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ABSTRACT

Wind power is one of the most developed and rapidly growing renewable energy sources.
Through extensive literature review this thesis synthesizes the existing knowledge of wind
energy systems to offer useful information to developers of such systems. Any prototyping
should be preceded by theoretical analysis and computer simulations, foundations for which are
provided here.

The thesis is devoted to an in-depth analysis of wind energy generators, system configurations,
power converters, control schemes and dynamic and steady state performance of practical wind
energy conversion systems (WECS). Attention is mainly focused on interfacing squirrel cage
Induction generators (SCIG) and doubly-fed induction generators (DFIG) with the power
network to capture optimal power, provide controllable active and reactive power and minimize
network harmonics using the two-level converter, as a power electronic converter.

Control of active and reactive power, frequency and voltage are indispensable for stability of the
grid. This thesis focuses on two main control techniques, field oriented control (FOC) and direct
torque control (DTC) for the SCIG. The dynamic model of induction generator is non-linear and
hence for all types of control, the flux and the torque have to be decoupled for maintaining
linearity between input and output for achieving high dynamic performance. FOC is used for
decoupled control for rotor flux Ar and electromagnetic torque {e. The stator current is
decomposed into flux and torque producing components and they both are controlled
independently. FOC uses three feedback control loops generate gating signals for the converter.
DTC also achieves high dynamic performance by decoupling of rotor flux and electromagnetic
torque without the intermediate current loops. DTC asks for the estimation of stator flux and
torque and like FOC has 2 branches which have flux and torque comparators. The errors between
the set and the estimated value are used to drive the inverters. The two methods are valid for both
steady and transient state. Their validity is confirmed by simulating the systems on
MATLAB/Simulink platform and comparing them the results obtained by hand calculations.

Further DFIG’s are introduced. The dynamic model is developed using the machines equivalent
circuit and is expressed in the stationary, rotor and the synchronous reference frames for
evaluating the performance of the machine. The stator of the DFIG is directly interfaced to the
grid and by controlling the rotor voltage by a two level back-to-back converter the grid
synchronization and power control is maintained. The DTC and the direct power control (DPC)
methods are used to control the rotor side (RSC) and the grid side converter (GSC). The RSC
generates the 3-ph voltages of variable frequency in order to control the generator torque and the
reactive power exchanged between the stator and the grid. The GSC exchanges active power
with the grid injected by the RSC with a constant frequency. The steady and transient behavior
of the machine is investigated through simulations.
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CHAPTER 1 Introduction

1.1 Motivation

Many forms of energy that we have grown dependent on are from non-renewable energy
sources. This means that when the energy has been consumed, the supply has gone and
cannot be replaced. An example of this is coal. Coal is a fossil fuel and is the largest source
of energy for the generation of electricity worldwide. When coal has been mined and burnt,
it cannot be replaced. Finding alternative energy sources will decrease our dependency on

fossil fuels and other non-renewable energy sources [1] [2] .

Renewable energy is energy that comes from resources which are continually replenished
such as sunlight, wind, rain, tides, waves and geothermal heat. That remains the most
important advantage of renewable energy, which they are continually replenished, free of

cost, and they are clean.

Renewable energy still has a long way to go in order to replace fossil fuels and become
primary source of energy consumption but with rising climate change concerns, couples
with high oil prices, peak oil things have definitely been moving in the right direction.
Fossil fuels when burn, create harmful greenhouse gas emissions and our planet is already
feeling the impact of climate change. By using renewable energy instead of fossil fuels we
would significantly decrease the current levels of greenhouse gas emissions, and this would

have positive environmental impact for our entire planet

The ever increasing demand for conventional energy sources has driven society towards
the need for research and development of alternative energy sources. Many such energy
sources, such as wind energy and photovoltaic are now well developed, cost effective and
are being widely used, while others, such as fuel cells are in their advanced developmental
stage. With rising fuel costs, increasing concerns for global climate change, and a growing
worldwide demand for electricity, utilizing renewable energy sources such as solar and

wind power becomes a necessity rather than a luxury [3].
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Wind energy has some tremendous advantages over the conventional sources of energy.
Wind power since it fueled by wind it’s a clean fuel source. Wind energy does not pollute
the air like power plants that rely on combustion of fossil fuels, such as coal or natural gas.
Wind turbines do not produce atmospheric emissions that cause acid rain or greenhouse
gasses. Wind energy is a domestic source of energy, since the nation's wind supply is
abundant. Wind energy relies on the renewable power of the wind which is sustainable and
cannot be completely used up. Wind is actually a form of solar energy; winds are caused by
the heating of the atmosphere by the sun, the rotation of the earth, and the earth's surface
irregularities. Due to extensive research wind energy is one of the cheapest renewable
energy technologies available today, costing between 4 and 6 cents per kilowatt-hour[1]
[2]. Wind turbines can be built on farms or ranches, thus benefiting the economy in rural
areas, where most of the best wind sites are found. Farmers and ranchers can continue to
work the land because the wind turbines use only a fraction of the land. Wind power plant

owners make rent payments to the farmer or rancher for the use of the land [1] [2] [3] [4] .

The global energy consumption is increasing and the wind power generation is steadily
rising and is being seen as a supplement and an effective alternative to large conventional
power generation units. The power generated from wind energy systems needs to be fed
into the grid and hence there is a need of an efficient interface between the wind energy
systems and the grid. Power electronics serves as interface is necessary not only for the
renewable energy source but also for its effects on the power system operation as the wind
energy systems serve as an intermittent source of energy. The power electronics
technology plays a very important role in the integration of renewable energy sources into
the electrical grid, and it is widely used and rapidly expanding as these applications
become more integrated with the grid systems. The technology used in the early developed
wind turbines was based on a squirrel cage induction generator (SCIG) connected directly
to the grid. This almost transfers the wind power pulsations to the electrical grid. There
was no control of active and reactive powers which are key parameters to control
frequency and voltage. This thesis, after conducting extensive literature review, explains
how controlled active power, according to the grid requirements can be fed into the

system.



1.2 Wind Energy

Even though the generation of electricity from modern wind turbines is now an established
technology, many developments are yet to come; wind energy is an age old technology and
known since 5000 BC. Continuous research and the oil crisis of the 1970s changed the
energy picture of world by creating an interest in alternative energy sources like wind to

generate electricity.

The first windmill to generate electricity was a system built in Cleveland, Ohio in 1888 by
Charles F. Brush. The brush machine was a multi-bladed “picket-fence” rotor 17 meters in
diameter. It was the first windmill to incorporate a step-up gearbox in order to turn a DC
generator at an operational speed of 500 RPM. The brush machine showed some

limitations like low speed, high solidity rotor for electricity production applications.

Extensive research took place from 1974 through mid-1980 in the United States due to the
funding from the NSF (National Science Foundation) and DOE (Department of Energy) but
due to low oil prices in the 1990’s made the electricity generated from the wind
uneconomical. The oil prices and interest in electricity generated by wind have always been

connected with the lower the oil cost the lower the interest in wind energy and vice versa.

Today, wind-powered generators operate in every size range, from small turbines for
battery charging to large, near-gigawatt-size offshore wind farms that provide electricity to
national electric transmission systems. As of 2009 wind power provides 2% of worldwide

electricity usage and worldwide there are 20000 wind turbines [4].

The main hurdle in front of wind energy is its cost competitiveness with its non-renewable
counterparts. The technology requires a higher initial investment than fossil-fueled
generators. Since usually good wind sites are often located in remote locations, far from
cities where the electricity is needed, transmission lines must be built to bring the
electricity from the wind farm to the city which considerably increases both power cost
and complexity of the power network. Wind being an intermittent source of energy, the
wind turbines does not always produce the same amount of power and sometimes they

produce no power at all. Wind resource development may compete with other uses for land



and those alternative uses may be more highly valued than electricity generation. Some
concern is raised over the noise produced by the rotor blades, aesthetic (visual) impacts,
and sometimes birds have been killed by flying into rotors. Most of these problems have
been resolved or greatly reduced through technological development or by properly siting

wind plants [3].
1.2.1 Harnessing Power from Wind Energy

Power in the wind can be harnessed by using wind turbines. A wind turbine is a device
that converts wind energy into mechanical energy in a process known as wind power.
When this mechanical energy is used to produce electrical power, the system is known as
wind power plant, if this wind turbine is used for purposes as grinding grain or pumping
water, its known as windmill or wind pump. Wind turbines are classified into two types;

Horizontal Axis Wind Turbine (HAWT) and Vertical Axis Wind Turbine (VAWT).
1.2.1.1 HAWT

In HAWT the spin axis is parallel to the ground as shown in the Figure 1.1. The HAWT sit
atop towers to take advantage of the stronger and less turbulent wind at around 100 feet.
The nacelle houses the generator and all other electrical circuitry at sufficient height to
provide enough space for the rotor blade rotation and reach better wind conditions. The
nacelle supports the rotor hub that holds the rotor blades and also houses the gearbox,
generator and in some designs the power converters as well. The Industry, at this moment
of time uses a three bladed configuration placed in front of the nacelle which is known as

upward configuration [5].

HAWT offers the following advantages

e Access to stronger winds - The tall tower base allows access to stronger wind in sites
with wind shear. In some wind shear sites, with every ten meters increase in the wind
speed can increase by 20% and the power output by 34%.

e High efficiency since the blades always move perpendicularly to the wind, receiving

power through the whole rotation in contrast to all vertical axis wind turbines

e Power Regulation by stall and pitch angle control at high wind speeds.
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Figure 1.1. Horizontal-axis and vertical-axis wind turbines [6].
HAWT has the following disadvantages

e High construction cost - Massive tower construction is required to support the heavy

blades, gearbox, and generator since components of a horizontal axis wind turbine
are being lifted into position.

e Visual effects - Their height makes them obtrusively visible across large areas,
disrupting the appearance of the landscape and sometimes creating local opposition.

e Wind turbulence effect -Downwind variants suffer from fatigue and structural failure

caused by turbulence when a blade passes through the tower's wind shadow (for this
reason, the majority of HAWTSs use an upwind design, with the rotor facing the wind
in front of the tower).

e Low and high wind speeds - HAWTSs require an additional yaw control mechanism to

turn the blades toward the wind when the wind speeds are less and they also require
a braking or yawing device in high winds to stop the turbine from spinning and

destroying or damaging itself [7] [8].



1.2.1.2 VAWT

In Vertical Axis Wind Turbine (VAWT) shown in the Figure 1.3. Savonius wind Turbinethe
orientation of the spin is perpendicular to the ground [9]. The turbine rotor uses curves
mounted airfoils. The generator and the gearbox and all the other assembly are normally
placed in the base of the turbine on the ground as shown in the figure. The main advantages
of this type of wind turbine are that it does not have to be pointed in the direction of the
wind. This is a major advantage where the wind direction is highly variable or has
turbulent winds. One of the major drawback is of the VAWT is it creates a drag when
rotating into the wind. The VAWTs are difficult to mount on tower due to their way of
arrangement and they are almost most of the times mounted at the bottom where wind
speeds are low. However if the VAWT is mounted on a rooftop the building generally

diverts the wind to the top and can double the wind speed at the turbine.

The rotor blades of VAWT have variety of designs like Darrieus wind turbine & Savonius

wind turbine which have different shapes and number of blades.

Darrieus wind turbines are commonly called as “Eggbeater turbines” because they look like

a giant eggbeater. They have good efficiency, but produce large torque ripple and cyclic

stress on the tower which contributes to the poor reliability [5].

Figure 1.3. Savonius wind Turbine[9].
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Figure 1.2. Darrieus wind furbines[9].



Savonius wind turbine is a drag type turbine and is hence less efficient but they perform

well in the areas of turbulent wind and self-starting.

VAWT Advantages

¢ Yaw mechanisms are not needed since they can capture wind from any direction.

e [ts location of the VAWT can be near the ground making it easier to maintain the
moving parts.

e Lower wind startup speeds than the typical the HAWTs.

e Can be built at locations where taller structures are prohibited.

e Situated close to the ground can take advantage of locations where rooftops, mesas,

hilltops, ridgelines, and passes funnel the wind and increase wind velocity.

VAWT Disadvantages

e Most VAWTSs have a lower efficiency than a common HAWT [7], [8], mainly because of
the additional drag that they have as their blades rotate into the wind.
e Having rotors located close to the ground where wind speeds are lower.

e Higher torque fluctuations and prone to mechanical vibrations [7], [8].

1.3 Wind Energy Technology

Wind power is the conversion of the wind energy into a useful form of energy such as

electrical power etc. This technology is described in detail in this section.

1.3.1 Basics of Wind Energy Technology

A wind energy conversion system converts mechanical energy to electrical energy by using
rotor blades. This energy is then transformed into electrical energy by a generator. This
system is made up of several components, participating directly in the energy conversion
process. There are also some other control circuits that assist the system to achieve this

task in in reliably and efficiently.

A very important part of the wind energy conversion system is the wind captured by the

blades and in this chapter we will discuss how to maximize the wind capture by the blades.



This will provide necessary insight on how the power output of a wind turbine can be
regulated by adjusting the blade pitch angle or by controlling the generator torque or
speed.

1.3.1.1 Nacelle

The nacelle of a wind turbine is the box-like component that sits atop the tower and is
connected to the rotor [10]. The nacelle contains the majority of the approximately 8,000
components of the wind turbine such as the gearbox, generator, main frame, etc. The
nacelle housing is usually made of fiberglass and protects the internal components from
the environment. The nacelle cover is attached to the main frame, which also supports all
the other components inside the nacelle. The main frames are large metal structures that

must be able to withstand large fatigue loads [1] [3] [10].

1.3.1.2 Drivetrain

The heart of the wind turbine is its electricity generating system called the drivetrain
shown in Figure 1.4 [11]. Inside the nacelle of a typical wind turbine, the rotor drives a
large shaft into a gearbox, which steps up the revolutions per minute to a speed suitable for
the electrical generator. A wind turbine gearbox must be robust enough to handle the
frequent changes in torque caused by changes in the wind speed. The gearbox requires a
lubrication system to minimize wear. Wind turbines being sold in the U.S. have either
induction or permanent-magnet generators, depending on the model being sold. Induction

generators are more common and require a gearbox as described in [1] [3].
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Figure 1.4. Structure of a drivetrain [11].

Some wind turbines avoid the gearbox completely and use a direct drive system. A direct
drive system connects the rotor directly to a permanent-magnet generator. These turbines
avoid the mechanical problems associated with a gearbox, but require extremely heavy and

expensive generators that can produce electricity capable of supplying the grid.

1.3.1.3 Yaw

All turbines have a yaw drive system to keep the rotor facing into the wind and to unwind
the cables that travel down to the base of the tower. The yaw drive system usually consists
of an electric or hydraulic motor mounted on the nacelle which drives a pinion mounted on
a vertical shaft through a reducing gearbox. The yaw drive system also has a brake in order

to be able to stop a turbine from turning and stabilize it during normal operation [1] [3].

1.3.1.4 Control System

To control the functioning of the wind turbine, it is fitted with a number of sensors to read
the speed and direction of the wind, the levels of electrical power generation, the rotor
speed, the blades’ pitch angle, vibration levels, the temperature of the lubricants and other

variables. A computer processes the inputs to carry out the normal operation of the
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turbine, with a safety system which can override the controller in an emergency. The
control system protects the turbine from operating in dangerous conditions and ensures
that the power generated has the proper frequency, voltage, and current levels to be

supplied to the grid [1] [3].

1.4 Fundamentals of Wind Energy Control

Mechanical Power Electrical Power
Wind Rotor Gearbox Generator Power Supply
Converter Grid
Power Comversion Power Power Power Conversion Power
£ power control transmission COMVETSion & power control transmission

Figure 1.5. Conversion of wind energy to electrical energy.

The blades of the wind turbine rotor extract some of the flow from the moving air, convert
it into rotational energy and deliver it via a mechanical drive unit to the rotor of a
generator. The electrical energy from the generator is fed via a system of a switching and
protection devices, lines and if necessary transformers to the grid, consumers or an energy
storage device. The system is made up of several components that assist the system to

achieve this task in a controlled, reliable, and efficient way.

Since the energy source for WECS is wind kinetic energy, wind plays a key role in several
aspects of the conversion process. Hence we discuss a bit about relations of wind and the

power captured by wind.

1.4.1.1 Turbine Blade

The turbine blade is the most distinctive and visible component of a wind turbine. It is
responsible for transforming the wind kinetic energy into mechanical energy. The three
bladed rotors considered the industry standard for large wind turbines. The one or two
bladed turbines shown in the Figure 1.6. Wind turbine bladehave the advantage that their
rotating speed is higher but they require a gearbox with lower gear ratio. On the other

hand, they create significant acoustic noise [5].
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Figure 1.6. Wind turbine blade [5].

The principle of working of blade is that the airflow above it is faster than the airflow on
the lower side and this creates a difference in pressure that results in a lift force on the
blade. To control the lift we alter the angle of attack a, which is defined as the angle
between the direction if the wind speed and the cord line of the blade. When this angle is
zero no lift force or torque will be produced. The wind power captured by the blade and

converted into mechanical power can be calculated by

1
where p = air density

A = Rotor area swept

v3 = wind speed

where C, is the power coefficient of the blade. This coefficient has a theoretical maximum
value of 0.59 according to Betz limit [12]. Observing the equation, we see that there are
only three possibilities for increasing the power captured by a wind turbine: the wind

speed, the power coefficient and the swept area.
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Figure 1.8. SCIG [12]..
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Figure 1.9. DFIG [12].
1.4.1.2 Gearbox

The rotor of a large three-blade wind turbine usually operates in a speed range from 6-20
rpm. This is much slower than a standard 4-5 pole wind generator with a rated speed of
1500 or 1600 for a 50Hz stator frequency and 1800 or 1200 rpm for a 60hz frequency.
Therefore a gearbox shown in the Figure 1.7, is necessary to adapt the low speed of the
turbine rotor to the high speed of the generator. The gearbox conversion ratio also known
as the gear ration, is designed to match the high speed of generator with the low-speed

turbine blades. It can be determined by

nm_((l—s)*60*fs)

Ny P xny

T'gb =

where n,, and n,,; are the generator speeds and turbine speeds in rpm, s is the slip, f; is the

rated stator frequency.

In examining the functionality of and behavior of wind power plants, particular significance
should be given to the generator as a source of load torque, depending on its situation and

how it is coupled to the system. The generators used should

e Besimple to use

e Have a long useful lifetime
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e Have alow maintenance outlay

e Have the lowest possible initial cost

Different type of generators have been used in wind energy systems over the years and
these include the squirrel cage induction generators (SCIG) and doubly-fed induction
generators (DFIG) and synchronous generator (SG) (wound rotor and permanent magnet)

with power rating from a few kilo-watts to several megawatts.

The SCIG is simple and rugged in construction. It is relatively inexpensive and requires
minimum maintenance. Traditional direct grid-connected wind energy systems which use

SCIGs and operate at fixed speed are still available.

The DFIG is the current work horse of the wind industry, the stator is connected to the grid
directly, while the rotor is interface with the grid through a power converter with reduced
power capacity, the DFIG operates at about 30% above and below synchronous speed,
sufficient for most wind speed conditions. It also has the ability to control the generator
active side power and grid side reactive power control. The reduced-capacity converter is
less expensive and requires less space, which makes the DFIG WECS popular in today’s

market [12].

1.4.1.3 Tip-Speed Ratio
The tip speed ration (TSR) is an important parameter in wind energy systems. It is defined
as the ratio of the blade tip speed to the speed of the incoming wind, given by

wyTr
/1T ==

UW
where 1; is the radius of the turbine rotor (blade length), v, is the wind speed, and wy, is
the rotating speed of the blade. Another important parameter is the power conversion

efficiency C, of the blade since the mechanical power is directly proportional to C,

1.5 Thesis Outline

In this chapter we discuss the topologies of wind energy systems. First we discuss the most

basic topology of the wind energy systems which are the single speed and the two-speed
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types. Two-speed wind energy systems can be achieved by changing the number of poles of
the generator or by simply using two generators. After that the variable wind energy
systems are reviewed with stating some advantages. Their subtypes namely wound rotor
Induction generator with external rotor resistance, squirrel cage induction generator with
full capacity converters (two-level and three-level neutral point clamped). Some topologies
using the permanent magnet synchronous generator interfaced with two-level and three-
level converters and also with diode rectifier and the boost converters are explained. After
that the actual power converters used in those wind energy systems are reviewed. The
most important power converters namely AC-AC converters, both single phase and three
phase, DC-DC converters, mostly boost converters, single channel, two channel and multi-
channel topology. Next the most important type which is the voltage source converters are
explained with the help of a three phase inverter and the pulse generation strategies such
as sinusoidal pulse width modulation (SPWM), SPWM with the insertion of the third
harmonic and the most important space vector pulse width modulation method. After the
voltage source converters, the current source converters are reviewed and their switching
strategies are explained. The current source converters will not be discussed further in this
thesis. After discussing the power converts used in the wind energy systems, the control of

the grid connected converter is studied in detail and reviewed with simulation study.

Chapter 3 introduces the wind energy systems with Induction generators. First and
foremost the model of the Induction generator using state space is reviewed and studied in
detail. The required Impedance matrices are obtained and the expression for developed
torque is also obtained. The Park and Clarke transformation matrices are discussed. Next
the control strategies are discussed. The most important control strategies for controlling
induction generator based wind energy systems are field oriented control and the direct
torque control. First the field oriented control (FOC) strategy is studied and discussed in
detail and then the direct field oriented control is considered. The direct FOC is discussed
and case studies are performed on the proposed strategy. Steady state and dynamic
analysis is performed on the direct FOC control technique. After the direct FOC, the indirect
FOC control technique is discussed. The complete control strategy is explained and case

study for the steady state analysis of indirect FOC is presented and its simulation
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waveforms are analyzed. Next the direct torque control (DTC) for the induction generator
is discussed and its switching logic is studied and analyzed for the DTC scheme. The model
for the flux and torque calculator is developed. Case studies are done to understand the

steady and dynamic state analysis.

Chapter 4 introduces the doubly-fed induction generator (DFIG) based wind energy
systems. Doubly fed Induction generator systems are the workhorse of the wind energy
industry. Initially we discuss the principle of the DFIG is studied and the advantages of
DFIG over the conventional induction generator and its use of DFIG in wind energy system
is reviewed. The most important converter for the DFIG based systems which is the back to
back converter is discussed and studied in depth. The back-to-back converter is modeled
according to its parameters along with the grid side system, rotor side system and the DC
link model. We also discuss two strategies that are similar to the SCIG based systems,
sinusoidal pulse width modulation (SPWM), SPWM with insertion of third harmonic and
the space vector pulse width modulation (SVPWM). Using the grid side system model the
steady state and dynamic analysis are performed. The dynamic model of the DFIG is
deviced and is used for the simulation study. The two models are presented, the « — 8
model and the d — g model and once the modeling is done performance analysis is done in
both the a — f reference frame and d — q reference frame. After analyzing the dynamic
model of the DFIG and analyzing it through case studies, vector control strategy for the
DFIG based wind energy systems is then developed and discussed. Vector control is divided
in three parts, the calculation of the current references, current control loops and the
complete control system. Next the field oriented control strategy for the DFIG based
systems is introduced. Direct control has two modules namely the direct torque control and
the direct power control and both are developed and analyzed through case studies. In
both strategies each block is thoroughly examined and its functionality is explained. Both
the steady state and transient analysis is done for both modules of the direct control

strategy.
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CHAPTER 2 Wind Energy Configurations

2.1 Classification

A classification of the most common configurations is given in Figure 2-1. Wind turbines

can be generally classified into fixed speed and variable speed turbines.

Wind energy
system
configurations
|

]
Variable-speed Fixed-Speed
turbines Turbines
I
[ ]
Indl_rect Riscst Buino SCIG
Drive
WRSG WRSG
PMSG PMSG
SCIG
DFIG
WRIG+external
rotor resistance

Figure 2.1. Classification of wind energy systems.

2.1.1 Fixed Speed

Fixed-speed turbines employ a squirrel-cage induction generator connected directly to the

grid and thus do not need any power converter during normal operation.
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2.1.1.1 Single Speed

A typical configuration for a high-power (megawatt), a fixed speed wind energy system is

shown in the Figure 2.2.

Transformer

- =

) L

PF Compensator @

Figure 2.2. Single speed wind energy system.

‘ SCIG

The turbine is normally of horizontal-axis type with three rotor blades rotating at low
speeds, like 15 rpm as the rated speed. Usually squirrel cage induction generators are used

in the system.

To assist the startup of the turbine, a soft starter is used to limit the inrush current in the
generator winding. The soft starter is basically a AC-AC converter which is discussed
further in detail in the third and fourth chapters. Once the stator current is effectively
limited the soft starter is bypassed by a switch and the WECS is then connected to the grid.
Since the wind energy system does not need a power converter during normal operation, it

is classified as WECS without power converters [5, 13-15].

2.1.1.2 Two Speed

To improve the energy conversion efficiency, two-speed SCIG wind energy systems have

been developed

Two Speed Operation by Altering the Number of Poles [5, 13-15]
The development of induction generators with two sets of windings has allowed the
number of poles within a single generator to be varied by connecting the windings together

in different ways. A technique called pole amplitude modulation (PAM) is used. Switching
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from a four pole to a six or eight pole configuration can introduce a speed reduction of one
third or one half, respectively. The number of poles can be changed by reconfiguring the

stator winding through appropriate parallel and series connection of the stator coils

Two Speed Operation by Two Generators [5, 13-15]

As discussed above the two-speed operation can also be obtained by having two separate
generators mechanically coupled to a single shaft; one is a fully rated high speed generator
and other is the low speed one. The selection of the generators is done by a switch. This
approach requires two separate generators and a long drivetrain that needs special

consideration for the coupling of both generators.

. High-speed
High-speed SCIG
SCIG
é
% X
L -
GB O\évcslréaed GB  Low-speed
SCIG
(a) Single-shaft configuration (b) Dual-shaft configuration

Figure 2.3. Two speed type of wind energy system [5].

The two-speed operation can also be obtained by using a split gearbox with two shafts. The
two shafts have the same gear ratio and each shaft is connected to a separate SCIG. Similar
to the single shaft technique the fully rated high speed generator is selected at high wind
speeds, whereas a partially rated six - or eight- pole generator is switched on at low wind

speeds.

The single- and dual shaft WECS configurations require two generators, which increases
the cost and the weight of the system in addition to the added complexity in the mechanical

components. Therefore they have limited practical applications [5, 13-15].
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2.1.2 Variable Speed Wind Energy Systems

By interposing a frequency conversion between the generator and the network, it is
possible to decouple the rotating speed of the generator and the turbine from the network

frequency. Variable speed allows the rotor speed to vary and maximize the energy capture.

The variable-speed wind turbines can be divided into direct- and indirect-drive turbines. In
the direct-drive turbines, low speed synchronous generators with a large number of poles

are employed.
Advantages of Variable speed operation include:

e Below the rated wind speed, the rotor torque and hence the speed can be made to
vary to maintain peak aerodynamic efficiency (Cp)

e The reduced rotor speed in low winds results in a significant reduction in
aerodynamic generated noise

e The rotor can act as a flywheel, smoothing out the torque fluctuations before they
enter the drive train.

¢ Direct control of the air-gap torque allows gearbox torque variations to be kept small

e Both active and reactive power can be controlled.

e Variable speed turbines will also give higher power quality due to the smoother

output voltages they develop [5, 13-15].

2.1.2.1 WRIG with External Rotor Resistance

Figure 2-4 shows the simplified configuration for a variable speed WRIG system with a
converter-controlled external rotor resistance. The external resistance is made adjustable
by a converter composed of a diode bridge and IGBT chopper. The main advantage of this
configuration compared to the WECS is the low cost and simplicity. The main disadvantage
includes limited speed range, inability to control grid-side reactive power, and reduced

efficiency due to the resistive loss.



Transformer

GB \ :ﬂ:‘ i (.)

( PF Compensator

NNV

Externalvariable
resistance

Figure 2.4. Wound rotor with external rotor resistance.

2.1.2.2 SCIG Wind Energy System with Full Capacity

The SCIG wind energy systems are briefly discussed below

Two Level Voltage Source Converters.

Transformer

AC DC
8 rnar 1/ H o (O
DC AC
SCIG H

A typical voltage source converter configuration for SCIG wind energy systems is shown in

Figure 2.5. Wind energy system using a two level converter.

the Figure 2.5. In this topology of converter we use a two level voltage source rectifier
(VSR) and voltage source inverter (VSI) using IGBT devices. A DC link capacitive filter links

the two converters which have the same topology.

An alternative approach to the parallel converter channels is shown in the Figure 2.6 where

three converters are used in parallel for a megawatt IG wind turbine. Each converter
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channel is mainly composed of two level VSC’s in a very popular back-to-back configuration

with harmonic filters.

690V

G-

Grid

GB SCIG

L
T
——

2-level VSR 2-level VSI Filter
Figure 2.6. Wind energy system using parallel converters [5].

This arrangement yields better efficiency. For example, at low wind speeds when the
system delivers a small amount of power to the grid at low wind speeds, one out of two
converter channels can be turned off leading to higher efficiency. Also if one channel fails,

the other two can continue to operate under certain conditions [5, 13-15].

Three Level Neutral Point Converters

Transformer

(D
(=

Figure 2.7. Wind energy system using three level neutral point converters.

|
SCIG 3-levelneutral point clamped converters

Low-voltage converters provide cost effective solutions at lower power levels. Figure 2.7
shows a MV wind turbine that employs a full-capacity converter system with a MV
generator. Here again two back-to-back connected three-level neutral point clamped (NPC)
converters are used. The switching devices employed in these converters are high voltage

IGBT, IGCT of 4.5 kV to 6.5 kV. The switching frequency used is around a few hundred hertz
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(mainly to reduce switching losses). The Neutral Point Clamped converters have found

wide application in commercial medium -voltage SG WECS [5, 16].
2.1.2.3 Variable Speed Synchronous Generator Systems

Synchronous generators have many more configurations than the induction generators

WECS due to the following facts

e The synchronous generators provides the rotor flux by itself through permanent
magnets or rotor field winding. Thus diode rectifiers can be used as the generator-
side converters, which is impossible in the SCIG WECS.

e [t is easier and more cost effective for the synchronous generator to have multiple

pole and multiple phase configurations.

With two-level VSC and Three-level NPC Converters -

Transformer

“)
(=)

Transformer

(D
(=

Synchronous generator

Synchronous

¢ 3-levelneutral pointclamped converters
generator

Figure 2.8. Wind energy systems with 2-level and 3-level converters.
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A typical configuration for SG wind energy systems with full capacity converters is shown
in Figure 2.8 where a back-to-back converter is employed. In low voltage wind energy
systems three-level NPC are used in medium voltage turbines. Not all wind energy systems
need a gearbox instead a low-speed generator with high number of poles is employed and

the gearbox is eliminated.

With PWM Current Source Converters

Figure 2.9 shows a typical configuration for a medium-voltage SG wind energy system

using current source converter

Transformer

©)
!
Synchronous csi
generator @

Figure 2.9. Wind energy systems with current source rectifiers.

2.1.2.4 With Diode Rectifier and DC-DC Converter

Wind energy system topologies using diode rectifiers and DC-DC converters are discussed

below.

Using Multichannel Boost Converter

The two-level voltage source converter can be replaced by a diode rectifier and a boost
converter as shown in Figure 2.10. This type of converter topology cannot be used with
SCIG wind energy systems since induction generators need external excitation. The diode
rectifier converts variable generator voltage to a DC voltage, which is boosted to a

sufficiently high level for the inverters which ensures maximum capture power to the grid.
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Transformer

Diode Boost 2-level
Rectifier converter VSC

Figure 2.10. Wind energy systems with diode rectifier and boost converter.

Transformer
AC DC DC
GB — Filter
! Diode 2-channel 2-level
Rectifier Boost VsC
converter

Figure 2.11. Wind energy systems with diode rectifier and 2-channel boost converter.

Transformer

Diode 3-channel Parallel
Rectifier Boost VSsC
converter

Figure 2.12. Wind energy systems with two diode rectifiers and 3-channel boost
converter.

Another alternative WECS configuration using a six-phase generator with a multichannel

boost converter is shown in Figure 2.12 where the output of the generator is rectified by
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two diode bridge rectifiers. To increase the power rating, a three-channel interleaved boost

converter and two paralleled three-phase inverters are used [5, 16, 17].

Using Multilevel Boost Converters

One more configuration for the diode boost inverter is shown in Figure 2.13 where a three
level boost converter is used. A three level boost converter is realized by combining two
single-boost converters connected in cascade. This alternative configuration has found

application with a power rating upto 1.2 MW.

Transformer

GB

( Synchronous

Diode 3-channel 32 Levels
generator Rectifier Boost NPC VSC
converter

Figure 2.13. Wind energy systems with 3-level boost converter and 3-level NPC
converter.

A topology of this configuration for the medium voltage wind turbines is shown in Figure
2.13 where a three level boost converter and a three-level NPC inverter using both IGCT
and IGBT. The additional benefit of this topology is that the neutral point voltage can be
effectively controlled by boost converters and there is no need of complex control scheme

for the NPC inverter to balance the neutral point voltage [18].

With Diode Rectifier and Buck Converter

The dual of the voltage source converter is the current source converter and a CSC
configuration with a diode rectifier and a buck converter can be deduced from the VSC
configuration and as we saw that the one major difference is that the boost converter used

in the VSC topology is replaced by the Buck converter. The topology is shown in Figure 2.14
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Diode Buck Csl
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Figure 2.14. Wind energy systems with diode rectifier, buck converter and a current
source inverter.

The buck converter is the obvious choice for this topology because it needs an output
inductor, which can serve as the DC link inductor needed by the CSC. By controlling the
duty cycle of the buck converter and modulation index and delay angle of the inverter, the
generator-side active power, the DC link current, and grid-side reactive power can be
controlled. This topology is a reliable, simple, cost-effective solution. The drawback of this
strategy is that the stator current contains higher total harmonic distortion (THD) due to

the use of the diode rectifier[19].

2.1.2.5 With Distributed Converters for Multi Winding Generators

The multi winding generator approach is shown in Figure 2.15 where a six-phase generator
is used and the power is delivered to the grid through distributed converter channels. Each
converter channel is composed of two-level voltage source converters and filters. Since the
two sets of the stator windings are insulated, there is no circulating current between the
two converter channels can be connected to the same transformer windings. With proper
design of the switching schemes of the two inverters, the grid side harmonic performance

of the system can be further improved by the phase-shifting transformer.
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Figure 2.15. Wind energy systems with distributed converters with multi-winding
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Another example for the multiwinding generator is shown in the figure where the
generator has six sets of three-phase windings, and each winding feeds the wind power to
the grid through a power converter channel. The system configuration is the same as that
with the six-phase generator except that there are no pulse displacements between the
stator voltages of different windings. Although this type of topology has been designed at

higher cost, this configuration has found practical application due to its advantages [5, 20].

2.1.2.6 With Multiple Generators

A recent configuration with four synchronous generators and distributed power converter
is shown in Figure 2.16. The system uses a distributed gearbox with multiple high speed
shafts that drive four independent generators. Each generator is interfaced to the grid via a
converter channel composed of a diode bridge rectifier and two-level voltage source
converters. Since the power is divided among four distributed converters, the wind turbine
can reach multi-megawatt power range without using paralleled switching devices or

converters [21].
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Figure 2.16. Wind energy systems with multiple generators [16].

The main advantage of this configuration is the high power density achieved by the
distributed gearbox of and multiple generator system which leads to light and distributed
nacelle and reduces transportation and installation costs. The use of a diode rectifier and

standard two-level converter makes this a cost effective solutions [21].

2.2 Power Converters Used in Wind Energy Systems

Renewable energy sources can be classified as sustained or intermittent. Intermittent
sources include wind and photovoltaic energy sources, whose randomly varying output
makes power electronic converters a vital and unavoidable part. Power electronics are
needed to interface a renewable energy source efficiently with the power grid for power

conditioning, voltage boosting, and control the flow of the power.

Power converters are widely used in wind energy conversion systems (WECS). In fixed-
speed WECS, the converters are used to reduce the inrush current and torque oscillations
during start-up, whereas in variable-speed WECS they are employed to control the

speed/torque and also active /reactive power to the grid.

Figure 2.17 shows the fixed speed wind turbine based WECS. If an Induction machine is
used as the generator, its speed is almost constant varying only a little within a limit of the

machine slip.
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Figure 2.17. Fixed speed wind energy system with a soft starter.

The generator is driven via a gearbox and typically through a transformer). Here a soft
starter is employed to reduce the inrush of current caused by transients that take place at
the moment when the generator is connected to the grid. The soft starter is essentially an

AC voltage controller using SCR devices[5].

Maximum power point requires a variable turbine speed. This means that the frequency of
the generator voltage is changing and hence a frequency converter is needed between the

generator and the transformer.

Figure 2.18 shows a variable speed WECS using squirrel cage induction generator (SCIG) or
synchronous generator (SG’s) where a back-to-back type converter configuration with two
identical PWM converters is used. The converters can either be voltage source converters

(VSC’s) or current source converters (CSC).

Transformer

©

Figure 2.18. Variable speed WECS with back-to-back PWM converters.
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We study different power converter topologies for WECS which include AC-AC converters,
DC-DC boost converters, two level voltage source converters, three-level neutral point

clamped (NPC) and PWM current source converters [16, 22, 23].

2.2.1 ACVoltage Controllers

A power electronic AC to AC converter, in generic form, accepts electric power from one
system and converts it for delivery to another ac system with waveforms of different
amplitude, frequency, and phase. They are single-or three-phase types depending on their

power ratings. The AC-AC converters employed to vary the rms voltage across the load are
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known as ac voltage controllers or ac regulators. In other words, AC voltage controllers are
employed when a fixed ac voltage must be adjusted. AC-AC controllers provide voltage

control without frequency control.

2.2.1.1 Single Phase AC Voltage Converters

A simplified circuit of the AC voltage controller is shown in the Figure 2.19. It is composed
of a pair of SCR thyristors antiparallel between the power supply and the load. A Triac is
used instead of the two-anti parallel-connected SCR’s when the low-power converters are

used.

For a resistive load, the rms value of the voltage can be found from

1
I (1 a 4 sin2a>5
oS i 27

2.1

The waveforms for a resistive load are as follows are shown in Figure 2.19.

For and Inductive load and firing angle @ = 60 we can see that the thyristor T; will not be
turned when the supply voltage v, falls to zero at wt = 180. This is due to the lagging
inductive load current flowing through T;, which is not zero yet at wt = 180. It can be
noted that if a is smaller than the load power factor angle ¢, then the output voltage v, of
the controller will be exactly equal to the supply voltage vg and thus v, is no longer

adjustable[22-24].

For a pure Inductive load the rms value of the output voltage v, of the controller can be

calculated by

Vs for0 < a<=

2a  Sin2a T
Vs<2__+ ) for-<a<mn (2:2)
T T 2

Vo:

2.2.1.2 Three Phase AC Voltage Controllers

Several configurations of the three phase converter are possible but her we will only

consider the fully controlled topology which is shown in Figure 2.21. Considering a pure
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resistive load for the controller, one thyristor in each of the two legs is turned on at one

point of time and hence because of those voltages v, v, V¢, is applied to the load.

Ven i95 .
—(~> P e
T
i ,/K : Load

g2

Figure 2.21. Three phase AC voltage controllers [16].

The waveforms of the line to line voltages can be obtained by v, = vy — Vpn, Ve = Vpn —
Uen » Vac = Van — Ven
2.2.1.3 Interleaved Boost Converters

The most basic form of DC-DC converters is the buck converter or the step down chopper.
A chopper is basically a DC-DC converter with adjustable average output voltage and
current which lower than or equal to its DC source. The DC supply source is alternatively
connected or disconnected with the DC source. In contrast to these choppers are the step-
up choppers produces an output voltage with a fixed average value which is higher than the

input voltage.
The functions of dc-dc converters are:

e to converta dc input voltage VS into a dc output voltageV,;
e to regulate the dc output voltage against load and line variations;
e to reduce the ac voltage ripple on the dc output voltage below the required level;

e to provide isolation between the input source and the load (isolation is not always

required);
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e to protect the supplied system and the input source from electromagnetic

interference (EMI)

Transformer

Rectifier converter VSC

Figure 2.22. Variable speed WECS with DC/DC boost converter.

The DC-DC boost converter is one of the topologies often used in synchronous generator
based wind energy system. We can see that the converter is placed between the diode
rectifier and the inverter of the main system. The boost converter along with the PWM
inverter functions mentioned above serve two main functions: tracking maximum power
from the wind and boosting DC voltage to an appropriate value of the inverter. The
advantages of the increased frequency are lower input current ripple and output voltage
ripple, faster dynamic response, and better power handling capability. IGBT’s are preferred

over the MOSFET as the primary switching device [17].

Single Channel Boost Converter

The typical circuit diagram of a single phase boost converter is as shown in Figure 2.23. It is
basically composed of a switch, a diode, DC inductor, and filter capacitor C. When the
switch is turned on the diode is reverse biased and the energy is supplied to the inductor
and stored. When the switch is open the diode becomes forward biased and the energy
stored in the inductor is released through the diode which becomes forward biased. The
operation of the converter can be divided into two operating modes: continuous-current
mode (CCM) and discontinuous-current mode (DCM). As the name suggests that in

continuous current the inductor current never falls to zero [16].
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Figure 2.23. Single channel boost converter [5].

For a single channel boost converter

Viton = (Vo — Vidtoss

(2.3)
from which
Vo 1
Vv, 1-D
(2.4)
where ‘D’ is the duty cycle
ton and t,r are the ON and OFF times respectively
The relationship between the converter input current I; and the output current I, is
I
—=1-D
i (2.5)

Under light load conditions, the load current is low and so is the current in the inductor L;.
The energy store in the inductor during the ON period may not be sufficient to maintain its
current during the OFF period. Hence the inductor current reaches zero before the end of
the OFF period and becomes discontinuous. The converter is thus said to be operating in

the discontinuous mode.

Two-Channel Boost Converter

The topology for a two-channel interleaved boost converter is shown in Figure 2.24. There
are two parallel converter channels in the circuit both composed of inductor, switch and

diode. They both share the same filter capacitor.
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Figure 2.25. Input current ripple [16].

I e

0

2Ts

I

I =+l

T2

Ts 2Ts

35

t

Figure 2.26. Analysis of input current

ripple in a two channel interleaved

converter [16].

The gating signals for both the switches are identical but shifted by % = 180°where N is

the number of parallel channels. The total input current i;, which is the sum of the two

inductor currents i;; and i;, has the following properties.

e The average DC component of the input current (I;) is twice that of the individual

inductor (I; =1I;; +1;,). Since the input and output voltages for the parallel

converters are the same, each channel handles only half of the total power of the load.

e The peak-to-peak input current ripple A I; is smaller than that in the individual

channels due to the use of interleaved technique and this helps to reduce the volume

of the input filter.

e The frequency of the input ripple current is twice that of the individual channels. In

other words, the equivalent switching frequency of the interleaved converter is twice

that of each channel.



36

The Input Current Ripple in Figure 2.25 shows a very interesting characteristics when
the duty cycle is varied from about 0.35 to 0.5 the ripples in the two inductor currents i;,

and i;, cancel each other and do not reappear in i;, thatis, A I; = 0.

The Output Voltage Ripple

One of the main benefits of the interleaved converters is the reduction of the output ripple.
In the two channel converter, the two parallel converters share the same capacitor € which
makes the analysis a bit tedious. Figure 2.26 shows the results for the relative output
voltage ripple voltage for the two channel converter (assuming that the converter operates
in the steady state). The relative voltage ripple for the single channel converter is also

shown in the figure [17, 22-24].

2.2.1.4 Voltage Source Converters

This is probably the most widely used converter in the wind power industry. Figure 2.27
shows a simplified diagram for a three-phase, two-level voltage source converter. The
converter is composed of six switches which mostly are IGBT’s or IGCT’s depending on the

power rating of the converter.
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Figure 2.27. Three phase VSC - converter

topology [5]. AC Grid DC Load
Figure 2.28. VSC in inverter and rectifier
mode [5].

When the converter transforms a fixed DC voltage to a three-phase AC voltage with a

variable magnitude and frequency for an AC load it is called an inverter as shown in part
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(b) of the Figure 2.28.When the converter transforms a AC grid voltage with fixed
magnitude and frequency to and adjustable DC voltage for DC load it is called a Rectifier
shown in part c. In either of the cases the power flow is bidirectional. In WECS this
converter is used as a grid side converter. We are going to see the PWM schemes for the

two level converters.

In our converter topology the voltages denoted by V,,V;, and V.. They can attain a value of
+0.5 V;. when the upper switch is operating and —0.5 V;. when the lower switch is
operating. Consider the phase voltages applied to the as Vyy, Vgy, Ve @as shown in the

detailed version of the three phase inverter [5, 17, 22].

The relation between leg voltage and switching signals are
Vie =SVac;keA, B, C (2.6)
Where S;, = 1 when the upper power switch is ‘ON’ and S, = 0 when the lower switch is

lONJ

Sinusoidal PWM

If Vjq » Vimp » Veqare the three-phase modulating waveforms and v, is the triangular carrier
signal, then the operation of the switches is determined by comparing the modulating
waves with the carrier wave. The waveform is shown in Figure 2.29. The fundamental-
frequency component in the inverter output voltage can be controlled by the amplitude-

modulation index

(2.7)

where V,, and V., are the peak values of the modulating and carrier waves, respectively.
The frequency modulation index is

_fer
fm (2.8)

mg
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Figure 2.29. Sinusoidal pulse width modulation (SPWM) [16].

When v,,, > v, the upper switch in the inverter leg a is turned on and the other switch is
always OFF. Similarly when v,,, < v, the lower switch is ON and the other switch is

complementary of that and the resultant voltage v,,will be zero.

Since v,y has only two levels, this converter is often called a two-level converter. Once we
have v,y , vy , Vey We can calculate the inverter line to line voltage by v,, = von — Vpn-

The switching frequency can be found from fgy, = for = frp *xms .
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for Sinusoidal PWM.

= Figure 2.31. Block diagram for Sinusoidal
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Third-harmonic Injection Carrier-based PWM

The output voltage using the SPWM is limited to 0.5 V. If the SPWM technique is used in
motor drive applications, the available voltage may not be sufficient to run the motor at a
rated condition. In this situation, the machine needs to be derated and a reduced torque is
produced. To enhance the output voltage from the PWM inverter using carrier based
scheme, third-harmonic injection, shown in Figure 2.33 in the modulating scheme is done.
It is shown that by adding an appropriate third harmonic component of the modulating
signal in the fundamental modulating signal leads to a reduction in the peak of the resultant
modulating signal, Hence the reference value of the resulting modulated signals can be
increase beyond 0.5V,;. and that leads to the higher output voltage at the inverter. The
injected third-harmonic component in the modulated signal or reference leg voltages
cancels out in the legs and does not appear in the output phase voltages. Thus the output
voltage does not contain the undesired low-order harmonics. The optimal level of the

third-harmonic injection can be determined by considering the modulating signals:

Vim O = f"f ) I :D
S al
L
Vom O - M
“ T
E
11C'mc ot R .+( ) J_ :D
Y VY _§
[ 3" Harmonic

/N

Carrier signal

Figure 2.33. PWM with 3rd harmonic injection.

Vam = Vi sin(wt) + Vp,3sin(3wt) (2.9)

21
Vem = Vi sin (Wt - ?> + V3sin(3wt) (2.10)
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_ 2n _
Vem = Vip sin (Wt + ?) + Vinzsin(3wt) (2.11)

For the SPWM without harmonic injection, the fundamental peak magnitude of the output
voltage is 0.5Vy.. It is noted that the third harmonic has no effect on the value of the

reference waveform when = (2k + 1) g, since sin(3(2k + 1) g) for all odd k. Thus the third

harmonic is chosen to make the peak magnitude of the reference equation occur where the

third harmonic is zero.

The reference voltage reaches a maximum when

dvam . .
Twe sin(wt) + V,,3 sin(3wt) = 0 (2.12)
which yields
1
Vinz = —3Vm cos(g) forwt = g (2.13)
_ 0.5V 4c _T
Vm1 = sin(g) forwt = 3 (2.14)
Vinz = —% mi cos(g) for wt = g (2.15)
Therefore, we have
__0.5Vg _T
Vs = oy forwt =3 (2.16)

Thus the output fundamental voltage is increase by 15.47% of the value obtainable using
simple SPWM by injecting 1/6th third harmonic originally.
Space Vector Modulation

Space vector modulation is one of the real time modulation schemes used for the digital

control of voltage source converters.

Switching States

We will denote the switches’ “ON” state, where the switch is closed as 1 and the switches’
“OFF” state where the switch is open as 0. As indicated in the table the switching state O

denotes that the upper switch in leg is ON and the switching state X means that the lower
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switch in the leg is ON and the inverter terminal voltage is zero due to the conduction of the

lower switch [2

5].
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Figure 2.34. Pulse generation for the 3rd harmonic injection PWM scheme and
Output voltage waveforms of a 3rd harmonic injection PWM scheme.
Table 1. Switching state in a 2-level VSC
Switching Lega Legb Legc
state
51 S4 Van S3 Sb Vn Ss S2 Ven
0 1 0 Ve 1 0 Ve 1 0 Vac
X 0 1 0 0 1 0 0 1 0

The eight possible combinations of switching states in the two-level inverter are listed in

the Table 1. Switching state in a 2-level VSC
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The active and zero switching states can be represented by active and zero space vectors,

respectively as shown in the Figure 2.35, where there are six active vectors 71) to 76) form a

regular hexagon with six equal sectors (I to VI). The zero vector lies in the center of the

hexagon.

- SECTOR II
V3 1By V2

SECTOR I SECTORII
vi v,
V4 ! > O
OPP POO
SECTOR IV SECTOR VI

Vs SECTOR YV

Figure 2.35. Space vector diagram [5].

Table 2. Space vectors, switching states, and on-states switches

Space Vector Switching state On-State Switch ~ Vector definition
— [111] $1,83,55 —

Zero Vector Vs [000] SuSe,S, Vo=0
— 2
V1 [100] 51’56' Sz Vl = §VdC€]
— 2 jn
VZ [110] 51,53,52 V2 = §Vdce3
— 2 j2m
V3 [010] 54,53,52 V3 = _VdCe 3

Active vector % JEL:
A [011] S4,53,55 v, = gVdceT
—» 2 ajn
Vs [001] S4, 56, S5 Vs = §Vdce 3
— 2 sjn
V6 [101] 51’56'55 V6 §Vdce 3

Assuming balanced operation of the inverter, we have
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Ua(t) + v, (1) + v(t) =0 (2.17)

where v, , v, V. are the instantaneous load phase voltages. It is possible to transform the

three phase variables to two phase variables through park’s transform

[U“E 3 [ vy () (2.18)
g - _J Ve (t)
A space vector generally expressed in terms of two phase voltages in the aff frame
v(t) = v, () +j vp(t) (2.19)
Substituting
v(t) _Z [va(D)e’® + v, (t)e/?™/3 + v (t)e/*™/3]
3 ta b ¢ (2.20)

where e/* = cosx + jsinx and x = 0,2?” or 4?7:. For the active switching state [100], the

generated load phase voltages are

2 1 1
v (t) = 3 Vac , vp () = —3 Vac and v (t) = —3 Vac (2.21)

The corresponding space vector, denoted as T/l , can be obtained by substituting eqn (2.21)

into (2.20)

2
Vi =3 Vace’” (2.22)

The zero vector 17)0 has two switching states [111] and [000], one of which is redundant and
these are used to minimize switching frequency of the inverter. The zero and active vectors
do not move in space and are referred to as stationary vectors. The reference vector

Uresrotates at an angular velocity

w = 2nf (2.23)

where f is the fundamental frequency of the inverter. The angular displacement between

Uy and the a-axis of the @ — 8 frame can be obtained by
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t
() = f w(t)dt + 6, (2.24)
0

For a given magnitude and position, v,.r can be synthesized by three nearby stationary

vectors, based on which the switching states of the inverter can be selected and the gate

signals can be generated. When v,..r passes through the sectors one by one, different sets of

switches will be turned on or off [5, 26].

Switching Sequence

When the space vectors are selected the next time is to arrange the switching sequence.

The switching sequence should satisfy two requirements

¢ The transition from one switching state to the next involves only two switches in the
same inverter leg, one being switched on and the other switched off
e The transition of ¥, moving from one sector to the next requires minimum number

of switchings.

Figure 2.36 shows a typical seven-segment switching sequence and inverter output voltage

waveforms for ¥,.. ¢ in sector 1 where ¥, is synthesized by V,, Vo, V.

T -
Voo Vi Vo o Vo V2 0 VY |
00d POO | PPO | PPP | PPO | POO (00O
L I v e N
} | \ IVdc \ | |
O‘ | | | | .
| | | | | ‘w
‘ | | | | ‘
Vour Ve -
T =
\ | \
I G .
O; | I I | | | |
| | | | | | | |
| | | | | | | |
Vab | | | |
} Ve } } }
ol |
! : i i : o
Tor Ta 0 0 To o T v Ta 1 Tof
4 2 02 12 0 2 12 14l
}4—#4—#4—»H—ﬂ<—ﬂ<—ﬂ<—n‘
} Ts (

Figure 2.36. Seven-segment switching sequence for Vref in sector I [5].
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Figure 2.37. Block diagram for computer simulation and real time digital implementation
of the SVM algorithm|[5].

SIMULINK Implementation of the SVPWM Scheme

The simulated waveforms for the inverter output voltage and the load current are seen in
Figure 2.38. The inverter operates under the condition of f; = 60 hz, f5,, = 1980 hz, and
m, = 0.8 with a rated three-phase inductive laod. It can be obeserved from the wave for m
that the inverter line-to-line voltage v,;, is not symmetrical; therefore it contains even-
order harmonics such as 214, 4ht, 8th and 10th, in addition to odd-order harmonics. The total

harmonic distortion (THD) of v, is 56.1%.
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Figure 2.38. Inverter output waveforms produced by SVM scheme with f;=60 hz, f;,, =
1980 hz, and m,=0.8.
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Figure 2.39. Harmonics spectrum.

2.2.1.5 Multi-Level Inverters

The three phase voltage source converter (two-level) is by far the most common DC-AC
power converters in practice. Recently multi-level inverters have gained a lot of interest.
Multi-level inverters offer better performance than two level inverters but they are more

complex and costly.

These multi-level inverters can be classified as 3, 4, and 5 level inverter of these the three
level inverter the neutral point clamped (NPC) inverter has found with practical
applications. The main features of the NPC include reduced THD in its output voltages in

comparison to the two-level inverter.
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Three Level Neutral Point Converter
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Figure 2.40. 3-level NPC inverter [5].

Figure 2.40 shows the simplified diagram of the NPC converter. The obvious difference
from the 2-level inverter and the NPC converter is that NPC has four active switches in each
leg with four antiparallel diodes. In practice either an IGBT or IGCT can be employed as a
switching device. On the DC side a DC bus capacitor is split into two providing a neutral

point. The operating states of the switches of the NPC are represented in the Table 3.

Table 3. Switching states in a NPC.

o Device Switching states (Phase a) Inverter terminal voltage
Switching state
1 S2 S3 Sa Vaz
0 1 1 0 0 E
X 0 1 1 0 0
Y 0 0 1 1 —E

Switching state O means that the upper two switches in leg a are ON and the inverter
voltage v,y is +E where as Y indicates that lower two switches conduct leading to v,y =
—E. The switching state X indicates that the inner two switches S,and S; are ON and the
Vgy Is clamped to zero through the clamping diodes. Figure 2.42 shows the line-to-line
voltage waveform is obtained. The inverter terminal voltages v,y, v,y, Vcny are three phase
balanced with a phase shift of 120°. The line-to-line to voltage can be found from v, =

Van — Vpn)[17, 22, 24, 26].
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Space Vector Modulation

Taking all the three phases into account, the inverter has a total of 27 combinations if
switching states (33 - even though the converter has 4 switches in one leg only three are
use). The principle of the space vector modulation for the NPC, shown in the Figure 2.41 is
the same for the two-level but the implementation is complicated. The simulation
waveforms and the harmonic analysis are shown in Figure 2.42 and Figure 2.43. The only

difference is that now for any given position in space the reference vector v, can be

synthesized by three vectors [27].

Figure 2.41. Space vector diagram [5].
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Figure 2.42. Simulated voltage waveforms of the NPC inverter (f;=60hz, T;=0.1sec,
fsw=1080 hz and m,=0.8) (a) Line-to-neutral voltage, (b) line-to-line voltage.
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2.2.1.6 Current Source Converters

The freewheeling diodes used in the voltage source converters become redundant if an
inverter is supplied from a DC current source instead of a voltage source. Then the current
entering any leg of the inverter cannot change its polarity and therefore through the

semiconductor switches.

+g - -

"~
Thy Ths Ths
G, Ci

T -
D, ICL h 47 D.
—> ia
Vae * B . :: ::’
0. . A £ ¥ D,
i

v

G ;Z The Th,

Figure 2.44. Three phase current source inverter [28].

The absence of the freewheeling diodes reduces the size and weight of the circuit and
further increases the reliability of the current-source inverter. The practical current source

consists of a controlled rectifier and Inductive DC link.

Figure 2.44 shows the typical simplified current source converter. Here in CSC’s the
simultaneous conduction of both the switches in an inverter leg is allowed then, 260 =64
states of the inverter are possible and six switching variables, one for each switch can be
defined. The switching patter design for the CSI should generally satisfy two conditions: (1)
the DC current i .should be continuous and (2) the inverter PWM i,,, should be defined. In
other words there are only two switches conducting: one in the top half of the bridge and

the other in the bottom half [17, 22, 24, 26].

Harmonic Elimination PWM Method

With only one switch turned ON the continuity of the DC current is lost and if more than
two switches are ON simultaneously, the PWM currenti,,, is not defined by the switching

pattern. Selective harmonic elimination (SHE) is and offline modulation scheme, which is
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able to eliminate a number of low-order unwanted harmonics in the PWM inverter
current i, . Figure 2.45 shows a typical SHE waveform. There are five pulses per half cycle
with five switching angles in the first 180°. However the first two angles, 6; and 6, are

independent. Given these two angles, all the other switching angles can be calculated.

s L 1T

Flgure 2.45. Selective harmonic elimination scheme (SHE) [5].

b2
1

AR

The two switching angles give two degrees of freedom which can be used to eliminate two
harmonics in i,,, without modulation index control or eliminate one harmonic and provide

an adjustable modulation index m,. The first option is preferred since the adjustment if i,
p—1
S

is normally done by varying i;.. The number of harmonics is then given by k = N

To determine the switching angles such as 8, and 8, for harmonic elimination, Fourier
analysis used to obtain set of nonlinear equations. These equations can be solved by

numerical methods [16, 26].

Space Vector Modulation (SVM)

In addition to the SHE scheme, the current source inverter can also be controlled by space

vector modulation (SVM)

Space Vectors
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Figure 2.46. Space vectors [5].
Switching States

As stated earlier the PWM switching pattern, given in the Table 4 for the CSI must satisfy
the constraint that only two switches in the inverter conduct at any time instant, on in the

top half of the CSI bridge and the other in the bottom half.

The space vector diagram for the CSI is as shown where 71 to 76 are active vectors and fois
the zero vector. As seen for the VSC, the active vectors form a hexagon with six equal
sectors, whereas the zero Vector70 lies at the center of the hexagon. Assuming that

operation of the inverter is balanced

iaw(t) + ibw(t) + icw(t) =0 (2 25)
Table 4. Switching states of CSI.
TYPE Switching ON _ Inverter PWM l. Space Vector
state state law ipw icw
(1' 4) Sll 54
s%cztrgs (3,6) 53,56 0 0 0 I 0
(,2) S5, Sy
(6' 1) 56'51 Idc _Idc 0 I
(1' 2) 51'52 Idc 0 _Idc 12
2 _ -
Act states (2,3) 5253 0 fac lac 5
(3' 4') S3»S4 _Idc Idc 0 Iy
(4,5) S4,Ss —Iac 0 Igc Is

(2' 6) 52'56 0 _Idc Idc 16
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where iy, (t), ipy (t), iy (t) are the instantaneous PWM output currents in the inverter
phases a, b, c. These three phase currents can be transformed into two-phase currents in

the aff frame

1 |[iaw (©)

-
| lbw(t)
[ f _\/: [lcw(t) (2.26)

A current-space vector can be generally expressed in terms of the two phase currents as

o] =5

() = iq +jig

(2.27)
substituting (2. 27) in (2. 27)
- 2 : jo : j2m/3 : jam/3
() = 3 [iaw(®)e’® + ipy (e + iw(t)e ] (2.28)
where e/* = cos x + jsinx and x = 0 2 or 2. For the active switching state [100], the
generated load phase voltages are
law(t) = lgc, ipw(t) = — Igcand i, (t) =0 (2.29)
The corresponding space vector, denoted as fl,can be obtained
I, = ild UL (2.30)
\/§ C
Similarly 5 other vectors can be derived and the active vectors can be expressed as
s 2 . T T
.= —] el((k—l)g—g)
T3 (2.31)

PWM Current Source Rectifier

The Figure 2.47. PWM current-source rectifiershows a PWM current source rectifier (CSR)

in a wind energy conversion system. Like the current source inverter (CSI), the PWM
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rectifier a filter capacitor C, to assist the commutation of switching devices and filter out
current harmonics. Both the selective harmonic elimination (SHE) and space vector

modulation (SVM) can be used for the CSR.

'Ld E.a'
- + + — + 3
&1
:@.ﬁ, i % iss
J-||.'
L _,.1

77

Llity ¢ J— =

. =
Supply ; 5 ; 5, ;S:

Figure 2.47. PWM current-source rectifier [29].

The DC output voltage v, of the rectifier can be adjusted by two methods: modulation
index m, control and delay angle («) control. The operating principle of delay angle control

is the same as that of phase-controlled SCR rectifiers.

The input active power of the rectifier can be expressed as

P, = 3V 1l c05 (2.32)

where V,; the fundamental-frequency rms phase is input voltage and /,,,; is the PWM input
current of the rectifier. The delay angle a is defined as the angle between V,; and I,

respectively. The DC output power is given by

Pic = Vaclac (2.33)

2.2.1.7 Control of Grid Connected Inverter

Most commercial wind turbines today deliver the generated power to the electric grid
through power converters and hence the gird side inverter is the most important device in

the power conversion system. It is desirable to send optimal power to the grid with
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controllable power factor or voltage and to have harmonic performance satisfying the

system grid. The grid side inverter, as a main component, must possess these features.

L
.. V
i tegllo * N
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Vai(Vi) i
Vii Iy Vi,
'é) Kk | CT Ve bp— rn———(~)—¢n
% ) -
Y YN\
GB .
Wind ]
Generator J Jﬁ} JS} Grid

Grid-tied Inverter
Figure 2.48. Grid tied Inverter [5].

A typical grid connected inverter for wind energy applications is shown in Figure 2.48.

Grid tied Inverter where a two level converter is used in inverter mode.

If the wind energy system is simplified to a system shown in figure where the wind turbine,
generator and is replaced by a battery in series with a small resistance that represents the

losses in the system. The active power transmitted to the grid can be calculated by

P, =3V,
g = 3Vglgcoseg (2.34)

where ¢ is AVQ - AE
It is often expected by the grid operator that a wind energy system provide a controllable

reactive power to the grid to support the grid voltage in addition to the active power

production [5, 30].

Voltage Oriented Control (VOC)

The grid connected inverter can be controlled by various schemes and one of these
schemes is voltage oriented control. The control algorithm is implemented in the grid
voltage synchronous frame, where all the variables are of DC components in the steady

state. This facilitates the design and control of the inverter.
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Figure 2.49. Simulation model of voltage oriented control.

To realize the VOC, the grid voltage is measured and its angle 6, is detected for the voltage

orientation and this angle is used for transformation of variables from abc frame to the dq

synchronous frame or vice versa. Assuming that the grid voltages, v,4, Vpg, V-4 are three

phase balanced sinusoidal waveforms, 8, can be obtained from

18 (2.35)

va
and v, and vg can be obtained by the abc to aff transformation

0

gztan

2 1 1
Va =3 ("ag Vg T E”Cg> = Yag (2.36)
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U,B = § 7vbg - 71769 = ?(vag + vag) (2 37)

2 («/5 V3 ) V3
In practical systems digital filters or phase locked loops (PLL’s) are used for detection of 6,
by filtering out the harmonics. There are three feedback control loops in the system: two
inner current loops for the accurate control of the dg-axis currents i;, and igg4, and one
outer DC voltage feedback loop for the control of DC voltage v,4.. In the VOC scheme, the
three-phase line currents in the abc stationary frame iyg4, ip4 andi.4 are transformed to
the two phase currents iy, and iy, in the dq synchronous frame, which are the active and

reactive components of the three-phase line currents and the independent control of these
two components provides an effective means of independent control of system active and

reactive power [5, 30-32].

To achieve the VOC control, the d-axis of the synchronous frame is aligned with the grid
voltage vector, therefore (vdg = vg), and the resultant g-axis voltage v, is then equal to

zero. Now the active and reactive power can be calculate by

. . 3
By = E(vdgldg + Vagleg) = 5 Vdglag (2.38)
3 . . 3
Qg = 2 (Vaglag = Vagieg) = — 5 Vaglag (2.39)

The g-axis current reference iz, can then be obtained from

. Qg
= T Tisu, (2. 40)

where Qy is the reference for the reactive power.

The d-axis current reference iz, which represents the active power of the system, is
generated by the PI controller for DC voltage control. When the inverter is operated in
steady state, the DC voltage v, of the inverter is kept constant at a value set by its

reference v* ;.. Neglecting the losses in the inverter
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3 .
Fg = 5 Vaglag (2. 41)

As we know that the power flow between the inverter system is bidirectional, the control
system will automatically switch between two operating modes. The average DC voltage
V. of the inverter is set by its reference v}, and is kept constant by the PI controller[5, 30-

32].

_ VoV

*
Vdc -

(2.42)

a

where V,; is the rms value of the fundamental frequency component.

The operation of the grid tied inverter with VOC is analyzed through a case study. We have
considered a 2.3MW/690 V grid tied inverter. This inverter is controlled with a VOC scheme
as shown in the Figures 2.50 to 2.53. The DC reference voltage is set to 1220V.

The waveforms show the phase-a grid voltage v, , the phase-a current and the space angle
6,. When v, rotates in space, 6, and v,, varies from zero to 2m periodically. When 6, is
equal to zero, v4, reaches its peak. The transient current and voltage waveforms also can

be seen. The inverter initially delivers rated active power to the grid and zero reactive
power. We can see the current waveform for the d — axis current, i;, because the g — axis

current, i, is zero.
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Reducing the battery voltage to such an extent that the active power to the grid is reduced
to 0.8pu (i.e 80 percent of the rated power), leads to the reduction of the d — axis current
(the g —axis current remains unchanged) and also the magnitude of the phase-a grid

current i, is reduced, but kept out of phase with the voltage.

The state equations for the grid-side circuit of the inverter in the abc stationary reference

are expressed as

dig

dt = (vag - vai)/Lg (2.43)
digg

dt = (Ubg - vbl')/Lg (2 44)
digg

dt = (vcg - Uci)/Lg (2 45)

Transforming the equations into the dq synchronous reference frame

diag _ vdg — Vgi + (Ungiqg
dt L, (2. 46)

diqg _ vqg - qu + (A)ngidg
dt L, (2.47)

where w, is the speed of the synchronous reference frame and wyLg;ig, and wyLyiyg are the

induced speed voltage s due to the transformation of the three-phase inductance L.

Observing the equations (2. 48) and (2. 49) we understand that the derivative of the d-axis
line current iy, is related to both d-axis and g-axis variables, as in the g-axis current iy.
This indicates that the system is cross-coupled, which may lead to difficulties in controller

design and to solve this problem we can implement decoupled controller.

digg _ (kl + %) (i:ig - idy)

K2\ [« ,
diqg _ (kl + ?) (lqg - lqg) (2 51)
dt L

g
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Equations (2. 52) and (2. 53) indicate that the control of the d-axis grid current is

decoupled, involving only the d-axis components, as is the g-axis currents i .

2.3 Summary

This chapter introduces various topologies of wind energy systems based on Induction
generator, permanent magnet synchronous generators and double fed induction
generators. An overview of these systems is presented in this chapter. These systems
include the basic single speed, two speed and the more advanced and the practical variable

speed systems. All these three system are explained with the respective generators.

After this, the power electronics systems used in the wind energy systems is explained in
detail. The power electronics systems include AC voltage controllers, DC-DC converters and
the most important of all, the voltage source converter (rectifier and inverter). The AC
voltage converters are basically used as soft started, to reduce the heavy in-rush current
while starting of the Induction generators. The DC-DC converters explained are used as
buck or boost converters in the wind energy systems. The three phase voltage source
converter which is used in every wind energy systems is explained in detail. The switching
strategies for the VSC such as sinusoidal pulse width modulation (SPWM), sinusoidal pulse
width modulation with insertion of the third harmonic and the widely used space vector
pulse width modulation (SVPWM) technique are discussed in detail with their control

strategies. The converters and their strategies are analyzed through computer simulations.

Further the grid connected inverter and the control strategy for the grid connected
inverter, voltage oriented control is explained. The control strategy is analyzed by
simulating the converter using a 2 MW induction generator. The same control strategy is

used in later chapters
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CHAPTER 3 Wind Energy Systems with Induction
Generators

3.1 Introduction

The induction generator with its lower maintenance demands and simplified controls,
appears to be a good solution for wind energy generating operations. Because of its
simplicity, robustness and small size per generated KW the induction generator is favored
for wind power plants. Standing alone the maximum power does not go above 15kW, but
when connected to the grid or to other sources it can reach upto 100kW and custom made

wound-rotor schemes enable even higher power.

The interfacing the squirrel cage induction generator is not recommended because it
transmits all the fluctuations and transients to the grid. The voltage and the frequency and
the reactive power must be adjusted according to the grid in order to transmit the power
from the renewable source to the grid. In squirrel cage induction generators (SCIG) wind
energy conversion systems, full converters are needed to adjust speed of the generator in
order to extract maximum power available from wind. A typical configuration of the wind

energy system employing a SCIG is shown in figure [5].

3.2 State Space Modeling Of The Induction Generator

Induction machines can be either Induction generators or Induction motors, both are
described by the same set of voltage and torque equations. Steady state model of the
induction generator neglects electrical transients due to load changes and stator frequency
variations. Such variations arise in applications involving variable-speed drives. Variable-
speed drives are converter-fed from finite sources, which unlike the utility supply, are
limited by switch ratings and filter sizes. Thus, we need to evaluate dynamics of converter-
fed variable-speed drives to assess the adequacy of the converter switches and the
converters for a given generator and their interaction to determine the excursions of

currents and torque in the converter and generator. Thus, the dynamic model considers the
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instantaneous effects of varying voltages/currents, stator frequency and torque
disturbance. The transient phenomenon is difficult to model from an operational point of
view and the impact of self-excitation is more pronounced in generators with a heavier

load [33].

Transient state analysis of the Induction generator uses Park’s transformation. The Parks
transform specifies a two phase primitive machine with fixed stator windings and rotating
rotor windings to represent fixed stator windings (direct axis) and pseudo-stationary rotor

windings (quadrature axis).
The following system of equations describe the dynamic behavior of the induction machine
yabe yabe o |(igbey  d (aabe
{Vrabc} - [ 0 VrabCl {iﬁbc} * E{Agbc} (3.1)
Vab¢ — Stator winding's voltage vector
1,4P¢ — Rotator winding's voltage vector
i%P¢ — Stator winding's current vector
i4b¢ — Rotator winding’s current vector
A%b¢ — Stator winding's flux vector
A%b¢ — Rotator winding's flux vector

The relationship between the fluxes and rotor and stator currents is given by
{?\lslbc} — [L‘slic L‘slic] {ials)c}
)\?bc L‘ﬁsc L‘ﬁrc L-gbc (3 2)

where each term is either a 3-dimensional matrix or a three dimensional vector. Then the

vectors can be written as

Usa Vra Isq lra
Vs = Vsh yUr = Urb |, is =\|tlsp |, i‘r =1 b
vSC vT'C lsc l‘rc

(3.3)
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and the impedance matrices are

., 0 O
rsabc =10 T, 0] (3. 4-)
0 0 xr
7 0 0
rc =10 0] (3.5)
0 0 n
Lls + Lss Lsm Lsm
L3¢ = Lsm Lis+ Lgs Lsm (3.6)
Lsm Lsm Lls + Lss
Llr + er er er
L%?C = Lym Ly + Ly Lym (3- 7)
er er Llr + er
21 21\
cos(6,) cos (Hr + ?> cos (Hr — ?>
21 21
L3be = {13b}t = |cos (Hr - ?) cos 0, cos (Br + ?) (3.8)
21 21
cos <0r + —) cos (Hr - —> cos 0,
: 3 3
and hence torque on the rotor shaft
P O[L(6,)]
T = =[il' ——1i 3.9
where:
P- number of poles of the Induction machine
T- Torque of the Induction machine
L L
L(6.) = [ ss sr] ]
@)= 7 (3.10)

Equation (3. 9) expresses the torque developed by the induction machine at any time,
depending on the instantaneous currents circulating in each one of the six windings, and

the separation angle between the stator winding and rotor winding [33, 34] . Since
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L¢s and L, are not dependant on 6, the derivative of those terms is zero, and after

simplification of the equation can be written as

P -abe~t 0 N, rabc
= S, 5 e
rs

2 if«lbc l-;lbc

21 21\
sin(6,.) sin (Hr + —) sin <9r — —)

3 3
21 21 .
N&be¢ = —L_ Isin (6’r — ?) sin(6,) sin <9r + ?) (3-12)

21 21
sin (Br + ?) sin (Hr — ?) sin(6,.)

Since the rotor windings of the SCIG are short circuited, the only part of the generator

connected to the grid is the stator and because of this we get v#?¢ = 0. Therefore
Vsal;c _ rsabc Ob l:él}l:c N i )\?l;c
yapc 0  raoc|(igre dt (A%°¢ (3.13)

Parks transformation is basically a mathematical transformation used for the analysis of
three phase circuits. In case of balanced three phase circuits, Park’s transform reduces the
three phase AC quantities to two phase DC quantities and the calculations can be carried
out on these imaginary quantities before inverse transforming to recover the actual three-
phase AC results. But before transforming the three phase stationary axes to synchronous
rotating reference frame we need to transform these axes to two axis stationary frame by
Clarke’s transformation. Clarke’s transformation allows us to change the 3-

dimenstionsystem to 2-dimension system(abc to af3). The transformation is as follows
1 1 1
[ 3
22 {b} (3.14)
c

a —
ls) = i, & 4]
0 7 7
Park’s transformation describes rotation of a stationary system
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(o) - [ZZ?ZE?S) Z?{f((g:)] (s} (3.15)

The Parks transform can be directly used to convert the three phase stationary axes to two
phase synchronous rotating reference frame. These equations are actually a “shortcut” for

Clarke and Park transformation [35, 36].

(3.16)

3.3 Control Schemes For SCIG WECS

The main control schemes for SCIG wind energy systems are direct and indirect field
oriented control (FOC) and direct torque control (DTC). We analyze the steady state and

dynamic state performance of the Induction generator drive.

3.3.1 Direct Field Oriented Control

Field orientation is basically stator flux, air-gap flux and rotor flux orientation. Field
oriented control is the decoupled control of the rotor flux A, and the electromagnetic
torque T, of the generator to achieve high dynamic performance. Rotor flux orientation is
achieved by aligning the d-axis of the synchronous reference frame with the rotor flux

vector 4, .

q-a)iis _ ws
oo AV J, Sy deaxis

s

Rotor

Stator

lds

Figure 3.1. Rotor flux field oriénted control (d-axis is aligned with 4, ) [5].
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Therefore the flux components are

Agr =0 (3.17)

Aar = |42 (Agr)" =2, (3.18)

Substituting the above equation in the torque equation gives

T, = KT?\riqs (3.19)
3PLy,
3Ly ).

where K = (.

The stator current iz can be resolved into two components along the d-q axis. The d-axis
current iy is the flux producing current whereas the g axis currentiyis the torque
producing current and hence in filed oriented control iy, is normally kept constant and i,

is controlled independently. Another key factor in rotor flux oriented control is to

accurately determine the rotor flux angle 6. If the angle is obtained through the

measurement of generator terminal voltages and currents the method is known as direct

field oriented control and if the angle is obtained from

6, = 6, + 6y (3.20)

where 6, and 6y; are the measured rotor position angle and calculated slip [16, 37].

Figure 3.1 shows a typical block diagram of a direct FOC for SCIG wind energy systems. To
implement direct FOC the rotor flux magnitude A, and its angle 6, are identified by the
rotor flux calculator based on the measured stator voltages (v,s and v,g) and currents
(igsand ipg).

There are three feedback loops: one for the rotor flux linkage A,, one for the d-axis stator
current iy and another for the g-axis stator current iy For the rotor flux control, the
measure A, is compared to the reference flux Ay and the error is fed to a PI controller. The
output of the PI regulator yieldsi;,. The torque reference can be generated by the
maximum power point tracking scheme. From all the known values

- kT)\r

i (3.21)
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1220
I—> Va Va [ va Vdo* Vdc* (ref)

Qg*
L VD Gat Vi Vb
Gates ates labe {4 Adj
Vi Vo Vi
¢ G ¢ Vabc ‘-| Q*Q (reﬂ
PWM generato PWM generator Grid side
(Rotor) (Grid) controller

T I A
A J 1 LA
B B

c ) TI ) c  VabcH

Izbe

VSR VSi B gla

bla

H c c|o

|II|S % LT
ik abc 4 § dg-abc Lo
!
ale © sin_cos £ BJ]W_‘W'@—{"
v abc_dg c
mesurement — 690V 60Hz
pI_ABC Torque (Grid)
Flux
> V_abc
angle

Rotor flux calculator

ref

Figure 3.2. Direct field oriented control model with rotor flux orientation.

The feedback dq-axes stator currents i;s and i, are compared with the references and the
errors are sent to PI regulators to generate v;; and v, and these dg-axes voltages are
transformed to three phase stator voltages v, , v, and v in the stationary frame through
the dq/abc transformation block. Both the carrier based modulation or the space vector
modulation techniques which we discussed in the Section 2.2.1.4 can be used to generate

gating signals for the rectifier [24, 38-40].
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3.3.2 Rotor Flux Calculator

1
v_q Lt il f e
vabc )
1 . K w1
V_abc: v_d O s f '?‘ e+ Torque
"J - q
DQ-AB
AN
Fy
I_q
1 ——l_abc
|_ABC I.d
AB-DQ »R Jul
E_‘L "r Flux
—>I>—> | s p
angle

Figure 3.3. Simulation model of the rotor flux calculator.

3.3.3 Dynamic and steady state Analysis of Direct FOC WECS

The speed of the turbine is increased from zero to its rated value by wind, at which the step
rotor flux reference is applied. The rotor flux starts to build to build up, and when it
reaches a rated value a step torque reference is applied. The wind energy system then

delivers its rated power to the grid at the rated wind speed.

After the start-up transients of the generator, when the wind is at its rated speed the wind
energy system starts operating in steady state. Included are the waveforms for the phase-a
PWM stator voltage v,,, the fundamental-frequency stator voltage v,4; , stator current i,
phase-a rotor flux linkage 4,,- and dq- axis stator currents shown in Figure 3.4 to Figure

3.7).
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Figure 3.4. Fundamental frequency stator voltage v, .
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Figure 3.5. Stator current i.

15

| lading

= 10"



73

P | |
i
|
|
S |

—mm e

|

i

i
et o

i

i

i

7106 Wh

|
I
I
-
i
|
|
-
|
I
|

~

—_

—_———de L
)

L
B Bt e

|
I
I
=4
i
|
|
|
I
|

N I A N

il
1
1

————
i
i

A= —m———————

_———

B e e e e iy B

(I —

|
i
! !
S IS S W S—
i
|
I

N S Y O A
4y -

Fo———m———— -

|

e e o i e T

Fet-—————

o e e e e e

- r

- r

[
[
———————— e
l
1

———————————

e

q
|
|

1
I
i
1

A e ]

o

.

F Y- S ——

b - ) I —

L

(14 -|.___________

o-——d————J_

emsb—__L__ |4\

(G xn|4

B e et B

.- .

-3.0

Fem————————

Time (secs)

Figure 3.6. Phase-a flux linkage 4.

<
i} <
m i i 2
T ._ B
=T I i | i | i — &
=T | i | i | i i =t
— | i | i | i [—
- | | | | | | 1 -1
) i | | | | | | ==
R SR AR RN S | I Ty M
s | | “ | “ | [ ——
= i | | | | =
.nln_rlH I i ! i “ i [——
= | =
- | i “ i “ i e
I e D IS P P R, - | R ey pp——
= | T | r | [
- | | “ | “ | [ i
= i | | | | =
| i
= | | [ | ! | R
|._n — | i “ i “ i [ -
= | | | | |- |
Tllll.lul.b...lll._ullllﬂllll..llllu_ ||||| |ttt e i sty
s - | i | i | i [
P — | | | | ! | [—
e | “ | “ | I -1
= | | | | o
.-..I._.“|..- | i “ i “ i = N
- S S N - IR T, [ Sum—
| | | | [ | [—
— | i " i " i [
== | | | [—]
...||._|._..H,_. I i ! i “ i [
. i | | | | |
-__ | | | | [ | | 1
||||| e T T SN [ PR S B —
| i ! i | i 1 ==
T | i | i | i | = i
. | i | i | i | =_
e, | | “ | “ | | |
s | | | | | i
||u_.. | | “ | “ | I “\
e =l el Rt Sy el i Rt Ry
| | | | | | | = 1
b | i | i | i Jam—’ I
B - | i | i | i [——
== | | | | | [—]
= | “ | “ | [——1
| | | | | i
TIIII._._U]IWHI._uIIIIﬂIIIIJIIIIJ IIIII | iy i gl
T | i | i | i [ N
=t | | “ | “ | [——
e — i | | | [
| i “ i “ i [ i
— | | | | ==
..n__njlﬂl | i | i | i [
IIIII e e H e B e it Dl
T | | | | | | [
== | | “ | “ | [ il
= i | | | | T
d— | | | | | | | 1
— | | | | | | 1" ol
.—.lllh... | i | i | i |
IIIIH_IFII-.ITIIII..IIII._FIIIIJ ||||| "|||||T||||T.-||u.|1|||J.-
——— i | | | [P
T | | | | | | [
P | i | i | i [—]
| | | | | | | -
Lﬂ.WIllrr | | " | " | [ A
- ] ] ] ] = 1
- e | i 1 | ] 1 L |
; s F B 8
#8508 B O F

4500

1500

Time (secs)

Figure 3.7. dg-axis stator currents



With the rated parameters (given in appendix), the input impedance is

Z _ Rs +les +ij

s = = 0.1838.152°6 Q
(?-l']Xls)

The rms and the peak values of the stator current are

_ W )
I, == =121682 —152.6
Zs

i = V2 x 2168 = 3066 A

The rotor current can be found from
Y o

= e = 2030.82 — 167.6°
JXm + (? + jXir)

The magnetizing flux linkage is calculated by

Ay, = (s — )L, = 1.21682 — 83.9°Wb

The rms rotor flux linkage is

A= A, — L, I, = 1.2096 2 — 77.7°

The peak rotor flux is then given by

A, = V27, = 1.7106 Wb

74

(3.22)

(3.23)

(3.24)

(3.25)

(3.26)

(3.27)

(3.28)

The dg-axes stator currents (rms) can be determined by using the phasor diagram for the

steady state operation of the generator
Iys = I cos(2I, — 24,) = 2168(—74.9°) = 564.8A

Iys = Igsin(2l; — 24,) = 2168(—74.9°) = —2093A

The current peak values are given by

(3.29)

(3.30)
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igs = V214 = 798.7 A (3.31)

igs = V21,5 = —2960 A 3.32)

The theoretical results are confirmed by the simulation results shown above.

DYNAMIC ANALYSIS

In this analysis, the transients of a 2.3 MW/690V SCIG wind energy systems caused by a
step change in wind speeds is investigated. We assume that the wind speed increases from
8.4m/sec to 12m/sec. The system is initially operating with a rotor speed of 0.7 (wind
speed of 8.4 m/sec) and we analyze the system transients when wind speed suddenly
increase to 12 m/sec. Initially the system operates at 0.7 pu rotor speed, at which the
mechanical torque T,, is -7222.6 Nm (generating mode). The electromagnetic torque
produced by the generator T, contains ripple caused by harmonics in the stator current,

but its average value is -7222.6 Nm which is equal to Ty,.

When the wind speed suddenly increases to 12 m/sec, the turbine mechanical torque T, is
instantly increased from -72226 Nm to -14,740 Nm shown in Figure 3.8 but the mechanical
speed of the generator cannot change instantly as shown in Figure 3.9 and hence the T,
produced by the MPPT scheme remains constant and hence the generator electromagnetic

torque remains unchanged shown in Figure 3.10.

After T,,, has increased the difference between T,,, and T, accelerates the generator and the
rotor speed increases accordingly. After a period of time the system reaches the steady
state. With the rated wind speed, the generator operates under the rated conditions with
the rated torque and the rated stator current. The waveforms of the dq - axis stator
currents, iz and igs) are also given in the Figure 3.11. With the rotor flux feedback control,
the d — axis stator current iy, is kept constant during the transients which in turn makes
the rotor flux A, constant. The stator currents (izs =801.4A and i, = —1452.4A)

correlate with the steady state analysis done in the Section 3.3.3.
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Figure 3.9. Rotor speed.
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3.3.4 Indirect Field Oriented Control

Indirect Field oriented control is same as the direct FOC with only difference is the method

of obtaining the rotor flux angle. In Indirect FOC the rotor flux angle can be obtained from

Hf = f(Wr + wy)dt (3.33)

where w,the measured rotor speed and wy; is the calculated slip frequency
The slip frequency is obtained by [42]

L

W. =
sl trXr

iqs

~
w
w
~
L

1220
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Figure 3.14. Indirect field oriented control for an SCIG wind energy system.
A typical block diagram of the SCIG wind energy system with indirect FOC is shown in the

Figure 3.14. Observing the figure we can see that the rotor flux angle 6 for field orientation
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is obtained by measuring the rotor speed w, and calculating the slip frequency wg;. Similar
to the Direct FOC scheme there are are three feedback loops: one for the rotor flux
linkage A,, one for the d-axis stator current i4, another for the g-axis stator current i 4[43,
44]. The rotor flux reference A;. is set at a rate value and the actual rotor flux can be

obtained from
- (+pty) (3.35)

The torque reference T, is generated by the MPPT block and the g-axis current reference

[gs can be obtained from the torque equation [45-47]

*

_Te
KrAr (3.36)

igs =
3.3.4.1 Steady State Analysis of the Indirect FOC SCIG Wind Energy System

We consider the same Induction generator 2.3 MW /690 V SCIG wind energy system. The
rotor flux A, is kept constant at its rated value of 1.711 Wb by the FOC scheme. The d - axis

current can be calculated by

A
igs = L—r =801.4A

m (3.37)
The turbine mechanical torque is given by
— 2 - _ 2= —
Ty =Tmr X 0.7 = —14,740 x 0.7 7,222.6 kNm (3.38)
The g-axis current is calculated by
A
igs =—=28014A (3.39)
L,
s = e 145024 3.40
s T3pr AT ' (3.40)

The peak stator current can then be obtained by
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iy = [i2,+ 2, =1659.9A (3. 41)

The above calculated ig, iy and i are essentially the same as those obtained by

simulations.

The slip frequency can be determined by

RyLm .
wg = m igs = —1.2137 rad/sec (3.42)
The stator frequency can be found from
ws = wy + wg = 220.4 rad/sec (3.43)
From which the slip is
)
s=—L= —5588 x 1073
Ws (3.44)
The rms values if the stator current is expressed as
I_S_ i, = 1171.620°
V2200 (3.45)
with the generator impedance of
> _ , JXm o
Zs = Rs + jXs + g——— = 0.2349 £ 144.9
< + j X (3.46)
The rms stator voltage can be calculated by
Vs =15 Zs (3.47)
The magnetizing flux is
- i o
A= Ay — LD, = 1.2096 £61.1 (3. 48)

The rms rotor flux linkage can be obtained by

A, = A, — LI =1.2096 2 61.1°Wb (3. 49)



82

The angle between the stator and rotor voltage flux is

92 = (p_ 91 = 8380

(3.50)
From which
{vds = V2V, cos0, = 42.0V
Vgs = V2V sin6, = 386.9V (3.51)
3.4 Direct Torque Control
The electromagnetic torque developed by an Induction generator is expressed as
3P L,
= ————AsA,-sin @
€ 2 O'LSLR shtr ST (3_ 52)

where A, and A, are the magnitude of the stator and rotor flux vectors /1_; and /1_5) and 67 is
the angle between the two vectors, also known as the torque angle. The essence of the
direct torque control is to control the electromagnetic torque of the generator by adjusting
the torque angle 8 while keeping the magnitude of the stator flux at rated value. If the
stator flux is kept at its rated value, the rotor flux of the generator is almost constant, and

the torque can be directly controlled by 8 .[48]

i; Rs Lis Ly 7]-/60\r TR Iﬂr
i AN T_Nm ?NYY\-T &, AN
Im
\75 p/is §Lm pﬂ:r
L

Figure 3.15. SCIG dynamic model [44].

Referring to the Figure 3.15, the stator flux relates the stator voltage by
pAs = Vg — Rl
S s sts (3.53)



83

From (3. 53) it is seen that the derivative of the stator flux reacts instantly to the changes in
v,. The stator voltage v,is, the pulse-width modulated output voltage in the rectifier, which

can be controlled by the reference vector ¥, in the space vector modulation and since it is

managed by the switching states of the rectifier, a proper selection of switching states, we

can adjust magnitude and the angle of /1_5) [49, 50]

g-axis \
(Stationary frame) \

Sector 11 Sector |1

Sector |

Sector V Sector VI

Figure 3.16. Principle of direct torque control [16].

The direct torque control method implemented for a two level VSC is shown in the Figure
2.25. Input current ripple [16].The dg- plane for the stator ﬂuxZis divided into six

sectors, | to VI. The stator flux Z falls in sector I and its angle 6 is referenced to the d-axis
of the stationary reference frame. In wind energy system the induction machine acts in a
generating mode and the torque angle 81 is negative, and resultant torque T, is negative

which is in the case of induction generators. The torque angle can be determined from

0, = LX, — LA, = 6, — 6, (3.54)

Examining the effect of the voltage vectors of the rectifier Vo)to 76 on /1_5> and 6. Assuming

thatZand 6, are initial stator flux and the torque angle, a voltage VectorVZis selected

—/ — —
then the stator flux will become 1, = A + V,At leading to an increase in flux magnitude

of the stator flux magnitude and torque angle (A; > A and 67 > 0;). If for example
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voltage vector VF: is selected, A_s)will change to 71:” = 71: + VS)At causing a decrease in flux
magnitude and the torque angle (17 < A, and 6.’ < 6;). Similarly the choice of vectors V;

and Vs) can bring about increase or decrease in the stator flux magnitude and torque angle

[51, 52].
3.4.1 DTC Scheme and the Switching Logic

Figure 3-17 shows the typical block diagram of a DTC controlled Induction generator
WECS. The direct torque control is realized by the rectifier whereas the DC link voltage and
the grid side reactive power are achieved by the gird side converter. The stator flux and
the electromagnetic torque are controlled separately to achieve good dynamic
performance. The stator flux reference Ag is compared to the calculated stator flux 4, and
the error 44 is sent to the flux comparator (FC) and similarly the torque referenceT,'is
compared with the calculated torque T,and their difference AT, is sent to the torque

comparator (TC) [52-54].

Both flux (two output levels, x; = +1,and — 1) and torque comparators (three output
levels, x; = +1,0,and — 1), shown in Figure 3.17, are hysteresis type. +1 output level

requests a increase in A; and 87, -1 requests a decrease in A; and 6.

X, X;
+1 +1
5, S;
0 Adg = 7 — A, 0 AT, =T, -T,
1 -1
(a) Flux comparator (b) Torque comparator

Figure 3.17. Characteristics of hysteresis comparators.
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Figure 3.18. DTC model for an SCIG wind energy system.

The Table 5 shows the switching pattern for the stator flux reference rotating in the

counterclockwise direction.

Input variables are x4 (FC) output, x;(TC)output and the sector number and the output
variables are the rectifier voltage vectors. The The output of the comparators dictate which
voltage vector should be selected. For eg x, is +1 and x; and -1 then there is an increase in
the stator flux and decrease in the torque angle therefore either 76 or 71 can be selected. If

x4 is +1 and x; and +1 then there is an increase in the stator flux and increase in the torque

angle therefore either 7; can be selected.

When the output of the comparator is zero, the zero vector 70 can be selected. The zero
vector helps in reducing the switching frequency of the converter and smoothing out the

voltage ripple [52-54].



Table 5. Converter switching pattern according to voltage vector selection
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Comparator o/p Sector
X4 Xr I 11 111 IV \' VI
1 v Vs Vs Vs Vs v
110 010 011 001 101 100
" 0 Vo o o o Vo o
111 000 111 000 111 000
1 Vs 7 v, Vs A Vs
101 100 110 010 011 001
" Vs Vs Vs Vs 7 v,
010 011 001 101 100 110
1 0 Vo o Vo o Vo o
000 111 000 111 000 111
4 Vs Vs v, v, Vs v,
001 101 100 110 010 011
3.4.2 Stator Flux and Torque Calculator
The stator flux vector can be expressed as
As = Mg + jAgs (3.55)
= f (Vas = Rsigs)dt + j f (Vas — Rsigs)dt (3.56)
From which its magnitude and the angle are
’ 2 2 (3.57)
}\ds + }\qs
A
0, = tan~! <ﬁ> (3.58)
Ads

The developed electromagnetic torque can be calculated by [55]

3P
T, = 7 ()\dsiqs - Aqsids)

(3.59)
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Figure 3.19. Simulink block diagram of the flux/torque calculator for use in DTC scheme.

3.4.3 Steady State and Transient State Analysis of SCIG WECS with DTC

Transient Analysis

For transient analysis, we simulate the conditions when the wind speed changes from
8.4m/sec to 12 m/sec so that the rotor speed changes from the 0.7 pu to 1.0 pu. To ensure

accurate control a PI controller is added to the torque control loop.

The following Figures 3.20 to Figure 3.27. Stator flux.are the simulated waveforms for the
DTC wind energy system when the wind speed changes from 8.4 m/sec to 12m/sec. The
waveforms include the rotor mechanical speed w,,, generator mechanical torque T,
electromagnetic torque T,, phasor- a stator current and phase-a stator voltage v,;.
Comparing with the FOC scheme for transient analysis, we can observe that the dynamic

performance of the DTC WECS is similar.

To further study the performance, the waveforms of the stator flux A¢is given in Figure
3.27. Stator fluxThe stator flux contains some ripples but its average value is kept constant
by its reference A5. During the transient process caused by the step changes in wind speed,
the stator flux remains constant by the DTC scheme. The rotor flux has very little ripple
due to the filtering effect of the stator and rotor leakage inductances. When the rotor speed
is at 0.7 pu (when the wind speed is 8.4m/sec), the rotor flux is 1.7406 Wb but as the rotor
speed increases from 0.7 pu to 1.0 pu, the rotor flux reduces to 1.5006 Wb. Since the stator
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flux is held constant the variation of the rotor flux is minimal (only 0.24 Wb). The above
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Figure 3.29. Frequency.
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With direct torque control, the stator flux is kept at the rated value set by its reference, that

is,

A = A= V2 x1.2748 = 1.803 Wb

For a given generator speed of 0.7 pu, the generator mechanical torque is

Ty = TyR X w2 = —14,740 X 0.72 = —7222.6 N.m

With the rate stator flux, the g —axis current of the generator is

2T,
as = 3p)

i = —13354A

The slip frequency wg; is determined by
(1—-0)T; s

(Tr0)?wl — 7. Yat 1
stgs

From which we get

rad
Wg = _1'1895T (0.1893 Hz)

(3. 60)

(3.61)

(3.62)

(3.63)

(3. 64)



The d —axis current is calculated by

_ (AS + oL,T, a)sliqs)

lds I = 9554 A
S

The stator frequency is

ws = Wy + wg = 220.48 rad/sec
The rms stator current is then obtained by

A -2
) /lds + i

Iy = 7 =1161.120°

With the rated parameters (given in appendix), the input impedance is

7 _ Rs +les +ij

= = 0.24122144.3° QO
s R, | .
(? +]Xls)

The rms stator voltage is calculated as

V, =1, Z, = 280.02144.3°V

The rotor current can be found from

== r————=97802,-29.8°A
JXm + (G +JXu)

The magnetizing flux linkage is calculated by
Ay = (I — L)L, = 1.23252 — 57.2°Wb
The rms rotor flux linkage is
Ag = A, — Ligly = 1.2748 £54.4°
The peak rotor stator flux is then given by
As = V2R, = 1.806 Wb

which is equal to its reference A5

The rms rotor flux linkage is

(3.

(3.

(3.

(3.

(3.

(3.

(3.

(3.

(3.
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65)

66)

67)

68)

69)

70)

71)

72)

73)
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A, = Ap — Lk, = 1.2308 £60.2° (3.74)

and its peak value is

A, = V2A, = 1.5006 Wb (3.75)

The calculated values for the stator flux A; (1.806 Wb) , rotor flux 4,, (1.5006 Wb) at the
rotor speed of 0.7 pu match well with the simulated results shown in the Figure 3.27 and

Figure 3.28.

On further verification, the generator electromagnetic torque can be calculated by

3P Ly
2 sLL,

Ah, = —7222.6 N.m

e

(3.76)

The calculated results are confirmed by the simulation results of FiguresFigure 3.20. Rotor

speed. Figure 3.27. Stator flux.

3.5 Summary

This chapter provides a state-space model of the induction generator and the model is used
for computer simulation. The state space model is based on the equivalent circuit of the

generator. The generator is described by developing the voltage and the torque equations.

Further the vector control schemes namely the field oriented control and the direct torque
control techniques are introduced. There are two types of field oriented control namely the
direct field oriented and the indirect field oriented control. The strategies basically remain
the same, the only difference is the determination of the rotor flux angle. The two control
strategies are explained and examined through understanding of the block diagram and
observing the torque equations. Both the strategies are simulated in steady and dynamic
conditions and simulation results demonstrate that they work well in both the conditions.
A theoretical analysis was also done for the steady state operation and it was seen that the

values obtained theoretical calculations and the simulation results match.

Along with FOC, a direct torque control technique was developed. The functionality of the

block was explained. It was seen how the torque can be controlled by modifying the rotor
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flux by simply adjusting the torque angle. The technique for inserting the voltage vectors is
explained further to explain how the voltage vectors change the magnitude of the rotor flux
vector. The control strategy for inserting the voltage vector the and the switching pattern
of the converter is developed and analyzed through steady and dynamic state analysis and
simulation results prove that this strategy works well during both operations. Similar to
FOC, theoretical calculations are done for the steady state and it was seen that they match

with the simulation results.
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CHAPTER 4 Doubly Fed Induction Generator Based
Wind Energy Systems

4.1 Introduction

Doubly-fed electric machines are basically electric machines that are fed ac currents into
both the stator and the rotor windings. Most of the doubly-fed Induction machines used in
industry are of wound rotor type. Doubly-fed induction machines have found great use in

today’s wind power generation industry.

Doubly-fed induction generators (DFIGs) are by far the most widely used type of doubly-
fed electric machine, and are one of the most common types of generator used to produce
electricity in wind turbines because of the numerous advantages over other types of

generators when used in wind turbine technology.

The primary advantage of doubly-fed induction generators when used in wind turbines is
that they allow the amplitude and frequency of their output voltages to be maintained at a
constant value, regardless of the wind speed. Because of this, doubly-fed induction
generators can be directly connected to the ac power network without the use of bulky and
costly power converters and remain synchronized at all times with the ac power network.
Other advantages include the ability to control the power factor (e.g., to maintain the
power factor at unity), while keeping the power electronics devices in the wind turbine at a

moderate size [56].

4.2 Principle of Doubly fed Induction generators

In a conventional three-phase synchronous generator, when an external source of
mechanical power (i.e.,, a prime mover) makes the rotor of the generator rotate, the static
magnetic field created by the dc current fed into the generator rotor winding rotates at the
same speed (Nngyt0rr) as the rotor. As a result, acontinually changing magnetic flux passes

through the stator windings as the rotor magnetic field rotates, inducing an alternating
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voltage across the stator windings. Mechanical power applied to the generator shaft by the

prime mover is thus converted to electrical power that is available at the stator windings.

In conventional (singly-fed) induction generators, the relationship between the frequency
fstatorOf the ac voltages induced across the stator windings of the generator and the rotor

speed ng,oris expressed using the following equation

_ (nRotor * NPoles)
fStator - 120 (4_ 1)

Using the above equation (4.1), we can determine that when (ng,:,,-) of the generator rotor
is equal to generator synchronous speed ng, the frequency fs;4:0r Of the AC voltages across

the stator windings is equal to frequency fyetwork Of the AC power system.

The same operating principles apply in a doubly-fed induction generator as in a
conventional (singly-fed) induction generator. The only difference is that the magnetic field
created in the rotor is not static (as it is created using three-phase ac current instead of dc
current), but rather rotates at a speed ng rotor proportional to the frequency of the ac
currents fed into the generator rotor windings. This means that the rotating magnetic field
passing through the generator stator windings not only rotates due to the rotation of the
generator rotor, but also due to the rotational effect produced by the ac currents fed into
the generator rotor windings. Therefore, in a doubly-fed induction generator, both the
rotation speed ng,¢,-0f the rotor and the frequency f,,:-0f the ac currents fed into the
rotor windings determine the speed ny s:q:0-0f the rotating magnetic fieldpassing through
the stator windings, and thus, the frequency fs;4:0-0f the alternating voltage induced across

the stator windings [56, 57].

Thus when the magnetic field at the rotor rotates in the same direction as the generator
rotor, the rotor speed 7o and the speed ngy ,.o¢0r-0f the rotor magnetic field (proportional
tofrotor) add up. The frequency f;q¢0,-0f the voltages induced across thestator windings of

the generator can thus be calculated using the following equation:

NRotor * NPoles

fStator = 120 + fROtOT (4. 2)
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Conversely, when the magnetic field at the rotor rotates in the direction opposite to that of
the generator rotor, the rotor speed ng,qor-and the speed ny sq¢0r-0f therotor magnetic field
subtract from each other. The frequency fs;q:0,-0f the voltages induced across the stator

windings of the generator can thus be calculated using the following equation:

_ NRotor * NPoles

fStator - 120 - fROtOT (4‘. 3)

In other words, the frequency fsqq¢0r Of the AC voltages produced at the stator of DFIG

increases with the ng g4t and froror Of the AC currents fed into the machine rotor.

The primary reason for using a doubly-fed induction generator is generally to produce
three-phase voltage whose frequency fiqi0r iS constant, ie., whose frequency
fstator Temains equal to the frequency f,otworkOf the ac power network to which the
generator is connected, despite variations in the generator rotor speed ng,:,-caused by
fluctuations of the mechanical power provided by the prime mover (e.g., a wind turbine
rotor) driving the generator. To this end, the frequency f,,¢o,-0f the ac currents fed into the
rotor windings of the doubly-fed induction generator must be continually adjusted to
counteract any variation in the rotor speed n,,;,-caused by fluctuations of the mechanical

power provided by the prime mover driving the generator.

The frequency f,,t0-0f the ac currents that must be fed into the doubly-fed induction
generator rotor windings to maintain the generator output frequency fg;q:0rat the same
value as the frequency f,.tworkOf the ac power network depends on the rotation speed of

the generator rotor n,.,;,, and can be calculated using the following equation

NRotor * NPoles
frotor = frnetwork — 120 (4.4)

Thus, we conclude that if the speed of the rotor is equal to the synchronous speed the
frequency f,otor that needs to fed will be Ohz and thus the machine would operate as

conventional three phase synchronous machine.

When the generator rotor speed n,.,+,-decreases below the nominal synchronous speed n,

the frequency f,.,t,-0f the ac currents that need to be fed into the generator windings
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increases accordingly and is of positive polarity. Thus indicates that the phase sequence of
the three-phase ac currents fed into the rotor windings must make the rotor magnetic field

rotate in the same direction as the generator rotor.

Similarly, when the generator rotor speed n,,:o-increases above the nominal synchronous
speed ng, the frequency f,.tor-0f the ac currents that need to be fed into the generator
windings increases accordingly and is of negative polarity. Thus indicates that the phase
sequence of the three-phase ac currents fed into the rotor windings must make the rotor

magnetic field rotate in the direction opposite to that of the generator rotor[56-58].
4.2.1 DFIG used in Wind Turbines

In variable-speed wind turbines, the rotation speed of the wind turbine rotor is allowed to
vary as the wind speed varies. This precludes the use of asynchronous generators in such
wind turbines as the rotation speed of the generator is quasi-constant when its output is
tied directly to the grid. The same is true for synchronous generators which operate at a
strictly constant speed when tied directly to the grid. This is where doubly-fed induction
generators come into play, as they allow the generator output voltage and frequency to be
maintained at constant values, for any generator rotor speed and any wind speed. As seen
in the Section 4.1, this is achieved by feeding ac currents of variable frequency and
amplitude into the generator rotor windings. By adjusting the amplitude and frequency of
the ac currents fed into the generator rotor windings, it is possible to keep the amplitude
and frequency of the voltages (at stator) produced by the generator constant, despite
variations in the wind turbine rotor speed (and, consequently, in the generator rotation
speed) caused by fluctuations in wind speed. This also allows operation without sudden
torque variations at the wind turbine rotor, thereby decreasing the stress imposed on the
mechanical components of the wind turbine and smoothing variations in the amount of
electrical power produced by the generator. Using the same means, it is also possible to
adjust the amount of reactive power exchanged between the generator and the ac power
network. This allows the power factor of the system to be controlled (e.g., in order to

maintain the power factor at unity). Finally, using a doubly-fed induction generator in
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variable-speed wind turbines allows electrical power generation at lower wind speeds than

with fixed-speed wind turbines using an asynchronous generator [58-60].

4.3 Back-to-Back Power Electronic Converter for DFIG Based Wind
Turbines

4.3.1 Introduction

The broadly employed wind turbine is supplied by the rotor with a back-to-back converter
also known as a reversible or a bidirectional converter as shown in Figure 4.1. In this
section we discuss about the back to back converter emphasizing the grid side rather than

the rotor side.

Stator Circuit

Wind Breaker
_— ITI
— | -\?\_ MNetwork

. (
— / ~ \

""""" Transformer
Rotor side VST Girid side WVSC

[CEalc==

Pitch I:‘ri 5 ]
. i
Control rotor ry ry filter
filter Subn' r Scehc'_g
Rotor Side Grid Side
Control Control

Figure 4.1. System configuration of the DFIG based wind turbine [61].

First there is a need to study the two level voltage source converters, examining its model
and presenting different pulse generating possibilities for its controlled switches. Then
newer and emerging topologies are studied. After this we discuss the control of grid side

converter[62].
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4.3.2 Back-to-Back Converter Based on a Two-Level Topology

The two-level converter is the most widely used converter in the industry and this section

discuss the back-to-back converter based on the two level topology.

4.3.2.1 Grid Side System

The grid side system is composed by the grid side converter, grid side filter and the grid
voltage as shown in Figure 4.2. The grid side converter is modeled by ideal bidirectional
switches. The exchange of power can be DC to AC or AC to DC. Here the controlled
semiconductor is an Insulated Gate Bipolar Transistor (IGBT). The grid side filter is
composed of at least three inductances which forms a link between the converter and the
grid voltage. In some cases each inductance is accompanied by one capacitor. The grid
voltage is generally supplied through a transformer and this AC voltage is balances and

sinusoidal under normal conditions[63].

Converter Model

l
_..J%jl
11 5
A s SH_;[/ Su/glw'/ ) ‘_*,, Filter b

b e

-
- (—n
_—

4 s

i,
. 2
c o By

S/ i fs

Figure 4.2. Simplified converter, filter and grid model [61].

We will model the two-level converter by ideal switches which provide power flow in both

the directions. The command of the switches is done by signals S, 4,5}, 4,Sc 4 - Under Ideal

conditions

tn

S'ag = Sag (4.5)
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Sbg= Sbg (4.6)

cg (4.7)

This means that in a leg of the converter, it is not possible to have conduction in both the

S'cg=S
switches. Thus by different combinations of S, ;,Sp 4,S¢ 4 it is possible to create AC

output voltages with fundamental component of different amplitude and frequency [60, 62,

64].
Filter

.

> |- - ®

1”.’!{1
.

1 L R

] n

Figure 4.3. Simplified equivalent single-phase grid circuit (a phase).

From the Figure 4.3 the following voltage relationships are true

Uin = Vjo — Uno (4.8)
The voltage between the neutral point (n) and the negative point of the DC bus is needed,
so assuming a three phase grid system that holds, we have

Van + Vpn + Ve =0

(4.9)
Substituting the (4.9) into (4.8) the last expression yields
1
VUno = 3 (Vao + Vbo + Veo) (4.10)
Substituting the equation (4. 11) in (4. 12) we get,
2 1
Van = §vao - § (Vbo + Veo) (4.13)

2 1
Upn = §vbo - § (Vao + Vco) (4.14)
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2 1
Uen = §vco - § (vbo + 17ao) (4_ 15)

4.3.2.2 Rotor Side System

The rotor side converter that supplies the DFIG, in general terms, is equal to the grid side

converter shown in the Section 4.2.3.1 as shown in the Figure 4.4. In this case also a two
dv,.
level VSC feeds the rotor and between the rotor and the converter we have a d—Zﬁlter to

protect the machine from the harmful effects of the converter like capacitive leakage

currents and bearing currents.

. | +
F
dv/dt } 1 l
@, /\ Jo Filler Sur/ Sor[Ses L
J f(\ | Ym n -II‘IL - b : Vs
rl'.'.r v
\Q%/} -1 L
SLr_r Sf,_r SL'_.I'
DFIM | | o -

Figure 4.4. Rotor side converter and the % filter [61].

dv,. . . . . .

The d—:ﬁlter tries to attenuate the step voltages in rotor terminals of the machine, coming

from the converter. The three main factors are that determine how harmful the effects are
. . dv,.

on the machine which the d—:ﬁlter tends to reduce and they are the type of voltage steps

generated by the converter, the characteristics and length of cable used for connected the
converter and the machine and also the characteristics of the machine. To reduce the
voltages at the terminals of the motor, we locate a resistance and an inductance in parallel
at the output of the converter. The filter is generally composed of two passive elements, the
resistance damps the reflection in the cable and the inductance is necessary for reducing

the voltage drop. The filter whose objective is to couple the input impedance of the motor
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with the impedance are normally located at the terminals of the motor and it is possible to

locate a RC or an RLC filter[65].

4.3.2.3 DC Link

The DC part of the back-to-back converter is typically called the DC link and using thanks to
the energy in the capacitor, it tries to maintain a constant voltage in its terminals. It is the
linkage between the grid side and the rotor side converter. Figure 4.5 shows the simplified
diagram of the DC link system composed of a capacitor in parallel with a high resistance.

The DC bus voltage is dependent on the current through the capacitor[66]

{-r_dc f.g_dc
e —_—
L 4
Rotor side ;m l i 4 Grid side
R."er.-.‘ - Clﬂm_,'. Vﬁzr.-.'
-
Figure 4.5. DC link system.
1 1.
Vpus = —J i.dt (4.16)
Cbus

The current through the capacitor can be found by

le = lr gc— ig_dc — lres (4.17)

where

ires = current through the resistance

ig ac = DC current flowing from the DC link to the grid
iy gc = DC current flowing from the rotor to the DC link

These currents can be calculate as follows
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lg ge = Sa_glag + Sb_glbg + Sc_glcg

(4.18)
iy ge = —Sarlar = Sp_ribr = Scricr (4.19)
The current through the resistance
fros = 222
Rpus (4.20)

4.3.2.4 Pulse Generation of the Controlled Switches

The commands for the controlled semiconductors of the two-level converter can be

generated according to different laws using three modulation techniques

¢ Sinusoidal pulse width modulation (PWM) technique
¢ Sinusoidal pulse width modulation (PWM) technique with injection of third harmonic

e Space vector modulation (SVM) technique [25, 32]

We can apply all the techniques to both rotor and grid side converters

4.4 Control of Grid Side Systems

We develop two models for the grid side system: a steady state model and a dynamic model

based on space vector theory. The control strategy developed using these models.
4.4.1 Steady State Modeling of the Grid Side System

The power flow normally calculates the grid variables rather than those of the converter.

The active and the reactive powers calculated are

By = Vaglagcose

(4.21)

Qg = VaglagSing (4.22)
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4.4.2 Dynamic Modeling of the Grid Side System

In this section the grid side systems is represented in space vector form as this
representation serves as the mathematical basis for dynamic modelling of the grid side

system.

4.4.2.1 aff Model

By applying the space vector notation to the abc modeling equations, it is possible to

represent the electric equations in aff components [57, 60, 64].

We have
Ledi
_ , f“rag
Ledi
_ . f4Bg
Vgr = Ryigg + “ar T Veg (4.24)

A compact version, referred to a stationary reference frame,

o Ledi

Vi =Ryt =ty (4.25)
where
VF = Vgp + jUpy (4. 26)
Vg = Vag T JVpg (4.27)
5 = igg + jigg (4.28)

The schematic representation of the resulting electric circuit is depicted in Figure 4.6
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Figure 4.6. aff model of the grid side system.
4.4.2.2 dq Model

Similarly the dq equations can be derived (rotating frame)

@ _pd Ledty L
vp = Relg =00 1 Vg Tyl (4. 29)
with dg componenets,
VE = gy + JjUgr (4. 30)
Vg = Vag tJVqg (4.31)
g =lag +Jjigg (4.32)

Therefore, by decomposing into dq components, the basic equations for vector orientation

are obtained [57, 60, 64]:

Ledigg

vdf = Rfidg + —dt



Figure 4.7. dq model of the grid side system.

4.4.2.3 Alignment of the dq Reference Frame:

109

(4.34)

Expressions (4.31) and (4.32) are the dq equations of the electric system rotating at a

speed of wg, which is equal to the angular speed of the grid voltage. The d-axis of the

rotating frame is aligned with the grid voltage space vector .

The resulting dg components of the grid voltage yield

Therefore,

Vaq = |1_7);|
Vgg =0
Wy = Wg
0, = wst
Ledi
. fUldg .
Udf = Rfldg +—+ vdg - ‘Ustldg

(4.35)
(4.36)
(4.37)

(4.38)

(4.39)
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_ Ledigg _

This grid voltage alignment simplifies the voltage equations of the system and the active
and reactive power computations. Thus the active and reactive powers exchanged with the

grid are calculated

By = 2 (Vaglag + Vaglag) (4.41)
3 . .
Qg = 2 (Vaglag — Vqglqg) (4.42)

By considering equations (4.33) and (4.34) the power calculation can be simplified to

3 .
Fg =3 Vaglag (4. 43)
3 .
Qg = 5 Vaglag (4. 44)

Equations (4.41) and (4.42) we show that the dq components and the active and reactive

powers have been decoupled. Thus the d-axis current i, is responsible for F; and the g-

axis current is responsible for the Q.

The active and reactive power calculated in the terminals if the converter is not the same as

the power in the grid terminals. They are calculated as follows
3 . .
Pr =5 Warlar + varier) (4. 45)

3 . .
Qr = 5 (Wartar = Vgriqr) (4. 46)

Substituting the value of v4f and v, from equations (4. 39) and (4. 40) and assuming a

steady state, the first derivatives of the dq components are zero, we find

3 .
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3 R .
Qr = 2 (Lf(‘)slllz - vdgldg) (4. 48)

We can see from the equations (4.45) and (4.46) that the converter also provides the active
and the reactive power of the filter. In the converters’ power expression, the power part

assumed by the filter also appears.

4.4.3 Vector Control of the Grid Side System

The grid side converter is in charge of controlling part of the power flow of the DFIM. The
power generated by the wind turbine is partially delivered through rotor of the DFIM and it
also flows through the DC link and finally is transmitted by the grid side converter to the
grid. A general power flow diagram is shown in the Figure 4.8.

.lu.' ||I{

L4 e

ANN— T

Cirid
Side Gird
Converter

Figure 4.8. Power flow diagram.

Similar to the grid side converter of the SCIG, the pulses for the controlled switches of the
2L-VS(, that is the output voltage of the converter, are generated in order to control the DC
bus voltage of the DC link and the reactive power exchange with the grid. This is done by
strategy called gird voltage oriented vector control (GVOVC). Since the active power
through the rotor must cross the DC link and is then transmitted to grid, maintaining the
DC bus voltage is mandatory. So this DC bus voltage must be maintained at a constant

level[25, 32].

Similarly the reactive power exchanged with the grid Q4, can be controlled. It can take

different values depending on the current through the rotor side converter and the grid

side converter. Generally a sensorless strategy is not adopted, the control magnitudes
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which are measured are the stator currents and voltages with the DC link voltage. From the

Vpus and Q4 references the strategy generates for the control of switches as shown in the

Figure 4.9.
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Vector Control 4
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Figure 4.9. Grid side system control [61].

As shown in the Figure 4.10 block diagram the modulator generates the controlled pulses

from the switches from the references for the grid side converter vg,¢, v, and vz The

modulator can be based on any of the schemes mentioned before in this thesis.

The grid side controller was simulated under steady state conditions and the simulation

results are shown in Figures 11-16. The figures show the Grid voltages, abc grid side

currents, dq grid side currents, Grid side converter output voltage, Power exchange with

the grid, DC bus voltage.
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Figure 4.16. DC bus voltage.

4.4.3.1 Performance Analysis of the DFIG in aff Reference Frame

The DFIG reaches a steady state depending upon stator and rotor voltages injected into the
machine as well as load torque. A case study is done to see how the machine behaves

during hyper-synchronous operation.

Figure 4.17 shows the operation of the DFIG in the aff reference frame generator operation
of a 2 MW DFIG, at hypersynchronous and subsynchronous speeds. The figures show (a)
Stator voltages, (b) Stator voltages (zoomed), (c) Stator voltages af3, (d) Rotor voltages, (e)
Rotor voltages (zoom), (f) abc stator currents, (g) Rotor voltage af3, (h) abc stator currents
(zoom), (i) abc rotor currents, (j) abc rotor currents (zoom), (k) rotor flux, (I) speed, (m)
torque.

First operating point: Temn = —7400N.mQs = 1.1 MVARQ,
=80 KVAR

rev
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—0.5 MW
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Figure 4.17. Generator operation of a 2 MW DFIG, at hypersynchronou speeds and
subsynchronous: (a) Stator voltages, (b) Stator voltages (zoomed), (c) Stator voltages a3,
(d) Rotor voltages, (e) Rotor voltages (zoom), (f) abc stator currents, (g) Rotor voltage af3,

(h) abc stator currents (zoom), (i) abc rotor currents, (j) abc rotor currents (zoom), (k)
rotor flux, (1) speed, (m) torque.

4.4.3.2 Performance Analysis of the DFIG in DQ (rotor) Reference Frame

Figure 4.18 shows the operation of the DFIG in the DQ (rotor) reference frame generator
operation of a 2 MW DFIG, at hypersynchronous and subsynchronous speeds. The figures
show (a) Rotor voltages (zoom) (b) Stator voltages, (c) rotor voltages , (d) Stator voltages

DQ, (e) abc Rotor current (zoom) , (f) abc rotor currents, (g) abc stator currents, (f) Rotor

flux, (i) Stator flux (j) torque
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Figure 4.18. Generator operation of a 2 MW DFIG, at hypersynchronou speeds and
subsynchronous: (a) Rotor voltages (zoom) (b) Stator voltages, (c) rotor voltages, (d)
Stator voltages DQ, (e) abc Rotor current (zoom), (f) abc rotor currents, (g) abc stator
currents, (f) Rotor flux, (i) Stator flux (j) torque.

4.4.3.3 Performance Analysis of the DFIG in dq (synchronous) Reference

Frame.

Figure 4.19 shows the operation of the DFIG in the DQ (rotor) reference frame generator

operation of a 2 MW DFIG, at hypersynchronous and subsynchronous speeds. The figures

show (a) abc stator voltages (zoom) (b) Stator flux, (c) abc Rotor voltages, (d) Rotor

voltages DQ, (e) Stator Flux dq , (f) abc rotor currents, (g) abc stator currents, (f) Rotor flux,

(i) Speed (j) torque
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Figure 4.19. Generator operation of a 2 MW DFIG, at hypersynchronou speeds and
subsynchronous: (a) abc stator voltages (zoom) (b) Stator flux, (c) abc Rotor voltages, (d)
Rotor voltages DQ, (e) Stator Flux dq, (f) abc rotor currents, (g) abc stator currents, (f)
Rotor flux, (i) Speed (j) torque.

4.4 Vector Control of DFIG based Wind Energy Systems

Control plays a very important role in drives and consequently in wind turbine technology.

Control of the DFIG when generating energy in a wind turbine is unavoidable as we have
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seen throughout the thesis. Control maintains magnitudes of torque, active and reactive
power, and also magnitudes related to the grid side converter such as reactive and DC bus
voltage. Also control, together with the modulator is in charge of generating the converter

switch pulses.

Initially we are going to study the vector control technique (a.k.a field oriented) and later
on in the chapter the direct control technique. We have already seen Vector Control in this

chapter when we applied it to the control of the grid side converter.

4.4.1 Calculation of the Current References

The generic expressions can be simplified by using a reference frame aligned with the
stator flux. Under this orientation, the relationship between the current and the fluxes will

be

lgsLs + lgrLm = s (4.49)
Using these equations, the relationship between the rotor and the stator current can is

obtained

igsLs + igrly = 0

(4.50)
In steady state the stator flux is proportional to the grid voltage, IA{q
oo,
ds — Ls Ls dr (4 51)

Thus, when orienting the direct axis with the stator flux, the direct axis aligns with the

qudrature axis. Therefore the stator active and reactive powers are

A .
tgs = T lar (4.52)

Combining these equations with the above equations, we get

(4.53)

gs = Vg = ws¥hs (4.54)
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Thus we can see that the under stator flux orientation the active and reactive powers are

decoupled and can be controlled by the rotor currents[67].

3Ly
P, = _Evg_s - (4.55)
35 35 3452 35
0 _2%¥s GYlm 3V 3lelm
T (4. 56)
. , g #|-Ls/Lm =

Divide2

Figure 4.20. Simulink model for calculation of current references.

These relationships are not completely exact, since the effect of stator resistance has been
neglected. To correct this error, two outer power loops are added, the first loop regulates
the active power by means of the direct current i;,., and the second loop regulates the
reactive power by means of the direct current. The electromagnetic torque generated by

the generator is
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Figure 4.21. Reference calculation model including external power loops.

3 L , .
Tem =505 (lpqsldr - lpdslqr) (4.57)
2 Ly
Under stator flux orientation this expression is
3 L _ (4.58)
Tem =5 p_m (- lpdslqr)
25 Ly

Substituting the value of stator flux

h

m Vg .

3
Tem = ) p L_s Ws Las (4.59)

Thus we can see that the electromagnetic torque can be controlled by quadrature axis

current[63, 68].

4.4.2 Current Control Loops

The rotor converter ensures that the actual currents must track these references. It is
possible to implement these control loops in any reference frame but will use the same
reference frame as the commands, that are, aligned with the stator flow d-axis also known

as synchronous reference system. The rotor voltages of the three phases have to be
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calculated by the rotor inverter from v4, and v4, by Parks inverse transform. The currents
lqr and iy, are also calculated by the Park’s transformation according to the three phase
currents. 8, must be known and to find 6, , 8,, the angular position of the rotor has to be

known.

There are a lot of controllers which can be used for the control loop but the most widely
used current loop controller is the Proportional Integral (PI) controller. To calculate the PI
regulator parameters we can use the dq model[60-62]. In the dq model, the voltage is
aligned with the q axis, so its d component is zero. Also the d axis is aligned with the flux,
so the flux along the g axis is null. The voltage in the rotor terminals is nothing but the

voltage drop in the resistance R, and the voltage induced by the flux rotor.

_ d
Var = Ryigr — 0pgr + ac Yar (4.60)

d
Vgr = Rriqr - wrlpqr + a lpqr (4.61)

The relationship between this rotor flux and the rotor currents is

_(y L%\ . L
l/Jdr - r L_s lar + L_Slpds (4_ 62)
L,
b= (1)
ar T ) (4.63)

The proportionality ratio between these fluxes and the currents is referred to as the
transitory inductance of the rotor, oL, and is the result of adding in series the rotor leakage

inductance with parallel magnetizing and the stator leakage inductance:

2, L
<Lr - L_> “lor Tk (4. 64)

From the above expressions, the relationship between the rotor voltages and the currents

is obtained.

. digs\ Ly d
Var = Rylgy — WpoLlyi, + 0Ly |—=] + 1.t Yas (4.65)
N
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, digr\ Ly d
Vor = Rylgr — wyoly + oLy (W) + T Yas (4. 66)
During the regular operation, the grid voltage is constant and hence the derivative of the
stator flux is zero and it disappears. From the control point of view the term w, (LL—’") Yas 1S

a constantperturbation. Than can be easily compensated by the controller[63, 68].

4.4.3 Reference Frame Orientation

The basis of vector control is to refer the rotor currents in a synchronous reference frame,
oriented so that its d axis is aligned with the stator flux. This is almost equivalent of
aligning q axis with the stator voltage. So, there are two options to align the axis: to
estimate the flux and align the d axis to it, or to align the g axis with the voltage and delay

by 90deg the d axis[61].
4.4.4 Complete Control System

Classical Vector control includes the

e Generation of reference: reference current calculation from the desired stator active
and reactive powers
e Current Control loops

e Reference Frame transformations

Figure 4.22 shows a schematic of the vector control systems
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Figure 4.22. Schematic of the vector control system [61].
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This section discusses the equivalent exposition for DFIG based wind turbines: direct

control techniques. Direct control techniques are an alternative solution to vector control

for control principles and performance features. First principles of direct control

techniques are presented; by analyzing (a) direct torque control (DTC) and (b) direct

power control (DPC). Both controls share a common basic structure and philosophy but

they are oriented to directly control different magnitudes of the machine. DTC seeks to

control the torque and the rotor flux amplitude of the machine, while DPC controls the

stator active and reactive powers.

4.5.1 DTC Control of the DFIG

This version of DTC is also called as “classic DTC”. It has the following general

characteristics.

e Fast Dynamic Response

¢ On-line implementation simplicity

¢ Robustness against model uncertainties

¢ Reliability

e Good perturbation rejection
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e Non-constant switching frequency behavior

Out of these only the non-constant switching frequency is its main drawback. These non-
linear behaviors also need special attention and this behavior also affects other system
variables such as torque, current and fluxes, leading in non-uniform ripples of these
variables. The DTC is based on the direct control of electromagnetic torque and rotor flux
amplitude of the machine. However, these particular characteristics of direct control

techniques can be eliminated and are discussed in the Sections 4.5.1.2. [61]

The DTC is based on a direct control of control of two magnitudes of the DFIG, the
electromagnetic torque and rotor flux amplitude of the machine. We will first review the

background theory of DTC and then discuss control strategies later.

4.5.1.1 Basic Control Principle

The DTC is based on space vector representation of the achievable output of the two level

VSC.

e There are two variables of the DFIG that are directly controlled: the torque and the
rotor flux amplitude.

e The rotor flux and the stator flux rotate clockwise or anticlockwise to a distance
noted by an angle §.

e By controlling the distance between the space vectors it is possible to control the
torque.

¢ Different voltage vectors need to be injected into the rotor of the machine in order to
influence the rotor flux of the machine.

e DTC creates the pulses for the controlled semiconductors of the converter.

We know that torque can be expressed as

S
em =5 POl L,

|‘Pr||‘}’s| sind (4.67)
It is obvious from the relation that torque depends on the stator and rotor flux amplitudes
and the angle between §. Since the stator is directly connected to the grid the stator flux

vector has constant amplitude and rotating speed (depending on the stator voltage
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applied). Also, we can deduce that by controlling the rotor flux amplitude and the angle § it
is possible to control the torque magnitude. Hence we need to create a rotor flux space
vector that rotates at the same angular speed as the stator flux to a distance § to control the

machine, since the torque is controlled.

We use the rotor voltage equation in the dq reference frame to create the

desired rotor flux.

. (4.68)
o _poz ., A
7 =Rpg + dt
Neglecting the voltage drop in the rotor resistance gives
., d¥y,
VT = (4.69)
Toodt

It is absolutely clear by this expression that by applying a necessary voltage to the rotor it
is possible to directly influence the rotor flux. Considering constant rotor voltage injection

during h, we find

[#rl i = [Pl + W (4.70)

Now we will see, by injecting different rotor voltages, rotor flux amplitude is controlled.

Assuming that the rotor flux vector and the rotor flux vector are rotating in synchronous
speeds, there are eight different voltage possibilities, when the rotor of the machine is fed
by a two-level voltage source converter. Out of the eight only some are permitted
depending on where the rotor flux space vector is located. Fig 4-23 shows that when the
rotors flux space vector is located in sector 1 the four possible voltage vector injections are
V2, V3, V5, V6. For example we inject voltage vector V3 and assuming that the stator flux
vector rotates very slow, so that during the time h time interval the stator flux has not

moved, the following are consequences -

e The rotor flux amplitude has been reduced
e The angle § has been reduced

¢ Both magnitude reductions yield a reduction in the torque
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Figure 4.23. Space vector representation of stator and rotor flux
(a) Initial stator and rotor flux locations, (b) Hexagon values of the two-level converter..
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Figure 4.24. Space vector representation of stator and rotor flux
(c) four possible voltage vectors to modify the rotor flux (d) rotor flux variation with
Vs[61].
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Figure 4.25. Trajectory representation of stator and rotor flux with different voltage
vector injections [61].

Repeating a large sequence of different voltage injections, with different application time
h1, h2 etc. and now considering that the stator flux is rotating, we see that the rotor flux a

circular trajectory behind the stator flux.

From the Figure 4.25, we can see that by injecting different voltage vectors, the rotor flux
describes a nearly circular trajectory and smaller the injection time , “h” , the more circular

trajectory appears.
4.5.1.2 Control Block Diagram

The control block diagram is as shown in Figure 4-26
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Figure 4.26. Direct torque control (DTC) block diagram.

Since the directly controlled variables are the electromagnetic torque and rotor flux vector,
the control strategy calculates the pulses (S,, S, S.) for the controlled semiconductors of

the two level VSC.
The control strategy is divided into 5 different blocks

e Estimation block

e Torque ON-OFF controllers
¢ Flux ON-OFF controller

e Voltage vector selection

e Pulse generation block

Estimation Block

As mentioned before the directly controlled vectors are torque and rotor flux and these
variables cannot be easily measured and must be estimated from the measurements of the
machine. Figure 4-27 for estimation is shown. From the rotor and the stator current
measurements together with the angular position 6,,, the stator and rotor flux af

components are estimated. After calculating the the rotor flux aff components are
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estimated, it is necessary to calculate the position where the rotor flux lies, that is the rotor

flux angle, with this rotor flux angle we can derive the sector using the Table 7.

v_q _,—b Torque calculation
Ir_abc ) o] f0) >
Ir_abec v_ —|_> v v
- Tem1

abc-alpha/beta flux calculation

Tem

¥

iq

(2 —mis_abc i_gs
Is_abc i_d T d
e i_ds L M—b Flux angle calcualtion
abc-dq
=
Fcnb Gain angle
(3 ——wabc Idr

wm

sin_cosIgr
- theta abc-dq

From

L

Figure 4.27. Estimation block diagram.

Table 6. Sector selection according to rotor flux angle

Rotor Flux angle Sector

(270°,30°)
(30°,90°)
(90°,150°)
(150°,210°)
(210°,270°)
(270°,30°)

ANV WN -

Voltage Vector Selection and ON-OFF Hysteresis Controllers

The DTC selects the required rotor voltage vector directly from the rotor flux and
electromagnetic torque and rotor flux errors using hysteresis ON-OFF controllers. The flux
controller is based on a two-level hysteresis comparator with Hr hysteresis band, while the
torque controller uses a three-level hysteresis controller with Ht band. The figures are as
follows. Depending on the value of the torque error, the output uT,,, can take value -1, 0, or

1. Also depending on the value of the flux error, the output u|$_r | can take value of -1 or 1

(not 0). Once the values of uT,,, and u|1/1r|are defined by means of the ON-OFF
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controllers together with the information of the rotor flux vector position it is possible to

select the rotor voltage vector using the table.

Table 7. Voltage vector selection according to comparator output

ufl,,
1 0 -1
uly, | 1 Vik-1 Vo, V7 Vik+1)
-1 Vik-2) Vo, V7 Vik+2)
For example. if the rotor flux vector is located in sector 5, uT,,, = 1 and ullz_r | = -1 the

selected voltage vector is V5. The zero vectors produces nearly zero rotor flux variation and

very small positive or a negative torque variation.

ot o1

Figure 4.28. Change in value of T, due to zero vector injection.

From Figure 4.28 we see that since the zero vector leaves the rotor flux vector unaltered,
the stator flux movement produces an angle § increase or decrease provoking an increase
or decrease in the torque. Zero vector is generally not used to control the torque or the flux
but it is used to reduce the torque and flux ripples at steady state operation. It is obvious

that it is advantageous if the torque and flux ripples are minimized.

Pulse Generation

Once the vector is that will correct the torque and flux error is selected, the next task is to
create or generate the pulses for the controlled semiconductors of the two-level converter.

We use the following Table 8 to determine the voltage vector injected.
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Table 8. Switching pattern according to the voltage vector

Vector Sa Sa Sa
Vo 0 0 0
\'A 1 0 0
V, 1 1 0
V3 0 1 0
V, 0 1 1
Vs 0 0 1
Ve 1 0 1
v, 1 1 1

Torque and Flux Waveforms

In Figure 4.29 we see the steady state behavior of the directly controlled variables is shown
under DTC. The figure shows the torque and rotor flux amplitude waveforms when the
machine operates at hypersynchronous speed. If a reduction of torque and flux ripples is
required to improve accuracy, we need to set the bandwidths of both the controllers
(Hrt and Hg). For every active vector we can see that the rotor flux changes but for the zero

vector remains the same.
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Figure 4.29. Steady state torque and flux waveforms [61].

CASE STUDY

This case study shows a 2 MW DFIG, controlled by the DTC technique described in this
section. The hysteresis band of the ON-OFF controllers is set to 5% of the rate torque while
the flux hysteresis is set to 1.5% of the rated flux. The machine is operating at 1125
rev/min. The DC bus voltage is controlled to 1000 V by the grid side converter. At the
beginning of the experiment the machine operates at nominal torque and in the middle of
the experiment of the torque is revers to positive so the machine operates as generator.
Hence in this experiment we can observe both the steady state and the transient
performances with the DTC. The following Figures 4.30-4.36 display the characteristic
variables of the machine. We can observe that, when the DFIG is directly connected to the
grid through the stator and when the torque is reversed from negative (generating) to
positive (motor), a very quick transient response is seen. The torque reaches to a new

reference value without a further overshoot than that defined by the torque hysteresis
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comparator. Also the flux is also not affected by the transient and in the Figure 4.33 sector

we can see that where the rotors flux vector is present.

Also shown in the Figure 4.30 to Figure 4.36 are the stator and rotor current behaviors
demonstrating that despite a sever change of torque, the currents do not overshoot but we
can see a dip in the rotor currents. The ripple present in the currents at steady state is due

to ripple in the torque and the flux.
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Figure 4.30. Torque amplitude.
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4.5.2 Direct Power Control of DFIG

Direct power control of is based on the same principles as the direct torque control
technique only difference is that the directly controlled variables here are stator active and

reactive power instead of electromagnetic torque and rotor flux.

4.5.3 Basic Control Principle

As mentioned before the, the DPC technique is based on directly control of the stator active
and reactive power of the DFIG. We know that

3. — -
Ps = ERe{vs * 15} (4.71)

3.
Qs = 5 Im{vs * 15} (4.72)
As done in DTC, by injecting directly rotor voltage vectors, the stator active and reactive
powers are controlled, achieved by DPC with the necessary creation of a rotatory rotor flux
space vector. From the equations (4. 73) and (4. 74) it is impossible to know how injection

of different voltage vectors can influence the creation of P;and Q.

But we know that,

3 Ly ey
Ps = E O'L—TLS ws|‘{‘r||LPS| sind (4 75)
3 1 — L — —

Qs = > O'_LS a)s|1PS|[L—r: |1PS| — |1Pr|cos6] (4.76)

where § is the phase shift between the rotor flux space vectors. We can show from the last

two expressions that

¢ The stator active power depend upon stator and rotor flux vectors

e The stator active and reactive power can be controlled by modifying dand their

amplitudes
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Similar to the basic control principle of DTC, since it is possible to know how the injected
rotor voltage vector influence the rotor flux and its relative distance to the stator flux, it is
possible to know their influence on the stator active and reactive power as well. More
specifically by checking the terms |?;|sind and |#,|cosé, it is possible to modify P, and Q.

Figure 4.37 illustrates the space vector representation of stator and rotor fluxes.

Since a two level converter feeds the rotor of the DFIG there are several rotor voltage
injection possibilities as shown in figure (a) and (b). Similar to the DTC scheme if voltage
vector V3 is applied during a time interval h the rotor flux vector moves from its initial
position to final position (Assuming that for the time interval h that the stator flux vector
position is unaltered). Fig C illustrates the rotor flux space vector movement. Fig D
illustrates the changes in the |¥,|sind term and changes in the |, |cos§ term due to voltage

vector V5 injection.

ot g

(a
Figure 4.37. Space vector representation of stator and rotor fluxes.

(b)

Observing Figure 4.37 we see that the term |¥|sind has slightly decreased and the term

|@|c056 has slightly increased and hence due to this

. :>{|@|cos6 )
3 |@|sin5 l (4.77)

Similar to the DTC philosophy, repeating a large sequence of different voltage injections
(with different time intervals (hq, hyetc.) and now considering that the stator flux is
rotating, the rotor flux follows a circular trajectory behind the stator flux as shown in the

Figure 4.38.
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From a different perspective, it can be said that although the direct power control
technique does not impose direct rotor flux control, indirectly by controlling the stator
active and reactive power, it imposes amplitude for the rotor flux space vector and its

rotation to a distance § from the stator flux space vector.
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Figure 4.38. Space vector representation of stator and rotor fluxes (a) hexagon voltages
of two-level VSC, (b) four possible voltage vectors to modify rotor flux location, (c) rotor
flux variation with V3 injection, (d) Term variations [61].
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Figure 4.39. Trajectory representation of stator fluxes with different voltage vector [61].

4.5.4 Control Block diagram

The control block diagram of the direct power control (DPC) strategy is shown the Figure
4.40 and we can see that if follows an exact same philosophy of the DTC. The directly

controlled variables are the

stator active and reactive powers. From the P;
andQreferences, the control strategy calculates the pulses (S,, Sp,S:) for the controlled

semiconductors of the two-level VSC.
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Figure 4.40. Direct power control (DPC) block diagram.

Similar to the DPC scheme the control strategy is divided into 5 different blocks
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e Estimation block

e Torque ON-OFF controllers
¢ Flux ON-OFF controller

e Voltage vector selection

e Pulse generation block

Estimation Block

Since the directly controlled variables P, and Q; can be directly calculated from the
measured stator voltage and currents the estimation block, shown in Figure 4.41 is slightly

different from the DTC.

v_q —,—> Real Power calculation
V@t)>—> Vs_abc v =|—|f(u) >
_abc _ —|_>
Ps

abc-alpha/beta Reactive power calculation

4’{ f{(u) » 2 )
Qs

¥

iq

(2 ——wIs_abc i_qs
Is_abc i_d i d
a0 I_ds L L»‘M—p Flux angle calculation
abc-dq
=
Fcnb Gain angle
(3 }——mabc Idr

ol

sin_cosIqr
- theta abec-dg

Figure 4.41. Estimation block diagram.

The rotor and the stator current measurement together with the rotor angular
measurement 6, the rotor flux a5 components are calculated for sector calculation. On the

other hand the measurements of stator voltages and currents, the actual values of P, and

s-

Voltage Vector Selection and ON-OFF Hysteresis Controllers

The DPC technique also selects the required voltage vector directly from P; and Q, errors,
using hysteresis ON-OFF controllers. It chooses the needed voltage vector to correct the
errors in the controlled variables. The ON-OFF controller structure is equivalent to DTC.

The Q, controller is based on a two-level hysteresis comparator with Hq hysteresis band,
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while the P; controller uses a three-level hysteresis comparator Hphysteresis band. The

schematics are shown in the Figure 4.42.

uPy uQ, &

(b)
Figure 4.42. ON-OFF P; and Q; controller with hystersis band.

Once the uP; and uQ; signals are defined by means of the ON-OFF controllers, together with
the information about the rotor flux space vector position it is possible to select the rotor

voltage vector using the look up table

Table 9. Voltage vector selection according to compartor output

uPg
1 0 1
u0Q 1 V(k—Z) VO: V7 V(k+2)
° -1 Vik-1) Vo, Vo Vi

The voltage vectors are selected from the ON-OFF controllers and the sector in which the
rotor space vector is located and similar to the DTC only four active vectors are permitted

(Vik=2)» Vik=1)» Vik+1), Vik+2)) and the zero vector (Vp, V). However DPC produces both F

and Qgvariation as shown in Figure 4.43.
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Figure 4.43. P; and Q, increase due to zero vector insertion [67].
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Similar to DTC, once the vector that corrects the stator power error is selected, and the

pulses for the controlled semiconductors of the two-level VSC are created according to the

table.

Table 10. Pulse generation according to voltage vector.

Vector

Sa Sa

%)
Q

mR PO OO RO
R OO R RPkEFEk OO

[l e i i e i o R e i w)

Stator Power Waveforms

Figure 4.44 illustrates the stator active and reactive power waveforms. One major

difference from the DTC scheme is that when zero vector is injected the reactive power

varies.
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Figure 4.44. Steady state P, and Q; waveforms [61].
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Case Study

This example shows a 2 MW DFIG, controlled by the DPC technique described in this
section. Both the hysteresis band of the ON-OFF controllers is set to 2.5% of the rated
power. The machine operates ate hypersynchronous speed of 1875 rev/min (synchronous
speed is 1550 rev/min). The DC bus voltage of the back-to-back converter is controlled to
1000 V by the grid side converter.

At the beginning of the experiment the machine operates as a generator delivering nominal
active power. The reactive power reference is set to zero. At 4.5 secs of the experiment the,
the active power is reversed to positive, so that the machine begins to operate as a motor.
This experiment shows the steady and transient performances with the DPC. The following
Figures 4.45 to 4.50 illustrate P; and Q¢ behavior, when the DFIM is connected directly to
the grid through the stator. In the middle of the experiment, P; is reversed from negative
(generator) to positive (motor). A very quick and safe response is seen, since P; reaches the
new reference value without further overshoot than that defined by the hysteresis band.
Finally the stator and rotor current behaviors are shown. The rotor current in Figure 4.45
shows a tiny overshoot but the stator voltages and current do not show any overshoot
despite the severe change in power demand.
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Figure 4.45. ab rotor currents.
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Figure 4.50. Stator active power.

4.6 Summary

In this chapter we introduced the work-horse of the wind energy industry, the doubly-fed
induction generator. The DFIG has several advantages over the regular squirrel cage
induction generator and hence it is widely used in today’s industry. The main advantages
include reduced capacity converters used in the DFIG systems and direct interconnection of
the stator to the grid. Another advantage of the DFIG was the constant voltage and

frequency of the stator irrespective of the wind speed.

Further the back-to-back converter used in the DFIG systems based on the two level
topology and multilevel topology was explained. The complete grid side system was
explained and analyzed with modelling of the back-to-back converter was done with an

analysis of the switching strategy of the converter.

The steady state model of the DFIG was developed further in this chapter and it was

analyzed through investigating the equivalent circuit of the machine. The operating modes
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and the power flows were understood by learning about the basic power, torque the four

quadrant operations.

Ahead, the most important dynamic model of the doubly fed induction machine was
developed in the three reference frames namely, the af8 (stationary), dq (synchronous) and
the DQ (rotor) reference frame and these models were tested by simulating them on
Simulink platform. Control of the grid connected DFIG is mandatory and hence vector
control strategies were developed by introducing vector control for the DFIG. The current
loops and calculation of the current references were explained and the direct control
strategies namely the direct torque control (DTC) and the direct power control (DPC) were
developed. The complete systems are thoroughly explained by developing the models and
simulation results confirm that these strategies work well during the steady state and the

dynamic operation of the DFIG.
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CHAPTER 5 Summary

This thesis presents important aspects of integrating the wind energy systems with the
grid. The specific goals of this study, based on chapters 1 to 5, can be summarized as

follows:

e Explaining the basics of wind energy systems with advantages and disadvantages and
stressing on the importance of wind energy systems.

¢ Introducing different wind energy system topologies to explore more opportunities of
wind energy systems.

e Elaborating on the power electronics converters which are used to interface wind
energy generators with the grid.

e Suggesting a ideal topology of the converter based on the rating of the generators
used in the wind energy system and type of conversion needed.

e Suggesting switching strategies for the converters described which give optimum
switching and best output.

e Simulating the working of the converters using MATLAB/SIMULINK software and
comparing the switching strategies by observing and analyzing the output
waveforms.

e Developing a model for the grid connected inverter using the space vector
modulation technique based on the voltage oriented control strategy.

e Developing a dynamic model for the squirrel cage induction generator based on the
linear dynamic model of the generator.

e Developing a dynamic flux and torque equations for the induction generator.

¢ Introducing a vector control for the induction generators and stating its advantages
over the regular scalar (v/f) control.

e Explaining the field oriented control strategy used for the induction generators based

on the direct and indirect detection of the rotor flux angle.
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e Developing the simulation models for the both direct and indirect field oriented
control strategies and investigating the behavior of the strategies under steady state
and transient state.

¢ Introducing the direct torque technique for the induction generator and explaining
the complete control strategy.

e Developing the simulation model for the direct torque control technique and
simulation the system under steady and transient state and analyzing the behavior of
the system.

¢ Introducing the doubly-fed induction generators used in the wind energy systems
and explaining the operation of the generators and specifying the specific advantages
if has over the squirrel cage generators.

e Explaining the operation of the two-level back to back converter with modeling the
converter with its interface with the DFIG

e Developing the dynamic model for the DFIG based on the equivalent circuit in
stationary, rotor and synchronous reference frame and analyzing the performance of
a 2MW DFIG in the different reference frames.

e Explaining the vector control of the DFIG.

e Describing the direct control techniques, namely the direct torque control and the
direct power control and developing simulation models for the control strategies and

analyzing the behavior of the system under steady and transient conditions.

The most significant achievements of this thesis can be summarized as follows:

e After analyzing the operation of power converters namely, AC voltage controllers,
DC/DC converters and voltage source converters, it was seen that using power
electronics for interfacing the wind energy systems into the grid provides a lot of
advantages over direct connection to the grid.

e Using power converters provides advantages like low inrush current, adjusting the
voltage level for the grid tied inverter, constant frequency voltage and constant

voltage amplitude, active and reactive power control.
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Choosing the space vector modulation strategy ensures minimum amount of
switching, thus reducing the switching loses and providing least harmonic distortion.
Simulated waveforms of the direct and indirect field oriented control of prove that
the steady and transient operation results are both exactly similar to each other and
both the strategies perform well under transients without overshoot of any
parameters.

The values obtained through theoretical analysis and simulation results match, which
proves that the simulation results obtained are correct.

Analysis of the waveforms obtained through DTC strategy proves that the strategy
performs well under steady and transient situations and the parameters fixed by the
hysteresis comparators prevent any overshoot of parameters and values obtained
through theoretical analysis and simulation results match, which proves that the
simulation results obtained are correct.

The developed af and the dq dynamic models in the form of differential equations
and the state-space representation, used for simulation models emphasized the
different peculiarities and characteristic aspects of the DFIG.

The vector control showed how active and reactive power regulated by the control
strategy. The currents were perfectly regulated by the current control loops.

The performance of the direct control technique’s, which is a valid alternative to
vector control is, was very similar to each other and hence making both these
strategies a very valid controls for a realistic wind generation environment.

The output waveforms of the DTC and DPC strategies show that the system works
well under steady state and transient conditions without the overshoot of any

parameters and hence prototyping can be done based on these strategies.
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5.1 Future work

The only shortcomings of field oriented control and the direct control methods are the non-
constant switching pattern. This can be overcome by advanced and more complicated
control strategies like Predictive Direct Torque Control (PDTC) and Predictive Direct
Power Control (PDPC). Also predictive techniques can be designed in such a way that the
converters operate at a considerably low switching frequency, reducing the

electromagnetic ripples and rotor flux ripples.
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Appendix

Dynamic Modeling of DFIG

Here we will model the DFIG dynamically and examine the transient behavior for in-depth
machine control. In order to control the machine in all states, it is mandatory to bring the
machine back to the steady state when the machine is in a different state. The dynamic
behavior of the machine explains the machines variables in transition periods and this
dynamic behavior is studied by a dynamic model. By means of the dynamic model it is
possible to know the continuous performance of the variables of the machine such as
torque, current, and flux. We will use this dynamic model represented in differential

equations as compact set of model equations for our simulation study[61].

The simplified and idealized stator voltages

. dWs(t)

Vas = Rigs(t) + dt (A. 1)
. dlpbs(t)

Vas = Rgips(t) + dt (A 1)
. dWs(t)

Vas = Rgics(t) + dt (A. 3)

Where

R,is the Stator Resistance

ias(t),ips(t),i.5(t) are the stator currents of phases a, b, c
Vs (1), vps (), Vo5 (t) are the applied stator voltages

Y., Pps Vs are the stator fluxes

Similarly, the rotor magnitudes are described by

dW,r (0)

= (A.4)

Var = Rsiar(t) +
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. dlpbr(t)

Upr = Rslbr(t) + dt (AS)
. dW¥W..(t)

Ver = Rgic () + dt (A. 6)

R,is the Rotor Resistance
igr (1), ip-(t), i (t) are the rotor currents of phases a, b, c
Var(t) Vbr(t) Ver(e) are the applied Rotor voltages

Yo Yyr, ¥ are the Rotor fluxes[57, 60, 64]

a-f3 Model

The differential equations representing the model of the DFIG using the Space vector

notation are derived in the Stator Reference Frame
Multiplying equations (1) and (4) by =,(2) and (5) by = a and (3) and (6) by = a?

We get the voltage equations in space vector form

_S) -5 d@
vs=Rsls+W (A.7)
. dwr
v = Rr?rr + dt (A. 8)

W = Ll + LTy (A.8)

(A.10)
Where Lg and L, are stator and rotor inductances

Ls = Lys + L, (A 11)



L,=Ls + Ly,
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(A. 12)

Substituting the values of Stator and Rotor Inductances values in the values of the fluxes

—

WS =L + L0, = Lg% + L, e/m17,

—

Y =L+ L0 = Lype /T + L7,

Thus the aff model is obtained by the following equations in the stator coordinates

. L d¥
v = Ry + I
ws
- - r . 4
U; = ersr + dt _](‘)mLpfg

S = Lgi% + Lypl®,
W =L, 7+ LT,
Deriving the electric powers on the stator and rotor side for the model

P = ERe {vs * ls} = E (Vaslas vﬁslﬁs)

Pr = ERe {vr * lr} = E (varlar + vﬁrlﬁr)

Qs = Elm {vs * ls} = E (Vaslas + vﬁslﬁs)

Ps = Elm {vr * lr} = E (varlar + vﬁrlﬁr)

Finally the electromagnetic torque can be found from

3 .3 .
Tem = P p Im {qu * lr} = 2 (qjﬁrlar + lparlﬂr)

(A.13)

(A. 14)

(A. 15)

(A. 16)

(A.17)

(A. 18)

(A. 19)

(A. 20)

(A. 21)

(A.23)

(A. 24)
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d-q Model

In Contrast to the ¢ff model the equations representing the model of the DFIG are derived
in the synchronous reference frame. From the original voltage equations, multiplying them

by e /%sand e ~/r the stator and rotor equations yields

—

V% =Ra% + T jws P (A. 25)
pd

— r

V2 =R %+ T jo ¢ (A.26)

The subscript "a" denotes space vectors referred to a synchronously rotating

Using the same flux expression we find

W& = L% + Ly, 1%, (A.27)

W = Lyl®s + L% (A. 28)

The dg components have constant values for sinusoidal voltages where as the af

components that are sinusoidal magnitudes.

The torque and power expressions in the dq reference frame are equivalent to the af

equations [57, 60, 64]

3 . 3 . .
P, = > Re {vs * 15} = 2 (Vasiaas + Vgsiqs) (A.29)
3 o 3 ,
P =SRe (B * 1} = 5 (Vard + Vigrigy) (A 30)
3 . 3 . .
Qs = Elm {US * ls} = E (vqslds + vdSlQS) (A' 31)
3 o 3 . .
Ps = Elm {UT * Lr} = E (vqudr + vdrlqr) (A 32)

And the torque expressions also yields
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Ly,

3 : :
Teon =3 P Fartar + Farler) (A.33)

= Im {¥, *Lr}—ZpL

For the sake of simplicity the subscripts have been omitted

State Space Representation of the a-f Model and Simulation Block Diagram

The state space model which we are going to use for our computer simulation is as follows

Ry RgLp,
_[¢§]=| oL oLgL, |1/)Sl l
dt | 3]~ | Rslm _R +]w (A. 34)
oLgL,

Expanding this expression in the a8 components

R Rlm
oL oLgL,
[l/)as] 0 _ Ry 0 RsLy, [lpas—l Vas
d Ilpﬁsl _ O-LS O-Ler |¢Bs|+ U.BS
dt 1.bach RsLm 0 _ Rs 0 lpar Var (A- 35)
Yprl  |oLgL, oL, Yprl  LVBr
o Rlm R
oLgL, oLl

If, instead of the fluxes the currents are chosen as state space magnitudes, the equivalent

model of the DFIM is derived as follows [67]

d g _( 1 ) —RiL, — joml2, —RpLy — jomLn L] N
dt |;3] ~ \oLL,) [Relon + jomLmLs  —RLy — joomLy L
(A. 36)

s
vsl

Gl 2]
O'LSLT- _Lm Ls U_S>

Expanding this expression in the a8 components
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[1:0(5] [ _Rer me%n Rer meer] [l:asl
d |igs _( 1 )I—me%n —R,L, —wpLlyL,  R.L, ||iss
dt limJ_ oL,L, [ R, —wnlnls =R, —wpnL, L| |iar
Igr W Lo Ls R¢L,, WLy Lg —R,L, Igr
s 0 =L, 0 (A.37)

( 1 ) 0 L, 0 Ly,

+ oL,L.) |-Lm O Lg 0

0 L, 0 L

Depending upon choice of the state space magnitudes, different state-space models can be

obtained.
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