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Wind power is the most reliable and developed renewable energy stohece
share of wind power with respect to total installed power capacity is increasing
worldwide The Doubly Fed Induction Generator (DFIG) baseohd turbine with
variablespeedvariablepitch controlschemes the most populawind power generator in
the wind power industry This machine can be operated either in grid connected or
standalone modeéA thoroughunderstanding of thenodeling,control, and dynamic as
well asthe steady state analysig this machingn both operation modds necessaryo
optimally extract the power from the wind aaccurately prediats performance.

In this thesis a detailed electromechanicabdel of a DFIGbased wind turbine
comected to power grid as well as autonomously operaiad turbine system with
integrated battery energy storagedesvelopedn the Matlab&imulink environmentand
its corresponding generator amdrbine control structurés implemented.A thorough
explanation of this control structues well aghe steady statéehaviourof the overall
wind turbine system is presentéithe steady state reactive power capability efDFIG
is studied.

Typically, most of the wind turbines are locatedramote places or offshore
where the powegrid is usually long andveak charactered by under voltage condition.
Because of the limited retae power capability, DFIG camot always supply required
reactive poweras a resujtits terminal voltage fluctates.Hence, a voltage regulation
device is required fothe secureoperation ofthe overall wind turbine together with
power grid duringnormal operation as well adisturbances in thgrid. Flexible ac
transmission system (FACT#gvices, through thefast, flexible, and effective control
capability, provide solution to i challenge Therefore this thesis examines the use of
Static Synchronous Compensat8iTATCOM) at the Point of Commo@oupling(PCQ
to regulateterminal voltage of th®FIG wind turbine systemThe series compensation in
the transmission line to improve steady state voltage and enhance pamgng
capability of the line is also examineSimulation results verify the effectiveness of the
proposed system fateady statas well as dynamigoltage regulation
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CHAPTER 1
INTRODUCTION

1.1 Introduction to Wind Energy Conversion System

Wind Energy ConversionSystem (WECS)is the overall system for converting
wind energy into useful mechanical energy that can be used to power an electrical
generator for generating electricitfhe WECS basically consists ofthree types of

componentsaerodynamicsimechanical, andlectrical as shown in Figure 1.1 [1].

1.1.1 Wind Turbines

. VAWT/HAWT

From the physical setup viewpoint, there are horizontal axis wind turbines
(HAWT) and vertial axis wind tubines (VAWT) R]. Initially, vertical axis designs were

considerediue to their expected advantages of oculinectionality (hence do not need

Aerodynamic Mechanical Electrical
Components Components | | Components

| S —
Power Electronics
Converter

Figure 1.1 Block Diagram showing the components of WEQ@®ected to grifil]
(dashed item is architectudependent)
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Figure 1.2 Examples of HAWT (a) and VAWT (b, c and2j)

yaw-system) and having gears and genegaequipmert at the tower baseHowever,

the following disadvantages caused the VAWT hHave a diminished presence time

commercial market:

U Reduced aerodynamic efficiency: much of the blade surface is close to the axis.

0 Housing usually at ground leveb it is not feasible to have the gearbox of large
VAWT at ground level because of the weight and cost of the transmission shaft.

In HAWT, the wind turbine blades rotate about an axis parallel to the ground and
wind flow. Almost all the larger turbines employed in modern wind farms are HAWT
because they are more suitable for harnessing more wind energy. HOMAVET are
subjected to reversing ghgational loads (structural load is reversed when the blade goes

from upwards to downwards position) which impose a limit on the size of such sirbine



[2]. The rotation of both HAWT and VAWT can be powered primarily by lift or drag

force depending on theesign of the bladas shown in Figure 1.2
Il.  Variablespeed, PitcliegulatedWind Turbine

A variable speed wind turbinean ncorporate apitch regulation feature that
involves turning the blades about their lengthwise axes (pitching the blades) to regulate
the power extracted by the rotor.

Advantages:

U  Turbine can operate at ideal-8peed ratios over a larger range of wind speeds so
as tocapture maximum energy from wind.

0  Ability to supply power at a constant voltage and frequency while the rotor speed
varies.

i Control of the active and reactive power.

Disadvantages:
U  Generates variable frequency current/voltage so needs power electra@deon
lll.  Fixedspeed, StaltegulatedVind Turbine

When the wind speed increases, the blades become increasingly stalled to limit
power to acceptable levels without any additional active control hence the rotor speed is
held essentially constant.

Advantage:
U Simple and robust construction, hence lower capital cost.
Disadvantages:

i Camot extract optimum energy from wind.



U Do not have the capability of independent control of active and reactive power.
U  Generates more mechanical stress on gearbox draimmaple wind speed.

The modern wind turbine industry is shifting towards variable speed because of
their better overall performance. They take full advantage of variations in thespeed;
encounter lower mechanical stress and less power fluctuatiehpradide 10- 15%

higher energy output compared with constant speed operation [3].

Number of Blades:

To extract maximum possible amount of wind energy from wind, the blades should
interact as much as possible with the wind blowing within swept ahesanitically, more
the number of blades a wind turbine has, the more efficient it should be. But in reality,
when the number of blades increases; there will be more interference within blades. As a
result, it is more likely that blade will pass through thetwlised weakemindflow
region. From a structural stability viewpoint, the number of blades of HAWT should be
odd and greater or equal to 3, in which case the dynamic properties of the turbine rotor
are similar to those of a disc [4]. Hence most of the ceraially available modern wind

turbines are threbladed.
Betz Limit:

Betz law says that we can only convert less than 1@®#2%9.3%) of the kinetic
energy in the wind to mechanical energy using a wind turbine [4]. It is because the wind
after passing tlough wind turbine still has some velocity. Within the turbine, most of the
energy is converted into useful electrical energy, while some of it is lost in gearbox,
bearings, generator, power converter, transmission and others [4]. Most practical rotors

with three blades can reach an overall efficiency of about 50%.
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1.1.2 Components ofWind T urbines

The major components
not to scale). The turbine is
components. The drive train

gearbox, higkspeed shaftand

of a wind turbine system are shown in Figure 1.3 (drawing
formed by the blades, the rotor hub and the connecting
is formed by the turbine rotating masssdeed shatft,

generator rotating mass. It transfers turbine mechanical

output power up to the generator rotor where it is converted to electrical pbweewind

strikesthe rotor on the horizontalxis turbine, causing it tepin. The lowspeed shaft

transfers energy to the gear box, which steps up in sprebotates the highspeed shaft.

The high speed shaft causes

the generator to lspmte generating electricity. The yaw

system is used to turn the nacelle so thatdha faces into the wind’he low speed

,

Yaw Drive

Yaw motor

: Brake ‘C/

Blades w—

Low-speed
shaft

Gear box

Generator
Anemometer

Controller

AN

A

\| Wind vane

High-speed
shaft

Figure 1.3 HAWT showing mechanical, electriaid control compnentg5]
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Shaftcontains pipes for the hydraulics system that operates the aerodynamic brake [4].
The high speed shaft is equipped wath emergency mechanical brake which is used in
case of failure of the aerodynamic brake [4].

The generator convertaechanical power of wind into electrical power. Usually
the generator produces power at low voltage and the transformer steps up the generator
output voltage to connected grid voltage. The transformer may be placed at the bottom of
the tower [4] or in th@acelle for losses minimization [2].

Other components of wind turbine system are the anemometer to measure wind
speed andx wind vane which measure the wind direction. Wind speéamation is
used tadeterminewhen the wind sped is suffcient to starup the turbine and when, due
to high winds, the turbine must be shut down for safetjereas wind direction
measurement is used by the yaontrol mechanism which helps in orienting the rotor to
the wind direction [5]. Electric fans and oil coolers aredus® cool the gearbox and

generator.

1.1.3 Operating Region of the Wind Turbine

The operating region of aariablespeed variablpitch wind turbine can be
illustrated by their power curve, which gives the estimated power output as function of
wind speed as showin Figure 1.4. Three distinct wind speed points can be noticed in
this power curve:

0  Cutin wind speedThe lowest wind speed at which wind turbine starts to generate

power.
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Figure 1.4 Power curve of a variable speed wind turbine

0  Rated wind speedVind speed at which the wind turbine generates the rated power,
which is usually the maximum power wind turbine can produce.

i  Cutout wind speedwind speed at which the turbine ceases power generation and
is shut down (with automatic brakes and/or blade pitching) to protect the turbine

from mechanical damage [2].

1.1.4 Control of Wind Turbine System

With the increase in wind turbine size and powergatstrol system plays a major
role to operate it in safe region and also to improve energy conversion efficiency and
output power quality. The main objectivesaokind turbine control system are [6]:
U Energy capture: The wind turbine is operated to extitemaximum amount of

wind energy considering the safety limits like rated power, rated speed.
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Figure 1.5Electrical generatgrused in commercial wind turbines

0 Power quality: Conditioning the generated power with gimderconnection
standards.

The various control techniques used in wind turbines are pitch control, yaw
control and stall control. But in the modern variable spe@ble pitch wind turbines,
pitch control is the most popular control scheme [7]. In tlostol scheme, the
horizontal axis wind turbine blades are rotated around its tower to orient the turbine

blades in upwind or down wind direction.

1.1.5 Wind Turbine Generators

Wind Turbine Generators in the current market can be classified into three types
accading to their operation speed and the size of the associated converters as below:
x Fixed Speed Wind Turbine (FSWT)
x Variable Speed Wind Turbine (VSWT) with:
1 Partial Scale Frequency Converter Wind Turbine (PSFCWT)

1 Full Scale Frequency Converter Wind Turb{R&FCWT)



Variablespeed variablpitch wind turbines utilizing DFIGalso called®SFCWT
are the most popular in the wind power industry especially for imdgawatt wind
turbine generators [8]. The DFIG consists of a wound rotor induction generatadh®ith
stator side connected directly to the constant frequency-pim@se grid and the rotor
windings connected to grid through a bidirectional bekack ac/dc/ac IGBT voltage
source converter as shown in Figure 1.5 ifa)output power can be contradleia pitch
control as well as back to back converter control.

The term 6Doubly Fedd refers to the fac
from the grid and the voltage on the rotor is induced by the power converter. This system
allows a variablespeed operation over a large, but restricted, range [9]. The converter
compensates the difference between the mechanical and electrical fregusnc
injecting a rotor current with a variable frequency [9]. Hence, the operation and behavior

of the DFIG isgoverned by the power converter and its controllers.

Table 1.1 Summary of features of FSWT and FSFCWT generators [6]:

FSWT FSFCWT
Structure Figure 1.5(c) Figure 1.5(b)
Machines| Squirrel Cage Induction Generatop Permanent Magnet Synchronous
Generator
1 Simple construction 1 Complete control of active an
Merits | 9 Low cost reactive powers
1 Low maintenance 1 High efficiency

1 No control on reatkactive power | Additional cost of powe
Demerits | { Less efficiency electronics
1 Poor power factor 1 Limited fault ride through

1 High mechanical stress on turbine| ~ capability




The power converter consists of two convertersRbwr Side ConvertelRSQO
andthe Grid Side ConverterGSQO, which are controlled independently of each other.
The RSC controls the active and reactiygower by controlling the rotor current
components, while th&SC controls the DC link voltage amdFIG terminal voltage or
power factor of the overall DFIG system by controlling amount of reactive power

exchanged with the power grid.

Stator side alwaykeedsactive power to the grid wheas active power is fed into
or out of the rotor épending on the operating condition of the drive super
synchronouspeed powerflows from the rotor via the converter to the grid, whereas it

flows in the opposite dection in subsynchronous speed of the drive

Advantages of DFIG wind turbine system:

U It has ability to control reactive power and decouple control of active and reactive
power by independently controlling the rotor excitation current. So power factor
control canbe implemented in this system [10].

U DFIG is wound rotor induction machine which is simple in construction and cheaper
than the synchronous machina. DFIG, converter rating is typically 280 % of
total system power which resulteducedconverter cost, less harmonics injection to
the connected grid and improved overall efficiency (appre%@2more than full
scale frequency convenjesf the wind turbine systeni()].

U Inthe case of a weak grid, where the voltage may fluctuate, the €drli@oduce or
absorb an amount of reactive power to or from the giithin its capacity to
regulate the terminal voltage

U  High energy conversion efficiency.
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U  Smaller power rated DFIG can be uséth higher power rated wind turbine.
Disadvantages of DFIG windirbine system:
U Inevitable needf slip ringsand gear box which requires frequent maintenance [9]

U Limited reactive power capability8] andfault ride through capability [6].

1.2 Motivation of the Research

Wind power is the most reliable and developed rebévanergy source over past
decades. The increased awareness of people towards renewable energy, support from
governmental institution, and rapid advancemetih@power electronics industry, which
is the core of wind power systgnare the most contribiag factors for the development
of wind power system As a esult, the share of wind power with respect to total installed
power capacity is increasing worldwide. The WECS utiliziragiablespeed variable
pitch wind turbine with DFIG is the most populer the wind power industry especially
for multi-megaw#t size. The beauty of the DFHfised WECS is its efficient power
conversion capability at variable wind speed with reduced mechanical stress and low
price because of partial size rated power converteesled to achieve the full control of
the machine. These favorable technical and economical characteristics have encouraged
the commercialization of thiwind turbinein the moden wind power industry quickly.
Unfortunately, tlesekinds of wind turbines have limited reactive power capability and
aretypically connected at remote arem®d offshoremainly because ofavourable wind
condition, noise pollution, physicalimension and impact on the scenery. These areas
usually have electrically weak poweridg characterized by low short circuit ratiand

undervoltage conditions.
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Hence, to assist its further integration into the modern power system, it is
therefore important to assess its dynamical behavior, steady state perfqrisnashce
impacts on the inteonnected power network with regard to its reactive power capability
and voltage control. The voltage at the particular bus in the power system is a local
quantity. It is very difficult or even impossible to regulate the node voltage at the remote
location using conventional power stations located elsewhere in the grich Beal
reactive power source is needed. With the fast advancement in power electronics
technology, FACTS devices having excellent dynamic response are technically and
economically feable in power system applicatiofherefore in this study, reactive
power compensation using the STATCOM at the PCC is studied to enhance the reactive
power capability and voltage controllability of the DFIG wind turbine system for
improving dynamic andtsady state stability of the wind turbine system as well as the
interconnected weak power system.

Additionally, series compensation of transmission line helps in steady state
voltage regulation and enhances the transmission line power carrying capability.
Moreover,off grid applications of the DFIbased WECS isery important to supply
power to the remote places &re there is no grid supply. This operation mode inwlve
standlone operation of DFI(hased WECS. Staatbne operation of grid connected
DFIG system is also needed in case of failure of the main supply due to breaking of the
transmission line or permanesttort circuit in the grid to supply part of an isolated load.
This increases the reliability of the power supply system. Hence, this thesis is motivated
at contributing to the dtter understanding of the DRitased WECS and its inteten

with the STATCOM as well as series compensated Imeesgard to those aspects.
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1.3 Objectives of the Thesis

The main objective of this thesis is to devebogynamic model and analyze the
steady state perforemce of the grid connected DFliased WECS. Moreover, to assess
the integration of this kind of wind turbine intoparticularly weak power system, it is
important to study its steady state reactive power capability and voltage controllability.
The DFIG wind turbine system has limitecacéive power capability san additional
reactive power source is needed to meet the power factor requirement and to secure the
voltage regulation in the system during all the operation time including periods with
transient disturbances in the connectel.g6TATCOM has better dynamic reactive
power capabilies than other FACTS devices so it is used as an additional dynamic
reactive power source in this study. Hence, modeling and control of STATCOM is the
another objective of this thesiSeries compensad line provides steady state voltage
regulation and enhances the power transferring capability of the line. Modelling and
analysis of the DFIG wind turbine interfaced with series compensated line is another
objective of this thesisStandalone operatiorf the DFIG system is required: 1) to suppl
off grid loads in remote areand 2) to supply local loads connected to grid in case of
failure of the main supply. Staatbne operation of the DFIG system needs more complex
control system development. Modeliagd control of the autonomous operation of the
DFIG system with integrated battery energy storage system isaalgbjective of this

thesis.
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1.4 Methodology

The following methodology has been adopted in order to carry out the research

work:

i

The complete modelg and control of DFIGbased WECS connected to power grid

is done so that its behavior and interaction with the power grid during transient and
steady state conditions can be determined.

The steady state reactive power capability of the DFIG wind turbyséem is
derived to understand when the DFIG needs additional reactive power in the steady
state to maintain the desired power factor.

The completemodeling and control of STATCOM connected to power grid is
developed to know its interaction with the DFMand turbine systenduring
transient and steady state condiidBased on theecessaryeactive power to meet

the power factor requirement, themaximum MVA rating of STATCOM is
calculated.

Complete model of the DFHKBased wind turbine interfaced witlseries
compensated line is built to study the effect of series compensation on voltage
regulation of this wind turbine and power transferring capability of the line.

The model of the autonomously operated DHBsed WECS connected with
integrated batteryenergy storage systens developedand its control is
implemented in Matlab/Simulinkto study its transient and steady state

characteristics.
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1.5 Organization of the Thesis

This thesis is organized infghtchapters. Chapter 1 gives the introduction of the
DFIG-based WECS and the motivation and objectives of the thesis. Chapter 2 provides a
literature reviewfor modeling and control of the DFHBased WECS connected to power
grid, steady state reactive power capability of the DFEIGIgrid code requirementer
connecting wind turbines to power grigloreover, Chapter adlsopresents the literature
review fornecessityof additional reactive power source in the DFd@sed wind turbine
system, modeling and control of the STATCOM, and control and operation of
autonomously operated DFHzased wind turbine systenChapter 3describs the
modeling and control of the grid connected DFIG system, different operation modes of
variablespeed variablpitch wind turbine system and controllers design for the DFIG
based WECS. In Chapter 4, steady state characteristics of thellaB&@ WECS and its
steady state control settings are discussed. The steady state reactive power capability of
the DFIG is derived ad stepsof drawing PQ diagram of overall DFIG and STATCOM
to meet the power factor requirement is presented through the flowchart. In Chapter 5,
modeling and controlledesign of STATCOM is discussed along witlgnamic and
steady state voltage regulation the DFIG wind turbine system using STATCOM
Chagper 6presentshe modelingandanalysisof a DFIG wind turbine connected to power
grid through series compensated lirghapter7 illustrates the modelingcontroller
design operation, andanalysisof the autonomously operated DHIiased WECS with
integrated battery energy storag€inally, in Chapter8, a summary ofresearch

99contributionsand extensionor future work are presented.
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CHAPTER 2

LITERATURE REVIEW

21 Introduction

This chapter presentie relevant literature review done to carry out this research
work. Section 2.2 gives a survey and comparison of various approaches for the DFIG
wind turbine system dynamic modeling. In Section 2.3, a literature survey related to
steady state analysis amelactive power capability of the DFIG system are presented.
Section 2.4 describes the work done on the voltage regulation in the DFIG wind turbine
system using STATCOM. The interaction of the DFIG wind turbine system with the
series compensated line issdissed in Section 2.5. Finally, in Section 2.6, existing
methods of control for the autonomous operation of the DFIG wind turbine system with

integrated energy storage is discussed.

2.2 Dynamic Modeling and Control of the DFIG System

Global concern abouthe environmental pollution and continuously increasing
energy demand has led to the growing interest in innovative technologies for generation
of clean and renewable electrical energy. Among a variety of renewable energy sources,

wind power is the most padly growing one in the power industry.
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The traditional wind turbine generator (WTG) systems employ soaiags
induction generators (SCIGs) to generate wind power. These WTGs have no speed
control capability and cannot provide voltage or frequencya@tipghen connected to the
power grid [11]. During the past decade, the concept of a vasspleled wind turbine
driving a doubly fed induction generator (DFIG) has received increasing attention
because of its noticeable advantages over other WTG syst@jad %l Most existing
wind farms and those in planning employ this type of WTGs. Compared to the fixed
speed SCIG wind turbines, the DFIG wind turbines can provide decoupled active and
reactive power control of the generator, more efficient energy produdmproved
power quality and improved dynamic performance (8. All of those above mentioned
advantages of the DFIG are possible because of the control scheme that can be
implemented in the bado-back converters of the DFIG. Hence, the method of
cortrolling this backto-back converter plays a significant role in achieving better
performance of the DFIG system. Different types of the modeling and control schemes
for the DFIG system can be found in the literatures which are discussed here.

The Doubly Fed Induction Machine using an ac/dc/ac converter in the rotor circuit
(Schrebius drive) has long been a standard drive option for high power applications
involving a limited speed range. The power converters only need to handle the rotor side
power. In 198, Leonhard explains the vector control technique used for the independent
control of torque and excitation current [16]. The converter design and control technique
are well explained in [17]. PanClare and Asher [18] gavadataieddesign of the DFIG
using backto-back PWM voltage source converters in the rotor circuit and they also

validated the system experimentally considering a grid connected system.
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Energy extraction from a DFIG wind turbine depends not only on the induction
generator but also aime control strategies developed using different orientation frames.
The DFIG usually operates in vector control mode based on the PI controllers in a
synchronous reference frame either to the staigroriented (SFO) or statesmltage
oriented (SVO) frenes. The DFIG with PI controllers and its performance under normal
operation conditions has been discussed in a number of publicatic88][19 is well
known that the DFIG performance with Pl controllers is excellent in normal grid
conditions, allowingndependent control of the grid active and reactive power [24, 25].
In [26, 27], the SFO frame is used to develop the DFIG wind power extraction
mechanisms. Another approach, for examgieectpowercontrol strategies for DFIG
wind turbines using the SFBame [28], has also been proposed recently. Although, the
SVO frame is normally not used in a DFIG design, [29] and [30] report special
approaches to improve DFIG stability under unbalanced conditions using the SVO frame.
In [29], a DFIG system model ithe positive and negative synchronous reference frames
is presented to enhance the stability of the DFIG under unbalanced voltage supply. In
[30], it is shown that a DFIG control strategy can enhance the standard speed and reactive
power control with contllers that can compensate for the problems caused by an
unbalanced grid by balancing the stator currents and eliminating torque and reactive
power pulsations. In [31], a rotor position Phaseked Loop (PLL) is used which
acquires the rotor position amdtor speed simultaneously for the implementation of the
decoupled FQ control in the DFIG. The rotor position PLL is designed to operate
without the knowledge of any parameter of the DFIG except the magnetization reactance.

In [32], comparison between SR SVO reference frames is done and it is shown that
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the performance of DFIG wind power extraction is simitausing both SVO and SFO
frames. But, it is found that a conventional wind power extraction approach using the
SFO frame could deteriorate thewer quality of the DFIG system while it is more stable
to estimate the position of the stattux space vector by simply addir§0 degree to the
statorvoltage space vector [32].

Hence, in this thesis, the varialdpeed, variablpitch wind turbine iglesigned to
operate in maximum power point operation mode at low and medium windsspeedh
pitch control mode atigher wind speedThe vector control technique using SVO
reference frame is used to getamipled control of active and reactive powemi the
DFIG based wind turbine. The PI controller design for Rotor Side Converter and Grid

Side Converter is presented clearly

2.3 Realand Reactive Power Capability of the DFIG

With the increased penetration level of wind power in the power systeth, gri
utilities want wind turbine generator system to behave like a conventional synchronous
generator in terms of real and reactive power settings [33]. In other words, wind turbines
have to contribute not only to active power generation but also to théveepoiver.
Hence, wind turbines should have extended reactive power capability not only during
voltage dips but also in steady state operation [8]. Although, the DFIG wind turbines are
able to control active and reactive power independently of one anoyheirtue of
ac/dc/ac power electronic converter present on it, the reactive power capability of those

generators depend on the active power generated, the slip and the limitation due to

19



following design parameters: 1) rotor voltage, 2) stator currenBamdtor current [34,
35]. The grid side inverter reactive power capability can be taken into consideration, but
in commercial system, this converter usually works with unity power facerzero
reactive power, so the total reactive power capabilitghef generator is equal to the
stator reactive power capability [34, 35].

Therefore, in this thesis, the steady state operation of the DFIG wind turbine system
is described clearly through the characteristic curves. The steadpctaggpower flow
in the stator and rotor side is presented for-suichronous and supsynchronous
operation modes of the DFIG. The reactive power capability of the DFIG is studied
through the FQ diagram. The reactive power capability is obtained for maximpower
point operation mode and is extended to the pitch control operation mode of the DFIG as
well which is not found in the literature. The reactive power capability curve of the
overall DFIG with the STATCOM connected at the PCC is derived to meetdhdyst

state power factor requirement.

2.4  Voltage Regulation in the DFIG Wind Turbine System Using STATCOM at
PCC

The reactive power capability of the DFIG system is limited [8, 34 and 35].
Typically most large size wind turbines are usually installe@mbte places or offshore
because of their dimension and impact on the scenery [36]. Those areas usually have
electrically weak power grids characterized by low short circuit ratios and-ualiage
conditions [37], which means, they require special camaitbn in connecting those

wind turbines to the grid [38]. In such grid conditions and during a grid side disturbance,
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the DFIGs may not be able to provide sufficient reactive power support. Without any
external dynamic reactive compensation, there caa h&k of voltage instability in the
power grid [12]. The aerodynamic behaviour of wind turbine causes its output voltage
fluctuation [39]. Voltage instability problems occur in a power system that cannot supply
the reactive power demand during disturlendike faults, heavy loading, voltage
swelling and voltage sagging [40]. This problem is more severe in case of the weak
power grids having undeasltage. During the grid side disturbances, the power electronic
converters in the DFIG may be damaged beeaigshe high voltage induced in it [40].

To prevent such contingencies, utilities typically immediately disconnect the WTGs from
the grid, and reconnect them when normal operation has been restored. This is possible,
as long as wind power penetration r@msalow. However, with the rapid increase in
penetration of wind power in power systems, tripping of many WTGs in a large wind
farm during grid faults may begin to influence the overall power system stability.
Therefore, it will become necessary to reqWe&Gs to support the network voltage and
frequency not only during steadyate conditions but also during grid side disturbances.
Moreover, the particular bus voltage is local quantity and hence it is very difficult and
costly to control the bus voltage #ne remote node by the use of conventional power
stations consisting of synchronous generators and synchronous condensers located
elsewhere in the grid [36]. It is because the reactive power flow in the power system is
associated with changes in voltagkich in turn increases the power losses (maiffiy |

loss) in the system. Hence it is necessary to install local voltage control devices in the
transmission/distribution network even if the wind turbine itself has voltage controlling

capability [36].
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At the same time, the decentralization concept of power generation is becoming
popular [36]. As a resulthe contribution of conventional power plants to the voltage
control in transmission network is diminishing. It is becoming more difficult to control
the wltage in the entire transmission network from conventional power stations only
[36]. Hence grid companies are installing dedicated local voltage control equipments and
demanding distributed generation equipments to have reactive power capability
irrespecitve of applied technology [36]. So there will not be any exception for wind
power plants.

Recently, the utility companies are asking to fulfilittee criteria(grid codes) for
the interconnection of wind turbines to the power grid. The grid codes ndenhand
wind turbines to have low voltage rigdarough capability and reactive power capability
[35]. The first specification seeks to improve transient stability in a power system with a
high penetration of wind energy, while the second specificationttatgesupport steady
state voltage regulation in such power system [35]. Another key requirement for wind
power interconnection is that the power factor at the PCC must remain between 0.95
leading and 0.9 lagging [41]. The reason for this ruling is thadtinee power capability
for a wind plant is a significant additional cost compared to conventional units which
possess inherent reactive power capability [41].

The problem of voltage fluctuation can be solved by using dynamic reactive
power compensation ¢bnique installing the Flexible Alternating Current Transmission
Systems (FACTS) devices [42]. FACTS devices are becoming more and more popular in
power system these days because of rapid advancement in power electronics technology

[40]. Among various FACS® devices, those based on the VSC concept have some
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attractive features [43], such as rapid and continuous response characteristics for smooth
dynamic control, allowing advanced control methodologies for the-peglormance
operation, elimination or redad requirements for harmonic filtering, ability to add
energy storage devices, allowing simultaneous active and reactive power exchange with
the ac system. The VSC based FACTS devices include the static synchronous
compensator (STATCOM), the static synalwas series compensator (SSSC), and the
unified power flow controller (UPFC). In [39] and [44], STATCOM is proposed to
minimize DFIGbased wind turbine terminal voltage fluctuation. In [40, 45], reactive
power compensation using the STATCOM is proposedirfgoroving the fault ride
through capability and transient voltage stability in the DFIG wind turbine system.

In this thesis, a STATCOM connected at the PCC to regulate voltage fluctuation
during grid side disturbances like voltage swelling and voltaggiisg is presented. The
use of STATCOM to provide steady state voltage regulation of the DFIG wind turbine
terminal is described. It is also shown that the MVA rating of the Grid Side Converter
(GSC) has to be increased more than three times comparedtyopower factor
operation of the GSC if it has to supply the reactive power to meet the power factor

demanded by the grid code.

2.5 Interaction of a DFIG Wind Turbine System with the Series Compensated
Line

Traditionally, series compensation is used in long transmission line to increase the
power transfer capability of the line [46]. Series compensation also helps in the steady

state voltage regulation [46]. Series compensation is also used to enable pdeer to
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transmitted stably over a greater distance than is possible without compensation [46]. The
DFIG wind turbines are installed in remote areas and offshore due to favorable wind

conditions and are therefore connected to the power system via weak and long
transmission lines. Hence, to evacuate large amounts of electrical power from the wind
farms, it is quite likely that the transmission lines will be series compensated [47].

In this thesis, the grid side converter (GSC) is designed to regulate the DFIG
terminal voltage of the series compensated line. The steady state analysis of the overall
system is done to evaluate the effect of different compensatios.l#slshown through
the dynamic simulation and steady state analysis that the series compehshi®in
improving the steady state voltage regulation and enhances the power carrying capability
of the transmission line. It is clearly shown that the reactive power that GSC has to
supply to regulate the terminal voltage keeps on decreasing wheontipemsation level

increases.

2.6 Autonomous Operation of DFIG Wind Energy ConversionSystemwith
Integrated Energy Storage

The majority of research interests related to DFIG systems in the literature have
concentrated on the grid connected wind power egiptins. However, in order to assess
the full potential of the DFIG, control strategies of the standalone operation mode should
be also examined. For the autonomous operation of the wind turbine, two issues need to
be addressed [48]: 1) integration of pedy sized energy storage system into the WECS
to mitigate the power fluctuations and consequent power quality problems, and 2)

development of effective control strategies. To control the voltage and frequency of the
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standalone operated system, traditioredctive power versus voltage -{Q) and real

power versus frequency () droop techniques have been adopted and successfully
implemented [49]. Moreover, the variability of wind speed causes fluctuation in the
power output of windgenerator as a result the voltage and frequency of the isolated
power system gets affected. To increase the reliability and performance of the system,
energy storage is required [48]. Many investigations have been done for technical and/or
economical advaages of augmenting a wind power unit with energy storage for instance
fuel cell [50], batteries [48, 51], flywheel [51], compressed air [51] and stgpcitor

[51, 52]. In the case of smadtale wind power system with energy storage system peak
power kss than 1 MW, leadcid battery energy storage systems constitute a technically
mature solution with considerable application potential [53].

In this thesis, the standalone operation of the DFIG system with integrated battery
energy storage connected agothe DGEink of ac/dc/ac converter is modeled. The
connected load consisting of RL load, linear load andlim@ar load is modeled. The
Grid Side Converter is designed to control frequency and load bus voltage magnitude

using droop control technique.
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CHAPTER 3

DOUBLY FED INDUCTION GENERATOR BASED WIND ENERGY
CONVERSION SYSTEM

3.1 Introduction

This chapter presengsdetaiked explanation about DFIBased WECS. The overall
components of DFIhased WECS are discussed first. Its operation modes, modeling,
control system desigrand the detail explanations about each significant component are
presented later.

Among different windgeneration technologies availabl@riablespeed variable
pitch wind turbines utilizing DFIGs aréhe most popular in the wind power industry

especially for multimegawatt wind turbine generators [8].

3.2  Components of DFIGbased WECS

The DFIGbased WECS bastly consists of generator, wind turbimgth drive
train system, RSC, GS@C-link capacitor, pitch controller, coupling transformand
protection system as shown in Figure 3Ae DFIG is a wounelotor induction generator
with the stator terminals coecteddirectly to the gridand the rotorterminals to the
mains via a partially rated variableefluency ac/dc/ac convertevhich only needs to
handle a fradbn (2530 %) of the total power to accomplish full control of the generator.
The functional pmciple of this variable speed generator is the combination of DFIG and

four-quadrant ac/dc/ac VFC equipped with IGBTs. The ac/dc/ac converter system
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Figure 3.1Components of DFIhased WECS

consists of a RSC and a GSC connected tatlack by aDC-link capacitor. The rotor
current is controlled by RSC to vary the eleatmagnetic torque and machine excitation.
Since the power converter operates irdibectional power mode, the DFIG can be
operated either in suflynchronous or in supsiynchronous operational modes.

The general structure of control block diagram in the DB&Sed WECS$aving
two levels of controils shown in Figure 3.2. The highest level is the WECS optimization;
wherein thespeed of the wind turbine is set in such a way that optimum wind power can
be captured. This control level is mechanical system control. The lower level control
being the electrical system contrale. torque and reactive power control. The
mechanical camol system acts slower compared to the electrical control system.

The DFIGbased WECS block diagram model built in MATLAB/Simulink is
shown in Figure 3.3 where the actual flow of different signals among various components

of the overall system is showreelrly.
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3.3 DFIG Model

The DFIG consists of stator winding and the rotor winding equipped with slip
rings. The wator is provided with threphase insulated windings making uplesired
pole design and is connected to the grid through a-fitrase transformer. Similar to the
stator, the rotor is also constructed of thpb@se insulated windings. The rotor windings
are connected to an external stationary circuit via a set of slip rmfybraishes. By
means of these components, the controlled rotor current can be either injected to or
absorbed from the rotor windings.

The stator and rotor windings are usually coated with insulation and are
mechanically assembled to form a closed stractor protect the machine from dust,
damp and other unwanted intrusions ensuring proper magnetic coupling between rotor
and stator winding In wind energy conversion system, this generator is mounted in the
nacelle of the wind turbine system as shownigufe 1.3.

The dynamics othe DFIG is represented by a fourtinder state space model using

the synchronously rotating reference frameffgane) agiven in (3.1)(3.4)[54]:

d
Vq5=r5|q3+|/’/e/ds+a/qs (31)
Vy=rl, -+ (3.2)
s~ 's'ds elas T 4pds
d
VQr:rrIqr+(M/e' l/'/r)/dr-'-a/qr (33)
_ d
Vdr_rrldr+(”/e_ M/r)/qr+a/dr (34)
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whereV,, Vg, V,,, V, are the q and-axis stator and rotor voltage®spectively.l ,

lgs» 1qs 14, @re the g and-dxis stator and rotor currentespectively./ ., /4, /

gs’ qr?

/4, are the g and-dxis stator and rotor fluxesespectively.n,is the angular velocity of
the synchroously rotating reference framey, is rotor angular velocityr, andr, are

the stator and rotor resistancesspectively. The flux linkage equations are given as:

/ .=LJI_+L_I (3.5)
as s’ gs m’ qr

/,.=LJ, +L_I (3.6)
ds s’ ds m' dr

/4 =Lulgs+ L1y (3.7)

lq = Llgst L1y, (3.8)

where L, L, and L, are the stator, rotpand mutual inductancesespectively with

L. -L,+L,and L, =L, +L,: L being the self inductance of stator ahgbeing the self

inductance of rotor.

Solving (3.5)- (3.8) in terms of current equations:

_ 1, L,
qs SLS gs SI—SI—r qr (39)
I —i _i
ds SLS ds SLSLr dr (310)
Ly, 1
bk T osht (3.12)
L 1
ly = =2/ g+ —/
dr SLSLr ds SLr dr (312)
2
where leakage coefficierst = %

sSTr
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3.3.1 Dynamic Modeling of DFIG in State Space Fuations

The dynamic modeling in state &g form is necessary to camyt simulation
using differentsimulation tools such as MATLABThe basic taite space form helps to
analyze the system thetransient condition.

According to the basic definition, the space whosecod i nat e axes ar e
variables with time as the implicit variable is called the state space. The variables of the
statespace (state variables) are involved to determine the state of the dynamic system.
Basically these are the energy storing elements contained in the system like inductor and
capacitor. The fundamental equation of the state space is as follows:

?)ﬂ((t) = AX(t) + BU(t) (3.13)
TY(t) =CX(t) + DU (%)
Equation(3.13 is forlinear time invariant system, where A, B, &d D arestate, input,
output and feedorward matrices respectively, X ighe state vector and Y ithe output
vector.Equation(3.14) is for linear time variansystem, where A, B, GndD are time
dependent matrices.
f>ﬂ< (t) = A() X (t) + BOU (t) (3.14)
fY(®) =C(t)X(t) + DM (1)

In the DFIG system, the state variables are normally currents or fluxes. In the
following section the state space equations for the DFIG in synchronously rotating frame
has been derived with flux linkages as the state variaBldsstituting (3.9) (3.12) into
(3.1)- (3.4) givesthe DFIG dynamics in the state space form as:

d r r.L
-/ =-—= - wl, +=
dt' s *® Tt

S ST

/o +Vas (3.15)
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d r r.L

a/ds = M{a/qs- Sli /ds+ Sls_ E /dr +Vds (316)
d, _rL, r

a/qr_sl_—l_/qs_ (M/e- ,/Vr)/dr- S_L/qr+vqr (317)
d rL r

a/dr = 5;_ E /ds_ Slr_ /dr +(M/e_ M/r)/qr +Vdr (318)

Equations (3.15) (3.18) arewrittenin state space matrix foras:

e I r.L, 4]

& "W 0
X >~ sl SL. 3
el g ¢ s S U R .
é/qu 2 r rL \e/qsﬂ et 0 0 qusg
oo S - =2 0 = Us Ty & g, u
€/ 44 _¢e SL, SL.L, ué/dsl] é 10 Ol:lé ds()
Ge SU= & € Uy € y y (3.19)
7 UTer r Uy 0 é 0 1 ovév U
& U eﬁ 0 lr_ (- w)og oy & ~Var
eﬂdra ?Ssr Sr & arll é) 00 ll]e“drl]

e 0 rL, (W, - w) .

& L.L ¢ L Y

e Ssr Sr u

3.3.2 Active Power, Reactive Power and orque Calculation

All the equations abaare induction motor equations/hen theinduction motor
operatesas a generator current direction will be opposite. Assuming negligible power
losses in stator and rotor resistances, the active and reactive power &ratpussator

and rotor side are given as:

3

Ps =- Eb/qsl gs +Vds| ds] (320)
3

Qs =- Eb/qslds- Vdsl qs] (321)
3

I:)r =- E gr'gr +Vdr|dr] (322)
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<3Lgmhpwhj (3.23)

The total active and reactive power generated by DFIG is:

P

Total = Ps + Pr (324)
Qrom = Qs +Q, (3.25)

If R, andor Q.. is positive,DFIG is supplying power to the power grid, else it is

drawing power from the grid.

In the induction machine,hé electronagnetic torque is developed by the
interaction of akgap flux and the rotor magnetootive force (mmf). At synchronous
speedthe rotor cannosee the moving magnetic fields a resultthere is no question of
induced emf as well as thetor current, so the torque becomes zdBoit at any speed
other than synchronous speed, the machine will experience tdiuaigs true in case of
motor, where as in case of wind turbigenerator electronechanical torque is provided
by means of prime mover wtti is wind turbine in DFIGbased WECS.

The rotor speed dynamics of the DFIG is given as:
- Cow) (3.26)

where P ighenumber of poles of the machir@, is friction coefficient, J is inertia of the

rotor, T, is the mechanical torque generated by wind tutbiaed T is the
electromagnetic torque generated by the machine which can be written in terms of flux

linkages and currents as follows:

Te :g[/qslds- /4 ] (327)

ds' gs

where positive (negative) valuesT. mears DFIG works as a generator (motosp].
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34 Drive Train Model

The generator in a DFKBased WECS is driven by the wind turbine through a
gearbox system to attain a suitable speed range for the rotor. By means of the gearbox,
the low rotationakpeed of the wind turbine is transformed into high rotationadpa
the generator side. Forr2 MW wind turbines, a gearbox ratio of around-I@D is
common b6].

The actual gearbox ratio is chosen considering the optimum operation speed of
the generato The optimum speed of the generator is selected based on annual wind
speed distribution and the size of the power converter. The annual efficiency of the
generator is somehow influenced by the operating speed of the generator, whether it
operates at subynchronous or supeaynchronous speed. Another aspect to be
considered when selecting a gearbox ratio is the weight of the gearbox, which increases
along with gearbox ratidp.

It is important to analyze the transient stability of power system including
generators. Since, in general, the turbine shaft of wind generator is not as stiff as that of
usual synchronous generator; analysis based on a-siage shaft model system may
give significant error in the transient stability analysis. It is bexdluis lowspeed shaft
encounters a torquegNGear Ratio) times greater than the hggleed shaft torque that
turns N, times more quickly than the legpeed shaft. As the lespeed shaft encounters
a higher torque, it is subject to more deviation and rhase convenient to take it into

consideration.
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Wind Turbine Rotor

Generator

Figure 3.4(a) Twomass driverain [57] and (b) Onemass drie-train model

Although, more complex models of wind turbine drive train system using-a six
mass and thremass $7] are studied; twamass shaft model is simplest one and
sufficient, with reasonable accuracy, for the transient stability analysis of wind turbine
generation system&§]. The equivalent twanass model of a wind turbine drive train is
presented in Figure 3&). The masses correspond to a large mass of the wind turbine
rotor and a mass for generator. The mass and moment of inertia for the shafts and the
gearbox wheels can be neglected (which is considered inrttase model) because they
are small compared witthe moment of inertia of the wind turbine or generator. The
dynamic equations of thtevo-massdrive-train written on the generator side ab&|[

dw

T'wt = ‘]th ?Wt + D(th_ l/,/gen) + K(q'wt_ qgen) (328)
dutse, .
- Tgen = ‘]gen dt + D(M/gen_ th) + K(qgen_ QWt) (329)

where Ty T wind turbine torqueJ. T wind turbine moment of inertjaw,, 7 wind

turbine mechanical speel, T spring constant indicating the torsional stiffnesshef
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shaft on wind turbine parfgen T generator torquelen i generator moment of inertia,

W,e,- generator mechanical speed, &g, i spring constant indicating the torsional

stiffness of the shaft on generator part. The torque and the speed of the shaft are

transmitted via the gearbox with a gear ratip Also the angular speeds are given a

Rotor speedy/,, = % and

_ dqgen

Generator speedy,,, = p

The equivalent stiffnessndmoment of inertia for the rotas given by p7]:

x|+
A

2

~

g (3.30)

——) =) =) = (D:
(&
1]
‘ Z
N
(&

If a perfectly rigid lowspeed shaft is assumelen thedwo-mass driverain
model reduces to a omeass drivetrain model as shown in Figure @4 Thegoverning
dynamic equation is given:as

d P
—w=—(T_-T-C 3.31
dtW 23" ) ( )

where w is the mechanical speeaf the shaft,P is the number of poles of the

machineC; is the friction coefficient, J isghe inertia of the rotor, } is the mechanical

torque generated by wind turbirend T is the electromagnetic torque generated by the

machine Onemass drivetrain modelis used for the simulation study in this thesis.
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3.5 Power Converters

The power converter is made up of a baekack converter connecting the rotor
circuit and the grid as shown in Figures.3The convertex are typically madeip of
voltage sourcenverters equipped with IGBTs provided with freewheeling diodes (see
Figure 35), which enable a hilirectional power flow. A Rtfilter is provided onthe

GSC output to minimize switching harmonics supplied to the grid.

3.5.1 Rotor Side Converter

The power rating of the RSC is determined by two factors, namely maximum slip
power and reactive power control capability. The rside converter can be seen as a

current controlled voltage source converter. The control objective of RSC is to regulate

. {Er ZEI:W -r {Br £+
B £ EF | EF i &

Figure 35 Theac/dc/ac bidirectional power converter in DFIG
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the stator side active power (or rotor speed) and the stator side reactive power

independently.

3.5.2 Grid Side Converter

The power rating of the GSC is mainly determingdrtaximum slip power since it
usually operates at a unity power factor to minimize the losses in the congéftérie
GSCis normally dedicated to controlling tH2C-link voltage only. The converter can
also be utilized to support grid reactive powerimiy a fault p0]. The gridside converter
can also be used to enhance grid power quait}, However, these abilities are rarely
utilized since they iguire a larger converter rating which is discussed more in Chapter 5.

The amount of energy stored hetdelink capacitor can be written as:
1,2
Ec =fPat =§CVDC (3.3

where P is the net power flow into the capacitor, C isORelink capacitor value and
Vpcis the capacitor voltage. P is equal te Py, where Ris the rotor power inflow and

Py is the grid power outflow.

3.6 Wind Speed Model

A wind speed signal generated by an autoregresmoving average (ARMA)
model described in6p] is utilized in ths simulation study and its development is
described hereélhewind speed Ving (t) has two constituent parts expressefbag

Vwind (t) =V, mean+\/t (t) (3$)
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where V is the mean wind speed at hub height an@) is the instantaneous

w_mear
turbulent part, whose linear model t®@mposedby a firstorder filter excitedd by

Gaussian noisg?2]:

Vi(t) =- Tl V(1) +a, (3.34)

w

where T, is the time constant and, is the white noise process with zero mean. The
white noise is smoothed by a signal shaping filter, thereby transforming it to colored
noiseV,, as shown in Figre 36. The instantaneous turbulence component of wind speed
is obtained af62]:

V(1) =5V, (3.35)
where s, is the standard deviation ang is the ARMA time series model, whidk
expressed g62]:

V,=aV,_,- bV_,+cV_,+4a,-da,, +ea,, (3.36)
where a, band c are the autoregressive parameters and d and e are moving average

parameters whose values being: a =1.7901, b=0.9087, ¢=0.0948, d=1.0929 and e =

0.2892.
|T|_ |T|_ |T|_ ud = unit delay
= |£| |£| Mean
uds ud4 ud3 Wind
Gaussian speed
noise =
generator > = ]
o p
> ARMA Time li 1l
> nd Series o p+1
Simulated
1 Trans-fer wind speed
Fi 1 function
udl =z

Figure 36 Generation of wind speed by ARMA modelMATLAB/Simulink [62]
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Figure 37 Sample wind spee@nean speed being 12 médjtained using ARMA model

3.7  Wind Turbine and Pitch Controller

The turbine is the prime mover WECSthat enables the conversion of kinetic

energy of wind [ into mechanical power,Pand eventually into electricif2].

p = C, -1, AV,’ C,
2

oo
C,(/,b)= 0.517%;1%5- 0.4b - 5%;‘2”“ +0.0068

e Yy D:

(3.37)

— —

where \, is the wind speed at the center of the rotor (m/se@ the air density (Kg/f),

A=PR is the frontal area of the wind turbine JnandR is the rotor radius. gis the
performance coefficient which in turn depends upf@turbine characteristich(- blade
pitch angle and / - tip speed ratip that is responsible for the losses in the energy
conversion process. The numerical approximation pfiséd in this study isaken from

[62] and /. = f(/, b) is given by[62]:

?/ = M/tR
V,
? w (3.38)
{1_ 1 0035
i/, 7+0086 b°+1
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where w; is the turbine speed and R is the blade radius of the wind turBinee

C,=f(/,b), the plotof Cy vs / at various values ob is shown in Figure 8. When

the wind speed increases beyond the rated value, the electromagnetic torque is not

sufficient to control rotor speed since this leads to an ovedaaithie generator and the

converter. To prevent rotor speed from becoming too high, the extracted power from

incoming wind must be limited. This can be done by reducing the coefficient of

performance of the turbine (the, @alue). As explained earlier, th@, value can be

manipulated by changing the pitch angle (see Figu8g Altering the pitch angleb

means slightly rotating the turbine blades along the axis. The bladesraielerably

heavy in a large turbine. Therefore, the raatmust be facilitated by either hydraulic or

electric drives. The pitch controller model is given in Figu@& Zhe lowerpart of the

pitch controller shown in the FigureQ3is the turbine speed regulator, while the upper

part is an aerodynamic powemiiter. The entire control can be realized by means of Pl

controllers.
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Figure 38 Wind turbine characteristic curves
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Figure 39 Pitch angle control scheme using PI controllers

3.8  Protection System

The main task o& protection system is to protect the wind turbine system from
damage caused by the high currents that can happen when the DFIG terminal voltage
drops as a result of short circuit (fault) in the grid. It also prevents DFIG from islanding.
Islanding is the suation in power system in which part of the system continues to be
energized by distributed generation after the system is isolated from main powdfr grid.
those two cases happen in the DFIG system, the protection system operates the Circuit
Breaker (CB)to isolate it from the power grid. Similarly, CB can be operated to isolate

DFIG from power grid duringfs repair and maintemae operation.

3.9 Operating Regions

Two distinct operating egions of avariablespeed variabkpitch DFIG-based
wind turbine system can be defined based on incoming wind speetheagdnerator

power output required:he output powefrom wind turbine (B) canbedefined as shown
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below.Assuming Rvaries when wind speed,Waries between cuh (V) and ratedV,)

wind speeds, the closed form expression for energy producti6g]is [

epP, =0, for (v, ¢V,)
{Pe=a+bvwk, for (V, ¢V, ¢V.) (3.39)
{R.=PR, for(V,2V,)

where P. = rated electrical power, k is Weilb shape parameter = 2 for tistudied

k
system and thecefficients a and b agiven as a = |k°er - andb=— h .
V., -V, V,

Cc r r C

As shown in Figure 1.4, the varialdpeed WECS$an be operated in MPPT mode
and blade pitch control mode (constant power mode) depending upon the velocity of
wind to extract maximum power fromelwind as well as regulate the power output from

thewind turbine.

3.10 Operating Modes

Variablespeed variablpitch wind turbine can be operated in three distinct
operating modes depending upon the wind speed available and amount of power output

needed from the wind turbine system.

3.10.1 Mode I: Maximum Power Point Tracking

From the plot shown in Figur@8, it canbe statel that f o r ° &5 =81 and
C, mx =0.48. Now the rotor mechanical torque extracted from the wind that in turn

drives wind generator is:
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P

T, =— 340

Y (340)
Now from Equations (87) and (340):

R

T, =——rAV,’C, = > rAV,’C, (341)

1
2w
SinceC, =C, . = constant, in this modéom (3.3):

P, =KV, (3.42)
1
where K = > r AC, . =constant

From Equation (3.2), if the wind generator is run at a particular speed that
corresponds to wind speéd, in such a way that iwd turbine will be operating at

maximum power point (as shown in Figur&(.then we can extract maximum available
power from theavailable wind speed via wind turbine.

The objective of the MPPT operation mode is to maximize power extraction at
low to medium wind speeds by following the maximum value of the wind power

coefficient (G_may as depicted in Figure 1.

3.10.2 Mode II: Pitch Control (Rated Power Operation)

When the wind speed increases beyond the rated value, the electromagnetic
torque is not sufficient to control rotor speledcausehis leads to an overload on the
generator and the converter. To prevent rotor speed from begomo high, the
extracted power from incoming wind must be limited. This can be done by reducing the

coefficient of performance of the turbine (thgw@lue). As explained earlier, thg C
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Figure 310 Wind Turbine mechanical power output vs rotor spkedted line shows the
MPPT operation points)

value can be manipulated by changing the pitch angle (see Figurél8ring the pitch
angle b means slightly rotating the turbine blades along the axis.
The wind speed is varietjrbine speed is maintained at rated spe€d-({ ,.q)

and corresponding is calculated using (33% The power output is maintained at rated

power (P=P,.4)- The G corresponding to rated power is calculated using3f3¥he

é M/t ratedR

1/ =

1 Va

| . N (3.43)
T C — a |:::'ated Q

[ %.5 v, 8
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value of pitch angle is obtained solving (B-3rhepitch angle for various wind spexid

shown in Figure 3.1

3.10.3 Mode IlI: Power Regulation

With the increased penetration level of wind power ipower system, it is not
always possible to operate wind turbine in MPPT mode and constant power mode only.
For maintaining regulated frequency and voltage in the power system, the generated
power should be equal to the demanded power. Hence irtdhdition, thevariable
speed variablpitch wind turbine should be operated in power regulation mode. When

the loaddecreases, the power output from the turbine should be reduced to match the
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load. When the wind speed is less than the rated speed, the pitch angle is alwalys kept a

zero( b =0)andthe / is varied and corresponding, is calculatedo obtain demanded

power output from the wind turbin&hen, he wind speed is calculated based upon the

demanded power outp(R) given by (3.44)

(3.44)

Figure 312 shows the rotor speed vs. wind speed operating points for various
demanded power outputR). As shown in Fig3.12 DFIG wind turbine system can be
operated at more than one speed to generate particular power output (P) from wind
turbine. In that case, imd turbine should be operated in the closest possible speed from
the previous speed to minimize the transient operation period. In that way disturbance to
the pitch controller is also reduced significantly.

If the wind speedis more thanthe rated speedthen the turbine speed is

maintained at rated turbine speddy = .,) and wind speed is varied. The

corresponding is calculated and pitch angle is obtained forimas values of demanded

power @), which givescorrespondin@ using (3.45)py solving (3.38).

Ae/_m_ratedR

Y,

1 w

[ (3.45)
| —

C =gg——

[Co = Bsan, 8

Figure 3.B shows the pitch angle vs. wind speed operating points for various

demanded power outputs.
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3.11 Control of DFIG -based WECS

The DFIGbased WECS control system consists of two parts: the electrical
control of the DFIG and theechanical control of the wind turbine speed and blade pitch
angle as shown in Figure 3.2. Control of the DFIG is achieved by control of the variable
frequency converterwhich includes control of the RSC and control of the GSC. The
objective of the RSC it allow the DFIG wind turbine for decoupled control of active
and reactive power. This facilitates high flexibility which enables the turbine to capture
maximum energy from wind and at the same time to provide reactive power support to
the grid. The objetive of the GSC is to keep th&C-link voltage constant regardless of

the magnitude and direction of the rotor power.

3.11.1 Design of the RSC Controller

The RSC control scheme consists of two cascaded vector control structure with
inner current control loopwvhich regulates independently theaxis and eaxis rotor

currentsi.e. 1, and |, according to some synchronously rotating reference frame. The

ar s
outer control loop regulates the stator active power (or DFIG rotor speed) and reactive
power (or DFIG terminal voltage) independently. The stator voltage orientation (SVO)
control principle ér a DFIG is described in [31], where theaxjs of the rotating

reference frame is aligned to the stator voltag&j.e= 0 andV,, = V,. From (3.15) and

(3.16), the stator side flux can be colfed using PI1 controller. In this study, theagis
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flux is regulated to zero/(,=0)and (/,,=/,) for the decoupled control of active and

reactive power as described belowhere p :% throughout the thesis)

&
P r _ I‘SLm

,:\p/qs+sLS/qs__M/e/ds+ Sr/qr Vqs

1 — rs.Lm

15/qs - I/'/e/ds,-'- S /qr +Vqs (346)
| s

1 o ~

~pq_larl, Q

%/ds_Weg LL [ g +Vys- s,qsg

e

N I r,L,

,:\p/ds+sL /ds_VVe/qs+ /dr Vds

} rsLm

| S/ds = M/e/qs /dr +Vds (347)
T ST

1 o ~

S la r.L Q

1/ == s—m -V

T gs M/e?/ds SLer qr qsg

Figure 3.14

The PI parameters are determined by compawiitiy the Butterworth polynomial
which isdescribed in the below section, are given as:

rS
sL

Koy =204 - (349)

S

2

Kijs = Wp (3.49)

Now, neglecting frictional losses (8.26)gives
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1

>
W,

/*

as
ll_»
W,

33
P
pw =_(Tm - Te) (350)

whereT  is the mechanical torque from the wind turbine. When the wind spegdy

less than the rated speed, thds given as:

T, =k, V.’ (351)

ptYw

wherek,, = R r AC

>/ =constant and if the wind speéd,() is more than the rated

p_opt
opt

speedthe T, is given as:

P
Tm — rated (3.52)
M/rated
where P, is rated power of the wind turbine amg,,., is the rated speed of the wind

turbine.

Equation (3.8) can be rawritten as:
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2J

F pw = (Tm - Te) =S = kwr(,/'/: - M/r) (353)
: : _ 8 K, O
wherek,, is the Pl controller for rotor speed controller, givenlgs:= %Pwr + 0 8
Then (353) will be:
€2J] A K, 0 .« 8 K, Q
TFpVVr :%Pwr-'- I 8"4 - %Pwr-'- I 8"4
] ¢ P+ ¢ p =
|
i P
] M/r _ 2J (kawr Iwr)
1 M/r* 2 PkPwr I:)klwr
|‘ PP T2
Substituting/ ,, = 0in (3.27) and (3.5) results in §3).
3
f_re ZE/dslqs
! (3.55)
T =- i|
T as L9

A further substitution of (34) into (353) and in combination with (39) results in:

3 L
Te = E /ds(_ rm) I qr (356)

S

2 L
= ST )= 57
Lo = (0w To) 3 5 (357)

Now, the stator active power can be written as:

3 3L,
Ps = E qgs qs+Vds| ds): - ETV l (358)

qs’qr
S

Now, thestator supplied reactive power is given as:
3 3
Qs = E (Vqsl ds "~ Vdsl qs) = qusl ds (359)
SubstitutingV, in (3.57) gives:
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( S qs+ M/e/ds+ p/qs)lds (360)

Assuming constant stator flux, neglecting the stator resistance and substifytirgm

(3.10) gives:

_3 %
%725

w, &, L Q
% rm/ds/drg (3.62)
L€ k2

T

Differentiating (3.9) w.r.t. time gives:

3w L,
st =- E r/dsp/dr (362)

From (360) and (3.4) and solvingd,,.in terms ofl ;. gives (363)

é 3w L,

ins: 25'. L /ds( dr rldr+(VVe_ M/r)/qr)

|

Tpg=- 3% Ln, )

1st__ ESL T/dsvdr' rrldr+(VVe- M/r)SLrlqr (363)
|

L.L . .
where b :% and Kk, is the Plcontroller forstator side reactive poweontroller,
W,

e—m

Ol

So, (363) can be rewritten as:

given as:ky, = %PQS +
¢

o k o k S 6
PPQ, = Foo * B R o) (364)
¢ ¢ P+
Qs _ 5 (kaQs + kIQs) 3 65
Q' p? + p—kPQ3+& 29
b D)

From (362) and (363) gives:
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M =%é§ + (- w)sL, 1y, +‘°;—Q§ (3.66)

It can be seen from Equationsg8). and (3.6) that, P, and Q, are proportional tdl

and |4, respectively. Thenutualcoupling term(u - w)sL. 1, in (3.66) is very small

so its effect is negligible. The rotor current can be regulated by means of rotor voltages.

The relation between rotor current and rotor voltage is obtained by substituting

values of /. and /, from (3.7) and (3.8) in Equations (3.3) and (3.4), respectively, and

further simplification yields:

Vi =11+ 5L Pl + W @™ /oo +L 1 (367)
Cs -
Vy =1l +SLply, - sk, (3.68)
L 2
wherew,,=(w,- w) ands =1- LT_

ST

In the Equations (%7) and (368), there is the term including,, in the gaxis
equation and there is the term includihgin the daxis equation. So these two equations

are coupled and the traditional linear controllersnca be used. However, through the
exact linearization method, these equations can be linearized by putting the terms other

than the currents control to one side.

~

Q
Mg +SLplg, =V, - W @™ /g tSL 14 8 (3.69)

SO,

Qo
—

7

S -
IFrldr +SLr pldr :Vdr +V’/505Lr|qr (370)
Then linear controllerare used to regulate the currents as shown in FigLBev8here:

Sq =Tl

. +sL.plg, (3.71)

q
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Sy =1y +sLply, (3.72
The idea behindhis is to use the linear controllers that include integrations to
calculate the derivative termand the nonlinear equations become linear when all the

nonlinear terms are moved to the other side of the equations. Then the ga=isd d

voltages are calculated as shown in Figuré.3.1

\ aL o)
V, =s_ +w. &2/ +sLI 8
qr qr SO, ds r ' dr _ _7
(% . 0 (3.73)
Vg =S4 - WSL 1, (3.74)

Using the inner current control loop has a significant advantage for the protection
of the DFIG. It can naturally protect the system from emarent since current limiters
can be easily inserted in the control system shown in Figube 3.1

Since the general Pl controllers are widely used and proved to be effective, they

are also applied in the following analysis [63]. Flgr current control loop from (89):

V., =rl, +sLpl, =(r, +psL )l (3.75)

qr

Figure 3.5 Inner current controller

55



_ +%g|qr ) (3.76)

Q- K, G
(I‘ + pSL :%qp-'__el ar %qp-'__qel (3.77)

¢ p =+ C p =

Similarly, for |4, current control loop from (30):
Vdrl = rrldr +SLr pldr = (rr + pSLr)Idr (378)
- k., Of -«
Vdr :%dp-'-_dgl - Idr) (379)
G P~

(r. + psL )l %d + '%dr %dp-"k_d% (380

c p = C p =

Then the transfer functions between the reference and actual currents are changed

to the following:

1
lgr _ PKyp + K _ er(pkqp'qui) (3.82)
T p? T, 1 1 '
o PSL Pl H) +k p +psT_r(fr+kqp)+sTrkqi
1
|dr kd +kd — SLr(ijp-'-kdl) (3 82)
Ly psL + p(r, +kd)+kd| 2 1 1 '

+p—(r + + —k
p pSLr(r kdp) sL d

Choosing the appropriate control parameters is very important to gain good
performance although the whole system might be able to work for a wide range of
parameters. Many researchers select the gains based on the experience or just by trial and
error. Ths is not good especially when the control system is designed for a new system.
The most important objective is to maintain the system stability by selecting appropriate

control parameters. And then those parameters can be tuned up corresponding to the
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spedfied performance requirement. There are some methods that can be used to
determine the system parameters that can keep the whole system in the stable region.
One of the methods is by using Butterworth polynomial to optimize the elosed

loop eigen value Iations [63]. The Butterworth method locates the eigen values
uniformly in the lefthalf splane on a circle witmadiusi,, with its center at the origin

as shown in Figure 361
The Butterworth polynomial for a transfer function with second order

denominator is given as:
p2+\/§l/%p+W02 =0 (383
The PI parameters are determined by comparing the coefficient3 @ \{8th the

denominators of the corresponding transfer functions and then choosing apprgpriate
Kep = Kep =V2u5SL, - 1, (384)
ky =Kg = 5L, 1” (3.85)
Here wy, is the bandwidth of the current controller, which depends upon the design value.

The overall vector control scheme of the RSC is shown in Figure 3.1

A
Imag

pl

R

» Real

p2

Figure 3.5 Location of poles for second order Butterworth polynomial
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Figure 3.17 Block diagram of RSC control systam®™ =- w,sL, I, and
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qr
Cs -

Similarly, comparing denominator of &) with Butterworth second order polynomial

i.e. p?++/2u, p+12, , Pl controller gains are obtained as:

Ko = /208, 2 (3.86)

Ky, == g, (387)

wherew,, is the bandwidth frequency of the speed controller.
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Similarly, comparing denominator of €%) with Butterworth second order polynomial
i.e. p?+-/2m WosP + W, P1 controller gains are obtained as:
Kegs = V20D (3.88)

Kigs = Dl (3.89)

3.11.2 Design of the GSC Controller

Figure 3.18 shows the general vector control scheme of the GSC where control of

DC-link voltage V,, and reactive power exchange between GSC and power grid is

achieved by controlling current in synchronous reference frame [54].

Now, DC voltage dynamics in D{hk is given by:

C pVy =~ (M +Mdr|dr)+§(Mdfldf+M I ) (3.90)

qr-qr qf " gf
where C is the Ddink capacitanceM,, and M, are q and xis modulation indexes

of RSC andM 4, and M, are g and €hxis modulation indexes of GSC, respectively.

Hence, (3.90) can be-weritten as (3.91) which can be solved to ggt

3
C pVe=- (Mqr o TMl dr)+4(Mdf|df +qu|qf):Sdc (3.91)

Equation (3.91) can be-weritten as:

C p\/dc = sdc = kdc(V(;c - Vdc) (392)

wherek,, is the PI controller for D&oltage control given as, %

Pdc

(3.92) will be:
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Figure 318 Block diagram of GSC control system

o

CpV= %Pdc +
¢

1
Vdc B (:dc(kadc_Fkldc)

e = (3.94)
Vdc p2 + ph+@

Cd c C:d c

kl;c g‘/dc* - c;}%Pdc + kldc gldc (393)

Y

Comparing denominator of @) with Butterworth second order polynomiaé.

p? +~/2w, p+ UZ,., Pl controller gains are obtained as:

dec = \/EVVOchdC

(395
kIdc = C:dc”/f)dc2 (396)
where w,. is the bandwidth frequency of the B@ltage controllerFrom (3.91):
. _4 1 3 3 g My
l F =5 & g - _(M rI r+Mdr|dr)0' Idf (397)
¥ 3My¢ 4> 9 + M
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Using KVL across the RL filter gives:

V,

\V/
qf :rfqu+|—f pqu+V’/eLf|df+ﬁ:M \%

(3.98)

qf

VC
Vg =Tlge + L plys - wlilye = Mdf_; (3.99)

Sincethe gaxis of the rotating reference frame is aligned to the stator voltayg,i=0
andV, = V,. So, the GSC supplied reactive power to the grid is controlled usixgsd

current.

3

Q = stl df (3.100)

where N is the transformer turns ratio connected between GSC and stator.

&V
pQ =2 (3.101)
Substituting (3.99in (3.101) gives:
v, 1
pQ; = 2N L, - Tely +WLf|qf) (3.102
@Q; = (Vs - Telgs telily) =S (3.103)
whereG= 2NL, :
PDQ; =S =Ky (Q - (3.109)

wherek is the Pl controller for reactive power supplied by GSC given as:

o

Kot = ooy + Ko § Then (3.04) will be:
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3 Ko O » Kor O
PG :%PQf + L £ - %PQf + 3 f (3.105)
¢ : ¢ :

1
Q, G(kaQf + kIQf )
= = 3.106
Qs P2+ p Koo + Kior ( )
G G

Comparing denominator of 6) with Butterworth second order polynomiaé.

p? + \/EV%,Qf p+ Wy , Pl controller gains are obtained as:

Keor =200, G (3.107)

Kor =Gy (3.108)

where Wy is the bandwidth frequency of theactive powecontroller.From (3.D3):
-
Ly = o (Vdf bl - sQf) (3.109)
f
Equations (R8) and (399) give the inner current control loop for the GSC control.

Inner current control:

If we assume:
Felge L Plgs =Ky (ar - 1) =S4 (3.110
Felar + Lo Plys =k (ar = 1) =S (3111

Then (3.98) and (399) can be written as:

M, =(s, +wlL.]I +\E)i (3.112
qf qf e—f " df N Vdc
_ 2
Mdf _(sdf - Wal—f qu)v_ (.13

dc
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Equations (312) and (3.1.3) give modulation indexes which are the output of

the converter. And,, andk;, are Pl current controllers for g anebgis currents,

respectively andk,; =k :%Pl +k—'pl§. Then, (3110 can be rawritten as:
(; =

1

| ?(pkpl + k|1)

it = 1f T (3.114)
af p2+ pr(rf +kP1)+rkI1

f f

Comparing denominator of @L4) with the Butterworth second order polynomial gives:
Ky = \/EM/OCLf - I (3119

2

kIl = Lf M/Oc (3116)

where w,_ is the bandwidth frequency of tiearrent controller.

3.11.3 Transfer Function of RSC and GSC Controllers

In the above mentioned controller design for RSC and GSC, each controllers are
designed separately and finally combined together. This procedure is only valid when the
controlled variables ar independent of each othere. they should be mutually
decoupled. To check whether they are independent of each other ar ihthere should
be any conditions to be fulfilled for the decoupled control of those two contrdters,
transfer functios of the RSC and>SC are derived in this section. The conclusion is
made at the end of this section.

From the flux control:
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é r.L

dp8Jw, - 4PT, 0 rlLy Py
3P?/ §sL§Lr ge e

Tslqs:_M/e/ds+ — /qr+Vqs

7 sr

LS =gt T (s 1 + kg sy,
ls/qs__yl/e: ds (5 riqr T qs) as
I = : (3.117)
2 r.L r,L2

1S qs =Wl g+ =21 + =1 +V,

T /qs e’ ds L5 qr SLiLr gs qs

|

1

1

|

K/s(/;s- /qs) =- M/e/ds+rs?é)
¢

_ SLEL BPK o/ s +3P%/ 4 - 3PV,)  sLLr(p8Jw, - 4PT,)

3.11
gs 3rSLr2TlP2 +3P25L§Lr K/S /ds(srsl—?npz +3P25Li|_r K/S) ( 8
Similarly,
é rsLm
is/ds = We/q5+ S ! 40 +Vis
| ST
[ Ay -
%S/ds_ We/qs+ LL (T/ds-l- LrSIdr) +Vis
‘ 2 3.11
Ts/dS_M/Q qs S_Li ds . dr ds
T
T * _ r.l2 2r. Q
Ko/ e l/l/e/qs+23r5 Q/ v,
oo™ a szc;e - (3.120
I
+.s—m
%’S sL? 8

From (3.118) and (3.120it is clear that the relations between control variable

(/41 ) @nd reference variable {, Iqs

) are norlinear. Hence, transfer function cannot
be obtained. Therefore, in thater part of the transfer function derivation, the stator
fluxes are assumed constant as a result the relationship between control variables and

reference vaable is linear.

In the RSC, from (3.49):
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Swr :kwr(M/: - M/r) :(Tm_ Te)

_T +£ﬂ
4

Ls

/dSI qr

4Ls
3PLm/ g

qr — (swr - Tm)

where () shows the measured value. Similarly, from (3.63):

SQS = kQS(QS* - Qs)s = /ds%dr - I Idr + WsoS L IQr

o AN

:/ds%ér ldr+ps L, ldr_ WsoS L lqr_ le |dr+’/’/sos L, lqr

| = e
dr AA

pS L /g4

From (3123 and 8.129:

N

n A A

|- OO

AN n n

4L 4 .

& "= O u e 4LT
el rra esPL ueswrra e—
é"-u n/ Y é 3PL /
eldru e 0 1 uest m dsu

€ y 8)) ))(“

. 5‘
£)))) Cf’)‘“) it

Here, the mechanical torque from the wind turbine is considered as a disturbance to the

RSC controller.

From (3.46):
P
w=—-(@T_-T
P =2 (T - To)

3PL
r __(T

ds qr)
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(3.121)

(3.122

(3.123

(3.129

(3.125

(3.126

(3.127)

(3.129

(3.129



_p8J Lw 4Tl
T3P L /g 3PL./ 4

From (3.62):

3w, L,

2$|_ L /ds(vdr- I’rldr-'-'/’/stLrIqr)

__ QL
YTV

e p8JL, 0 ?
qr?: SBPLm/ds :
gldru é

el

From (3.77):

A A ~

% +ps er =Kl - Kl g

From (3.80):

o N

ASRAN 6 .
(%Er'*' ps I-rgldr :kidrldr - I(idrldr

Combining (3.135) and (3.136

A A

e

o err+per+qu, 0

el g é :

éQr*g:é k1qr o

eau & rr+per+Kdr
é 0
8)))))) ) (!

Substituting (3127) and B.1349 in (3.137 gives:
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_m/ds(rrldr + pSLrIdr - M/soSLrI

a7

2 'yt € 3PLm/
0 gy o %))

8)))): 3‘5”) )"(SH

<5 g

qr r.rldr-'-'/’/sd‘s‘l-rlqr)

e4LTg

dsu

qr

e ]

dr

(3.130

(3.13)

(3.132

(3.133

(3.139

(3.135

(3.136

(3.137)



€5 @ g o
Ce "+ D =KEg g+ (3.139
& sl g? U
%]
e& 0 L‘j e 4L T
gspl_m/ds UK, (1 - Wr)ﬁ'+g~ u
& o 1 E&QS(QS Q)Y & P gm/dw
g p/dSS Lr u u (31$)
e 2
gt ps Lr+klqr p8JL, 0 u - A
&k, 3PL./,, g 6 tPSLitky 4LT, a
_@ A A A u+(? kiqr 3PLm/ Sg
¢ re+psLetk, 2L sU ¢ 0 U
é 0 - i & u
é Kiar L /.0
Solving (3.139 gives:
ko . k
W, = =W+ =T, (3.149
ki k1
wherek, = 2PILs it ps i+ Kar 4 Lk
Lm/dS I<iqr Lm/ds
y i ~ o r+ps Lt 1
ko=Kuls gngp, =l FPoLthy L o Ls
Lm /dS qur Lm/ds Lm/ds
Similarly,
_ k4 *
Q =+0Q, (3.141)
Ks
where IA(4 :L and IA(5 = Ks et psbitky 2L

P/ 455 Ls P/ 4S Lr Kiar 3L/ g

If the measuregarameters are assumed to be equal to the actual quantities, solving

(3.13) gives:
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kK, . k

W, = 2+ T (3.142)
k Kk
wherek = 2pL, 1 + Pk, +Kg, |, Lk, Tk, = Kuls ang
Lm/ds kiqr Lm/ds Lm/ds
k3 — e + pSLr + kiqr I—S LS
) kiql' Lm/ds I-m/ds
Similarly,
Q=g (3.143)
Ks
where k4 = kQS and k5 = kQS - o+ pSLr + kidr 2Ls
P/ 4SLe P/ 4SLy Ker A

Here it should be noted that the inner current controller parameters are same for g and d

axis currents, i.ek, =Ky, -

Similarly, in the GSC, fron(3.91):

. 3 3
sdc = kdc(vdc - Vdc) :Z(Mqu qr + IvldrI dr) +Z(Mdf|df + ququ) (3144)
. 1 a4 3 o)
qu = qu g(sdc_ Z(Mquqr + Mdrldr))_ Mdfldfg (3145)
A .
whereM = Vqr and M, = N : Here,g(Mqu o T Mg ly,) is the DGIink current
dc dc
coming out from RSC.
And we also knowirom (3.73) and (3.74that
. . alL Q
Vqr = qur(lqr - |qr)+M/SO£Tm/dS+SLF|dr8 (3146
C=s -
VJr = kIdr (I ;r - Idr) - M/SOSLr I qr (3147)
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Using (1.146)(3.147),(3.127) and (3.134PC-link currentis expressed as:

3
Z(Mquqr+Mdr|dr):
o . p8l, . AT L, W, p8Iw, g
ww - - +—
3 §<Iqr wr 3P L / ( r r) 3P|—m/ds Iqr wr( ) 3P 3 (3148
N, € w AT 2L$k Kos . 43K, U
“e S mr Q- Q) y
& 3P 3psLwl, /5 o, ’L2 /2, U

Here, / , is regulated to constant value usfhgc control Hence, it is clear from
(3.148) that the DCcurrent flowing in ac/dc/ac converter has a 4haear relationship

between control variabldike w, , Q, andV, . So it can be concluded tha¢mbupled
controlof Q;, Q,, w, andV,, can be done ithe DGlink current coming out from RSC

is takenas a disturbance for the GSC control.

Now, from (3.104):

=V - I’f Ly +Welisly)

n n n n n

—(I’f|df+po ar~ Wels |- rely+uelsly) (3.1%)

S

Idf

—_ = —) — —> —> - @:

pLt

From(3.149) and(3.145):

3 0
(Sdc- Z(Mquqr drldr)) Mdf ?f g (3150)
po =

B Il

qf

Combining (3.50) and (3.18) gives
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e
< e n = 1
(?qu g_ e3qu po M . UES gc e_ _(Mquqr +Mdr|dr)?
e *u_e af ? f l:l
éldfﬂ é 0 ]A' Fog © ‘ 0 3
g pi'f ) g))))'P))))(
1)) P (
From (3.90):
3 3
pCVdc:Z(Mquqr+Mdr|dr)+Z(Mdf|df+qu|qf)
_ 4 3 aM, @
qu_Bqu(pCVdc_Z(Mquqr-'-Mdrldr))_é\a/l_qfldfg

From (3.102):

Vs
pPQ; = oL, (Mar = Telge L1 o)

Nys
PQ; :I(rfldf *PLe Lo - MELelgr - Telg +lylg)
f

e}
df 3V

gs

——) =) === (D:

Substituting (3.155) into (3.8

4 3 asm . Q, @
Lo = M (PCV,. - Z(Mquqr +Mg 1)) - %M—dfv_fg

qf (5; qf qs —

Combining (3.156) and (3.155)

¢4 o . Mao 1
equg_ ’Bqu &/quqf Hé/dcg 2 _(Mquqr+Mdr|dr)3
& U o o Ute Mq N
0 ) %))

<V '
&)))) )y’ R

From (3.110):
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(3.151)

(3.19)

(3.1%)

(3.154)

(3.1%)

(3.156)

(3.157)



%f-l_ pog qufqu qf qf
v

From(3.111):
égéf"' po%df :kidfl:if - Kige Lt

Combining (3.158) and (3.159) gives:

>

§f+po+kI 0 3
Qa2 ¢ ka Qe
gag e rf+p|_f+kldfue|dfu

& 0 SR,

8))))))" )))3*))(“

Substituting (3.150) and (3.157) in (3.160):

eSdc

Og_ "+ P= FQ,?Q u+ FR
ot U é<r i
¢4 My o
€ i e 1 2
équf po M uekdc(vdc Vdc)g é 7(Mqr|qr + Mdrldr)u
e 1 g o vl
e 0 — tﬁ%f(Qf Qf)g & 0 i
& pLe Y
g4pCrf+po+kiqf 2M rf+po+kquu &
é3M K VM K &0 & (M
:é qf iqf qs qf iqf U e
é rf+ po+k. 2 ueu%? U
é 0 o o8
é kidf 3\/qs u
Solving (3.162)ives:
k * 3gf
Vdcz#vdc- Z A (Mquqr+Mdr|dr)
t f1
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+Mdr|dr) rf+ po+k

(3.158)

(3.159)

(3.160)

(3.161)

iqf u

u
u
u

(3.162)

(3.163)



» T+ pletky

where g, = " andti1 = pCg; +k,.. Similarly,
idf

Y

Q =+1Q; (3.164)

2

S

Where/Aylz kgf and/;z:éf 2 + Kor

N

pL;+ as  plLy

If the measured quantities are assumed to be &gjtia actual quantities, solving

(3.162) gives:

. -1
Vo =Kaeye 39 2  emly) (3.165)
3 4t
where g, it PL *Ke ang t, = pCg; +ky
idf
Similarly,
My 3.166
Q = -Qi (3.166)
2
wheres, _& andp, =g, —— + Ko

qu pL,

Here it should be noted that the inner current controller parameters are same for g and d

axis currents, i.ek,; =K -

Combining (3.140), (3.141), (3.163) and (3.166) gives:

ewis G O O ogew e .12 0o
s 0 € Ue .o € mu & g
&R=n_¢€0 kz2 O oueQ u,é o u,egl (3.167)
Vol 20 0 ks OgNMed § 0 § U
o g S S £
f k f U (@] é u
&3 ) 9 )% yrd 8 0oH

72



A n n

wherekll=¥, kzz‘:g, k33:$, k44=/A71 y S11= LA(S and
K1 Ks [ h, K1
: s8I, , . 4T L, * W, p8Iw, g
" g<lquwr pz LS (M/rVVr - Wrz)_ qurkwr(VVr - M/r)+p—gu
3 g,-18 "L, 3PL /. p? U
,7?;3:_ A 7 ~
2Lk \ 2
AR t1 g_ W, AT + s 'dkaS . (QQ. - QSZ)_ 4Lzsk|dr 3
é 3P 3p‘s"l-r,/'/el‘m/ds 9M/e L?nlss a
Combining (3.142), (3.143), (3.1p8nd (3.16) gives:
2 g &, O O Ogéw 2 é&,,I,0 &€0g
5o U é aé5-0 & J"u égu
,ng: éo k22 O O L“ éQS*L:J_F é 0 ':l+ P 0 L\J (3.1)
&/,.u €o o Kas oud/, Y e 0 u ém,u
e.u é g e U e u €& _.u
Y g% )?- )O) 59(40 rg &€ 0O g é0qg
g
wherek,, =%, kzzz%, kssz%, k44:ﬂ, 511:%and
1 2
‘ 8IL, . 4T L, : W, p8Jw, g
2<Iqu\/\/rpz—LS(M/rM/r - MZ)- qurkwr(M/r - M/r)+p—2|]
3 g,-18 "L/, 3PL /.. P
ngs 2Vdc tl e: M/so4Tm + 2LSk|dkaS (Q Q* _ Q2)_ 4L§kldr L:j
§ 3P SpsLwL/ T T R/ G

As shown in (3.18) and (3.18), thetransfer function matrice& and g are both
diagonal which verifies that all the four controlled quantities are independent of each
other regardless of error in parameter estimafidrat means, the controller design can
be done independent of each other and combined them together tretlaé control
According to (3.167) and (3.168), there exists a-lvogar relation through the D{nk

voltage controllewhich can be considered as a disturbance for the GSC control

73



3.11.4 Phase Locked Loop (PLL)

A PLL is designed to define the reference angle for qd transformation so that the
stator voltage can be aligned along thaxgs and is included in the overall model of the
system to make the designed system more realistic. Figure 3.19 showphhse3PL
which takes the input as the measured DFIG terminal volagend transforms it to gqd
reference frame. PLL aligns the stator side voltage-aais| by comparing @xis load
voltage with zero reference voltage. The voltage error bignpassed through the PI
controller to obtain the angular frequency of the terminal bus voltage. Hence in the PLL
system:

Vs =-V,sin@ - g)Y 0=-V,sin@ - q)Y q =g, (3.169)

Now the error signal is given as: e=0-V, =V,sin@ - g.)
If (g - g,) is very small, then we can writein(g, - g.) ° (g, - g.)

From the block diagram shown in Figure 3.¥9(q, - g.) is the input to the controller

and w is the output from the controller. Hence,

,jévs(q - QS)KpII =W,

I (3.170)
}\7 Pg, =(q - G)K, =S,
k| Il
where, K, =k, ,, +—="
1 : K @ & K o @
" 0q. :%P_p” + |bpll 871 ) é%P_ " +|TM875 (3.17)
G, _  PVeke pi VK (3.172)

g p°+ PVke i +VeK

1 _pll
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V,.—»| abc
Vbs_> to Divisi
\/CS qd IvVIsion

Figure 3.19 Block diagram of PLL control

Now comparing the denominator of (32 with the Butterworth second order

polynomial p? +\/§WO_p” p+; ., the parameters of the controller are:

A
R have (3.174)

S

where v, , is the bandwidth frequency of the PLL controller.

Table 3.1 gives the PI controllers values used for the simulstigy following
above procedure. The switching frequency is taken as 1 kHz and the bandwidth of inner

current controller is taken ten times tl&buter loop controller, i.e.

w,,=2*p* f,,=6280rad/secand w,,, = Vou W, ter = Wioner
10 10
Woner = Wh = W, =628 rad /s, W, = Wy = Wyos = W, =62.8 rad/s and w;,, =0.628 rad/s

From (3.84):k,, =k;, = \/Em)er - 1. =176 and from (3.85)k, =k, =sL, w,’ =7836

=§W2 =3.65

Iwr owr
P

From (3.86):k,,, = \/EWOM% =8.26 and from (3.87)k

From (3.95):Kay, = V21, C,. =5.32 and from (3.96)k,,. = u2,C,. = 23663

odc

75



Table 3.1 Parameters of the machine and PI controller coefficients

r | 23mW [Ca| 60MF [k /k,| 176 [k, /k,| 7836
rr 2mw [ L | 2mH | k., | 826 | k, | 365
Le | 293mH | rr | 2mw | k.. | 532 | k, | 23663
L | 297mH | J | 187 Key 177 | k, | 78876
Lm | 288mH | P 4 Keoe | 0-00022] k. | 0.001
s 0.046 ke | 0-00022] ko | 0.00093
Koo | 7206 | k,. | 3943.8
Vs | 56338V | N 1 o o 210 | k ,, | 12444

From (3.115):k,, = \/EWOCLf - r, =1.77 and from (3.116):k,, = /L, =78876
From (3.88):Kpqs = \/EWOQSD: 0.00022 and fron@8.89): =k = DWQSZ =0.001

From (3.107):Kpos = \/EWOQf G=0.0002 and fron@3.108): ko, = G%sz =0.0093
In PLL controller design, the switching frequency is taken a#H2 &nd the

bandwidth of the PLL controller is taken ast,=2*p* f,,=12560rad/s and

w, = 2w 8373 rad /s
15

From (3.73): kp , = \/\_Z/WO =

S

2.10 and from (3.Z4): k, ,, =——=12444

1 _pl

w
VS

3.11.5 Stator Flux Estimation

As shown in Figure 37, the stator side flux should be estimated as accurately as
possible for the RSC control implementation. Therefore this section explains the stator

flux estimation using Low Pass Filter (LPF).
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The stator flux in stationary reference frame is given as:

Vqsds = rsl (?ds+ p/st (3.179H

o= Ve 1l Sag) it (3176
Flux can be estimated using 136) but the pure integratiort/(p) involves the

DC offsets and drifts [64]. To solve these problems, the pure integraeplesed by a

LPF. The estimated stator flux by the LPF can be given as:

~ >

a1
p+a (3177

CD<‘

where/  is the estimated stator flux by LPF, a = pole 8heV, - Il 4 the phase lag

and the gain of (377) canbe given as:

N

_ 1 We
f=-tan— (3.179
/sI 1
M = =
Vv, . mA/Z (3179
a e

d A v,

Figure 320 Vector diagram of the LPF and the pure integrator [64]
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" (\/qs_ rslqs)/ds_ (\/ds_ rslds)/qs

We =
1

(3.180)

The LPF eliminates the saturation and reduces the effect of DC offsets but at the

same time it brings the magnitude and phase angle error due to the ftatoéincy of
the LPF. Figure 3.28hows the phase lag dfs estimated by the LP&nd the phase lag

of /q4s estimated by the pure integrator. The phase lag f is od’and the gain is

n

1/\we|. However, the phase lag of the LPF is not&al the gain is ndt/{we|. Hence, an

error will be produced by this effect of the LPF. When the machine frequency is lower
than the cutoff frequency of the LPF, the enmore severe. In order to remove this
error, the LPF in (377 should have a very low cutting frequency. However, there still

remains the drift problem due to the very large time constant of the LPF. For the exact
estimation of the stator flux, the plealkg and the gain of 5 in (3.177) have to be db

and 1/|we

, respectively. Furthurmore, to solve the drift problem, the pole should be

located far from the origin.
Hence, the decrement in the gain of the LP€oimpensated by multiplying a gain
compensator, G in (B81) and the phase lag is compensated by multiplying a phase

compensator, P in (B82 given as:

la2 4+ 2
G:b

N

(3.181)
We

P=exp( jf) (3.182
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f, =tan'— - 3.18
1 2 2 (3183
;qu_ 1 V a.2 +VV: .

V. p+a [ exp( jf) (3.189

We

The cutoff frequency in LPF cannot be located at fixed point far from the origin. If the
pole is varied proportionally to the machine speed, the proportion of the machine
frequency to the cutoff frequency dfet LPF is constant. If the proportion is large, the
estimation error will be very small. Consequently, the pole is determined to be varied
proportionally to the motor speed asl@). Therefore, the pole is located close to the
origin in very low speed rage and far from the origin in high speed range.

w.

a=— 3.18
< (3189

where K =constant. Finally, te complete equation for stator flux estimator can be

derived as:
/ s Ae/K 2+1/1A/2 ,
Lo -2 L L N1 (3.186)
e p+(u/K) We
We N
wel K

whereexp(- j£,) =cos()- jsin(r), cos(,) =

— and sin(f,) = —_—
Y (Wel K)2 + 17 \V (wel K)? +

Simplifying (3181) and separating into real and imaginary parts gives:

" 1 \/(l;l/e/K)z + W2

/qs: ~
p+(We/K)

{cosf, (V.- 11,0 +sinf, (V.- 1) (3.187)

A

We
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n
/dS: n A

p+ (wel K)

! W{Cogl(vds_ Fslas) - SNy (Vg - rslqs)} (3188

We

Figure 321 shows the overall block diagram of the system to estimate stator side
flux using LPF and estimated synchronous speed of the ma&imaarly, Figure 3.22

shows the ghematic diagram of theverall DFIG wind turbine control structure

Gain qus qu:
LPE Compensator Phase
= Compensator ; + +
+ 1 ,(I;l/ IK)? +w? qds .
- e We . Signal
qus p+ (wel K) - W exp(— Jfl) Computation
rs | ds in¢ /
q sin(f,) | We

cos(,)

Figure 321 Overall block diagram of the stator flux estimation using LPF [64]
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Q W Pl current C]d qd 9 (P] current|’ adf| V. Q ihdc
— —> Ll PWM > — < {PWMf — e < e—
Q control control abc g\/ﬂ“ T ‘"i} PWMV* abe\ [ control control Q *
s A abc f

%‘1
N Iabcf Qd
“ ¢ abe o

Calculation

| | Stator Flux

as

/ Estimation

Qs
Calculation

GSC Controller

gs PLL

Grid

RSC Controller Gs e—g

Figure 3.225chematic diagram of the DFIG wind turbine control structure
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3.12 Simulation Results

Figure 3.23 shows the plot of stator voltage and fluxes in g and d axis. The stator
voltage is aligned along-axis using the reference angle given by PLL and tais
stator flux is regulated to l#ero and ehxis flux gives the total statfiux.
Figure 324 shows the plot of reference angle given by PLL to align the stator
voltage along the -gxis. Figure 25 depicts the angular synchronous frequency of the

system measured by the PLL and estimated by the stator flux estimator.

o) S
g Vas
s o050 0V07 71— === Vs
>
S
S
a0 :
0 1 2 3 4 5 6 7
32.
2
&
E 1 s ]
R e
[+ |
& Op=—————m—————==- e e S=======x
0 1 2 3 4 5 6 7

Figure 323 Stator voltage alignment and flux control for the decoupled control of active
and reactive power
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Figure 324 Reference angle output from PLY,, (top) and reference angle after
modular division by2p , g, (bottom)
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|4 T |4 |4
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Figure 325 The angular synchronous frequency of the DFIG system measured by PLL
and the stator flux estimator
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Figure 326 Estimated stator fluxes and synchronous speed of the machine

The estimatedstator fluxes using pure integrater as well as LPF and estimated
synchronousngular speed of the machine aresented in Figure 2. At t=3 sec., the
step increase irotor speeds appliedfrom 391 rad/s to@ rad/s as a result there is small
oscillation in flux and speedstimated valuewhich settles down quickly as shown in
Figure 326.

Furthurmore, isnulation studies are carried out for a 1.5 MW DHiésed WECS
to verify the effectiveness of above descrilvedtrol system under varying wind speed.

Two different simulation studies are done for assessing the performance of the control
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system discussed above. In the first case shown in Figur@saBd® 3.8, the step
decrease in wind speed from 12 m/s to 8 is/ereated at t = 8 s, the rotor speed and
active power output varies according to wind speed where as reactive power is regulated
to a constant value. Again at t = 5 s, step increaseactive powessupplied by stator

sideis appliedand at t = 10 s, gp increase in reactive power supplied by GSC is applied.
Both cases daoot affect the active power output of the DFIG which proves the decouple
control of active and reactive power.

Figure 329 (a) shows the wind speed profile of DFiased WECS. The wind
speed varies in a range 6f4 m/s around its mean value of 12 m/s which is the rated
wind speed of the turbine. The variation of wind speed causes change of operation mode
in the wind turbine system. When the wind speed is less than rated speed, wind turbine is
operating in MPPT modeo G = 0.48 and tip speed ratio = 8.1 with pitch angle = 0.
When the wind speed is more than rated speed, pitching control starts operating as a
result, G < 0.48, tip speed ratio < 8.1 and pitch angle > 0 as shown in Figg€b3,

Figure 329 (c), andFigure 329 (d), respectively. Figure 29 (e) shows the independent
control of active and reactive power in DFIG as explained above. When the wind speed
varies, the active power output varies accordingly but the reactive power is always
regulated to zerd.e. unity power factor operation of both RSC and GSC. By doing so,
the power factor of the overall DFIG wind turbine system can be regulated according to
the requirement. During the entire operation period of the wind turbine, GSC maintains

the DGlink voltage in back to back converter of the DFIG to a constant value.
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Figure 3.7 Simulation results of 1.5 MW DFKBased WEC$or step change in wind
speed and corresponding rotor speed as well abriR@oltage
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Mt
fo

Figure3.28 Simulation results of 1.5 MW DFKBased WEC$or step change in wind
speed showing decoupled control of active and reactive power with corresponding
modulation indexes in RSC and GSC
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