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Summary:

Self-excited induction generators usually suffer from variable output voltage frequency
and magnitude with variation of wind speed when they are used in stand-alone variable
speed Wind Energy Conversion Systems (VSWECS). The doubly-fed induction
generators (DFIGs) have been used in stand-alone VSWECS applications. Controlling
the magnitude and frequency of the stator output voltage for DFIG achieved by
controlling the rotor input voltage, magnitude and frequency. The maximum power
point tracking control technique is applied to DFIG for optimum operating point.
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Abstract

Self-excited induction generators usually suffer from some problems when they are
used in stand-alone variable speed Wind Energy Conversion Systems (WECS). The
most prominent of these problems are the variable output voltage frequency and
magnitude as the wind speed variation.

In this thesis these problems are discussed and it is shown that in order to
overcome these problems the doubly-fed induction generators have been used instead
of self-excited induction generators as stand-alone variable speed wind energy
conversion system applications.

Firstly, the wind energy and aerodynamics of the wind turbine are studied and
modelled by equations and simulated by the help of MATLAB/SIMULINK. Then the
characteristics and performance of wind turbine parameters such as speed, torque and
wind power are examined when it be connected with the electrical generators. Also the
dynamic modelling of doubly-fed induction generator is presented by its electric
equations and simulated by using the MATLAB/SIMULINK to study the electrical
characteristics and performance as an electrical generator.

Secondly, both wind turbine and electric generator are connected with each other in
one system. Then the performance of the system is studied for wind speed variation and
associated output voltage, magnitude and frequency, power and other electric quantities
of the generator. It is shown that to control the output voltage magnitude, frequency,
and power, the rotor currents, frequency, and phase sequence must be controlled
continuously according to wind speed variations. Indirect vector control algorithm on
the rotor’s electric quantity is applied to maintain both constant output voltage
magnitude and frequency throughout the whole range of wind speed variations.

Finally, as the wind speed changes there is a value of maximum power that can be
obtained from the doubly-fed induction generator at each value of wind speed
corresponding to the maximum power curve of wind turbine. So for optimum operating
point of stand-alone doubly-fed induction generator is always sought. The
MATLAB/SIMULINK results of the maximum power point tracking are presented and
the proposed control scheme is verified.

Keywords:
Stand-Alone Wind Energy Conversion Systems; Aerodynamics of Wind Turbine;

Dynamic Modeling of Doubly-Fed Induction Generator; Indirect Vector Control;
Maximum Power Point Tracking.
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Chapter 1 : Introduction

1.1. Introduction

The increase of the level of environmental pollution and energy problems due to
combustion of fossil fuels for electricity generation in the recent years become a major
concern in people daily life. Using fossil fuel have adverse impact on the environment
such as increasing CO, emissions, smog, acid rains, and other environmental hazards
caused by usage of fossil fuels.

This problem has attracted many researchers to find new technologies to use
renewable and clean energy sources for generating electricity and limit the usage of
fossil fuel-based systems. Renewable energy sources are sustainable, inexhaustible and
cost-effective, and cost less for remote areas.

The main types of possible renewable energy sources for an environmentally-
friendly energy solutions are:

1- Wind energy.
2- Solar energy.
3- Tidal energy.
4- Biomass energy.
5- Hydro energy.

Wind power is one of the most important, promising renewable energy source [1].
In the past decades, electricity generation using wind power has experienced a very fast
development. This thesis focuses on stand-alone wind energy conversion system
employing doubly-fed induction generators.

1.2. Introduction to Wind Energy Conversion System

The wind power can be obtained by converting wind energy into another suitable
form of useful energy. This method is called wind energy conversion system (WECS).
It can be used for other energy requirements such as electricity generation by using
wind turbine, producing mechanical power by using windmills and powering water
pumping by using wind pumps. The total amount of economically extractable power
available from the wind is considerably more than present human power use from all
sources.

For electricity generation purposes, the WECS employs wind turbines in which the
wind energy is converted to mechanical energy and is later on used as a prime mover to
drive the electrical generators. WECS basically consist of three sections as shown in
Figure (1.1) [2]:
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re 1.1: Block Diagram showing the components of WECS connected to grid
(dashed item is architecture dependent)

Wind power has the following characteristics:

1-

1.3.

It is abundant, renewable, widely spread, clean, and produces no greenhouse
gas emissions during operation. A one megawatt (1 MW) wind turbine for one
year can displace over 1,500 tons of carbon dioxide, 6.5 tons of sulphur
dioxides, 3.2 tons of nitrogen oxide, and 60 pounds of mercury (based on the
U.S. average utility generation fuel mix).

Wind plants can provide a firm flow of income to landowners who lease their
land for wind development, while increasing property tax revenues for local
communities.

Wind applications can take many forms, including large wind farms, distributed
generation, and single end-use systems. Utilities can use wind resources
tactically to help reduction of load forecasting risks and trapped costs.

Energy price stability by further diversifying the energy mixture, wind energy
reduces dependence on conventional fuels that are subject to price and supply
instability.

Reduced dependence on imported fuels. Wind energy expenditures don‘t need
to obtain fuels from abroad, keeping funds closer to home, and lessening
reliance on foreign governments that supply these fuels.

Types of Wind Turbines Used in WECS

Wind turbines used in WECS are classified into two types from the physical setup
point of view as follows [3]:

131

. Vertical Axis Wind Turbine (VAWT)

The designs of vertical axis were considered superior due to their expected
advantages of yaw-system is not needed because the VAWT does not need to change its
direction with the change in wind speed direction hence no additional cost is required.

2



Also their gears and generating equipment position at the base of the wind turbine
tower hence the maintenance of such type of wind turbines is very simple. However,
the VAWT is not used in the commercial market due to reduced aerodynamic
efficiency since much of the blade surface is close to the axis.

1.3.2. Horizontal Axis Wind Turbine (HAWT)

The HAWT is the most popular and famous type of wind turbines which employed
in modern wind farms because they are capable of extracting more wind energy. The
blades of HAWT rotate around an axis parallel to the wind flow the ground. The main
advantages of HAWT are:

1- Self-starting of operation.
2- Having wide range of rated output power.
3- Comparatively low cost.

However, unlike VAWT, HAWT must be redirected continuously with every
change in the wind direction. Also the difficult degree of maintenance for gear box,
control systems, electrical generator and other mechanical parts as they are located in
the top of the wind turbine and not in the ground as in VAWT. Table (1.1) shows a
comparison between VAWT and HAWT and Figure (1.2) illustrates the difference in
physical setup [4].

Table 1.1: comparison between VAWT and HAWT

Compared Item VAWT HAWT
1- Starting Need to starting means | Self-starting
2- redirection according to | Redirection not needed | Redirection needed
wind direction
3- Location of mechanical | At the ground surface | At the top of the tower
parts and electrical generator

4- Maintenance Easy Difficult

5- Output power Limited range Wide range
6- Cost Lower Higher

7- Efficiency Higher Lower
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Figure 1.2: Horizontal axis wind turbine (HAWT) and vertical axis wind turbine
(VAWT) [3]

1.4. Components of HAWT Used in WECS

The main components of HAWT used in WECS are shown in Figure (1.3) and
important parts are listed as follows [5]:

N 1.Blades

S 2 Rotor
3. Pitch
4. Brake

5. Low-speed shaft
6. Gear box
7. Generator
8. Controller
9. Anemometer
10. Wind Vane
11. Nacelle

12. High-speed shaft
13. Yaw drive

14. Yaw motor

15. Tower

Figure 1.3: Main Components of HAWT used in WECS
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1- Blades: They are stroked by the wind and extract power from the air stream.

2- Pitch and rotor: There are extensive on-board controllers which improving the
efficiency of the power generation. Those controllers are called pitch angle and
stall control. The control can be achieved by connecting the blades to the shaft
through a hub with flanges which are designed and bolted to allow for rotor
blades.

3- Gear box: It is used to obtain the operating speeds of the connected generators.

4- Drive-train (shafts, gearbox, couplings, mechanical brake, and electrical
generator).

5- Anemometer and wind van: They are used to measure the wind direction and
wind speed respectively. Hence the direction of wind turbine can be controlled
according to wind direction by the mean of yaw control and when the turbine
must start and stop according to wind speed.

Figure (1.4) shows the contributions of the main components for wind turbine in
percentage terms to the overall cost [6].



How a wind turbine co

A typical wind turbine will contain up to 8,000 different components.
This guide shows the main parts and their contribution in percentage
terms to the overall cost. Figures are based on a REpower MM92
turbine with 45.3 metre length blades and a 100 metre tower.

together

Tower 26.3%
Range in height from 40 metres up to more
than 100 m. Usually manufactured in sec-
tions from rolled steel; a lattice structure or
—p - cr
concrete are cheaper options.

Rotor blades 22.2%

Varying in length up to more than 60 me-
tres, blades are manufactured in specially

S designed moulds from composite materi-
als, usually a combination of glass fibre
and epoxy resin. Options include polyester
instead of epoxy and the addition of carbon
fibre to add strength and stiffness.

Rotor hub

Made from cast iron, the hub holds the
blades in position as they turn.

Rotor bearings 1.22%

1.37%

Some of the many different bearings in a
turbine, these have to withstand the varying
forces and loads generated by the wind.

Main shaft 1.91%

\
l- Transfers the rotational force of the rotor to
the gearbox.

Q

Main frame 2.80%

Made from steel, must be strong enough to
support the entire turbine drive train, but not
too heavy.

Cables 0.96%

Link individual turbines in a wind farm to an
electricity sub-station.

Gearbox 12.91%

Gears increase the low rotational speed of
the rotor shaft in several stages to the high
speed needed to drive the generator

Generator 3.44%

Converts mechanical energy into electrical
energy. Both synchronous and asynchronous
generators are used.

Yaw system 1.25%

Mechanism that rotates the nacelle to face
the changing wind direction.

Pitch system 2.66%

Adjusts the angle of the blades to make best
nsa of tha pravailing wind

Power converter 5.01%

Converts direct current from the generator
into alternating current to be exported to the
grid network.

Transformer 3.59%

Converts the electricity from the turbine to
higher voltage required by the grid.

Brake system 1.32%

Disc brakes bring the turbine to a halt when
required.

Nacelle housing 1.35%

Lightweight glass fibre box covers the tur-
bine’s drive train.

Screws 1.04%
Hold the main components in place, must be
designed for extreme loads.

Source: EWEA

Figure 1.4: Contributions of main components for wind turbine in percentage terms to the overall cost



1.5. Types of Electrical Generators Used in Fixed and
Variable Speed WECS

Traditionally there are three main types of generators which can be used in fixed
speed and variable speed WECS technologies [7-12]. This types are:

1.5.1. Direct Current Generators

The permanent magnet or shunt wound DC generators concept can be used in fixed
and variable speed WECS. Figure (1.5) illustrates a WECS with DC generator which
consists of a wind turbine, a DC generator, a full rated power inverter to convert the
output electrical power from DC to AC, a controller, a transformer and the power grid.
In general, because of the regular maintenance requirements and the relatively costly
commutators and brushes for such that type of generator, their usage in WECS
applications are limited in low power demand requirements where the load is physically
near to the wind turbine place, in heating applications or in battery charging.

Grid or battery charger

wind turbine U
DC
generator

- i
‘ _O T —Lce
» IGBT inverter step-up transformer

variable sﬁeed running

icontrollere— £

Figure 1.5: Schematic of a DC generator system

1.5.2. AC Synchronous Generators (SGs)

Because of the wide spread use of the wind turbines in recent decades,
considerable efforts three-phase synchronous machines have considered as its electric
generators. There are two types of AC synchronous generators which are most
commonly used in variable speed WECS. The two types are: the permanent magnet
synchronous generators (PMSGs) and the electrically excited synchronous generators
(EESGSs). The voltage and frequency in the PMSGs are controlled by the converter
circuit which are connected to the output of the generators. In EESGs, The output
voltage and frequency are controlled through field winding. The SGs can be connected
to the wind turbine through the gear box or directly connected to the turbine as shown
in Figure (1.6) (a) and (b) respectively.
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Figure 1.6: Configurations of synchronous generator used in variable speed
WECS ((a) with gearbox and (b) without gearbox)

The main advantages and disadvantages of this system are listed as follows:
Advantages:

1- Aerodynamically efficient, can work without gearbox, less mechanical stress
high power density and low mass.

2- Rugged, reliable and simple machines as the commutator, slip rings and
brushes is eliminated in PMSGs.

3- The cost of PMSGs can be prohibitively high for large machines due to
dispensing on the field winding and its associated power losses.

4- Good choice in small wind turbine generators.

Disadvantages:
1- Full rated power converters are needed which cause high losses and high cost.
2- Expensive, heavy and more complex generator.

3- In case PMSGs, high temperature causes demagnetization to the permanent
magnets.

1.5.3.  AC Asynchronous (Induction) Generators

Asynchronous generators or induction generators are the most common generators
used in modern WECS. They have two main types:

1- Squirrel-cage induction generators (SCIGS).
2- Wound-rotor (slip ring) induction generator (WRIG).



These generators have the capability of using it in fixed speed or variable speed
WECS. Another advantages which made those generators are suitable and more
efficient from other types of generators are:

1- Ruggedness and simple in construction.

2- Low maintenance as brushes and commutators not exist (for SCIGS).
3- Low initial cost.

4- High power per unit mass of materials.

1.5.3.1. Squirrel- Cage Induction Generators (SCIGSs)

When SCIGs are used in wind turbine applications, they can be used as fixed speed
or variable speed WECS. Such that types of generators are not self-excited which
consume rather than supplies reactive power from the system that are connected to it
and supplies only real power to this system. For grid connected usage, the voltage and
frequency will be provided by the grid. The reactive power requirement by the
induction generators and the connected loads on the system is supplied the grid or static
capacitors connected with the SCIGs. When SCIGs used in stand-alone WECS, the
voltage and frequency are function of generator speed, connected capacitance (reactive
power supplies) and loads. Figure (1.7) illustrates the configuration of SCIGs when
they are used in grid connected or stand-alone with fixed speed (or nearly fixed)
WECS.

Soft Starter Cap Bank

Gear
Box |

Collector
Feeder

\AANS
YYY

Figure 1.7: Grid connected-Fixed speed WECS using SCIGs

Operating the WECS at variable speed reduces the physical stress on the wind
turbine blades and drive train, and hence improves system aerodynamic efficiency and
torque transient behaviors. It can be achieved by using SCIGs with full rated power
converters connected to them as shown in Figure (1.8) and Figure (1.9), [13], for grid

connected and stand-alone WECS.
D)
€=
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Full Rated Power Converters

Collector

C
C
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C

Gear |
Box |

Figure 1.8: Grid connected-variable speed WECS using SCIGs
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Figure 1.9: Stand-alone-variable speed WECS using SCIGs

The main drawbacks from using SCIGs in WECS are [14]:

1- Lower efficiency.

2- The large requirements of reactive power and high starting current which could
be solved by using soft starter.

3- Maximum power can’t be extracted with fixed speed operation.

4- Full rated power converters associated with variable speed operation.

1.5.3.2. Wound-Rotor (Slip Ring) Induction Generator

When wound-rotor or slip-ring induction generators are have tow configurations
when used in WECS. This configurations mainly depend on the mode of speed of
operation is either limited variable speed or variable speed WECS. The two
configurations are listed according to speed mode of operation as follows:

1.5.3.2.1. Limited Speed WECS Mode of Operation

In this configuration the stator of the generator is directly connected to grid
transformer through the soft starter and capacitor bank for reactive power requirements
by the generator. For the rotor circuit a variable external resistors are inserted into the
rotor terminals as shown in Figure (1.10). The function of the variable resistors is to
control the rotor currents in order to keep constant power operation even during gusting
conditions. The variable resistors are also used to influence the machine’s dynamic
response during grid disturbances. This is achieved by:

1- A set of resistors and power electronics connected external with the rotor to
control the rotor power through the rotor currents flowing between the resistors
and rotor via slip rings.

2- Using Weier design which mounting the resistors and electronics on the rotor
hence slip ring can be eliminated.

10
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Figure 1.10: Slip ring induction generator used in limited variable speed WECS

This configuration is used when the speed of operation is variable but limited to
10% above synchronous speed.

1.5.3.2.2. Variable Speed WECS Mode of Operation

When the wound-rotor induction generator is used in WECS with a fractional rated
scale power converters which are connected to the rotor circuit this machine is called
Doubly Fed Induction Generator (DFIG). The stator of DFIG is directly connected to
the grid or through power transformer, see Figure (1.11). The word (doubly fed) means
that the active and reactive power transfer between the DFIG and the grid is done
directly by the stator and by the rotor through the bidirectional power converters.

D) |«
SNC Collector
3 g Feeder

%

Figure 1.11: DFIG used in variable speed WECS

Recently, DFIG becomes the most widely generators which are used in variable
speed constant frequency (VSCF) wind energy conversion systems [15]. This
importance is due to many advantages such as:

1- Variable speed operation rang in sub-synchronous and super-synchronous
speed (z 50 %), although narrower ranges are more common.

2- The separation control for active and reactive power.

3- Small scale power converters (30% from generator rated power), hence cost
and power losses are reduced.

4- During super-synchronous speed mode of operation the output power (Po) from
the DFIG are from stator and rotor.

5- Capability of power transfer to the grid directly from the stator and (from or to)
rotor via grid side converter (GSC).
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6- The active and reactive power requirements by the generator can be controlled
through the rotor side converter (RSC).

7- Maximum power point tracking techniques can be applied on this system due
to the variable speed operation.

8- Power factor controllable.

The disadvantages of DFIG used in WECS are

1- Need for slip-rings and associated high maintenance requirements.
2- Need for gearbox (normally a three-stage one).
3- Complex control system.

In this thesis the focusing will be on DFIG used in stand-alone variable speed wind
energy conversion system. As it has many advantages make the WECS more efficient
and effective when applied it in renewable energy applications.

1.6. Stand-Alone Wind Energy Conversion System

Stand-alone or isolated WECS are generally used in remote areas which does not
have access to the main grid. In this case, this system is able to provide cost-effective
energy services and potentially provide remote communities without electrical energy
services. Main issues here are the quality assurance schemes for improving the
reliability of systems and reducing life cycle costs such as maintenance and repair [16].

Due to the fluctuating nature of wind power, the electric generator used in and the
stand-alone variable speed WECS must be able to generate constant voltage and
frequency at the terminals regardless of the shaft speed [17].

There are different generators types as mentioned before can be used in stand-alone
WECS. In some systems, such as self-excited squirrel cage induction generators, the
generators are able to regulate the output voltage magnitude but only at a variable
frequency. Other systems employ synchronous or doubly-fed induction generators, are
capable of achieving voltage and frequency regulation under variable speed operation
by means of PWM converter between the generator and the load [16]. The used power
converters in WECS may be either full scale size or fraction scale size from the output
generated power according to the type of used generator.

In the last decade, the DFIG is considered a suitable choice as an electrical
generator in stand-alone variable speed WECS. They can create cheap electric system
having constant frequency and constant voltage regardless to the variable speed of
operation [19]. The capacity of the rotor connected power converters depends on the
operational speed range. Compared with other generators which require full capacity
power converters, this system is cheaper [20].
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1.7. Thesis Objectives

In this thesis, stand-alone variable speed WECS is proposed which employs a
DFIG. The proposed system is shown in Figure (1.12). It consists of a stand-alone
DFIG which is connected to the isolated load through the stator. The rotor of DFIG
connected to battery through a rotor side converter (RSC). Also the battery is connected
to the load through load side converter (LSC).

Load

Stator T <

connection |
|

Power Electronic Converters

-+
DFIG i
Gear Box Generator ] {F”ﬂ F:—'Ia 4@5
—F
|

| -
I Rotor

: connection
[

Battery I

| I
Control
——————————————————————————————— System

Figure 1.12: Proposed system of stand-alone DFIG used in variable-speed WECS

The objectives of this thesis are:

1- Obtaining constant magnitude and frequency of output voltage from DFIG
irrespective of the wind speed variations.

2- Applying indirect vector control to control the power and voltage produced
from the DFIG in both sub- and super-synchronous speed modes of operation.

3- Operating the DFIG at optimum operating point by using maximum power
point tracking technique to extract the maximum output power available at each
value of wind speed.

1.8. Thesis Organization

The thesis is organized into six chapters including the chapter of introduction. Each
chapter is different from the other and is described along with the necessary theory
required to comprehend it.

Chapter 1 (Introduction) presents the introduction of the renewable energy,
components of wind energy conversion system, types of wind turbines, types of
generators used in wind energy conversion system, stand-alone wind energy conversion
system, thesis objectives and thesis organization.
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Chapter 2 (Modelling of Wind Turbine) shows the aerodynamics of wind turbines,
power, torque and speed equations, different characteristics of wind turbine, and
modelling of the wind turbine using MATLAB/SIMULINK.

Chapter 3 (Modelling of Doubly-Fed Induction Generator) dealing with the DFIG
in dynamic model. First, the equations of DFIG are expressed in ABC reference frame
model. Then for simplifying they are expressed in d-g synchronously rotating reference
frame model. Finally MATLAB/SIMULINK model is presented for DFIG.

Chapter 4 (Control and MPPT of Stand-Alone DFIG used in WECS) presents the
effect of rotor input voltage and frequency in sub-synchronous and super-synchronous
speed modes of operation, explains the indirect vector control method which applied to
the stand-alone DFIG to control the magnitude and frequency of the output voltage and
power transfer from the generator to the loads, discusses the characteristics of wind
turbine for maximum power point tracking, different maximum point tracking control
algorithms.

Chapter 5 (MATLAB/SIMULINK and Simulation Results), implements
MATLAB/SIMULINK model for the controlling method in sub-synchronous and
super-synchronous speed modes of operation and final results and figures are obtained
finally the maximum power point tracking control is achieved by using power
characteristic curve strategy by the help of MATLAB/SIMULINK model and the final
results are obtained which shows that the tracking is achieved.

Chapter 7 (Conclusions and Future Works) concludes the work performed. The
future works that can be done is mentioned.
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Chapter 2 : Modelling of Wind Turbine

2.1. Introduction

The wind energy conversion systems (WECSs) are used to convert kinetic wind
energy into electrical energy. Various types of electrical generators like doubly-fed
induction generators (DFIGS) or squirrel cage induction generators (SCIGs) and feed
this energy into the utility grid. Other configuration is used for isolated area and
isolated loads in remote area. Research model of these systems comprises wind turbine,
the electrical generator, grid or isolated loads system and control system which governs
operation of these systems.

Referring to Figure (2.1), the WECS model comprises the following subsystems
[10]:

1- Aerodynamic system model, which evaluates the turbine torque, Ty as a
function of wind speed (Vw) and the turbine angular speed ().

2- Electrical machine and power converters which transform the wind turbine
power into electrical power.

3- Grid or isolated loads model which is connected at the generator terminals.

4- Control system, evaluates the generator torque, active and reactive power
references as a function of wind speed and grid or load voltage.

Figure 2.1: Block scheme of a variable speed wind turbine-generator systems
model

In this chapter, the first subsystem is discussed and last three subsystems will be
discussed in the next chapters in details.
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2.2. Aerodynamic Model

The aerodynamic model represents how the power can be extracted from the wind
turbine rotor, calculating the mechanical power and the output torque as a function of
the air flow on the blades. The conversion of power takes place by the aerodynamic
power extracted from the wind stream which causes the turbine blades to rotate and
hence turning the rotor of the turbine. Then the electrical generator which is connected
to the shaft of the turbine by the mean of gear box transforms the rotational mechanical
power to electrical power as shown in Figures (2.2) and (2.3).

Wind
—
—_—

Hub

{ Tip Spoiler

Tower Nacelle

Inverters

Gearbox ':-—\Qeraw' / _/ Grid

= 4

Pitch

Yaw Drive direct grid connection
only if asynch generator.

Figure 2.2: Different parts of wind turbine

The wind power is given by [10]:

1 3
P, = > p AV,
Where
Vw is the wind speed (m/s).
A is the swept surface area = zR? (m?).
R is the radius of rotor blades (m).
p is the air density = 1.225 kg/m3 at 15°C and normal pressure.

=D ()0 i

Figure 2.3: Flow of air through wind turbine

16

2.1)



The effective power or mechanical power Py (W) which is transferred to the wind
turbine rotor is reduced by the power coefficient Cp [21, 22]. Then the extracted
mechanical power from the turbine can thus be expressed follows [10, 18, 23, 24]:

P :%pﬁszvjcp (2.2)

The power coefficient Cp is a dimensionless factor which indicates the ability of
the wind turbine to convert the kinetic energy stored in the air to mechanical energy.
For a certain wind turbine this coefficient is function of various factors such as wind
speed, the speed of rotation of the wind turbine, and the pitch angle of the rotor blades
which is defined as the angle between the plane of rotation and the blade cross-section
chord B, see Figure (2.4). Usually the power coefficient Cp is determined as function of
the tip speed ratio A which is expressed as [21-23]:

A== (2.3)

Where

Wt is the rotor angular velocity of the turbine (mechanical rad/sec).
R the rotor radius of the blades (m).
Vw  the wind speed (m/s).

The maximum value of Cp is defined by the Betz limit, which states that a turbine
can never extract more than 59.3% of the power from an air stream as shown in Figure

(2.5). In reality, wind turbine rotors have maximum Cp values in the range 25-45%
[10].

Figure 2.4: Rotor blade and pitch angle of wind turbine
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Figure 2.5: Betz Limit illustration

As mentioned in a previous section the Cp in a wind turbine mechanical equation
can be approximated by means of analytical expressions and different possible non-
linear equations as a function of tip speed ratio A and the pitch angle of the blades .
For a wind turbine, the most simple and commonly used way to describe the Cp (A, B)
as follows [10, 18, 22]:

CP (ﬁ,,ﬂ) = Cl (Cz _C3:B_C4182 _Cs)e_cs (2-4)
Where
C1=05,C=116%2%;,C3=04,C4=0,C5=5,Cs=21 * Ajand:

1 0.035
21 = - 3
2+.088 1+p

(2.5)

The last expressions depend mainly on the geometric characteristics of the blades.
These are tailored to the particular site characteristics, the desired nominal power and
control type (pitch or stall), and operation (variable or fixed speed) of the turbine [10].
The dependence of Cp on A and B, the maximum value of Cp can be reached and
maintained by controlling the pitch angle of the turbine blades and rotor speed for each
wind speed.

The turbine torque can be expressed as follows [10, 23]:

2\/3
R :M—RVWCP (2.6)

T =-—"
o, 2,

t
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2.3. MATLAB/SIMULINK of Wind Turbine
The basic data for a 2.4 MW turbine used in simulation as follows [10]:

The radius of the blade is in the range of 40 - 45 meters, depending on the wind
class of the turbine. The nominal power is extracted for a wind speed between 11 and
13 m/s. The rotor speed (low speed axis) is in the range of 8.5 to 20 rpm. . The gearbox
ratio is around 100 for a two pole pairs and 50 Hz DFIG. The turbine parameters are
listed in Table (2.1).

Table 2.1: Turbine main parameters

Parameter Value
Radius of rotor blades 42 m
Nominal wind speed 12.5m/s
Variable speed ratio (minimum-— 9 - 18
maximum turbine speed) rpm
Optimum tip speed ratio Aopt 7.2
Maximum power coefficient Cpmax 0.44
Air density p 1.1225

Kg/m3

By using MATLAB/SIMULINK the wind turbine model can be presented as
shown in Figure (2.6).
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Figure 2.6: Schematic block diagram of the wind turbine MATLAB model system

Figure (2.7) shows a group of typical C, — A curves for different values of B at wind
speed equal 5.5 m/s and rotor radius of 42 m. There is always a maximum value for Cp

at certain wind speed.
0.5 ‘
_B =0°
ot S
- —p=6°
% 0.3~ —B=10°|
g —B=14°
S 02 —p=18°
S —p=22°
£ 0.1 i
0 |
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6 8
Tip speed ratio A

Figure 2.7: The power Coefficient Cp as function of tip speed ratio A and

blades angle p at wind speed equal 5.5 m/s and rotor radius of 42 m
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Figure (2.8) shows the relationship between the power coefficient as a function of
tip speed ratio from Equations (2.4) and (2.5) at B = 0° and wind speed of 5.5 m/s
notice that the maximum power coefficient is about 0.411 and the optimum tip speed
ratio is about 7.9.
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Figure 2.8: The power Coefficient Cp as function of tip speed ratio A at f = 0°
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The curves in Figure (2.9) and Figure (2.10) shows the turbine power and torque as
a function of rotor angular speed at different wind speed, along with the typical speed
limits (9 and 18 rpm) and the nominal power (2.4 MW).
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Figure 2.9: The wind turbine power Pt at low speed shaft with the rotor
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Figure 2.10: The wind turbine torque Tt at low speed shaft with the rotor
angular speed o:at different wind speed Vw

The next curves in Figure (2.11) show the generator mechanical input torque as a
function of rotational speed of the generator shaft Ng ( rpm) at different wind speed,
along with the typical speed limits (900 and 1800 rpm).
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Figure 2.11: The generator mechanical input torque Te at high speed shaft with
the rotor rotational speed Ng at different wind speed Vw
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Chapter 3 : Modelling of Doubly-Fed Induction
Generator

3.1. Introduction

The d-q dynamic model of DFIG would be very beneficial in terms for studying
the behavior under sub-synchronous and super-synchronous modes of operation and
applying the vector control approach to control the output active and reactive power
[25].

To achieve this, it is necessary to understand the behavior of the wound rotor
induction machine. In this section, the winding arrangement, equivalent circuit and
principle of operation of a wound rotor machine are described, along with the
supporting equations. The equations show that in the stationary abc reference frame,
machine parameters such as inductance are time-varying. The equivalent circuit in the
stationary abc reference frame is transformed using the Park transform to the
equivalent in the rotating g-d reference frame, to make the machine parameters such as
inductance time-invariant. In the g-d reference frame, the g-axis and d-axis are 90°
degrees apart and hence decoupled [26].

The following assumptions are made to derive the dynamic model [26]:

1- Uniform air gap.

2- Symmetrical rotor and stator windings. With sinusoidally distributed
magnetomotive force (mmf).

3- Inductance vs. rotor position is sinusoidal.

4- Saturation and parameter changes are neglected.

3.2. DFIG Model Expressed in The ABC Reference Frame

Figure (3.1) shows a wound rotor induction generator with symmetrical three-
phase, two pole pairs and star connected windings. The Figure shows the simplified and
idealized DFIG model. It has three windings in the stator with ns turns for each phase
and are displaced by 120° electrical degrees from each other and three windings in the
rotor have n; turns for each phase and are also displaced by 120° electrical degrees from
each other. The angle between the magnetic axes of stator phase winding, A, and rotor
phase winding, a, is Om in electrical degree. Note that Om is the electrical rotor position
al any instant obtained and is given by multiplying the mechanical rotor position by the
number of pole pairs of the machine [26].

The relation between the stator angular frequency and the rotor angular frequency
is:

a)s = a)r +a)m (31)
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Where

o, is the angular frequency of the voltages and currents of the stator windings
(elec.rad/s).
, is the angular frequency of the voltages and currents of the rotor windings

(elec.rad/s).
o, is the rotor angular frequency of the generator (elec.rad/s) and given by:

0, =PQ, (3.2)
Where
P is the number of pole pairs.
Q is the mechanical angular speed of the rotor (mech.rad/s).

Figure (3.1) [10] indicate the direction of both @, and 6m in the counter-clockwise

direction. These windings are an ideal representation of the real machine, which helps
to derive an equivalent electric circuit, as shown in Figure (3.2) [10].

Figure 3.1: Ideal three-phase windings (stator and rotor) of the DFIG
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Under this idealized model, the instantaneous stator voltages, current, and fluxes of
the machine can be described by the Equations (3.3) to (3.8) [10]. As the DFIG has
different turns in the stator and rotor, all parameters and variables of the rotor circuit
are referred to the stator circuit.

dy,, dy,,
dt
P AU A T
L AAMEYYYY Y YL AN
* dy,, ay,, +
B . d . F 3
S A S | B AR S
— AN YT Y Y YL AN, Vv
Vv ar
1 dy, dy,, .
i R dt dt R i Vv
cs s Te——— —— + cr br
AN Y Y YL AAA o
vbs + +
LI h, tvh

Figure 3.2: DFIG electric equivalent circuit

The terminal voltages of the stator and rotor windings can be expressed as the sum
of the voltage drops in resistances and rates or change of flux linkages. The equations
are expressed as follows in motor sign [27]:

Staror voltage equations

v, =R, + Ve (3.3)
dt
. dy,
V,, =Ri +—2= 3.4
bs s bs dt ( )
v, =Ri, + We (35)
dt
Where
Rs is the stator winding resistance per phase (Q).
las, Ibs @nd ics are the stator currents of phases a, b, and ¢ (A).
Vas, Vbs and Vcs are the applied stator voltages (V)
Was,Whsand Wes are the stator fluxes (Wb. turn).

The stator side electric variables, at steady state, have a constant sinusoidal angular
frequency, ws (elec.rad/s), which is the angular frequency imposed by the grid.
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Rotor voltage equations

v, =Ri, + Ve (3.6)
dt
. dy,
V. =Ri_+—b 3.7
br T br dt ( )
v, =R+ (3.8)
dt
Where
Rr is the rotor winding resistance per phase (Q).
far, Tor and icr are the rotor currents of phases a, b, and c (A).
Var, Vbr and Ver are the applied rotor voltages (V)

V. Wy and ¥, are the rotor fluxes (Wb. turn).

The rotor side electric magnitudes, at steady state, have a constant sinusoidal
angular frequency, or (elec.rad/s), the angular frequency imposed by the rotor side
converter.

Stator flux linkage equations

l//as = Lasasias + Lasbsibs + Lascsics + Lasariar + Lasbribr + Lascricr (39)
Wbs = Lbsasias + Lbsbsibs + Lbscsics + Lbsariar + Lbsbribr + Lbscricl’ (310)
V/cs = Lcsasias + Lcsbsibs + Lcscsics + Lcsariar + Lcsbribr + Lcscricr (311)

Rotor flux linkage equations

l//ar = Larasias + Larbsibs + Larcsics + Larariar + Larbribr + Larcricr (312)
Wbr = Lbrasias + Lbrbsibs + Lbrcsics + Lbrariar + Lbrbribr + Lbrcricr (313)
l//cr = Lcrasias + Lcrbsibs + Lcrcsics + Lcrariar + Lcrbribr + Lcrcricr (3'14)

L. L., and L are the stator self-inductances per phase which are the same as
follows:

Lasas = Lbsbs = Lcscs = Lls + Lms (3-15)
Where

L is the stator leakage inductance per phase (H) which is about 5% to 10% of the
maximum self-inductance.

L. is the stator magnetizing inductance per phase (H).
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Lo Loees Loy Lyoe s L @Nd L,  are the stator-to-stator mutual inductance per
phase which are as follows:

Lasbs = Lascs = Lbsas = Lbscs = Lcsas = Lcsbs = _% LmS (316)

Lo Ly, @Nd L. are the rotor self-inductances per phase which are the same as
follows:

Larar = I‘brbr = I‘crcr = I'|r + Lmr (3-17)

Where

L, is the rotor leakage inductance per phase which about 5% to 10% of the
maximum self-inductance (H).

L., s the rotor magnetizing inductance per phase (H).

Lover» Laver s Lorar » Lorer » Loray @NG L.,  are the rotor-to-rotor mutual inductance per phase
which are the same as follows:

1
Larbr = Larcr = Lbrar = Lbrcr = Lcrar = Lcrbr = _E I—mr (318)

The mutual inductances per phase between a stator and a rotor winding function of
rotor position, Om, and they are assumed to be sinusoidal functions because of the
assumption of sinusoidal distributed mmf in winding [26]. Due to the symmetry in the
windings and construction, the mutual inductances between one stator and one rotor
winding to be the same whether they are viewed from the stator or the rotor [26]. They
can be expressed as follows:

Lasar = I‘bsbr = Lcscr = Lsr C0s gm (3-19)
Lusor = Losor = Lusar = Ly, COS(8,, +120°) (3.20)
Lo = Ly = Loy, = L, cOS(6, —120°) (3.21)

Laras = Livos = Lores = L, COS G, (3.22)

Larts = Lores = Lores = Ly, €OS(6, —120°) (3.23)
Lures = Loras = Larts = Ly, €OS(6, +120°) (3.24)

Where

L« is the peak value of mutual inductance between a stator and a rotor winding per
phase (H). The equations previous can be simplified as follows:

Vabcs Rss 0 i abes d Lss Lo ||1i abes
= o — ) V. (3.25)
Vaber 0 R« Lber dt|| Ls Lss Lber
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Where

R« 0 O
Re=| 0 Rs 0 Q (3.26)
0 0 Rs
Re 0 O
Ri=|0 R 0| O (3.27)
0 0 Rr
Lis + Lms —1 Lms —1 Lms
2 2
Lss = —% Lms Lis + Lms —% Lms H ) (328)

—1 Lms —l Lms Lis + Lms
2 2

Lir + Lr —l Lmr —1 Lmr
2 2
1 1
Lir=| —=Lmr Lir+Lmnr  —=Lmr H 2
> I > (3.29)
1 1

——Lmnr —— Lur Lir + Lenr
2 2

COS Om cos(fm+120°) cos(6m—120")
Lsr = Lms| cOS(Om—120") COS G cos(ém+120°) | H (3.30)
cos(fm+120°) cos(6m—120") COS Om

Lis=[Ls]' H (3.31)

From Eq. (3.25), the inductance matrix in the abc model of DFIG depends on the
instantaneous rotor position, Om, and hence time dependent. The time varying
inductances increases the mathematical complexity of the machine model and
computation time needed to solve for the system drastically increases because the
inductance matrix needs to be calculated at each time step. In order to eliminate this
complexity, the variables in the stator and rotor associated with the three phase abc
reference frame can be transformed into a common arbitrary reference frame called d-q
(direct and quadrature axes) frame. The d-q reference frame can be fixed to the stator
winding, the rotor winding, or to a synchronously rotating quantity.
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3.3. DFIG Model Expressed in The d-g Reference Frame

The dynamic model of DFIG is set up in the form of the d-g synchronously rotating
reference frame. Hence the time varying of the inductance matrix in the a-b-c reference
frame model can be eliminated. In order to obtain the d-q reference frame two
transformation steps are performed. First step, by using Clark’s transformation to
transform three phase time variant a-b-c frame, see Figure (3.3) [25], into equivalence
two-phase time-variant d*-g° stationary reference frame on the stator and fixed on the
rotor [28], see Figure (3.4) [25].

as ar
W Om
Om
bs br
Cs
Cr

Figure 3.3: Three phase winding machine representation

Om
h N
q

Om q

Figure 3.4: Transformed two-phase winding machine representation

The transformed frame is chosen where the d*-axis lead ¢*-axis by 90° electric
degree. This equivalence is done so that the mmf produced by the two phase winding
system and three phase winding system are equal and equal current magnitudes in each
system. Note that, for mmf equality, if each of the three-phase windings has number of
turns equal (ns) and equal current magnitudes, then each of transformed two-phase
windings must has number of turns equal (3ns/2) [26]. Assume a symmetrical DFIG
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with three-phase stationary windings a, b and c. Each phase has an axes is placed at
120° angle to the other phase as shown in Figure (3.5) [25].

e

bs

Figure 3.5: Stationary frame a-b-c to ds-g° axes transformation

The voltages, currents and flux linkage in the 3-phase abc frame can be expressed
in the d*-g° stationary reference frame in the stator and fixed on the rotor as follows
[28]:

I:qudo] = qudo [fabc] (332)
fy , cos@ cos(@—-120°) cos(0+120°) || f,
f) |= 3 sin@ sin(@-120") sin(@+120°) || f, (3.33)
N 0.5 0.5 0.5 f.
Where
f denotes to either phase voltages, phase currents, or flux linkages of the machine
stator and rotor winding.
S denotes to stationary reference frame on the stator.
0 the displacement angle between abc frame and d*-g® frame.

The third component fo° is added which is known as the zero-sequence component
in order for the transformation to be invertible. If the 0 is considered to be equal zero
hence the g° axis is aligned with as axis. Then the transformation matrix can be obtained
as:
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; 11
2 2
T _2[p Y3 B (3.34)
d 3 2 2
i1 1
2 2 2|
Where the inverse transformation matrix is
1 0 1
s -1 1 \/§
[quo} = —E 7 1 (335)
1 By
L 2 2 ]

The equation in abc frame can be transformed into d*-g° frame using Clark’s
transformation as follows:

Vabes R ss 0 | iabcs d Lss Lo iabcs
- il Pt . (3.36)
Vaber 0 R | Laber dt||Ls Ls Laer

_ VS os _Rss 0 | s | ' *
[Tow ] { : } 0 R, |l ] 1{:?1 }
quor - - -
=l P (3.37)
sS ST s T tados
a[Lm sz[-rqm] ngor :l
SV os Rss 0 | s ; *
[T {v:: }[ 0 R, | L:: }
" ) .
e, d Lss Lsr isdos
[quoj al:{Lrs Lss:||:i:Sdor_:|

Multiply Eq. (3.38) by T%qdo:

V;dos _ Rss 0 i;dos +i |:|_ss Lsr:| i;dos (339)
V;dor 0 Rrr i;dor dt|| Lrs Lss iédor
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Where

s s s s 7t
quor = |:Vqr Vdr Vor :I
vil [Re 0 0[] | v,
Vcsis =/ 0 R ss 0 I(js + a st
_VSS L 0 0 R ss igs J _Wgs ]
V(S}r i R rr 0 0 ] I;r d V/;r
er =/ 0 R rr 0 I;r + a Vljr
gr L 0 R | iSr _l/lgr |

The second step by using Park’s transformation to transform the two phase

(3.40)

(3.41)

(3.42)

(3.43)

(3.44)

time-

variant reference frames on the stator and rotor to two phase time-invariant d-q

synchronously rotating reference frame, as shown in Figure (3.6) [25].

vﬁEs:-Vmsin(O; )

Figure 3.6: Stationary frame ds-g° to synchronously rotating frame dé-g°
transformation
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If zero-sequence component is neglected, the voltages, currents and flux linkage in
the two-phase d*-g° stationary reference frame in the stator and rotor can be expressed
in the d-q synchronously rotating reference frame as follows [25, 28]:

Stator axes transformation:

I: fqu} = THE [ quds:l (345)
fos _ c?s 6, —sing, || fq (3.46)
fo sing, cosd, || fg
Where
f denotes to the phase voltages, the phase currents and the flux linkages of the
stator winding machine.
S denotes to stationary reference frame.
Oe is the angle between the g-axis of the stationary reference frame fixed on the

stator and rotating g-d axes. It’s value can be expressed as a function of the angular
speed, we(t), of the synchronously rotating d-q reference frame as follows:

6, = ja) (t)dt = et (3.47)

The equations in d*-g° frame can be transformed into d-q frame using Park’s
transformation as follows:

[ Veos | =R 1o ]+ %[wéds] (3.48)
[ ] [qus] [R] [T] [lqu]+ [[T] [l/lquji (3.49)
CR AR A NPT

[ —
m%_|
L1
N
—
S
[=%
w
L
Il

(3.50)

Multiply Eq. (3.50) by To.:

][Rl 1o [T ST ) e ]| S]] 050

Where

sing, cosé,
[dt[ ]} {cose —sinej (3:52)
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And

[T }E[Ts ]l} =, {_01 (ﬂ (3.53)

vV R, 0 |i
R el Ve, | Ve (3.54)
Vs 0 Rs lss dt Vs Vs

Rotor axes transformation:

Then

[t |=To [ T | (3.55)
for _ C?SH, -sing, || f, (3.56)
for sing, cosé, || f,
Where
f denotes to the phase voltages, the phase currents and the flux linkages of the
rotor winding machine.
S denotes to stationary reference frame.
Or is the angle between the g-axis of the stationary reference frame fixed on the

rotor and rotating q-d axes. Its value can be expressed as follows:
0, = [(@.(0) o, () dt = (@, — 9, )t (3.57)

The equations in d*-g° frame can be transformed into d-q frame using Park’s
transformation as follows:

[ Vo | =[Rn][i§dr]+%[w§d,] (3.58)
(T T Dear J=[Ra1[To, ] [ +%[[Tgr T [Veer ﬂ (3.59)
RIRTARCRRARREE AN A

(3.60)

34



Multiply Eq. (3.62) by To.:

L] R i [0, ] T T v J#| G ver] | 60

Where
d 1 —sing,  cosé.
[E[T@] }:(we_wm){—coser —sin g,

And
d -1 0 1
8 e R

Then

v R, 0 |i
L P !qr w3\ Var +(o, -
Vdr 0 Rr Idr dt Var

Then the stator voltage equations in d-q frame is

d
‘//tqs + a)el//ds

Vs = Rslqs +

Vds = Rsids + d:;/tds

_a)el//qs
Then the rotor voltage equations in d-q frame is

l//tqf +(a)e _a)m)l//dr

Ve =R/ +

. d
Vor = Rsldr +%_(a)e _a)m)l//qr

Stator winding flux linkage equations
qu = Lsiqs + Lmiqr

Vi = Lsids + Lmidr
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(3.65)
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(3.67)

(3.68)
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Rotor winding flux linkage equations
!//qr = Ll'iql' + Lmiqs
V/dr = Lrldr + Lmlds
Active and reactive power equations

Ps = g(vqsiqs + Vdsids )

Qs = g( qsids _Vdsiqs)

Pr = g(vqriqr + Vdridr )

Qr :g( qridr _Vdriqr)

Torque equations

LRI

p
@ =IE[T9—T,]dt

m

Where

Vgs, Vds, Vgs, Vdr are the stator and rotor voltages component respectively (v) .
igs, las, Igs, Iar are the stator and rotor currents component respectively (A).

Ps, Pr are the stator and rotor power respectively (W).

Qs, Qr are the stator and rotor reactive power respectively (VAR).
Te is the electromagnetic torge developed by the DFIG (N.m).
p is the number of poles of DFIG.

J is the rotor inertia (Kg.m?).
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Equations (3.65) through (3.72) can be visualized as the equivalent circuit in g-axis
and d-axis as shown Figure (3.7).

qr

r

(b) d-axis

Figure 3.7: Dynamic d — g equivalent circuit of DFIG in synchronously rotating
reference frame ((a) g-axis and (b) d-axis)
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3.4. MATLAB/SIMULINK Model for DFIG

The basic data for a2 MW DFIG used in simulation as follows in table 3.1 [10]:

Table 3.1: DFIG Main Parameters

Parameter Value
Nominal  stator active | 2 MW
power
Nominal torque 12732 N.m
Stator voltage 690 V
Stator frequency 50 Hz
Nominal speed 1500 rpm

Speed range

900-2000 rpm

Pole pairs 2

Turns ratio 0.34
Magnetizing inductance Ly | 2.5 x 10° H
Stator leakage inductance | 87 x 10°H
Lls

Rotor leakage inductance | 87 x 10% H
Lir

Stator resistance Rs 0.026 Q
Rotor resistance Ry 0.026 Q
inertia Jm 90 Kg.m?

The operating point is chosen as follows:

Stator output power P, =—-218 kW ( about 11% from DFIG rated power)
Stator output reactive power Q, =0 kVAR

Generator speed N, =1220 rpm

Slip s=0.186

From the Calculation file all needed parameters can be calculated for
Simulink/Model using Matlab M-file as shown in Figure (3.8) and the steady state
required rotor input voltage, magnitude and frequency, and power is obtained as
follows:
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File Edit Text Go Cell Tools Debug Desktop Window Help

:Djlﬁg *%@":‘(‘ Q;E?'Hﬁ‘ﬁ{, E-@ﬁ@%@ﬂl@@ Stack:| Base fJg

Bog | -0+ | F|11 | x| | @

all= }::lear,clc

2 - Fs=2.62-3; 353tator resistance

3= Lls=87e-&;: 33tator leakage inductance

4 - Lm=2.5e-3; $Magnetizing inductance

= Rr=2.9%9e-3; %3Potor resistance referred to the stator
a - Llr=87e-£&; %Potor leakage inductance referred to the stator
7= Ls=L1ls+Lm; ¥3tator inductance

B = Lr=Llr+Lm; 3FRotor inductance

g — Vs=£90/3qrt (3): 35tator line to line wvoltage

1o — F=s=50; 3stator supply freguency

11 = W=Z*pi*Fs; $Angular frequency

12 — P=32; %Pair of poles

15 = Is=&£0*Fs/P: %3Synchronous speed

14 = Ws=2Z*pi*Ns/E0;

15 = u=0.34: 3Turns ratio

18 — Power=input {' Valus of ocutput powsr= '): 3PRequired output powser
T — Fs=-1*Fomwer;

18 — Smax=2.%9=-3/ (WU*Llr) ; $Maximum slep of the machine

1= = N=input (' Valus of operating spesd = ');: %0perating speed
20 — g=(Ns-N) /Ns; %0Operating slip

21 - We={1-5) *Ws;

22 — I=s=conj(Ps/ (3*Va)):

23 - ebsay s=(Vs-Rs*Is)/ (3*W):

24 — Ir=(ebsay_s-Ls*Is)/ (Lm) ;

25 = chsay_r=Lm*Is+Lr*Ir;

258 — Vr=Rr*Ir+j*s*W*chsay r;

27 — Vr_input=abs(Vr); %input rotor voltage

28 — alpha=angle (Vr) *180/pi; %input rotor angle

29 — Fr=s*Fs: 3input rotor frequency

30 — Pr=3*real (Vr*conj|(Ir)):

L= Jr=3*imag (Vr*conj (Ir));

32 - Ten=3 1‘13'?“me’Ls?“imac_;(e}::sa';f_s"::n:mj (Ir)):

Figure 3.8: Matlab M-file calculations for DFIG

Rotor input power P. =43.2 kW
Rotor input reactive power Q, =118 kVAR

Rotor input voltage V =77.59 V(rms, phase value)

r_input
phase angle of rotor input voltage = 17.81" (elect. degree)
Rotor input frequency F, =9.33 Hz

For the Simulink/Model shown in Figure (3.9), the turbine firstly free run to steady
state at no-load for 15 sec. with the desired rotor input voltage is applied. After that the
load is connected for 15 sec.. The Figures (3.10), (3.11), (3.12) and (3.13) show the
output stator voltage, frequency, generator speed and electromagnetic torque of DFIG
under this condition.
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For given wind speed (5.5 m/s) and from the curve Tm =1387 N.m , Ng = 1220 RPM , Pm =1.773e5,s=0.1867 , Ps=2.18e5 W
from Calculation file all needed parameters can be calculated for simulink using field oriented control method (iqgr, idr) then Vabcr requred to the
rotor is calculated.The turbine first run to steady state after 35 sec then desired rotor voltage applied for 5 sec and then load connected for 15 sec

Turbine model [Ealculation file I

igs

—b[&—} Vags ids

RL iqr
idr

Or
Vds

sinOe

>
>
>
>
>
>
>

cosOe

rotating d-g currents

igs igss
ids idss
iqr iqrs
idr

or idrs
Sin(Oe) Egss
Cos(Oe) Edss

Yvvvvy

rotating to stationary

d-q currentsl

-
From2
vs(t)1l
»{_K_ >
Gain vs(t)
- fas L
1ass ibs ——p» L]
idss ics —p»|
. Scope2
) iar ——pp|
iars _ ] [Te> - >,
. ibr t——pp| Electromechanical Torque ( Te N.m )
idrs icr ——p From4
Egss Eas > Scope5
E N
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Figure 3.9: Schematic block diagram for the dynamic modelling of DFIG using MATLAB/SIMULINK
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Chapter 4 : Control and MPPT of Stand-Alone
DFIG used in WECS

4.1. Introduction

Controlling of the stand-alone DFIG is more complicated than the control of other
electrical generators. The main goals to control the magnitude and frequency of DFIG
output voltage and power exchanges between the DFIG and the loads. By the help of a
power electronic converters the rotor’s voltages, currents and frequency can be
controlled. There are several control methods applied on DFIG and connected power
converters to achieve the required performance from them. The choice of control
method must be achieve the required performance from the DFIG without complicated
algorithm and large variables dependability. One common way from them used to
controlling the DFIG is by means of vector (field-oriented) control. The main
advantages of this control method are [29]:

1- High efficiency by aligning the stator flux with the rotor current to produce the
desired output voltage and frequency from the DFIG.

2- No positions sensors are required in this method because speed and position of
the DFIG are estimated based on currents and voltages.

3- Improves dynamic response by adjusting both amplitude and phase of the
control signals fed back to the DFIG.

4- Allow decoupled or independent control of both active and reactive power.

There are several vector control schemes for the DFIG have been proposed such as
direct and indirect vector control. Indirect vector control method is chosen to perform
required DFIG control. This control can be achieved by the help of stator-flux
orientation method [30-33].

Also as the wind speed always swinging in WECS, the wind energy is
continuously varying over the day. To achieve high efficiency in WECS, the maximum
power point tracking (MPPT) must be applied on the system for each wind speed value.
In this chapter the third methods will be explained in details and then one of them will
be chosen for the proposed system of stand-alone DFIG.

4.2. Effects of Rotor Input Voltage of DFIG

To control both the magnitude and frequency of stator voltage, the rotor input
voltage is controlled [17, 18, 34]. Controlling the magnitude, frequency, phase shift and
phase sequence of the rotor voltage is achieved by using a three-phase RSC connected
to the rotor terminals of DFIG. Also for active, reactive power control, the amplitude of
three phase rotor input voltages parameters must be modified according to the
rotational speed of the rotor for the wide range of operation.
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The proposed system of a stand-alone DFIG can be operated in two modes of
operation according to the power captured by the wind and the output power from the
generator. At sub-synchronous mode the rotational speed of the rotor is less than the
synchronous speed of the generator and the RSC transfer power from the battery to the
generator. At super-synchronous mode, the rotational speed of the rotor is higher than
the synchronous speed of the generator and RSC transfer the power from the generator
to the battery. Also the battery can support the load through the LSC in case of low
power captured from the wind. This chapter investigates the DFIG in sub-synchronous
and super-synchronous modes of operation.

4.2.1. Sub-Synchronous Speed Mode of Operation

Consider that the power which is captured from the wind requires that the DFIG
generator rotates at speed less than synchronous speed of the generator. Then, the rotor
frequency is adjusted to maintain the stator frequency at the nominal value as follows:

0, =0 — 0, (4.1)
Where
r is angular frequency of the voltages and currents of the rotor windings (elec.
rad/s).

The equations of the rotor input voltage can be expressed in abc frame as follows:

v, =V, cos(mt+g) (4.2)
v, =V, cos(at+¢-1207) (4.3)
v, =V, cos(at+¢+120°) (4.4)
Where
Var, Vbr, Ver is the instantaneous value of the rotor input voltages per phase (V).
Vm is the amplitude of the rotor input voltage per phase (V).
0o is the phase shift angle (in degrees).

Variables in Eq. (4.2) to Eq. (4.4) can be expressed in 0°-0; reference frame fixed

on the rotor, as shown in Figure (4.1), by using Clark’s transformation, indicated in Eq.
(3.32), as follows [25]:

vy =V, cos(t +¢) (4.5)

vy, ==V, sin(ot+¢) (4.6)
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Figure 4.1: Transformation of rotor abc reference frame to dr-qr synchronously
rotating reference frame at sub-synchronous speed

Then the variables in Equations (4.5) and (4.6) can be expressed in d,-q,
synchronously rotating reference frame by using Park’s transformation, indicated in Eq.
(3.45), as follows [25]:

Vg =V, C0S(9) 4.7

Vo ==V, SIN(g) (4.8)
Where the angle between two reference frames dr-qr and df-qi is equal to [25]:

0 =(o,-o M (4.9)

4.2.2. Super-Synchronous Speed Mode of Operation
In this case the power which is captured from the wind requires that the DFIG
generator rotates at speed greater than synchronous speed of the generator hence the

rotor input voltage must has phase sequence opposes the first mode of operation. Hence
the rotor phase sequence will be acb with input frequency equal to:

o, = @, — O (4.10)
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The equations of the rotor input voltage can be expressed in acb frame as follows:

v, =V cos(ot+¢) (4.11)
v, =V, cos(mt+¢+120) (4.12)
v, =V, cos(mt+¢-120°) (4.13)

Variables in Equations (4.11), (4.12) and (4.13) can be expressed in d;-Q

reference frame fixed on the rotor, as shown in Figure (4.2), by using Clark’s
transformation as follows:

Vo =V, cos(a,t + ) (4.14)

Vg =V, sin(o.t+¢) (4.15)

Vbr V& Wy, > Wy

Vdr

s
Vv Vdr

cr

Figure 4.2: Transformation of rotor acb reference frame to dr-gr synchronously
rotating reference frame at super-synchronous speed

Then the variables in Equations (4.14) and (4.15) are expressed in dr-qr

synchronously rotating reference frame by using Park’s transformation and are obtained
as follows:

vy, =V, cos(@) (4.16)

v, =V, sin(¢) (4.17)
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Where the angle between two reference frames d -0, and d’-° is in this case as
the same in first case.

4.3. Fundamentals of Vector Control of Induction Machines

When the vector control strategy is applied to an induction machine its operation
similarly likes the operation of a separately excited DC machine where the controlling
of the machine torque and flux can be achieved independently by controlling the
currents of the armature and the field respectively. From the characteristics of a
separately excited DC machine the electro-magnetic torque equation as function of
armature and field currents is expressed as follows [25]:

T=KIl, (4.18)
Where
T is the electro-magnetic torque (N.m),
K is the machine constant (N.m/A.Wb),
la is the armature current (A), and
It is the field current (A).

The flux wa produced by the armature current I (current and flux in phase) is
perpendicular to the field flux ws produced by the field current Ir. Because of that the
field flux and armature flux are naturally decoupled as illustrated in Figure (4.3) [25].

This decoupling causes the armature torque not affected during controlling the field
flux through the field current Is and similarly the field flux not affected during
controlling the armature torque through the armature current 1, [25].

«— la
—> |y Va

Decoupled 7

Te =Kt a=Kila

“~_

Torque Field
component component

Figure 4.3: Separately excited DC motor control
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The decoupling characteristic in the separately excited DC machine can be
extended to a vector-controlled induction machine. The vector control uses unit vectors
to obtain the suitable control action. The main function of unit vector is to transform the
3-phase abc reference frame model into 2-phase d-g synchronously rotating reference
frame model and vice versa. The control signals which will be fed to the controlled
machine or converters should be in abc reference frame, so the process requires
repeated transformation from three-phase to two-phase parameter or vice versa
following the necessary action being taken for the system [35].

There are basically two general methods of vector control [25]:

1- Direct vector control method.
2- Indirect vector control method.

The two methods are different from each other by the process of generating unit
vector (cos(0e), sin(0e)) for control. The unit vector are generally generated by ether
using the flux vectors or using voltage vectors. The name of the orientation of unit
vector is given according to the vector taken for generation of 0e.

The names of the orientations used are given below [36]:

1- Rotor flux orientation.
2- Stator flux orientation.
3- Air gap flux orientation.

After creating of 2-phase d-g synchronously rotating frame model, the current
component ig on the d- axis corresponds to the field current as in separately excited DC
machine, and the current component iq on the g-axis corresponds to the armature
current. This means, for a vector controlled machine, both ig and iq are mutually
orthogonal (hence, decoupled) where the torque component iq is aligned with g-axis,
and the flux component iq is aligned with the d-axis. The principles implementation of
vector control technique can be illustrated as shown in Figure (4.4) [25].

id — » 'qs
S Vector
Inverter i
- control N ds ®
igs > e
IM A
Yy

AR I .
Te =Kt Wy igs = Kiigs ids

Torque Field
component component

Figure 4.4: Vector-controlled induction machine
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The electromagnetic torque of a vector-controlled induction machine can be
expressed as a function of both ig and iq as follows [25]:

T =Kij, (4.19)

The implementation of vector control strategy is illustrated in Figure (4.5) [36]. By
using the vector control strategy the components of a, b, ¢ are obtained from the
reference components a*, b*, c*. The parameters of the machine (currents or voltages)
are transferred to ds-gs stationary frame by using Clark’s transformation (3-phase to 2-
phase transformation). Then they are transformed to synchronously rotating reference
frame d-q by using Park’s transformation by the help of unit vectors (cos(0e), sin(6e)).
The controller makes two stage of inverse transformation as shown, so that the control
components d* and g* corresponds to the machine parameters d and q respectively
[36].

PWM

pulses
a—b—c
[ Converter
d q
e
ATV ey
g !
N E
N v
, d
d Machine
\Iode!

Figure 4.5: Implementation of vector control principle

In this chapter indirect vector control with stator flux orientation method are
discussed in details.
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4.4. Vector Control Implementation of DFIG

In vector control of a DFIG, the components of the d-g axes of the rotor current are
controlled using indirect vector control method. The d-q reference frame is oriented
with the stator flux. Hence the output voltage, magnitude and frequency, and power
flows of the DFIG can be controlled independently by means of the quadrature and the
direct current, respectively as shown in Figure (4.6) [10].

Indirect vector control method is applied to the DFIG to control the stator output
power and voltage. This method can be achieved by the orientation of the d-axis in the
direction of stator flux [18, 19, 34] as shown in Figure (4.7) [10]. The control equations
can be obtained by setting the following condition [32]:

Ve =0, Wy =W, =const (4.20)
4 N
DFIM
: q Ldr Q.S‘ >
A 5“‘ I d
l//. C
s Igr P
——— —p
reference frame
aligned with
the stator flux

Figure 4.6: Vector control of DFIG

Then the machine Equations (3.65) to (3.77) of the DFIG in the synchronously
rotating d-q reference frame will be modified. By substitute Eq. (4.20) in stator and
rotor flux linkage Equations (3.69) to (3.72) then [18, 37]:

i =i (4.21)

(4.22)
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The voltage drop of the stator resistance is very small in comparison with the load
voltage of DFIG, therefore the stator resistance influence can be neglected. Assume
three phase resistive load is connected across the terminals of DFIG with value of R
(Q) per phase then:

Vs =Rl (4.23)
Vg = =Ry (4.24)
Substitute (4.20) in (3.65) and (3.66) and neglect Rs then:
Vo = OW g6 (4.25)
v, =0 (4.26)

Substitute Equations (4.21) and (4.23) in Eqg. (4.25). Also substitute Equations
(4.22) and (4.24) in Eq. (4.26) then:

RL,.
o, =0 (4.27)
l//dsLs
Vi = I‘midr (4-28)
Substitute Eq. (4.28) in Eq. (4.22) then:
iy =0 (4.29)

Substitute Equations (4.21), (4.28) and (4.29) in Eq. (3.77) then:

T, = G) (gj [-%) Viia (4.30)

Substitute Equations (4.21), (4.25) and (4.29) in Eq. (3.73) then:

P - (gj(_fj O i (431)

Substitute Equations (4.26) and (4.29) in Eq. (3.74) then:

Q. =0 (4.32)
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Figure 4.7: Phasor diagram for stator flux oriented vector control

Equations (4.25), (4.28), and (4.31) show that the terminal voltage and stator active
power can be controlled by controlling the values of input rotor currents iqr and igr. This
can be achieved by using a voltage-fed current-regulated inverter in the rotor circuit.
The values of rotor input voltage can be obtained as follows:

S

. d L2 ). .
Vo =Ry, e L —r”‘ iy |+ (@, —a,)(Lig ) (4.33)

.od . 2.
v, =Ri, Jra(Lrldr)—(a)s —a)m)ﬁLr —%jlqr} (4.34)

S

Also to control the DFIG stator voltage frequency ws the angular frequency wr of
the rotor currents must be regulated according to the variable mechanical speed of the
DFIG wm from the relations in Equations (4.1) and (4.10) [18, 19].

In the next chapter a MATLAB/SIMULINK model for proposed system of stand-

alone DFIG is generated and the vector control method is applied in sub-synchronous
and super-synchronous speed mode of operation.
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4.5. Maximum Power Point Tracking for DFIG Used in
WECS

Irrespective of the type of generator used in WECS, the amount of output power
depends on the accuracy with which the peak power points are tracked by the help of
MPPT controller of the WECS control system [38]. To applying MPPT control on the
WECS the characteristics of wind turbine firstly must be analyzed according to the
variation of wind speed and associated mechanical power and speed curves. Secondly,
the versus types of MPPT Algorithms applied in WECS application must be studied so
that the suitable one of them could be chosen for the proposed system of stand-alone
DFIG.

45.1. Characteristics of Wind Turbines for MPPT

The wind turbine characteristics is explained in details before in chapter (2). From
Eq. (2.2) the extracted mechanical power from the turbine at any wind speed is:

P =%pﬂ' R2V2C, (4.35)

The C, coefficient is given as a function of tip-speed ratio (A). From Eq. (2.3) the
tip speed ratio is
_aR
V

w

) (4.36)

In this thesis, a fixed pitch angle of the rotor blades equal zero is used and the
characteristics of C, mainly depend on A as illustrated in chapter (2) in Figure (2.7).

The mechanical power can be plotted against the turbine rotor speed at different
wind speed for blades angle equal zero as shown in Figure (4.8) [39]. The Figure shows
that the maximum power occur at a certain value of the turbine rotor speed called
optimum rotor speed wopt Which changes with changing the wind speed. The
corresponding tip speed ratio at this speed is called optimum tip speed ratio Aopt. The
maximum possible output power can be obtained only when the turbine operate at Aopt.
This is achieved by controlling the turbine rotational speed by using one of the MPPT
algorithms so that it always has the optimum speed of rotation and maximum output
power at certain wind speed [38].

Then from Equations (4.35) and (4.36) the optimum or maximum power extracted
from a wind turbine can be expressed as follows [38]:

I:)max = Kopta)opt (4-37)
Where,
0.570R°C
= (438)

opt
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And

V,
Ot = Aopt = (4.39)
R
r 3
P +— Optimal Line
n P b Ny
s ~._Wind Speed V <V,<... <V,
] . \\
,’ Maximum\\
Py S ,_‘f__/‘liower Point

W/G Power (Watt)

A 4

Figure 4.8: Mechanical power against rotor speed for different wind speeds

Wind turbines are controlled to operate in a specified range of wind speeds [10,
40]. This variation is limited between the cut-in speed (Vcut-in) and cut-out speed (Veut-
out). Otherwise these limits, the turbine must be stopped from operation in order to
protect the turbine and generator from low and high speeds of operations. From the
wind turbine typical power curve shown in Figure (4.9), it has three different regions of
operation [40].

45.1.1. Low-Speed Region

That is the region under cut-in speed which the turbine must be stopped in order to
prevent the turbine to operate with rotational speeds corresponding to the tower
resonant frequency. This resonance frequency is about 0.5 Hz and a rotational speed too
small can excite it [10].

4.5.1.2. Moderate-Speed Region

That is the region between the cut-in speed at which the turbine starts working, and
the rated speed (Vrated), at which the turbine produces its rated power. The turbine
produces maximum power in this region, as it is controlled to follow the path of
maximum power extraction available from the wind [10, 40].

4.5.1.3. High-Speed Region

That is the region between rated speed and cut-out speed. The power extracted
from the turbine is limited by using pitch angle control to do not cause over-load on the
turbine and generator and avoid the mechanical failure caused by dynamic loads. Hence
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to achieve the protection for the turbine from structural overload, it must be shut down
above the cut-out speed [40].

Region 3

Power kW

Wind sp}eed (ms) i

Vatn Visted Veutout

Figure 4.9: Ideal power curve of wind turbine

The speed of the wind turbine could be fixed or variable. Hence the maximization
of the extracted power can be obtained only with variable speed wind turbines. Since
these turbines are able to change their rotational speed in order that it can follow the
instantaneous changes in wind speed, they are capable of operating at constant
rotational speed to wind speed ratio.

4.5.2. Maximum Power Point Tracking Control Algorithms

The studied algorithms in MPPT mainly have three algorithms, namely [38]:

1- Algorithms based on wind speed and turbine speed,
2- Algorithms based on the output power measurement and calculation, and
3- Algorithms based on power characteristic curve.

These different control techniques are explained below as follows:
45.2.1. Algorithms Based on Wind Speed and Turbine Speed

This method is called tip speed ratio (TSR) control. In TSR control method the
rotational speed of the generator is regulated so that the TSR is maintained at optimum
value at which the power extracted from the wind is maximum [38]. Both the wind
speed and the turbine rotational speed are required to be measured or estimated. Also
the knowledge of optimum TSR of the used turbine is required so that the system be
able to extract maximum possible power. Figure (4.10) shows the block diagram of a
WECS with TSR control [38].
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Figure 4.10: Tip speed ratio control of WECS

4.5.2.2. Algorithms Based on The Output Power Measurement and Calculation

This method is called hill-climb search (HCS) control. In HCS control method the
algorithm continuously searches for the peak power of the used wind turbine [38].
Depending on the location of the operating point and relation between the changes in
power and speed, the tracking algorithm calculates the desired optimum signal to reach
the system to the maximum power point. Figure (4.11) shows the principle of HCS
control while Figure (4.12) depicts a WECS with HCS controller for tracking maximum
power points [38].

| PERTURB e
d=d+Ad

Y a N
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— - - - SIGN
Genrator speed (mech. rad/s)

Figure 4.11: HCS Control Principle
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Figure 4.12: WECS with hill climb search control

4.5.2.3. Algorithms Based on Power Characteristic Curve

This method is called power signal feedback (PSF) control. In PSF control method
the knowledge of the used wind turbine’s maximum power curve is required to have
and then by using the control mechanisms of this method to track this curve [38]. By
using off-line experiment or simulations on the used wind turbine the maximum power
curve can be obtained. Reference power is generated, where the wind speed or the rotor
speed is used as the input, in this method instead of using the mechanical power
equation or using a recorded maximum power curve of the used wind turbine. Figure
(4.13) shows the block diagram of a WECS with PSF controller for maximum power
extraction [38].

POWER
- CONVERTER

f

@ B)pr -
—P .? p| CONTROLLER

MPPT CONTROLLER P

—p TOLOAD

Figure 4.13: Power signal feedback control

After the three algorithms are explained, the PSF control method is chosen in this
thesis due to the simplicity of this method and does not has any additional wind speed
measurement costs. In the next chapter the performance of the proposed system can be
analyzed in a closed loop control and verified by the help of MATLAB/SIMULINK
package.
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Chapter 5 : MATLAB/SIMULINK and Simulation
Results

5.1. Introduction

The proposed system of stand-alone DFIG as mention before in previous chapters
consists of multiple systems such as wind, wind turbine mechanism, DFIG, power
converters, loads and finally control system. Each of them has been studied separately
in details. Now all this systems must be connected together to produce the final system
as proposed in Figure (1.12) in chapter (1). The performance of the proposed system
can be analysis and verified by the help of MATLAB/SIMULINK package.

In this chapter a MATLAB/Simulink models of stand-alone DFIG are generated
which consist of:

1- Model of aerodynamic system for wind turbine (mention in chapter 2).
2- Model of DFIG (mentioned in chapter 3).

3- Model of Loads (mentioned in chapter 4).

4- Model of control algorithm (mentioned in chapter 4).

5- Model of MPPT technique applied on DFIG (mentioned in chapter 4).

Firstly, the control method is chosen for open loop control on DFIG at certain
value of wind speed in sub-synchronous and super-synchronous speed mode of
operations. The loads have different values in each case. Finally, applying MPPT
algorism with the variation of wind speed for sub-synchronous and super-synchronous
speed mode of operations in a closed loop control system.

5.2. DFIG Power Flow

As mentioned before in Eq. (4.25) and Eq. (4.28), the output voltage of DFIG is
controlled at desired value by controlling the direct component of the rotor current (igr).
Also in Eq. (4.31), the stator output power is controlled at required value, for certain
mechanical input power, by controlling the quadrature component of the rotor current
(igr). So firstly at any operating point of DFIG the operating values of the voltage,
output power and frequency must be determined to obtain the right values of required
iar and igr and then required rotor input voltage and frequency through the rotor side
converter. The output frequency can be controlled as mentioned in Eq. (4.1). The next
analysis illustrates the controlling of DFIG by the help of open loop vector control
method.

From the steady state equivalent circuit and relations of the DFIG the power
relations of DFIG shown in Figure (5.1) [16] is expressed as follows [10, 16]:

P+P =P, +P,+P, (5.1)

Cus cur
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Where

Ps is the stator electrical output power (W),
Pr is the rotor electrical (in/out) power (W),
Pcus 1S the stator copper losses (W),

Pcur IS the stator copper losses (W),

Pm is the mechanical input power (W).

By neglecting the copper power losses in the rotor and stator resistances, then the
relation between the rotor and the stator power is given by [10, 16]:

P =-sP (5.2)

r S
Where
S is the slip

Also if the mechanical power losses in the DFIG and wind turbine is neglected then:
F.=R (5.3)
Where

Py is the effective mechanical power extracted from wind turbine.

Then the stator output power can be expressed as function of input mechanical
power as follows [10, 16]:

P=R/{-9) (5.4)
DFIG

Pm /—\ PS Po
N

L L

/

P.=sP

r = s

N

s >0 for subsynchronous speed
s <0 for supersynchronous speed

Figure 5.1: Power flow diagram of DFIG
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Now for a given wind speed the relations of the mechanical input power P; to the
generator rotational speed Ng and mechanical torque T4 to the generator rotational
speed Ng are obtained. Then from the curve the operating point Q is chosen at two
different wind speed to apply the control method on the DFIG and analysis it’s
performance in sub-synchronous and super-synchronous speed modes of operation.

5.3. Sub-Synchronous Speed Mode of Operation

5.3.1. Mechanical Calculations

Assume the wind speed is 5.5 m/s and the relations of Pt and Tg¢ with Ng is shown
in Figures (5.2) and (5.3). The operating point Q1 is chosen on the curve so that the
mechanical speed of the generator causes it to operate under sub-synchronous speed
(below 1500 rpm).

X 105

25

P,= 1773 kW
‘- ______________________________________________________________________________ -

1 L 1
0.5 -
N =1220rpm |
0 | L L L L 8 | L
0 200 400 600 800 1000 1200 1400 1600 1800

Ng (rpm)

Figure 5.2: Turbine power with generator rotational speed at wind speed 5.5 m/s
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Figure 5.3: Generator mechanical torque with rotational speed at wind speed 5.5
m/s

From the curves in Figures (5.2) and (5.3) the mechanical values of the generator at
the operating point are:

Generator speed Ng = 1220 rpm,
Generator torque Tg=1387 N.m,
Turbine extracted power Pt=177.3 kW,
Slip s =0.1867.

Now all the required electrical parameters are calculated from the generator
relations to determine the controlled values of igr , igr and F.

5.3.2. Electrical Calculations

By substituting the values of the extracted turbine power P: and slip s in Equations
(5.2) to (5.4) then the stator of the DFIG can develop power as follows:

Ps=- 218 kW.
Also the rotor power is:

Pr=40.7 kW.

The positive sign indicates to input power and negative sign indicates to output
power from the DFIG. in sub-synchronous speed mode of operation the rotor circuit

consumes power to develop the stator output power.

From the generator main parameters the rated stator output voltage per phase (rms)
and frequency of DFIG is:
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Vs =398.3717 V, Fs = 50 Hz, and [25]:
V= Vg Yy (5.5)

Where
Vm  is the maximum value of stator output voltage = 563.3826 V.

Substitute Equations (4.25) and (4.26) in Eq. (5.5) then
Vqs :Vm = a)sl//ds (5-6)
Where

o, = 2rF, =314.159 elec. rad/sec.
From Eqg. (5.6) the value of stator flux linkage can be determine which equal to:

Yy =1.7933 Wh.turn .

By substitute the values of W4, @, and P, in Equations (4.28) and (4.31) the
required reference values of the rotor input currents by using vector control are:

iqr = 266.9432 A.
igr = 717.3211 A.

This reference values are used to generating the required reference values of rotor
input voltage va, Vb, Vc for this operating point. The frequency of the rotor input voltage
is regulated from the relation in Eq. (4.1). Figure (5.4) illustrates the control scheme for
the stand-alone DFIG. After applying the rotor voltage the results must show that the
generator goes to the steady state operating point at the desired setting of output power,
torque, speed, output terminal voltage and frequency for this controlling method.
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Figure 5.4: Control scheme for the stand-alone DFIG

5.3.3. Simulation and Results

Finally from the Calculations M-file which contains the DFIG and wind turbine
parameters all needed parameters can be calculated for Simulink. The Simulink/Model

is shown in Figure (5.5) consists of

1- The DFIG and loads modelling.
2- Wind turbine modelling.
3- Vector control algorithm.

The Simulink/model has a simulation time of 40 second which is divided into three

periods explained as follows:

1- The first period (from O to 15 second) the wind turbine runs to steady state

without connecting the rotor voltage and the loads to the DFIG terminals.

2- The second period (from 15 to 25 second) the desired rotor input voltage is
applied according to the present value of wind speed and no-loading condition
of the DFIG by using vector control algorism until the system reaches to the

steady state.

3- The final period (from 25 to 40 second) the load is connected and the model
regenerate the required rotor input voltage according to the load condition.

There is no change in wind speed and load condition in this model.
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The results of the DFIG system under study are shown in Figures (5.6) to (5.17).
Figures (5.6) and (5.7) show the actual values of g- and d-axes rotor currents (iqr and i,
respectively), and their respective reference currents. The varitations in the reference
values of the rotor currents are controlled such that the transient in the stator outputs are
small. As shown in Figures (5.6) and (5.7), the transients in iqr and igr almost die out in
5 seconds from the point at which the load is applied. The maximum over shooting is
about 6 % in igr and 4 % in iar. The steady-state error never exceed 0.13 % in both

currents.
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Figure 5.7: Direct axis of the rotor input current ldar (A)

Figure (5.8) shows the instantaneous rotor input voltages waveforms vaper (V). As
shown in the figure, from 0 to 15 seconds the rotor terminals are disconnected from its
power supply. This is to allow the rotating parts of DFIG to easily reach its steady-state
speed. At t= 15 second, the rotor supply voltages is connected. A zoom view of the
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rotor input voltage is displayed in Figure (5.9). From 15 to 25 second, the DFIG is
running with no-load. At t=25 second, the full-load is applied to the stator terminals and
the rotor voltages waveforms are depicted in the period from t=24.5 second to t=27
second. It should be noted that, the rotor voltages phase sequence are reversed after the
full-load is applied. This is explained by the fact that the DFIG changes its mode of
operation from super-synchronous speed (for time less than t= 25.77 second) to sub-
synchronous speed after this time.
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Figure 5.8: Instantaneous value of the rotor input voltage Vabcr (V)
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Figure (5.10) shows the change in the rotor frequency due to change of the speed
of DFIG. The negative values of the rotor frequency indicated in the figure imply phase
reversal of the rotor voltage.
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Figure (5.11) shows the DFIG rotational speed Ng in rpm. From 0 to 15 second the
DFIG is freely running until the speed reaches its steady-state final value (1601 rpm).
At the instant of t= 15 seconds, the rotor terminals are connected with its supply and
there is still no-load connected to the stator terminals for a period of 10 seconds. At t=
25 seconds, the full load is applied and the DFIG speed starts to decrease until it
reaches final value of 1222 rpm with a steady-state error of approximately equal to
0.18 %.
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Figure 5.11: Generator rotational speed Ng (rpm)

Figure (5.12) shows the actual and reference values of the rotor power, P,. The
negative actual power from 25 to 25.77 second is due to the fact that the loading of
DFIG starts when its speed is above synchronous speed. After this point, the rotor
speed slowly decrease until it reaches its steady-state value of 1222 rpm (rotor
slip=0.185). The figure also shows that from 15 to 25 second (the load is not connected
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yet) power is injected into the rotor circuit to supply the rotor copper and machine iron
losses. The figure also shows the steady-state error between the actual rotor power and
its reference value is approximately 5.36 %.
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Figure 5.12: Rotor power Pr (W)

Figure (5.13) depicts the steady-state waveform of the stator output phase voltage.
The figure shows that the stator voltages are pure sinusoidal waveforms. Figure (5.14)
shows the time variation of the magnitude of the stator phase voltage. The figure shows
that the load voltage magnitude has a maximum excursion from its reference wave by
3.2 % for 4 seconds. The magnitude of the stator voltage has a steady-state error of 0.15
%. Figure (5.15) shows that the frequency of the stator voltage is kept fixed at 50 Hz
through the whole range of operation.
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Figure 5.13: Instantaneous stator output voltage vanes (V) of DFIG
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Figure 5.15: Stator output frequency Fs (Hz)

Figure (5.16) shows the stator output power and its reference power Ps (W). Note
that the difference between the actual and reference value of the steady-state power is
due to the fact that losses in the stator circuit. The oscillations of the power at the
instant of applying the load on the DFIG has maximum over shooting about 6.4%.
Finally, the generator reference and actual torque, T4 (N.m), are shown in Figure (5.17).
The difference between the actual and reference values is due to DFIG power losses as
mention before. Also the final values have small error.
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Figure 5.17: Generator electromechanical torque Tg (N.m)

5.4. Super-Synchronous Speed Mode of Operation

5.4.1. Mechanical Calculations

Assume the wind speed is 7.5 m/s and the relations of Pt and Tq with Ng is shown
in Figures (5.18) and (5.19). The operating point Q2 is chosen on the curve so that the
mechanical speed of the generator causes it to operate under super-synchronous speed
(above 1500 rpm).
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From the curves in Figures (5.18) and (5.19) the mechanical values of the generator
at the operating point are:

Generator speed Ng = 1600 rpm,
Generator torque Ty =2879 N.m,
Turbine extracted power Py = 482.2 kW,
Slip s =-0.06633.

Now all the required electrical parameters are calculated from the generator
relations to determine the controlled values of iqr , iqr and Fr.
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5.4.2. Electrical Calculations

By substitute the values of the extracted turbine power P: and slip s in Equations
(5.2) to (5.4) then the stator of the DFIG can develop power as follows:

Ps =-452.2 kW, and
The rotor input power is:
Pr=-29.99 kW

From the generator main parameters the rated stator output voltage per phase (rms)
and frequency of DFIG is:

s =398.3717 V, Fs = 50 Hz, and [25]:

V. = 2 +Vd52 (57)

m qs
Where
Vm  is the maximum value of stator output voltage = 563.3826 V.

Substitute Equations (4.25) and (4.26) in Eq. (5.7) then

V. =V, = oyy (58)

as

Where

o, =2rF, =314.159 elec. rad/sec.
From Eqg. (4.40) the value of stator flux linkage can be determine and equal to:

Yy =1.7933 Wh.turn (Constant for two modes).

By substitute the values of Y4, @, and PS in Equations (4.28) and (4.31) the
required reference values of the rotor input currents by using vector control are:

iqr= 553.72A.
o = 717.3211A.

This reference values are used to generating the required reference values of rotor
input voltage va, Vb, V¢ for this operating point. The frequency of the rotor input voltage
is regulated from the relation in Eq. (4.1). Figure (4.12) illustrates, as in sub-
synchronous mode of operation, the control scheme for the stand-alone DFIG. After
applying the rotor voltage the results must show that the generator goes to the steady
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state operating point at the desired setting of output power, torque, speed, output
terminal voltage and frequency for this controlling method.

5.4.3. Simulation and Results

This model is the same as in sub-synchronous speed mode of operation shown in
Figure (5.5) just the wind speed is changed in this case to 7.5 m/s.

The results of the DFIG system under study are shown in the Figures (5.20) to
(5.31). Figures (5.20) and (5.21) show the actual values of g and d axes rotor currents
(igr and iar), respectively, and their respective reference currents. The changes in the
reference values of the rotor currents are controlled such that the transients in the stator
outputs are small. As shown in Figures (5.20) and (5.21) the transients in iqr and iar
almost die out in 3 seconds from the point at which the load is applied to steady-state.
The maximum over shooting about 5 % in igr. The steady-state error never exceed 0.2

% in both currents.
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Figure 5.20: Quadrature axis of the rotor input current lqr (A)
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Figure 5.21: Direct axis of the rotor input current lar (A)

Figure (5.22) shows the instantaneous rotor input voltages waveforms Vaner (V). As
shown in the figure from 0 to 15 seconds the rotor terminals are disconnected from its
supply. This is to allow the rotating parts of DFIG to easily reach its steady-state speed.
At t= 15 second, the rotor supply voltage is connected. A zoom view of the rotor input
voltage is displayed in Figure (5.23). From 15 to 25 second, the DFIG is running with
no-load. At t= 25 second, the full-load is applied to the stator terminals and the rotor
voltages waveforms are depicted in the period from t= 25 second to t= 30 second. It
should be noted that, the rotor voltage phase sequence is not reversed after the full-load
is applied as in sub-synchronous speed mode of operation. This explained by the fact
that the super-synchronous speed mode of operation of DFIG is not changed during the
whole rang.
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Figure 5.22: Instantaneous value of the rotor input voltage Vaner (V)
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Figure 5.23: Zoom view of Figure 5.22 between 25 and 30 second

Figure (5.24) shows the change in the rotor frequency due to change of the speed
of DFIG. The negative values of the rotor frequency indicated in the figure implies
phase reversal of the rotor voltage in super-synchronous speed mode of operation.

Figure (5.25) shows the DFIG rotational speed Ng (rpm). From 0 to 15 second the
DFIG is freely running until the speed reaches its steady-state final value (2183 rpm).
At the instant of t= 15 seconds, the rotor terminals are connected with its supply and
there is no-load connected to the stator terminals for a period of 10 seconds. At t= 25
seconds, the full load is applied and the DFIG speed starts to decrease until it reaches
final value of 1602 rpm with a steady-state error of approximately equal to 0.12 %.
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Figure 5.24: Frequency of the rotor input voltage Fr (Hz)
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Figure 5.25: Generator rotational speed Ng (rpm)

Figure (5.26) shows the actual and reference values of the rotor power P (W). The
figure shows that from 15 to 25 second (the load is not connected yet) power is injected
into the rotor circuit to supply the rotor copper and machine iron losses. The negative
actual power from 25 to 40 second is due to the fact that the loading of DFIG starts
when its speed is above synchronous speed. After this point, the rotor speed slowly
decrease until it reaches its steady-state value of 1602 rpm (s= - 0.068). As the DFIG
rotational speed is above synchronous speed the rotor extract power from its circuit.
The figure also shows the steady-state error between the actual rotor power and its
reference value is approximately 10 %.
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Figure 5.26: Rotor power Pr (W)

Figure (5.27) shows the steady-state waveform of the stator output phase voltage.
The figure shows that the stator voltages are pure sinusoidal waveforms. Figure (5.28)
shows the time variation of the magnitude of the stator phase voltage. The figure shows
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that the load voltage magnitude has a maximum excursion from its reference wave by
0.82 % for 3 seconds. The magnitude of the stator voltage has a steady-state error of
0.25 %. Figure (5.29) shows that the frequency of the stator voltage is kept fixed at 50
Hz through the whole range of operation.
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Figure 5.27: Instantaneous stator output voltage Vancs (V) of DFIG
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Figure 5.28: Stator rms terminal output voltage Vt (V)

77



51 T T T

50.5-

50

F, (Hz)

49.5-

| | | | | |
490 5 10 15 .20 25 30
Time (S)

Figure 5.29: Stator output frequency Fs (Hz)

35 40

Figure (5.30) shows the stator output power and its reference power Ps (W). Note
that the difference between the actual and reference value of the steady-state power is

due to the losses in the stator circuit. The oscillations of the power

at the instant of

applying the load on the DFIG has maximum over shooting about 1.73 %. Finally, the
generator reference and actual torque, Tq (N.m), are shown in Figure (5.31). The

deference between the actual and reference values is due to DFIG
mention before. Also the final values have a small error percentage.
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Figure 5.30: Stator output and reference power (W)
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Figure 5.31: Generator electromechanical torque Tg (N.m)

5.5. MPPT for DFIG Based on Power Characteristic Curve
Control Strategy

In order to apply the PSF control strategy as mentioned in chapter 4, three
important parameters from all the wind turbine parameters mentioned in chapter (2)
must be kept in mind [10]:

1- The optimum tip speed ratio,
2- The radius of wind turbine rotor, and
3- The range of the operating speed for the turbine.

The turbine mechanical power versus generator rotational speed curves is obtained
as mentioned in chapter (2) at different wind speed by the help of the
MATLAB/Simulink and the maximum power curve is generated as shown in Figure
(5.32).
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The maximum power point with associated generator rotational speed at each wind
speed is recorded and are used as a look-up table. Firstly the wind speed is measured
and used as an input to lookup table to obtain the maximum mechanical power and
associated speed at this wind speed. Secondly the stator power reference is computed
from the power relations which is mentioned before in this chapter. Then vector control
algorithm is applied on the rotor input parameters to control the stator outputs at each
maximum power point. The algorithm diagram is shown in Figure (5.33).
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The transient response of power mode control is relatively slow from other used
modes, but the output power is becoming smooth and more accurate [41].

55.1. MATLAB/SIMULINK Model Implementation Using MPPT
Algorithm

A DFIG wind power system for MPPT is represented and simulated by using
MATLAB/Simulink, based on the PSF control strategy. The control method is applied
to the DFIG at different wind speed, generator speed, sub-synchronous and super-
synchronous speed. Also as the wind speed varies at each time so the generated model
must observe this continuous variation and control the DFIG to maintain the output

80



voltage, magnitude and frequency at desired values and tracking the maximum power
point.

The Simulink/model has a simulation time of 100 second which is divided into
three periods explained as follows:

4- The first period (from 0 to 15 second) the wind turbine runs to steady state
without connecting the rotor voltage and the loads to the DFIG terminals with
variable wind speed applied on the DFIG.

5- The second period (from 15 to 25 second) the desired rotor input voltage is
applied according to the present value of wind speed and no-loading condition
of the DFIG by using vector control algorism until the system reaches to the
steady state.

6- The final period (from 25 to 100 second) the load is connected and the model
regenerate the required rotor input voltage for maximum power point tracking
at each value of wind speed.

The Simulink/model for MPPT is the same as in Figure (5.5) with addition of
MPPT based on the PSF control strategy and lookup table as shown in Figure (5.34).
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Figure 5.34: PSF control strategy and lookup table

Figure (5.35) represents the instantaneous wind speed for 100 seconds which has
an average wind speed equal to 8.7 m/s.
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Figure 5.35: Wind speed profile

The simulation results of the DFIG Model with MPPT are shown in Figures (5.36)
to (5.46). Figures (5.36) and (5.37) show the actual and reference values of the g- and
d-axes rotor currents (iqr and iar), respectively. From the figures, the value of igr has a
nearly constant value during the simulation time. Also the iqr component changes as the
wind speed is changed and MPPT is applied.
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Figure 5.36: Quadrature axis of the rotor input current lqr (A)
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Figure 5.37: Direct axis of the rotor input current lar (A)

Figure (5.38) shows the instantaneous rotor input voltage waveforms, Vaner (V). As
shown in the figure, the rotor voltages continuously varies in magnitude and phase
sequence in order to obtain the required rotor currents to achieve the MPPT
requirements. A zoom view of the rotor input voltage is displayed in Figure (5.39).
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Figure 5.38: Instantaneous value of the rotor input voltage Vaber (V)
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Figure 5.39: Zoom view of Figure 5.38 between 61 and 62 second

Figure (5.40) shows the change in the rotor frequency due to change of the speed
of DFIG. The negative values of the rotor frequency indicated in the figure imply phase
reversal of the rotor voltage.

Figure (5.41) shows the DFIG rotational speed Ng (rpm). From 0 to 15 second the
DFIG is freely running and varying due to the variation of wind speed. At the instant of
t= 15 seconds, the rotor terminals are connected with its supply and there is no-load
connected to the stator terminals for a period of 10 seconds. At t= 25 seconds, the
maximum power from the DFIG is applied and the DFIG speed change as the wind
speed and the load change during the whole range of operation.

10 T T I

F_(Hz)

_50 | | | | | [ [ | |
0 10 20 30 40 .50 60 70 80 90 100
Time (S)

Figure 5.40: Frequency of the rotor input voltage Fr (Hz)
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Figure 5.41: Generator rotational speed Ng (rpm)

Figure (5.42) shows the actual and reference values of the rotor power P (W). The
rotor power can be negative or positive value according to speed mode of operation.
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Figure 5.42: Rotor power Pr (W)

Figure (5.43) shows the steady-state waveform of the stator output phase voltage.
The figure shows that the stator voltages are pure sinusoidal waveforms. Figure (5.44)
shows the time variation of the magnitude of the stator phase voltage. The figure shows
that the load voltage magnitude has a maximum excursion from its reference wave by
3.2 % for 4 seconds. The magnitude of the stator voltage slightly changes due to the
continuous changes in the rotor currents for MPPT. Figure (5.45) shows that the
frequency of the stator voltage is kept fixed at 50 Hz through the whole range of
operation.
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Figure 5.43: Instantaneous stator output voltage Vancs (V) of DFIG
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Figure 5.44: Stator rms terminal output voltage Vi (V)
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Figure 5.45: Stator output frequency Fs (Hz)

Figure (5.46) shows the stator output power and its reference power Ps (W). The
oscillations of the power is due to applying MPPT on DFIG for the whole range of
operation.
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Figure 5.46: Stator output and reference power (W)
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Chapter 6 : Conclusions and Future Works

6.1. Summary

Self-excited induction generators are not commonly used in autonomous wind
energy sites because their output voltage and frequency change with the load variations.
This problem is resolved in this thesis by using doubly fed induction generator (DFIG).
It was shown that the DFIG has the advantage of producing constant load frequency
and regulated load voltage irrespective of load variation and/or wind speed variation.

A wind energy conversion system consisting of the wind turbine, mechanical parts,
DFIG and control system was presented as follows:

1-

2-

4-

Wind turbine characteristics and modeling are presented then simulated by the
help of MATLAB/SIMULINK. The required parameters are obtained at
different wind speeds.

Dynamic modelling of DFIG is studied in abc reference frame and then in d-q
synchronously rotating reference frame. The equivalent circuit is presented and
all equations of DFIG are illustrated. By using MATLAB/SIMULINK the
DFIG is modelled.

Vector control method is studied in indirect vector control and chosen to
control the stand-alone DFIG. The control method is applied on DFIG in two
modes of operation sub-synchronous and super-synchronous speed. The results
are obtained by the help of MATLAB/SIMULINK.

MPPT technique is applied on DFIG at different wind speeds by using power
characteristic curves control strategy. The results are obtained by the help of
MATLAB/SIMULINK.

From the results it is shown that:

1-

The constant load frequency is achieved by controlling the input of the rotor
frequency such that a constant stator frequency is kept constant at any
mechanical speed ( s = om + wr ). The magnitude of the output voltage is
controlled by adjusting the rotor input voltage and, hence, current.

The optimum operating mode of wind turbine, which is connected to the DFIG,
is achieved by controlling the system to operate always at maximum power
point. The tracking is done by using one of control algorithm used in maximum
power point tracking called power signal feedback.

The capability of the proposed controller is verified and the operation is

verified over a wide operating range including sub-synchronous and super-
synchronous rotational speeds.
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6.2. Future Works

All results on this thesis for MPPT are obtained by using open loop control system.
The stability and dynamic performance of stand-alone DFIG can be improved by using
closed loop control system.

Also the control method is applied on active power and resistive loads only. The

control method could be applied on reactive power and for inductive and non-linear
loads.
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