reference frame used for d-g transformation is aligned
with air-gap flux. The actual electrical output power, measured at the grid terminals of the wind turbine, is
added to the total power losses (mechanical and electrical) and is compared with the reference power
obtained from the tracking characteristic. A Proportional-Integral (P1) regulator is used to reduce the power
error to zero. The output of this regulator is the reference rotor current Iy ref that must be injected in the rotor
by rotor side converter. This is the current component that produces the electromagnetic torque Tem. The
actual I, component is compared to lq e and the error is reduced to zero by a current regulator (PI). The
output of this current controller is the voltage Vg generated by rotor side controller. The current regulator is
assisted by feed forward terms which predict V. The voltage at grid terminals is controlled by the reactive

power generated or absorbed by the rotor side converter.
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Turbine Power Characteristics (Pitch angle beta = 0 deg)
I |

T
13.4 mfs

Turbine output power (pu of nominal mechanical power)

Turbine speed (pu of generator synchronous speed)

Figure 5.2 Wind turbine power characteristics curve

The reactive power is exchanged between rotor side controller and the grid side controller through the
generator. In the exchange process the generator absorbs reactive power to supply its mutual and leakage
inductances. The excess of reactive power is sent to the grid or to rotor side controller.

When the wind turbine is operated in var regulation mode the reactive power at grid terminals is kept
constant by a var regulator. The output of the voltage regulator or the var regulator is the reference d-axis
current lqr ref that must be injected in the rotor by rotor side converter. The same current regulator as for the
power control is used to regulate the actual I3 component of positive-sequence current to its reference value.
The output of this regulator is the d-axis voltage Vg generated by rotor side converter. The current regulator
Is assisted by feed forward terms which predict Vg, Vqr and Vg, are respectively, the d-axis and g-axis of the

rotor voltage V..

The rotor side control loop is illustrated in Figure 5.3 below. For the rotor-side controller the d-axis of the

rotating reference frame used for d-q transformation is aligned with the air-gap flux.
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Figure 5.3 Matlab/Simulink of voltage control system in rotor side of DFIG
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Figure 5.4 Matlab/Simulink of power control system in rotor side of DFIG
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Figure 5.5 Matlab/Simulink of current control system in rotor side of DFIG

5.3.1.2. Grid Side Converter Control System
The Grid side converter is used to regulate the voltage of the DC-bus capacitor. For the grid-side controller
the d-axis of the rotating reference frame used for d-q transformation is aligned with the positive sequence
of grid voltage.The current regulatory controls the magnitude and phase of the voltage generated by
converter grid side converter (Vgc) from the lygc rer produced by the DC voltage regulator and specified g yer
reference. The current regulator is assisted by feed forward terms which predict the grid side converter

output voltage.
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Figure 5.6 GSC control system

This controller consists of:1) A measurement system measuring the d and g components of AC currents to be

controlled as well as the DC voltage V¢,2) An outer regulation loop consisting of a DC-voltage Regulator and 3) An

inner current regulation loop consisting of a current Regulator

The grid side control system is illustrated in Figure 5.7 below. The grid side converter is used to regulate the voltage

of the DC-bus capacitor. For the grid-side controller the d-axis of the rotating reference frame used for d-q

transformation is aligned with the positive sequence of the grid voltage.

Y

Idg_ref

ldg

] —HE

Figure 5.7 Grid side current control system Matlab/Simulink diagram

A proportional-integral (P1) controller is used to reduce the error between Vgcand Vg refr, and the output is

lage_ref fOr the current regulator. Here lggis the current in phase with grid voltage which controls active

power flow. Then, an inner current regulation loop consisting of a current regulatory controls the magnitude

and phase angle of the voltage generated by the converter grid side controller i.e., V. Here, Vhas two
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parts, Vg (voltage on g-axis of grid side)and Vyqc (voltage on d-axis of grid side)), where Vg4 depends on
the difference between lqgc and the specified reference Iq rer, and Vg depends on the difference between lggc
and lggc_rer Which is produced by the DC voltage regulator. The current regulator is assisted by feed forward

terms which predict the grid side output voltage.

5.3.1.3. Pitch Angle Control System
The pitch angle is kept constant at zero degree until the wind speed reaches aspecified value or the pitch
angle controller will wait the power will reach beyond rated value. [See Figure 5.2 the power tracking
characteristics curve of DFIG] [28]. Then, beyond this value, the pitch angle is proportional to the speed
deviation from this specified speed. However, the rotational speed is usually chosen less than the point-D

speed because it is of less interest for electromagnetic transients.
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5.4. Simulation Block Diagram and Results

This is the Simulink diagram for a doubly fed induction generator connected to grid side with wind turbine

protection schemes involved for protection from voltage dip,three-phase faults and ground faults. The

system is connected to a 15kV, three phase source which is connected to a 9MW wind farm (6 of 1.5 MW

each) via. Step down transformers, fault protection and pi- transmission line of 30km.
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Figure 5.8 Phasor simulation of wind farm using DFIG wind turbines
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5.4.1. Simulation Result of DFIG under without Grid Fault Conditions
Under this section, we will see the basic behavior of DFIG wind turbine without grid fault conditions. In this
block diagram, there is no voltage sag or dip, three-phase short-circuit and ground faults. During this time,
the DFIG wind turbine will operate at normal conditions because of the system is clear from any faults. The
simulation shows the detail behavior of the wind turbine and grid side parameters. In this model, the pitch
angle controller is constant until the active power reached to its rated value. After the active power reached
its rated value the pitch angle controller try to increase the blade angle in order to protect the wind turbine
from any external damage. PI- controller controls the speed of the rotor in order to get the maximum power

from the wind.
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Figure 5.9 Wind turbine system simulation results without grid faults

A wind farm consisting of six 1.5MW wind turbines is connected to a 25kV distribution system and exports
power to a 15kV grid through a 30km. The 9MW wind farm is simulated by three pairs of 1.5MW wind
turbines. The stator winding is connected directly to the 50Hz grid and the rotor is driven by a variable-pitch
wind turbine. The pitch angle is controlled in order to limit the generator output power at its nominal value
for winds exceeding the nominal speed (10m/s). In order to generate power the DSCIG speed must be

slightly above the synchronous speed. Speed varies approximately between 1p.u. at no load and 1.005p.u at
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full load. In this thesis, speed of the rotor is controlled by a Pl-controller in order to control the slip of the

generator at a time of fault and normal operations.

Mator Speed (pul

Figure 5.10 Grid system simulation results without grid faults

Reactive power absorbed by the DFIGs is partly compensated by capacitor banks connected at each wind
turbine low voltage bus and the rest of reactive power required maintaining the 25kV voltage at bus B25
close to 1p.u.

Grid side blocks are:
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Three-phase source with 120kv voltage source is used to generate a three-phase sinusoidal voltage with

time-varying parameters. You can program the time variation forthe amplitude, phase, or frequency of the
fundamental component of the source [13].

The Three-Phase Mutual Inductance Z1-Z0 block implements a three-phase balanced inductive and resistive

impedance with mutual coupling between phases. This block performs the same function as the three-
winding Mutual Inductance block. For three-phase balanced power systems, it provides a more convenient
way of entering system parameters in terms of positive- and zero-sequence resistances and inductances than

the self- and mutual resistances and inductances [13].

Three-Phase V-1 Measurement: is used to measure instantaneous three-phase voltages and currents in a

circuit. When connected in series with three-phase elements, it returns the three phase-to-groundor phase-to-
phase peak voltages and currents [13].The block can output the voltages and currents in per unit (p.u)values

or in volts and amperes.

If you choose to measure phase-to-ground voltages in per unit, the block converts the measured voltages

based on peak value of nominal phase-to-ground voltage:

Vabc(pu) :Vphase—to—ground (51)

Vpase

If you choose to measure phase-to-phase voltages in per unit (p.u.), the block converts the measured

voltages based on peak value of nominal phase-to-phase voltage:

\% ase—to— ase

Vbase
Where, Vbasez‘/z *Vnom(Vrms)

If you choose to measure currents in per unit, the block converts the measured currents based on the peak

value of the nominal current:

Iabc(pu) :Iai (53)

Ipase
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Where, [hase=0.8165*-2ase

nom

Three-Phase Transformer: this block implements a three-phase transformer by using three single-phase

transformers. This block is using to step-down the voltages from 120kv to 25kv in grid system.Theblock
allowsyou to specify the resistance and inductance of the windings in perunit (pu). The values are based on
the transformer rated power P,in VA, nominal frequency (fn) in Hz, and nominal voltage V,, in Vms,0f the

corresponding winding. For each winding per unit resistance and inductance are defined as:

R(p.u) =% (5.4)
L(p.u) =22 (5.5)

base

The base resistance and base inductance used for each windingare:
Rbase=V2n/Pn (5-6)
Lbase:Rbase/ZT[fn (57)

Three-Phase Pl Section Line: [13] The Three-Phase Pl Section Line blocks implements a balancedthree-

phase transmission line model with parameters lumped in a Pl-section. Contrary to the distributed parameter
line model where the resistance,inductance, and capacitance are uniformly distributed along the line,the
Three-Phase PI Section Line block lumps the line parameters ina single Pl-section as shown in the figure
below.The line parameters R, L, and C are specified as positive- andzero-sequence parameters that take into
account the inductive andcapacitive couplings between the three phase conductors, as well asthe ground
parameters. This method of specifying line parameters assumes that the three-phases are balanced.The self
and mutual resistances (Rs, Ry),self and mutual inductances (Ls, Lm)of the three coupled inductors, as well
as phase capacitances Cp andground capacitances Cg, are deduced from the positive-and zero-sequence

RLC parameters as follows.
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Figure 5.11 Three-phase Pl-section line( transmission system) model

For a short line section (approximately line section<50 km), correction factors are negligible (close to

unity).The RLC line section parameters are then computed as follows:
Rs:(2R1+Ro)/3, Rm:(Ro-Rl)/g, Cp:C1 and
Ls=(2L1+Lo)/3, , Lm=(Lo-L1)/3, C4=3C1Co/(C1-Cy) (5.8)

Three-Phase Fault:uses three Breaker blocks that canbe individually switched on and off to program phase-

to-phase faults,phase-to-ground faults, or a combination of phase-to-phase and groundfaults. Use this block

to program a fault (short-circuit) between any phase and the ground and phase to phase.

5.4.2. Simulation Result of DFIG under Grid Fault Conditions with PI controller
In the fault instant, the voltage at the DFIG generator terminal drops and it leads to a corresponding
decrease of the stator and rotor flux in the generator. This results in a reduction of the electromagnetic
torque and active power. As the stator flux decreases, the magnetization that has been stored in the magnetic
field has to be released. In the fault moment, as the stator voltage decreases significantly, high current
transients appear in the stator and rotor windings. In order to compensate for the increasing rotor current, the
rotor side converter increases the rotor voltage reference by controlling the rotor speed in order to follow the
slip curve of DFIG wind turbine, which implies a “rush” of power from the rotor terminals through the

converter.

On the other side, as the grid voltage has dropped immediately after the fault, the grid side converter is not

able to transfer the whole power from the rotor through the converter furtherto the grid. The grid side
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converters control of the DC-voltage reaches thus quickly its limitation. As a result, the additional energy

goes into charging the DC-bus capacitor and the DC-voltage rises rapidly.

This is the Simulink diagram for a doubly fed induction generator connected to grid side with wind turbine
protection schemes involved for protection from voltage sag/dip at 15kV voltage source and three- phase
short-circuit faults and ground faults. The system is connected to a 15kV, three-phase source which is
connected to a 9MW wind farm via Step-down transformers, fault protection and Pi (IT) transmission line.
The wind-turbine model is a phasor model that allows transient stability type studies with long simulation
times. In this simulation, the system is observed during 50 seconds of simulation time. The stator winding is
connected directly to the 50Hz grid and the rotor is driven by a variable pitch wind turbine. The pitch angle
is controlled in order to limit the generator output power at its nominal value for winds exceeding the
nominal speed (12m/s). In order to generate power the DFIG speed must be slightly above the synchronous
speed. Speed varies approximately between 0.8p.u at no load and 1.10p.u at full load. Each wind turbine has
a protection system monitoring voltage, current and machine speed. Reactive power absorbed by the DFIGs

is partly compensated by capacitor banks connected at each wind turbine low voltage bus.

5.4.2.1. Simulation of a voltage sag/dip on the 15KV system and short-circuit
on grid side
During the fault, the stator voltage and rotor flux have been reduced, the injected rotor voltage has been

changed and the rotor speed has been increased. This increased rotor speed is controlled by the PI controller
in order to stabilize the system to the normal position. Immediately the fault is cleared the stator voltage is
restored and the demagnetized stator and rotor oppose this change in flux thus leading to an increase in the

rotor and stator currents.

We now observed the impact of voltage sag resulting from fault on the 15kV system. In this simulation the
voltage dip will occur at the amplitude of modulation is 0.45p.u, the frequency of the voltage sag
modulation is 2Hz and the voltage sag and short-circuit variation timing is between 10s and 10.5s lasting for
0.5s is programmed to occur. We neglect the harmonic generation of the source. We observed the plant

voltage, current as well as active power and the reactive power.

The PI damping controller is tuned damping actively torsion oscillation observe during grid fault system in
the drive-train system. Pl Damping controller acting fast power converter controlled by controlling rotor

speed. Damping controller provided the rotor side converter quickly damped out oscillation associate with a
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generator speed. Wind speed is to be constant during grid fault simulation. Monitoring DC-link voltage and
rotor current during grid disturbance a suitable optimum protection system both for rotor side converter and
DFIG can be design.

5.4.2.1.1.Simulation Result Discussion for Wind Turbine Side
In the simulation of wind turbine during grid fault, we observed eight basic parameters in this simulation.

Generated MW

pitch angle [deg]

Figure 5.12 Wind turbine simulation results at a time of grid faults

Those values are; positive sequence voltage of the DFIG (B-690V (p.u)), positive sequence current of the
DFIG (B-690A (p.u)), generated active power (MW), reactive power (MVAr), DC-link voltage, the speed,
wind speed and the pitch angle(degree).
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Table 1 Simulation results of wind turbine parameters
Wind turbine parameters Before grid fault During grid fault After grid fault
Pos. seq. Voltage (V1-B-690p.u) [(Otol b/n 0.7 & 1.12 Constant (1)
Pos. seq. current (11-B-690p.u) 0.2to1 b/n 0.2 & 1.36 Increase 0.15 to 0.89
Generated active power(MW) 0to5.1 b/n0 & 6 Increase 2 to 9
Generated reactive power(Mvar) | 4 b/n 0.75 &0.42 Decreased 0.65 to 1.5
DC-link Voltage(V) Constant (1200) b/n 1000 & 1300 Constant (1200)
Speed(p.u) Decreased (0.8-0.72) | Increasing Increasing
Wind speed(m/s) Increasing Increasing Increasing
Pitch angle(degree) Constant (0°) Constant (0°) Constant (0°)

The positive sequence of voltage (V1-B-690) before the fault happen at t=1sec the value of voltage is 0.9p.u
and from t=2sec to 10sec the voltage (V1-B-690) is constant at 1p.u. During the voltage sag, three-phase
short circuit and ground fault happen the voltage is fluctuated between 1.12p.u and 0.7p.u with the

frequency of modulation at 2Hz. After those faults are cleared the voltage of the DFIG is constant at 1p.u.

At the starting time of the simulation the positive sequence of current (11-B-690) is fluctuate between 0.2p.u
and 1p.u for a time interval of 1sec. After simulation is simulated for 1sec the system is stabilized and the
positive sequence current of wind turbine is 0.2p.u for 10sec. After 10sec simulation the fault will happen
for 0.5sec. During this time, the positive sequence current is fluctuating between 0.2p.u and 1.36p.u with
frequency of modulation for 2Hz. After the faults are cleared by the Pl-controller controlling the speed of
the rotor, the current is smoothly increased until the rated value reached. After the fault is cleared the current
is smoothly increased from 0.15p.u value to 0.89p.u for 11sec. After this smoothly increasing of the value it
is reached to the rated value then it is constant.

At the starting time of the simulation the active power is increase from OMW to 5.1MW until the fault will
happen at t=10sec. During the fault times the generated active power is fluctuated between OMW and 6MW
for 0.5sec until the fault is cleared by the Pl-controller. After the fault is cleared by the Pl-controller the

generating active power will be smoothly increasing until the rated value is reached. After t=10.6sec, the
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faults are cleared and the active power is 2MW and smoothly increased to the rated value of 9MW of power

that generated from the DFIG wind turbines.

At the starting time of the simulation the reactive power is generating 4AMVAr of reactive power to the
system for 1sec in order to stabilize the system. After 1sec the DFIG is starting to consume the reactive
power between -0.75MVAr and -0.42MVAr value from the system until the faults happen at t=10sec.
During voltage dip and short-circuit happen at the grid side the DFIG wind turbine system of the reactive
power is fluctuated between 5SMVAr and -15MVAr, until the faults are cleared by the Pl-controller from the
system. After the faults are cleared from the system, the reactive power is -0.65MVAr after 10.6sec and
smoothly decreased to the rated value of -1.5MVAr.

The pitch angle of wind turbine is directly related to the active power. When the active power is reached to
the rated value, the pitch angle is tried to increase the angle of the blades in order to extract maximum
power from the wind. It also follows the characteristic curve of the wind turbine. By increasing and
decreasing the pitch angle of the blade the Pl-controller will manage the maximum power that extracted

from the wind.

5.4.2.1.2.Simulation Result Discussion for Grid Side Parameters
Before the voltage dip and faults happen on the grid side, the 15kv voltage source (bus bar B_15) has

constant voltage at the value of 1p.u for 10s. At a time of faults, the voltage of the source is fluctuating
between 0.6p.u and 1.4p.u with the frequency of modulation of 2Hz. After the faults are cleared by the PI-
controller from the system, the voltage of 15kV voltage source is constant at its rated value of 1p.u.

The voltage at bus bar of 25kV (B_25) is constant at the value of 1p.u, before the faults happened on grid
side. At the faulty time, the voltage of this bus bar is fluctuating b/n 0.61p.u and 1.21p.u for 0.5s with, the
frequency of modulation of 2Hz. After the faults are cleared by Pl-controller, the voltage of this bus bar is

constant at the rated value of 1p.u throughout the simulation.
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Figure 5.13 Grid system results at a time of grid faults

Table 2 Simulations results of grid side parameters

Grid side parameters

Before grid fault

During grid fault

After grid fault

Pos. seq. Voltage (Vap._ B-15)

Constant(1p.u)

b/n 0.6 & 1.4 p.u

Constant (1p.u)

Pos. seq. Voltage (Vap._ B-25)

Constant(1p.u)

b/n 0.61 &1.21 p.u

Constant(1p.u)

Pos. seq. Voltage (Vapn._ B-690)

Constant(1p.u)

b/n 0.75 & 1.19 p.u

Constant(1p.u)

Generated Active power(P_B25(MW)) b/n OMW &5MW b/n 3.9MW &2.1MW | Consume 8MW

Reactive power(Q_B25(MVAr)) b/n OMvar & b/n -5MVAr & Generate
9MVAr 15MVAr 1.AMVAr

Plant voltage pos. seq.(V_plant) 1.03p.u b/n 0.75p.u & 1.21p.u | 1.03p.u

Plant current in Pos. seq.(l_plant) b/n 0.12A & 10A 0.12A 0.12A
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Like, the above bus bars, the bus bar of B_690 is constant before the faults happen on grid system. But at a
time of grid fault the voltage is fluctuate b/n 0.75p.u and 1.19p.u for 0.5s. After this time the voltage of this
bus bar is constant a rated value of 1p.u.

The active power of the source is fluctuating b/n -5MW and 5SMW for 1.2second until it synchronized with
the system. After the system is stabilized, the source is consuming the active power from the wind turbine
with the value of -1MW for 8.8s. During the faults happen the active power of the source is fluctuating
between -3.9MW and 2.1MW for 0.5s. After this the system is cleared from the faults by PI controllers, the
system is total consume the power from DFIG wind turbine system. It consume power from the DFIG wind
turbine approximately -8MW of generated active power.

The reactive power of the source that generated from the source to the system is 9MVAr for 1.2s and after
this time the reactive power is goes to zero for 8.8s. During the faulty time, the reactive power is fluctuating
b/n 15MVAr and -5MVAr for 0.5s. After the fault is cleared from the system the reactive power is zero for
10s but after 20s total the source is generating reactive power to the system with the value b/n 1.2MVAr and
1.4MVAr.

The plant voltage has the same behavior as the bus bar we have observe in above section. The plant voltage
is 1.03P.u before the faults happen on the system. During faulty time, the voltage is fluctuating b/n 0.75p.u
and 1.21p.u. After the faults are cleared from the system the voltage is constant with the value of 1.03p.u.

The plant current is 10A for 1.2s after that time it is constant with value of 0.12A.

5.4.3. DFIG Wind Turbine System Disconnected from Grid System
The DFIG wind turbine system is disconnected from the system because of the grid faults and voltage sag or
dip on voltage source. In this simulation, we observed pos. seq. voltage, pos. seq. current, active power and

reactive power, DC link voltage, the rotor speed and the pitch angle of the DFIG wind turbine.

Pos. seq. voltage (V1_B690) of DFIG wind turbine is slowly increased from Op.u to 1p.u before the faults
happened on the grid side. During the fault times, it is fluctuating b/n 0.45p.u and 1.55p.u. In this time, the
DFIG is waiting until the faults cleared by PI controller. But the voltage is reached above the rated value of
the protection system. In protection system the voltage range is 0.75p.u and 1.1p.u, but on this simulation

the voltage out of the range. Because of this the wind turbine is disconnected from the system.
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Figure 5.14 DFIG is disconnected from the system after grid faults happen

Pos. seq. current (I;_B690) of the DFIG wind turbine has the value of decreasing from 0.8p.u to zero and

the returned to 0.2p.u before the faults happened on grid side. On fault time the current is automatically goes

to zero value. On protection system the maximum value of AC current and minimum AC current set at the
value of 1.10p.u and 0.20p.u, respectively. But on this simulation the AC current is zero, this makes the

DFIG disconnected from the grid system.
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Table 3 Wind turbine parameters when wind turbine disconnected from system
Wind turbine parameters Before grid fault | During grid fault | After grid fault
Pos. seq. Voltage (V1-B-690p.u) |0to1l b/n 0.45 & 1.55 Constant (1)
Pos. seq. current (11-B-690p.u) 0.8t00t0 0.2 0 Constant (0)
Generated active power(MW) 0to 2 b/n2to0 Constant (0)
Generated reactive power(MVAr) | -2t0 0 -2 Constant (0)
DC-link Voltage(V) Constant (1200) Increased to 1900 | Constant (1900)
Speed(p.u) 0.73t00.8 Increasing to 1.8 Increasing to 1.8
Wind speed(m/s) Increasing Increasing Increasing
Pitch angle(degree) Constant (0°) Increasing 39° Fluctuated b/n 20° and 40°

Active power, which generated from the DFIG wind turbine, is slowly increased from zero MW to 2MW
until the faults happened on the grid side. After the faults happened, the voltages and AC currents reached
its maximum values, which trip the wind turbine from the system. On this time, the Pl-controller
automatically disconnects the DFIG from the system. After the faults happened, the active power is goes to
zero. This means, the DFIG is totally shut down or tripped. The reactive power is also shows the same
behaviors as active power of the DFIG wind turbine. The reactive power is consumed from the system
before the faults happened on grid system. During fault time, the reactive power is reached at a value of

2MVAr. But, after the faults the reactive power is goes to zero.

The DC-link voltage is normal at the rated value of 1200v DC, but a time of faults the DC voltage is reached
to 1900v DC. But this DC voltage value is the trip value that set on the Pl-controller and the protection
system. This value makes the DFIG wind turbine to disconnect from the grid system. The rotor speed is on
normal condition before the faults happen on the grid side. After the faults happen, the rotor speed is try to
increase smoothly and reached at a value of 1.8p.u.This value is not controlled by the PI controller because

it reached out of ranges. On protection system the maximum value of rotor speed is 1.5p.u.
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Table 4 Grid side parameters when wind turbine disconnected from the system
Grid side parameters Before grid fault During grid fault After grid fault
Pos. seq. Voltage (Vapnc_ B-120) Constant(1p.u) b/n 0.6 & 1.5 p.u Constant (1p.u)
Pos. seq. Voltage (Vap._ B-25) b/n 0.75 & 1p.u b/n 0.59&1.42 p.u Constant(1p.u)
Pos. seq. Voltage (Vapn._ B-690) b/n0.71 & 1p.u b/n 0.51 & 1.49 p.u Constant(1p.u)
Generated Active b/n 2 & 0.AMW b/n 3.9MW &2.1IMW | Consume 8MW
power(P_B25(MW))
Reactive power(Q_B25(Mvar)) b/n OMvar & 9Mvar | b/n -5Mvar & 15Mvar | Generate 1.4Mvar
Plant voltage pos. seq.(V_plant) 1.03p.u b/n 0.75p.u & 1.21p.u | 1.03p.u
Plant current in Pos. seq.(l_plant) b/n 0.12A & 10A 0.12A 0.12A

After this value, the rotor is running on the over-speed range. That makes the complete shutdown of the
DFIG wind turbines from the system. This work is done by the PI controller, in order to protect the DFIG
from damage. When the rotor speed reaches above the rated value, the pitch angle is try to expand the angle

of the blade and decrease the rotor speed.

AAIT, SCHOOL OF ELECTRICAL & COMPUTER ENGINEERING DEPARTMENT OF g
ELECTRICAL ENGINEERING | Chapter Five: Simulation and Result Discussion




Study of Doubly Fed Induction Generator Control under Grid Fault | 2016
Conditions

Wahe 8120 pu]
|
l f : : —ahe B0 [T ||
l ; ‘ i Wabi: B120 ]2
— Vabe B120 o3

Wahe 28 mu)

l ; ‘ : — Vb BBl ||
i - | 3 Vab: 325 ou)?
— Vahe B pu)3

Wahe BR30 (pu]
|
! . 3 : —abc_BE30 (pul1 [ |
l ' i ' Wabi: B0 [pu]2
— Vahe BE30 o3

P_B25 (M)

—F B2 M)

W Plant 2.3k pos. seq. [pu]

——/ Plant 23K pos. seq [}

i : | ' W Plent .36 pas. e, (2
V Plant 236 pos. seq [pul3

| Plant pos. seq. [pu2 bivid)

|
‘ — | Plant pas. 38, [ru/2 MV&] L

Mator Speed [pu]

|
! 5 ‘ 5 — Wotor Spezd [pu]

& Ll il

Figure 5.15 Grid system is continuous its function after the faults happen
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5.4.4. Simulation of a voltage sag/dip on the 15kV system and short-circuit on
grid side without controller
The DFIG wind turbine system is disconnected from the system because of the grid faults and voltage sag or
dip on voltage source. In this simulation, we observed pos. seq. voltage, pos. seq. current, active power and

reactive power, DC link voltage, the rotor speed and the pitch angle of the DFIG wind turbine.

Pos. seq. voltage (V1_B690) of DFIG wind turbine is slowly increased from Op.u to 1p.u before the faults
happened on the grid side. During the fault times, it is fluctuating b/n 0.45p.u and 1.55p.u. But the voltage is
reached above the rated value of the protection system. In protection system the voltage range is 0.75p.u and
1.1p.u, but on this simulation the voltage out of the range. Because of this the wind turbine is disconnected

from the system.
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Figure 5.16 DFIG is disconnected from the system after grid faults happen
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Table 5 Wind turbine parameters when wind turbine is tripped from the system

Wind turbine parameters Before grid fault | During grid fault | After grid fault

Pos. seq. Voltage (V1-B-690p.u) |0to1l b/n 0.45 & 1.55 Constant (1)

Pos. seq. current (11-B-690p.u) 0.8t00t0 0.2 04t00 Constant (0)

Generated active power(MW) Constant (0) Constant (0) Constant (0)

Generated reactive power(Mvar) |-2t00 Constant (0) Constant (0)

DC-link Voltage(V) Constant (2200) Increased to 2500 | Constant (2500)
Speed(p.u) 0.73t00.8 Increasing to 1.8 Decreasing 1.8to 1
Wind speed(m/s) Increasing Increasing Increasing

Pitch angle(degree) Constant (0°) Increasing 39° Fluctuated b/n 0° and 40°
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Figure 5.17 Grid system is continuous its function after the faults happen
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Table 6 Grid side parameters when wind turbine is tripped from the system

Grid side parameters

Before grid fault

During grid fault

After grid fault

Pos. seq. Voltage (Vap._ B-15) Constant(1p.u) b/n 0.6 & 1.5 p.u Constant (1p.u)

Pos. seq. Voltage (Vap._ B-25) b/n0.75 & 1p.u | b/n 0.59&1.42 p.u Constant(1p.u)

Pos. seq. Voltage (Vapn._ B-690) b/n0.71 & 1p.u b/n 0.51 & 1.49 p.u Constant(1p.u)

Generated Active power(P_B25(MW)) b/n2 & 0.4MW | b/n 3.9MW &2.1MW | Consume 8MW

Reactive power(Q_B25(Mvar)) b/n OMvar & b/n -5Mvar & 15Mvar | Generate 1.4Mvar
9Mvar

Plant voltage pos. seq.(V_plant) 1.03p.u b/n 0.75p.u & 1.21p.u | 1.03p.u

Plant current in Pos. seq.(l_plant) b/n 0.12A & 10A | 0.12A 0.12A
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6. Chapter Six: Conclusions, Recommendations and Future Works

6.1. Conclusions

This thesis presents a study of the variable speed DFIG wind turbine and the grid system is subjected to
disturbances; such as, voltage sag or dip, and three-phase short-circuit faults. The dynamic behavior of
DFIG without disturbance of grid, after the grid system disturbance and under grid system disturbance was
simulated using MATLAB/SIMULINK platform using rotor speed control in order to control the slip of the
machine. Accurate transient simulations are required to investigate the influence of the wind power on the
power system stability. The stator is directly connected to the grid and the rotor is interface via a back-to-
back partial scale power converter. Power converter are usually controlled utilizing speed of rotor control
techniques which allow the decoupled control of both active and reactive power flow to the grid. In the
present investigation, the dynamic DFIG performance is presented for both normal and abnormal grid
conditions. The control performance of DFIG is satisfactory in normal grid conditions and it is found that,
both active and reactive power maintains a study pattern in spite of fluctuating wind speed and net electrical
power supplied to grid is maintained constant. During grid disturbance; voltage, current, active power and
reactive power of DFIG has been observed. The detailed results of steady state and faulty or three-phase
short circuit on grid system has been noted and analyzed with proper justification. In this study observed a
property of DFIG with controller and without controller.

6.2. Recommendation

From the simulation results obtained, it has been validated that the system is fully functional. However, the
following recommendations have been made as work that could be done to further improve the system.
Using DC bus voltage to run the generator to synchronous speed and the switching in the stator at this point
to connect and synchronize it to the grid. This would enhance the automation of the system and reduce the
number of components in the system. In order to increase the fault ride through capabilities of the system,

crowbar protection and series dynamic resistor could be added to the system.

6.3. Future Works
In future work aims to develop a controller, which can effectively improve the dynamic stability, transient
response of the system during normal condition and faulty grid conditions. To develop a protection system

for power converter and DFIG for large disturbances like phase-to-phase and phase-to-ground fault of little
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cycle duration as the power converter is very sensitive to grid disturbance. And also implement this work of
DFIG and power flow during grid faults. Cost benefit analysis should also be investigated and verified
after an external fault. Complete protection schemes such as under and over voltage, over current, speed

and frequency deviation protection should be developed for the DFIG.
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APPENDIX

Appendix A:1.5MW DFIG Parameters

DFIG Parameters Values
Rated stator voltage (volt) 690V
Rated rotor voltage(volt) 1863V
Rated apparent power(KVA) 1667KVA
Rated speed(rpm) 1800rpm
No pole pairs 2

Stator resistance 0.00706p.u
Stator reactance 0.0171p.u
Rotor resistance 0.005 p.u
Rotor reactance 0.156 p.u
Magnetizing reactance 29p.u
Generator inertia 5.04kgm?

Power coefficient (C,) calculation

Pm=Cp(AB)ApV3wina Cp(A,B)=C1(C2/Ai-C3B-Ca)e~¢>/4i+Cgh. Where, C1=0.5, C,=116, C3=0.4, C,=5, Cs=21

and C¢=0.0068.

1 1 0.035

20 1+0.088 B3+1°

1 1 0.035_

Assume B=0° and A=8.1, then calculate Cpmax

1 0.035

i 1+0.088 B3+1 8.1+0.08(0) (0)3+1

z%: é-0.03520.12346-0.03520.0884

2i=11.3049, then Cpmax is Cp(A,B)=C1(C2/Ai-C3B-Cs)e ~¢>/A1+Cq

Cy(8.1,0)=0.5176(

11
11.3049

6

~0.4(0)-5)e~21/11:304910 0068(8.1)=0.5176(10.2609-5)e ~ 18576 +0.05508

= (0.5176*5.2609)e ~1:8576+0.05508 =2.72304¢~1-8576+0,05508=0.4800
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Appendix B: Doubly fed induction generator modeling
In d-q synchronously rotating reference frame:
Vei=Rolst = hsd-0syisg. ... () Vag=RolsqH - 1Sq-0aysd. ... (i)
Vi=Rilt = prd-ong................. (iii) Vig=Rilg = Prq-on. ... (iv)
Woa=LslsqtLmlrd e evvveeeneeennn, v) Wsq=LslsgtLmlrgeevvveeeeoonee, (vi)
Wra=Lolig Fmlsd oeeeeeeeeennn, (vii) Yrq=LolrgtLanlsg coveeeeeeenee, (viii)

Where y—is a flux linkage, ws—is stator electrical angular frequency and o=swms—is rotor slip angular
frequency. Since the stator is connected to the grid, and the influence of the stator resistance is small, the
stator flux can be considered constant. By stator flux orientation concept, i.e, with the d-axis of the d-q
coordinate system oriented along the stator flux vector position (ysiq=Vsd¢ and ysq=0) and assuming the stator
voltage vector to be constant and neglecting stator resistance Rs. Then the above equations can be reduced

to:
|Vsdq|=|Vsd + jVsq|:|RsIsd + %djsd — wsyPsq +jVsq|=VSq ....... (ix)

[Wsdq|=|wsd + jusq|= ysg. Substituting equation (v-viii) into equation (iii &iv), it yields:

d d dlsd
Vrd:RrIrd+E [Lrlrd + LmISd] '(Dr[LrIrq"'LmIsq]$Vrd:Rr|rd+LrE Ird +Lmd_st _(Dr[LrIrq-I-LmIsq] ...... (X)

da d d .
qu:RrIrq+a[Lrqu+LmIsq]+(0r[Lr|rd+LmIsd] :>qu:RrIrq+Lralrq+LmE|sq]+(Dr[Lrlrd+LmIsd] ........... (Xl)
But from equation (V'Vlll), w¢E haVC; \lfsd:lesd"'Lmlrd and Lljsq:LsIsq‘l'Lmqu:()ﬁlsq:_ll:_smqu ......... (Xli)
From equations (i & ii), we can solve for:

d d—Lmli .
Vsq:Rs ISq+E lpsq+(,l)3\|lsdz>vsq:0)s\|]5d:V5 ............ (Xlll) \|fsd:|_s |5d+ Lm Irqﬁ Isd:w .......... (XIV)

Vs—Lmlirq . . . .. . . . .

Therefore, Isd:L—s. Substituting equation (xii) and (xiv) into equation (x) & (xi), we get:
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_ d d apsd—Lmird —LmlI
Vrd—RrIrd"l'LrE Ird + Lma [%‘(Dr [Lrqu+Lm ( = rq)]
2 d L2m d
Vrd:RrIrd+Lr[l'L m/LrLS]E ITd'(DrLr[l'E] |rq:> Vrd:RrIrd+GLrE Ird‘O)rGLrIrq .............. (XV)
similarly: Vig=Relg+ L L 259 o TL g+ Linlsg] &
Y: Vig=Rylyg ar gy OrlbrlrdThmlsg
_ LmlIrq Vs—LmliIrd

qu:RrIrq+Lr%+Lm% [ ]+®r{Lr|rd+Lm(T)}, those two equations simplified to:

Ls

qu:RrIrq+Lr[l-L2m/L,Ls]% Irg+oL [1-L2 /L L] g+ Vs Lm/Ls 2Viq=Rlrq+

+GL|’% Irq+(,0r+GLr|rd+(DrV5Lm/Ls

Where: 6=1-L%/LiLg ........ is a leakage coefficient, Vs=Vs=ms\ysq, mr:sms:ms-mr:szwz:)r-----iS slip.
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Appendix C: Transfer Functions the Modified Inner Loop Control Structure

Referring to Figure 4.5, three equations can be readily determined:
ird (8) = tra(s) —ira(s)
sz N ATCE 2
vyra(s) = ig (8)—— —ira(s)Kp1

: 1
21‘d(3) s v;‘d(s) Rr ¥ O‘LSS

Substituting the first two expressions into the third one yield:

. --ew* K ] L
i) = (157 )2 inakm|
o W Kno 1
= -(Erd(s) - lfd(s)) ;1 - Erdel} R, +oL,s

Grouping like terms:

. Ky 1 % K
Erd(s) {1 + (T + K.Pl) R';r‘ —|—JL?~5:| - ITd(S)S(Rf + LTLT-S)

Dividing output by input:
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i?.d(s) _ Kj]_ ]_
7a(s) ~ (R +oLys) 1+ Jpeti
KI]

s?oL, + s(R, + Kpy) + Ky

Ko
gl

2 [RT'+K.P'1} K“
§°+ 3 al.,. + al

Appendix D: The Outer Loop Transfer Function

From Figure 5.8, the following equations are written:

1

irgls) = ih (8) ————
-:rf;l'( :J -;rq( :J]_—l— T413

it (s) =
P (s) = Pa(s) — PI(s)

3L
— | |'1"'r'q('5’)

:35)

Ps(s) =

Substituting the third equation into the second:

i14(8) = [Puls) = P22 4+ K P9

Substituting in the first equation:

. 1 Ko * Ko
ITQ(SJTT_.E_LH = P_-;(-HJ (KP? -+ < ) — Ps (SJ S

Substituting in the fourth equation:

AAIT, SCHOOL OF ELECTRICAL & COMPUTER ENGINEERING DEPARTMENT OF [l
ELECTRICAL ENGINEERING | APPENDIX



Study of Doubly Fed Induction Generator Control under Grid Fault | 2016
Conditions
P (s) 1 K Kpo
: =Py(s) [ Kpa+ =2 | — P*(s)=22
—3mw 14+ Tps s ST
Collecting terms:
K ; K
12, 1+-%s 12
Po(s) | Kpa+ ==+ 5 Lmd‘*’l = Pi(s)—
2L, Vs
Dividing output by input:
Pals) =
P:(s) FrTe
(Km + 52+ _—t_:*m)

—
Ly 'i'—".sl
6 L’s Txl KI?

o2 o
2+ (7 + 652 K2 ) s + 640 P K

Appendix E: Initialization Script

This M-file gives in hard copy form, the Matlab code necessary to run the model. All code is alsoprovided

on the accompanying in the file InitSystem.m.

% Initialize DFIG and Wind Turbine Simulation
% Author: TESHALE TADESSE

% Last Modified: Apr 18, 2016

closeall

clear

clc

%% Turbine Model Initialization

% Load Turbine Characteristic into the model
% Turbine Parameters

GR =103.2; % gear-box ratio(dimensionless)
R = 34; % turbine radius [m]

AAIT, SCHOOL OF ELECTRICAL & COMPUTER ENGINEERING DEPARTMENT OF [leE;
ELECTRICAL ENGINEERING | APPENDIX



Study of Doubly Fed Induction Generator Control under Grid Fault | 2016

Conditions

rho = 1.21; % air density [kg/m"3]

A = pi*R"2; % swept area in [m"2]

% tip speed ratio from manufacturer datasheet
TSR_vector=xlIsread('CpVsTSR_D49.xlsx',1,A2: A67";

Cp_vector =xlIsread('CpVsTSR_D49.xlsx',1,'B2:B67");

% Turbine Performance Curves (used in lookup tables)

vwind_vector = linspace(4,9,18); % vector of wind speeds [m/s]
wt_vector = linspace(0.1234,3.6192,1000);% vector of turbine shaft speeds
% [mech rad/sec]

[X,Y]=meshgrid('vwind_vector, wt_vector'); % X stores v, Y stores w

% v increases RIGHT, w increases DOWN

L= R*Y./X; % tip speed ratio [dimensionless]

Cp= interp1(TSR_vector,Cp_vector,L); % performance factor [dimensionless]
Pt=(1/2)*rho*A*X."3.*Cp; % Turbine power [W]

Tt_matrix = Pt./Y; % Turbine torque [Nm]

Tt_matrix(isnan(Tt_matrix)) = 0; % remove NANs

Tmech = Tt_matrix/GR; % Torque available at shaft of generator [Nm]

% Maximum Power Point Tracking[MPPT]
MPPT1=zeros(1,length(vwind_vector)); % vector of maximum power points [W]
MPPT_w = zeros(1,length(vwind_vector)); % vector of turbine shaft speeds
% that correspond to the maximum power point [mech rad/sec]

for i = 1:1:length(vwind_vector);

[MPPTL1(i),IND, MAX] = max(Pt(:,i)); % find maximum power points
MPPT_w(i) = wt_vector(IND_MAX);

end

% fitting the function MPPT = Kopt*(wt)"3 yields:

% Curve fitting done offline using Matlab Curve Fit Toolbox

Kopt = 3.364¢5;

% Initialization Starts Here %

vw_0 =4; % initial wind speed [m/s]

%% Initial Turbine Parameters calculated from initial wind speed

L_0 = R*wtvector/vw_0; % initial tip speed ratio

Cp_0 = interp1(TSR_vector,Cp_vector,L_0); % initial performance factor
Pt 0 = (1/2)*rho*A*vw_0"3.*Cp_0; % initial turbine power curve
%Initial values of MPPT

[MPPT_0,INDMAX] = max(Pt_0);

MPPT_w_0 =wt_vector(IND_MAX);

% Initialization of turbine for a particular wind speed

Pt_init = MPPT_0;

wt_init = MPPT_w_0;

% Plot Wind Turbine Data

figure(1)

holdon

gridon

for i = 1:1:length(vwind_vector)
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plot(wt_vector*60/(2*pi)*GR,Pt(:,1),' b-','Linewidth’,1)

end

plot(wt_vector*60/(2*pi)*GR,Pt_0,'b-','Linewidth’,3)
plot(MPPT_w*60/(2*pi)*GR,MPPT,'r-','Linewidth’,1)

holdoff

%% Initialize Double squirrel cage Rotor Machine

% Load Parameters of Generator

VLLrms = 690; % line to line, rms, stator voltage [V]

fs = 50; % line frequency [Hz]

Pp = 2; % number of poles pairs [dimensionless]

J =5.04 ;% system inertia (reduced for short simulation) [kg m"2]

TR = 0.34; % equivalent turns ratio [dimensionless]

Rs = 7.06e-3*1; % stator resistance [ohms]

Rr = 5e-3*1; % referred rotor resistance [ohms]

Lls = 1.7e-2; % stator leakage inductance [H]

Llr = 15.6e-2; % referred rotor leakage inductance [H]

Lm = 2.9e-1; % magnetizing inductance [H]

Ls = Lm+LlIs; % stator inductance [H]

Lr = Lm+LlIr; % rotor inductance [H]

sig = 1-Lm"2/(Ls*Lr); % leakage factor [dimensionless]

% Conversion Multipliers

D2R = pi/180; % degrees to radians [rad/deg]

R2D = 180/pi; % radians to degrees [deg/rad]

%% Starting Point

% Starting Speeds

ws = 2*pi*fs; % synchronous angular frequency in [electrical rad/sec]
w_mech =wt_init*GR; % rotor shaft angular frequency in [mechanical rad/sec]
wm_0 = Pp*w_mech; % rotor shaft angular frequency in [electrical rad/sec]
s = (ws - wm_0)/ws; % slip [dimensionless]

wr = s*ws; % rotor angular frequency in [electrical rad/sec]

% P and Q references

Ps_ref =-Pt_init; % real stator power reference, three phase, [MW]
Qs_ref = 0; % reactive stator power reference, three phase, [VAR]
%% Solve for rotor voltage accounting for Rs, and Rr, aiming for P and Q_ref
% Step 1: solve for stator current from P and Q power reference

% line to neutral rms stator voltage magnitude [V]

Vs_mag = VLLrms/sqrt(3);% stator voltage taken as reference [rad]
Vs _ang =0;

Vs_phasor = Vs_mag*exp(1i*Vs_ang);% stator voltage phasor, rms [V]
% stator current phasor, rms [A]

Is_phasor = (Ps_ref/3-1i*Qs_ref/3)/Vs_phasor;

Is_mag = abs(Is_phasor);

Is_ang = angle(Is_phasor);

% Step 2: solve for all other phasors

% stator flux linkage phasor, rms [wb-turns]
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Fs_phasor = (Vs_phasor- Rs*Is_phasor)/(1i*ws);

Fs_mag = abs(Fs_phasor);

Fs_ang = angle(Fs_phasor);

% rotor current phasor, rms [A]

Ir_phasor = (Fs_phasor-Ls*Is_phasor)/Lm;

Ir_mag = abs(Ir_phasor);

Ir_ang = angle(Ir_phasor);

% rotor flux linkage phasor, rms [whb-turns]

Fr_phasor = Lm*Is_phasor + Lr*Ir_phasor;

Fr_mag = abs(Fr_phasor);

Fr_ang = angle(Fr_phasor);

% rotor voltage phasor, rms [V]

Vr_phasor = li*wr*Fr_phasor + Rr*Ir-phasor;

Vr_mag = abs(Vr_phasor);

Vr_ang = angle(Vr_phasor);

% Power (positive consuming)
Ps1=3*real(Vs_phasor.*conj(Is_phasor)); % real stator power [W]
Pr=3*real(\Vr_phasor*conj(Ir_phasor)); % real rotor power [W]
Qs1=3*imag(Vs_phasor*conj(ls_phasor)); % reactive stator power [Var]
Qr=3*imag(Vr_phasor*conj(Ir_phasor)); % reactive rotor power [Var]
Ps_cu = 3*Is_mag"2*Rs; % stator copper loss [W]

Pr_cu = 3*Ir_mag”"2*Rr; % rotor copper loss [W]

% electromagnetic torque [Nm]

Tem = 3*Lm/(sig*Lr*Ls)*Pp*imag(conj(Fr_phasor)*Fs_phasor);

nm = w_mech*30/pi; % rotor speed [rpm]

P_mech = Tem*w_mech; % mechanical power [W]

disp(' Initial Steady State Operating Point )
disp(' Phasor Solution )
disp([' Vs | ',num2str(Vs_mag), /- ,num2str(Vs_ang*R2D)," V'])

disp([' VVr | ,num2str(Vr_mag)," /-',num2str(Vr_ang*R2D)," V')

disp([' Is | ,num2str(Is_mag)," /-',num2str(Is_ang*R2D)," A1)

disp([' Ir | ",num2str(Ir_mag),' /-',num2str(Ir_ang*R2D)," A"T)

disp([' Fs | ',num2str(Fs_mag),' /-',num2str(Fs_ang*R2D)," wh-turns')
disp([' Fr | ',num2str(Fr_mag)," /-',num2str(Fr_ang*R2D)," wb-turns'])
disp( )
disp([' Ps | ',num2str(Ps)," W)

disp([' Pr | ',num2str(Pr)," W)

disp([' Qs | ",num2str(Qs)," VART)

disp([' Qr | ,num2str(Qr)," VAR')

disp([' Ps_cu | ",num2str(Ps_cu)," W'])

disp([' Pr_cu | ,num2str(Pr_cu)," W)

disp(’ POWER BALANCE )
disp([' Ps + Pr | ',num2str(Ps+Pr)," W)

disp([' Pmech + Pcu | ,num2str(Ps_cu + Pr_cu + P_mech)," W)

disp(’ )
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disp([' Tem | ',num2str(Tem)," Nm'])
disp([' nm | ',num2str(nm)," rpm’])
disp([' P_mech | ',num2str(P_mech)," W)
disp( )
%% Initialize Dynamic model from Phasor Solution (align to stator flux)
% Phasor of Stator and Rotor Voltages are related to their space vectors at
% t=0 using Equation Va=V/sqrt(2)*angle of phase
%Stator Voltage
vas_0 = sqrt(2)*Vs_mag*cos(Vs_ang); % a-phase stator voltage at t=0
vbs_0 = sqrt(2)*Vs_mag*cos(Vs_ang-2*pi/3); % b-phase stator voltage at t=0
ves_0 = sgrt(2)*Vs-mag*cos(Vs_ang-4*pi/3); % c-phase stator voltage at t=0
vsD_0 = (2/3)*(vas_0-0.5*vbs_0- 0.5*vcs_0); % D-axis stator voltage
vsQ_0 = (2/3)*(sqrt(3)/2*vbs_0-sqrt(3)/2*vcs_0); % Q-axis stator voltage
Vs s 0=vsD 0+ 1i*vsQ_0; % stator voltage space vector (stator frame)
%Rotor Voltage
var_0 = sqrt(2)*Vr_mag*cos(Vr_ang); % a-phase rotor voltage at t=0
vbr_0 = sgrt(2)*Vr_mag*cos(Vr_ang-2*pi/3); % b-phase rotor voltage at t=0
ver_0 =sqrt(2)*Vr_mag*cos(Vr_ang-4*pi/3); % c-phase rotor voltage at t=0
vD_0 = (2/3)*(var_0-0.5*vbr_0 -0.5*vcr_0); % d-axis rotor voltage
vQ_0 = (2/3)*(sqrt(3)/2*vbr_0-sqrt(3)/2*vcr_0);% g-axis rotor voltage
Vr_r_0=vd_0 + 1li*vg_0; % rotor voltage space vector (rotor frame)
%Initial rotor angle taken as O(zero degree)
Vr_s 0=Vr_r_0*exp(-1i*(0)); % rotor voltage space vector (stator frame)
vrD_0 =real(Vr_s_0); % D-axis rotor voltage
vrQ_0 =imag(Vr_s_0); % Q-axis stator voltage
% Using the voltage space vector aligned to the stator frame, the flux is
% calculated using the state equations for the electrical subsystem are,
%with the derivative vector set to zero
FM = [-Rs/(sig*Ls), ws, Lm*Rs/(Ls*Lr*sig), O; ...

-ws, -Rs/(sig*Ls), 0, Lm*Rs/(Ls*Lr*sig); ...

Lm*Rr/(Ls*Lr*sig), O, -Rr/(sig*Lr), wr; ...

0, Lm*Rr/(Ls*Lr*sig) ,-wr, -Rr/(sig*Lr)];
Flux_0 =-inv(FM)*[vsD_0,vsQ_0,vrD_0,vrQ_0];
fsD_0 = Flux_0(1);
fsQ_0 = Flux_0(2);
frD_0 = Flux_0(3);
frQ_0 = Flux_0(4);
Fs s 0=1fsD 0+ fsQ_0*1i; % stator flux space vector at (stator frame)
Fr s 0=1frD_0 + frQ_0*1i; % rotor flux space vector at (stator frame)
% Currents are calculated with in the general synchronously
%rotating reference frame
Is s 0=Fs_s 0/(sig*Ls)-Fr_s_0*Lm/(Ls*Lr*sig);
Ir s 0=Fr_s_0/(sig*Lr)-Fs_s_O0*Lm/(Ls*Lr*sig);
isD_0 =real(Is_s_0);
isQ_0 =1imag(Ir_s_0);
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irD_0 =real(Ir_s_0);

irQ_0=1imag(lr_s_0);

% Stator Flux Alignment

th_fs_0 =angle(fsD_0+ 1i*fsQ_0); % stator flux angle
% voltage, flux and current in the stator flux oriented reference frame
Vs fs 0 =Vs_ s 0*exp(-1i*(th_fs_0));

vsd_0 =real(Vs_fs_0);

vsq_0 = imag(Vs_fs_0);
Vr_fs_0=Vr_s_0*exp(-li*th_fs_0);

vrd_0 =real(Vr_fs_0);

vrg_0 =imag(Vr_fs_0);

Fs fs 0=Fs_s 0*exp(-1li*th_fs 0);

fsd_0 =real(Fs_fs_0);

fsg_0 = imag(Fs_fs_0);

Fr_fs_0 =Fr_s O*exp(-li*th_fs_0);

frd_0 = real(Fr_fs_0);

frg_0 = imag(Fr_fs_0);

Is fs 0=1Is_s O*exp(-li*th fs_0);

isd_0 = real(ls_fs_0);

isq_0 = imag(ls_fs_0);

Ir_ fs_0=1Ir_s O*exp(-li*th_fs_0);

ird_0 =real(Ir_fs_0);

irg_0 = imag(Ir_fs_0);

%% Controller Initialization

% controller gains

% using Tapia's Method

% critically damped with Tset = 40ms

T1 = 40e-3; % settling time for inner loop

KI1 =(4/T1)"2*sig*Lr;

KP1 = 2*(4/T1)*sig*Lr-Rr;

% initialize the PI controller integrators

w_fs 0 =vsq_0/fsd_0+Rs*Lm/Ls*irq_0/fsd_O;
Dfsd_0 =-Rs/Ls*fsd_0 +Lm*Rs/Ls*ird_0+vsd_0;

% Inner loop PI controller initial conditions

vrd_tapia = vrd_0+sig*Lr*(w_fs_0-wm_0)*irg_0-Lm/Ls*Dfsd_0 + KP1*ird_O;
vrg_tapia = vrg_0-sig*Lr*(w_fs_0-wm_0)*ird_0...
-(w_fs_0-wm_0)*Lm/Ls*fsd_0+KP1*irg_0;

% Tapia's outer loop

T2 = 70e-3; % settling time for outer loop

K12 = 8/3*T1/(T2"2)*Ls/Lm/(VLLrms*sqrt(3/2));
KP2 = 2/3*(2*T1-T2)/T2*Ls/Lm/(VLLrms*sqrt(3/2));
% Outer loop PI controller initial conditions
ird_tapia_IC = ird_0*(1+KP2*3/2*Lm/Ls*VLLrms*sqrt(3/2))...
-KP2*3/2/Ls*VLLrms*sqrt(3/2)*fsd_0;

irgq_tapia_IC = irg_0*(1 + KP2*3/2*Lm/Ls*VLLrms*sqrt(3/2));
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