University Of Nevada, Reno

SOURCE GRID INTERFAC E OF WIND ENERGY SYSTEMS

A thesissubmitted in partial fulfillment of the requirements for the degfddaster of Science
in Electrical Engineering

by
Abhishek P. Chitnis

Dr. AndrzejM. Trzynadlowski, Thesis Advisor

May, 2014



UNIVERSITY THE GRADUATE SCHOOL
OF NEVADA

RENO

We recommend that the thesis
prepared under our supervision by

ABHISHEK P. CHITNIS

entitled

Source Grid Interface of Wind Energy Systems

be accefed in partial fulfillment of the
requirements for the degree of

MASTER OF SCIENCE

Andrzej Trzynadlowski M. Trzynadlowski, Ph.D., FIEEE, Advisor
Sami M. Fadali, Ph.D., Committee Member
Dhanesh Chandr&h. D.,Graduate School Representative

MarshaRead, Ph. D., Dean, Graduate School

May, 2014




ABSTRACT

Wind power is one of the most developed and rapidly growing renewable energy sources.
Through extensive literature reviewig thesis synthesizes the existing knowledge of wind
energy sgtems 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 andepth analysis of wind energy gea®rs, 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 douldg induction generators (DFIG) with the power
network to capture optimal power, provide controllable active and reactive power and minimize
network harmonics using the twevel converter, as a power electronic converter.

Control of active and reactive powdrequency 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) fothe SCIG. The dynamic model afduction generator is ndimear 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 fluxi and electromagnetic torqueQ 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 decouplirrgtor 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 ased 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.

Furt her itfoduGsll.sTheadynamic 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 interfabed to

grid and by controlling the rotor voltage by a two level baekack 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 sidertesnGSC). The RSC
generates the-Bh 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 caarst 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 nerenewable energy
sources. This means that when the energyas 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. Fding alternative energy sources will decrease our dependency on

fossil fuels and other nonrenewable energy source$l] [2] .

Renewable energyis energy that comes from resources which are continually replenished
such as sunlight, wind, rain, tides, waves and geothermal heat That remains he most
important advantage of enewable 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 bange 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 reneble 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 drivesociety 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 aretimeir 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 luxy [3].


http://en.wikipedia.org/wiki/Energy
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http://en.wikipedia.org/wiki/Wind
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Wind energy has some tremendous advantages ew the conventional sources of eergy.
Wind power since it fueled byx ET A EO6 O A ANINd Arergy/AaGednbt paiiiteO OA A 8
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 eergy 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
cannotbe 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
irregularit ies. Due to extensive research md energy is one of the cheapest renewable
energy technologies available today, costing between 4 and 6 cents per kilowdtbur[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 larid] [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 larggnventional
power generation units. The power generated from wind energy systems needs toe fed
into the grid and hence here is a needof an efficient interface between the wind energy
systems andthe grid. Power electronics serves asinterface is necesary 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 enewable energy sourcesto
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 aquirrel 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 powes which are key parameters to control
frequency and voltage. This thesisafter condicting 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 windurbines is now an established

technology, maly developments are yet tacome;wind energy is an age old technology and
known since 5000 BC. @ntinuous research and the olil 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 id888 by
Charles F. Brush. Therash machine was a muliA1 AAAA fdDEREAROOT O pyx |
diameter. It was the first windmill to incorporate a stepup gearbox in order to turn a DC
generator at an opeational speed of 500 RPM. The rbsh machine showed some

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

Extensive research took place from 1974 through mid 980 in the United States due to the
funding from the NSF (National Science Foundation) and DOE (Department of Energy) but
AOGA O1 11Tx TEI DOEAAO ET OEA pwwndO 1 AAA
uneconomical. The oil pices and interest in electricity ganerated bywind have alvays been

connected with the bwer the oil costthe lower the interest in wind energy and vice ersa.

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

electricity usageand worldwide there are 20000 wind turbines[4].

The main hurdle in front of wind energy is its cost competitiveness with its norrenewable
counterparts. The technology requires a higher initial investment than fossitfueled
generators. Since usually good wind sites are often located in remote locations, far from
cities where the electricity is needed, tansmission 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 feing 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 magompete with other uses forland



and those alternative uses may be more highly valued than electricity generatioBome
concern is raised over the noise produced by the rotor blades, aesthetic (visual) impacts,
and sometimes birds hae been killed by flying intorotors. 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 f rom Wind E nergy

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 sed to produce electrical powey the systemis 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 Tubine (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 theigure 1.1. The HAWT sit
atop towers to take advantage of the stronger and less turbulentind 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 rotorblades 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 a dvantages

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

1 High efficiencysince the blades always mov@erpendicularly to the wind, receiving

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

1 Power Regulationby stall and pitch angle control at high wind speeds.
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Figure 1.1. Horizontal-axis and verticataxis wind turbines [6] .

HAWT has the following d isadvantages

9 High construction @st - Massiwe 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.

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

1 Wind turbulence dfect -Downwind variants suffer from fatigue and structural failure

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

1 Low and hgh 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 reqa
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 wnd 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 VAWTSs 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 vty of designs like Darrieus wind turbine & Savonius

wind turbine which have different shapes and number of blades.

Darrieus wind turbinesAOA AT T 1T 1T T 1 U AAQ 1030 AMET AXD6C CAAARARAAGORO A

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 wnd Turbine[9].

Figure 1.2. Darrieus ind turbi'hes[g] .



Savonius wnd turbine is a drag type turbine andis hence less effiient but they perform

well in the areas of turbulent wind and seHstarting.

VAWT Advantages

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

1 Its location of the VAWT can be near the ground making it easier to maintain the
moving parts.

1 Lower wind startup speeds than the typical the HAWTSs.

1 Canbe built at locations where taller structures are prohibited.

1 Stuated close to the ground can take advantage of locations where rooftops, mesas,

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

VAWT Disadvantages

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

1 Higher torque fluctuations and prone to mechanical vibrationg7], [8] .

1.3 Wind Energy Technology

Wind power is the conversion of the wind energy intoa useful form of enegy 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 systentonverts mechanical energyto electrical energy by using
rotor blades. This energy is then transformd 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 inreliably and efficiently.

A very important part of the wind energy @nversion 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 urbine 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 turbineis the boxlike component that sits atop the tower and is
connected to the rotor[10]. The nacelle contens 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 #ched 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 loadgl] [3] [10].

1.3.1.2 Drivet rain

The heart of the wind turbine is its electricity generating systemcalled 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 enoughothandle 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 beingpld. Induction

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

Some wind turbines avoid the gearbox completely and use a direct drive system. A direct
drive system connects the rotor directly to a permanenimagnet generata. 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 to 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. Thgaw drive system also has a brake in order

to be able to stop a turbine from turning and stabilize it during normal operationjl] [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 eledtal power generation, the rotor
OPAAAR OEA Al AAAOS DPEOAE AT Cli Ah OEAOAOQEITI

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 oveide 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 thélow from the moving air, convert
it into rotational energy and deliver it via a mechanical drive unit to he 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 componenist 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
aspeds of the conversion process. ehcewe discussa 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 componet of a wind turbine. It is
responsible for transforming the wind kinetic energy into mechanical energy. The three
bladed rotors considered he industry standard for large wind turbines. The one or two
bladedturbines shown in the Figure 1.6. Wind turbine bladehavethe advantage that their
rotating speed is higherbut they require a gearbox with lower gear ratio. On the other

hand, they createsignificant acoustic noise[5] .
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Direction of
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Figure 1.6. Wind turbine blade [5].

The principle of working of blade is that the airflow aboveit is faster than the aiflow on
the lower side andthis creates a difference in pressurethat results in a lift force on the
blade. To control the lift we alter the angle of attack, 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 caldated by

[

0 P, @ O
C

where ” air density

0 Rotor area swept

0  wind speed

where 0 is the power coefficient of the blade. This coefficient has a theoretical maximum
value of 0.59 according to Betz limif12]. Observing tke 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 1.7. Gearbox used in windurbines
[12].

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-80
rom. Thisis much sbwer than a standard 45 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 gearboxshown in the Figure 1.7, is necessary to adpt the low speed of the
turbine rotor to the high speed of the generator. The gearbox conversion ratiosad known
as the gear ration,is designed to match the high speed of generator with the lospeed
turbine blades. It can be determined by

p i zem®Q
3 vZE

where¢ and& are the generator speeds and turbine speeds in rpm,is the slip, Qis the

rated stator frequency.

In examining the functionality of and behavior of wind power phnts, 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

1 Be smple to use

1 Have a long useful lifetime
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1 Have a low maintenance outha

1 Havethe lowestpossible initial cost

Different type of generators have been used in wind energy systems over the years and
these include the squirrel cage indusbn generators (SCIG) and doublyed induction
generators (DFIG) and synchronous generatdiSG) (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 speede 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 operatesit 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 reducedapacity cowerter is

1 A0GO AobAl OEOGA AT A OANOEOAO 1 AOO OPAAAh xEE
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 the incoming wind, given by

wherei is the radius of the turbine rotor (blade length),u is the wind speed, and is
the rotating speed of the blade. Another important parameter is the power conversion

efficiency 0 of the bladesince the mechanical power is directly proportional tad

1.5 Thesis Qutline

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

basic topology of the wind energy systems which are the single speed arfte ttwo-speed
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types. Twospeedwind 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 adantages. Their subtypes namely wund rotor
Induction generator with external rotor resistance, gjuirrel cage nduction generator with
full capacity converters (two-level and threelevel neutral point clamped). Sme topologies
using the permanent magnet synchronous generator tarfaced with two-level and three
level converters and also withdiode 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 AGAC converters, both mgle phase and three
phase, DEDC converters, mostly boost convertes, single channel, twachannel and multt
channeltopology. Next the most important type which is the voltage source converters are
explained with the help of a three phase inverter andhe pulsegeneration strategies such
as sinusoidal mlse 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 conveers 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 isstudied 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 Impedarte matrices are obtained and the expression for developed
torque is also obtained. The Park and Clarke transformation matrices are discussétext
the control strategies are discussed. The most important control strategies for controlling
induction generator based wind energy systems are field oriented control and the ct
torque control. First the field oriented control (FOC) strategy is studied and dicussed in
detail and then the drect 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 techniquéfter the direct FOC, thendirect
FOC control technique is discussed. The complete control strategy is explainetdacase

study for the steady state analysis of ndirect FOC ispresented and its simulation



15

waveforms are analyzedNext the direct torque control (DTC) for the nduction generator
is discussed and itswitching logic is studied and analyzed for the DTC keme. The model
for the flux and torque calcuator is developed. @se studies are done to understand the

steady and dynamic state analysis.

Chaper 4 introduces the doublyfed induction generator (DFIG) based wind energy
systems. Doubly fed Induction germator systems are the workhorse of the wnd energy
industry. Initially we discussthe principle of the DFIG is studied and the advantages
DFIG over the conventionalnduction generator and its use of DFIG in wind energy system
is reviewed. The most impatant converter for the DFIG based systems which is the back to
back converter is discussedand studied in depth. The backo-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 aresimilar 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 andis used for the simulation study.The two models are presented, th¢ T
model and theQ 1)} model and once the modeling is done performance analysis is done in
both the| T reference frame andQ nreference frame. After analyzing the dynamic
model of the DFIG and angking it through case studies, &ctor control strategy for the
DFIG based wind energy systems is thedeveloped and discussed.actor control is divided

in three parts, the calculation of the current references, current control loops a@hthe
complete control system. Nextthe field oriented control strategy for the DFIG based
systems is introduced. rect control has two modules namely the direct torque control and
the direct power control and both are developed and analyzed throughcase studies. In
both strategies each blocks thoroughly examined andits functionality is explained. Both
the steady state ad transient analysis is done forboth modules of the direct control

strategy.
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CHAPTER 2 Wind Energy Configurations

2.1 Classification

A classification of the most cormon configurations is given in kgure 2-1. Wind turbines

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

Wind energy
system
configurations
| I |
Variablespeed FixedSpeed
turbines Turbines
|
[ ]
Indirect Direct Drive SCIG
Drive
WRSG WRSG
PMSG PMSG
SCIG
DFIG
WRIG+externd|
rotor resistancs

Figure2.1. Classification of wind energy gstems.

2.1.1 Fixed Speed

Fixed-speed turbines employ a squirrelcage induction gemrator connected directly to the
grid and thus do not need any power coverter during normal operation.
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2.1.1.1 Single Seed

A typical configuration for a highpower (megawatt), a fixed speed wind enagy system is

shown in theFigure 2.2.

Transformer

GB Soft i
O

LI

PF Compensator @

Figure 2.2. Single speed wind energystem.

‘ SCIG

The turbine is normally of horizontalaxis type with three rotor blades rotating at low
speeds, like 15 rpm as the rated speed. Usually soual 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 ABC 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 Isenh connected to the grid.
Snce the wind energy system doesot need a power converter during normal operation, it

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

2.1.1.2 Two Speed

To improve the energy conversion efficiency, twespeed SCIG wind energy systems have

been developed

Two Speed Operation by Altering the Number of Poles [5, 13-15]
The development of nduction geneators 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 tetinique calledpole 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 seriesconnection of the stator coils

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

As discussed above the twspeed 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 sepaate generators and a long driveain that needs special

consideration for the coupling of both generators.

High-speed
SCIG

GB  Low-speed
SCIG
(a) Single-shaft configuration (b) Dual-shaft configuration

Figure 2.3. Two speed type of vind 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 &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 applicabns [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 froné network

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

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

are employed.
Advantages of Variable speed operatiomclude:

1 Below the rated wind speed, the rotor torque and hence the speed can be made to
vary to maintain peak aerodynamic efficiencyd )

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

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

1 Direct control of the air-gap torque alows gearbox torque variations to be kept small

1 Both active and reactive power can be controlled.

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

output voltages they develofd5, 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 lmige and IGBT chopperThe main advantage of this
configuration compared to the WECS is theWw cost and simplicity. The main disadvantage
includes limited speed range, inability to control gridside reactive power, and reduced

efficiency due to the resisive loss.
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Transformer
Sof "
= \3 saer " (D
| —— | S
( PF Compensator
Externalvariable
resistance
Figure 2.4. Wound rotor with external rotor resistance.
2.1.2.2 SCIG Wind Energy System wth Full Capacity
The SCIG wind energy systems are briefly discussed below
Two Level Voltage Source Converters.
Transformer
AC DC
- INEY \PRIL7RE0)
DC

SCIG

Figure2.5. Wind energy system using a two level converter

A typical voltage source converter configuration for SCIG wind energy systems is shown in
the Figure 2.5. In this topology d converter we use a two level gltage source rectifier
(VSR) and voltage aurce inverter (VSI) using IGBT devices. A DC link capacitive filtenks

the two converters which have thesametopology.

An alternative approach to theparallel converter channels is shown in thd=igure 2.6 where

three converters are used in parallel for a megawatt IG wind turbine. Each converter
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2-level VSR 2-level VS Filter
Figure 2.6. Wind energy system using parallel converter§5].

This arrangement vyields better efficiency. For example, at low wind speeds when the
system delivers a small emount 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 condition$s, 13-15].

Three Level Neutral Point Converters

Transformer
") o i ("
5CIG

3-levelneutral point clamped converters

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

Low-voltage converters provide cost effective solutions at lower power lels. Figure 2.7
shows a MV wind turbine that employs a fulcapacity converter system with a MV
generator. Here again two backo-back connected threelevel neutral point clamped (NPC)
converters are used The switching devices employed in these converters arbigh 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 WEC[S, 16].
2.1.2.3 Variable Speed Synchronous Generator Systems

Synchronous generators have many more configurations than the induction generators
WECS due to théollowing facts

1 The s/nchronous 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 irthe SCIG WECS.

1 It is easier and more cost effective for the synchronous generator to have multiple
pole and multiple phase configurations

With two -level VSGind Three-level NPC Convertersy

Transformer

“)
(=)

Transformer

¢ 3-levelneutral pointclamped converters
generator @

Figure 2.8. Wind energy systems with 2level and 3level converters

Synchronous generator

Synchronous
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A typical configuration for SG wind energy systems with full capacity convegts is shown
in Figure 2.8 where a backto-back converter is employed. In lowvoltage wind energy
systemsthree-level NPC are used in mediumoltage turbines. Not allwind energy systems
need a gearbox instead a l@-speed generator with high nunber of poles is employed and

the gearbox is eliminated.

With PWM Current Source Converters

Figure 2.9 shows a typical configuration for a mediumvoltage SG wind energy system

using curent source converter

Transformer

GB Filter DC link

{ Synch
ynchronous CSR

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 DOC convertersare 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 inFigure 2.10. This type of converter topology canot be used with
SCIG wind energy systems since induction generators need external excitatidime diode
rectifier converts variable generator voltage to a DC voltage, which is boosted to a

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

Diode Boost 2-level
Rectifier converter VSC

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

Transformer

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

Figure2.11. Wind energy systems with diode recfier and 2-channel boost converter

Transformer

Diode 3-channel Parallel
Rectifier Boost VSsC
converter

Figure2.12. Wind energy systems with two diode rectifiers and 3channel boost
converter.

Another alternative WECS configuration using a siphase generator with amultichannel

boost converter is shown inFigure 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 threehannel interleaved boost

converter and two paralleled three-phase inverters are used5, 16, 17].

Using Multilevel Boost Converters

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

application with a power rating upto 1.2 MW.

Transformer

( Synchronous

Diode 3-channel 3 Levels
generator Rectifier Boost NPC VSC
converter
Figure 2.13. Wind energy systems with 3level boost converter and 3level NPC
converter.

A topology of this configuration for the medium voltage wind turbines is shown irFigure
2.13 where a three level boost converter and a thre¢evel NPC inverter usingboth 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 inveter to balance theneutral point voltage [18].

With Diode Rectifier and Buck Converter

The dual of the voltaye 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 topolgy is replaced by the Buck converteilhe topology is shown inFigure 2.14
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Transformer

()

Synchronous

Diode Buck sl
generator Rectifier Converter @

Figure 2.14. Wind energy systems vith diode rectifier, buck converter and a current
source inverter.

The buck converter is the obvious choice for tis topology because it needs amutput
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 delayngle of the inverter, the
generator-side active power, the DC link current, and grigide reactive power can be
controlled. This topology is areliable, simple, costeffective solution. The drawback of this
strategy is that thestator current contains higher total harmonic distortion (THD) due to
the use of the diode rectifief19].

2.1.2.5 With Dis tributed Converters for Multi Winding G enerators

The multi winding generator approach is shown inFigure 2.15 where a sixphase generator

is used and the power is delivered to the grid through distributed converter channels. Each
converter channel is composed of twdevel 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 switchingschemes of the two inverters, the grid side harmonic performance

of the system can be further improved by the phasshifting transformer.
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Figure 2.15. Wind energy systems with dstributed converters with multi -winding
generators|[5].

Another example for the multiwinding generator is shown in the figure where the
generator has six sets of thregophase windings, and each winding feeds the wind power to
the grid through a power converter channel. The system configuratiorsithe 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 applican due toits advantageg5, 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 muftie 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 twdevel voltage source
converters. Since the power is divided among four distributedanverters, the wind turbine
can reach multtmegawatt power range without using paralleled switbing devices or

converters[21].
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Distributed X%z Jﬁ} &
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Converter 4
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Figure 2.16. Wind energy systems with multiple generatos[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 usefoa diode rectifier and

standard two-level converter makes this a cost effective solution@1].

2.2 Power Converters U sed in Wind Energy Systems

Renewable energy sources can be classified as sustainer intermittent. Intermittent
sources include wind and photovoltaic energy sources, whose randomly varying output
makes power electronic converters a vital and unavoidable parfPower dectronics are
needed to interface a renewable energy source efficilg with the power grid for power

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

Power convertas are widely used inwind energy conversion systems (WECS). In fixed
speed WECS, the converters are used to reduce the inrush current aodque oscillations
during start-up, whereas in variablespeed 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 WEX If an Induction machine is
used as the generatorits speed is almost constant varying onlw little within a limit of the

machineslip.
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Transformer

c = ()
[ 5CIG PF Compensator @

Figure2.17. Fixed geed wind energy system with a soft starter

The gererator is driven via a gearboxand 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 startes essentially an

AC voltag controller using SCR devicgs].

Maximum power point requires a variableturbine speed. Thismeans 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
synchronousgeneratorj 3' 8 OQq x EtA-Balk tybe cAnkektdl configuration with two
identical PWM converters is used. The converters can either lwltage source converters

j 63#60Qq 1 O AOOOAT O O1 OGOAA AT 1 OAOOAOO j#3#(Qs8

Transformer

©

Figure2.18. Variablespeed WECS with backo-back PWM converters
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Figure 2.20. Waveforms for inductive and
resistive load[5].

We study different power converter topologies for WECS which iclude ACAC converters,
DGDC boost converters, two level voltage source converters, thrdéevel neutral point
clamped (NPC) and PWM current source convertef6, 22, 23]

2.2.1 AC Voltage Controllers

A power electronic ACto ACconverter, 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 three-phase types dependingon their

power ratings. The AGAC converters employed to vary the rms voltage across the load are
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known asac voltage controllers or ac regulatorsin other words, AC voltage controllers are
employed when a fixed ac voltaganust be adjusted. AGAC 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 theFigure 2.19. It is composed
of a pair of SCR thyristors atiparallel between the power supply and the load. A Triac is
used instead of the tweanti parallel-AT T T AAOAA 3 # 2 8pOwerxcEnidrtersCate A

used.

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

w WP G 21

The waveforms for aresistive load are as followsare shown inFigure 2.19.

For and Inductive load and firing anglé @ twe can see hat the thyristor “Y will not be
turned when the supply voltagey falls to zero at 6 p Y.1This is due to the lagging
inductive load current flowing through Y, which is not zero yet at] 0 p Y&t can be
noted that if| is smaller thanthe load power factor angle«, then the output voltageb of

the controller will be exactly equal to the supply voltage) and thusu is no longer
adjustable[22-24].

For a pure Inductive load the rms vale of the output voltaged of the controller can be

calculated by

) R | -
d) | i "Q‘E “ C
W ¢ C“_ - "Qé E | “ (2.2)

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 inFigure 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 voltagés ) h is applied to the load.

Van lg1
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=
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T
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Figure 2.21. Three phase AC voltage controllergl6].

The waveforms of the line to line voltages can be obtained by 0 0 ,U 0
0 ,0 0 0
2.2.1.3 Interleaved Boost Converters

The most basic form 6 DGDC converters is the buck converter othe step down dopper.
A chopper is basically a DDC converter with adjustable average ouytut 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 contragi these choppers are the step
up choppers produces an output voltage with a fixedverage value which is higher tharthe

input voltage.
The functions of dedc converters are:

1 to convert a dc input voltageVSinto a dc output voltages ;

i to regulate thedc output voltage against load and line variations;

1 to reduce the ac voltage ripple on the dc output voltage below the required level;
1

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

required);
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1 to protect the supplied gstem and the input source from electromagnetic

interference (EMI)

Transformer

Diode Boost 2-level
Rectifier converter VSC @

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

The DCGDC boost converter is one of the topologies often used in synchramo 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 th®WM

inverter functions mentioned above serve two main functions: tracking mamum 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. I@B8 O AOA DOAA
over the MOSFET as the primary switching devid&7].

Single Channel Boost Converter

The typical circuit diagram of a single phase boost converter is as shownFigure 2.23. It is
basically composed of a switch, aidde, DC mductor, 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 witch 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: continuousurrent
mode (CCM) and discatinuous-current mode (DCM). As the name suggests that in

continuous current the inductor current never falls to zerg[16] .
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Figure 2.23. Single channel boostenverter [5].

For a single channel boost converter

w0 W wo

(2.3)
from which
w P
w p O
) o (2.4)
xEAOA O$6 EO OEA AOOU AUAI A
0 ando are the ON and OFF times respectively
The relationship between the converter input currentOand the output current Ois
0 o
o P (2.5)

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

the discontinuous mode.

Two-Channel Boost Converter

The topology for a twechannel interleaved boost converter is shown irFigure 2.24. There
are two parallel converter channels in the circuit both composed of inductor, stch and

diode. They both share the same filter capacitor.
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Figure 2.26. Analysis of input current
ripple in a two channel interleaved
converter [16].
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Figure 2.25. Input current ripple [16].

The gating signals for both the switches are identical but shifted by—=p ¢ where N is

the number of parallel channels. The total input currentQ which is the sum of the two

inductor currents 'Q and"Q has the following properties.

1 The average DC component of the input currenf@ is twice that of the individual
inductor ('O 'O "0O). Since the input and output voltages fo the parallel
converters are the same, each channel handles only half of the total power of the load.

1 The peakto-peak input current ripple 3"0Ois 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.

1 The frequency of the input ripple current is twicethat of the individual channels. In
other words, the equivalentswitching frequency of the interleaved converter is twice

that of each channel.
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The Input Current Rip ple in Figure 2.25 shows a very interesting characteristics when
the duty cycle is varied from about 0.35 to 0.the ripples in the two inductor currents "Q

and'Q cancel each other and do not reappear i@ that is, >0 1

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 capacitgrwhich
makes the analysis a bit tediousFigure 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 windpower industry. Figure 2.27
shows a simplified diagram for a threephase, twolevel voltage source converter. The
converter is composed of six switches whichinOO01 U AOA )' "480 10 )' #.

power rating of the converter.

e Sne 3
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D
gfl: € gfﬁ} P

Figure 2.27. Three phase VS converter ‘
topology [5]. AC Grid DC Load

Figure 2.28. VSC in inverter and ectifier
mode[5].

When the converter transforms a fixed DC voltage to a thrgghase 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 byoh and . Theycan attain a value of
™ @ when the upper switch is operating and ™® @ when the lower switch is
operating. @nsider the phase voltages applied to the ad hw hd as shown in the

detailed version of the three phase invertef5, 17, 22].

The relation between leg voltage and switching signals are

® ‘Yo rfq omm (2.6)
WhereY pwhentheODPDAO DI xAO Ox &0 AtvherEtle lo@ér svitch &1 A
O/ . 8

Sinusoidal PWM

If0 R R are the threephase modulating waveforms and is the triangular carrier
signal, then the operation of the switches is determed by comparing the modulating
waves with the carrier wave. The waveform is shown inFigure 2.29. The fundamentat
frequency component in the inverter output voltage can be controlled byhe amplitude-
modulation index

& 2— 2.7)
where w andw are the peak values of the modulating and carrier waves, respectively.
The frequency modulation index is

, Q
@ 9 (2.8)
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Figure 2.29. Sinusoidal pulse widthmodulation (SPWM)[16].

When v U the upper switch in the inverter leg wis turned on and the other switch is
always OFF. 8nilarly when 0 0 the lower switch is ON and the other switch is

complementary of that and the resultant voltaga) will be zero.

Sincev hasonly two levels, this converter is often callech two-level converter. Once we
haved h h) we can calculate the inverter line to line voltage by 0 0

The switching frequency can be found fromQ "Q "Qz &
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Figure 2.32. Output voltage waveform for $WM
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Third -harmo nic Injection C arrier -based PWM

The output voltage using the SPWM is limited to® w . If the SPWM technique is used in
motor drive applications, the awailable 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, thirdharmonic injection, shown inFigure 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 reduan in the peak of the resultant
modulating signal, Hence the reference value of the resulting modulated signals can be
increase beyondrn®w and that leads to the higher output voltage at the inverter. The
injected third-harmonic component in the malulated 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 lowrder harmonics. The optimal level of the

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

Vi O = + I :D
S, 9_
Vi, O > rl& ;O_ I :>

.

Y
I_I

>

.

_T
™
3" Harmonie

/N

Carrier signal

Figure 2.33. PWM with 3rd harmonic injection.

w w OEJO w OEdv O 2.9)

W wOEDO — w OEdy o (2.10)
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, . oz . ¢ v A= A
® wOEﬂo? ®w OEdy o (2.11)

For the SPWM without harmonic injection, the fundamental peak magnitude of the output

voltage isT®w . It is noted that the third harmonic has no effect on the value of the

reference waveform when ¢Q p -, since sinoc ¢'Q p - for all odd Q 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

w OEdo o OEdO m

QU o (2.12)
which yields
() -w Al Oforo o - (2.13)
, 8 roa
W —foro o - (2. 14)
@ -0 Al Oforvo - (2.15)

Therefore,we have
, 8 roa
W ——forvo - (2.16)

Thus the output fundamental voltage is increase by 15.47% of thealue obtainable using

simple SPWM by injecting 1/6 third harmonic originally.

Space Vector Modulation

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

control of voltage source converters.

Switching States
wewill AATT OA OEA OxEOAEAOGE O/ .6 OOAOARh xEAOA C
0/ &&6 OOAOA xEAOA OEA OxEOAE EO 1 PAT AO ns8

denotes that the upper switch in leg is ON and the switching state X means thae tlower
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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 [25].
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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.
Table1l. Switching state in a 2level VSC
Switching Leg® Leg® Leg®
state
Y Y @ Y Y W Y Y @
O 1 0 W 1 0 W 1 0 W
X 0 1 0 0 1 0 0 1 0

The eight possible combinations of switching states in the twdevel inverter are listed in
the Table1. Switching state in a 2level VSC



43

Space Vectors
The active and zero switching states can be represented by active and zero space vectors,

respectively as shown in theFigure 2.35, where there are six active vectorsPto cPform a

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

hexagon.
o SECTOR 11 o
V, i b \A
OPO PPO
SECTOR I SECTORI
\Z: Vi , a
OPP POO
SECTOR IV SECTOR VI
oorZ . POP
Vs sectorv Vs
Figure 2.35. Space vector diagrani5] .
Table 2. Space vectors, switching stat and onstates switches
Space Vector Switching state On-State Switch  Vector definition
: [111] "YRYRY :
Zero Vector oP [000] VRYFY W T
P [100] "YRYRY W % w Q
@2 [110] "YRYRY ) % w Q
0P [010] YRYHY o 2 O
Active vector o g
P [011] “YhYRY W 5 w Q-
¢P [001] YRYRY & % o a
oP [101] "YRYRY ® % w Q-

Assuming balanced operation of the inverter, we have
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LO LO LO ™ 2.17)

where0 h) h) are the instantaneous load phase voltagett is possible totransform the
OEOAA DPEAOA OAOEAAI AO OI Ox1 DPEAOA OAOEAAI AC

op E E rr .
l‘) (‘) C 11 C Cn l‘) (‘) ( )
. \ -1 - 2L O 2.18
v o o-I e g gl’l 0 O

u q U

A space vector generally expressed in terms of two phase voltages in thé frame

VO 0L O B O (2. 19)
Substituting
o 20 6Q 0 oQ 7 boQ T
o (2.20)
where Q AT O Ehndo mh— & i—. For the active switching state [100], the

generated load phase voltages ar

b o -oa Mo -oanddod - (2.21)

The corresponding space vector, denoted ad , can be obtained by substitutingeqn (2.21)
into (2.20)

P gw Q (2.22)

The zero vectord® 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 spae and are referred to as stationary vectors. The reference vector

B rotates at an angular velocity

1 ¢ Q (2.23)

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

® andthe| -axis ofthel | frame can be obtained by
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—0 1 000 — (2.24)

For a given magnitude and positiony) can be synthesized by three nearby stationary

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

signals can be generated. Wheln  passes through the sectors one by one, different sets of

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

Switching Sequence

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

The switching sequence should satisfy two requirements

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

of switchings.

Figure 2.36 shows a typical seversegment switching sequence and inverter output voltage

waveforms for® in sector 1 where® is synthesized by®hB hp.

&
{

[ O U U B
1 ol M IV, Vo ! > oV }Vol
| |
000 POO | PPO | PPP | PPO | POO (00O
A B nve e —
} | \ Ivdc \ | :
O‘ | | | | .
| | | | 1 | | |
| |
o e u
0} T T T T }
v | 1 | ‘ ‘ 1 o
N1 | Ve 1 o
O\ | | | | y
L l l l l L
V | | | } } | | |
ab | | | |
} Ve } } }
0 | : : | T
| |
LT L 0% L% LT
lY4 0 2 1 2 0 2 02 0 2 14,
I
|
[l
|

_|
1]
_v__

Figure 2.36. Sevensegment switching sequence fo® in sector I[5].
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d Sector # (17 VI)

Va Vo . Sector Calculator| Hzgl
. \ Eq. (4.4-17) - Voo
Vo ~abe/lh Ta | Switching [ V&
i 4>V 14
Ve Vo [ + Vref m, |Dwell Time| T, Sequence 9
7 6y 'El | Calculator | 1, Vs
V.. = iq Ve r
Eq (44‘5) Vref - Vref e Eq (44_19) TS 5 VgG
Eq. (4.4-18) Table4.4-14 Gatings

Figure 2.37. Block diagram for computer simulation and real time digital implementation
of the SVM algorithnj5] .

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 ofQ ¢ TIGHQ p w YEM) and
a m@with a rated three-phase inductive laod. It can be obeserved from the wave for m
that the inverter line-to-line voltage0 is not symmetrical; therefore it contains even
order harmonics such as %, 4ht, 8" and 10", in addition to odd-order harmonics. The total
harmonic distortion (THD) of 0 is 56.1%.
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——,..—___\

e

Figure 2.38. Inverter output waveforms produced by SVM scheme witf(=60 hz,’"Q =
1980 hz , andd =0.8.
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Figure 2.39. Harmonics spectrum

2.2.1.5 Multi -Level Inverters

The three phase voltage source converter (twdevel) is by far the most common D&C
power converters in practice. Recently multilevel inverters have gained a lot of interst.
Multi-level inverters offer better performance than two level inverters but they are more

complex and costly.

These multilevel inverters can be classified a8, 4, and 5 level inverterof 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

ldc

E=
- L, ‘ia
vV i b :ib
e .f S |
C 4 C
Dz ~ ; ; LOAD
I

Se | | |

Figure 2.40. 3-level NPC inverter[5].

Figure 2.40 shows the simplified diagram of the NPC convertefThe obvious difference
from the 2-level inverter and the NPC converteiis that NPChas 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 fhable 3.

Table 3. Switching statsin a NPC

L Device Switching states (Phase) Inverter terminal voltage
Switching state — — — — )
Y Y Y Y W
0] 1 1 0 0 O
X 0 1 1 0 T
Y 0 0 1 1 O

Switching state Omeans that the upper two switches in leg a are ON and the inverter
voltagev is Owhere as Y indicates that lower twoswitches conduct leading tov

O The switching state X indicates that the inner two switads“Yand"Y are ON and the
U is clamped to zeo through the clamping diodes.Figure 2.42 shows the line-to-line
voltage waveform is obtained. The inverter terminal voltage$ h0 hU are three phase
balanced with a phase shift op ¢ mThe lineto-line to voltage can be foundrom 0
0 0 )17, 22, 24, 26]
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Space Vector Modulation

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

difference is that now for any given position in space the reference vectar can be

synthesized by three vectorg427].

Figure2.41. Space vector diagrani].
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Figure2.42. Simulated voltage waveforms of the NPC invertef@=60hz,”Y=0.1sec,
"Q =1080 hz anda =0.8) (a) Line-to-neutral voltage, (b) lineto-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 polarityand therefore through the

semiconductor switches.

I 11 I
11
D cs YD D.
_).i.\
Y * B => s
“« =i

Th, G The Th,
v

Figure 2.44. Three phase arrent 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 244 OET xO OEA OUPEAAI OEi bl EEZEAA AOOOAT O
simultaneous conduction of both the switches in amnverter leg is allowed then, ¢ Q0T

states of the inverter are possible and six switdhg variables, one for each switch can be
defined. The switching patter design for the CSI should generally satisfy two conditions: (1)

the DC current’Q should be continuous and (2) the inverter PWNQ 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 currenis lost and if more than
two switches are ON simultaneously, the PWM curreif 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 loworder unwanted harmonics in the PWM inverter
current “Q . Figure 2.45 shows a typical SHE waveform. There are five pulses per half cycle
with five switching angles in the firstp ¢ T However the first two angles;—and—are

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

0 LB T /= _ : N N N T' T T T T T T 4_" @&t
8 8. ] T 3 A H 2%

Figure 2.45. Selective harmonic elimination scheme (SHEp] .

b2
1

AR

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

an adjustable modulation indext . The first option is preferred since the adjustment ifQ
is normally done by varying’Q . The number of harmonics is themiven by’ Q ——.

To determine the switching angles such as-and—for harmonic elimination, Fourier
analysis used to obtain set of nonlinear equations These equations can be solvedyb
numerical methods[16, 26].

Space \ector Modulation (SVM)

In addition to the SHE scheme, the current source inverter can also be controlled/lspace

vector modulation (SVM)

Space Vectors
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Figure 2.46. Space vectorg5].

Switching States
As stated earlier the PWM switching patterngiven in theTable 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 fothe CSl is as shown wher@®to ®are active vectors and@s

the zero vector. As seen for the VSC, the active vectors form a hexagon with six equal

sectors, whereas the zero vecto®lies at the center of the hexagon. Assuminghat

operation of the inverter is balanced

Qo Qo Mo m

(2.25)
Table4. Switching states of CSl.
Type  Switching ON ) o) Ao OA® 0 Space Vector
State State e ) o
Zero pﬁr NI
atates ofp "YRY 0 0 0 L2
vhg "YRY
op "YRY 0 0 Tt 0]
phc "YRY "0 Tt 0 1))
cho "YRY Tt 0 0 L))
A . .
ct states ofc Y ‘0 0 - -
thy "YRY 0 Tt 0 L))
chp "YRY Tt 0 0 L)
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where’Q 6HQ 0 hQ 0 are the instantaneous PWM output currents in the inverter

v T

the| T frame
P p -
y - -1, \
'Q c | |p E C_l’l ‘g ‘O
0 pl B i 0
9, t o % o (2.26)
u C U

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

o m 2.27)
substituting (2. 27) in (2. 27)
[o S0 oQ T QoQ 7
o (2.28)
whereQ AT @ Ehndo mh— & i—. For the active switching state [100], the
generated load phase voltages are
N o0 OhQ o VandQ o0 1 (2.29)
The corresponding space vector, denoted a®,can be obtained
. C .. T
® =00Q (2.30)
Vo

Similarly 5 other vectors can be derived and the active vectors can be expressed as

C _
® —00Q
Vio (2.31)
PWM Current Source Rectifier

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

in a wind energy conversion system. Like the current source inverter (CSl), the PWM
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rectifier a filter capacitor 6 to assist the commutation of switching devices and filter out
current harmonics. Both the wlective harmanic elimination (SHE) and space ector
modulation (SVM) can be used for the CSR.

'Ld {ﬂ,
- + + — + 3
&1
:@5} i % iss
J-||'
- _,.1

795

Llity ¢ J— =

. =
Supply ; 5 ; 5, ;S:

Figure2.47. PWM currentsource rectifier [29].

The DC output voltaga) of the rectifier can be adjusted by two methods: modulabn
index& control and delay angle|() control. The operating principle of delay angle control
is the same as that of phaseontrolled SCR rectifiers.

The input active power of the rectifier can be expressed as

0 ow 0 Wi (2.32)

where w the fundamentakfrequency rms phase is input voltage and is the PWM input
current of the rectifier. The delay anglé is defined as the angle betwee and©

respectively. The [T output power is given by

0 w O (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 girdisle inverter is the most important device in

the power conversion system.lt 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 gridside inverter, as anain componert, must possess these features.

— :
(Vo)

J J J L, Ve _
Y YN\ ~

2 g9

_é) Vi Vai (Vi) g Vi

J Cd== VdC b Y YN\ < ~ n
% .
GB

Vei leg Ve

Cc < ~

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 irFigure 2.48.

Grid tied Inverter where a two level conveter 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 reents the

losses in the systemThe active power transmitted tothe grid can be calculated by

0] owOweei (2.34)

wheree is” o? “ 0
It is often expectal by the grid operator that a wnd 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 componentsthe steady

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

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

orientation and this angle is used for transformation of variables froni oftame to the'Q R
synchronous frame orvice versa Assuming that the grid voltages) h) hb are three

phase balancedinusoidal waveforms,— can be obtained from

— GAI (2.39)
V)

and0 andV can be obtained by the) @] T transformation

C C (2.36)
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0 - —U —0 — U qL (2.37)
)T DPOAAOEAAI OUOOAI O AECEOA I lare ysedifadddetdciioniofd D E A C
by filtering out the harmonics. There are three feedback control loops in the system: two
inner current loops for the accurate control of théQ Raxis currents"Q and™Q , and one
outer DC voltage feedback loop for the control of DC watev . In the VOC scheme, the
three-phase line currents in thei wstationary frameQ h'Q and'Q are transformed to
the two phase currents’Q and™Q in the Q rsynchronous frame, which are the active and
reactive components of the threephase line currents and the independent control of these
two components providesan effective means of independent control of system active and

reactive power[5, 30-32].

To achievethe VOC control, theaxis of the synchronous frame is aligned with the grid
voltage vector, therefore 0 0 , and the resultanti-axis voltagev is then equal to

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

5 20 o0 %
C C (2. 38)
5 -0 00 %
C q (2.39)
Then-axis current reference@Q can then be obtaired from
GZ
uf2 -
pBL (2. 40)

where 0” is the reference for the reactive power

The'Qaxis current reference Q , which represents the active power of the system, is
generated by the PI contrder for DC voltage control. When the inverters operated in
steady state, the DC voltage of the inverter is kept constant at a value set by its

reference” . Neglecting the losses in the inverter
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(2.41)

As we know that the power flow between the inerter system is bidirectional, hie control
system will automatically switch between two operating modes. The average DC voltage
® of the inverter is set by its referenca)” and is kept constant by the Pl controllefs, 30-
32].

. Voo
w4 (2. 42)

where @ is the rms value of the fundamental frequencgomponent.

The opemation of the grid tied inverter with VOC is analyzed through a case study. We have
considered a2.3MW/690V grid tied inverter. This inverter is controlled with a VOC scheme

as shown in theFigures 2.50 to 2.53 The DC reference voltage is set i®20V.

The waveforms show the phasebgrid voltage0 , the phasewcurrent and the space angle
—. Whenubprotates in space,—andU0 varies from zero to¢“ periodically. When—is
equal to zero,u reaches its peak. The transient current andoltage 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 th€® axis current,"Q because tha)] axis

current, 'Q is zero.
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Reducing the battery voltageto such an extent that the active power to the grid is reduck
to 0.8pu (i.e80 percent of the rated power) leads to the reduction of theQ axis current
(they axis current remains unchanged) and also the magnitude of the phasggrid

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

The state equations forthe grid-side circuit of the inverter in the ¢ wstationary reference

are expressed as

®
oY I (2.43)
® R
s - 0T (2.44)
@R
o - 07 (2. 45)

Transforming the equations into theQ rsynchronous reference frame
aQ v 0 1 07
Qo 0 (2. 46)

gQ v v 1070
Qo 0 (2.47)

where] is the speed of the synchronous reference frame and 0 'Q and] 0 Q are the

induced speed voltage s due to the transformation of the threghase inductance) .

Observing the guations (2.48) and (2.49) we understand that the derivative of theQ-axis
line current "Q is related to both'Qaxis andn-axis variables, as in the)-axis current’Q .
This indicates that the system is crossoupled, which may lead to difficulties in controller

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

a0 N - 0 1
Q0 5 (2.50)
go Q — Q0 1

(2.51)

Qo 0
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Equations (2. 52) and (2. 53) indicate that the control of the'Qaxis grid curent is

decoupled, involving only theQ-axis components, as is thg-axis currentsQ .

2.3 Summary

This chapter introduces various topologies of wind energy systems based on Induction
generator, permanent magnet synchronous generate 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 explainadth 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, IXC converters and
the most important of all, the voltage soute converter (rectifier and inverter). The AC
voltage converters are basically used as soft started, to reduce the heavyrush current
while starting of the Induction generators. The D@C converters explained are used as
buck or boost converters in thewind energy systems. The threephase voltage source
converter which is used in every wind energy systems is explained in detail. The switching
strategies for the VSC such as sinusoidalilse width modulation (SPWM), swusoidal pulse
width modulation with i nsertion 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 inlater chapters



64

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 generatgnoperations. Because of its
simplicity, robustness and small size per generated KW the induction generator is favored
for wind power plants. Sanding alone the maximum power doesiot 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 nduction generator is not recommended because it
transmits all the fluctuations andtransients to the grid. The wltage and the frequency and
the reactive power must be adjusted according tahe grid in order to transmit the power

from the renewable source to the gridin squirrel cage induction generators (SCIG) wind
energy conversion systems, full converters are needdo adjust speed of the generator in
order to extract maximum power avaibble from wind. A typical configuration of the wind

energy system employing a SCIG is shownfigure [5].

3.2 State SpaceModeling Of T he Induction Generator

Induction machines can be either Induction generators or Induction motorsboth are
described by the same set ofoltage 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 variablspeed drives.Variable-
speed drives are converteffed from finite sources, which unlike the utility supply, are
limited by switch ratings and filter sizes. Thus, we need to evaluate dynamics of converer
fed variable-speed drives to assess the adequacy of the converter switches and the
converters for a given generator andtheir 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 phenomena is difficult to model from an operational point of

view and the impact of seHexcitation is more pronounced in generators with a heavier
load [33].

Transient state analysis of the Induction generator usesParE 6 O OOAT O &l @UsAOET 1
transform specifies a two phaseprimitive machine with fixed stator windings and rotating
rotor windings to represent fixed stator windings (direct axis) and pseudaestationary rotor

windings (quadrature axis).
The following system of equationsdescribe the dynamic behavior of the induction machine

") [A) mT Q El
T ® ‘Q Q01 (3.1)

8.

@ 3 OAOE IOA KT ¢ BRAKOT O

W 21 OACEHTEON ©0 @RARALHT O

Q 3 O AXE IOA EAIOD=eRIAGD T O

Q 21 OAGET O\ Al OO AD T O

] 3 OAXE IOA B4 @@ OT O

] 21T OAGETON 4l @@ O O

The relationship between the fluxes and radr and stator currents is given by

] 5 0
! 60 (3.2)

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

vectors can be written as

0 0 Q Q
0 ) L HQ Q AQ 1Q
0 v Q Q

(3.3)
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and the impedance matrices are

S 1
i mi ™ (3.4)
LS 1
I I 1
i m i 7 (3.5)
T T i
0 0 0 0
0 0 0 0 0 (3.6)
0 0 0 0
0 0 0 0
0 0 0 0 0 (3.7)
0 0 0 0
I I - I ¢ .
o Al © Al — Al o —1
11 B o C‘)" 1l
0 0 Ki o & A6 Al e 0 (3.8)
11 (0] g 1
L. . - o 2 ¢ I M
Nl — Ale — A9 4
. o o
and hence torgque on the rotor shaft
o Vgl 0= 3.9
¢ 1 — '
where:
P- number of poles of the Induction machine
T- Torque of the Induction machine
. 0 0
0 — 5B (3.10)

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

the separation angle between the stator winding and rotor wding [33, 34] . Since
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0 wé @ are not dependant on—the derivative of those terms is zero,and after

simplification of the equation can be written as

0 “ .
v 290 T 0" M1 KO (3.11)
cqQ U T
. P < Y o
v OEL OEL OEL =1
11 ) o 9‘- X 5
o b 'bEL S 0Bl OER T (3.12)
1
e & e & oL
u o U

Since the rotor windings of the SCIG are shodircuited, the only part of the generator
connected to the grid is the stator and because of this we get 1. Therefore

® i m Q 2 |
w T i KO Q01 (3.13)

Parks transformation is basically a mathematical transformation used for the analysis of

three phase circuits. Incase of balancd OE OAA DEAOA AEOAOEOOh O0AOE
three phase AC quantities to tw phase DC quantities and thealculations can be carried

out on these imaginary quantities before inverse transfornmg to recover the actual three

phase AQresults. But before transforming the three phase stationary axes t®ynchronous

rotating reference frame we need to transformthese axesto two axis stationary frame by

#1 AORYOBAD O &1 Oi A OE trdnsformatidn Adllénvd 6u8 to change the 3
dimenstionsystem to 2dimension system & @®é 1 . The transformation is as follows

D 1
11
W
JU ¢ ¥

5T AGET T AAGAOE A

C
i AOET 1T AAOAOEAAO OI OAGEITT 1T &

Qln o

>
1

>
|

aln

(3.14)

oI5
€1E1E

0AOEG O OOAT O4A&
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6 |

Q OE+
AT € EFL T

n I e

o >

(3.15)

The Parks transform can be directly used to convert the three phase stationary axes to two
phase synchronous rotating reference frameThese equations are actubllU A OOET O0OA
Clarke and Rrk transformation [35, 36].

N Al © OlE— Py,
i & = OEL L pf
11 (0) (0)

L. . “ A “ ¥ 3.16
Al & % OEL % p'L"J, (3.16)

w Y —o x EARYA ¢

3.3 Control Schemes For SCIG WECS

The main control schemes for SCIG wind energy systems are direct and indirectldi
oriented control (FOC) and dect torque control (DTC). We analyzethe steady state and

dynamic state performance othe Induction generator drive.

3.3.1 Direct Field Oriented Control

Field orientation is basically stator flux, airgap flux and rotor flux orientation. Field
oriented control is the decoupled control of the rotor flux_ and the electromagnetic
torque "Y of the generator toachieve high dynamic performance. Rotor flux orientation is
achieved by aligning thed-axis of the synchronousreference frame with the rotor flux

vector _ .

Stator

Figure3.1. Rotor flux field oriented control (daxis is aligned with_ ) [5].
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Therefore the flux components are

] T (3.17)

| 7 _ | (3.18)

Substituting the above equation in the torque equatiogives

Y 010 (3.19)
where 0 _

The stator current”Qcan beresolved into two components along thed-q axis. Thed-axis

current 'Q is the flux producing current whereas the q axis current’Q is the torque
producing current and hence in filed oriented controlQ is normally kept constantand 'Q

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

accurately determine the rotor flux angle—. If the angle is obtainedthrough the

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

field oriented control and if the angle is obtained from

_ (3.20)

where —and — are the measured rotor position ande and calculated slig16, 37].

Figure 3.1 shows a typical block diagram of drect FOC for SCIG wind energy systems. To
implement direct FOC the rotor flux magnitude_ and its angle—are identified by the
rotor flux calculator based on the measured stator voltagesu( and 0 ) and currents
(QandQ).

There are three feedback loops: one for the rotor flux linkage , one forthe d-axis stator
current ‘Q and another for the gaxis stator currentQ. For the rotor flux control, the
measure_ is compared to the referencelux _* and the error isfed to a PI controller. The
output of the PI regulator yeldsQ. The torque reference can be generated by the
maximum power point tracking scheme. From all the known values

N (3.21)
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1220
Va Va [ va Vdo* Vdc* (ref)
- Vb Gates Vb Vi Qag*
T Gates B labe {4 Adj
Ve Ve 4 Ve yvapo ,_| Q*g (reh
PWM generato PWM generator Grid side
Rotor Grid controller
A J J, LA
B B
c ) TI ) c |  VabcH
Iabe
VSR VS B gla
bla
L C c|o
|II|S % i1
° . abc 4 § dg-abc Lo
1
ale © sin_cos £ BJ]W_‘W'@—{"
v abc_dg Ids c
mesurement — 690V 60Hz
pI_ABC Torque (Grid)
Flux
»V_abc
angle
Rotor flux calculator

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

The feedbackdg-axes stator currents'Q and"Q are compared with thereferencesand the
errors are sent to Pl regulators to generat®® and0® and these dg-axes voltages are
transformed to three phase stator voltage®® ,0° and0® in the stationary frame through
the dg/abc transformation block. Both the carrier based modulation or the space vector
modulation techniques whichwe discussedin the Section 2.2.1.4can 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- e 10
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 pr luf——————®{Z )
E_‘L "r Flux
—>@—. | e
angle

Figure 3.3. Simulation modelof the rotor flux calculator.

3.3.3 Dynamic and steady state Analysis of Direct FOC WECS

The speed of the turbine isncreasedfrom 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 phade
PWM stator voltaged , the fundamentalfrequency stator voltageb , stator current’Q,
phasecrotor flux linkage _ and’Q A axis stator currents shown in Figure 3.4 to Figure
3.7).
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Figure 3.4. Fundamental frequency stator voltaged

Figure 3.5. Sator current Q.
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With the rated parameters (given in appendix), the input impedancesi

Y © O . ,
. ® ¢ 6 Wudpm (3.22)

e

The rms and the peak values of the stator current are
0 W

Q U cpoyomgo (3. 24)

The rotor current can be found from

6 — 20 Cnam pon
® - o PP (3.25)

The magnetizing flux linkagds calculated by

¥ 0 OO0 pRpHpYyPyd7A

(3.26)
The rms rotor flux linkage is
r ¥ 00 pgmde x & (3.27)
The peak rotor flux is then given by
Vcy  pX p WA (3. 28)

The'Q gaxes stator currents (rms) can bedetermined by using the phasor diagram for the

steady state operation of the generator

0 OATGD " cpoy®B L oH! (3.29)

e, e, 2 Zor e, LA/ I
0O O0ETd "d ¢pouyx 8 CMWo ! (3.30)

The current peak values are given by
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Q WO  x w3l (3.31)

Q WO Cw@T (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 wirghergy systems caused by a

step change in wind speeds is investigated. Wassumethat the wind speedincreasesfrom
8.4m/sec to 12m/sec. The system idnitially operating with a rotor speed of 0.7 (wind
speed of 8.4 m/sec) and we analyze the system tramsits when wind speed suddenly
increase to 12 m/sec. Initially the system operates at 0.7 pu rotor speed, at which the
mechanical torque™Y is -7222.6 Nm (generating mode). The electromagnetic torque
produced by the generator’Y contains ripple caused by harmonics in the stator current,

but its average value is7222.6 Nm which is equato “Y .

When the wind speed suddenly ineases to 12 m/sec, the turbine mechanical torquéY is
instantly increased from-72226 Nm to-14,740 Nmshown in Figure 3.8 but the mechanical
speed of the generator cannot change instantlgs shown inFigure 3.9 and hence the'Y
produced by the MPPT scheme remains constant and hence the generator electromagnetic

torgue remains unchangedshown in Figure 3.10.

After Y has increased the difference betweefY and”Y accelerates the generatoand the
rotor speed increasesaccordingly. After a period of time the system reaches the steady
state. With the rated wind speed, the generator operates under the radeconditions with
the rated torque and the rated stator current. The waveforms of th@rg axis stator
currents,"Q and"Q, are alsogiven in the Figure 3.11. With the rotor flux feedback control,
the’ Q axis stator current’Q is kept constant during the transients which in turn makes
the rotor flux _ constant. The stator currents ('Q Y ! andQ pT &d )

correlate with the steady state analysis done in th&ection 33.3.
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Figure 3.9. Rotor speed
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3.3.4 Indirect Fiel d Oriented Control

Indirect Field oriented control issame as the direct FO@ith only difference is the method

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

— v 0 Q0

(3.33)
where] the measured rotor speed angd s the calculated slip frequency
The slip frequency isobtained by [42]
W ‘—,'Qr'] l
. (3.34)

1220
va Vdc” Vdc* (ref)
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— m< ( ) g . 1 L . g ( )
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(Grid)

Lm/(1+pTr)

Divide

FluxRef

ref

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 angte-for field orientation
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is obtained by measuring therotor speed and calculating theslip frequency] . Similar
to the Direct FOC scheme there are are three feedback loops: one for the rotor flux
linkage _ , one for thed-axis stabr current “Q , another for the gaxis stator current 'Q [43,

z

44]. The rotor flux reference_" is set at a rate value and the actual rotor flux can be

obtained from

0 o~
1l ——— "QQi
pno (3.35)

The torque reference’Y is generated by the MPPT btk and the g-axis current reference

"Q2 can be obtained from the torque equatiorf45-47]

"fz _ p "Y
U (3. 36)

3.3.4.1 Steady State Analysis of the Indirect FOC SCIG Wind Energy §stem

We consider the same Induction generator 2.3 MW/690 V SCIG wind energy system. The
rotor flux 1 is kept constant at itsrated value of 1.711 Wb by the FOC scheme. TQe axis

current can be calculated by

Q Y ! (3.37)

5

The turbine mechanical torque is given by

YOy T piXT MY Xt cRE . | (3. 38)
Then-axis current is calculated by
]

Q 5 Y ! (3.39)

W ¥ T 3.40

The peak stator current can then be obtained by
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Q Q Q p @ Bab (3.41)

The above calculatedQ HQ and ‘Qare essentially the same as those obtained by

simulations.

The slip frequency can be determined by

0 p& p oOXATA A A

1

01 (3.42)
The stator frequency can be found from
T T ¢ QETOATA A A (3.43)
From which the slip is
i 1— VR YYpT
1 P (3.44)
The rms values if the stator current is expressed as
‘® ppX T
i (3.45)
with the generator impedance of
v @
O Y @ — motTp1d
— @ (3.46)
The rms stator voltage can be calculated by
w Ow (3. 47)
The magnetizing flux is
¥ ¥ 00 pande® (3. 48)

The rms rotor flux linkage can be obtained by

¥ ¥ 0O pEmowo@e7A (3. 49)
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The angle between the stator and rotor voltage flux is

- — va (3.50)
From which
0 NCOAT-O 1 8o
¥) NcwOEF o yapw (3.51)

3.4 Direct Torque Control

The electromagnetic torque developd by an Induction generator is expressed as

] ov 0 R
Y —————11 OE+
¢,00 (3.52)

where _ and_ are the magnitude of the stator and rotor flux vectors Pand_Pand—is
the angle between the two vectors, also known as the rgue angle. The essence of the
direct torque control is to control the electromagnetic torque of the generator by adjusting
the torque angle— while keeping the magniude of the stata 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— .[48]

—

~ —jw ! ~
Ig Ry Lis Ly J/\rr R I
g W T _\, T W
Im
\ %3 A -
N

Figure 3.15. SCIG dynamic moddh4].

Referring to theFigure 3.15, the stator flux relates the stator voltage by

w o Y
(3.53)
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From (3. 53) it is seenthat the derivative of the stator flux reactsinstantly to the changesn
ue The stator voltagebss, the pulsewidth modulated output voltage inthe rectifier, which
can be controlled by the reference vecto® in the space vector modulation and since it is

manageal by the switching states of the rectifier, a properselection of switching states, we

can adjust magnituce and the angle of_P.[49, 50]

g-axis \
(Stationary frame) \

Sector 111 Sector |1

Sector V Sector VI /

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

The drect torque control method implemented for a two level VS@ shown in the Figure
2.25. Input current ripple [16].The dg- plane for the stator flux _Pis divided into six

sectors, | to VI. The statoflux _Pfalls in sector | and its angle—is referenced to thed-axis
of the stationary reference frame. In wind energy system the induction machine acts in a
generating mode and the toque angle— is negative, and resultant torqueYis negative

which is in the case ofnduction generators. The torque angle can b#etermined from

— P o - — (3.54)

Examining the efect of the voltage vectors of the rectifiecPto cPon _Pand —. Assuming

that _Pand— are initial stator flux and the torque angle, a voltage vectaPis selected

then the stator flux will become_P  _P ¢y dleading to an increase in flux magnitude

of the stator flux magnitude aml torque angle ( _ wé&¢ Q@ —). If for example
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voltage vectoraPis selected, Pwill change to_P  _P  «Ryp @ausing adecreasein flux
magnitude and the torque angle ( _ ®& Q@ —). Similarly the choice of vectors®

and sPcan bring about increase or decrease in the stator flux magnitude andrtjue angle
[51, 52].

3.4.1 DTC fheme and the Switching Logic

Figure 317 shows the typical block diagram of a DTC controlled Induction generator
WECS. The dirediorque control is realized by the rectifier whereas the DC link voltage and
the grid side reactive power are achieve by the gird side converter. The stator flux and
the electromagnetic torque are controlled separately to achieve good dynamic
performance. The stator flux reference_" is compared to the calculated stator flux , and
the error o)_ is sent to the flux comparator (FC) and similarly the torque referené®is
compared with the calculated torque’Yand their differencew’Yis sent to the torque
comparator (TC)[52-54].

Both flux (two output levels,® phid & 'Qp) and torque comparators (three output
levels,® phrty & 'Qp), shown in Figure 3.17, are hysteresis type. +1 output level

requests a increase in. and—, -1 requests a decrease in and —.

X, X;
+1 +1
a, d;
0 D/ =11, 0 DT, =T, - T,
-1 1
(d) Flux comparator (b) Torgue comparator

Figure 3.17. Characteristicsof hysteresis comparators
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Figure 3.18. DTCmodel 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® "06 £ 0 O fpo HOE 6 O ) and the sector numberand the aitput
variables are the rectifier voltage vectors.The The ouput of the comparators dictatewhich
voltage vector should beselected.For egw is +1 and w and -1 then there is an increase in
the stator flux anddecreasein the torque angle therefore eitheraP¢ icPcan be selected.fl

w is +1 and w and +1 then there is an increase in the stator flux and increase in the torque

angletherefore either aPcan be selected

When the output of the comparator is zero, the zero vectouPcan beselected The zero
vector helps in reducing theswitching frequency of the converter and smoothing out the

voltage ripple [52-54].
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Table 5. Converter switching pattern according to voltage vector selection

Comparator o/p Sector
o_ 7 | Il 1| v V VI
+1 @ @ @ 4] @ @
110 010 011 001 101 100
+1 0 @ @ @ 4] @ @
111 000 111 000 111 000
1 @ @ @ 4] @ @
101 100 110 010 011 001
+1 @ @ @ 4] @ @
010 011 001 101 100 110
1 0 @ @ @ 4] @ @
000 111 000 111 000 111
1 @ @ 4] 4] @ @
001 101 100 110 010 011
3.4.2 Stator Flux and Torque Calculator
The stator flux vecta can be expressed as
1 1Q M (3.55)
w YQ Qo Q w YQ Qo (3.56)
From which its magnitude and the angle are
3.57
R (3.57)
A}
— OAI T (3.58)

The developed electromagnetic torque can be calculated H$5]

Y 1 1 17

nlg_]

(3.59)
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—>@—. | e
angle

Rad2Deg

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 Pl controlle is added to the torque control loop.

The following Figures 3.20 to Figure 3.27. Sator 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 mechanicalspeed] , generator mechanicaltorque “Y,
electromagnetic torque "Y, phasor wstator current and phasedstator voltage 0
Comparing with the FOC scheme for transient analysis, we can obserthat the dynamic

performance of the DTC WECS is similar.

To further study the performance, the waveforms of the stator flux is given in Figure
3.27. Sator fluxThe stator flux contains some ripples butts average value is kept constant
by its reference _*. During the transient process caused by the step changes in wind speed,
the stator flux remains constant by the DTC schemeThe rotor flux has very little ripple
due to the filtering effect d 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 Whb. Since the stator
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flux is held constant he variation of the rotor flux is minimal (only 0.24 Wb). The above

values are verified by the steady state analysis done in the next case study.
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Figure 3.29. Frequency.

With direct torque control, the stator flux is kept at the rated vale set by its reference, that
is,

Vg p& X T UpRTBA (3. 60)
For a given generator speed of 0.7 pu, the generator mestical torque is
YOYY pix T mm X G @ d (3.61)
With the rate stator flux, thery axis current of the generator is
Q —CHY @&@u
aw_  P° (3.62)
The slip frequencyl  is determined by
. P . Y
L (3.63)

From which we get

OAA .
T PP Y e T P of oU (3.64)



The'Q axis current is calculated by

Q — 5 M wLud!

The stator frequeng is
T T ¢ catw ArA A A

The rms stator current is then obtained by

Q9 0

® ——— pp@p T
q

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

- Y ©® o
@ - T®TP@TE M

— D

The rms stator voltage is calculated as

w O®F cydipta6

The rotor current can be found from

© 29 wx8f Ca !
TQ) _ 7@ "

The magnetizing flux linkage is calculated by
* O D0 pgocEuvuvg7A
The rms rotor flux linkage is
¥ ¥ 00 pgxtvys
The peak rotorstator flux is then given by
Ny pRITTHA
which is equal to ts reference_’

The rms rotor flux linkage is
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¥ ¥ 00 pRoTMT¢R (3.74)

and its peak value is

Ny  p® T TTQA (3.75)

The calculated véues for the stator flux_ p& m® A hrotor flux _ p® 1 17@A at the
rotor speed of 0.7 pu match well with the simulated results shown in th&igure 3.27 and
Figure 3.28.

On further verification, the generator electromagnetic torque can be calculated by
ob 0
ciDD

__ X ¢ @ d (3.76)

The calculatedresults are confirmed by thesimulation results of FiguresFigure 3.20. Rotor

speed Figure 3.27. Sator flux.

3.5 Summary

This chapter provides a statespace model othe induction generatorand the model is usd
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 schemeshamely the field oriented control and he direct torque
control techniques are introduced.There are two types offield 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 fathe 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 arsimulated in steady and dynamic
conditions and simulation results demonstrée that they work well in both the conditions.

A theoretical analysis was also dondor the steady state operation and it was sn that the

values obtained theoreticalcalculations and the simulation results match.

Along with FOC, a direct torque controléchnique wasdeveloped.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 converteris developed and analyzed through steady and dynamic state analysis and
simulation results prove that this strategy works well during bothoperations. Similar to
FOC, theoreticakalculations 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 machinesused in
industry are of wound rotor type. Doubly-fed induction machines have foad great use in
Ol AAUG®S Owekrdeneratio®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
eledricity in wind turbines because of the numerous advantages over other types of

generators when used in wind turbine technology.

The primary advantage of doublyfed 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, doubkled induction
generators can be directly connected to the ac power network without the use of bulland
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 threephase synchronous generator, when an external sourcef
mechanial power (i.e., a prime mover) makes the rotor of the generatarotate, the static
magnetic field created by the dc current fed into the generataiotor winding rotates at the
same speed § ) as the rotor. As a result, eontinually changing manetic flux passes

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

prime mover isthus converted to electrical power that isavailable at the stator windings.

In conventional (singly-fed) induction generators, the relationship between therequency

"Q  of the ac voltages induced across the stator windings of tleeenerator and the rotor

speed¢ is expressed using the following equation
o £ 20
pCgT (4. l)

Using the above equatior(4.1), we can determine that when ¢ ) of the generator rotor
is equal to generator synchronous speed , the frequencyQ of the AC voltages across

the stator windings is equal to frequencyQ of the AC power system.

The same operating principles apply in a doubled induction generator as in a
conventional (singly-fed) induction generator. The only difference is that thenagnetic field
created in the rotor is not static (as it is ceated using threephaseac current instead of dc
current), but rather rotates at a speec¢ proportional to the frequency of the ac
currents fed into the generator rotor windings. This means that the rotating magnetic field
passing throughthe 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 doublyfed induction generator, both the
rotation speed € of the rotor and the frequency’Q of the ac currents fedinto the
rotor windings determine the speed¢ | of the rotating magnetic fieldpassing through
the stator windings, and thus, the frequencyQ)  of 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 speedé¢ andthe speed¢ of the rotor magnetic field (proportional
to"Q ) add up. The frequencyQ  of the voltages induced across thestator windings of

the generator can thus be calculated using the followgequation:

B ST T
pgT 4.2)
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Conversely, when the magnetic field at the rotor rotates in the direction opposit® that of
the generator rotor, the rotor speede and the spee of therotor magnetic field
subtract from each other. Thefrequency’Q  of the voltages induced across the stator

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

- € 20 -
pCTl (4.3)

In other words, the frequency’Q of the AC voltages produced at the stator of DFIG

increases with the¢ j and™Q  of the AC currents fed into the machine rotor.

The primary reason for using a doublyfed induction generator is generally to produce
three-phase voltage whose frequencyQ is constant, i.e., whose frequency
Q remains equal to the frequency™Q of the ac power network to which the
generator is connected, despite variations in the generator rotor speed 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’Q of 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 speeck causedby fluctuations of the mechanical

power provided by the prime mover driving the generator.

The frequency’Q of the ac currents thatmust be fed into the doublyfed induction

generator rotor windings to maintain the generator outputfrequency™Q  at the same

value as the frequencyQ of the ac powernetwork depends on the rotation speed of
the generator rotor £ and can becalculated using the following equation
0 "0 3 z(
pCTr (4.4)

Thus, we concludethat if the speed of the rotor is equal to thesynchronous speed the
frequency’Q  that needs to fed will be Ohz and thus the machine would operate as

conventional three phase synchronous machine.

When the generator rotor speect decreases below the nominasynchronous speect ,

the frequency’Q of the ac currents that need to be fednto the generator windings
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increases accordingly ands of positive polarity. Thusindicates that the phase sequence of
the three-phase ac currents fed into the rotor windings must make the rotor magnetiteld

rotate in the same direction as the generator rotor

Similarly, when the generator rotor speec increases above the nominasynchronous
speed¢ , the frequency’Q of the ac currents that need to be fednto the generator
windings increases accordinty and is of negative polarity Thusindicates that the phase
sequence ofthe three-phase ac currents fed into the rotor windings must make the rotor

magneticfield rotate in the direction opposite to that of the generator rotof56-58].
4.2.1 DFIG used in Wind Turbines

In variable-speed wind turbines, the rotation speed of the wind turbine rotor isallowed to
vary as the wind speed varies. This precludes the use afynchronous generators in such
wind turbines as the rotation speed of thegenerator is quasiconstant when its output is
tied directly to the grid. The sameis true for synchronous generators which operate at a
strictly constant speedwhen tied directly to the grid. This is where doublyfed induction
generators come into play, as they allow thgenerator output voltage and frequency to be
maintained at constant valuesfor any generator rotor speedand anywind speed. As seen
in the Section 4.1, this is achieved by feeding ac currents of variable fg@ency 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 geneia constant, despite
variations in the wind turbine rotor speed (and, consequently, in the generator rotation
speed) caused by fluctuations in wind speedlhis 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 betvem 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 doublfed induction generator in
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variable-speed wind turbines allows electricalpower generation at lower wind speeds than

with fixed-speed wind turbines using an asynchronous generatqb8-60].

4.3 Back-to-Back Power Electronic Converter for DFIG B ased Wind
Turbines

4.3.1 Introduction

The broadly empbyed wind turbine is supplied by the rotor with a backto-back converter
also known as a reversible or a bidirectional convertelas shown inFigure 4.1. In this
section wediscussabout the back to back converteemphasizingthe grid side rather than

the rotor side.

Stator Circuit
Wind Breaker
[r— M
: P MNetwork
— X
N (
— ~ \
--------- Transformer
Rotor side VST Girid side WVSC
Pitch E G LT '
. arid
Control rotor ry ry filter
filter Subn' r Scehc'_g
Rotor Side Girid Side
Control Control

Figure4.1. System configuration of the DFIG based wind turbingg1].

First there is a need to study the two level voltage sourceonverters, examining its malel
and presenting different pulse generating possibilities for its controlled switches. Then

newer and emerging topologies are studiedAfter this we discussthe 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 tts section

discuss the backo-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 inFigure 4.2. The grd side converter is modeled by ideal bidirectional
switches. The exchange of power can be DC to AC or AC ta BEI€re the controlled
semiconductor is an Insulated Gate Bipolar Transistor (IGBT). The grid side filter is
composed of atleast three inductanceswhich 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

I
N
1
A ae &_,I/ Su./su/ . ‘_*._ Filter ’_@i

4 s

—e -
o

=

’ .. N ‘—_
Sz | S, /St_a. /

Figure4.2. 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 signalé Fi‘Y‘ F\"Y\ . Under Ideal

conditions

(4.5)
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e v (4.6)

e Y (4.7)
This means that in a leg of the converter, it is not possible to have conduction in both the
switches. Thus by different combinations 6Y Fi‘Y\ Fi‘Y\ it is possible to create AC

output voltages with fundamental component of different amplitude andrequency[60, 62,
64].

Filter

ﬂ‘ -

> |- - ®

1”.’!“
.

1 L R

a n

Figure4.3. Simplified equivalent singlephase grid circuit @ phase).

From the Figure 4.3 the following voltage relationships are true
0 0 0
(4.8)

The voltage betwveen the neutral point (n) and the negative point of the DC bus is needed,

so assuminga three phase grid system that holds, we have

0 0 0 Tt

(4.9)
Substituting the (4.9) into (4.8) the last expression yietls
o 2o v o
o (4.10)
Substituting the equation(4. 11) in (4. 12) we get,
0 ED P 0 0
o o (4.13)
o 2 Pov o (4.14)
o o
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Ql©

(4. 15)

alnN

4.3.2.2 Rotor Side System

The rotor side converter that supplies the DFIG, in genal terms, is equal to the gridside
converter shown in the ®ction 4.2.3.1as shown in theFigure 4.4. In this case also a two
level VSC feeds the rotor and between the rotor and the converter we haveilter to

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

currents and bearing currents.

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

Figure4.4. Rotor side converter and the—filter [61].

The—filter tries to attenuate the step voltages in rotor terminals of the machine, coming
from the converter. Thethree main factors are that determine how harmful the effects are
on the machine which the—filter tends to reduce and they are the type bvoltage steps

generated by the converter, thecharacteristics and length of cable used for connected the
converter and the machine and also theharacteristics of the machine. To reducethe
voltagesat the terminals of the motor, welocate a resistance ad 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 filtf85].

4.3.2.3 DC Link

The DC part of the backo-back converter is typically called the DC link andsing 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 sideonverter. 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 capacitos]

{-r_dc f.g_dc
—_— S
L
Rotor side ;m l i 4 Grid side
R."er.-.‘ :: Clﬂm_,'. th .
-
Figure4.5. DC link system
, P n s
() — Q0 (4.16)

0

The current through the capacitor can be foud by
Q0 Q 0 1)

where

‘Q  current through the resistance

Q DCcurrent flowing from the DC link to the grid

Q DC current flowing from the rotor to the DC link

These currents can be calculate as follows
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go! YR oY QoY @

(4.18)
Q Y TQ Y 'Q Y 'Q
‘ : : : (4.19)
The current through the resistance
‘9 4
Y (4. 20)

4.3.2.4 Pulse Generation of the Controll ed Switches

The commands for the controlled semiconductorsof the two-level converter can be

generated according to different laws using three modulation techniques

1 Sinusoidal pulse width modulation (PWM) technique
1 Sinusoidal pulse width modulation (PWM)technique with injection of third harmonic
1 Space vector modulation (SVM) techniqui5, 32]

We can apply all the techniques to both rotor and grid selconverters

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 calculatesthe grid variables rather than those ofthe converter.
The active and the reactive powers calculated are
0 © O0O®Eéi -
(4.21)

)] W Oi Qg » (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 falynamic modelling of the grid side

system.

4.4.2.1 » rModel

By applying the space vector notation to thé omwodeling equations, it is possible to

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

We have
. 0 'qQ .
v Qo (4.23)
i 0 'qQ .
v Qo (4. 24)

A compact \ersion, referred to a stationary reference frame,

vb Yy P 0,;;; Ve (4.25)
where
0P 0 @ (4. 26)
VY Q (4. 27)
° o m (4. 28)

The schematic representation of the resulting electric ciratiis depicted in Figure 4.6
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g Ry L
- +
Uﬂr vﬁ.‘«'
Figure4.6. | 1 model of the grid side system
4.4.2.2 dg Model
Similarly the 'Q requations can be derived (rotating frame)
0QPb x
3D Yy B 2 O P
0 Y a5 VY QU (4.29)
with 'Q rcomponenets,
\ D \ 5
0 0 Q (4. 30)
\ D \ iy
VL2V Q (4.31)
D w, 5%
Q M (4.32)

Therefore, by decomposing intadqg components, the basic equations for vector orientation

are obtained[57, 60, 64}

‘ e DQQ .
)] YQ oF )] 17 0Q (4. 33)
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0 '9Q . .
o U ! (4. 34)

s Vv
L rl'.'" ‘ dz

y \

B &

Figure4.7. dgmodel of the grid side sysem.

4.4.2.3 Alignment of the dq Reference Frame:

Expressions (4.31) and (4.32) are the'Q requations of the electric system rotating at a
speed of , which is equal to the angular speed of the grid voltage. Thikaxis of the

rotating frame is aligned withthe grid voltage space vecto .

The resultingdq components of the grid voltage yield

L W (4. 35)
v (4. 36)
[ (4.37)
— 10 (4.38)
Therefore,
O VIR b (4. 39)

Qo
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0 QQ .
L Q

A T (4. 40)

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

(4.41)

(4.42)

~ 0
v o, .

Equations (4.41) and (4.42) we show that the dgcomponents and tte active and reactive
powers have been decoupled Thus the daxis current’Q is responsible ford and the ¢

axis current is responsible for thed .

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

L Qv (4. 45)

v Q 0 Q

Nlg NIAQ

(4. 46)

Substituting the value ofv andv from equations (4. 39) and (4. 40) and assuminga

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

Y& L Q (4. 47)

NIQ
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b 0w 00 (4. 48)

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.h&
power generated by the windturbine 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 thd=igure 4.8.

Py P,

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-VSC, that is th@utput voltage of the converter, are generated in order to control the DC
bus voltage of the DC link andhe 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 ands then transmitted to grid, maintaining the
DC bus voltage is mandary. So this DC bus voltagenust be maintained at a constant
level[25, 32].

Smilarly the reactive power exchanged with the gridd , can be conblled. 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 statorcurrents and voltages withthe DC link voltage From the

® and0 references the strategy generates for the control of switches as shown in the

Figure 4.9.

Pﬁ * IQH
:; l [ ] ) rlrg
=y 5 E{ Sh I/ / iag Filter
a.  —» Vg
C . p kg A=
Fus . —." _ @_u "
¢ e -
L= ", — -
i i
- Mg
i Sa_g. g Se g
. P lag. Thg. lcg
Fus Gnd Voltage » !
- Oriented Vag, Vhg, Veg
Vector Control - —

&

Vs Oy

Figure4.9. Grid side system contro[61].

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

from the switches from the references for the grid side converteb® H)* and0® . 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 1116. The figues show the Grid voltagesabc grid side
currents, dq grid side currents, Grid side converter output voltage, Power exchange with

the grid, DC bus voltage.
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4.4.3.1 Performance A nalysis of the DFIG in » rReference Frame

The DFIG reachesa steady state depending upon stator and rotor voltages injected into the
machine as well as load torqueA case study is dondgo see how the machine behaves

during hyper-synchronousoperation.

Figure 4.17 shove the operation of the DFIG in th¢ T reference framegenerator operation
of a 2 MW DFIG, at hypersynchronous and subsynchronous speedse figures show(a)
Stator voltages, (b) Stator voltages (zoomed), (c) Stator voltages, (d) Rotor voltages, (e)
Rotor voltages (zoom), (flabcstator currents, (g) Rotor voltage T, (h) abcstator currents

(zoom), (i) abcrotor currents, (j) abcrotor currents (zoom), (k) rotor flux, () speed , (m)

torque.
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Figure4.17. Generator operation of a 2 MV DFIG, at hypersynchronou speeds and
subsynchronous: (a) Stator voltages, (b) Stator voltages (zoomed), @)ator voltageg T,
(d) Rotor voltages, (e) Rotor voltges (zoom), (flabcstator currents, (g) Rotor voltagg T,

(h) abcstator currents (zoom), (i) abcrotor currents, (j) abcrotor currents (zoom), (k)
rotor flux, (I) speed , (m) torque

4.4.3.2 Performance A nalysis of the DFIG in | |F »= <=Reference Frame

Figure 4.18 shove the operation of the DFIG in thé 0 i £ o feference framegenerator
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)abcRotor current (zoom) , (f) abcrotor currents, (g) abc stator currents, (f) Rotor
flux, (i) Stator flux (j) torque
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(i) @)

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, (eabcRotor current (zoom) , (f) abcrotor currents, (g) abcstator

currents, (f) Rotor flux, (i) Stator flux (j) torque.

4.4.3.3 Performance A nalysis of the DFIG in® A v« « & | » = Refeternce
Frame.

Figure 4.19 shovs the operation of the DFIG in théD 0 i ¢ 0 #eference 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 Flugq, (f) abcrotor currents, (g) abcstator currents, (f) Rotor flux,
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Figure4.19. Generator operation of a 2 MW DFIG, at hypersynchronou speeds and
subsynchronous: (a)abcstator voltages (zoom) (b) Stator flux, (cabcRotor voltages, (d)
Rotor voltages DQ, (e) Stator Fludq, (f) abcrotor currents, (g) abcstator 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 genetiang energy in a wind turbine is unavoidable as we have
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seen throughout thethesis. Control maintains magnitudes of torque, active and reactive
power, and also magnitudes related to the grid side converter such as reactigad DC bus
voltage. Also ontrol, together with the modulator is in charge of generating the converter

switch pulses.

Initi ally we are going to study the vector @ntrol technique (a.k.a field oriented) andlater
on in the chapter the direct control echnique. We have already seen Vect@ontrol in this

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

4.4.1 Calculation of the Current R eferences

The generic expressions can be simplified by using r@ference frame aligned with the
stator flux. Under this orientation, the relatonship between the current and the fluxes will
be

Q0 Q0 I (4.49)
Using these equationsthe relationship between the rotor and the stator current can is
obtained
Qu Qu ) (4. 50)
In steady state the fator flux is proportional to the grid voltage,w
q 0 Q
0 0Oi (4.51)

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

gudrature axis. Therefore the stator active and reactive powers are

5
i (4.52)

Combiningthese equations with the above equations, we get
v (4.53)

(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 curren{§7] .

;
®-—"Q (4.55)

(o]

0 TR IR (4.56)
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g

Divide2
Figure 4.20. Simulink model for alculation 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 addedthe first loop regulates
the active power by means of the direct currenfQ , and the second loop regulatethe

reactive power by means of the direct current. The electromagnetic torque generated by

the generatoris
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.( Y lIn1 Outd = iqr
E G o o LsiLm

ref Controller Divide

!

>fi_)+ In1 Out1
F

L
ref1 Controller1

-Ls/Lm

Y 7,0 Q Q 4.57
AL [ [ (4.57)

Under stator flux orientation this expressionis
w 0 - (4.58)

C Ny [
Substituting the value of stator flux
v c.0 0

T T (4.59)

Thus we can see that the electromagnetic torque can be controlled by quadrature axis
current[63, 68].

4.4.2 Current Control L oops

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

as synchronous reference system. The rotovoltages of the three phases havéo be
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calculated by the rotor inverter fromuv and0 by Parksinverse transform. The currents

"Q and'Q are also calculated by thePAOES8 O OOAT O& Of AOGETT AAAT O/
currents.—must be known and to find—,— the angular position of the rotor hasto be
known.

There are a lot of controllers which can be used for the control loop but the mostidely
used current loop controller is the Proportional Integral (F) controller. To calculate thePI
regulator parameters we can use th& rmodel[60-62]. In the Qrmodel, the voltage is
aligned with then} axis, so is‘Qcomponentis zero. Also theQaxis is aligned with the flux,
so the flux along thej axis is null. The voltage in the rotor terminals is nothing but the

voltage drop in the resistanceY and the voltage induced by the flux rotor.

. Q
vbooYR T g (4. 60)
b YR 0
v LY (4.61)

The relationship between this rotor flux and the rotor currents is

5 O g 0
] "7 o (4. 62)

(4. 63)

The proportionality ratio between these fluxes and the currentsis referred to asthe
transitory inductance of the rotor,, 0 and is the result of adding in series the rotor leakage

inductance with parallel magnetizing and thestator leakage inductance:

D D )
v Y 5 -t (4. 64)

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

is obtained.

0 )
: YQ 0 0 — —_— 4.65
) 1,0 I - = ( )
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, v 'Q . . Q 0 Q
w —| ” U ” U 3, [‘) ng

Qo (4.66)

During the regular operation, the grid voltage is constant and hence the destive of the

stator flux is zero and it disappears. From the control point of viewhe term7 — [ is

aconstantperturbation. Thancan be easily compensated by the controll§#3, 68].

4.4.3 Reference Frame Orientation

The basis of vector ontrol is to refer the rotor currents in a synchronousreference frame,
oriented so that its'Qaxis is aligned with the stator flux. This is almost equivalent of
aligning ] axis with the stator voltage. So, there are two options to align the axis: to
estimate the flux and align theQaxis to it, or to align then axis with the voltage and delg
by 90deg theQaxis[61].

4.4.4 Complete Control System

Classical Vector controlncludes the

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

M Reference Frame transformations

Figure 4.22 shows a schematicof the vector control systems
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Figure4.22. Schematic of the vector control systen6l].

4.5 Direct Control of DFIG based Wind Energy Systems

This section dscusses theequivalent exposition for DAG based wind turbines: direct
control techniques. Direct control echniques are amalternative solution to vector control
for control principles and performance features. First principles of direct control
techniques ae 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 reactivepowers.
4.5.1 DTC Control of the DFIG

This version of $4# EO A1 O AAI1TAA AO OAI AOGOGEA $4
characteristics.
9 Fast Dynamic Respnse
1 Ontline implementation simplicity
1 Robustness against model uncertainties
1 Reliability

1 Good perturbation rejection
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1 Non-constant switching frequency behavior

Out of these only the norconstant switching frequency is its main drawbackThese non
linear behaviors also needspecial attention and this behavior also affects other system
variables such as torque, current and fluxes,elhding in nonuniform ripples of these
variables. The DTC is based on the direct control of electromagnetic torque and rotduf
amplitude of the machine However, these particular characteristics of direct control

techniques ca be eliminated and are discusseth the Sections4.5.1.2 [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 firstreview the

background theory of DTC and the discusscontrol strategies later.

4.5.1.1 Basic Control Principle

The DTC is based on spacedetor representation of the achievable output of the two level
VSC.

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

1 The rotor flux and the stator flux rotate clockwise or anticlockwise to a distance
noted by an anglé .

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

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

9 DTC creates the pulses for theontrolled semiconductors of the converter.

We know that torque can be expressed as
0

o
Yo == wP wpi Q¢
cn,,uu We el (4.67)

It is obvious from the relation that torque depends on the statoand rotor flux amplitudes
and the anglebetween] . Since the stator is directly connected to the grid the stator flux

vector has constant amplitude and rotating speed (depending on the stator voltage



130

applied). Also, we can deduce that by controlling theotor flux amplitude and the anglg 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 statthux to a distance to control the

machine, since the torque isantrolled.

We usethe rotor voltage equation in the ‘Q ryeference frame to create the

desired rotor flux.

(4.68)
. QupP
3] p =L
T
Neglectingthe voltage drop in the rotor resistancegives
‘QuP
wP Qu (4.69)

Qo

It is absolutely clear by this expression thaby applying a necessaryoltage to the rotor it
is possible to directly influence the rotor flux.Considering constant rotor voltage injection
during "Q wefind

P P D0
" " @ (4.70)

Now we will see, by injecting different rotorvoltages,rotor flux amplitude is controlled.
Assuming that the rotor flux vector and the rotor flux vector are rtating 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 locatedtig 423 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 ¥B8d assuming that the stator flux
vector rotates very slow, so that duringthe time "Qtime interval the stator flux has not

moved, the following are consequenceg

9 The rotor flux amplitude has been reduced
1 The anglé¢ has been reduced

1 Both magnitude reductions yield a reduction in the torque



131

V1(100) )1"5ec|or

V5(001) Ve(101)
5 Sector & Sector

(a) (b)

Figure 4.23. Space vector representation of stator and rotor flux
(a) Initial stator and rotor flux locations, (b) Hexagon viéues of the twolevel converter..
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Figure 4.24. Space vectorepresentation of stator and rotor flux

(c) four possible voltage vectors to modify the rotor flux (d) rotor flux variation with
w[61].
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Figure 4.25. Trajectory representation of stator and rotor flux with different voltage
vector injections [61] .

Repeatinga large sequence of different voltage injections, with different application time
"®HRQcetc. 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 anearlycirch AO OOAEAAOTI OU AT A O®AIh OEAOEA T OIAF
trajectory appears.
4.5.1.2 Control Block Diagram

The control blodk diagram is as shown in Fgure 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™Yh"Yh"Y) for the controlled semiconductors of
the two level VSC.

The control strategy is divided into 5 different blocks

9 Estimation block

1 Torque ONOFF controllers
1 Flux ONOFF controller

1 Voltage vector selection

1 Pulse generation block

Estimation Block

As mentioned before the directly controlled vectors argorque and rotor flux and these
variables cannot beeasily measured and must be estimated from themeasurementsof the
machine. Figure 4-27 for estimation is shown. From the rotor and the stator current
measurements together with the angular position —, the stator and rotor flux| f

components are estimated. After calculating the the rotor flux | components are
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estimated, it is necessary to calculate the position where the rotor flux lieghat is the rotor

flux angle, with this rotor flux angle we @n derive the sector using the @ble7.

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
(¢ x o m
(o o )
(wmp L X
(pPutg pi
n

p
(Cpig X
(c x o m

OOk, WNE

Voltage Vector Selection and ON-OFF Hysteresis Controllers

The DTC selects the required rotor voltage vector directly from theotor flux and
electromagnetic torque and rotor flux errors using hysteresifON-OFF controllers. The flux
controller is based on a twelevel hysteresis comparator with( hysteresis band, while the
torque controller uses a threelevel hysteresis controler with ( band. The figures are as
follows. Depending on the value of the torque error, the outpud”™Y can takevalue-1, 0, or
1. Also depending on the value of the flux error, the outputg i scan take valueof -1 or 1

(not 0). Once the values 0b”Y ando6g?2i sare defined by means of the OMDFF



135

controllers together with the information of the rotor flux vector position it is possible to

selectthe rotor voltage vector using the table.

Table 7. Voltage vector selection according to comparator output

<>J||-D
1 0 -1
O 1B, 1 6 6 16 6
-1 6 6 b6 6

For example. if the rotor flux vector is located in sector 50”Y  p and6g2i s= -1 the
selected voltage vectois6 . The zerovectors producesnearly zero rotor flux variation and

very small positive or a negéve torque variation.

ot o1

(@) (b)
Figure 4.28. Change in value of’Y due to zerovector injection.

From Figure 4.28 we see that since the zero vector leaves thtor flux vector unaltered,
the stator flux movement produces an angfe increase or decrease provoking an increase
or decrease in the torqueZero vectoris generally not used to controkhe 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 ighat will correct the torque and flux error is selected the next task is to
create or generate the pulses for theantrolled semiconductors of the twolevel converter.

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

L
==
I

Vector {l+

© 340004 dF

(oMo NN N N N N
o 444004
OO O 444

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 reductiasf torque and flux ripples is

required to improve accuracy, we need to set the bandwidths of both the controllers
(( and( ). For every active vector we can see that the rotor flux changes but for the zero

vector remains the same.
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Figure4.29. Steady state torque and flux waveform§1].

CASE STUDY
This case study shows a 2 MW DFIG, controlled by the DTC technique described in this

section. The hysteresis band of the GRFF controllersis set to 5% ofthe 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 nominabrque and in the middle of
the experiment of the torque is revers to positive so the machine operates agnerator.
Hence in this experiment we can observe both the steady state and the transient
performances with the DTC. The followingFigures 4.304.36 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 isseen. The torquereachesto 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 thiiégure 4.33sector

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

Also shown in theFigure 4.30 to Figure 4.36 are the stator and rotor current behaviors
demonstrating that despite a sever change of torque, the currentdo 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.

3000 . . .

2000 | -mmmmm oo T PP P o —

1000

Torque (Nm)

-1000 [NE8°

T b b e -

-3000 L L L
6.5 T 75 8 8.f

time -(sec) % 10°

Figure4.30. Torque amplitude.
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Figure 4.36. Rotor flux amplitude (zoom).
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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 ofelectromagnetic torque and rdor 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/Ne know that

R S
x O
0 E) lvpZ B 4.72)

As done in DTC, by injecting directly rotor voltage vectors, the stator active and reactive
powers are controlled,achieved by DPC wh the necessary creation of a rotatory rotor flux
space vector. From the equation§4. 73) and (4.74) it is impossible to know how injection

of different voltage vectors can influence the cre&n of 0 and 0 .

But we know that ,

. 0 0 b up i ‘O

U cpp ! wupt el (4.75)
. 0P 0V b wphE i
Vo Wy W westd (4.76)

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

two expressions that

1 The stator active power depend uporstator and rotor flux vectors

1 The stator active and reactive power can be controlledy modifying #and their

amplitudes
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Similar to the basic control principle ofDTC, since it is possible taknow 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 Pi "Qand P é | it is possible to modifyd and( .

Figure 4.37 illustrate s 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 infigure (a) and (b). Similar to the DTC scheme if voltage
vector w is gpplied during a time interval ‘the rotor flux vector moves from its initial
position to final position (Assuming that for the time interval "‘that the stator flux vector
position is unaltered). Fig C illustrates the rotor flux space vector movement. Fig D
illustrates the changesin the Pi "Q&egrm and changes inthe P® £ itdrm due to voltage

vector w injection.

ot g

(a)
Figure 4.37. Space vector representation of stator and rotor €ixes.

(b)

Observing Figure 4.37 we see that the term Pi "Q¢Has slightly decreased and the term

P ¢ ihas slightly increased and hence due to this

WPwé iU
WPi Q&Y (4.77)

Similar to the DTC philosophy, repeating a large sequence of different voltage injections
(with different time intervals ("QRQetc.) 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 contro 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 voltage:
of two-level VSC, (b) four possible voltage vectors to modify rotor flux lation, (c) rotor
flux variation with w injection, (d) Term variations [61] .
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Figure4.39. Trajectory representation of stator fluxes with different voltage vector{61].

The control block diagam of the direct power control (DPC) strategy is shown th&igure

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 power. From the0

andD references, the control strategy calculates the pulsesYHYRY) for the controlled

semiconductors of the twaelevel VSC.
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Figure 4.40. Direct power control (DPC) block dagram.

Similar to the DPC schemthe control strategy is divided into 5 different blocks
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1 Estimation block

1 Torque ONOFF controllers
1 Flux ONOFF controller

1 Voltage vector selection

1 Pulse generation block

Estimation Block
Since the directly controlled vaiables0 and0 can be directly calculated from the
measured stator voltage and currents the estimation blogkshown inFigure 4.41 is slightly

different from the DTC.

Real Power calculation
»  flu {1

Reactive power calculation

4’{ f{(u) » 2 )
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v_g
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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

Figure4.41. Estimation block diagram.

The rotor and the stator current measurement together with the rotor angular
measurement—, the rotor flux| 6 components are calculatedor sector calculation. On the
other hand the measurements of tator voltages and currents, the actual values af and

0 .

Voltage Vector Selection and ON-OFF Hysteresis Controllers

The DPC technique also selects theequired voltage vector directly from 0 and0 errors,
using hysteresis ONOFF ontrollers. It chooses the needed voltage vector to correct the

errors in the controlled variables. The ONOFF controller structure is equivalent to DTC.

TheO controller is based on a twelevel hysteresis comparator with( hysteresis band,
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while the 0 controller uses a threelevel hysteresis comparator( hysteresis band. The

schematics are shown in thd-igure 4.42.

Figure4.42. ON-OFF0 and 0 controller with hystersis band.

Once thedd and 60 signals are defined by means of the QRFF controllers, together with
the information about the rotor flux space vector position it is possible to eect the rotor

voltage vecta using the look up table

Table9. Voltage vector selection according to compartor output

Oy
1 0 1
ok 1 6 6 I6 6
v -1 6 6 I6 6

The voltage vectors are selded from the ONOFF controllers aml the sector in which the
rotor space vector islocated and similar to the DTC only four active vectors are permitted

(6 B B B ) and the zero vector 6 6 ). However DPC produces both

and 0 variation as shown inFigure 4.43.

Figure4.43. 0 and0 increase due to zero veor insertion [67].






















































