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Abstract

With the increasing amounts of wind power being installecetactrical grids, the characterization of
wind turbines during all operating conditions is esselfitinbystem operators to ensure security and stability
for their customers. This characterization must be ackli®yeappropriate models of various wind turbine
technologies that can accurately depict the interactitwéen wind turbines and the interconnected power
system. Of critical importance and the focus of this thesike response of wind turbines during a grid fault,
and specifically the wind turbines’ effect on voltage anahsiant stability through the control of reactive
power (Q) support. The DFIG wind turbine is the focus of thiedis, as it presents a more complicated
model and response to transient events and thus warrathgifuesearch in the pursuit of a standardized
simplified model for the purposes of voltage and transiatiibty analysis.

The proposed model is developed specifically for dynamiaktions in PSS/E power system sim-
ulation tool, which is a positive-sequence phasor time-gionanalysis. The simulation tool is limited to
a 10ms time step. Therefore there is a need to simplify theeioda level that can be depicted at this
granularity but also maintain a fast simulation time for lexpentation in large network analyses.

A 5th order model of the DFIG wind turbine is introduced thgbuhe fundamental electrical equations
that describe the machine. The control of the machine isrithest; including the use of an active power (P)
controller, reactive power (Q) controller, a rotor speedtouller, and a torque controller. A rotor voltage
limitation is imposed and the effects are studied.

The stability of the DFIG with current controller is analgzeThe DFIG is recognized as a poorly
damped machine with poles naturally occurring near the fieguency (50 Hz). These poorly damped
poles are further evaluated through sensitivity analy$esoolel parameters and controller settings. A flux
damping term is discussed and implemented in the DFIG éetaiiodel. The results show successful
damping for small disturbances but a high sensitivity ta goltage dips.

The DC-chopper protection of the DFIG rotor circuit is arzalgl. A simplified model for the DC-
chopper protection is proposed that neglects the DC-liitage controller and the control of the grid-side
converter butinstead focuses on the effects of the rotterainverter losing controllability and entering into
diode rectifier operation. Any imbalance of rotor circuityer and grid-side converter power is assumed to
be effectively burned in the DC crowbar via a properly coleiDC-chopper and DC-link voltage.

The 5th order model is compared to a more detailed model degdlin PSCAD. In previous research
[1], the PSCAD model has been validated against field measents for a DFIG wind turbine experiencing
both a shallow and deep voltage dip. The 5th order model sfttigsis shows reasonable accuracy to the
PSCAD model but is not able to fully synchronize with the mo@tep responses of the DFIG machine
model in PSCAD was studied and compared to the 5th order DRiGhime designed in Matlab/Simulink
to further analyze possible reasons for the differencdsdriwo models.



The 5th order model is simplified into a set of algebraic eiguatwith a Q controller, based on several
assumptions. The goal of the simplified model is for impletagon in PSS/E dynamic simulations with
fast simulation times in complex power networks. The sifigadimodel is compared to the detailed model
and shows reasonable accuracy in depicting the generainsspo voltage dips for the three operating
conditions (sub-synchronous, synchronous, and sup&hsynous).

The machine is modeled with a fixed rotor speed and compartektbth order model with a variable
rotor speed.

Keywords: wind turbine, simplified model, Doubly Fed Induction GeneraDFIG, power system sta-
bility, voltage stability, PSSE

Index Terms: wind turbine, simplified model, Doubly Fed Induction GenteraDFIG, power system
stability, voltage stability, PSSE
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Chapter 1

Introduction

1.1 Background and Motivation

Wind power generation has continued to increase worldwiitl, the latest annual report
stating installed wind power worldwide of 239 GW at 2011 yeend, which is enough
to cover 3% of the world’s electricity demand. Worldwide gth continues at approxi-
mately 24% per year [2]. With this increase in wind power gahen, their penetration
levels and influence on utility grids has grown as well. Thegigtion has become sub-
stantially high in particular countries, including Deniké22%), Spain (15.4%), Portugal
(21%), Ireland (10.1%), and Germany (6%). Additionallyrthevere four German states
that met over 40% of their energy demands via wind power [BESE figures represent
annual energy production as a function of total electridigynand, so actugleakpene-
tration could be substantially higher than these figures.

As the penetration of wind power increases, so too does tpertance of ensuring
that the wind power generation does not adversely affegbdieer quality, security, and
reliability of each power system network, during both steatate operation and under
a contingency scenario. Therefore, traditional forms oflelimg wind turbines as either
distributed small generators or as negative loads are ryeladequate. These traditional
representations must be updated to properly model windtesbnteraction with the grid
in order to properly predict security or reliability issues

Coupled with this realization of increasing grid penetratis the action of many grid
operators to introduce more demanding grid codes for windgpanterconnections. The
requirements for the dynamic performance of grid conneuwtied turbines are mainly
centered around the wind turbine’s ability to stay on-linging a voltage dip, a term
referred to as fault ride-through or FRT. FRT requiremeats loe coupled with require-
ments for reactive power support to assist with voltageildyabNind turbine manufac-
turers must incorporate this fault ride-through and reacgpiower support functionality
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into their products.

This thesis will analyze the behavior of Doubly-Fed IndaotGenerators (DFIG) used
with wind turbines to capture wind energy and transfer it grid. The DFIG has two
connections to the grid - a direct connection to the main iteas of the stator windings,
and a connection to the wound rotor windings via back-tckhattage source converters
(VSCs). The DFIGs response in the presence of grid dynaffoicsxample a short circuit
causing a voltage drop or varying loads and generation gusltage and frequency
deviations, is of primary interest in this research. The®HRhs a unique response due to
these two grid connections - the rotor can be controlledidyiwith the VSC, while the
stator is directly coupled to the grid and therefore diseaffected by voltage fluctuations
of the grid. This unique arrangement, coupled with the patyl of the DFIGs use in
wind technology, makes the DFIG a critical machine to priypenderstand and model
in the context of grid stability analysis, as well as utiligasibility and planning studies.
Utilities must be able to properly model both new and exgstiind turbines in order to
predict grid stability and security, a key to ensuring thetowed growth and penetration
levels of wind energy.

Previous research in the development of a simplified modehtede certain assump-
tions and simplifications. With each simplification, the rabid limited and its accuracy
decreased. The acceptability of this compromise is a fandaf the expected use and ap-
plication of the model. Therefore it is essential in thissash to understand the purpose
of previous simplifications, state the validity of these giifications, and determine what
simplifications are required or not required in order to prbpmodel the DFIG for the
purposes of grid stability analysis.

1.2 Description of Wind Turbine Generator Types

A fundamental concept in understanding wind technologyirgvenergy capture. Wind
holds in it a discrete amount of power at any given point iretitiependent in large part
on the wind speed. As wind speed can vary greatly, wind tesbimust be capable of
operating over a wide wind speed range. The wind turbine qeemabe in one of two
ways. The first is to have a relatively fixed rotational spéedvhich an increase in wind
speed can slightly increase the rotor speed above the symmis speed and thus varying
the slip. This is based purely on the torque-speed reldtipraf an induction machine.
The wind turbine can also operate as a variable-speed ngolarying the rotor speed
based on the wind velocity. A speed controller is used to trapitch of the wind turbine
blades during high wind speeds to reduce the power intakpatelct the wind turbine, in
which case the rotor speed is also controlled in order tavapé the ratio of wind speed
to rotor speed. The goal in varying the pitch is to maximizZe&eicy by optimizing a
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term called theip-speed ratio The tip-speed ratio\) is defined as:

A= (1.1)
Vwind
whereuy;, is the velocity of the blade tip and,;,,4 is the wind velocity. The tip speed
velocity can be calculated from:
Vyip = A X 1 (1.2)

where 2 is the mechanical speed of the wind turbine and the radius of the circle
of rotation, in this case the length of the wind turbine bldel®m here it can be seen that
the ability to maximize the aerodynamic efficiency of enecgpture, is directly related to
the ability to vary the rotational speed. There are sevenaigurations for variable speed
wind turbines that allow for the generator’s rotor to operata variable rotational speed.

The various configurations for fixed and variable speed winmihe generators can be
broken down into four main types to be described in the falhgsections.

1. Fixed Speed Wind Turbine (FSWT) with induction generator

2. Variable Speed Wind Turbine (VSWT) with variable rotosistance
3. VSWT with Doubly-Fed Induction Generator (DFIG)

4. VSWT with Full-Power Converter (FPC)

There are common components with each of the configurat®sgen in the figures
for each. A gear box is used in between the wind turbine andrgéor to convert the lower
rotational speed of the turbine to a higher rotational sgeethe generator rotor. Also, a
step-up transformer is used to connect the wind turbinergémreo the grid, transforming
the voltage up as needed to connect to the distribution nsinéssion system [4] [5].

1.2.1 Fixed Speed Wind Turbine

Figure[1.1 shows the basic configuration for the fixed-speied wrbine connected to
the grid via an induction generator. The stator terminaés @mnected directly to the
grid, and thus the generator rotor rotates at a fixed spee lwasthe grid frequency and
number of pole pairs of the machine. The turbine rotor widrfore also rotate at a fixed
speed, dependent on the rotor speed and also the turnsfritegear box. The induction
machine by its nature acts to absorb reactive power (asechply the name "induction”),
therefore capacitor banks are used to provide this regotiwesr locally and minimize the
reactive power drawn from the grid. Since the rotor speedrifife most part fixed, wind
power variations will result in a power delivery that fluctes and adversely affects the
power quality of the grid [5].
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Gear- Soft / )
Box Starter \ Grid

Interconnection

m Transformer

Capacitor Bank

Figure 1.1: Fixed Speed Wind Turbine

1.2.2 Variable Speed Wind Turbine with Variable Rotor Resisance

With this configuration, the rotor resistance can be varig@dnnecting a resistance to
the rotor terminals via slip rings. The rotor speed can therdntrolled by varying this
resistance, thus making this arrangement a variable speeldurbine (VSWT). Capaci-
tor banks are still required to compensate for the reactivegp consumption. While this
does provide some controllability to the rotor speed, thigaregement only allows for ro-
tor speedsigherthan synchronous speed, not lower. This arrangement gigtéxcess
energy through the resistors - an unnecessary waste ofyeasrgill be shown in the
description of the DFIG [5].

Soft 7 ]
Starter \ Grid

Slip Rings Interconnection
m Transformer
Capacitor Bank
Variable
Resistors

Figure 1.2: Variable Speed Wind Turbine with variable rotsistance
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1.2.3 Variable Speed Wind Turbine with Doubly Fed Induction Generator

In this configuration, the stator terminals are directlyrected to the grid, while the rotor
windings are connected via slip rings to a three-phaseg®ekaurce converter. Therefore,
both the stator and the rotor are connected to the grid, thirggghe name "doubly-fed”
generator. As in the previous configurations, a step-ugstoamer is used to increase the
stator and rotor voltage to the grid voltage, in this caseraetlwinding transformer is
used in order to couple both the stator and rotor with the. grid

Interconnection
Transformer

[ Grid

Slip Rings

DC-Link
~ L —
— N
Back-to-Back

Voltage Source
Converters

Figure 1.3: Variable Speed Wind Turbine with Doubly Fed Ictitbn Generator

There are several advantages to the DFIG setup. The catitait of the rotor is in-
creased with the converters, allowing for control of therapeed at around +/- 30% of
synchronous speed, as well as reactive power control. Theatkability range around
synchronous speed depends on the sizing of the conversefsgyamust be sized to han-
dle the slip power in the rotor circuit. Compared to the camfigion with variable rotor
resistance, the energy can be recovered and exported tadh&ipce the converters are
connected to the rotor, they must only handle the slip powbich is only a fraction of
the total rated power{30%). This allows for a configuration that offers a varialgeexd
wind turbine, with a converter that is smaller, cheaper, &itld less losses than a system
with a converter rated for full power (see Full Power Comseconfiguration in following
section) [5].
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Figure 1.4: Variable Speed Wind Turbine with Full Power Caner

1.2.4 Variable Speed Wind Turbine with Full Power Converter(FPC)

Figure[1.4 represents a VSWT with a full power converterhhiis configuration, back-
to-back VSCs are connected directly to the stator termiofatee generator, which can
be either an induction generator or a synchronous genefdtaf the power must flow
from the generator through the converters to the grid, reguthe converters to be rated
for the full power capacity of the generator. The power iatgone of the limiting factors
of this arrangement as it requires larger converters angoaents. As shown in Figure
[1.4, the FPC WT is connected to the grid through a step-upgfoamer. An AC filter is
also commonly included prior to the point of common couplingt shown in the figure
here.

With the FPC, the machine-side converter can be used to givedntrollability of
the rotor speed, making this system very flexible. In addjtibe Voltage-Source Con-
verter used in this application is commonly used in othergrasystem applications (such
as HVDC converters and STATCOMS), which makes the contrdl @gperation a well-
developed and robust methodology [5].

1.3 Problem Formulation

The overall aim of this research is develop and verifia simplified model of the DFIG
for implementation in PSS/E that is able to properly repnesiee DFIG’s response in the
context of transient stability and short term voltage diigbiThe simplified model will
be used in this research to study the ability of the DFIG toipl®grid support through
control of active power and reactive power.



1.3. Problem Formulation

1.3.1 Obijectives and Tasks

In order to meet the aim of this research, the following ofiyes and associated tasks
were set forth.

1. Develop aletailedmodel of the DFIG:

¢ Define the meaning adetailedin the context of this research.
Present the equations that describe the machine.

Design different control algorithms.
Build the state-space model in MATLAB.

State any assumptions or simplifications. This detailedetwdl still represent
the VSC as a controllable DC voltage source, and will notudel converter
switching dynamics.

e Study the effect of the DC-chopper and implement a model ida

2. ldentify current research and efforts in the developneéstmplified DFIG models
for grid stability analysis:

e State the simplifications made on previous research efforts

e State why these simplifications were made, and the impachersimulation
results.

e State the limitations of these simplifications (what profdecannot be solved
properly with these assumptions).

3. Study the accuracy of the model:

e Compare to a more detailed model of the DFIG which includeseder switch-
ing. For this point, a pre-built PSCAD model of the DFIG syst&ill be utilized
that has been validated against a field measured DFIG resporsltage dips.

¢ Qualitative analysis to determine smallest time-stegtfescy at which both
models are in agreement. For example, determine if the PS@Aadel simu-
lation shows a significant divergence from the MATLAB modet tlifferent
time-steps in the simulation, and determine if this is ataigle for the purposes
of the system level analysis that will be required of this elod

4. Derive a simplified model from the detailed model create®ATLAB:

¢ Identify the purpose of the simplified model (implement inSAS for grid sta-
bility analysis through the delivery of P and Q).

e State what simplifications can be made in order to keep tta@gjective valid
in the model.
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e State how previous simplifications are/were not sufficient.

e Develop simplified models using one simplification at a tirdlearly stating
each model simplification with purpose.

e Develop final simplified model as a set of algebraic equattorgescribe the
machine, with an active and reactive power controller.
5. Compare simplified models to the detailed model:
e Compare each simplified model to the previous model itemastarting with
the detailed model (created in MATLAB in task 1).

e Run simulations to various voltage dips and operating gadintstudy model
accuracy.

e Develop conclusions regarding the impact of various mountepkfications to
the accuracy and response of the model to various voltageadig under vari-
ous operating points.

e Develop conclusions on the accuracy of the final simplifiediehovith respect
to the 5th order detailed machine model. State the conditbdruse the model
is valid for power system analyses, and the conditions undhéch it may not
be valid.

1.3.2 Methods

The following methods were used in the research to accompiis previously described
objectives and tasks.

e Power system theories and mathematical methods for theatien of the machine
model equations.

e State-space implementation and Matlab for modeling oédiffitial equations.
¢ Internal Model Control (IMC) for design of controller.

¢ \erification of model against PSCAD model that is validatathviield measure-
ments.
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Grid Codes for Grid Integration of
Wind Farms

2.1 Dynamic requirements for grid integration of wind farms

Wind power generation growth has reached a level whereithpact to the overall power
system cannot be neglected. Many system operators habdigistal requirements for the
interconnection of wind farms to protect grid stability anetlability. These requirements
can be summarized into the following categori€s [6]:

e Operating Voltage and Frequency RangeUltilities typically require wind farms to
stay connected within specific voltage and frequency wirgjawth specific times
associated with different voltage and frequency deviatfoom nominal. For exam-
ple, the wind farm will be expected to operate continuouslyd certain window
around nominal voltage and frequency, but the requiremestay connected de-
creases the further the voltage and frequency deviate fooninmal. This requirement
is typically represented in a table or chart format.

e Ramp Rate Control. This requirement is related to the speed at which the wind
farm’s active power increases or decreases. Utilitiesireghat a wind farm not
ramp up or ramp down too quickly to minimize the impact of fastive power
fluctuations to the stability of the power system. This reguient is stated in terms
of MW per minute or MW per second.

¢ \oltage and Reactive Power SupportReactive power requirements vary in imple-
mentation across the various grid codes. Some can be in thedbpower factor
control, while others require reactive power transfer agretion of the voltage at
the point of interconnection.
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¢ Fault Ride-Through (FRT). Fault ride-through is an important grid code require-
ment that requires a wind farm to stay connected to the grithgwa voltage dip.
The severity of the voltage dip that it must "ride throughtahe duration it must
ride through vary across grid codes and are typically repries! in a chart format.

The two requirements under study in this thesis are theivegabwer support and the
fault ride through, as these have the greatest impact oag®knd transient stability.

2.2 E.ON Grid Code Requirements

E.ON grid code requirements are used in this thesis as anpdearireactive power sup-
port for voltage stability purposes. E.ON Netz is a transinis system operator (TSO),
which operates in Europe. They have developed formal requents for the interconnec-
tion of wind plants, both onshore and offshore. Their regmients are commonly used as
examples due to the clear graphical format in which theygrgedor example, reactive
power support requirements during grid faults.

Figure[2.1 represents the E.ON grid code requirement fativeapower support dur-
ing grid faults. The chart shows how the reactive power stppdependent on the sever-
ity of the voltage dip. There is a dead band between 0.9 anplet.dnit, meaning reactive
power support does not begin until a voltage dip over 10% iscfthis dead band is de-
creased to 5% for offshore wind farms). The reactive cumrequirement is static and is
scaled based on the slope of 2 p.u., which represents therdicurrent injection per
the amount of voltage lost. The slope of 2 equates to the warm providing 100% of
its available current for reactive power support during bage dip of 0.5 p.u.. For more
severe voltage dips, the generator continues to providenthemum amount of reactive
power support. This requirement states that the wind far phovide the same amount
of reactive current support for a time period of 500 ms aftentoltage dip returns within
the dead band range.

The detailed and simplified models of this thesis will impé&rhthe E.ON grid code
requirements for reactive power support during the gridt$au

10
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Reactive current static:

Al, P AL/,
s 1 AU, /U,

> 2.0p.u.

dead band Maintenance of the voltage support
in accordance with the

A characteristic after return to the
s 7 voltage band over a further 500 ms

/7

Voltage drop > Voltage rise

T Z T
-54% 10% 1006 20% U,

UJ  Generator rated voltage
n

AU dq Present voltage (during fault) — voltage before the fault

100% 1 ,  Generator rated current
- (1]

Al 4 Reactive current — reactive current before the fault

Figure 2.1: E.ON grid code requirement for reactive cursemiport during grid faults
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Chapter 3

DFIG Detailed Model

The terms "detailed” and "simplified” are used to describe ¥arious machine models
in this research. There are several degrees of both "détaited "simplified” that can be
used to describe any model - the main point being any modgllia mmodel and not a real
turbine or generator. In order to analyze any phenomenomplgications must be made
to represent it, and these simplifications must be cleartietstood.

In the context of this research, the detailed model will beved from the equivalent
electrical circuit of the DFIG. It is detailed in the sensattthe model is derived directly
from the governing electrical equations, resulting in adtther system that includes the
electrical dynamics from the rotor flux, stator flux, and ratpeed. However, this de-
tailed model neglects several factors that influence thawehof an actual wind turbine
with DFIG configuration (which many would argue makes thisdelcsimplified!). The
following assumptions have been made for this detailed mode

e pitch control of the wind turbine is not activated,

e tower shadowing effects based on the spacing of the windnteskin a wind farm
are not considered,

mass transfer dynamics are neglected (the entire asserabiyfind turbine to gen-
erator is considered as a single rigid mass),

perfect estimation of grid voltage angle,

PWM switching of the converters is neglected,

the machine is symmetrical,

losses from friction and windage are neglected,

the skin effect is neglected,

13
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Figure 3.1: Components of the Doubly Fed Induction Generato

e iron losses are neglected,

e magnetic saturation is neglected.

From here, the detailed model will be analyzed and compayaithst a "more detailed”
model (to be elaborated in the sectiwalidation of 5th Order Model against PSCAD
Detailed Mode). The model will then be simplified for implementation int8 E grid
stability studies.

3.1 The Doubly Fed Induction Generator (DFIG)

This section introduces the basic operation and functitynad a Doubly-Fed Induction

Generator (DFIG). The DFIG is an attractive and popularasptor large wind turbines

(multi-MW) due to its flexibility in variable speed range athe lower cost of the power
converters. Figure_3.1 illustrates the major componenth®DFIG to be discussed in
this section.

In the DFIG configuration, the generator rotor operates areble speed in order to
optimize the tip-speed ratid. The generator rotor speed is controlled to operate within a
variable speed range centered around the generator syiclsrepeed. Therefore the gen-
erator system operates in both a sub-synchronous and sypeitronous mode, typically
between +/- 30% of synchronous speed. The rotor is contr@ijea 3-phase converter
connected to the wound rotor windings via slip rings. Théosts connected directly to
the grid. Back to back VSCs are included in the rotor circliite converters must only

14
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handle the rotor power (only a fraction of the total genaratmwer), which is typically
around 30% of rated power.

This section will describe the basic topology and operatithe DFIG, and will cover
an explanation of torque production, variable speed coatrd impacts to power flow
in the machine, power converter functionality, and the A@ &C crowbar protection
features.

3.1.1 Torque production in the DFIG

The DFIG consists of stator windings connected directlyh® grid, and wound rotor
windings connected to a power converter. The stator wirgleng therefore energized
by the grid to create the stator magnetic field. The rotor wigsl are energized by the
converter to establish the rotor magnetic field. Torqueesiad by the interaction of the
rotor magnetic field with the stator magnetic field. The magie of the generated torque
is dependent on both the strength of the two magnetic fietabtlee angular displacement
between the two. For example, if the magnetic fields are cetalyl aligned, as in two bar
magnets with north and south poles aligned, there is no éoggmerated. However if
the two magnets are placed orthogonal to each other, withdhi and south poles 90
degrees displaced, the attraction will be the strongestiamsithe generated torque the
greatest. Mathematically this can be described as the wpobduct between the stator
and rotor fields([7].

As the stator is connected directly to the grid, the statdd feea function of the grid
voltage, with a rotation based on the grid frequency andaiging with the synchronous
speed. The grid voltage can be assumed to be more or lesaeb(diiring steady state
operation), and therefore the stator flux can be consideyestant. The rotor flux is de-
pendent on the rotor current, which is controlled directhtle power converter. There-
fore, the torque production in the DFIG can be directly colted by control of the rotor
current magnitude and angular position relative to theosféux. This is done by calcu-
lation of the angular position and magnitude of the stator iy monitoring the applied
stator voltage (which in this case is the grid voltage magtatand phase), and controlling
the rotor currents such that they are normal to the statoy dlithe magnitude required to
generate the needed torque [7].

3.1.2 Rotor side converter (RSC)
The rotor side converter (RSC) is used to control the torquelyction of the DFIG

through direct control of the rotor currents. The RSC doés bly applying a voltage
to the rotor windings that corresponds to the desired cturiéme RSC will operate at

15
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varying frequencies corresponding to the variable roteesprequirements based on the
wind speed.

The rotor side converter can use either a torque contraieed controller, or active
power controller to regulate the output power of the DFIGsTutput power is controlled
to follow the wind turbine’s power-speed characteristioveu Essentially, any given wind
speed corresponds to an amount of available power that cextiaeted from the wind. In
order to extract this power most efficiently, the optimaldjmeed ratio must be kept before
rated power is reached, corresponding to a different rqteed for each power level.
This calculation is done for any given wind turbine, resujtin a unique power-speed
characteristic curve. The actual output power from the geoe plus all power losses, is
compared to this reference power from the power-speed ciiyyécally a Proportional-
Integral (PI) controller is used to control the torque, sh@e power to its reference value.
Whichever controller is used, the output of the control&ethe reference rotor current
required to generate the desired torque or power, or torobtaidesired speed. An inner
PI control loop is then used to control the rotor current ietoats reference value, with
the rotor voltage reference as the controller output [7].

The rotor current can also be used to control the reactiveep@roduction of the
DFIG. The details of both the torque and reactive power cbmiill be elucidated in the
sectionControl of the DFIG Machine

3.1.3 Grid side converter (GSC)

The grid side converter is used to regulate the voltage oDiidink between the two

converters. The GSC contains on outer loop control thatroenthe DC-link voltage,

attempting to control it to nominal value. An inner PI comtl@op controls the GSC

current. Commonly the GSC acts to $g¢f. = 0 and maximize active power output.
As the GSC is connected directly to the grid, it must outpwigroat a fixed frequency
corresponding to the grid frequency [5].

3.1.4 Power flow in the DFIG

There are multiple aspects to the power flow that must be stats to fully grasp the
DFIG operation. The first to be described here is the rotawudir In the rotor circuit,

active power flows in one direction, either to the rotor omirthe rotor, thereby either
absorbing or injecting active power to the grid. In eithesesathe active power flows
in only one direction through both converters. The conveateangement allows for a
variable frequency (associated with the variable rotoedp¢o maximize active power
extraction. As the two converters are decoupled via the iDK-the connection to the
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3.1. The Doubly Fed Induction Generator (DFIG)

grid can be maintained at the grid frequency and the voltagéralled to synchronize
with the grid.

The basis for injecting or absorbing active power is the wayypperation of the DFIG
when it goes from sub-synchronous speed to super-synahsosppeed. Active power
flows as a function of slip. Recall that the synchronous sped¢lkle speed correspond-
ing to the grid frequency, which is also the speed at whichstiator flux rotates. At
synchronous speed, (when the required rotor speed for a given power level is thxac
equal tow,), the magnetic field of the rotor rotates at the same spedetasdator magnetic
field. The DFIG then essentially operates as a synchronoghkinewith DC current in
the rotor windings, meaning no active power will be genetratethe rotor windings and
therefore all active power from the DFIG machine will flowrindhe stator to the grid.

When the wind speed increases, the speed of the rotor musjelvaorder to optimize
the efficiency of the aerodynamic system (as describedquslyi with the tip-speed ratio
A). Therefore the rotor speed increases above synchronees sgesulting in a negative
slip and super-synchronous operation. In this operatiowgp flows to the grid from both
the stator windings and the rotor windings. As the wind spstieases, rotor speed de-
creases, and the machine operates in sub-synchronous witide, positive slip. Under
these circumstances, the rotor must absorb active power tine grid, essentially bor-
rowing power for rotor winding excitation.

Generator

Prech
i Stator Pusatr P

B ‘ﬁ
L P Power J

Rotor Converter

Figure 3.2: Active power flow in the DFIG during super-syraous operation

During steady-state operation and assuming the curreiitslioh the converter have
not been reached, the power output from the DFIG machinedatid is the sum of
both stator and rotor powe#f’(, P,). However, realizing that the rotor power must then
go through the Grid Side Converter before reaching the graltotal delivered power is
calculated using’. in lieu of P,. The total power output must be equal to the total power
in, calculated as the mechanical pow®r delivered to the wind turbine based on a given
wind speed. Therefore, it is possible to maximize the efficyeof the power extracted
from the wind by measuring the total power output, and udimgibformation to vary the
rotor speed to correspond to the input mechanical pdwer [6].
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Chapter 3. DFIG Detailed Model

Generator

Stator Poaor Pu
i \
L P Power

Rotor Converter

Figure 3.3: Active power flow in the DFIG during sub-synchoas operation

3.1.5 DC-link chopper / DC crowbar

A braking resistor is provided in the dc-link bus as a form@tpction to dissipate excess
energy during a grid fault. The resistor is connected to tirk bus in series with an
IGBT, and is referred to as either the dc-link chopper or themwbar. The IGBT can
control the amount of energy burned in the resistor, withrdsestor (or set of parallel
resistors), sized to handle a specific amount of energy guaigrid fault. The larger
the fault that is desirable to ride through, the larger thesptal size of the resistor or
resistors must be. This design decision can be a functiotilaf wequirements for fault
ride through, as the energy dissipation during a fault isrection of the voltage dip
magnitude and fault duration![7]/[6].

3.1.6 AC Crowbar

An AC crowbar is implemented on the rotor side of the RSC, Wlacts to bypass the
RSC by applying a short-circuit to the rotor terminals. Tés$s to protect the RSC from
overcurrents as well as to protect the DC-link from overagd#is. The crowbar can be
constructed by the use of either anti-parallel thryristmsnected to external resistances
on the rotor phases, or a diode rectifier bridge in series avggle external resistance.
When using a diode rectifier bridge, a single thyristor maiittse used to control the
activation and deactivation of the crowbar.

The crowbar is an important aspect in not only the proteatibthe converter com-
ponents, but in understanding the behavior of the DFIG nmacturing grid faults. As
described, the crowbar acts to protect the rotor-side atewiEom overcurrents and pro-
tect the DC-link from overvoltages. Therefore, the behawifdoth the rotor current and
rotor voltage, as well as the typical setpoints for overentiand overvoltage protection,
must be understood in order to adequately represdataledDFIG model. The amount
of detail in the crowbar action that is carried through to amgplifiedmodels is an im-
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3.2. 5th Order Machine Model

portant question that is studied in later sections with grévdtion of the DFIG simplified
model.

In [6], several common parameters are listed for crowbavatadn. For dc-link over-
voltage protection, a common setting is at 12% above nomilghge. For overcurrent
protection, the converter IGBTs can typically handle twiloe nominal current for a short
duration. Therefore a common overcurrent protection fer cbnverter is set near 1.8
pu. These parameters are specific to each converter mamafiadtut may be considered
reasonable assumptions when developing a generic DFIGImode

One interesting aspect of the crowbar action that impaeg<iRIG response to grid
faults is the speed at which the crowbar can switch on to gh$sienergy and switch
off to return to normal operation mode. A thyristor can onigadnnect the current at a
zero crossing, which, coupled with the issue of fault cug@ontaining dc-components,
causes a slight delay on the order of tens ofims [6]. An actieesar utilizing an IGBT
can be used to force commutation of the rotor current andad@@enore quickly than the
thyristor.

3.2 5th Order Machine Model

The first model of the DFIG that will be developed and analyiretthis thesis is the 5th
order transient model. The model is developed from the ledsidrical circuit equations
that describe the DFIG machine, including the stator anadrribtix (current) dynamics
and the rotor speed dynamics.

The 5th order model is derived in the synchronous coordiegs¢éem, also referred
to as the d-q coordinate system. The g-axis of the rotatingdioate system is aligned
with the grid voltage, and rotates at the nominal grid fregpyeof 50 Hz. The alignment
with the grid voltage allows for simplifications of the cifttequations since the stator is
connected directly to the grid. The g-component of the statiltage will therefore appear
to "stand still” as it is aligned with the g-axis and rotatiagthe same speed. As a result,
for a balanced 3-phase system and for balanced 3-phasedoejfaultsu,; = 0.

Figure[3.4 represents the equivalent electrical circuithef dynamic DFIG model.
This representation is referred to as the T-equivalentiitiraith the stator represented
on the left, and the rotor on the right. The interface betwientwo is represented by
the magnetizing inductande,,, which also represents the air-gap in the machine and is
commonly referred to as the air-gap flux. The stator terrsiaaé connected directly to
the grid through a step-up transformer, while the rotor isnsxted to the grid through
back-to-back converters and an interconnection transforim this thesis the transformer
ratios are assumed to be 1:1 for simplicity and are therefoteshown in the equivalent
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Figure 3.4: Equivalent electrical circuit of the DFIG

circuit. All calculations and derivations will be done iretinotor reference frame, there-
fore positive power will represent power consumption whidgative power will represent
power production of both the stator and rotor.

The variables represented in Figlrel 3.4 are as follows:

u, Stator voltage (also grid voltage)
u, rotor voltage

W, stator flux linkage

W, rotor flux linkage

i, Stator current

i, rotor current

R, stator resistance

R, rotor resistance

L, stator inductance

L, rotor inductance

L,, magnetizing inductance
w, grid frequency

w, rotor frequency

3.2.1 Transient Model

The transient model developed here is used to define the ioeludthe DFIG machine
itself. This thesis uses space vector representation,ceitfiplex vectors represented as
underlined variables. As mentioned previously, each cempéctor will be represented
by orthogonal direct (d) and quadrature (q) component$) thig g-axis aligned with the
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3.2. 5th Order Machine Model

stator voltage.

Equations[(3.1) througlh (3.4) below represent the matheedatlationships that de-
fine the behavior of the DFIG. All equations utilize nominailagtities unless per unit
(p-u.) is specifically stated.

Y
Uy, = RSZS + CES + jwsgs (31)
dv
by = Rty + S s — w0, 32)
gs = Lsis + Lmlr (33)
gr = Lmﬁs + Lriy« (34)

Equations[(3.3) and (3.4) can be substituted infal (3.1) @) to yield the follow-
ing two equations, where the stator and rotor currents haea kliminated in order to
simplify the equations in terms of stator and rotor flux only.

R, AV, R,
R, R, v,
u, = _kSL_;gs + (E +.]<w8 - wT))gr + dt (36)
(3.7)
where
L
ky = =2,
L,
L
k, = =2,
L,
L. =oLs,,
L =oL,,
o=1—ksk,

Equations[(3)5) and (3.6) are now set up in terms of statoraitad flux linkages, and
contain only a single derivative term. This allows the eopret to be solved using the
stator and rotor flux linkages as state variables in a sfzeesform.

In order to complete the characterization of the DFIG maehthe relationship be-
tween the electrodynamic torque, rotor speed, and flux ¢jakanust be defined. First,
the electrodynamic torquE. can be defined as:
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3 krrrwa 1 S Ky

where<$ is the imaginary part, ang represents the number of machine poles. The
relationship between the electromagnetic torque prodbgélde machine, the load torque
from the wind turbin€l’;,, and the rotor speed is defined in what is called the "swing”

equation.

T, (U, g0,y — U, U,y) (3.8)

Jdwr g (3.9)
p di p
whereJ is the combined inertia of the machine and turbinégm? andb is the speed

dependent damping term. This equation demonstrates thiatdralance in the electro-
magnetic torqud . and load torqud;, will result in a change in the rotor speed, either
acceleration or deceleration, representeéditaslf T, andT, are equal, as in steady state,
the rotor speed will reach its steady state value and theatae term will therefore be
zero. The swing equation is fundamental in describing amtkrstanding the behavior of
the DFIG during transient stability studies.

In order to use the swing equation in the state-space foreneguations (318) and (3.9)
must be combined and described in terms of the state vasialtgch in this case are the
flux linkages and rotor speed. The resulting equation is:

J dw 3 k w

L = (Vg Wy, — U, W) — T — b— 3.10

bt 'L (W1 ¥sq ¢Vsa) =T p (3.10)
Simulink is used to solve the set of differential equatiosimg the S-function feature.

The equations for a state-space formulation are of the form:

X = AX+ Bu

y =CXx+ Du
wherex is the state variable vectaorjs the output vecton is the input vector, and vectors
A throughD are vectors defined by the system parameters.

Therefore, with the selected state variables of rotor fltetos flux, and rotor speed,
the derivatives of each) are solved for in[(3]5)[(316), and (3]110) to set up the foity
state-space representation of the differential equations

-d\Ijsd- _& ws k & 0

0
o L p T, A Vg
e s I 0 kTL_’z 0 Wy
av,. Ry Ry
dd—td = ksL_;‘ O _L_;‘ WS - WT O \:[ITd —|—
0, . R,
o 0 k:SL—i W, — Wy — I 0 U,
dwr 3% kr 3p% ky b
dt i 0 §7L—CS\I’rd 0 _Ej_gq]sd ~7] “r
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1000 07 [t
00100 0] |ug
0010 0] |ug (3.11)
000 1 0] |ug
0000 —2] [T

With the rotor and stator flux linkages, the rotor and statorents can be obtained
from equations (313) and (3.4) as follows:
. \:[]8 - kTEr
iy = _T (3.12)

s

. gr - ksis
i, = =L = (3.13)

T

3.2.2 T'-equivalent Model

The previous set of equations were derived in order to dest¢he DFIG machine itself.
However, in order to derive the controller for the machite, T-model of the equivalent
circuit must first be transformed. The T-model contains ajuaiset of current and flux
linkages for the stator and rotor side. In order to simpliig @onsolidate these variables,
the stator leakage inductance can be moved to the rotoraidejng the stator and rotor
leakage inductance to be combined. This also allows therdfiaix to be expressed in
terms of the magnetizing inductance and magnetizing cturiiére resulting circuit is
denoted thé-equivalent model. First, the transformation variabie defined as

b:

L,

The transformation variable allows the parameters to Imstoamed from the T-equivalent
model to thd -equivalent model. The following parameters are definethier-equivalent
model, where an uppercase subscript is used to differeriiettveen the two models.

Ly = bL,, =L,
Rr = VR,
L, = bLgy+bL,=0VL,—L,

The transformation variablealso allows for the following rotor side equivalent vari-
ables for thd’-model:
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1

g = % (3.14)
up = bu, (3.16)

The stator side variables can be transformed starting fn@if4model equations. First,
the stator flux can be expressed as:

- Lmlr + LSZS

= LS(II;-/—TZT + Zs)
1

= Ls(g&r + ls)

= Lu(ig +1,) (3.17)

The stator voltage can be expressed as:

dw
= Rg R PA
U s + dt +]w =3

= g+ (e i)

y
= Ry, + LM% + w0, (3.18)

+ jwsis

The rotor flux for the™-model can be expressed as:

ER = bgr
= b(LT’Zr + Lmls)
= b(bigLr + Lini,)
Lo+ Ls . . ,

T

= LUZR + LsZR + LMZS

Finally the rotor voltage for thE-model can be expressed by multiplyittp the rotor
voltage equation in (312):
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3.3. Control of DFIG Machine

Up = bgr
. ayv, ‘
AV
= Rpip+ d;tR + j(ws — w,) ¥
di di
= Rpig+ Lo + L= + j(w — )8y (3.20)

Equations[(3.18) and (3.20) can be used to set ufi'tbquivalent model as shown in
Figure[3.5. Thes&-model equations will be used moving forward with the desifthe
various controllers.

RS ] a)sgs ] wsi’R ']CU rgR La RR

.
A\ 4

Ly
Upr

=t
Dy

Ly

(@]

(6]

Figure 3.5I"-Equivalent electrical circuit of the DFIG, showing statord rotor leakage inductance com-
bined and allowing stator flux to be expressed in terms of reiging inductance and current.

3.3 Control of DFIG Machine

3.3.1 Rotor Current Controller

The rotor current controller controls the rotor current lycalating the required rotor
voltage needed for a given reference current value. Thexgtioe current controller must
first define a system model of the DFIG machine, which can be Ogmleriving a transfer
function fromupy to iz. This can be accomplished by solving ﬁéﬂf from the previously
derived equations describing the machine. First, the nailtage equatlon is transformed
to eliminatei,; by solving equation (3.18) fok IdZM and inserting into equatiof (3.J20)
as follows:

dig

i + (uy, — Roiy — jws¥,) + j(ws — w,)¥p

UR—RRZR+L
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Next, both the stator current and rotor flux¥ ;, are eliminated:

di v
Up = RRZR + Loﬁ +u, — RS<;

o v ig) — jws¥, + j(ws — wr)(Loig + ¥,)

di s .
= u+ LS (Rt Ridig + (00 — ) Loig — Ligs e, (3.21)
M

By taking the Laplace transform of equatién (3.21), the retitage equation results
in the following:

R, .
Up = Ug T ZR(RS + Rr + SLU) + j(ws - WT)LUZR - L—gs — Jwr ¥ (3.22)
M

where the term{Z= + jw,)¥, is defined as the back EMF of the machirs.(As

Ly
mentioned, it is desired to solve for the transfer functioomf uy to iz, which can be
done by solving fof;—g. As this cannot be done directly, the stator voltagand machine

back EMFE can be treated as disturbances, resulting in the followangster function:

1 1
Ge = = = 3.23
¢ (QR — Ug + E) SLU + Rs + RR + j(ws - wr)Lo ( )

For the derivation of the controller, the teritw, — w,) L, can be treated with a feed
forward loop. The transfer functiod. is therefore reduced to simply:
1

Geo = 3.24
“ "~ (sL, + R, + Rp) (3.24)

There are several methods in which a controller can be degighhe method that
will used in this thesis is internal model control (IMC). IM&mply uses the knowledge
of the system model to develop the control parameters reduo augment the error
between the actual system and the model of the system. Theollencan be derived
from the following relationship, wheré'(s) represents the controller transfer function,
and knowing that the control loop should behave like a firdieotransfer function.

F(s)G(s) _
1+ F(s)G(s) s+ a
F(s)G(s) = %
F(s) = %(SLC, + R, + Rp) (3.25)
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For a Pl controllerf(s) can be set equal te, + %, and the PI controller parameters
derived as follows:

kic
F(s) = %(sLU + Ry + Ri) = ko + =
= ol +alfet R ke (3.26)
S S
and therefore
kpe = oL, (3.27)
kie = a(Rs+ Rg) (3.28)

With these control parameters, and using equation|(3.B8)eference values for the
rotor voltage can be obtained from the following equations:

“;ze({ = (kpe + %)(lgjf —ipd) +Usq — (Ws — wr)Loin,

- fM U+ w, Ty, (3.29)
gt = O+ S0 — i) g+ (00— ) Lo

- %‘I’sq —w Wy (3.30)

3.3.2 Active DampingR,

An additional term can be included in the design of the curcentroller, called "active
resistance”, oi?,. The active resistance is added to the actual machinearsestalues
in the transfer function, and gives additional flexibility damping out variations of the
back emf. This resistance is not "real” in the sense thatnbisphysically present in the
machine, but is added purely for a higher level of control.eWlntroducing an active
resistance, the controller gains must be updated to acdourit,. The new controller
gains are

kpe = alg, (3.31)
ki. = oa(Rs+ Rr+ R,) (3.32)
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3.3.3 Rotor Current Reference Calculation

The reference values for the rotor current can be derivezttlyrfrom the equations that
describe the electrodynamic torque of the machine and #terseactive power.

g-axis rotor current reference calculation

First, the equation for the electrodynamic torque is raViseinclude the rotor current. It
is important to note that there are several ways in which lig&m®dynamic torque can be
expressed, and throughout the literature on this topic etyaof forms of the equation
are presented. It can be shown algebraically that thesdiegsare all equivalent. The
following is the equation used for the purposes of deriving totor current reference
values.

T, = —2pS(Wig
3 . . g
= _ip%[(‘l’sd — JVso)(ird + JiRg]
3 . _
= —gp(\lfsqu — WyyiRra) (3.33)

As was discussed previously, the d-q coordinate systenhigthesis has aligned the
stator voltage with the g-axis. Therefore,; = 0. Equation[(3.18), which describes the
stator voltage for th&-model, can be used to simplify equation (3.33). With theiags
tions thatR, = 0 (R, is in fact a very small value), and that the machine operates i
steady-state (which allows the derivative term to be seaktp0), then’,, = 0. Since it
is difficult to measure the torque, it is often commonly cohliéd with an open loop [5].
Equation [[3.38) can then be simplified to yield the equatmnrtlie g-axis rotor current
reference value.

3 .
Te = _Qp(\llsletﬂ
2 Tre!
ref _ _“ e 4
T Ty, (3:34)

The simplifications and assumptions used to deilﬁgfedo have an impact on the con-
trollability of the torque. The””;f that is fed into the current controller in order to achieve
the reference torque value is not accurate because it doéskednto account the stator
resistance. Therefore, the actual torque of the machiriealwiays differ from the refer-
ence torque, resulting in a steady-state error. If the nrachbtorqueT;, is set equal to

28



3.3. Control of DFIG Machine

the reference torqué’*/, as is common to do, the steady state difference between the
two will result in a continuous increase or decrease of therrgpeed due to the swing
equation defined in equation (B.9). This can be corrected avépeed controller in cas-
cade with the current controller that is used to adjist in order to keep the rotor speed
constant. Another alternative is to use an active powerobet to derivez'j{;f . These two
options are elaborated in the following sections.

d-axis rotor current reference calculation

The d-axis rotor current reference value can be derived &monmnderstanding of the stator
reactive poweri,/ is derived as follows:

Qs:

Su,il]

DN WOl W

di '
S(Rudy + Lag =2 + jw,B,) (5 — ip)"]
dt Ly,

and assumingz, = 0 and steady state conditions, simplifies to

IR IO
Qs = 5 [stis)(L—M ir)’
3 Vg .
= §U8q(m — ZRd) (335)

Equation[(3.35) can be used directly to solve fordﬁé value.

Z»ref - \IlSd i gQgef
Rd LM 3 Usq

(3.36)

The equation(3.36) represents controt’;éf in an open loop manner. The following
section expands on usirdg, to controlig, in a closed-loop control system.

3.3.4 Reactive Power (Q) Controller

For the DFIG machine in a wind turbine application, it is dasie to control the re-
active power. In steady-state, the controller should kéepréactive power set equal to
zero, therefore maximizing the active power injection te gnid. During a fault condi-
tion where the grid voltage drops, it may be desirable tocinjeactive power from the
DFIG in order to provide voltage support. The magnitude am@iion of reactive power
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injection is dependent on the requirements of the localgpatks, to be explained in more
detail later in this thesis.

The DFIG has two connections to the grid, allowing for reacfiower injection and
consumption to be controlled through either the rotor dostzrcuit. In practice, the GSC
in the rotor circuit always controls the reactive power tozdhe RSC in the rotor circuit
can be used to control the stator reactive power by comg)ﬂﬁff , and it is through the
control ofz”‘;j that the DFIG is able to provide reactive power support dugnd voltage
dips. Equation[(3.35) can be used to derive the reactive powgroller parameters.

First, the transfer functioty, from ), to iz, can be defined as

Go—— % 3, (3.37)

v
R4 — L]S\j 2

The controllerFy(s) can be defined using internal model control as was shown in
equation[(3.25) to yield the following relationship

2 1
4o (3.38)

QAQ ~—1
F, = —G =—
o9) = =263 () =~ 3.2
In deriving the controller it is shown that only an I-conteslis needed using the in-
ternal model control method. The gain of the controlligy = —2“Q . In this thesis, the Q
controller is implemented with an I-controller only with arinW|dth initially set to 100
rad/s (10 times slower than the initial setting of the cureamtroller bandwidth).

For this thesis, during steady state and normal operatiedactive power output of
the DFIG machine will be set to zerg){. = @, = 0), and the machine will prioritize
active power output. During voltage dips, all models willplement the E.ON grid code
reactive power requirement as previously described. Tdgsires reactive power to be
supplied by the DFIG machine for all voltage dips less th&y0u., and is a function of
the severity of the voltage dip. This acts to prioritize taacpower output during voltage
dips, and only provide real power if there is sufficient cafydeft without exceeding the
rotor current limitations.

3.3.5 Speed Controller

A speed controller can be used in cascade with the curremitatien to control the rotor
speed to a constant steady-state value. The rotor speednedevalue can be obtained
based on the power-speed relationship of the wind turbiypcally in the form of a
table. This table shows the relationship of rotor speed enrthut mechanical power (or
mechanical torque). The actual rotor speed can thus be meghand compared to the
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reference value, with the controller giving a torque refiesethat is fed into the current
controller.

The rotor speed dynamics are reasonably slow when compatkd time of a voltage
dip event. \oltage dips commonly last less than one secdmd.tiiesis analyzed the rotor
speed dynamics during the voltage dip to determine if anmapan of a fixed rotor speed
is valid for transient stability and voltage stability siesl

In this thesis, a speed controller was implemented in onéefdetailed model it-
erations for the purposes of comparison and to analyze tpadhto the results. The
controller was derived using internal model control, udimgswing equation of

~—T =T, - T, — Bw, (3.39)

whereB is the speed dependent damping term. In this equadfiois,set equal ta7 ¢/
and the load torquy, is treated as a disturbance. Therefore, the transfer am€tj, ()
can be found by taking the Laplace transform and solving tierratio of 77¢/ to w,,
resulting in the following equation

Tref
G-t _loyp (3.40)
Wr p

yielding the following controller equation

&mz%wf@:%é+%§ (3.41)

The controller parameters can be taken directly from (3a&l), = aw% andk; =
o, B. The speed controller bandwidth for this thesis was set tsldager than the inner
loop control atl00™,

When using a speed controller, considerations must be tagarding high versus
low wind speeds. During low wind speeds, before the winditethas reached rated
power output, each wind speed corresponds to a unique p@ies.\However, when the
wind speed increases and the wind turbine reaches rated,gbeevind speed is used to
control the pitch and not the power. This results in two colférs that are dependent on
the wind speed - one controller that gives a torque or powererce (low wind speeds),
and one controller that gives a pitch reference (high wineess). The controller must
switch between the two modes dependent on the wind speed.
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3.3.6 Active Power (P) Controller

An active power controller can also be used in cascade witlcdinrent controller in lieu

of the speed controller. In this case, the reference powaeva obtained from the wind
turbine’s power-speed relationship, representing thehagical power into the machine.
This value is compared to the actual active power outputclvie calculated from the
sum of the stator power{) and the grid-side converter powef.).

For the purposes of this thesis, a simulation is performeadhe@ operating point at a
time. For example, the wind turbines may be modeled at radeepfor a given voltage
dip to study the effects of voltage and transient stabilitytioe system. The simulation
does not dynamically change between operating points.H®reason, when operating
at just one operating point, an active power controller maybnsidered equivalent to
a speed controller. The advantage of using an active powdratier is that it is not
necessary to switch between control modes for high and lowl wppeeds. The model can
be used for the full range of operation. For this reason, ar®ralter is used for outer
loop control in lieu of a speed controller.

The power controller was derived using internal model aunising the torque rela-
tionship of [3.38) and the relationship between power amgLi® as follows

2 Tref
ref 4 “e
L (3.42)
and
P=TQ (3.43)
yield the transfer functiot’p(s) of
Gp = Lres _ —§p\115d9 (3.44)
LRq 2
yielding the following controlle s (s)
Fols) = 2G-1(s) = 222 (3.45)
PAST = g p s 3pP,Q '

This results in an integrator only controller. By substitgt{2 = % and realizing
the steady state relationship of, = ’ij‘:, the integrator parametés can be found as

_ 2ws
Susqwr
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Chapter 4

Converter limitations and model
Implementation of DC-chopper

The rotor-side converter and grid-side converter have iphlyfmitations that must be
accounted for in the model. It is typical to have the converite a DFIG wind turbine
system sized at around 30% of the rated power of the genefdietimitation is realized
in the form of both voltage and current limitations. A full ohe of these limitations
would require implementation of a DC-link controller to pesly model the DC-link
voltage during transients. The control of DC-link voltagepiacts the action of the DC
crowbar used to release energy and protect the DC-link freenvoltage. As the intent of
this thesis is to develop a simplified model for implemewtatn PSS/E, the DC-chopper
controller is considered to act instantaneously with resfgethe time step of the PSS/E
simulation and is therefore not implemented in this thesis.

This section will describe how the voltage and current latitns on the rotor circuit
are modeled in this thesis. It will also describe the operatif the DC-chopper, and how
the DC-chopper was implemented in the detailed model.

4.1 Rotor voltage limitation

The RSC controls the rotor voltage, to obtain the desired curreiy required to control

the torque and reactive power of the machine. If under cecamditions, the rotor voltage
required to meet these demands is increased beyond a dareshold, the converter will
clamp the voltage and limit it to this amount. In this the#i® maximum rotor voltage
was determined based on the analysis of the 2MW wind turlone th the Tvaaker report
[8]. The result of clamping the voltage causes higher rotwrents. This is illustrated in
figured 4.1 through 4.4 below. The basic 5th order machineshwaith P and Q controllers
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Chapter 4. Converter limitations and model implementatbdC-chopper

is compared to the same model but with a rotor voltage limoitafl he actual limit of the
rotor voltage is determined by the relationship with the D&-voltage. This relationship
will be described in more detail in the subsequent section.

Due to the poorly damped poles, the oscillations experigicging voltage dips are
very high. The rotor currents exceed the maximum current laygee amount and cause
the RSC to operate at maximum voltage for an extended pefibche. This affects the
ability of the RSC to control thé and() output.

4.2 Rotor current limitation

Rotor-side DC
converter Chopper
o B
! | ! |
] | e ! |
| |:J k |
I | I
Rotor ! |: |: L
terminals | | :I :I T :
| | |
I | |
| | |
| | |
NS <I AN
e . R
DC-link
capacitor

Figure 4.5: Rotor-side converter with DC-link

In a fully detailed model with a DC-link controller, the aation of the DC-chopper can
be modeled by first monitoring the DC-link voltage. Refer gufie[4.5 for a represen-
tation of the RSC with DC-link. During a grid fault, there isjaick drop in the stator
voltage. This causes an increase in the stator currentbea# the controller’s attempt
to maintain the reference power output), which causes aease in the rotor current. If
the new:, can be achieved, then the power output remains unchangedkevdo if the
news:, cannot be achieved, thef will decrease and®. will increase.

When higher rotor currents are required, the RSC attemjnstease the rotor voltage
applied to the rotor circuit. This will work until the apptlesoltage reaches the maximum
limit, which forces the RSC to clamp the voltage. Howeverglaymping the rotor voltage,
the rotor circuit will experience an increase in the rotomrent. Eventually a high rotor
current will exceed the limit of the IGBT's in the RSC, and tR8C will subsequently
send a turn-off signal to the IGBT’s resulting in current fltwough the freewheeling
diodes. When this occurs, the RSC has lost controllabifithe rotor circuit voltage, and
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4.2. Rotor current limitation

0.7

—— 5th order
0.6 —_bth order with LrJIimit -
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(a) u, with and without rotor voltage limitation
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—_5th order with lr.l|imit
——5th order
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ir (p.u.)
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time (s)

(b) 4, with and without rotor voltage limitation

Figure 4.1:u, andi,, super synchronous operation, 0.8 p.u. voltage dip, withwaithout rotor voltage
limitation. The figures demonstrate how the clamping of thterrvoltage results in an increase in the rotor
currents
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5th order with lrJIimit
4+ —— 5th order r

I:)total (p.u.)
N

g i

0 0.5 1 15 2 25 3
time (s)

(a) Pyoiq; With and without rotor voltage limitation
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0.5 . .
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(b) Qs with and without rotor voltage limitation

Figure 4.2:P,,:,; and@, super synchronous operation, 0.8 p.u. voltage dip, withveithout rotor voltage
limitation. The figures demonstrate how the clamping of thtervoltage results in high transients on the
power output.
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4.2. Rotor current limitation
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(b) 4, with and without rotor voltage limitation

Figure 4.3:u,- andi,., super synchronous operation, 0.25 p.u. voltage dip, withwithout rotor voltage
limitation. The figures demonstrate how the clamping of thterrvoltage results in an increase in the rotor
currents

37



Chapter 4. Converter limitations and model implementatbdC-chopper
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(b) Qs with and without rotor voltage limitation

Figure 4.4:P,,.,; and@ s, super synchronous operation, 0.25 p.u. voltage dip, withwgthout rotor voltage
limitation. The figures demonstrate how the clamping of thtervoltage results in high transients on the
power output.
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4.3. Grid-side converter current limitation

has become a diode rectifier. The rotor current will beginarge the DC-link capacitor
and cause an increase to the DC-link voltage. Whign> 1.12p.u., the DC-chopper is
activated to release energy through the DC-chopper resider to figuré 4J6.

> o)
S 7)} ]

1.12*U,,

Rotor
terminals

Rdc
i i i
il il it .
o .k.n’} . !"b:} Y Lde —
O

Figure 4.6: Rotor-side converter with DC-link

The DFIG can still be described by the same equations aseydiowever the rotor
voltage magnitude is now determined by the DC-link voltalgme. The phase angle of
the rotor voltage is equal to the phase angle of the rotoreatirsince the crowbar is a
pure resistor (power factee 1.0). The rotor voltage magnitude can be described with
the following equation representing the relationship leetwphase voltage and DC-link
voltage of a diode rectifier [9].

Udcﬂ‘
[ ase — =

The equation used to derive the rotor voltage during diodéfieation is based on
a diode rectifier with a current stiff DC source. For the cabéhe RSC and DC-link
used in this thesis, it is more appropriate to consider tiséegy with a constant DC-side
voltage. However it is shown in [9] that this voltage relasbip can still be used as an
approximation.

(4.1)

4.3 Grid-side converter current limitation

Similar to the RSC, the GSC is limited based on the rating efcbnverter components.
As discussed previously, the rotor circuit is designed tthstand around 30% of the
rated generator power. This value is determined by the aliswange of the rotor speed
around synchronous speed, as this determines the slip @owleéhus the power flowing

through the rotor circuit.

The grid side converter active power can be calculated with:

Pye = 1.5(Ugedlged + Ugeqigeq) (4.2)

39



Chapter 4. Converter limitations and model implementatbdC-chopper

The voltageu,, is set equal to the grid voltage, therefore:

Uged = Usd = 0

Ugeq = Usq

yielding the final equation foP,. as:

Pye = 1.5N jqtlagigeq) (4.3)

whereN,, represents the turns ratio of the transformer between ti@#58 the stator.
In this thesis, all transformers are modeled with a turns equal to 1.

Similarly, the grid side converter reactive power can bewaked as:

Qgc = 1-5(“gcqiycd - ugcdigcq)
= 1'5(ugcq'igcd)
= 15N glsqiged (4.4)

This allows for the equations describing the dq grid sideveder currents as:

, Qe
o= e 4.5
fred T T 5N tiag (43)
P,
g = ——— 4.6
e T T BN, g (4.6)

The total GSC currenti .| is limited by the GSC to a certain valug, ;... In this
thesis, the sizing of the VSCs is based on their ability tal@B0% of the rated generator
power. Therefore, the maximum GSC current is set to 0.3 p.u.

The active power that flows through the RSC must also flow tjinahe GSC before
reaching the grid. Therefore in the calculation of the GS@ent, P,. can be set equal to
P,., as long as the resulting GSC current does not exceed themaaxvalue. The reactive
power is typically controlled to be zero, therefapg, = 0.

4.4 Model implementation of DC-chopper

The main goal of implementing the DC-chopper in the 5th odisiailed model is to
understand the effects of the DC-chopper action on the hesrargy balance and energy
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4.4. Model implementation of DC-chopper

transfer of the machine and the grid. Since the end goal efrttudel is to simplify it
for use as a positive sequence model for modeling active eaxtive power during grid
faults, it is not necessary to simulate the actual power wmes! by the DC-chopper or
the variations in the DC-link voltage during the chopperattas long as the interchange
of power with the grid is properly represented.

The approach taken to calculatg during crowbar operation was to look at the steps
taken by the RSC when moving from the controllable range teddG@pper operation.

e The VSC output reaches its maximum valug,f.)
e The RSC will lose control instantaneously when > 4, 4.

e When the RSC loses controllability, the rotor voltage magie will be locked to
the maximum rotor voltage, as derived from equation! (4.edaon the nominal
DC-link voltage

e When the RSC loses controllability, the rotor voltage pheasgle will be set equal
to the rotor current phase angle

e The loss of RSC control signifies the switch to a diode rectified thus the change
in rotor voltage. Any excess energy caused by a differentieeimotor active power
and grid-side active power is assumed to be burned in the D@har resistor.

Therefore, to analyze the effects of the DC-chopper opmrathe model implements
a switch that changes the rotor voltage based on the operatia diode rectifier. The
switch is activated when the rotor current exceeds its maxinalue. The rotor voltage
magnitude is fixed at the maximum value as determined by thdililkGoltage (equation
(4.1)), and the rotor voltage angle is switched to be in pkagethe rotor current. Based
on the use of the motor convention in this thesis, where pegtower is going into the
machine, the rotor voltage must actually be 180 degreesfqiase with the rotor cur-
rent to simulate active power going from the machine to thelidDCduring diode rectifier
operation. For the purposes of this discussion, this modebevdescribed as though the
RSC maintains control throughout since it incorporateshiége current controller only
(without consideration of what happens when the currentaimon is reached). This as-
sumption is not entirely true as the current controller camchieve the desired reference
rotor voltage during saturation.

Figurel4.7 shows a comparison of the model with the diodéfiedimplemented, and
without the diode rectifier implemented (5th order modehwittor voltage limitation),
when applying a voltage dip of 0.8 p.u.. It can be seen in thigré that the rotor current
decreases more quickly during the fault when the diodefrecis implemented. The
figure also shows how the rotor voltage magnitude remaimspéa during diode rectifier
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Chapter 4. Converter limitations and model implementatbdC-chopper

operation. Figuré 418 shows a comparisoniyf,,; and Q with and without the diode
rectifier implemented. In figufe 4.9, a deep voltage dip 06(@2i1. was applied for super
synchronous operation (full power operation), and theltespeffects of P and@ shown.

As with the shallow voltage dip, th&> and () responses are similar between the two
models.

In summary, the responses ihand( for the model including the diode rectifier are
in good agreement with the model without the diode rectifiberefore, moving forward
with model simplifications, the DC-chopper implementatwiti not be included in the
model.

4.4.1 Regaining control of the RSC

In the previously described representation of the DFIGREBE loses control and changes
to a diode rectifier purely based on the magnitudg of he converter switches back and
forth between being in control and losing control based enitlequality|i,| < i, maa-
However, it is of interest to investigate an alternative metto regaining control of the
RSC by studying the rotor voltage when the RSC has lost cloautiebis in diode rectifier
mode. To do this, the rotor voltage reference is calculatethb current controller and
then applied to a separate machine model in parallel witmtbdel implementing the
diode rectifier. Recall that this calculated referencerratitage will not be the same as
the rotor voltage in the diode rectifier model, as the diodgifiter model will force the
reference rotor voltage to be in phase with the rotor curféné resulting rotor current
from the parallel model is analyzed to determine if the i&fiee rotor voltage would result
in a rotor current that does not exceed the maximum limit.theowords, the idea is to
investigate what the rotor voltage would be if the RSC wereetiain control, based on
the current states of the system, and see what the resuttiogaurrent would be if this
new rotor voltage were applied. This analysis would showpgbssibility of switching
backout of diode rectifier mode and regaining control of the machimmeeguickly.

Figure[4.10 represents the magnitude of the rotor currentwo different scenar-
i0s. The first scenario is simply the present model with tleeleirectifier implemented.
Therefore the RSC loses control and switches to a dioddiezatihen the rotor current
exceeds its maximum value. The second scenario is a repaéisaenof what the rotor
current would be if the RSC were to regain control and appéy dbrresponding rotor
voltage. The area of interest is any location where the ratorent from the controlled
scenario dips below the maximum rotor current value (infilgisre the value is 1.0 p.u.).
When the rotor current goes below 1.0 p.u., it is of interestee if the RSC is in control
or out of control at that time instant. If it is not in contrtiere is an opportunity to regain
control more quickly than by waiting for the rotor currentdmp below the maximum
limit.
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Figure 4.7:,. andw, with and without diode rectifier implemented, for super $yionious operation, 0.8
p.u. voltage dip.
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Figure 4.8:P,,;; and@, with and without diode rectifier implemented, for super dynenious operation,
0.8 p.u. voltage dip.
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0.25 p.u. voltage dip.
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Figure 4.10: The actua}. andi, that could be achieved if the RSC was in control. The switgtietween
control mode and diode rectifier mode is represented by #aklolashed line. As can be seen, the switching
occurs wheri,. decreases below 1.0 p.u.
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Chapter 5

Evaluation of 5th Order Model against
PSCAD Detailed Model

In an effort to validate the detailed model derived in thissils, the model was compared
against a more detailed model developed in PSCAD. This PS@abBel has been vali-
dated against the field measurements of an actual DFIG wihihiisubject to both an
unbalanced shallow voltage dip and a more severe voltagelu#pe the voltage dropped
to zero for a period of 70 ms. The PSCAD model showed excetigraement with the
field measurements|[1].

The PSCAD model contains the following design features:

e Full converter PWM switching

e Grid side filter

e DC-link controller, for control of the DC link voltage

e Grid-side converter controller

e Both the P and Q controllers implemented as PI controllers

e Current controller implemented as a P controller only

e A slow rotor speed controller (10 rad/s) to ensure steadie stpeed prior to voltage
dip

e DC-chopper set to act on DC-link overvoltage

The detailed model was synchronized to the PSCAD model biptlaving actions:

e Synchronization of machine parameters
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Chapter 5. Evaluation of 5th Order Model against PSCAD [Deddilodel

e Synchronization of controller parameters

¢ Field measured grid voltage applied as an input to 5th oraetainstator voltage

Figure[5.1 represents the field measured three-phase @sltaging the severe voltage
dip. During this event the voltage was depressed to almostfaea period of 70 ms. The
measured response of the wind turbine’s active power is shiovdigure[5.2(a). The op-
erating point for this scenario was at around 0.52MW prightovoltage dip. During the
voltage dip, there is a Fault Ride Through (FRT) algorithiat ttontrols the active power
to 0 pu in order to make room for reactive power injection.eAtihe fault is cleared, the
controller waits for a dead-time period before ramping bagko the pre-fault value. This
action is specific to the control algorithm of this specifiaditurbine and is not consid-
ered a standard action, although most wind turbines do tgerader certain FRT and
reactive power requirements from the grid operator. Theotdler model was modified to
simulate this FRT action by changid¢/*/ = 0 during the fault.

voltage [pu]

Figure 5.1: Field measurements for severe voltage dip éqerd by DFIG wind turbine.

Figure[5.2(b) shows the 5th order model response of theeaptiwer. It can be seen
from these figures that there are some general similaribigbd response of the field
measurements, but also some significant differences, Fuestpoor damping of the 5th
order model is magnified in this simulation. Oscillationgwcprior to the fault, in the
prefault period, most likely caused by the small variationshe applied voltage. This
leads to an assumption that any disturbances to the systese tlhe model to become
less stable, with poorly damped oscillations of 50 Hz. Thellagions are exacerbated
when the fault clears, with per-unit values much higher tth@field measurements. The
issue of poorly damped oscillations is studied in the follaysection. Second, the overall
shape of the response is slightly different. The field measdata shows a large negative
oscillation after the fault occurs that does not appear é5tin order model. In addition,
when the fault clears, the field measurements show a larggveosscillation that does
not appear in the 5th order model.
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(b) Simulated active power during severe voltage dip.

Figure 5.2: Measured and simulateg,,; for severe voltage dip.
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In summary, while the general response of the detailed magieles with the field
measured response, more research is required to fullyatalitie detailed model and is
included as an area for future work.

5.1 Damping analysis of the DFIG model

In [5], the stability of the DFIG is analyzed. It is noted tlastudying the stability of the
DFIG mathematically, it can be shown that the DFIG has podaiyped poles around the
line frequency, and also that the system becomes unstalde thied component of the
rotor current exceeds a certain value. Different methodddmping the flux oscillations
are discussed, and it is noted that a comparison is done [nTh@ methods discussed
are:

o feedback of the derivative of the flux. This method was shosvwork consider-
ably well and at a low cost. The disadvantage concluded fiohif that it causes
relatively high rotor currents.

e introduce a converter connected to the star point of thestaindings, thereby
introducing an extra degree of freedom that can be used tp tlaerflux oscillations.
This method works quite well, but has the obvious disadgatd added hardware,
software, and thereby added cost.

¢ reducing bandwidth of the current controller. This metha$whown to work quite
well, but compromises the controller’s ability to quicklgact to grid disturbances,
such as voltage drops or overvoltages.

e compensation of the transformation angle to synchronoosdawates. This method
was shown to have only a small effect on damping the osaltati

In this thesis, the DFIG was first modeled without any form ok ftlamping, followed by
an analysis of the poles to determine how best to influencsttislity and damping of
the system.

Initial simulation results of the DFIG with a current coriteo in cascade with ac-
tive power and reactive power controllers show large catailhs close to 50 Hz that are
difficult to damp. An analysis was carried out to define theepdhat exist due to the in-
teraction between the DFIG machine and current contréitem this analysis, it is made
clear the origin of the poles and which parameters influehegoles, leading to a better
understanding of how the poles can be damped.

First, the equations of the machine and current controllerewdeveloped and state
variables identified to allow for state-space implemeatatirhis was done in a similar
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5.1. Damping analysis of the DFIG model

manner to the state-space equation13.11 derived previollstyselected state variables
areV,q, Yy, Tras irg, €14, andel,, whereel; andel, are the integrated errors, or, the
output of the current controller integrator. The input aates are’:/, z"}ff , and the initial
valuesish andz"‘;q{) . From here, the state-space matrix can be derived.

To analyze the poles, damping, and stability of the modelptinap (pole-zero map)
function in Matlab is utilized. The pole-zero map displaiigales and zeros of the state
space equation. Figure 5.3 is a pole-zero map using the lpas¢i@ns described above,
with a.. = 200r and R, = 0. The model contains four poles, a pole pair near the imag-
inary axis at around 300 rad/s, and two located on the real Bxiles can be considered
well damped when they lie within lines drawn at 45 degreemftbe imaginary axis in
both the upper and lower quadrant. Therefore, poles nearetileaxis are well within
these 45 degree lines and are considered very well dampeélaialysis will therefore
focus on the poorly damped pole pair near the imaginary axis.

Pole-Zero Map

400
- X
300 System: untitled1
Pole : —0.733 + 314i
D ing: 0.00233
‘_’%r 200+ Osg]rzlt?got (%): 99.3
c Frequency (rad/s): 314
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»  100p 1
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© O % %
P
]
S -100F 1
(@)
]
=
- -200r 1
—300F X
_400 1 1 1 1 1 1
=700 -600 -500 -400 -300 -200 -100 0

Real-axis (second%)

Figure 5.3: Pole-zero map of state-space model for DFIG Ritburrent controller, withx.. = 2007 and
R,=0
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The two poles at 300 rad/s near the imaginary axis represermtdorly damped poles
near 50 Hz that were expected based on the simulation restits detailed DFIG model.
A closer inspection reveals a damping coefficient of 0.002B&e two poles. It is desir-
able to move these poles off of the imaginary axis, in thectioae of the 45 degree lines
that represent well damped poles. With this understandimegPFIG model parameters
can now be modified to see how or if the poles can be moved teaserthe damping.
The following cases were analyzed:

¢ With and without the back emf feed forward term
¢ With and without the active damping terR),

¢ Varying values of stator resistanée

e Varying values of rotor resistander

¢ Varying values of magnetizing inductante,

e Varying values of stator inductande

¢ Varying values of stator voltage magnitute

e Varying values of rotor speed.

e Varying values of current controller bandwidif.

The results of the analysis show only two parameters havisigraficant impact on
the poorly damped pole&, anda.... Damping increased with increasing stator resistance
and with decreasing controller speed, or bandwidth. Therstasistance is obviously not
an adjustable parameter, and therefore does not help witipidg the poles. Decreasing
the bandwidth is not desirable as mentioned above. It isastig to note that the active
damping termR, did not have a significant impact on the pole damping as egdect
Figures 5.4 and 5.5 show the movement of the poles with vaniat R, anda.... Clearly
the simulated values ak, are not reasonable or practical, but are used here simply to
demonstrate the impact on the pole damping.

In [5], the method chosen to damp the stator flux oscillatisterough a feedback of
the derivative of the flux. This method is chosen due to thedost (no need for added
hardware) and easy implementation. In order to do this, acrmmponenm’,fj is added
to thed component of the rotor reference current, as

S (5.1)

Al =
Rd s+ Qy Rs

whereay and o, are flux damping parameters that must be determined. Acuprdi
to [5], the low-pass filter cut-off frequenay; must be set lower than the frequency of
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Figure 5.5: Pole-zero maps with varying values of statastasceR
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Chapter 5. Evaluation of 5th Order Model against PSCAD [Deddilodel

the oscillations in order to damp them at all. The dampingite; must be chosen to
be smaller than the current controller bandwidth in ordegrteure that the flux damper
is slower than the current dynamics. ValuesaQf = 0.7pu andoa; = 0.05pu are rec-
ommended as initial values. Petersson notes in his anafsiss method that the flux
damper shows a high sensitivity to voltage sags, specifibatause thé;i’,fj term must
be kept within certain limits to maintain stability. Thesmits are dependent on both the
magnitude of the voltage sag and thgeterm.

For this thesis, the flux damping term was first implementethenstate space rep-
resentation of the DFIG model to analyze the impact on thelpatamped pole pair.
The results of this analysis show the pole pair moving awamfthe imaginary axis and
therefore an increase to the pole damping.

The flux damping term was then implemented in the 5th ordestemt model in Mat-
lab to verify the results. The flux damper greatly reducesstator flux oscillations and
the active power oscillations prior to the fault. Figlrel Sfws the stator flux before
and after implementation of the flux damping term. In thisregke, the grid voltage used
was actual field measured data, which contained some haceand asymmetry, there-
fore resulting in voltage "disturbances” being appliedhe system. This results in the
pre-fault oscillations before the fault occurs near thieeads. Figure 5.6(a) shows how
drastic the instability and oscillations are for the undachpodel.

However, a few adverse effects are introduced, namely tineduaction of harmonics
and an increase to the reactive power oscillations. Theasg in reactive power oscil-
lations also reduces the controllability @f, during the fault and thus affects the active
power P during the fault. The root cause of these effects are beyloadtope of this
thesis, and is included as an area for future work on thisestibj
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Figure 5.6: Stator flux oscillations before and after impdetation of flux damping.
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Chapter 6

DFIG Simplified Model

The main focus in the development of this simplified modebiseduce the complexity of
the model in order to achieve fast simulation times for largevork models, while still
keeping an acceptable level of accuracy in the charactenizaf the DFIG machine. The
term "acceptable level”, in the context of this thesis argkegch, refers to the ability of
the model to characterize the active and reactive poweorespof the DFIG during volt-
age dips, in order to properly study system level voltageteartsient stability. With the
PSS/E software used for stability analysis, a typical satioh time step value is 10ms.
Therefore many of the simplifications of this model centeuad the understanding of
what/which phenomena can be captured at this granulamidydich phenomena happen
"too quickly” and can therefore be neglected. Another imt@or aspect is understanding
the speed and duration of typical voltage dips, and decidihigh aspects of the wind
turbine model can be captured in this timeframe, and whigle@s occur too slowly to
be effectively represented.

6.1 Review of simplified DFIG models for stability studies

One of the more common and traditional simplifications of G machine used in
power system stability studies is to model the generator rregative load. In[[11], the
Variable Speed Wind Turbine (VSWT) is modeled in this waythva negative conduc-
tance (v) and positive susceptancg), without differentiation between the DFIG and a
Full Power Converter Wind Turbine model. The generator asta constant MVA source
as long as the current has not reached the limit of either 8@ & GSC. Once the limit
is reached, the generator behaves like a constant currerdesavith varyingG and B.
This model can be sufficient in simple network analysis wititya few buses, but be-
comes limited in modeling the DFIG for larger network analysas it does not properly
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Chapter 6. DFIG Simplified Model

represent the dynamic relationship between the rotor atdrstind the impact of these
dynamics on the outpu®,, P,, andQ,.

A reduced order model in_[12] simplifies the fifth-order modelvn to a third-order
model by neglecting stator transients. The model includésaecements to deal with the
various crowbar activation modes for the rotor side comrgntotection scheme. However
the model still includes a current controller which reqaieesmall time step resolution to
realize the high bandwidth of the controller.

A simplified model of the DFIG wind turbine is proposed|in[1@&hich neglects both
stator and rotor transients and therefore removes allrdifteal equations. The current
controller is considered to act instantaneously, meaning /. The result is a set
of 13 algebraic equations which must be solved with an iteranathematical solver
such as the Newton-Raphson method, simultaneously withdtveork equations. While
the model does provide a fundamental frequency model asedesin iterative solving
method is not preferred due to the algebraic loops, and ttreased simulation time for
larger network models.

In [14], the stator dynamics are again neglected, and th&Odg-$implified to a voltage
behind a transient reactance. Algebraic loops are avoigéutimducing a time lag in the
current controller. This model does include the torsioetdtionship between the wind
turbine shaft and generator rotor, and therefore a two-mslaa model is included. The
model does not account for current limitation of the RSC, dads not include a clear
FRT algorithm. The model includes a pitch controller andoats for the changes in
wind speed with respect to the mechanical power, or toraupeiti

In both [15] and [[16], GE wind turbines are modeled as colddoturrent sources.
Rotor quantities are omitted, which neglects the relahgnbetween the controlled rotor
voltages and the stator side variables, which may compmthesaccuracy of the results
for output active and reactive power under certain conal#tid his model does not account
for the fault ride-through process and neglects the cuti@itiations of the RSC.

6.2 List of Model Simplifications

Several simplifications of the detailed model were analyipedhis thesis. The simplifi-
cations will be modeled and discussed, step by step, movamy the original 5th order
machine model with P and Q controllers, to the final simplifieatlel intended for PSS/E
implementation. The simplifications to be discussed in til®ding sections are as fol-
lows:

1. Comparison of the 5th order machine model with currentrotier and outer loop
P and Q controllers, to a 3rd order model in which the stator flynamics are
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6.3. Comparison of 5th order machine model to 3rd order nmectmodel
removed.

2. Comparison of the 3rd order machine model with currentrotler and outer loop
P and Q controllers, to a 2nd order model where the rotor sisdeckd.

3. Comparison of the 2nd order machine model with currentrotiar and outer loop
P and Q controllers with a fixed rotor speed, to the final sifigalimodel, which
removes the machine model and instead represents the systarset of algebraic
equations. The P and Q controllers are still in place witk thodel.

In all of the following model comparisons, each model wasutated against a syn-
thetic voltage profile, with a pre-fault value of 1.0 p.u.dam voltage drop occurring
at 1s for a duration of 250 ms. The simulations were comparedditage drop values
of 0.8 p.u. and 0.25 p.u., where the voltage drop value repteghe per unit value of
the remaining voltage during the drop. The base test caseafdr comparison is for an
operating point at rated power, or super-synchronous tipardperating points at syn-
chronous speed and sub-synchronous speed were also maddlegsults can be found
in the Appendix. For the purposes of illustration, activevpo and reactive power are
shown to be positive when injecting power into the grid (dosvention is opposite to the
actual machine model in which positive power is consumedbynachine).

6.3 Comparison of 5th order machine model to 3rd order machie
model

The first simplification made to the detailed DFIG model is élimination of the stator
flux dynamics, ordc% = 0. The machine model used in this thesis represents the nodor a
stator flux as the state variables. Therefore, by elimigatie time dependent portion of
the stator flux, two states are eliminateld,{ andV,,) and the model is reduced from a
5th order to a 3rd order. The elimination of the stator fluxatyics will also remove the
~50 Hz oscillations, as it was shown in previous sections tti@fpoorly damped poles
are due to the stator flux.

Figured 6.1l through@.2 show a comparison between the 5#r arddel and the 3rd
order model. As the aim of this thesis is to develop simplifieadels for voltage and
transient stability, the key variables to study are theva@ind reactive powers that interact
with the power system. Therefore moving forward ofly;,, and (@, will be discussed.
Results comparing other machine variables and for varioliage dip magnitudes can be
found in the Appendix.
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6.4 Comparison of 3rd order machine model to 2nd order machie
model

The next simplification made to the machine model is to assheeotor speed is fixed,

or d;;r = 0, resulting in a 2nd order machine model. This simplificai®based on the
assumption that the time period of interest during a volidigeis fast compared to the
rotor speed dynamics. In other words, it is assumed thatahage dip occurs, and is sub-
sequently removed from the system, in a short enough pefitiche that will not cause

a substantial change in rotor speed. In the interest ofltleisis$, it is not the actual change
in rotor speed that is of importance, but rather the effe¢hefrotor speed dynamics on
the overall active and reactive power output from the DFIGrduthe transient event.
Figured 6.B and 614 show tieand( response during super synchronous operation, for
both a shallow and severe voltage dip. The results indicatgbstantial change to the

and(@ by assuming the rotor speed is fixed.

The Appendix contains figures for a broader range of opayaioints, voltage dips,
and other variables of interest, including the actual cleangv,.. The results show the
rotor speed continuing to increase after the fault is ctén@m the system. In reality, the
speed would be controlled to its reference value by pitckinegrotor blades and thereby
decreasing the input mechanical power. The rotor speeddatbeh decelerate back to
the reference speed. In order to simulate this, a slow oatgr $peed controller can be
implemented in the model.

6.5 Development of the final simplified DFIG model

The final simplification made to the DFIG model is based on atewstanding of the final
simplified model intended for use in PSS/E. As previously oeed, the time step is
typically 10 ms. This small of a time step limits what the siifiggd model will be able
to capture and represent. If it is assumed that 10 measuoingspare needed to properly
capture a sinusoidal curve, then a model with a 10 ms timevgtipe limited to capturing
frequencies greater than 10 Hz. Therefore, the 50 Hz osoitlapreviously illustrated in
the 5th order detailed DFIG model will not be captured by a ehadplemented in PSS/E
at 10 ms time steps.

Based on this, the final assumption is that the action of tieenticontroller is very
fast relative to the simulation time step. This leads to thal fsimplification:

1. The rotor current is equal to the rotor current referenaieie; and therefore the
current controller is omitted from the model.

The following is a summary of simplifications made to the badsiled DFIG model:
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6.5. Development of the final simplified DFIG model

1. The rotor and stator transients are neglected. Theréf;arand% =0.

2. The rotor speed is considered to be constant, as the tinedp# interest during
voltage dips and stability analysis is fast relative to thiter speed dynamics.

3. The mechanical torqug,, is considered constant over the time period of interest.
Similar to the previous simplification, the dynamics of theadwspeed and thus input
mechanical torque is slow compared to the electrical dyoamii the machine.

4. The current controller has been omitted, as the actiom@fctrrent controller is
considered to be instantaneous.

With these simplifications, equatidn (B.1) can be simplif@the following:
U, = RTZT + j(ws - WT>£T (61)

and inserting equation (3.4) into (6.1), yields

ro er-r + j(ws - wr)(Lst + Lrl.r)
= Rrir + j(ws - wr)LmZS + j(ws - WT>L7’ZT’

=

where
Xm - wsLm
X, = wdl,
X, = wsl,
. Ws — Wy
s = slip=
Ws

Equation[(3.1) can also be simplified, usihg [3.3), as fodlow

Q == RSZS _'_ jwsgs
- Rszs + jws(Lszs + Lml-r)
= ZS<RS + jwsLs> + jwsLer (63)

yielding an equation that can be used to solve fars:
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ﬂs - jwsLer
- Ry + jwsLs
Uy — ijZ
= == 6.4
R X. (6.4)
The simplified model is therefore represented by the prelyodefined set of alge-
braic equations, with an outer P controller and an outer Qrother designed to provide
reactive power support per the E.ON grid code. Figure 6.tessmts a simplified control
diagram of the original 5th order machine model with curnttroller and outer P and Q
controllers, followed by the simplifications made in amigiat the final simplified model
control diagram.

Load Rotor Back EMF
feedforward

+
Rotor current | 4 ’

* .
Urdg | psc [ rda | ypaeni |Trig  Seu

(a) Original control diagram of 5th order machine model veitiirent controller and outer P and Q controllers

Load Rotor Back EMF
feedforward feedforw

vard
+ * :
TO)

(b) Simplifications made for final simplified model

Load
feedforward
JAAN S .
})* Q* +C; P&Q + Rdgq Algebraic grid
— | — > . -
> controllers equations

PO

(c) Final simplified model

Figure 6.5: Original detailed model control diagram andlfsmaplified model

6.6 Comparison of 2nd order machine model to machine modeleas
a set of algebraic equations

The final simplified model as described in the previous seasoccompared to the 2nd
order machine model. For this discussion, the final simplifreodel will be referred to
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as just the 'simplified’ model. Figurés 6.6 ahd16.7 illustrétte two models for super
synchronous operation, with voltage dips of 0.8 p.u. an8 p.8., respectively?,,;,; and
Q. are the only variables shown, with further documentatiamtbin the Appendix.

The results of the comparison show good agreement betwedwthmodels. As ex-
pected, the simplified model is not able to identify the trants that occur at the begin-
ning and end of the voltage dip. The reactive power and aptiveer show near perfect
agreement. This results in the conclusion that the simglifi@del is able to accurately
demonstrate the trend of the active and reactive power apa@u to the detailed 5th
order model.
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Chapter 7

Conclusions and Future Work

7.1 Conclusions

The aim of this work was to develop a simplified model for thel®wind turbine for
power system stability studies with an emphasis on shamt-t@ltage stability analyses.
A detailed model of the DFIG was developed, and was comparédltl measurements.
Several simplifications to the detailed model were invedéd and compared with the
detailed model.

Investigation of DC-chopper

The DC-chopper operation was analyzed. A simplified repitasien of the DC-chopper
was implemented in the detailed DFIG model. The DC-chopparadeled by switching
the converter operation to a diode rectifier whgh > i, ... In this operation, the rotor
voltageu, magnitude is determined by the DC-link voltage, and is ingehaith the rotor
current. The results demonstrate the general response &R during diode rectifier
operation to be similar to the response without the diodéfierc For this reason, the
DC-chopper operation is not included in the subsequentlgiegomodels.

Comparison to field measurements

The DFIG 5th order machine model with P and Q controllers mpgared to a field mea-
sured response of a DFIG to a severe voltage dip. The modaliglfto have reasonable
agreement with the general response, however there arécaghdifferences that require
further investigation.
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Analysis of poorly damped poles of DFIG

The DFIG with current controller configuration is recogmizzs having poorly damped
poles near line frequency (50 Hz). The poles are identifidebasy associated with the sta-
tor flux. The poles are dependent in large part on the bantwidthe current controller
and the stator resistance. Damping is improved by decrgasinor by increasingR,.
Further damping efforts are investigated by implementistaor flux damping term that
is discussed ir [5], which implements a feedback of the dérig of the flux. The method
successfully damps the stator flux oscillations and actoxggp oscillations, however it
introduces a few adverse effects including harmonics agldemnireactive power oscilla-
tions. In [B], it is noted that this method has a high senigjtito voltage sags. Further
analysis of the flux damping methods is left for future work.

Development of simplified models

Simplified models were developed in discrete steps, startith the 5th order detailed
model. The simplifications and conclusions are as follows:
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e Stator flux dynamics are neglected,% = 0, resulting in a 3rd order machine

model. The stator flux oscillations are removed, resultingmore general response.
A comparison to the 5th order model shows the 3rd order modellbw the average
5th order response. The simplification loses some infoonategarding the high
transient oscillations at the beginning of the voltage dig at fault clearing.

Rotor speed is fixed, (ﬂ;‘% = 0, resulting in a 2nd order machine model. The 2nd
order model is compared to the 3rd order model. Althoughetiea change i,

in the 3rd order model, there is not a significant impact to/fhend() response as
compared to the 2nd order model.

The action of the current controller is considered to beaimstneous, and therefore
the current controller is omitted from the model. This résin the machine model
being omitted as well, and instead representing the maclariebles by a set of
algebraic equations. The final simplified model is therefoBeorder machine model
with P and @ controllers, see Figule 7.1. The final simplified model is panad
to the 2nd order model with near perfect agreement. It is lcoled that the final
simplified model is an accurate representation of the gérdeend () response of
the DFIG.



7.2. Future work
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Figure 7.1: Final simplified model

7.2 Future work

In the development of the detailed DFIG model, several wpie of interest for further
development and research. The proposed areas for futukeaner

¢ Validation of the detailed model to field measurements meguinore research. Al-
though the PSCAD model has been validated against field merasats, the Mat-
lab/Simulink model requires validation in order to valieltthe use of the subsequent
development of the simplified models. One area of intereftasdamping of the
poorly damped poles of the DFIG.

¢ Validation of the simplified crowbar/rectifier represerdatagainst field measure-
ments, specifically for the purposes of assessing the intpamterall energy bal-
ance. For the purposes of this research, it is not necessaslitlate the crowbar
operation itself, but simply ensure that the model propegjyresents the effect of
the P and() interaction with the power grid.

¢ Implementation of the simplified model in PSS/E software.
¢ Implementation of other grid code requirements in the sifiepl model.

¢ Implementation of the simplified model in other positivexsence phase time-domain
dynamic simulation tools, such as DigSilent and PSLF (Pdystem Utility Soft-
ware, designed by GE Power Systems).

¢ Validation of the simplified model against various wind tadmodels/manufacturers,
with the goal of creating a generic simplified model for usevoltage and transient
stability analyses.
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Appendix A

Results from comparison of model
simplifications

The appendix contains results from the comparison of varinodel simplifications. It
includes results from various operating points, voltagesdor machine variables not
shown in the main document. Each section is dedicated toaaemmodel comparison.
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Appendix A. Results from comparison of model simplificagon

A.1 Comparison of 5th order model to 3rd order model

1 ! ! ! ! : 3 ‘ :
—— 5th orde —— 5th ordel
0.8 : —— 3rd order —— 3rd orde
2 : L
e El
g g 1
o= a?
O,
-0.4 ; ; ; ; ; -1 ; ; : ; :
0 0.5 1 15 2 25 3 0 0.5 1 15 2 25 3
time (s) time (s)
(a) Pr comparison of 5th and 3rd order models (b) Ps comparison of 5th and 3rd order models
—— 5th orde —— 5th orde
0.3 . —3rd orde 2.5 ——3rd order |
0.25
3 3
=3 &
- 0.15 -
0.1
0.0
0 0.5 1 15 2 25 3 0 0.5 1 15 2 25 3
time (s) time (s)
(c) u, comparison of 5th and 3rd order models (d) i, comparison of 5th and 3rd order models

Figure A.1: Comparison of 5th and 3rd order models, supechlsymous operation, 0.8 p.u. voltage dip.
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A.1. Comparison of 5th order model to 3rd order model
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Figure A.2: Comparison of 5th and 3rd order models, supectsymous operation, 0.25 p.u. voltage dip.
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Appendix A. Results from comparison of model simplificagon
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Figure A.3:P,,;o; and@, 5th and 3rd order models, synchronous operation, 0.25 pliage dip.
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A.1. Comparison of 5th order model to 3rd order model
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Figure A.4: Comparison of 5th and 3rd order models, synabmsroperation, 0.25 p.u. voltage dip.
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Figure A.5:P,,;o; and@, 5th and 3rd order models, sub-synchronous operation, 0¥ qtage dip.
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A.1. Comparison of 5th order model to 3rd order model
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Figure A.6: Comparison of 5th and 3rd order models, sub4ssorous operation, 0.25 p.u. voltage dip.
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A.2 Comparison of 3rd order model to 2nd order model
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Figure A.7: Comparison of 3rd and 2nd order models, supesteymous operation, 0.8 p.u. voltage dip.
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A.2. Comparison of 3rd order model to 2nd order model

0.25; ‘ ‘ ‘ ‘ : 14 ‘ ‘ ‘
| 2nd ordel ‘ ____________ 2nd orde
0.2 - - -3rd order]} 'S | f~=—====--1---3rd order
| 0.87:: 1 L
4 )
015 R s S St | .
—~ ! —~~ 3
R 1 5 %% {1
o ( 2 1
= ~ | 1
as 00 - 2" 0.4l Lo
~——n 1 1
0 | [ |
a 0.2*{ {1
—0.057 | ro
| (|
1 |
-0.1 ; ; ; ; ; 0+ ; : ;
0 0.5 1 1.5 25 3 0 0.5 1 15 2 2.5 3
time (s) time (s)
(a) P comparison of 3rd and 2nd order models (b) Ps comparison of 3rd and 2nd order models
.351 : : : : : 1.2 : :
2nd orde 2nd ordel|
0.3 - - -3rd order| ) - - -3rd order
1 |‘_--,\ L
" W oo ______—__]
0.251 : I !
I
3 o2 | 2 08f |
e | R N S ER
2 015 _i‘: { = 06
fmm—————————— 1
0.1 L
L1 0.4
0.05 i
0 ! 0.2
0 0.5 1 15 2 2.5 3 0 0.5 1 1.5 2 25 3
time (s)

time (s)

(c) u, comparison of 3rd and 2nd order models

(d) 7, comparison of 3rd and 2nd order models

1.18 - -
2nd orde
117 - - -3rd order||
1.164 P s
3 '
g 115 !
3" !
1.14 !
!
1.134 ;
- 1
____________ X

15 2 2.5 3
time (s)

(e) w, comparison of 3rd and 2nd order models

Figure A.8: Comparison of 3rd and 2nd order models, supestepmous operation, 0.25 p.u. voltage dip.
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Figure A.9: P, @and Qs comparison of 3rd and 2nd order models, synchronous oparadi25 p.u.
voltage dip.
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A.2. Comparison of 3rd order model to 2nd order model
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Figure A.10: Comparison of 3rd and 2nd order models, synadue operation, 0.25 p.u. voltage dip.
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Figure A.11:P,,;,; and@s comparison of 3rd and 2nd order models, sub-synchronoustipe, 0.25 p.u.
voltage dip.
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Figure A.12: Comparison of 3rd and 2nd orde
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r models, suletsymous operation, 0.25 p.u. voltage dip.
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A.3 Comparison of 2nd order model to simplified model
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A.3. Comparison of 2nd order model to simplified model
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Figure A.13: Comparison of 2nd order and simplified modelpes synchronous operation, 0.8 p.u. voltage
dip.
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Figure A.14: Comparison of 2nd order and simplified modelpes synchronous operation, 0.25 p.u. volt-

age dip.
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Figure A.16: Comparison of 2nd order and simplified modslschronous operation, 0.25 p.u. voltage dip.
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