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ABSTRACT

The Doubly Fed Induction Generator (DFIG) based wind turbine with variable-
speed variable-pitch control scheme is the most popular wind power generator in the
wind power industry. This machine can be operated either in grid connected or
standalone mode. A thorough understanding of the modelling, control, and dynamic as
well as the steady state analysis of this machine in both operation modes is necessary
to optimally extract the power from the wind and accurately predict its performance. In
this thesis, first a three phase PWM voltage source converter models expressed in the
ABC and the DQO synchronous reference frame with its control schemes are developed
and analysed. Then a DFIG-based wind turbine model connected to a constant voltage
and frequency grid is developed in the Matlab/Simulink software in detail and its
corresponding generator and turbine control structure is implemented. A thorough
explanation of this control structure as well as the steady state behaviour of the overall
wind energy conversion system which includes the aerodynamic models of the wind
turbine, the DFIG models and the three-phase two-level PWM voltage source converter
models are presented. A developed control schemes are also necessary to achieve useful
output power from the WECS. These control schemes include the generator-side
converter control, the grid-side converter control, the pitch angle control and the
maximum power point tracking control. The grid-side converter controller is used to
maintain the constant voltage across the capacitor and produce a unity power factor
operation of the grid. The generator-side converter controller is used to regulating the
torque, active power and reactive power. The maximum power point tracking control
is used to provide the reference values for the active power at the stator terminals. The
pitch angle control scheme is used to regulate the pitch angle and thus keep the output

power at rated value even when the wind fluctuations.
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Chapter 1

Introduction

1.1 Background

With a society direction towards a future atmosphere disaster the demand for
breakthrough inventions in green energy production has increased rapidly during the
last periods. Solar cells, hydropower, bio fuels and wind turbines have all improved in

performance and are sizing up.
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Figure 1.1 The components of WECS connected to grid [1]

The overall system of Wind Energy Conversion System (WECS) consisting of
electro-mechanical and aerodynamic components which converts wind energy to
electrical energy as shown in Figure 1.1 [1].

Due to environmental pollution, non-conventional energy sources being
recognized in many countries by way of government-level policy. It is reported that by
2020, Europe will achieve 20% of power consumed in there supplying by large-scale
offshore wind farms. Besides, Europe is now planning for enlarging the capacity of the
large-scale offshore wind farms to more than 30 GW power by 2015 [2]. Besides
Europe, other countries such as China and USA also have promising offshore wind
power resources and similar plans for wind farm installation.

In the past years, energy generation from wind proficient a fast growing market.
Therefore, in this thesis, the focus is put on the wind power generation as it is said to

encounter large integration obstacles and possible solutions in the near future.



1.1.1 Components of a WTGS

The major components of a wind turbine-generator system (WTGS) are shown in
Figure 1.2. The wind turbine (WT) is composed of three blades, the rotor hub and the
nacelle located immediately behind the rotor hub which houses the gearbox, generator

and other components.

pitch

wind vane

yaw motor: ] high-s peed D
: shaft
blades tower

Figure 1.2 Components of a wind turbine-generator system [3]

The drive train system consists of three blades, a low-speed shaft, a gearbox, a
high-speed shaft and a generator. The low-speed shaft connects the low-speed shaft to
a two or three-stage gearbox, followed by a high-speed shaft connected to the generator
[3]. The process of how the wind turbine system generates electrical power will be
briefly summarized as follows: 1) when the flow of wind cross over the blades, causes
them to rotate with the low-speed shaft , 2) the kinetic energy transferred from low-
speed to high-speed rotating shaft through the gearbox, which step up the rotational
speed, 3) the generator rotates at high speed nearer to the rated speed due to the high-
speed shaft, 4) the revolving generator converts the mechanical energy to electrical
energy.

Usually, the output voltages of the generator are low, and hence there will be the
need for a transformer to step up the generator output voltage for the purpose of directly
connecting to the grid.

Based on the wind direction, the yaw system will rotate the nacelle to make the

wind turbine face into the wind. An emergency mechanical brake is equipped at the



high-speed shaft to protect the drive train system from the mechanical stress when
experiencing wind gusts [4].

In addition, there are extensive on-board controllers that can change the pitch angle
of the rotor blades, and regulate the yaw system and drive train system as well as power
control components. Besides, these on-board controllers can break the rotor in possible
runaway situations, such as high wind speeds and power-grid outages [3].

Other apparatuses of a wind turbine-generator system are wind vane, cooling fan
and different sensors. These sensors include the anemometer, speed or position sensors
as well as voltage and current sensors. The wind vane is used to measure the wind
directions and then decide the operation of the yaw control system. Electric cooling
fans are used to cool the gearbox, generator, power converters and the on-board
controllers. The anemometer is used to measure the wind speed for tracking the
maximum energy or protection purposes. For example, when the wind speed
experiences gusts, the wind speed signal sensed by the anemometer will be sent to the
on-board controllers, which will make the wind turbine shut down through the brake
for safety considerations. Other sensors such as speed sensors and current sensors in
wind turbine systems are used for control purposes, and should be specified according

to the control schemes.

1.1.2 Wind Turbine Concepts

Generally speaking, wind power generation uses either fixed speed or variable
speed turbines which can be characterised into four major types. The main changes
between these wind turbine types are the ways how the aerodynamic efficiency of the
rotor would be imperfect for different wind speed conditions. These four types are
briefly described below [5]:

1. Fixed Speed Wind Turbines (WT Type A)

An asynchronous squirrel-cage induction generator (SCIG) directly connected to
the grid via a transformer dealing with type ‘A’ wind turbine. The so-called “fix speed
WT” comes from the point that the rotational speed of the wind turbine cannot be
automatically controlled and will only differ by the wind speed. This type of wind
turbine needs a switch to prevent motoring operation during low wind speeds, and also
suffers a major drawback of reactive power consumption subsequently there is no

reactive power regulator. Besides, this type of wind turbine transfers the wind variations

3



to mechanical instabilities and further converts these into electrical power oscillations
due to the fact that there are no speed or torque control loops. These electrical power

oscillations can lead to an effect in the case of a weak grid.

2. Partial Variable Speed Wind Turbine with Variable Rotor Resistance (WT
Type B)

A wound rotor induction generator (WRIG) directly connected to the grid deals
with this type of wind turbine. The controlled resistances are connected in series with
the rotor phase windings of the generator. In this way, the total rotor resistances can be
regulated, and thus the slip and the output power can be controlled. Due to the limitation
of the serial resistance sizes, the variable speed range is usually small, typically 0-10%

above synchronous speed [5].

3. Variable Speed Wind Turbine with Partial Scale Power Converter (WT Type
C)

This arrangement, known as the doubly-fed induction generator (DFIG) concept,
uses a variable speed controlled wind turbine. The stator phase windings of the doubly-
fed induction generator are directly connected to the grid, while the rotor phase
windings are connected to a back-to-back converter via slip rings. The power converters
could control the rotor frequency and thus the rotor speed. The power rating of the
power converters is typically rated £30% around the rated power since the rotor of the
DFIG would only deal with slip power. The smaller rating of the power converters
makes this concept eye-catching from a cost-effective sight. Besides, this type of wind

turbine can also achieve the desired reactive power compensation.

4. Variable Speed Wind Turbine with Full Scale Power Converter (WT Type D)
This structure usually uses a permanent magnet synchronous generator (PMSG)
and a full-scale power converter. The stator phase windings are connected to the grid
through a full-scale power converter. Some of this type of wind turbines adopt a
gearless concept, which means that instead of connecting a gearbox to the generator, a

direct driven multi-pole generator is used without a gearbox.

The first two types of wind turbines have many disadvantages. Examples of these
disadvantages are: 1) they do not support any speed control, 2) they do not have reactive



compensation, 3) they require a stiff grid, 4) their mechanical structure must be able to
support high mechanical stress caused by wind gusts, and so on. Therefore, this thesis
does not show any detailed work about these considerations. The advantages and
disadvantages of type C and type D wind turbine systems are summarized next.
Advantages of the DFIG-based WT generator scheme:
> It has the ability of decoupling the active and reactive power by adjusting the
rotor terminal voltages. Hence, the power factor control can be implemented in
this scheme.
» The DFIG is usually a wound rotor induction generator, which is simple in
construction and cheaper than a PMSG.
> In a DFIG based wind turbine generator system, the power rating of the power
converters is typically rated +30% around the rated power, and this
characteristic leads to many merits, such as, reduced converter cost, reduced
filter volume and cost, less switching losses, less harmonic injections into the
connected grid, and improved overall efficiency (approx. 2-3% more than full-
scale frequency converter) if only the generator and power converters are
considered [6].
Disadvantages of the DFIG-based wind turbine-generator system [4]:
% Needs slip-rings and gearbox, which will require frequent maintenance.
% Has limited fault ride through capability and needs protection schemes.
%+ Has complex control schemes.
Advantages of the PMSG based wind turbine generator system [7]:
» The PMSG can achieve full speed regulation.
» The PMSG makes it possible to avoid a gearbox, therefore, there are no
mechanical stress issues when experiencing wind gusts.
» The PMSG does not need the slip-rings and brushes, hence, less maintenance
will be needed. Therefore, a PMSG-based wind turbine will be more stable than
a DFIG-based one.
» The PMSG can also attain the real power and reactive power control. The
control schemes are relatively simple and easy to implement.
Disadvantages of the PMSG-based wind turbine-generator system [7] [8]:
%+ The power converters of a PMSG-based WTGS have a full-scale power rating,
which means that the power converters will cause high losses, generate high

harmonic components, and have high cost.



% The PMSG is usually a multi-polar generator, which is relatively large and
heavy, and causes inconvenience for the installation.

% The PMSG naturally needs permanent magnets, which will increase the cost for

this wind turbine concept considering the current market.

% The permanent magnets run the risk of demagnetization at high temperature.

Nowadays, DFIGs are most frequently used in the wind turbine industry for large
wind turbines. Considering these merits of the DFIG-based wind turbine-generator
systems, this thesis will only focus on DFIGs and then provide some detailed work

about the modelling and control schemes of such wind turbine generator systems.

1.2 Literature Survey

In this section, a detailed literature review describing doubly-fed induction
generator (DFIG) based wind turbine-generator systems will be presented. More
specifically, the related previous studies and researches on the modelling, the control
strategies, and the state of the art converter topologies applied in DFIG-based wind

turbine-generator systems will be presented.

1.2.1 Modelling of a WTGS

As mentioned in last section, the modelling of a wind turbine generator system
involves the aerodynamic modelling, the drive train system modelling, the DFIG
modelling, and the power converter modelling, see Figure 1.1. Hence, this part of the
study will only focus on the modelling of such system.

e Aerodynamic modelling

In [11], Tao sun deduced the maximum energy that a wind turbine system
can extract from the air system under ideal conditions. In [12], the authors
derived the relationship between the mechanical power input and the wind
speed passing through a turbine rotor plane, which can be articulated by the
power coefficient of the turbine. There are three most commonly used methods
to simulate the power coefficient which is provided by the wind turbine
manufacturer. The first two methods are given in references [11], [13] and [14].

The third method is the lookup table method, and given in references [10] and



[15]. There are two other methods to approximate the power efficiency curve,

but they are not commonly used. Interested readers can find them in [16-17].

Drive train modelling

For the drive train system modelling, the work in reference [18]
elaborately explained the reduced mass conversion method and compared a six-
mass model with reduced mass models for transient stability analysis. In [19],
Stavros A. Papathanassiou used a six-mass drive train model to analyse the
transient processes during faults and other disturbances. In [20], three different
drive train models and different power electronic converter topologies were
considered to study the harmonic assessment. In [18] and [23], the authors
concluded that a two-mass drive train model was sufficient for transient
analysis of WTGSs. Besides, the two-mass model is widely used in references
[24-29]. Other references, such as [14, 30-33] focused their study on the
generator control and modelling, where the drive train system was simply

expressed by single mass models.

DFIG modelling

The doubly-fed induction machines can be categorized into four types.
These types are: the standard DFIM, the cascaded DFIM, the single-frame
cascaded doubly-fed induction machine and the brushless DFIM [34].
However, only the standard type and brushless type of doubly-fed induction
machines have been applied in wind turbine-generator systems. In reference
[35], the authors developed the brushless DFIG by employing two cascaded
induction machines to eliminate the brushes and copper rings, and used a
closed-loop SFO control scheme to achieve active and reactive power control.

In [31] and [37], the authors adopted the synchronously rotating reference
frame in order to simplify the controller design because of the fact that all the
currents and voltages expressed under this reference frame will be of a dc
nature. The DFIG model can usually be expressed by reduced order models,
which can yield a third order model by neglecting the derivative terms of the
stator flux and first order model by neglecting both the derivative terms of the

stator flux and rotor flux [39]. But in [37], the authors proposed an enhanced



third order model which considered the dc-components of the stator currents,
and gave a comparison between a full order model and the proposed model for
wind ramp conditions. Alvaro Luna, in [40], deduced a new reduced third order
model by ignoring the stator resistances and inductances through applying the
Laplace transformation, and compared the proposed model with a full order

model for transient analysis.

There are many references which made the comparison between the full
order model and reduced order models [41-43]. In [44], the authors even
considered the saturated conditions, and made a detailed comparison among
these unsaturated and saturated full order models and reduced order models.
Pablo Ledesma, in [45], compared a third order model with a full order model
in two extreme operation points under short-circuit fault conditions. These
points are sub-synchronous speed and super-synchronous speed, respectively.
As known, the difference between the model of a SCIG and a DFIG is the rotor
input. Hence, the simplified models of squirrel-cage induction generators may
be helpful for understanding the reduced order models of DFIGs. Interested
readers can find them in [46] and [47].

Power converter modelling

The traditional power converter used in wind turbine-generator systems is
a back-to-back two-level PWM converter. The three-phase voltage source
PWM converter model can be expressed in the ABC reference frame and the
DQO synchronous reference frame which is deduced for control purposes. The
mathematical model based on space vectors expressed in the ABC reference
frame was derived in [48]. In [49-51], the authors showed the detailed work
about the transformation of a PWM converter model from the ABC reference
frame to the DQO synchronous reference frame. For wind turbine applications,
some researchers simplified the power converter model by employing an
equivalent ac voltage source that generates the fundamental frequency [32]. In
[52], José R. Rodriguez gave the detailed description for the working
principles, control strategies, and made comparisons for three-phase voltage

source and current source PWM converters.



1.2.2 Control Strategies for a WTGS

The control schemes for a wind turbine-generator system include the pitch angle

control, MPPT control, and the DFIG control. The traditional control techniques and

advanced control techniques for wind turbine-generator systems are reviewed in this

section.

1.

Pitch angle control

There are numerous pitch angle regulation techniques described in the
literatures [53-59]. The conventional pitch angle control usually uses PI
controllers [53-55]. However, several advanced pitch control strategies were
proposed. A new approach for the pitch angle control, which worked well for
unstable and noisy circumstance, was presented in [56]. Besides, a fuzzy logic
pitch angle controller was developed in [57], which did not need much
knowledge about the system. Furthermore, a pitch angle controller using a
generalized predictive control was presented in [58], whose strategy was based
on the average wind speed and the standard deviation of the wind speed.
Another pitch control scheme was proposed in [59], in which a self-tuning
regulator adaptive controller that incorporated a hybrid controller of a linear
quadratic Gaussian neuro-controller and a linear parameter estimator, was
developed for the pitch angle control. In [60], the authors only applied a fuzzy
logic pitch angle controller in a wind turbine-generator system to achieve the

maximum power point tracking control and power control.

Maximum power point tracking control

To achieve the MPPT control, some regulator schemes have been
presented. The maximum power point tracking control can be mainly divided
into two types. They are the conventional control schemes and intelligent

control schemes.

Conventional control schemes

The conventional control schemes can also be divided into current mode
control and speed mode control, which depends on the setting of reference
values. The reference values are the active power and electromagnetic torque
for current mode control [61-63], and the rotational speed for the speed mode
control [64-65]. In [66], the author compared these two control strategies for

9



dynamic transient analysis, and concluded that the current mode control has
slow response with simple construction, while the speed mode control has fast
response with complex construction. The discussions and limitations of these
two control schemes were presented in [67].

In fact, the wind speeds in above conventional control schemes need to be
exactly measured. However, the anemometer cannot precisely measure the
wind speed because of the flow misrepresentation, complex landscape and
tower shadow influence [68]. Hence, some studies on maximum wind energy
tracking without wind velocity measurement had been developed in [24], [69]
and [70].

Intelligent control

The intelligent control strategies usually apply the hill-climbing control
and the fuzzy logic control to the MPPT control. However, this control method
is usually slow in speed because the step disturbance is fixed. Therefore, some
improved hill-climbing control methods were proposed. For example, a method
of using variable-step wind energy perturbation method to control the captured

wind power was analysed in [67].

Fuzzy logic control based MPPT strategies have the advantages of having
robust speed control against wind gusts and turbine oscillatory torque, having
superior dynamic and steady performances, and being independent of the

turbine parameters and air density, see [68] and [73].

Other control strategies

In [74], the authors presented a novel adaptive MPPT control scheme in
which the wind speed was projected by the output power and the productivity
of the generator, and the maximum efficiency was estimated by the maximum
tip-speed ratio tracker. A novel MPPT strategy that was proposed in [75], in
which there was no requirement for the knowledge of wind turbine
characteristic and measurements of the wind speed.
DFIG control

Control of the DFIGs is more complex than the control of a squirrel-cage

induction generator, because the DFIGs can operate at sub-synchronous speed

10



and super-synchronous speed by regulating the rotor terminal voltages. Through
the years, many researchers have presented various types of DFIG control
strategies, such as FOC, direct torque/power control, predictive control, sensor-

less control and nonlinear control.

Field oriented control

Field oriented control (FOC) or vector control is commonly used in
doubly-fed induction generator controls due to its ability of controlling the
motor speed more efficiently, and the low economic cost to build an FOC
system. Field oriented control also provides the ability of separately controlling
the active and reactive power of the generator. Currently, there are mainly two
types of field oriented control in DFIGs, which are stator voltage oriented

control and stator flux oriented control, respectively.

Direct torque/power control

Recently, a new technique for directly control of the induction motors’
torque or power was developed, which included direct torque control (DTC)
and direct power control (DPC). Direct torque control scheme was first

developed and presented by I. Takahashi and T. Nogouchi [79-80].

Direct torque mechanism do not require current controllers, coordinate
conversions, specific variations and current control loops [82]. Thus, direct
torque control has the ability of directly controlling the rotor flux linkage
magnitude and generator torque through properly selecting the inverter
switching states [83]. To show the advantages of DTC, the comparison between
the field oriented control and direct torque control was made in [84]. Direct
torgue control using space vector modulation technology was presented in [85].
In [86-88], the authors applied basic direct torque control to a doubly-fed
induction generator. Direct torque control which was achieved without Pl
controller and only required the knowledge of grid voltages, rotor currents, and
rotor position as was proposed in [82]. Z. Liu, in [89], proposed a novel direct
torque control scheme which was developed based on the control of the rotor
power factor. Direct power control has the merits of being simple, requiring

11



fewer sensors, having low computational complexity, fast transient response

and low machine model dependency compared with direct torque control [90].

e  Other control strategies

In recent years, increasing attention is being paid to the application of
predictive control in the field of the DFIG-based wind turbine-generator
systems [86-88]. Several predictive direct power control strategies were studied
and compared for ac/dc converters in [89]. Sensor-less control is usually
achieved by estimating the rotor position, so that there is no need for the rotor
position encoder. There are many studies worked on the sensor-less control, see
reference [85-88].

1.3 Thesis organization

Including this introductory chapter, this thesis is organized in four chapters. In the
second chapter, the modelling for a wind turbine-generator system is presented. More
specifically, several methods to model the aerodynamics of a wind turbine rotor, the
two-mass model and one-mass models for the drive train system, the detailed doubly-
fed induction generator models expressed in the ABC reference frame and various DQO
reference frames, and the PWM converter models expressed in the ABC and the DQO
synchronous reference frame are developed and analysed. In Chapter 3, different
control schemes for a wind turbine system are presented, which include the grid-side
converter control, machine-side converter control. The simulation results as well as the
corresponding analysis and discussion of these results will be also presented in this

chapter. Finally, in Chapter 4, conclusions and recommendations will be presented.
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Chapter 2

Modelling of a Wind Energy Conversion System

In wind energy conversion systems (WECSSs), the kinetic wind energy is converted
to electrical energy through doubly-fed induction generators (DFIGs) and then fed into
the grid. In order to examine the power quality issues of variable speed wind turbine-
generator systems, such as their interaction with the grid and different control scheme
configurations, a proper model of the grid-connected variable speed WECS should be
established first.

In this chapter, a general introduction to the WECSs is first given, in which a wind
power conversion system is discussed briefly. Second, several methods of calculating
the WECS captured power from the wind are proposed, which are the aerodynamic
models of wind turbines. Second, a DFIG model expressed in the ABC reference frame
is developed, and then several DFIG models expressed in various DQO-dqo reference
frames are deduced from the ABC model by classical DQO transformations. Moreover,
the reduced order models are also derived based on the DFIG model expressed in a
synchronously rotating reference frame. Finally, the mathematical models of three-
phase PWM voltage source converters are developed in the ABC reference frame and

DQO synchronous reference frame.

2.1 Introduction

A variable speed wind turbine-generator system (WECS) schematic is shown in
Figure 2.1. The stator phase windings of the doubly-fed induction generator (DFIG) are
directly connected to the grid, while the rotor phase windings are connected to a
bidirectional power converter via slip rings. The bidirectional power converter consists
of two converters, i.e., grid side converter and rotor side converter, and between the two
converters a dc-link capacitor is positioned. The main objective for the grid-side
converter is to keep the variation of the dc-link voltage small. With control of the rotor
side converter, it is possible to control the torque, the speed of the DFIG as well as its

active and reactive power at the stator terminals.
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Since the back-to-back power converters could be operated in bi-directional mode,
the DFIG could thus be operated either in sub-synchronous speed mode or super-
synchronous speed mode. Here, the speed range for the DFIG is around +30% of the
synchronous speed [10]. In this thesis, the model of the variable speed wind turbine

with a DFIG was developed in a Matlab/Simulink environment.

Ps Pgrid
Grid

Rotor Side| 1. |Gird Side

I_’ Converter T Converterq—|
Rotor Sid “ Grid Sid
Cu:tr::l € P, Subsynchronous Cr:mme
System —- System

P. Super-synchronous

Figure 2.1 DFIG based WECS scheme

2.2 Aerodynamic Model

A WTGS is an arrangement that converts the kinetic energy of the entering air
flow into electrical energy. The transformation takes places by using two devices. The
first one is the extraction device, which harvests the mechanical power by the wind flow
turning the wind turbine rotor. The other one is the generator which transforms the
rotational mechanical power to electrical power. The relationship between the
mechanical input power and the wind speed passing through a turbine rotor plane can

be written as follows [12]:
Pu = ¥ piRV,IC, (4, B) (2.1)
The tip speed ratio of a wind turbine is expressed as A = Rw, /V,,,.

2.3 Back-to-back VSC Converters

These converters are consisting of a bidirectional voltage source converter

connecting through the rotor of the generator and the grid as shown in Figure 2.2.
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Basically these converters are made up of VSIs equipped with switches as IGBTs body
diodes (see Figure 2.2), which permit a bi-directional current flow. Output switching
harmonics of the GSC is diminished by the filters.

DC-link
RSC Capacitor GSC

......

K .,
o

Figure 2.2 Power converter of the DFIG

2.4.1 Machine Side Converter
Power rating of the MSC is determined by two features, maximum slip power and
reactive power control proficiency. To control the stator real power and reactive power

independently are the main objectives of MSC.

2.4.2 Grid Side Converter

To minimize the switching losses in the GSC, it operates at UPF and its rating is
obtained by maximum slip power [59]. The GSC is usually committed to controlling
the dc-link voltage only. During a fault the converter is used to support grid reactive
power [60]. The grid-side converter is used to boost grid power quality [61].

The amount of stored energy in the dc-link capacitor bank can be written as:
1
E, = [Pdt= 5CVe (2.2)
Where P the net power flow into the capacitor is, C is the dc-link capacitor value and
Vi is voltage across the capacitor. P is equal to P, —P,, where p, is power flow into

the rotor and F’g is power flow out of the grid.
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2.5 Wind Speed Model
A wind speed signal produced by an autoregressive moving average (ARMA)

model described in [62] is utilized in this simulation study, and its development is
described here. The wind speed Vg () has two essential parts defined as [62]:

Vaing (€) =Viy_nean + Vi (1) (2.3)

w_mean

Where VW_mean is the mean wind speed and V, (t) is the instantaneous turbulent part,

whose linear model is collected by Gaussian noise [62]:

V.0 =-= V. +a, 24

w

The immediate turbulence section of wind speed is achieved as [62]:
Vi (t) =0V, (2.5)
Where 0, is the standard deviation and the ARMA time series model, which is
expressed as [62]:
Vt (t) = th—l - th—z + CVt—a T - dat—l tea, (2.6)

Where a, b, and c are the autoregressive constraints, d and e are moving average
parameters whose values being: a =1.7901, b=0.9087, ¢=0.0948, d=1.0929 and e

=0.2892.
1 1 1 ud = unit delay
= 7 = Mean
ud5 ud4 ud3 Wind
Gaussian speed
noise =N
generator — 4 +
ARMA Time 1
— Series > p+1 g s
Simulated
Transfer wind speed
function

ud2

Figure 2.3 Wind speed generation by ARMA model in MATLAB/Simulink [62]
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Figure 2.4 Sample wind speed (mean speed being 12 m/s) obtained using ARMA model

2.6 Doubly-Fed Induction Generator (DFIG) Models

For the purposes of better understanding and designing vector control schemes for
a wind turbine-generator system, it is essential to know the dynamic model of the
machine. A model of the electrical machine which is adequate for designing the control
system must preferably include all the important dynamic effects arising during steady
state and transient operations [126]. It should be effective for any arbitrary time
variations of the voltages and currents generated by the converter which supplies the
machine. In this section, such a model which is valid for any instantaneous variations
of the voltages and currents, and can adequately describe the enactment of the machine
under both steady state and transient operations, will be developed in both the ABC

reference frame and several different DQO reference frames.

2.6.1 DFIG Model Expressed in the ABC Reference Frame

For simplicity, a wound rotor induction machine is considered with symmetrical
two poles and three-phase windings. Figure 2.5 shows the cross sectional view of the
machine under consideration, where the effects of slotting have been neglected.

B axis
a axis
K

C axis c axis

Figure 2.5 Cross sectional view of a wound rotor induction machine
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In Figure 2.5, the stator phases are displaced by 120 electrical degrees from each
other, and the rotor phase are also displaced by 120 electrical degrees from each other.

The angle between the magnetic axes of stator phase winding, A, and rotor phase

winding, a, is ¢ . The speed of the rotor is w, = do/dtand its direction is also shown

in Figure 2.5, in the counter-clockwise direction.
The following assumptions are adopted for developing the ABC model [11]:

e The stator and rotor phases of the DFIG are supposed symmetrically
distributed, which means that the resistances, magnetizing and leakage
inductances for all three phases are equal.

e The produced magneto motive force is sinusoidally distributed around the
circumference of the stator of the DFIG. Therefore, no harmonic components
will be present.

e The air-gap is assumed constant, which means constant air-gap reluctance
around the circumference of the mid-air-gap circle.

e Saturation of the mutual inductances is neglected.

e Skin effect in the stator and rotor phase winding conductors is neglected. When
the frequency of the current increases, skin effect will firstly increase the
reluctance of the leakage flux permeances of the DFIG, which will further
increase the resistances and decrease the leakage inductances.

e Core losses are neglected, and only the power losses on the stator and rotor
phase resistances are considered.

e Cross-saturation effect, that is, the coupling between two perpendicular axes,
is neglected.

Consider phase A, this phase is signified by a coil as shown in Figure 2.5. The terminal

voltage of phase A, v, can be expressed based on Faraday’s law as follows [127]:

) d
Vo =Tala +E(V/A) (2.7)
Va =Talg +E(LAAIA +Laglg + Lacle + Laaly + Loyl + LAclc) (2.8)

For phases B and C, similar expressions are written as follows:

Vg =l +%(LABiA+LBBiB+LBCiC+L i, + Lgyiy + L) (2.9)

Ba'a Bc'c
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VC=QQ+g#gmh+ng+Lmk+L i, + Lgdy + Leci,) (2.10)

Ca’a Cc'c
For a symmetrical condition, the stator resistances can be expressed as follows:
fy=Tg =Ic =T (2.11)
Where [ is resistance of a stator phase winding.

Similar expressions can be written for the coils representing phasesa,bandC, on the

rotor, and given as follows:

Va = r-ala +a(LAaIA + I-BaIB + LCaIC + Laala + Lablb + Laclc) (2-12)
Vp = hhly "‘a(LAtﬂA +Lgylg + Leple + Lapla + Liply + Lbc'c) (2.13)
Vc = rclc +a(LAc|A + I-BclB + LCCIC + Lacla + I-bclb + Lcclc) (2-14)

Again, the rotor resistances can be expressed as follows:
r=ry=r=r (2.15)
Where r, is resistance of a rotor phase winding.
From the geometries shown in Figure 2.5, the inductance coefficients L, Lggand
LCC , are equal since the flux path for three phase windings, A, B and C, are identical.
Also, these inductances are independent of the rotor position 0 . HenceL,,, Lggand
Lc , can be expressed as follows:
Lo = Lgg = Loe = Lss (2.16)
Similarity, it can be seen from Figure 2.5 that the inductances L,g, Lgcand L,

are equal in magnitude, and that they are independent of the rotor position O . Hence,

these inductances can be expressed as follows:

Lys =Lec =Lac = Lsu (2.17)
Similarly, for the rotor inductance coefficients, L., L, Lo, Lsp Licand L., can be
deduced that they are all independent of the rotor position, 0 hence,

L.=L, =L, =L, (2.18)

Lap = Lie = Lo =L (2.19)
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All other coefficients of inductance are dependent on the angular position of the
rotor phase windings with respect to the stator phase windings. From the geometries
shown in Figure 2.5, it can be easily deduced that all these coefficients vary
correspondingly with the rotor angular position,o with phase differences. The

expressions for these inductances are written as follows:

LAa = LBb = LCc = I—srm COS(G) (2'20)
Lo = Loc = Lgg = Loy color+ 274 (2.21)
LAc = LBa = LCb = Lsrm COS(G_Z%) (222)

where, L, is the maximum mutual-inductance between the stator phase windings and

rotor phase windings, and o is the angle between the a-axis on the rotor and the A-axis

t
on the stator, which is equal to & = o, + I@r (t)dt.
0

2.6.2 DFIG Model Expressed in a DQO Synchronously Rotating Reference
Frame
The DFIG model expressed in a synchronously rotating reference frame has the
advantage that the time varying variables of the three-phase system, such as stator
currents and voltages, rotor currents and voltages, become constants. This feature will
be very useful in formulating and implementing any digital control systems. In this
thesis, for control purposes, the DFIG model conveyed in a synchronously rotating
reference frame will be chosen, and the deduction of the develop torque, active power
and reactive power conveyed in a synchronously rotating reference frame will be given

later in this section.

Instead of fixing the D-axis on the rotor or on the stator, the D-axis in the induction
machine model expressed in a synchronously rotating reference frame will rotate at
synchronous speed. Consider the schematic diagram of the ABC to DQO-dgo

synchronously rotating reference frame transformation, which is shown in Figure 2.6.
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Figure 2.6 Schematic diagram of the ABC to DQO

Synchronously rotating reference frame transformation

Here, 0 is the angle between the stator A-axis and the synchronously rotating D-axis,
t

and is equal to o, = o, +Ia)s (t)dt, or 0, =0y + @, for a fixed operation angular
0

speed/frequency.

Where, @ is the synchronous speed.

By using the same logic and steps of DQO-dgo models developed as in the two previous

cases, the stator and rotor transformation matrices, Ty, and T, , can be deduced as

follows:
cos(o) co{a—z—”J co{a+2—”j
3 3
T, _2 —sin(o) —sin o7 _sin[ o+ 2% (2.23)
3 3 3
1 1 1
2 2 2 |

I PR 220
o
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When dg-frame delay by 90°, the stator and rotor transformation matrices, Tsro and

T,.,, can be deduced as follows:

. : ( 2;:) : [ 272)
sin(c) sinlo—-==| sin| o+~
3 3
T, :g cos(o) co{o—%ﬁj co{a+2—”) (2.25)
1 1 1
2 2 2

of/f/
yyy

(2.26)

rro

2.7 Back-to-Back Voltage Source Converter (VSC) Models

PWM voltage source converters are commonly used in AC motor drives to
produce sinusoidal AC output voltages whose magnitudes and frequency can both be
controlled. Since in DFIG-based wind turbine-generator systems, a DFIG needs to be
operated either in sub-synchronous speed mode or super-synchronous speed mode
according to various wind speeds. Therefore, the back-to-back power converter
configurations become necessary due to their bi-directional operation ability.

In order to achieve the above objectives, it would be necessary to study the back-
to-back converter model. In this section, a grid-side converter which actually plays the
same role as a PWM rectifier is considered for the modelling study. A three-phase
PWM voltage source rectifier model is first established in a straightforward ABC
reference frame, and the ABC model is transformed to a DQO synchronous reference

frame to simplify the controller design.

2.7.1 Three Phase VSC Model Expressed in the ABC Reference Frame

The circuit of a three-phase PWM voltage source converter is shown in Figure 2.7
consists of six IGBTs with body diodes, three-phase AC input inductances and
resistances, and a DC output capacitor.

22



kKT 3

Figure 2.7 Configuration of a PWM voltage source rectifier

Here,V, (t), V, (t)and V,(t)are the three-phase voltage sources simulating an
infinite-bus as a feed node in the power system, Rg 'Sare the AC side resistances, and
L, 'S are the AC side inductances. Here, C, is the DC-link capacitor, R, is the load
resistance, Whileiag, ibg and icg are the input currents of a three-phase PWM rectifier.

Here also, idc is the DC-link current, i, is the load current, andVy, is the voltage across

the capacitor.

The modelling and circuit analysis of the PWM rectifier is given next. First, let us

define S, (K =a,b, C)as the switch function of phase, K. Based on the principle that any
two switches in the same leg cannot be on at the same time, one can write the following
definition [28]:

1 upper IGBT on
0 upper IGBT off

K =

(2.27)

Applying Kirchhoff’s laws to the circuit of Figure 2.7, the instantaneous values of the

currents can be obtained, and written as following:

di
Ly — =Va =Ryiag ~Viag)
dt ’
di, _
Lot = Yo ~Ralbg ~Vioo) (2.28)
I_ dicg :V —R | —V( 0)
9 gt eew e
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HereV(, ), Vino)and Vicg) , are the voltages from the ac side of the VSC to the power

neutral point 0, and can be obtained by (2.29) .

Viao) =Vian Vo)

Viso) =Vien) TVino) (2.29)
Vieo) =View) Vino)

Where V(y ¢ is the voltage from point N to point 0. HereV(, v , Vi, vyand V(; v)are the

voltages from the AC side of the PWM rectifier to point N.

For a balanced three-phase system, one can write:

Viao) +Vis0) +Vieo) =0 (2.30)
Substituting from equation (2.29) into (2.30), the following equation can be deduced:
Vi Vo Vi
Ving =- e (ZN) &) (2.31)

Considering phase-a, when the upper switch is on and lower switch is off, Sa =land
Vian) =V . Similarity, when the upper switch is off and lower switch is on, S, =0

andV(, vy = 0. Therefore, based on the above characteristic, Vi, y) =Vc-S,.

V(a,N) = Sanc
V(b,N) = SVye
Therefore \Vien) = ScVge (2.32)
1
Ving = —g(sa +8y +S. Ny

Substituting from (2.29) and (2.32) into (2.28), the set of (2.33) derived as:

di, _ 1
Lg dtg :Va - Rglag _Vdc(sa _gk—;t;,cSkj
di
Ly —2 =V, —Ryiy; —Vy| S, .- >'S, (2.33)
dt 3k:a,b,c
di, : 1
Lg dtg :VC - RQICQ _VdC(Sc _§k=a,b,c8k]
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Under the assumption that the power switch resistances of a balanced three-phase

system could be neglected, the power relationship between the dc side and ac side is

given as follows:

zlkg t)\/kN Idc t)\/dc

k=a,b,c

By combining (2.32) with (2.33), the following (2.35) as:

4o (t) = i, (t)S, +ing (t)S, +igg (t)S,

By applying Kirchhoff's laws to the positive node of the capacitor, given as:

i =C—dvd°
¢ dt
idc Ic +|L
= Salyg + Syl +Scig
: _\i
L=
L

(2.36) can also be expressed by a single equation, and given as follows [11]:

C% = Saiag +Sbibg +SciCg —\i

L

For a balanced three-phase system
V, +V, +V, =0

log +1pg +g =0

(2.34)

(2.35)

(2.36)

(2.37)

(2.38)

(2.39)

Therefore, (2.33) along with (2.37) through (2.39) constitute the three-phase voltage

source converter model obtained in the abc frame, and are rewritten as [12]:

Zsklkg L

k=a,b,c
diy,
L, " —2 +Rji, =V, vdc[ 3ZSJ],k a,b,c

j=ab,c
Z V= Zikg =0

k=a,b,c k=a,b,c

(2.40)
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2.7.2 Modelling of Three Phase VSC Expressed in DQ Synchronous Reference

Frame

Although the voltage source converter model expressed in the abc frame has
straightforward meanings, all the components in the abc model are time variant, which
will bring troubles and difficulties to controller designs. Hence, it is necessary to
convert the abc model to a dqg model which rotates at synchronous speed, so that the

three-phase voltage inputs and the current components will be transformed to dc values.

Applying the transformation matrix (2.41) in (2.40) and eliminating the zero-
sequence components due to a balanced three-phase system, the VSC model articulated

in the dqg synchronous reference frame can be deduced and given as in [13], [14]:

2_003(0) 005(0—2%) cos(a+2%)_
qu0=§ —sin(o) —Sin(a—z%) —sin(a+2%) (2.41)
1 1 1
L2 2 2 |
0 = wt
dv,. 3
c dsc: ( S +|qgsq) I
dig,
L, —— dt wL| +Rgidg =V, -V, (2.42)
L d(;t +WL, Iy +Rgiqg =V, -Vq

Where, Vy; =Vi.Sy andVy =V.S,,.

The real and reactive power of a grid-side converter expressed in the dg synchronous

reference frame are given as follows:

3¢, .

Pg :E(ledg +Vq|qg) (2.43)
3

Q 2(\/q|dg Vd qg) (2-44)
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2.7.3 PI1 Control Design of a Grid Side VSC
Aligning the reference frame along the d-axis, the g-axis of the grid voItage,Vq
will be zero, while the d-axis of the grid voItage,Vd will be a constant.

From the above analysis and from (2.43) and (2.44), the real and reactive power

of a grid-side converter under such reference frame will be proportional to the currents,

idg and iqg , respectively. The relationships are given as in [11]:

3., .
Pg ZEledg (245)
3., .
Q= _Evdlqg (2.46)

Since the objective is to yield an UPF looking from the grid-side, the reactive
power should be zero, and thus the reference value for the g-axis current is zero. Hence,
through controlling the d-axis and g-axis currents, the real and reactive power flow

between the grid and the grid-side converter can be regulated.

From (2.42), the d and q axes equations have coupling components, WLgiqg and WLg idg

. Therefore, a decoupled control scheme is recommended, and the corresponding
control signals are given as follows [13], [9]

{le = —Ryigy +WLji, +V, +AV,

. i (2.47)
Vi = =Ryl —Whyly, +V, +AV,
The decoupled state equation is written as follows:
di
L, —2+AV, =0
dt
(2.48)

digg
Lg W—FAVq = 0

The voltage error is produced by comparing the actual dc voltage with the
reference dc voltage. The voltage error signal is processed through a PI controller to

27



keep constant dc voltage. In relates to the PI controller, a reference current signal i;d is

produced and g-axis current part 1,

g = (kpl + %](Vd*c _Vdc)

q

IS set as zero, to maintain UPF at the grid.

(2.49)

Now, the control signals for grid converter are obtained by comparing the

reference grid currents i;d and i;‘g with the actual grid currents as,

Ko Vs .
AV, :(kpz +f)(ugd i) (2.50)
AV, =[k, + 5 | i) 251
g 93+? lgq ~lgg (2.51)
Choosing the dc-link reference voltage from (2.52). [14]
Jav
Vg € —= 2.52
o © (252)
The modulation signal for phase-d can be derived as follows [15]:
2V, V.
Vma =—2L (253)
Vdc
Vac J—~
. AVy + g Var HH
+ d Ve
Pl i Pl +< g ) —da /] | 2 v
+ dg | — —>
. o AVq + Vql b b Vac Vine
V2, iqg ‘E‘ﬁ PI <g;

lgg|— o

Rg iqg = <§ i) PLL

_ =T e + V4 |dda
Rglag abc
wLg +

wL

dq

abc

Figure 2.8 Grid side VSC control scheme
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2.7.4 Results and Discussion

To confirm the efficiency of the given control scheme, the closed loop control

system for a grid side VSC is simulated.

Fig.2.9 shows grid current is synchronized and for better visibility the time offset
is set to 0.7 sec. so the control strategy is reasonable to apply for grid side converter
based wind energy conversion system. Fig.2.10 shows the voltage across the capacitor
is maintained constant at 800 V. The dc-link voltage response of the grid side VSC what
the input voltages are, the grid side converter control scheme will try to keep constant
dc voltage is shown in Fig.2.11. In Fig.2.12, the dc side active power is near 17 KW.
To supply the dissipated energy of the resistor RL = 37.5 Q, the VSC needs to provide
power flow near 17 KW to the dc bus. In Fig.2.13 the reactive power approximately
zero and it ensures the UPF operation of the system. In dq synchronous reference frame,
d-axis align with grid phase-a voltage i.e. d-axis voltage equals to the peak amplitude
of grid phase-a voltage and g-axis voltage equals to zero are shown in Fig.2.14 and
Fig.2.15.
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Fig.2.9 Grid current
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Chapter 3

Doubly Fed Induction Generator based Wind Energy

Conversion System

3.1 Introduction

This chapter presents a detailed explanation about DFIG-based WECS. The
overall components of DFIG-based WECS are discussed first. Its operation modes,
modelling, control system design, and the detail explanations about each significant
component are presented later.

Among different wind generation technologies available, variable-speed variable-
pitch wind turbines utilizing DFIGs are the most popular in the wind power industry

especially for multi-megawatt wind turbine generators [8].

3.2 Modelling of DFIG for WECS

The DFIG consists of stator and rotor windings which are constructed by three-
phase insulated windings and is equipped with slip rings. The stator is connected to the
grid through a three-phase transformer. By means of these components, the controlled
rotor current can be either injected to or absorbed from the rotor windings.

The dynamics of the DFIG is using the qd-frame as given in (3.1)-(3.4) [54]:

Vqs = Rs I gs + wel//ds +%‘/qu (31)
d

Vds = Rslds _a)e‘//qs +al/lds (32)

d
Vqr = erqr +(we — 0, )’7Vdr +al/lqr (33)

d
Vg =R 1y +(o, —@, g, + Ve (3.4)

The flux linkage equations are given as:

qu = leqs + I-mlqr (3-5)
l//ds = leds + I—mldr (3-6)
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V/qr = I'mlqs + I‘rlqr (3-7)
Var = I—mlds + I—r Idr (3.8)
Where Ls = I—Is + I—m and I—r = I—Ir + I—m

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

I = Gt Weas — oII__SmL, Yo (3.9)

ly = Ot Wy — OII__Ser WV (3.10)

Iy = —ﬁl//qs +0Lirl//qr (3.11)

Iy = _OIL_Ser Vs +0Lirl//dr (3.12)
Where leakage coefficient o = %

3.2.1 Dynamic Modelling of DFIG in State Space Equations

According to the basic definition, the space whose co-ordinate axes are the ‘n’
state variables with time as the implicit variable is called the state space. The variables
of the state space (state variables) are elaborate to govern the state of the dynamic
system. Basically these are the energy storing elements contained in the system like

inductor and capacitor. The fundamental equation of the state space is given as:

Y (t) =CX(t) + DU(t)
Equation (3.13) is for linear time invariant system, where A, B, C, and D are state,
input, output and feed forward matrices, respectively, X is the state vector and Y is the

output vector. Equation (3.14) is for linear time variant system, where A, B, C, and D

are time dependent matrices.

X (t) = A(t) X (t) + B(H)U (1) (3.14)
Y () = CO)X (1) + DOU (1)
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In the DFIG system, the state variables are normally currents or fluxes. In the following
section, the state variables for the DFIG has been derived as flux linkages. Substituting
(3.9) - (3.12) into (3.1) - (3.4) gives the DFIG dynamics in the state space form as:

d S RS Lm
ans = _Isl//qs — WY s +El//qr +Vqs (3.19)
d S RS Lm
al//ds = WY s _ISst +al//dr +Vds (3.16)
d R.L R
— Lo @, — ——y, +V 3.17
dt l// r OL L l//qs ( e r)l//dr O'Lr l//qr qr ( )
d R/ L, R,
al//dr = OLS I—,— Was — OLr Var +(a)e — )qu +Vdr (318)
Equations (3.15) - (3.18) are written in state space matrix form as:
_ Rs _ Rs I-m 0 ]
e ] ol ) oL, -~
Vs R, R.L, W s 1 0 0 0V
. a)e p—
Y 4s _ OLS O'LS Lr Vs + 0100 Vds (319)
. R, L, ; 7 0 01 0|V
l//qf 0 (a)e - r) a o
. oL L, oL, we| |0 0 0 1]V,
o 0 Rr Lm (a)e — ) - Rr
i olLL, oL, |

3.2.2 Active Power, Reactive Power and Torque Calculation

All the equations above are induction motor equations. When the induction motor
operates as a generator, current direction will be opposite. Assuming negligible power
losses in stator and rotor resistances, the active and reactive power outputs from stator

and rotor side are given as:

3Ms o HVesla) (3.20)
Qu = 2 Veslos Vol (3:21)
BM o HVerlar] (3.22)
Q = Mol Vel ] (323)
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The total active and reactive power generated by DFIG is:

I:)Total - Ps + I:)r (3-24)

QTotaI - Qs + Qr (3.25)

If Py andior Qr is positive, DFIG is supplying power to the power grid, else it is

drawing power from the grid.
The rotor speed dynamics of the DFIG is given as:

d
T :%(Tm ~T,-C,m,) (3.26)

The electromagnetic torque generated by the machine which proposed in terms of flux

linkages and currents as follows:

Te = g[l//qslds - l//dslqs] (327)

Where positive Te means DFIG works as a generator and negative value as a motor
[55].

3.3 Control of DFIG-based WECS

The DFIG control is completed by control of the variable frequency converter,
which includes RSC control and GSC control. The objective of the RSC is to allow for
decoupled controlling the active and reactive power. This facilitates high flexibility
which enables the turbine to capture maximum energy from wind and to provide
reactive power support to the grid. The objective of the GSC is to maintain constant
voltage across the capacitor irrespective of the magnitude and direction of the rotor

power.

3.3.1 Design of the RSC Controller

The control structure involves of inner loop and outer loop in which the inner loop
regulates the d-axis and g-axis rotor components, i.e. |dr and |qr , independently and

the outer loop regulates the stator real power and reactive power autonomously. The

stator voltage orientation (SVO) control principle for a DFIG is described in [31], where

the g-axis of the rotating reference frame is aligned to the stator voltage i.e. V, = 0 and

Vqs:Vs . From (3.15) and (3.16), the stator side flux can be controlled using PI
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controller. In this study, the g-axis flux is regulated to zero (¥ = 0) and (¥4 =) for

the de-coupled control of real and reactive power as described below (where p = %
throughout the thesis):
RS RS m
pl//qs +I‘//qs =Yy + ol L l//qr +Vqs
RS Lm
O-y/qs ==Y 45 +Hl//qr +Vqs (328)
. 1 RL,
ds = (OL L qr +Vqs O-(//qu
R L
PW s +Issl//ds = a)e!//qs +%l/ldr +Vds
R.L
Gy/ds = wel//qs + ﬁl/ldr +Vds (329)
. 1 R.L,,
qs — E(O-wds _mv/dr _Vdsj

R, K .
Where O-y/qs = p(//qs +qus = KP(//S +%(qu _qu) and

O s = PWes +%l//ds = Kos e +K—g’s(z//js —st) are the outputs from the PI
controllers.
The PI parameters are determined by comparing with the Butterworth polynomial
which is described in the below section, are given as:
Kpys =20, R (3.30)
oL

S

Ko = @5 (3.31)

Now, neglecting frictional losses in (3.26) gives:

P
po, = E(Tm -T.) (3.32)

Where Tm is the mechanical torque and is given as:

T =K, V. (3.33)

optYw
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Where K, = > R PAC, . =constant and if the wind speed (V,)) is more than the

opt
rated speed, the T, is given as:

P
Tm — rated (3.34)

a)rated

Where P4 is rated power of the wind turbine and @, is the rated speed of the

wind turbine.
Equation (3.28) can be re-written as:

% Ppo, = (Tm _Te): Ow = Kwr (a)r* _a)r) (335)

Where K, is the PI controller for rotor speed controller, given as:

Kwr :(KPwr + KIVWJ
P

Then (3.35) will be:

2_J P, :(KPwr + Klwr Ja): _[KPwr + Klwr ja)r
p P

=)
P (3.36)
ﬂ_ E(pKwr + Klwr)
[0 - 2 PKWr PKIwr
r Fpr -l
P+P 2J 2J

Substituting ¥ =0 in (3.27) and (3.5) results in (3.37).

3
Te = El//dslqs
(3.37)
I—m
les == o

A further substitution of (3.36) into (3.35) and in combination with (3.31) results in:

3 L,

T = Ewd{— L—Squr (3.38)

L
IQr = (Gwr _Tm )E - (3:39)
3 Lmlr//ds
Now, the stator active power is given as:

3 3L,

P, = E(vqslqs TV, )= Vel (3.40)

S
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Now, the stator supplied reactive power is given as:
3
Q = ( qs ds _Vdslqs):EVqslds (341)
Substituting Vy in (3.39) gives:
3
Q=S (Rl + 0w + Pyl (3.42)

Assuming constant stator flux, neglecting the stator resistance and substituting |

from (3.10) gives:

3 o, L,
Qs = 2 OL (l//ds I—r stl//dr] (343)
Differentiating (3.41) w.r.t. time gives:
3 o,
= 3.44
pQ 2 OL L ds der ( )

From (3.42) and (3.4) and solving ¥/, in terms of |qr gives (3.45)

3w, L,
stz_E L — Wy (Vdr_RrIdr+(a)e_a)r)V/qr)

3 L,
st = _E L_ (Vdr - er + (a) -0 )GLr I qr) (345)
VPQ, = 0o, =Ko (Q Q)

20l L, . . .
Where V = and KQS is the PI controller for stator side reactive power
a)e m

. K .
controller, given as: K, = (KPQS = J So, (3.45) can be re-written as:
P

K S * K S
VpQ, Z(KPQS +iJQS —(KPQS TR jQS (3.46)
p Y
i(pKPQs + Kle)
Q—i = (3.47)
Qs p2 + p KPQS + KIQs
\% \%
From (3.44) and (3.45) gives:
15 = 2V + (@, — 0, ol 1y + 2 (3.48)
R, Vs
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From Equations (3.38) and (3.48) that, Ps and QS are proportional to |qr and |dr .

The mutual coupling term (@, — o, )OLrlqr in (3.48) is very small so its effect is

negligible. The rotor current can be regulated by means of rotor voltages.

The relation between rotor current and rotor voltage is obtained by substituting
values of ¥/, and ¥, from (3.7) and (3.8) in Equations (3.3) and (3.4), respectively,

and further simplification yields:

L
VQr = erqr +0Lr plqr +a)sl (L_ml//ds +0Lr|er (349)
Vdr = erdr +0Lr pldr _a)slal-rlqr (3.50)
L2
Where @y =(0)e —a)r) and o =1- C ”Ii

s—r

In the Equations (3.49) and (3.50), there is the term including |, in the g-axis

equation and there is the term including |qr in the d-axis equation. So these two

equations are coupled and the traditional linear controllers cannot be used. However,
through the exact linearization method, these equations can be linearized by putting the
terms other than the currents control to one side.

erqr +OLr plqr :Vqr _a)sl (%st +O‘Lr|er (351)
Rr l ar T OLr pldr :Vdr T @y (Ol-r Iqr) (3.52)
Then the currents can be regulated by linear controllers as shown in Figure 3.15, where:
Oy = R, Iqr +ol, pIqr (3.53)
Og = erdr +OLr pldr (3-54)

The idea behind this is to use the linear controllers that include integrations to
calculate the derivative terms. And the nonlinear equations become linear when all the
nonlinear terms are moved to the other side of the equations. Then the g and d-axis
voltages are calculated as shown in Figure 3.15.

L
Vq*r = O-qr + a)sl (L_m l//ds + oLr I dr] (355)

S

Vd*r =0y — Wy (OLr Iqr) (3.56)
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Using the inner current control loop has a significant advantage for the protection
of the DFIG. It can naturally protect the system from over-current since current limiters
can be easily inserted in the control scheme shown in Figure 3.15.

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

are also applied in the following analysis [63]. For |qr current control loop from (3.51):

Vo =R Iy +oL,pl, =(R, + pol, I, (3.57)
' K i *

vV, = [qu +TqJ(I‘“ 1) (3.58)

(R, + pol, I, = (qu +%J|;r —(qu +%)|qr (3.59)

Similarly, for |dr current control loop from (3.52):

ler = erdr +0Lr pldr = (Rr + pOLr)Idr (360)
' K i *
Vv, = (qu +TqJ(Idr ~1y) (3.61)
K iy K i
(Rr + pOLr)Idr = (qu +quldr _(qu +quldr (3.62)
Then the transfer functions between the reference and actual currents are changed to
the following:
1
—\pK,, + K,
Ii — qup + in _ O'Lr (p * ql) (3 63)
I; pPoL, +p(R, +Ky )+ Ky 1 1 '
g P p( qp) a p2+p0|_r(Rr+qu)+GLqui
1
—\pK,, + Ky
Idr pde + Kdi O'L (p dp dl)

1 piol, + pR, + Ky, )+ Ky T 1 (3.64)
r r r i 2 - -
d dp d p +pOL (Rr+de)+0L K,

r r

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

corresponding to the specified performance requirement. There are some methods that
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can be used to determine the system parameters that can keep the whole system in the

stable region.

One of the methods is by using Butterworth polynomial to optimize the closed-

loop Eigen value locations [63]. The Butterworth technique traces the Eigen values
homogenously in the left-half s-plane on a circle with radius @, , with its centre at the

origin as shown in Figure 3.1.
The transfer function of a Butterworth polynomial of second order denominator is given

as:
p +\/§a)0p+a)§ =0 (3.65)
The PI parameters are determined by comparing the coefficients in (3.79) with the

denominators of the corresponding transfer functions and then choosing appropriate @,
Kqp = Kgp = V2001, —R, (3.66)
Ky =Kg = oL, of (3.67)
Here @, is the bandwidth of the current controller, which depends upon the design

value. The RSC control scheme is shown in Figure 3.2.

[ Imag

P1 “o
- Real

P2

Figure 3.1 Location of poles for second order Butterworth polynomial
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Vie
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¥ i | g
qr -
W * ok Vd
T Qs an. ldr '8 abc -
A PI'4(3.66) ¢ P
I *
Qs 7 dr Vdr ew l
l/ “ dq iahcr
abc
)
d/dt encoder
0
95,.—% o |pyy | Yabes
(//[SQ— )
q ESifzto: Flux [qu Fupe
V/(/s_ stimation 1.. qd V
Qs i abc Ll
Calculation Jram— qus

Figure 3.2 RSC control scheme

Vg =—agol, 1, and Vo = o (% Wy +oL, | dr]

S

Similarly, comparing denominator of (3.33) with Butterworth second order

polynomial, i.e. p? ++/2a,, p+®Z, , Pl controller gains are obtained as:

2J

Koy =204, = (3.68)
K, =l % (3.69)
Where @, is the bandwidth frequency of the speed controller.
Similarly, comparing denominator of (3.47) with Butterworth second order
polynomial, i.e. p°+ \/Ea)QS P+ w5, PI controller gains are obtained as:
Kpgs = V2w,V (3.70)
Kios = V05 (3.71)
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3.3.2 Design of the GSC Controller

The control mechanism of GSC which controls the voltage across the capacitor

and reactive power exchange between the converter and grid is V. reached by

controlling the current shown in Figure 3.3.

Now, DC voltage dynamics in DC-link is given by:

CpV, E(|\/| I +Md,|dr)+§(|v|df|df+qu|qf) (3.72)

c = 4 qr " qr
Where C is the capacitance, M, and M grare g and d-axis modulation indexes of RSC
andM, M ¢ are g and d-axis modulation indexes of GSC, respectively.

Hence, (3.72) can be re-written as (3.73) which can be solved to get |qf .

3 3
vadc ZZ(Mquqr + Mdrldr)+Z(Mdf Idf + qu qu ):O-dc (373)
Equation (3.73) can be re-written as:
CpVy =0y = ch(vd*c _Vdc) (3.74

. , K
Where K, is the PI controller for DC-voltage control given as: K, = [Kpdc + F|>dc J

Then (3.74) will be:

Kige )\, K 4
vadc = (KPdc + r;dc )\/dc _(KPdc + E)d )\/dc (375)

1
vV ?(pKPdc + Kldc)
Vae _ Cac (3.76)
Ve p2+p Kpgc + Kide
Cdc Cdc
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k

Vdc
2 ilhey 2" HH
dc Pl af X Pl af qd L Vma
lqf || Vr |Vins ‘@
* 1. V, c
Q iq 0,
f J >§ PLL Rf
. Vy |
Rlef abc Lf
Val cs
qd LaHcf 2;
abc
grid
Qf
Calculation
Figure 3.3 Block diagram of GSC control system
Comparing denominator of (3.76) with Butterworth second order polynomial, i.e.
P+ \/Ea)odc P+ @y, Pl controller gains are obtained as:
Kpge = \/Ea)Ochdc (3.77)
2
KIdc = Cdca)Odc (3-78)
Where @, is the bandwidth frequency of the DC-voltage controller. From (3.73):
4 1 3 A/
e :__(Gdc__(M ol r+Mdr|dr)j_ I (3.79)
T3 M 4> "9 M
Using KVL across the RL filter gives:
\ v
as d
Ve =R¢ 1y +L pqu+a)eLf|df+W:qu7c (3.80)
Vo 3.81
Vdf:RfIdf+pr|df_a)eLf|qf=Mdf7 (3.81)

Since the g-axis of the rotating reference frame is aligned to the stator voltage i.e.
Vi = Oand as VqS =V, . So, the GSC supplied reactive power to the grid is controlled

using d-axis current.

3
Qf == mvs I df (382)

Where N is the transformer turns ratio connected between GSC and stator.
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3V
PQ; == ply (3.83)

2N
Substituting (3.81) in (3.83) gives:
v, 1
pPQ; :m:(\/df —Rely +a)eLf|qf) (3.84)
I'pQ; :(Vdf -Rily + oL, qu):O'Qf (3.85)
2NL,
Where T =
I'pQ; = Ot = KQf (Q: -Q; ) (3.86)

Where KQf is the PI controller for reactive power supplied by GSC given as:

K
_ 1Qf
P KPQf T

p
Then (3.86) will be:

K K
I'pQ, =[Kpof ++pr]0’: —(Kp@ ++prJQf (3.87)

Kq

Q, l:l_-,(pKPQf +KIQf)

Q; - 2 Ko Kig
ypo O
p-+p r r

Comparing denominator of (3.88) with Butterworth second order polynomial, i.e.

(3.88)

P’ + ﬁonf p+ a)ng , P1 controller gains are obtained as:
Kegr = V2@, T (3.89)
Kior =Tl (3.90)

Where @y is the bandwidth frequency of the reactive power controller. From (3.85).
I :i(vdf + .l _O'Qf) (3.91)
R
f

Equations (3.80) and (3.81) give the inner current control loop for the GSC control.

Inner current control:

If we assume:
Rilg + Ly ply :qu(lsf _qu):Gqf (3.92)
Rily + L ply :qu(lgf _Idf)zadf (3.93)
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Then, (3.80) and (3.81) can be written as:

V) 2
M =(aqf + oLy +W‘*J\Z (3.94)
2
My = (O'df — L1y )_ (3.95)
Vdc

Equations (3.94) and (3.95) give modulation indexes which are the output of the

converter. qu and K are Pl current controllers for q and d-axis currents, respectively

K
and Ky =Ky =Kp, +ﬁ

Then, (3.92) can be re-written as:

1

| r(pKP1+ K|1)

I‘jf = 1f . (3.96)
af p2+pL(Rf +KP1)+LKI1

f f

Comparing denominator of (3.96) with the Butterworth second order polynomial

gives:

Kp, =v2w,cL; —R; (3.97)

Ky = Lo (3.98)

3.3.3 Transfer Function of RSC and GSC Controllers

In the above mentioned controller design for RSC and GSC, each controllers are
designed separately and finally combined together. This procedure is only valid when
the controlled variables are independent of each other, i.e. they should be mutually
decoupled. To check whether they are independent of each other or not, or if there
should be any conditions to be fulfilled for the decoupled control of those two
regulators, the RSC and GSC transfer functions are derived in this section. The
conclusion is made at the end of this section.
From the flux control:
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O-y/qs = WYy + OC I:n l//qr +Vqs
R.L L
Opgs = Oy +———| oL |, + "y, |[+V
yas e ds O'LS I—r ( q I—s qu qs
, (3.99)
O s = O +R5Lml +R5Lmz// +V
s — e ds r s s
128 Ls q O'Li I—r q q
. p8Jw, —4PT. ) R.L2
Ku/s(l//qs _qu): WY 45 + Rs[ 3P21//d5 + O'Li I—r ‘//qs +Vqs
_ O-Li L" (SPZKWSI//;S +3P2(//ds _3P2Vq5)_ OLi I—r Rs(ps‘]wr _4PTm) (3 100)
Ve = 3R,L2P? +3P%L2L,K,, v (BRLEP2 +3P%0L2L, K, )
Similarly,
O-y/ds = a)el//qs +s—|inlr//dr +Vds
Rs I-m Lm
O-y/ds = a)el//qs + oL L (O.Lrldr +L_l//dsj+vds
S ’ 3.101
Rs I-m Rs L?n ( )
Gy/ds = wel//qs +— Idr +—2st +Vds
s S
\ R,L% 2R, Q,
Ky,s(l//ds _l//ds): weV/qs + O'Li Vs _T O 4 +Vds
. 2R, Q
Ky,sl//ds _wel//qs + o l/j _Vds
Wy, = Ve (3.102)
Rs Lm

From (3.100) and (3.102), it is clear that the relations between control variable (
W4 W s ) and reference variable (wgs,y/;‘s) are non-linear. Hence, transfer function

cannot be obtained. Therefore, in the later part of the transfer function derivation, the
stator fluxes are assumed constant as a result the relationship between control
variables and reference variable is linear.

In the RSC, from (3.31):

o =K, 0 —0,)=(T,-T,) (3.103)

(3.104)
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4L,

I;r = (Gwr _Tm )A—
3P Ly,

Where ( ~ ) shows the measured value. Similarly, from (3.45):

A

- KQS(Q Q ) ‘//ds( —R¢

N A A A A A
O-QS :l//ds Rr Idl’+ pGLI’ Idl’_a)SI GLI’ Iqr

I %
dr — A A

po Le Vs
From (3.105) and (3.108):

S

dr+a)3| GLI" Iqr

4L .
lar | _| 3P Ly,
1 . 1
L desGLr_

From (3.28):
P
=—(T -T
po, =5 (T, ~T.)
P 3P L,
= | T +> |
pa)r ZJ( m 4 L lr//ds qrj

_p8J Lo AT, L
N 3P2 Lml//ds 3Pl-mlr//ds
From (3.44):

3a)L

PQ. = 20L L,

lr// (Vdr RI

3w, L
Q=5 o, L,
2QSLS

30) I-m !r//ds

dar = 7

_ml// ( r dr+po‘|—I

AOAA
dr+(()sl ULr Iqr

-R 4 +oy40l, 1

riqr

(3.105)

(3.106)
(3.107)

(3.108)

(3.109)

(3.110)

(3.111)

(3.112)

(3.113)
) (3.114)

(3.115)
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4L T
{'qr}_ 3PL, {w} TR
Wl | o . 2L |Q s
BweLml//ds %Df—/
E
From (3.59):
(Rr+ paLrqur = Kiglor = Kige lor
From (3.62):

(ﬁf"' pgﬁrjldr = Kigrlar = KigeLor

Combining (3.117) and (3.118):

FA2r+ pglir+Kiqr 0 ]
Hi :
lar 0 FA2r+ p(AflA_r+Kidr e

L Kidr i

K

Substituting (3.109) and (3.116) in (3.119) gives:

O wr o8
C +D= KE|: }+ KD
O-QS Qs

e 0 I AL T
3P Loy, Kulot ~a) "
0 1 KQS(Q: _Qs) 3PLn Vs
A A - O
pV/dsGL’_

FA2r+ p<A7 £r+ Kigw  PBIL
_ Kiqr 3PLmst @

_§r+pcAfIA_r+ Ko 2L Q
Kidr 30)& Lmy/ds_

ﬁr‘l'ngA.H' K. 4LTm

qr S
¥ Kiqr 3PLmst
0

(3.116)

(3.117)

(3.118)

(3.119)

(3.120)

(3.121)
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Solving (3.121) gives:

L (3.122)
K1 K1
P 2pJL ﬁr‘l‘ (;'lA_r-l-Kir |A_SK
Where K1 = Lp s pK q + — wr
mlr//ds iqr Lm l//ds
5 ESK A ﬁr-i- 8'|A_r+Kir AS
Kz =——"andKs = d a_Ls _AL
Lm Vs Kiqr Lml//ds Lm W s
Similarly,
Q-5 (3.123)
Ks
: Kegs . Ke  Re+poli+K, 2L
Where K4=+and Ks = Q/\A - pK ldr3 Ls
Py oL Py, oL idr W LV 45

If the measured parameters are assumed to be equal to the actual quantities, solving
(3.121) gives:

0w =—w +—T 3.124
r Kl r Kl m ( )
Where K, = 2pdL; R, + pot, + K + LK K =—|‘5 Kur and
' Lml//ds Kiqr Lml//ds o Lml//ds
K. = R, + pol, + Kiqr L, L,
o Kiqr Lml//ds Lml//ds
Similarly,
Ky A
Q,=-*Q (3.125)
KS

S

K K _
Where K4 = #and K5 — Qs _ Rr + pO.Lr + Kldr 2L
P !//dSO-Lr P l//dSOLl’ Kidr 3a)e Ldes

Here it should be noted that the inner current controller parameters are same for q and
d-axis currents, i.e. Ky, =Ky,

Similarly, in the GSC, from (3.73):

Gdc = ch(vd*c _Vdc):%(Mquqr + Mdrldr)_'—%('vqu qu + Mdf Idf) (3126)
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. 1 (4 3
qu :M_(g(adc _Z(Mquqr + Mdrldr)j_Mdf Idfj (3127)

gf

*

AT PAY
Where M, =—"andM,, = Vdr . Here, %(M I, + M1, ) is the DC-link current

qr-qr
dc dc

coming out from RSC.
And we also know from (3.55) and (3.56) that-

V KIqr(I - Iqr)+ @y (% Was T OL., I drj (3128)

S

Vd*r = KIdr(I ;r - Idr)_a)sl OLrIqr (3.129)
Using (3.128), (3.129), (3.109) and (3.116), DC-link current is expressed as:

ar-ar

%(M I +Mdr|dr):

p8IL, [ . 4T L, 0, p8lo,
Igr "N wr 2—(wr @, — rz) Klquwr( r)+|—2 (3130)
3 3P2L . 3PLy,, 3p
AR _ Oy 4Tm 2L KldrKQs (Q Q —Qz) 4L2KIdr
3P 3pO.Lr e m‘//ds o ) 9 esznl//ds

Here, ¥/ s regulated to constant value using flux control. Hence, it is clear from

(3.130) that the DC-current flowing in ac/dc/ac converter has a non-linear relationship

between control variables like COan andVy.. So it can be concluded that decoupled

control of Q;,Q,,®,and V. can be done if the DC-link current coming out from RSC

is taken as a disturbance for the GSC control.
Now, from (3.86):

O Z(Vdf —Rt 1y +we L+ qu)
O-Qf :(Rf Idf +p|_f Idf —we L+ qu —R+ Idf +we L+ qu) (3131)
* GQf
Idf: ~
pLt

From (3.131) and (3.127):

1|4

. 3 °
15 =—— _(adc__(Mqur+|v|dr|d,)j—|v|df—ff (3.132)
M | 3 4 L

pLt

Combining (3.132) and (3.127) gives:
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From (3.72):

vadc :%(Mquqr +Mdr|dr)+g(Mdfldf +qu|qf)

4 3 Mdf
qu = 3qu (vadc _Z(Mquqr + Mdrldr)j_(M_ldfj

From (3.84):

3\/qs
pPQ; :T(Vdf —Rily + oLy qu)
f

N
pQ; :T(Rf Ly + PLily —@ Lily —Rily + @ Ly qu)
f

2R
df 3V

gs

Substituting (3.137) into (3.135):

2M
| 4 (vadc—%(Mquqr+Mdr|dr)j_[ df&}

f =
T3M, 3M,; V,
Combining (3.138) and (3.137)
4 2M
2o PC - 1
L || 3Mg BM Ve [ Vi | |~ 1= (Mgl + M 1)
Idf 0 2 Qf o 0
Vs

R

From (3.92):

(fm pﬁfjqu = Kigt 1 = Kige g
From (3.93):

(fm pﬁfjldf K 1~ K 1,

Combining (3.140) and (3.141) gives:

(3.133)

(3.134)

(3.135)

(3.136)

(3.137)

(3.138)

(3.139)

(3.140)

(3.141)
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§f+ pIA_f+Kiqf 0 ]
{I‘iﬁf } - S L . } (3.142)
Lo 0 Ri+ pLi+ Ky o
L Kiar ]

F

Substituting (3.132) and (3.139) in (3.142):

V.
0[0‘“} p— FQ[ “ |+ FR (3.143)
Oof Qs
DR

A r . 1
3qu po qu ch(vdc_vdc) + _M(Mquqr+Mdr|dr
¥ f
S T L B
i pLi ]
- o o 1 (3.144)
4pC R+ pLi+Ky  2My Ri+pLi+Ky A
a, K MK 'Vdc] Myl # Ml R+ pLI+K
+

iof gs' of iof
M K,

of iqf

2 §f+ pEf-l'Kidf _Qf
&l K

as

Solving (3.144) gives:

v -1
v, =Ry 37072y amty,) (3.145)

C *
c A VdC A qr ' qr
T1 T1

A FAQ + IA_ + K, A A
Where 7, = — pKf Y and7i=pCy,+K,,.
idf

Similarly, Q; = 1Q; (3.146)
7,

K ~roono 2 K
Tandr, =y o

pI/:f 3\/(3]5 pl/:f

Qf

Where 77, =

If the measured quantities are assumed to be equal to the actual quantities, solving
(3.144) gives:

-1
V,, = Kee V. 37t

7 4 1,

(M1, + My 1) (3.147)

ar-ar
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R + pL; +K;

Where Vi = df and T, = F)C}/f + ch
Kidf
Similarly, Q, =1 Q: (3.148)
m
K K
Where n, =—2andz, =y, 2 | Pao
SLf 3Vqs po

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

d-axis currents, i.e. Ky =Ky

Combining (3.122), (3.123), (3.145) and (3.146) gives:

@, Ku 0 0 0 _a): 8‘11 0
A * O
Q|_| 0 Kz 0o o Qi RN (3.149)
Ve 0 0 Ksz O Ve 0 H3s3
Ql o o o0 Kau|QJ| o] LO

Whel’8|211 =¥, |222 = |f4 , |233 = KAdC K :7_ ’8'11 :ﬁand
K1 Ks 71 n, K1
" KIqr wr &( ; r_a)rz)_ 4TmLs Klquwr( :g_a)r)-l_&S;]a)r
/Az _i?/f—l 3P°L, W 3PL, W 3P
33 N, ;1 _ay 4Tm 2L K 5 Ko (Q 0.-Q ) &
SP 3pO.Lr e ml//ds 9a)e L?nlr//cfs
Combining (3.124), (3.125), (3.147) and (3.148) gives:
, Ky, O 0 0 || @ ol 0
K *
0 _|© 2 00 Qj + 0 + 0 (3.150)
Vdc O O K33 O Vdc O ,U33
Qf ‘ 0 0 0 K44 | Q: 0 0
0
K K K K
Where K, = —2 K, =4 Ky =—% K, =1 5 =73 ang
K, Ks 21 75 1
p8IL, [ . AT L. o, p8la,
-1 Iqr wrz—( ro rz) KIquwr( r)+|—2
u _i}/f 3P°L, Wy 3PL, v 3P
*T N, o 0Ty 2KuKe (o0 o) AiKe
3P 3po‘l-r e ml//ds o S 9 e Lfnl//ds
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As shown in (3.149) and (3.150), the transfer function matrices A and are both
diagonal which verifies that all the four controlled quantities are independent of each
other regardless of error in parameter estimation. That means, the controller design can
be done independent of each other and combined them together for the overall control.
According to (3.149) and (3.150), there exists a non-linear relation through the DC-link

voltage controller which can be considered as a disturbance for the GSC control.

3.4 Phase Locked Loop (PLL)
A PLL is designed to define the reference angle for qd transformation so that the
stator voltage can be aligned along the g-axis and is included in the overall model of

the system to make the designed system more realistic. Figure 3.4 shows the 3-phase
PLL which takes the input as the measured DFIG terminal voltage VS and transforms it

to qd-reference frame. PLL aligns the stator side voltage to g-axis by comparing d-axis
load voltage with zero reference voltage. The voltage error signal is delivered through

the PI controller to obtain the angular frequency of the terminal bus voltage.

Vi Vv 1
Vb_’ Td u Pl e
Vi ! S

A

,

»
L

A 4

Figure 3.4 Block diagram of PLL control

Hence in the PLL system:

V.. =-V_sin(6, —6,)=>0=-V.sin(6, -6,)=> 6, =4, (3.151)
Now the error signal is given as: €=0-V, =V, Sin(9i _‘93)
if (6, —6,) is very small, then we can write: sin(6, -6, )~ (6, -6,)

From the block diagram in Figure 3.4, V (9, —95) is the input to the controller and @,

is the output from the controller. Hence,
Vs (el - Hs )K pll = Wy

(3.152)
pil =0y

1
= pé, = (6. -6,)K
5 PO, 6, -6,)

S
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KI pll
Where K, =Ky )y +———
B p

1 K K

\Ts po :[Kp_pu +I—F_)p"j‘9i _£Kp_pu +I—F_)p“j9s (3.153)
% _ 2stKP_pII +VsKI_pII (3154)
ei p + stKP_pII +VsKI_pII

Now matching the denominator of (3.154) with the Butterworth second order

polynomial p* + \/Ea)o_ on P+ cog_p” , the parameters of the controller are:

Ne

Ko g == (3.155)
a)2

Ki o = ;)/_p” (3.156)

Where @, y is the bandwidth frequency of the PLL controller.

The P1 controllers values used for the simulation study following above procedure.
The switching frequency is taken as 1 kHz and the bandwidth of inner current controller
is taken ten times that of outer loop controller, i.e.

— — a)SW . winner
@y, =2*1* f,, =6280 rad/sec and @,,,,, = 10 o = g0

Oper = Oy = Oy, =628 rad/sec, Dy = Dy, = Dy = Wyr =62.8 rad/sec and @,,, =0.628 rad/s

From (3.66): Kg, =Ky, =v2w,0L, —R, =1.76 and from (3.67): K, =K, =0l &} =783.6

From (3.68): K., =20, 2J _8.26 and from (3.69): K :%a)z =3.65

lwr owr
P

From (3.77): Kpy, = \/Ea)Ochdc =5.32 and from (3.78): K, = a)gchdC =236.63
From (3.97): K, =20, L, =R, =1.77 and from (3.98): K,, = w’.L, =788.76
From (3.70): Kpo, = x/icoonA =0.00022 and from (3.71): K = a)ésA =0.001

From (3.89): Kpge = \/Ea)OQfF =0.0002 and from (3.90): KIQf = a)ng I'=0.0093

In PLL controller design, the switching frequency is taken as 2 kHz and the bandwidth

of the PLL controller is taken as: @, =2*7* f , =12560 rad/sec and «, :“1’_;”

837.3 rad/sec

2
Wy i

From (3.155): K =2.10 and from (3.156): K =y =1244.4

P_pll — I_pll —

‘/Ea)o_ pll
VS

S
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3.5 Simulation Results

Here, the profiles of the rotor and stator currents in the ABC frame are shown in

Figure 3.5 and Figure 3.6, respectively. As shown in Figure 3.5 and Figure 3.6, the

frequency of the stator currents is much higher than the rotor currents due to the reason

that

f, = sf,where, s, is the slip.

Stator Currents (amp)

Rotor Currents (amp)

4000
“H ||‘n '} i ” I |,L A "'
M Hml o wu ! nrm wl il | "w 1 lHH | M .r.a. " rm
'uwn | au, ] i ,a i ,M ,mlwg
'4008.2 0.4 0%6 0.8Tirne i 12 14
Figure 3.5 Stator phase current profiles. (ABC reference frame)
4000
2000 S N T L\:/\/Tﬂ = {
o= =
4008 5 0.4 0.6 0.8Tirne 1 12 14

Figure 3.6 Rotor phase current profiles. (ABC reference frame)

The electromagnetic torque in Figure 3.7 is also controlled by the rotor quadrature

axis current. One can easily reach this conclusion through using equation (3.38). In

Figure 3.8, the grid-side converter controller will attempt to maintain the DC-link

voltage at 1200 volt. In this simulation, the ripple voltage across the capacitor was found

to be as follows from Figure 3.9:

1210-1180
1200

Ripple= =2.5%
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Figure 3.7 Mechanical torque vs Electromagnetic torque profiles
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Figure 3.8 DC-link voltage profile
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Figure 3.9 DC-link ripple voltage profile
Figure 3.10 shows the plot of stator voltages in g and d axis. The stator voltage is

aligned along g-axis using the reference angle given by PLL and the d-axis stator
voltage is regulated to be zero. Figure 3.11 shows the plot of stator fluxes in g and d
axis. The g-axis stator flux is regulated to be zero and d-axis flux gives the total stator

flux.
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S
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Z 200 -
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Figure 3.10 Stator voltage profiles (DQ reference frame)
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Figure 3.11 Stator flux profiles (DQ reference frame)
Figure 3.12 and 3.13 show the plot of reference angle given by PLL to align the stator
voltage along the g-axis. Figure 3.14 and 3.15 show the plot of rotor speed and
synchronous speed respectively.
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Figure 3.12 Rotor angle
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Figure 3.13 Reference angle output from PLL
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Figure 3.14 Rotor speed
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Figure 3.15 Synchronous speed
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Figure 3.16 Stator active power
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Figure 3.18 Stator current profiles (DQ reference frame)
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Figure 3.20 GSC g-axis modulation index
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Figure 3.21 RSC d-axis modulation index
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Figure 3.22 RSC g-axis modulation index
Figure 3.19 to 3.22 show the plot of GSC and RSC, dg-axes modulation indexes

respectively.
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Chapter 4

Conclusions and Future Scope

A detailed simulation model of a DFIG-based wind turbine system is
developed for the 1.5 MW wind turbine connected to the power grid. All of the
primary components are modelled including the aerodynamic system of wind
turbine, DFIG, rotor mechanical system, the overall control system, and the power
grid. The stator side flux estimator is designed using a PLL system is embedded
with the DFIG model which gives the reference angle to align the stator side voltage

along the g-axis.

In this thesis, the modelling and control of a doubly-fed induction generator
based wind turbine-generator system have been considered. More specifically, the
modelling of different components, the control strategies for the back-to-back
converter have been studied and analysed in detail.

As a basis of the research, the model of a wind turbine-generator system
equipped with a doubly-fed induction generator was developed in a
Matlab/Simulink environment, which simulates the dynamics of the system from
the turbine rotor, where the kinetic wind energy is converted to the mechanical
energy, to the generator, which transforms the mechanical power to electrical
power, and then to the grid connection point, where the electric power is fed into
the grid. The model of the wind turbine system includes the aerodynamic models of
the wind turbine, the drive train system models, the back-to-back converter models,

and the doubly-fed induction generator models.

Four control schemes were implemented in the wind turbine system, which
are, the generator-side converter control, the grid-side converter control, the pitch
angle control and the maximum power point tracking control, respectively. The
objective of the vector-control scheme for the grid-side converter controller is used
to maintain the constant voltage across the capacitor and produce a unity power

factor operation of the grid. The vector control scheme for the generator-side
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converter controller is used to regulating the torque, active power and reactive

power.
Some subjects for future studies are listed as follows:

e Wind speed sensor-less control strategies should be studied, due to the fact
that the anemometer may not accurately measure the wind speed.

e Direct torque control and direct power control should be considered,
because of the advantages of no current regulators, no coordinate
transformations and specific modulations, and no current control loops.

e Matrix converters are another interesting topic because of their ac to ac
transformation ability.

e The transient behaviours of the DFIG-based wind turbine system under
disturbances of grid failures should be studied.
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