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Abstract

Moving forward, the demand on renewable energy resources is increasing due to their advantages

over the fossil fuels, which have harmful effects on the environment. Currently, doubly fed induction

generators (DFIG) are widely used for wind turbines. Compared to other variable-speed generators;

the main advantage of the DFIG is that the power electronic devices must deal with only about a

third of the generator power, compared to full power converters used in synchronous generators [1, 2].

This difference reduces the costs and losses in the power electronic components, rather than other

solutions, such as fully converting systems; finally, the overall efficiency is improved.

Field-oriented control (FOC) and direct control algorithms are used to control the performance of

DFIG wind energy. Due to complexity and machine parameters dependency, the direct control

techniques are gradually replacing the conventional FOC [3]. Two direct control strategies are imple-

mented in this work, direct torque control (DTC) and direct power control (DPC).

This dissertation deals with the performance analysis, modeling, and control of DFIG-based wind

energy conversion.

Controllers for rotor side converter (RSC) and grid side converter (GSC) are analyzed. DTC is used

in this work to control the RSC; several approaches of this control technique will be presented and the

results are compared according to the total harmonic distortion (THD) and ripples to define the best

performance. Moreover, DPC is applied and the performance of active and reactive power is analyzed.

The grid synchronization of DFIG is an important issue to be discussed, as the DFIG can be control-

lable only around synchronous speed. It will lose its controllability during startup since the voltage

requested from the machine at that time is higher than the voltage requested at normal operations

around the synchronous speed.

DFIG under voltage dip is also discussed and analyzed under symmetrical and asymmetrical grid

faults. The possible solutions of low voltage ride through to meet grid-codes requirements is presented,

and the selected algorithm is discussed in detail. Last, the results are thus compared.



iv

Zusammenfassung

In der Zukunft steigt die Nachfrage nach erneuerbaren Energiequellen aufgrund ihrer Vorteile

gegenüber den fossilen Brennstoffen, die schädliche Auswirkungen auf die Umwelt haben. Gegenwär-

tig werden doppelt gespeiste Induktionsgeneratoren (DFIG) für Windkraftanlagen häufig verwendet.

Im Vergleich zu anderen Generatoren mit variabler Drehzahl besteht der Hauptvorteil des DFIG

darin, dass die Leistungselektronikgeräte nur etwa ein Drittel der Generatorleistung im Vergleich zu

Vollumrichtern mit Synchrongeneratoren bewältigen müssen [1, 2]. Dies verringert die Kosten und

die Verluste in den leistungselektronischen Komponenten im Vergleich zu anderen Lösungen wie

Vollumwandlungssystemen; weiterhin wird die Gesamteffizienz verbessert. Feldorientierte Regelung

(FOC) und direkte Steuerungsalgorithmen werden verwendet, um die Leistung der DFIG-Windenergie

zu steuern. Aufgrund der Komplexität und der Abhängigkeit von Maschinenparametern ersetzen die

direkten Steuerungstechniken allmählich die herkömmliche FOC [3]. Zwei direkte Steuerstrategien

wurden in dieser Arbeit implementiert, direkte Drehmomentsteuerung (DTC) und direkte Leistungss-

teuerung (DPC).

Diese Dissertation befasst sich mit der Leistungsanalyse, Modellierung und Steuerung der DFIG-

basierten Windenergiekonversion. Regler für den rotorseitigen Umrichter (RSC) und den netzseit-

igen Umrichter (GSC) werden analysiert. In dieser Arbeit wird DTC verwendet, um den RSC zu

steuern. Mehrere Ansätze dieser Steuerungstechnik werden präsentiert und die Ergebnisse werden

entsprechend der gesamten harmonischen Verzerrung und der Rippleströme verglichen, um das best-

geeignete System festzulegen. Darüber hinaus wird DPC angewendet, und Wirk- und Blindleistung

werden analysiert.

Die Netzsynchronisation bei DFIG ist ein wichtiges zu diskutierendes Thema. Der DFIG ist nur um

die synchrone Geschwindigkeit sinnvoll steuerbar, so dass es während des Starts seine Steuerbarkeit

verliert, da die von der Maschine während des Startens benötigte Spannung höher ist als die bei

normalem Betrieb um die synchrone Geschwindigkeit erforderliche. DFIG unter Spannungsein-

brüchen wird auch in dieser Arbeit unter symmetrischen und asymmetrischen Netzfehlern diskutiert

und analysiert. Die möglichen Lösungen für LVRT (Low Voltage Ride Through) zur Erfüllung der

Anforderungen der Grid-Codes werden vorgestellt und der ausgewählte Algorithmus wird im Detail

diskutiert. Abschließend werden die Ergebnisse verglichen.



Table of Contents

Nomenclature viii

1 Introduction 1

1.1 Wind Energy Development . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Wind Turbines Concept . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.3 DFIG Principle and Advantages . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.4 Literature Review . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.5 Thesis Layout . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

1.6 Chapter Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2 Dynamic Modeling of Doubly Fed Induction Generator 10

2.1 Doubly Fed Induction Machine Expressed in the ABC Reference Frame . . . . . . . 10

2.2 Reference Frames and the Two-Axis Transformation . . . . . . . . . . . . . . . . . 16

2.2.1 Space Vector Representation . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.2.2 DFIG Model Expressed in the αβ Reference Frame . . . . . . . . . . . . . 17

2.2.3 DFIG Model Expressed in the dq Reference Frame . . . . . . . . . . . . . . 18

2.2.4 Power and Torque in dq Reference Frame . . . . . . . . . . . . . . . . . . . 20

2.2.5 The Mechanical Subsystem . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.3 Chapter Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

3 Rotor Side Converter Control 22

3.1 Direct Torque Control for DFIG . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3.1.1 DTC Implementation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3.1.2 Electromagnetic Torque and Rotor Flux Estimation . . . . . . . . . . . . . . 27

3.1.3 Electromagnetic Torque and Rotor Flux Reference Values Determination . . 28

3.1.4 Hysteresis Controllers and Rotor Voltage Vector Selection . . . . . . . . . . 29

3.1.5 Switching Control . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3.2 DTC Improvement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3.2.1 Twelve Sectors DTC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

3.2.2 Modified Switching Table DTC . . . . . . . . . . . . . . . . . . . . . . . . 34



vi Table of Contents

3.3 Simulation Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.3.1 Conventional DTC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

3.3.2 Twelve Sectors DTC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

3.3.3 DTC with Modified Switching Table . . . . . . . . . . . . . . . . . . . . . . 39

3.3.4 Comparison and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . 40

3.4 Direct Power Control for DFIG . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

3.4.1 DPC Implementation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.4.2 Active Power, Reactive Power and Stator Flux Estimation . . . . . . . . . . 45

3.4.3 Active Power Reference . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

3.4.4 Hysteresis Controllers and Rotor Voltage Vector Selection . . . . . . . . . . 46

3.4.5 Simulation Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . 47

3.5 Chapter Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

4 Grid Side Converter 49

4.1 Grid Side Converter Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

4.2 Vector Control . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

4.3 Reference Frame Alignment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

4.3.1 Zero Crossing Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

4.3.2 Arctangent Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

4.3.3 Phase Locked Loop . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

4.3.4 Reference Frame Method Selection . . . . . . . . . . . . . . . . . . . . . . 55

4.4 LCL Filter Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

4.4.1 Filter Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

4.5 Chapter Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

5 Synchronization 62

5.1 Principles of Direct Virtual Torque Control . . . . . . . . . . . . . . . . . . . . . . 62

5.2 DVTC for Grid Synchronization . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

5.3 Chapter Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

6 Low Voltage Ride Through for DFIG 67

6.1 LVRT Grid Codes Requirements for a DFIG Wind Turbine . . . . . . . . . . . . . . 67



Table of Contents vii

6.2 DFIG Under Voltage Dip . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

6.2.1 Voltage Sag Generator . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

6.2.2 DFIG Behavior Under Grid Fault . . . . . . . . . . . . . . . . . . . . . . . 71

6.2.3 Simulation Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . 71

6.3 LVRT Solutions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

6.3.1 Crowbar Protection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

6.4 Practical Implementation of Impedance Based Voltage Sag Generator for 3.5 kW DFIG 82

6.4.1 Fault Detection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

6.4.2 Circuit Components . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

6.4.3 Test Realization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

6.5 Chapter Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

7 Conclusion 86

7.1 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

7.2 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

7.3 Associated publications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

References 89

List of Figures 101

List of Tables 104

Appendix A System Parameters 105

A.1 Machine Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

A.2 DC Link Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

A.3 GSC Control Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

A.4 RSC Control Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

A.5 Fault Detection Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

Appendix B Results of 3.5 kW 108

B.1 Results of DTC Algorithms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

B.2 DFIG under Three Phase Voltage Dip . . . . . . . . . . . . . . . . . . . . . . . . . 110



Nomenclature

Roman Symbols

∆Iripmax Maximum current ripple

C f Filter capacitance

ePs, eQs Active and reactive powers errors

eTem, eψr Torque and flux errors

fs Stator frequency

fgrid Grid frequency

fres Resonance frequency

fsw Switching frequency

HTem, Hψr Torque and flux hystersis comparatos outputs

HBT , HBψ Hysteresis band of torque and flux

HBPs, HBQs Hysteresis band ofactive and reactive powers

HPs, HQs Active and reactive powers hystersis comparatos outputs

Iabcr Rotor instantaneous current vector

Iabcs Stator instantaneous current vector

iac, ibc, icc Currents through filter capacitor branch

iag, ibg, icg Grid currents

iar(t), ibr(t), icr(t) Rotor currents

ias(t), ibs(t), ics(t) Stator currents

ig( fsw), ic( fsw) The grid and converter currents ripple

irsc RSC current



Nomenclature ix

j Inertia

kp, Ki Gains of PI controllers for grid side converter

k Sector number in which flux is located

Li, Lg inverter and grid side filter inductanses

Lm Mutual inductance

Lr Rotor inductance

Ls Stator inductance

Llr Rotor leakage inductance

Lls Stator leakage inductance

Nr Rotor rotational speed (r.p.m)

Ns Synchronous speed

Nφr
Speed of rotor currents magnetic field

Pn Machine rated power

Pp Number of pole pairs

Pr, Qr Rotor active and reactive power

Ps, Qs Stator active and reactive powers

Pgc, Qgc Active and reactive powers of grid side converter

Pnom, Qnom Active and reactive powers nominal values

PI, PD, QI, QD Increase and decrease of active and reactive powers.

PLL Phase locked loop

Rc Damping resistance

R f , L f Resistance and inductance of L-filter



x Nomenclature

Rg, Lg Resistance and inductance of grid

Rr Rotor resistance

Rs Stator resistance

Tem Electromagnetic torque

T∗
em, ψ∗

r Torque and flux reference values

Tload Torque applied on the shaft

Tnom, ψnom Torque and rotor flux nominal values

Tset Settling time

Tvi Virtual torque

TI,TD,FI,FD Increase and decrease of torque and flux.

Vn Nominal Grid voltage

Vabcr Rotor instantaneous voltage vector

Vabcs Stator instantaneous voltage vector

Vsag Voltage during the sag condition

x Percentage of maximum reactive power absorbed at nominal conditions

Z1, Z2 Series and shunt impedance

Zb, Cb Impedance and capacitance base values

Zg Grid impedance

Greek Symbols

δ υ Angle between real rotor flux and virtual grid flux

δ Angle between stator and rotor flux

ωa Angular speed



Nomenclature xi

ωm Rotor angular speed (rad/s)

ωn Undamped natural frequency

ωs Synchronous speed (rad/s)

ωgs Grid angular speed

ωmech Rotor mechanical rotational speed

−→
υr

s ,
−→
irs Stator voltage and current vectors in rotor reference frame

ψas(t), ψbs(t), ψcs(t) Stator fluxes

σ Leakage factor

θm The angle between phase as of stator and phase ar of rotor

θr Rotor angular position

θψr
Rotor flux position

θsg Virtual flux phase angle

υag, υbg, υcg Grid phase voltages

υar, υbr, υcr Rotor voltages

υas, υbs, υcs Stator voltages

υd0, υq0 d-q components of converter voltage

υdc, idc DC link voltage and current

υdg, υqg, idg, iqg d q components of grid voltage and current

υgα , υgβ αβ components of grid voltage

υa
rd , υa

rq, iard , iarq, ψa
rd , ψa

rq dq components of rotor voltage, current, and flux in arbitrary reference

frame

υa
sd , υa

sq, iasd , iasq, ψa
sd , ψa

sq dq components of stator voltage, current, and flux in arbitrary reference

frame



xii Nomenclature

ξ damping factor

−→
υa,

−→
υb,

−→
υc Space vectors voltages

−→
υ r

αβ r
,
−→
i r

αβ r
,
−→ψ r

αβ r
Rotor space vectors of voltage, current, and flux in the αβ reference frame

referred to the rotor

−→
υ s

αβ s
,
−→
i s

αβ s
,
−→ψ s

αβ s
Stator space vectors of voltage, current, and flux in the αβ reference frame

referred to the stator

ψar(t), ψbr(t), ψcr(t) Rotor fluxes

fφr Frequency of rotor currents

Acronyms / Abbreviations

BRICS Brazil, Russian Federation, India, China and South Africa.

DFIG Doubly Fed Induction Generator.

DPC Direct Power Control.

DTC Direct Torque Control.

DVTC Direct Virtual Torque Control.

EU-28 European Union.

FOC Field Oriented Control.

GSC Grid Side Converter.

GWEC Global Wind Energy Council.

HOSM High Order Sliding Mode.

LVRT Low Voltage Ride Through.

NC-MBFCL Nonlinear Control Based Modified Bridge-type Fault Current Limiter.

PCC Point of Common Coupling.

RSC Rotor Side Converter.



Nomenclature xiii

SCR Silicon Controlled Rectifier.

SG Synchronous Generator.

THD Total Harmonic Distortion.

VSC Voltage Source Converter.

WECS Wind Energy Conversion System.

WRIM Wound Rotor Induction Machine.



Chapter 1

Introduction

Recently, due to the increase of CO2 emissions, the world power sector is moving away from the

technologies related to fuel oil, coal, and gas, which are used as primary sources. Conversely,

renewable energy systems, and especially wind energy, show continued growth in power generation

around the world, as the Global Wind Energy Council (GWEC) reports in the ’Global Wind Report

2014’ [4]. Renewable energy sources will account for more than one-quarter of global electricity

production by 2020; the hydro power generation has the largest part of the renewable energy resources,

while wind power is the second-highest renewable source from global production [5, 6]. According

to the Global Status Report (Renewables 2017); wind energy contributes 4 % of electricity global

production [7].

1.1 Wind Energy Development

The discovery of wind energy and its use was first in the Middle East exactly in Iran, which was

known as ‘Persia’in the tenth century. The vertical axis principle was employed to extract energy

from the wind [8]. The first windmills were used for wheat milling and water pumping. Around the

1900s, the first windmills for electrical production were built. In the 1970s, the rapid development of

wind energy technology had advanced, and large wind turbines were set in operation [9, 10].

The quick development of wind energy has strongly drawn the attention of public, political, and

scientific interest [9]. By the end of 2016, the countries with the most installed electric capacity from

renewable energy were China, the United States, Brazil, Germany and Canada [7]. China has more

than one-quarter of the world’s capacity for renewable power with a total capacity of 564 GW, which

includes about 305 GW of hydropower [7]. Considering non-hydro capacity, the top countries were

China, the United States, and Germany; they were followed by Japan, India, and Italy, as seen in

Figure 1.1 [7].
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speeds Nmech and NIr
are added or subtracted from each other [12]. From Equation 1.1, if the rotor

magnetic field is considered, the following can be written:

fs = Pp · (Nr ±NIr
) (1.2)

Where: fIr
is the frequency of the currents that are injected into the rotor of the machine. From this

equation, it can be understood that the purpose of keeping constant the stator frequency fs can be

achieved by adjusting the frequency of the AC rotor currents fed into the rotor, depending on the

rotation speed of the generator rotor Nmech. Therefore, the natural fluctuations of the turbine speed are

compensated for supplying the rotor in the proper way. As stated before, the main advantage of using

a DFIG is that the power converter to control the machine is located on the rotor side. The power

managed by the rotor is strictly dependent on the slip of the machine: If the rotor rotates slower or

faster than the synchronous speed, the slip starts to increase, as does the power through the rotor. If

the slip of the machine is limited to a small range of speeds above and below the synchronous speed,

the same limitation is achieved in the power managed by the rotor. To cover the range of possible

wind speeds, it has been found that the slip range should vary by about ± 30 % of the synchronous

speed ωs [12]. Thus, the rotor side converter can be designed for an active power of about 30 % of the

rated power of the machine. The other feature that makes this configuration particularly suitable for

wind applications, is that the DFIG can generate power from its stator, at both sub-synchronous (rotor

speed slower than synchronous speed), and hyper-synchronous (rotor speed faster than synchronous

speed) modes. Accordingly, if the rotor rotates below synchronous speed, then power must be injected

into the rotor to sustain generation; if the rotor rotates above synchronous speed, additional power is

generated by the rotor. The exchanges of power at sub-synchronous and hyper-synchronous speed are

allowed if a bidirectional converter is used on the rotor side. Typically, a back-to-back converter made

of two three-phase converters sharing the DC link is used. In Figures 1.5 and 1.6, sub-synchronous

and hyper-synchronous speed states of power exchange are presented respectively, where ωm is the

rotor rotational speed of the rotor flux.
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the following: field-oriented control (FOC) [13, 14], high-order sliding mode (HOSM) [15–17], flux-

oriented control [18], direct voltage control [19], direct torque control (DTC) [20–22], direct power

control (DPC) [23–26], and fuzzy logic control [27–29]. Moreover, authors in [30] implemented a

feedback linearization control technique and compared the results with the conventional FOC and V/f

control.

As stated before, DTC is a common control strategy used for DFIGs-based wind power; it was first

established in the 1980s by I. Takahashi [31] and M. Depenbrock [32]. Then, it became an alternative

control algorithm for the classical FOC, developed and studied by many authors [2, 33–36] under

different operating conditions. This control algorithm is discussed in detail in this dissertation, as well

as the DPC scheme that was handled by [37–42].

The voltage dip for DFIG is an important topic in wind power generation due to the high sensitivity of

DFIGs to grid disturbances. The DFIG system must remain connected during grid faults and support

the grid with reactive power to fulfill grid codes.

A number of previous studies have discussed the possible solution of LVRT capability, [43–52]

presented D-STATCOM based on a PID fuzzy controller to enhance the dynamic performance during

the fault.

The authors found that by using this control scheme, the fluctuations of reactive power were reduced,

leading to improvement in the LVRT performance. Moreover, the harmonics in the rotor current were

reduced so the system was more stable, and thus also improving the LVRT stability.

Study [53] presented a comprehensive analysis of LVRT for DFIG based wind turbines. It described the

DFIG dynamic modeling and implemented the transient characteristics of DFIGs, under symmetrical

and asymmetrical grid voltage dip. It also provided a new rotor side control scheme for LVRT

capability improvement during grid faults. This control scheme depends on the reduction of the rotor

over voltage and current during grid unbalance conditions; without adding cost, this improved the

LVRT capability and fulfilled the grid codes.

According to [54], the LVRT capability can be improved by using a nonlinear control based modified

bridge-type fault current limiter (NC-MBFCL).

The study in [35] proposed and solved the problem of high rotor voltage during a voltage dip by

magnetizing the DFIG from the stator circuit instead of the rotor circuit.

Another LVRT solution was presented in [55], a ‘virtual resistance demagnetization approach’ based

on the dq control, and a reduction of switching losses was analyzed for a 2.1 MW DFIG system under
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15%, 20%, 50%, and 80% voltage dip to meet the Indian grid-codes requirements.

This dissertation proposes different control algorithms for DFIG control. Conventional DTC is

implemented and applied on the Rotor Side Converter (RSC) [56–59].

In addition to the conventional DTC method, improved DTC algorithms [60–65] are implemented,

such as modified switching table DTC [20], and twelve sectors DTC [66–68]. Then, a comparison

takes place according to torque, flux ripples, and current harmonics. Thus, a proposal can be put forth

on a control technique that provides low ripples of torque and flux while also demonstrating better

performance of DFIG during transient.

As stated before, because the DFIG-based wind energy conversion should fulfill special requirements

during faults [69], it is important to study the LVRT effects on the grid connected DFIG [70, 71]. In

this analysis, the effects of symmetrical and asymmetrical grid faults are analyzed, and the possible

solutions to these effects are presented [72–79].

The aforementioned direct control methods are analyzed using MATLAB Simulink for a 2 MW DFIG,

and the LVRT behavior of DFIG wind energy based is presented and discussed.

1.5 Thesis Layout

The aim of the thesis is to employ DTC for modern wind turbines to fulfill the revised grid requirements.

The parts of the dissertation are arranged as follows:

Chapter 2: The DFIG expressed in the ABC reference frame is first established, then the reference

frames and two-axis transformation are explained.

Chapter 3: DTC strategy is applied to the (RSC) of DFIG. Then two DTC topologies are presented,

in addition to the conventional method, and the results are compared. Finally, the DPC is presented,

and the results are discussed.

Chapter 4: The grid side converter (GSC) vector control is described in detail, then the reference

frame alignment and a grid filter are presented.

Chapter 5: Grid synchronization using direct virtual control is carried out, and the reference values

of rotor flux and torque to achieve synchronization are calculated.

Chapter 6: Different types of grid faults (symmetrical and asymmetrical three-phase dip) are

analyzed; the DFIG behavior is discussed. Further, the LVRT solutions to improve LVRT capability
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are presented.

Chapter 7: Work conclusion, future work, and publications associated to this work are presented.

1.6 Chapter Conclusion

The development of wind power generation raised recently due to increased attention on environmental

effects of conventional energy resources. There are different topologies of wind power generation

were explained in this chapter, DFIG configuration was chosen in this analysis due to it’s attractive

advantages; good efficiency. The converter used with DFIG has low ratings and this will reduce the

cost compared to the SG’s.



Chapter 2

Dynamic Modeling of Doubly Fed

Induction Generator

For a better understanding of the DFIG performance as well as studying all the possible transient

behaviors of it, this chapter introduces the machine model. First, the model in the three-phase

reference frame is introduced. Then, using coordinate transformations, the dynamic model in the dq

rotating reference frame is presented. This model is useful for the study of all important dynamic

effects occurring during steady-state and transient operations. Hence, it should be valid for any time

variation of the voltages or currents generated by the inverter that supplies the machine.

2.1 Doubly Fed Induction Machine Expressed in the ABC Reference

Frame

According to the dynamic models of induction machines developed by many authors [80, 81] and

as discussed in [12, 82, 83], the model of the DFIG is performed using some simplifications, which

make it simpler compared to the real operation of the machine. In the idealized DFIG model, a WRIM

with two symmetrical poles and three phase windings for both stator and rotor is considered. Figure

2.1 demonstrates the sectional view of the Wound Rotor Induction Machine (WRIM). As can be seen

in the idealized machine, the stator windings (a, b, and c), as well as the rotor windings, are displaced

from each other by 120 electrical degrees . The angle between the phase "as" of the stator and the

phase "ar" of the rotor is called "θm". Thus, the speed of the rotor can be calculated as follows:

ωm = dθm/dt (2.1)

Where the rotor windings are rotating in the counter clockwise direction. The relationship between

the electrical and mechanical angle of the rotor depends on the number of pole pairs Pp as follows:

ωmech =
ωm

pp

(2.2)





12 Dynamic Modeling of Doubly Fed Induction Generator

υbs(t) = Rs · ibs(t)+
d

dt
ψbs(t) (2.4)

υcs(t) = Rs · ics(t)+
d

dt
ψcs(t) (2.5)

Where: υas(t), υbs(t), and υcs(t) are the stator voltages, ias(t), ibs(t), and ics(t) are the stator currents,

ψas(t), ψbs(t), and ψcs(t) are the stator fluxes, Rs is the stator resistance.

In the same way, the rotor equations can be written as [12]:

υar(t) = Rr · iar(t)+
d

dt
ψar(t) (2.6)

υbr(t) = Rr · ibr(t)+
d

dt
ψbr(t) (2.7)

υcr(t) = Rr · icr(t)+
d

dt
ψcr(t) (2.8)

Where: υar(t), υbr(t), andυcr(t) are the rotor voltages, iar(t),ibr(t), and icr(t) are the rotor currents,

ψar(t), ψbr(t), and ψcr(t), are the rotor fluxes, Rr is the rotor resistance.

The resistances for both stator and rotor are supposed to be equal for each winding. Hence, the

magnetic equations that relate the stator and rotor windings through the inductance coefficients and

currents can be written as below:

ψas = Llsias +Lasasias +Lasbsibs +Lascsics +Lasariar +Lasbribr +Lascricr (2.9)

ψbs = Llsibs +Lbsasias +Lbsbsibs +Lbscsics +Lbsariar +Lbsbribr +Lbscricr (2.10)

ψcs = Llsics +Lcsasias +Lcsbsibs +Lcscsics +Lcsariar +Lcsbribr +Lcscricr (2.11)

In the same way, the three phases rotor fluxes are given by:

ψar = Llriar +Larariar +Larbribr +Larcricr +Larasias +Larbsibs +Larcsics (2.12)
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ψbr = Llribr +Lbrariar +Lbrbribr +Lbrcricr +Lbrasias +Lbrbsibs +Lbrcsics (2.13)

ψcr = Llricr +Lcrariar +Lcrbribr +Lcrcricr +Lcrasias +Lcrbsibs +Lcrcsics (2.14)

Here, Lls and Llr are the stator and rotor leakage inductances that should be equal for all stator and

rotor phases. The value of each self-inductance and mutual-inductance can be calculated by using the

principle of superposition, as the model has considered to be linear. Thus, the following equation can

calculate the generic inductance:

Li j =
ψi j

i j

(2.15)

Note that ψi j is the flux created by the current i j and concatenated with the winding i [83].

From the geometries, it is clear that the inductances Lasas, Lbsbs, and Lcscs are equal because the flux

path for the three respective phases is identical. Moreover, these inductances are independent of the

rotor position. Consequently, the following relationship is deduced:

Lasas = Lbsbs = Lcscs = Lss (2.16)

The same considerations can be made for the mutual inductances between any two stator phases:

Lasbs = Lbsas = Lascs = Lcsas = Lbscs = Lcsbs =−
1

2
Lss = Lsm (2.17)

Similarly, from the calculation of the rotor self-inductance and mutual-inductance coefficients, it can

be noted that they are independent of the rotor position. Hence, their relationships can be written as:

Larar = Lbrbr = Lcrcr = Lrr (2.18)

Larbr = Lbrar = Larcr = Lcrar = Lbrcr = Lcrbr =−
1

2
Lrr = Lrm (2.19)

Thus, with the model simplifications made before, only the mutual inductances between stator and

rotor are dependent on the angular position of the rotor phase with respect to the stator phase windings.
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From Figure 2.1, it can be deduced that all these coefficients vary with the rotor angular position θr

with phase differences. As such, the inductances can be written as:

Lasar = Laras = Lbsbr = Lbrbs = Lcscr = Lcrcs = Lsr cos(θr) (2.20)

Lasbr = Lbras = Lbscr = Lcrbs = Lcsar = Larcs = Lsr cos(θr +
2

3
π) (2.21)

Lascr = Lcras = Lbsar = Larbs = Lcsbr = Lbrcs = Lsr cos(θr −
2

3
π) (2.22)

Once the magnetic equations have been presented, by substituting all the fluxes expressions in the

stator and rotor voltage equations, the model for a WRIM in the ABC reference frame can be achieved.

This model can be written in a simplified matrix format as follows:

Vabcs = Rs · Iabcs +
d

dt
(Labcss · Iabcs +Labcsr · Iabcr) (2.23)

Vabcr = Rr · Iabcr +
d

dt
(Labcrr · Iabcr +Labcrs · Iabcs) (2.24)

Here, Vabcs, Iabcs, Vabcr and Iabcr are the vectors representing the instantaneous values of voltages and

currents for both stator and rotor respectively. Moreover, the resistance matrices are thus:

[Rs] =











Rs 0 0

0 Rs 0

0 0 Rs











, [Rr] =











Rr 0 0

0 Rr 0

0 0 Rr











(2.25)

The stator and rotor matrix of the self-inductances and mutual-inductances are as follows:

[Labcss] =











Lss +Lls Lsm Lsm

Lsm Lss +Lls Lsm

Lsm Lsm Lsm +Lss











(2.26)
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[Labcrr] =











Lrr +Llr Lrm Lrm

Lrm Lrr +Llr Lrm

Lrm Lrm Lrr +Llr











(2.27)

Lls and Llr are the leakage inductance of stator and rotor respectively. And finally, the mutual

inductance coefficients between stator and rotor where θm = θr is therefore:

[Labcsr] = Lsr























cos(θr) cos(θr +
2

3
π) cos(θr +

4

3
π)

cos(θr +
4

3
π) cos(θr) cos(θr +

2

3
π)

cos(θr +
2

3
π) cos(θr +

4

3
π) cos(θr)























(2.28)

[Labcrs] = Lsr























cos(θr) cos(θr +
4

3
π) cos(θr +

2

3
π)

cos(θr +
2

3
π) cos(θr) cos(θr +

4

3
π)

cos(θr +
4

3
π) cos(θr +

2

3
π) cos(θr)























(2.29)

From this model, it seems clearly that the dependence of the mutual inductances on the rotor angle,

and hence on the time, would complicate the solution, because the inductance matrix would therefore

need to be calculated at each time step. Thus, it has been well known that it is advantageous to seek a

different approach [84, 85]. The different approach is based on the space vector representation of the

electrical quantities, which allows the projection of the ABC components onto a pair of stationary axes,

called the α-β axes. By expressing the model in this reference frame, the advantages of simplicity

of formulation and implementation can be achieved. Moreover, if the frame of reference is rotated

at the proper speed, the rotor angle dependence can be eliminated, and the inductances will appear

as constants. For this purpose, the rotational transformation in the dq axes are presented. It is more

convenient to separate these two steps, as explained in the next sections.
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2.2 Reference Frames and the Two-Axis Transformation

As stated in the previous section, the transformation of the electrical equations into a two-phase

reference frame allows us to obtain a simpler model than the three-phase one. To achieve this

simplified model, the space vector theory is initially mentioned, then, the dynamic models are

achieved.

2.2.1 Space Vector Representation

In this work, space vectors are used to represent voltages, fluxes, and currents, in both stator and rotor

windings. Considering the three phase voltages υa(t); υb(t) and υc(t) as a balanced set, it can be

written that:

υa(t) =V · cos(ωt +φ) (2.30)

υb(t) =V · cos(ωt +φ −
2π

3
) (2.31)

υc(t) =V · cos(ωt +φ −
4π

3
) (2.32)

This balanced three-phase system can be represented in a plane, as a space vector
−→
υ that rotates at ω

angular speed across the origin of the three axes −→a ,
−→
b , and −→c shifted by 120 degrees. Therefore, by

taking the −→a axis as reference, the space vector components along each phase axis are mathematically

as follows:

−→
υ a = υa(t) · e j0 (2.33)

−→
υ b = υb(t) · e j2π/3 (2.34)

−→
υ c = υc(t) · e j4π/3 (2.35)
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Thus, the space vector (’Clarke Transformation’) can be found by adding the contribute of each phase:

−→
υ abc =

−→
υ a +

−→
υ b +

−→
υ c = υa(t) · e j0 +υb(t) · e j2π/3 +υc(t) · e j4π/3 (2.36)

Examining the space vector notation, it can be seen that the contributions from three axes can be

represented with just two magnitudes in the real-imaginary complex plane
−→
υ αβ , which can be

expressed as:

−→
υ αβ = υα + jυβ =

2

3

(

υa(t) · e j0 +υb(t) · e j2π/3 +υc(t) · e j4π/3
)

(2.37)

The factor 2/3 is inserted in order to adjust the amplitude of
−→
υ αβ to the one of the original sinusoidal

3 phase voltages. The αβ magnitudes can be calculated in an easier way from the last equation:

υα = Re(
−→
υ αβ ) (2.38)

υβ = Im(
−→
υ αβ ) (2.39)

2.2.2 DFIG Model Expressed in the αβ Reference Frame

In the previous section, the relationship between the αβ and abc magnitudes was presented. In this

section, the DFIG model in the αβ reference frame is discussed. Using equations (2.3)-(2.5) for stator

and rotor in αβ reference frame, the following expressions are thus achieved:

−→
υ s

αβ s = Rs ·
−→
i s

αβ s +
d

dt

−→ψ s
αβ s (2.40)

−→
υ r

αβ r = Rr ·
−→
i r

αβ r +
d

dt

−→ψ r
αβ r (2.41)

Note that the superscripts "s" and "r" are indicating that the space vectors are referring to the stator

and rotor reference frames, respectively. Hence, in the stator voltage equation, the voltage, current,

and flux refer to the stator and similarity in the rotor equation. Next, the relationship between the
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current and flux linkage is provided as:

−→ψ s
αβ s = Ls ·

−→
i s

αβ s +Lsr ·
−→
i s

αβ r , with : Ls = Lss +Lls (2.42)

−→ψ r
αβ r = Lsr ·

−→
i r

αβ s +Lr ·
−→
i r

αβ r , with : Lr = Lrr +Llr (2.43)

As written in the earlier section, the rotor position dependence needs to be eliminated. Moreover,

for implementation purposes, all the equations must be written in the same reference frame. Thus,

once these equations have been obtained, it is convenient to use a different reference frame, rotating

with speed that helps us for the studies of the DFIG. This transformation, also known as ’Park

Transformation’, changes the reference frame from the stationary αβ to dq, it is introduced in the

following section.

2.2.3 DFIG Model Expressed in the dq Reference Frame

There are three different preferred reference frames used in d and q axes calculations for induction

machines simulation. Figure 2.2 shows the space vectors in the three reference frames, these frames

can be classified according to the d and q axes rotation speed [12]:

• Stationary reference frame αβ (known as the stator reference frame): The rotational

speed is zero.

• Synchronous reference frame DQ: the D and Q axes rotate at the rotational speed

ωs of the stator flux or stator voltage.

• Rotor reference frame dq: The d and q axes rotate at the rotor speed ωm.
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And the flux linkages can be replaced with currents and inductances as:











































ψa
sd = Ls · iasd +Lsri

a
rd

ψa
sq = Ls · iasq +Lsri

a
rq

ψa
rd = Lr · iard +Lsri

a
sd

ψa
rq = Lr · iarq +Lsri

a
sq

(2.45)

Here, "a" stands for arbitrary reference frame, depending on the reference angle which is chosen

(ω = dα/dt = 0, ω = ωm, or ω = ωs). The superscripts "0", "r" and "s" represent stationary, rotor

and synchronous reference frame respectively.

2.2.4 Power and Torque in dq Reference Frame

Once voltages, currents, and fluxes have been projected in the d and q axes, torque and power must be

calculated to complete the dynamic model. Electromagnetic torque is the link between electrical and

mechanical systems. Physically, the torque is generated by the forces present when the conductor

current passes through a magnetic field. Then, as the torque does not depend on the reference frame,

it can be expressed by using the space vectors with the superscript ’a’, which indicates the arbitrary

reference frame. Thus, the torque can be expressed as [12]:

Tem =
3

2
p

Lsr

Ls

Im(−→ψ a
s ·
−→
i a∗

r ) =
3

2
p

Lsr

Ls

(ψa
sqiard −ψa

sd iarq) (2.46)

Here, the 3/2 is due to the transformation, and it is necessary for the power equivalence between the

two axis and three axis systems. Some other equivalent expression can be obtained for the torque by

substituting the current or flux expressions in (2.46).

Finally, to complete the model, it is necessary to compute the active and reactive powers for both

stator and rotor, by using the space vector notation in the general reference frame. Those expressions

are thus:

Ps =
3

2
Re(

−→
υ a

s ·
−→
i a∗

s ) =
3

2
(υa

sd iasd +υa
sqiasq) (2.47)
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Qs =
3

2
Im(

−→
υ a

s ·
−→
i a

s ) =
3

2
(υa

sqiasd −υa
sd iasq) (2.48)

Pr =
3

2
Re(

−→
υ a

r ·
−→
i a

r ) =
3

2
(υa

rd iard +υa
rqiarq) (2.49)

Qr =
3

2
Im(

−→
υ a

r ·
−→
i a

r ) =
3

2
(υa

rqiard −υa
rd iarq) (2.50)

2.2.5 The Mechanical Subsystem

By applying the fundamental dynamic equation to the rotor of the machine, the relationship between

acceleration and torque balance can be written as follows:

Tem −Tload = J
dωmech

dt
(2.51)

Thus, Tload is the torque on the shaft originating from the mechanical input, ωmech is the mechanical

speed, J is the inertia on the shaft∗. The convention is that a positive Tem and Tload correspond to

the motoring mode and a negative Tem and Tload correspond to a generating mode. Either way, these

torques are always in opposition to each other. This model is used for a wind turbine, which is always

made to spin in the same direction, assumed to be counter-clockwise. In summary, it can be said for

steady state:

• Motoring: Tem > 0, Tload > 0 (both in counter-clockwise sense), ωmech> 0.

• Generating: Tem < 0, Tload < 0 (both in clockwise sense), ωmech> 0.

∗ Assumption: all mechanical inertias are concentrated in one value (single mass oscillator).

2.3 Chapter Conclusion

The dynamic modeling of DFIG is the basic step for working on grid connected DFIG. In this

chapter the DFIG model in three-phase reference frame was introduced, along with ABC space vector

representation, αβ reference frame, and the dq rotating reference frame which was presented using

the coordinate transformations.
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Direct control techniques (DTC and DPC) can overcome these drawbacks with their reduction of

computations and the simplified control algorithm, which does not require coordinate transformations.

More details are discussed later.

In this chapter, the DTC is presented in detail, then several possible techniques that improve the switch-

ing table of DTC are presented. Further, the DPC is also explained. Including these sections, some

simulations carried out with MATLAB/Simulink are shown in order to demonstrate the performances

and feasibility of these algorithms.

3.1 Direct Torque Control for DFIG

DTC is a popular direct control strategy of the three phase drive system; the torque and the rotor flux

are controlled using the hysteresis controllers and a switching table for choosing the voltage vectors

[2, 31–33, 56–58].

DTC is an effective alternative technique for the vector control mainly according to the control

variables that are used in both algorithms. In DTC, the electromagnetic torque and the rotor flux of the

machine are used as primary control variables, but in the FOC the q and d components of the stator

current control the active and reactive power of the stator when the stator reference frame is used [12].

The advantages and features of DTC over FOC can be summarized according to [20–22] as:

• Fast torque response.

• Minimized dependency on machine parameters.

• Reducing the complexity of vector control algorithm, the modulation technique and PID

controllers are not needed, which reduces the effort on the controllers.

• The coordinate transformations are not required.

• Simplicity and reliability.

Thus, with DTC, there is no need for separate voltage and frequency modulators, which cause an

additional delay time of torque and speed response. Conventional DTC is discussed in this section;

the DTC technique is based on the direct regulation of the electromagnetic torque and the rotor flux.

Modifying (2.46), the electromagnetic torque can be expressed as a function of the rotor flux, the

stator flux, and the angle δ between them:

Tem =
3

2
p

Lsr

σLsLr

| −→ψs | · | −→ψr | ·sinδ (3.1)
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controlling the angle the desired torque can be achieved.

The vector diagram of the rotor and stator fluxes expressed in the rotor reference frame is shown in

Figure 3.2, and the hexagon voltage vectors are shown in Figure 3.3.

From section 2.2.3, the rotor voltage expression in the rotor reference frame assumes the following

form:

−→
υr

r = Rr ·
−→
irr +

d

dt

−→
ψr

r (3.2)

Here, if the voltage drop in the rotor resistance is neglected, it yields to a direct dependence between

rotor voltage and rotor flux derivative:

−→
υr

r ≃
d

dt

−→
ψr

r (3.3)

Taking into account the rotor voltage in the above equation, it can be written as:

−→
ψr

r =
∫ t

0

−→
υr

r dt (3.4)

From the last expression, it is easy to understand that by imposing the right rotor voltage for each

time interval (∆t), it is possible to manipulate the rotor flux, and thus the electromagnetic torque is

selected as a result of equation (3.1). If the rotor is fed by a two-level voltage source converter, the

eight different voltages that can be applied to the machine are: V1, V2, V3, V4, V5, V6 and the zero

vectors V0 and V7. Hence, the way to impose the desired rotor flux is achieved by choosing the most

suitable state of the Voltage Source Converter (VSC). Depending on the position of the rotor flux, each

inverter state corresponds to a different behavior of torque and rotor flux. Thus, by injecting different

rotor voltages, the rotor flux follows a nearly circular trajectory beyond the stator flux, as shown in

Figure 3.4. Repeating a large sequence of possible voltage injections in each sector, it can become a

switching table, which permits the selection of the appropriated inverter voltage vector to be applied

to the converter on the basis of rotor flux and electromagnetic torque errors. The errors are obtained

by comparing the estimated and reference values of flux and torque. The possible combination of

the voltage vectors is shown in Table 3.1, where k indicates the number of the sector in which the

flux is located. Four active voltage vectors can be injected in each sector (e.g. V6, V2, V5, and V3

when the rotor flux space vector in sector 1). As an example, if
−→ψr in sector 6, Hψr=-1, and HTem=-1,
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Table 3.2 Sector division for the flux position determination

Sector Number Flux Angle θ ψr

1 -30 ° <θ ψr
<30 °

2 30 ° <θ ψr
<90 °

3 90 ° <θ ψr
<150 °

4 150 ° <θ ψr
<210 °

5 210 ° <θ ψr
<270 °

6 270 ° <θ ψr
<330 °

3.1.3 Electromagnetic Torque and Rotor Flux Reference Values Determination

Electromagnetic Torque Reference The conventional scheme used to perform the reference value

of the torque is a speed controller using PI control algorithm, but in this study, the speed is assumed

to be constant. The torque reference is a time step function to study different levels of machine torque,

as well as generating and motoring modes to prove the system reliability and flexibility on different

conditions. Motoring operation can occur in case of modern increased inertia simulation.

Rotor Flux Reference Since a wind turbine should follow specific codes related to the power

generation, the rotor flux reference can be replaced with a power reference [12]. This goal can be

achieved by manipulating the machine equations introduced in Section 2.2. The result is represented

by the following [12, 87]:

|
−→
ψ∗

r |=

√

√

√

√

(

k1 | −→ψs |+k2

Qsre f

| −→ψs |

)2

+

(

k3

T ∗
em

| −→ψs |

)2

(3.6)

Where:

k1 =
σ

Lr

Lsr +
Lsr

Ls

, k2 =
−σ Lr Ls

1.5ωsLsr

, k3 =
−σ Lr Ls

1.5 p Lsr
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The electromagnetic torque is already known from the previous section, and the stator flux can be

obtained from the stator voltage expression if the resistive drop is neglected:

| −→ψs | ≈
| −→υs |
ωs

(3.7)

3.1.4 Hysteresis Controllers and Rotor Voltage Vector Selection

The estimated and reference values are compared, then the resulting error is delivered to two hysteresis

controllers, as shown before in Figure 3.5: one for the electromagnetic torque and one for the rotor

flux. A three-level hysteresis comparator is used for the torque, and a two-level hysteresis comparator

is used for the flux, as shown in Figure 3.6. As can be noted, the output of the torque controller is

represented by a variable HT, which indicates directly if the amplitude of the torque must be increased

(HT = 1), decreased (HT = - 1), or kept constant (HT = 0), depending on the input.

The conditions of the torque comparator are given as (with T ∗
em is the torque reference value):

HTem = 1, f or : (T ∗
em −Tem)≥ HBT�2 (3.8)

HTem =−1, f or : (T ∗
em −Tem)≤−HBT�2 (3.9)

HTem = 0, f or : −HBT�2 ≤ (T ∗
em −Tem)≤ HBT�2 (3.10)

Here, HTem and HBT are the torque status signal and the hysteresis band of the torque and T ∗
em is the

torque reference value. A similar scheme is used with the rotor flux; the error obtained serves as an

input of the two-level hysteresis comparator. If the error is positive Hψr =1; the flux magnitude should

be increased, and when the error is negative Hψr = -1, the magnitude of flux should be decreased.

The conditions of the flux comparator are given as follows (with ψ∗
r is the rotor flux reference value):

Hψr = 1, f or : | ψ∗
r | − | ψr |≥ HBψ�2 (3.11)

Hψr =−1, f or : | ψ∗
r | − | ψr |≤ −HBψ�2 (3.12)
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seen in Figure 3.5, is used for this purpose. It is placed after the switching table and vector selection,

the main purpose of this block is to limit the switching frequency, so that it does not exceed a limit,

which has to be defined. Figure 3.19 shows the block diagram of the switching frequency limitation, a

predefined maximum switching frequency is used to limit the output pulses frequency. A feed back

signal from the limited pulse performs the external reset of discrete integer, after integration the output

of integrator is compared with a constant 1 to multiply it with the input pulse. Thus, the result is

subjected to a S-R flip-flop through a data conversion block. The flip-flop records the over-flow status,

for the input signal.

3.2 DTC Improvement

As well as the advantages of DTC that were handled in the previous section, there are some drawbacks

that affect system reliability and performance. Much of the literature discuss these drawbacks and

suggest several possibilities for improvement [60–65]. The disadvantages of DTC can be summarized

as:

• Problems during starting.

• Variable switching frequency that leads to undefined semiconductors switching losses.

• Problems in torque and flux at low speed values.

• Ripples in electromagnetic torque, current, and flux.

• Effect on torque and flux estimation due to resistances, voltage and current measurement

variation.

• The desired torque is satisfied for only a few switching points as two voltage vectors

are visible in each sector.

In this section, three different DTC techniques are used to overcome these drawbacks. The simulation

results are discussed and compared with conventional DTC.

3.2.1 Twelve Sectors DTC

One of the disadvantages of the conventional DTC algorithm is the use of six non-zero voltage vectors

by the VSC, as the desired torque is satisfied for only few switching points, and most voltage vectors

introduce a torque that is either greater or less than the desired torque [66–68]. In addition, each

sector in the conventional DTC has two states, which present torque ambiguity, and they are not used;
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it can be noted from Table 3.3 that the voltage vectors V1 and V4 do not appear in the first sector.

The same thing for the other sectors with different voltage vectors; this will lead to an uncertainty

in the flux and torque within a 60 degree sector. Moreover, large and small errors in torque and flux

cannot be distinguished in classical DTC because the same voltage vectors are used during different

operating conditions [68, 67].

These drawbacks can be solved by using the 12-sector DTC technique. In this control strategy, all

voltage vectors are used in all twelve sectors, as can be seen in Table 3.4. The switching is therefore

more accurate; the voltage vector plane is divided into twelve sectors instead of six. The rotor flux

locus is illustrated in Figure 3.9, where: TI,TD (HTem=2,-2) is a large increase and decrease of torque,

FI,FD (Hψr=1,-1) is an increase and decrease of flux, and TsI,TsD (HTem =1,-1) is a small increase

and decrease of torque.

Table 3.4 Switching table for the twelve sector DTC.

Sector Number
1 2 3 4 5 6 7 8 9 10 11 12

Hψr HTem

1

2 V2 V3 V3 V4 V4 V5 V5 V6 V6 V1 V1 V2

1 V2 V2 V3 V3 V4 V4 V5 V5 V6 V6 V1 V1

-1 V1 V1 V2 V2 V3 V3 V4 V4 V5 V5 V6 V6

-2 V6 V1 V1 V2 V2 V3 V3 V4 V4 V5 V5 V6

-1

2 V3 V4 V4 V5 V5 V6 V6 V1 V1 V2 V2 V3

1 V4 V4 V5 V5 V6 V6 V1 V1 V2 V2 V3 V3

-1 V7 V5 V0 V6 V7 V1 V0 V2 V7 V3 V0 V4

-2 V5 V6 V6 V1 V1 V2 V2 V3 V3 V4 V4 V5

Torque comparator conditions for this scheme are provided by the following equations:

HT = 2 f or (T ∗
em −Tem)≥ HBT�2 (3.13)

HT = 1 f or HBT�2 ≥ (T ∗
em −Tem)≥ 0 (3.14)
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Table 3.6 Switching table of modified DTC

Number of Sector
1 2 3 4 5 6

Hψr HTem

1

1 V1 V2 V3 V4 V5 V6

0 V7 V0 V7 V0 V7 V0

-1 V2 V3 V4 V5 V6 V1

-1

1 V5 V6 V1 V2 V3 V4

0 V0 V7 V0 V7 V0 V7

-1 V4 V5 V6 V1 V2 V3

results is presented in this section (the same simulations were done for different rotating speeds and

the results give similar behavior), and imposing step changes of the torque in generating in addition to

motoring modes which could be used in grid stabilization during fault conditions. For simulation of

the three different DTC techniques that were mentioned before, the voltage source inverter is used,

and the simulations have been carried out using MATLAB/SIMULINK.

The results were obtained for conventional six sectors DTC, twelve sectors DTC, and DTC with

modified switching table. The inverter switching frequency was limited to 5 kHz, and the sampling

time was 0.3 µsec.

The torque hysteresis band was 5% Tnom, and flux hysteresis value was 2% ψnom. The DC-link voltage

was kept constant at the value of 1200 V.

The same simulations in this section have been also implemented for a 3.5 kW DFIG and its parameters

were determined experimentally and provided in Appendix A. The results with the three DTC

techniques are presented in Appendix B.

3.3.1 Conventional DTC

The torque oscillated around its reference values, which varied as: 0 → - 0.5 Tnom → - 0.2 Tnom →
0.4 Tnom at 0, 1.5, 2.5, and 3.5 sec respectively, as can be seen in Figure 3.11. Electromagnetic torque

was not distorted, and followed the reference but with notable ripples. The reference was reached

very quickly. This behavior confirms one of the most significant advantages of DTC.
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Table 3.7 Comparison analysis between DTC algorithms.

Property Conventional DTC Twelve Sectors DTC Modified DTC

Dynamic response
Fast

(700 µs)

Fast

(700 µs)

Fast

(800 µs)

Torque and flux states in each sector Two torque states are not determined All voltage vectors torque and flux are determined Two flux states are not determined

Ripples Torque and flux ripples Torque and flux ripples Torque and flux ripples

Torque and flux variation Small and large torque variation are not notable Small and large torque variation can be notable Small and large torque variation are not notable

As mentioned before, the main disadvantage of DTC is the ripple in torque and flux due to

switching, so that it is useful to study this factor and compare DTC methods. Table 3.8 presents the

ripples percentage of torque and flux at different times. Accordingly, as expected, all DTC algorithms

have ripples in torque and flux. Conventional and modified DTC have close ripple percentages, but

the conventional DTC has lower ripples values, while it is obvious that the twelve sectors DTC has

the best performance, and the ripples are reduced over the other methods.

Table 3.8 Ripples percentage of torque and flux for DTC algorithms.

DTC Method Conventional DTC Modified DTC Twelve Sectors DTC

Reference Torque Torque Ripple Rotor Flux Ripple Torque Ripple Rotor flux Ripple Torque Ripple Rotor Flux Ripple

-0.5 *Tnom 6.28 % 2.39% 4.78% 3.86% 3.81% 2.61%

-0.2 *Tnom 13.12% 2.45% 10.99% 3.61% 9.58% 2.2%

0.4 *Tnom 6.41% 12.56% 6.06% 12.84% 4.55% 1.77%

To achieve a deeper analysis of DTC schemes, the waveform of stator current and its harmonic

spectrum in the time interval (1.5-2.5)s for all DTC strategies is shown in Figure 3.20. The total

harmonic distortion (THD) of stator current are 6.5%, 2.25%, and 16.95% for conventional, twelve

sectors, and modified DTC respectively.

It is clear from the analysis of the performance, ripple calculations, and THD comparison of the

DTC techniques that the twelve sectors DTC has the best performance and least amount ripples when

compared to conventional and modified DTC.
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variables that are used to directly control the machine [23–26]. In the DPC, control variables are the

active and reactive powers on the stator side, which can be expressed as:

Ps =
3

2
Re(

−→
υr

s ·
−→
ir∗s ) (3.17)

Qs =
3

2
Im(

−→
υr

s ·
−→
ir∗s ) (3.18)

Using (2.45), the stator current can be given by:

−→
irs =

−→
ψr

s

σLs

−
Lsr

−→
ψr

r

σLsLr

(3.19)

Moreover, from (2.44) the stator voltage in the rotor reference frame can be written as:

−→
υr

s = Rs ·
−→
irs +

d

dt

−→
ψr

s + jωm

−→
ψr

s (3.20)

Thus, if the voltage drop in the stator resistance is neglected, by substituting (3.19) and (3.20) into the

power expressions and with some mathematical calculations, these assume the form:

Ps =
3

2

Lsr

σLsLr

ωs |
−→
ψr

s | · |
−−→
ψr

r |sin(δ ) (3.21)

Qs =
3

2

ωs

σLs

| −→ψr
s | ·







Lsr

Lr

| −→ψr
s | − | −→ψr

r | cos(δ )






(3.22)

Analyzing these equations, the control variables can be defined as:

• Stator flux
−→
ψr

r : The stator is directly connected to the grid; thus, the stator flux space

vector can be assumed to have constant amplitude and rotating speed.

• Rotor flux
−→
ψr

r and angle δ : in 3.21 and 3.22 it can be noticed that the terms | −→ψr
r | sin(δ )

and | −→ψr
r | cos(δ ) influence active and reactive powers respectively. This influence

indicates that, by controlling these terms separately, the active and reactive power control

can be decoupled.

In Figure 3.21, the space vector representation of stator and rotor fluxes is shown. As can be noticed,
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estimated in the stator reference frame as follows [89]:

Ps =
3

2
(υsd isd +υsqisq) (3.23)

Qs =
3

2
(υsqisd −υsd isq) (3.24)

As stated before, together with the power values, DPC requires the sector in which the rotor flux is

located. Using the same equation for DTC, the flux position can be calculated from the flux phase

angle θψr
.

3.4.3 Active Power Reference

The active power and electromagnetic torque are related by the following expression [12]:

Ps = Tem

ωs

Pp

(3.25)

Therefore, the active power reference is deduced from the torque reference which was mentioned

before in DTC as step changes of torque.

3.4.4 Hysteresis Controllers and Rotor Voltage Vector Selection

Two hysteresis controllers are used in DPC to keep errors between reference and estimated values

within prefixed band values. Different from DTC, in this case the zero vectors (V0 and V7) produce

a variation in both the active and reactive powers, and their effects are different depending on the

operating rotor speed, if in sub-synchronous or hyper-synchronous mode [59]. Moreover, since the

rotor resistance has been neglected in (3.3), the impact of the zero vectors is more complicated. For

these reasons, the DPC has been implemented with a three-level hysteresis comparator for active

power and a two-level hysteresis comparator for reactive power. Both the comparators are shown in

Figure 3.24.

The controller outputs HPs, HQs, and the sector number are used to choose the most suitable rotor

voltage vector, following the look-up Table 3.10.
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damping resistance. υdc and idc are the voltage and current through the dc link capacitor. Thus, by

applying Kirchhoff’s law, the following equations can be immediately obtained:







































υag = υa f + iagRg +Lg

diag

dt

υbg = υb f + ibgRg +Lg

dibg

dt

υcg = υc f + icgRg +Lg

dicg

dt

(4.1)







































υai = υa f + iaiRi +Li

diai

dt

υbi = υb f + ibiRi +Li

dibi

dt

υci = υc f + iciRi +Li

dici

dt

(4.2)

The current through the capacitor branch of the filter is given by:







































iac = iai − iag =C f

d

dt
(υa f − iacRd)

ibc = ibi − ibg =
d

dt
(υb f − ibcRd)

icc = ici − icg =
d

dt
(υc f − iccRd)

(4.3)

At frequencies lower than half of the resonance frequency, the LCL filter can be considered as RL

filter [90]. Thus, the filter can be simplified as:

R f = Ri +Rg (4.4)

L f = Li +Lg (4.5)

Here, R f and L f are the filter resistance and inductance of the RL filter as assumed. Therefore, to

perform the vector control, the space vector representation introduced in section 2.2.1 is applied on

equations (4.1), (4.2) and (4.3). The dq model of the GSC in an arbitrary reference frame rotating
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by:

Pgc =
3

2
(υdgidg) (4.13)

Qgc =−3

2
(υdgiqg) (4.14)

Thus, under ideal conditions, the voltage term υdg is constant, and the active and reactive power could

be controlled respectively by the d axis and the q axis currents. Because the aim of the control is

to achieve a unity power factor, Qgc = 0, the reference current in the q-axis should be zero, iqg = 0.

Regarding the current in the d axis, neglecting the harmonics due to the switching and ignoring the

losses of IGBTs in Figure 4.1, the input and output powers should be equal. The following expression

can then be written:

υdcCdc

υdc

dt
+υdcirsc =

3

2
(υdgidg) (4.15)

Where irsc is the RSC current.

Hence, the purpose of the GSC control is to regulate the DC-link voltage and achieve a unity power

factor. This goal can be achieved by controlling the dq axis currents. Rewriting the grid side converter

equations (4.6) and (4.7) in the dq reference frame with the new assumptions derived from equations

(4.10), (4.11) and (4.12) as follows:

υdi = L f

didg

dt
+R f · idg − (ωgsL f iqg −υdg) (4.16)

υqi = L f

diqg

dt
+R f · iqg +(ωgsL f idg) (4.17)

As it can be noticed, the d and q axis have the coupling terms ωgsL f iqg and ωgsL f idg due to the trans-

formation. Thus, to achieve competitive control performances, a feed-forward control combined with

PI controllers is used [12]. The PI controllers are chosen because they have successful performance

in controlling constant quantities, such as the d-q currents in the synchronous reference frame. The



54 Grid Side Converter

compensation terms, which have been put into brackets in (4.16) and (4.17), are as follows:

υcomp
d =−ωgsL f iqg +υdg (4.18)

υcomp
q = ωgsL f idg (4.19)

Therefore, by considering these terms, the controller output voltages are:

υ
′
d = υdi −υcomp

d = L f

didg

dt
+R f · idg (4.20)

υ
′
q = υq0 −υcomp

q = L f

diqg

dt
+R f · iqg (4.21)

Here, υ
′
d and υ

′
q are the outputs of the PI controllers. Hence, the last equations describe the currents

loop, which is the inner control loop. The block diagram in Figure 4.2 represent the vector control of

the GSC; a current reference for the inner loop, is given by an outer control loop which is needed to

control the DC-link voltage.

4.3 Reference Frame Alignment

4.3.1 Zero Crossing Method

A simple method for detecting the phase and frequency information is to detect the zero-crossing

of the grid voltage, by using comparators that can identify the changes in the polarity of the voltage

[92–94]. But this method has two notable drawbacks. First, as the zero-crossing point can be detected

only at every half period of the wave between two detecting points, the phase tracking cannot be

obtained [95]. As such, the dynamic performance of this system is too slow. The second important

drawback is that the grid voltage is prone to being corrupted by the notches from power device

switching, low frequency harmonic content and noise, easily causing inaccuracy and multiple zero-

crossing detection [96, 97]. Therefore, a digital filter is needed to obtain the fundamental component

of the grid voltage at the line frequency. The delay introduced by the filter and the effects due to

the noise and switching notches of the grid voltage can be avoided, and numerous techniques have

been presented in the technical literature: advanced filtering techniques were presented in [97, 98],
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and time to digital filtering algorithm was presented in [99]. However, starting from its simplicity,

if the two major drawbacks are avoided by using advanced and relatively complex techniques, the

zero-crossing method results in a complicated and unsuitable method if accuracy and fast tracking of

the grid voltage angle are requested.

4.3.2 Arctangent Method

One more solution for obtaining the phase angle of the grid voltage is to implement the arctangent

function to the voltages, transformed into a Cartesian coordinate system, such as stationary or

synchronous reference frames. This method has been used in [100] for transforming feedback

variables in different reference frames and in [101] for the grid voltage synchronization. However,

the main drawback of this strategy is that to achieve an accurate detection of the phase angle and

frequency even in case of distorted grid voltage, additional filtering is needed, as shown in the diagram

blocks above. Therefore, it is more advisable to use different approaches for grid-connected converter

applications.

4.3.3 Phase Locked Loop

Phase locked loop (PLL) is a widely used phase tracking algorithm, and it currently represents the

state-of-the-art method for obtaining the phase angle of the grid voltage [102–105]. This algorithm is

essentially a closed-loop feedback control; it is able to provide an output signal, which is synchronized

in both phase and frequency with the reference input signal [106]. The PLL is commonly realized in

the dq reference frame.

4.3.4 Reference Frame Method Selection

Chiefly, PLL is a closed-loop feedback signal control [107]. It has a simple and flexible structure.

The PLL tracking algorithm has been chosen in this analysis so as to obtain the phase angle of the

grid voltage because of its attractive specifications over the other methods mentioned before. Those

specifications are as follows:

• Good filtering because of the narrow-band tracking feature.

• Ability of realizing perfect frequency control.

• High accuracy without complex calculations.

• Obtaining more accurate PWM.
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n =
∆imax,rip

Ii

(4.28)

Here, ∆imax,rip is the maximum increased or decreased inverter current (ripple current), and Ii is the

rms inverter current. The coefficient (n) in this analysis was chosen as 10 % according to the German

Electricity Association (VDEW) standard [119] and the analysis in [120], which also follows the

VDEW standards where the ripple current’s permitted range is between 10% and 20 % of the current

in converter side. Thus, the ripple current can be achieved by:

∆imax,rip = 0.1 · Ii = 0.1 ·
√

2Pnom

3
Vnom
√

3

(4.29)

Therefore, the inductance Li can be evaluated by [121]:

Li =
VDC

4 ·∆imax,rip · fsw

(4.30)

To define the capacitor value, it should be considered that for converters connected to the grid, the

reactive power absorbed at rated conditions is generally less than 5%. Thus, C f is calculated as a

percentage of the base value:

C f = x ·Cb = 0.05Cb (4.31)

Regarding the grid side inductance Lg, it can be calculated by selecting the desired current ripple

attenuation with respect to the ripple of the converter side current:

ig( fsw)

ic( fsw)
=

1

| LgC f ω2
sw −1 |= 10% (4.32)

Here, ig( fsw) and ic( fsw) are the grid and converter currents ripple respectively at the switching frequency.

Having chosen the filter values, the resonance frequency can be calculated and used to check the

system quality, as the following relationship must be respected to avoid resonance problems:

10 · fgrid ≤ fres ≤ 0.5 · fsw (4.33)
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Here, 10 · fgrid = 10 · 50 Hz = 500 Hz and 0.5 · fsw = 0.5 · 5000 Hz= 2500 Hz. The resonance

frequency of the designed filter can be obtained as:

ωres =

√

√

√

√

Li +Lg

LiLgC f

, fres =
ωres

2π
(4.34)

Thus, the relationship 4.32 is perfectly respected. As stated in the transfer function calculation, a

damping resistor is employed to increase the stability of the system. The damping resistor should

have a sufficient value to avoid oscillations, but it should not be excessively big otherwise it can cause

large power losses. In this analysis, it is chosen as one-third of the impedance of the capacitors at

resonant frequency [116]:

Rd =
1

3ωresC f

(4.35)

Simulation Results As stated before, the LCL filter is connected to the inverter output. The

simulation results of the inverter output voltage, and current with and without using the filter, under

the same conditions of Section 3.3 are illustrated in Figure 4.7.It is clear the voltage and current

inverter outputs are very pure when the filter is used, as the performance is better, and the ripple is

reduced.





Chapter 5

Synchronization

As stated in the earlier chapters, one of the main advantages of the DFIG is the size reduction of the

power converter connected to the rotor side of the generator. As such, the limited AC voltage only

permits control of the machine in a range of speeds near to the synchronism (± 30 %). This feature of

the DFIG requires finding another strategy for the startup of the machine, as the AC voltage requested

from the machine during startup is higher than the voltage requested at normal operations around the

synchronous speed [122, 123, 18, 124].

Typically, the solution adopted consists of disconnecting the stator of the machine from the grid by

using a breaker so that the wind makes the rotor of the machine rotate [125–128]. Then, when the rotor

reaches a controllable speed range, a connection process between stator and grid is carried out. Before

closing the stator breaker and connecting the machine to the grid, some important conditions must

be respected: The induced stator voltages must be as equal as possible to the grid voltages in phase,

frequency, and amplitude. Therefore, a control strategy is necessary. The most generic algorithm is

depend on a vector control that use two different PI controllers to accomplish the amplitude and phase

equality separately [129]. In this chapter, the grid synchronization is achieved by using Direct Virtual

Torque Control (DVTC), which provide some advantages, as direct torque control has been used for

the control of normal operation of the machine [130, 129].

5.1 Principles of Direct Virtual Torque Control

As mentioned in the introduction to this chapter, before the synchronization of the stator voltage to

the grid voltage, the stator breaker is opened as shown in Figure 5.1.
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| −→ψg |=
| −→υg |
ωgs

(5.4)

Here, ωgs is the grid angular frequency [rad/s],υgα and υgβ are the α-β components of grid voltage.

Once these magnitudes have been defined, the method of their control for the grid synchronization is

investigated in the next section.

5.2 DVTC for Grid Synchronization

As stated before, the purpose of the control is to adjust the stator voltage until it reaches the same

amplitude, phase, and frequency of the grid voltage. If the voltage drop in the stator resistance is

neglected, the stator flux in the stator reference frame can be expressed as a function of the stator

voltage:

d
−→ψs

dt
=
−→
υs (5.5)

θsg = tan−1
υsβs

υsαs

(5.6)

Therefore, from Equations (5.2) and (5.5) it can be seen that the requirements of phase and frequency

equality between stator voltage and grid voltage can be obtained by the phase and frequency equality

between the stator flux
−→ψs and the grid virtual flux

−→ψg. However, as stated in an earlier chapter,

because the stator breaker is still opened the electromagnetic torque is zero. This means that the stator

flux
−→ψs and the rotor flux

−→ψr are collinear (from Equation 2.46). Therefore, the aim of the control

regarding phase and frequency synchronization can be met by bringing to collinearity the grid virtual

flux
−→ψg and the rotor flux

−→ψr. From Equation (5.1), δυ must then be forced to zero, and thus the torque

as well. This condition can be guaranteed by imposing a reference virtual torque equal to zero in

the DVTC scheme, which is the same as the DTC scheme with the changes in the estimation and

reference torque. Thus, the advantage of this synchronization technique is that the same structure

with the same look-up table of DTC is used for load and no-load operations. The switching from the

virtual torque estimator to the electromagnetic torque estimator does not decline the performance of

the system, since in the transition from no-load to grid-connected mode both the torques are zero. As

well known, another condition regarding the amplitude of the stator voltage must be imposed. This

goal can be achieved by acting on the rotor flux controller, obtaining in this way a decoupled control







Chapter 6

Low Voltage Ride Through for DFIG

Recently, with the increased demand on wind power, system operators should meet the power grid

requirements to maintain safe, stable, and continuous operation of the power generation system. Past

grid codes∗ (e.g first German grid codes for wind energy in 2003) recommended disconnection of the

wind turbine system when a voltage dip occurs under 0.8 per unit [131]. Later up from 2007, instead

of disconnection, larger wind turbines had to support the electric grid during voltage sags [69]. LVRT

is an important challenge for the system operators, especially when a DFIG power system is used.

There are many ways to solve the LVRT problem, two modifications of the rotor circuit including the

addition of either a silicon-controlled rectifier (SCR) rotor-crowbar circuit or a three-phase rectifier

and modulated resistive load to improve in the DFIG ride-through capability [132–134]. In this

chapter, different types of grid faults (symmetrical and asymmetrical three-phase dip) are analyzed,

and DFIG behavior is discussed as well as LVRT solutions.

6.1 LVRT Grid Codes Requirements for a DFIG Wind Turbine

One of the main drawbacks of DFIG-based wind turbines is the sensitivity to grid disturbances. Older

wind turbine systems had to be disconnected from the grid and synchronized again when the grid

voltage recovered. The latest grid codes do not allow generator tripping even during severe voltage

dips (down to 20 % - 0 % remaining voltage) and request provisioning of high reactive currents only

few milliseconds after fault occurrence to support the grid. [135] states that contemporary DFIG based

wind turbines are in almost all cases unable to meet rising LVRT and reactive power requirements.

The LVRT profile according to the German transmission code [69] is shown in Figure 6.1. The areas

in Figure 6.1 denote the following requirements:

• Area 1: ’Three-phase short circuits or symmetrical voltage drops due to disturbances

must not lead to instability or to a disconnection of the generating facility from the

network’ [69].

• Area 2 the following shall apply: All generating facilities shall pass through the fault

without being disconnected from the network. Short-time disconnection (with short

clearing time) is also allowed by agreement with grid operator if the generator becomes
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power electronic switch connected to the rotor circuit), which is discussed later in this

section.

• Series Dynamic Braking Resistor: To limit the rotor over-current, a series dynamic

resistor is connected in series with the rotor circuit. Moreover, it can also limit the

over-voltage because of its series connection [74].

• Reverse Current Tracking Method: The main principle of this topology depends on the

limitation that the sum of rotor and stator current vectors equal to the excitation current

corresponds to the stator flux, so the rotor current can be controlled by tracking the

stator current in the opposite direction [75].

• Stator Current Feed Back Technique: This technique is based on modifying the control

system in such a way that the rotor current is reduced without adding any hardware to the

system. When the fault occurs, the rotor and stator currents are measured and fed back

to the rotor current controller as reference. The aim of this control strategy is to reduce

stator current oscillations and the rotor currents [76].

• Flux Linkage Tracking: The main purpose of this control strategy is to keep the difference

between the rotor and stator flux linkage small so that the rotor current does not exceed

its maximum allowed value [70].

• Crowbar Circuit: This circuit is the conventional method for LVRT [71, 77–79]. In the

voltage dip situation, the rotor circuit of DFIG is disconnected, and the machine runs as

squirrel cage induction motor. Thus, the crowbar circuit is connected to the rotor circuit

and becomes a path for the rotor current, but the DFIG still connected to the grid. This

method is chosen as a LVRT solution in this work due to its simplicity, functionality, and

low cost. The next section propose the crowbar protection method with a more detailed

analysis.

6.3.1 Crowbar Protection

DFIG systems are equipped with a protection called "crowbar" that is connected in parallel between

the rotor terminals and the RSC [145, 146]. The design of crowbars and their control systems are an

important issue of modern research efforts. The crowbar provides a path for the rotor currents to avoid

the high current on the RSC once the converter loses current control. The operation of the crowbar

protection system during grid fault can be summarized into the following steps:
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rotor voltage, and so may damage the back-to-back converter[66].

To choose the best value of crowbar resistance, different crowbar resistance has been chosen as 20, 50,

100, and 200 times the rotor resistance and simulated as shown in Figure 6.15.

As can be seen in the figure, a crowbar resistance with a value of 200 ∗Rr (the red curve) had the

highest peaks in most waveforms. This value is then not preferred as a crowbar resistance because

the main purpose of it should be to reduce these peaks. Having a look again to Figure 6.15, it can

be concluded that the other curves, which perform 20 ∗Rr, 50 ∗Rr, and 100 Rr have slightly similar

effects on damping the peaks of torque, stator flux, and rotor flux. The impact of those resistances

is different in rotor voltage and current waveforms. To conclude based on these results, a crowbar

resistance of a value 20 ∗Rr can be chosen in the crowbar protection circuit to dampen the rotor over

voltage and current to 50 V and 1821 A respectively. The results of 3.5 kW DFIG under three phase

voltage dip with and without crowbar protection are presented in Appendix B.2.
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(a) (b)

(c) (d)

(e) (f)

Figure. 6.15 (a) Crowbar current, (b) Rotor current, (c) Electromagnetic torque, (d) Rotor voltage, (e) Stator

flux, and (f) Rotor flux during three phase voltage dip using different crowbar resistances.
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condition: S1 is closed and S2 is opened.

• The control circuit had a 1 A fuse.

6.4.1 Fault Detection

Figure. 6.17 Fault detection circuit.

To detect a fault in reality, it is necessary to know the three phase voltage values. To measure them,

the voltage transducer LEM-25p was used; the output is a current that is proportional to the phase

voltage. Using a resistor, it is possible to measure a voltage that is proportional to the output current

and thus to the measured voltage. The circuit, which can be seen in Figure 6.17, consisted of the

voltage transducer (LEM-25p) with all the required resistances (Rv, Rm). RP is the resistance of the

primary windings, which in this case were far smaller than Rv but, for the sake of completeness, are

still included in the scheme. Afterwards, the output signal was shifted upwards using an inverting

adder consisting of Rx, Ry, Rz and an OPAMP (doing so is possible because the voltage transducer

requires -15V as supply). ATMEGA32 was the microcontroller used to give an indication. Because

the controller (ATMEGA32) cannot work with negative voltages or voltages that are bigger than 5V,

the output signal needed to be manipulated further, for this purpose, an amplifying adder was used.

The parameters for the fault detection circuit can be found in A.5.

6.4.2 Circuit Components

For the practical realization of the fault detection circuit, a micro-controller (ATMEGA32) and an

OPAMP (LM358 N-P) were printed and soldered onto a PCB. In addition to ATMEGA32 and OPAMP,
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the following components were added:

• Zener Diodes to protect the inputs of the µC from over-voltages.

• A voltage regulator to break down the +15V to +5V for the µC.

• Capacitors to stabilize the supply voltages.

• Potentiometer to set the threshold value, at which the circuit outputs an error signal.

• Plug for the ISP-programmer.

• A pull-up resistance between 5 V and the reset-pin of the controller to ensure that it

had a fixed potential. The resistances in Figure 6.17 have been calculated to meet the

system requirements. The parameters of the fault detection circuit are in A.5.

6.4.3 Test Realization

To evaluate the performance of the components that have been designed in this work, a test of the sag

generator and sag detector has been performed. A 3ph-voltage sag of 100% was simulated using a

transformer as voltage source, while a squirrel cage induction machine was the load that simulated

the inductive load of the DFIG.

Figure. 6.18 Generation of 100% voltage dip.

The performance of VSG with load is illustrated in Figure 6.18. to evaluate the behavior of

the fault detection. Several measurements with the same setup have determined the time the fault

detection takes. The result of these tests is that the detection of the fault takes between 0.4ms and
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0.75ms, depending on the timing of fault occurrence. With the components that were designed and

built in this work, it is now possible to simulate any fault in the grid on the test bench, detect the fault

and then activate the crowbar to operate the DFIG as compliant to the grid codes as possible.

6.5 Chapter Conclusion

The LVRT is an important challenge for grid-connected DFIG in wind power generation. DFIG under

symmetrical and asymmetrical grid faults were discussed in this chapter; an impedance-based VSG

was used to implement the grid fault.

The behavior of DFIG under voltage dip was studied in different fault types, and the results demon-

strated that the DFIG performance is affected by the voltage dip, and when the fault occurs, there are

over-voltages and over-currents on the rotor circuit, in addition to instability of the electromagnetic

torque. The solution of LVRT risk was also handled in this chapter, and the crowbar circuit was

chosen. The crowbar protection showed successful performance in reducing the overshoots in voltage,

current, flux, and torque. Different values of crowbar resistance were applied, and the results were

compared to choose the most suitable value. Thus, a value of 20 ∗Rr was chosen to dampen the

overvalues in the waveforms. Finally, VSG realization was presented as well as the fault detection

circuit, then, the generation of 100 % 3-phase voltage sag was investigated.



Chapter 7

Conclusion

7.1 Conclusion

This dissertation focuses on the performance of DFIG based wind power generation. The main

purpose of this work is to analyze DFIG characteristics with several control strategies. Thus, a

comparison between these algorithms was carried out to improve system reliability and achieve better

behavior of the machine.

First, a dynamic model of DFIG has been designed in abc, αβ , and dq reference frames to provide

better understanding of the machine behavior. Doing so provides the possibility to study the dynamic

and steady state effects of the machine under different operating conditions.

DTC has been designed and implemented for the RSC control. The principle of the conventional

control algorithm was first established in detail, then another DTC techniques were presented so as to

improve the performance and overcome the disadvantages of the conventional method. Thus modified

switching table and twelve sectors DTC techniques have been implemented. The simulations have

been carried out in the MATLAB/SIMULINK environment, and the characteristics of DFIG for the

three DTC algorithms have been discussed and compared to satisfy the best topology depending on

torque, flux ripple calculations, and the spectrum analysis of the stator current.

From the analysis of the DTC techniques, it was found that the twelve sectors DTC technique has

the lowest torque and flux ripples, and that the THD of the stator current is reduced, so it can

be concluded that the twelve sectors DTC has the best output characteristics when compared to

the conventional and modified DTC. Moreover, DPC was designed to control the RSC; the active

and reactive power waveforms were analyzed and the spectrum waveform of them was presented.

Comparing the THD with the DTC techniques, DPC has higher harmonic distortion. As a result, DTC

has better performance than DPC.

In this work, FOC was used for GSC control. The main purpose of this control was to achieve unity

power factor by controlling the DC-link voltage. The ripple occurred due to switching the IGBT’s was

eliminated by using LCL filter, the harmonics were successfully removed since the filter parameters

have been chosen accurately.
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DVTC was proposed for the start-up of the machine, the synchronization process secured equality

between stator and grid voltage of amplitude, phase and angle, to provide smooth machine starting. In

addition to the direct control techniques, the LVRT problem is the second main contribution of this

dissertation. The LVRT effect was deeply explained, the conventional DTC was used in this analysis,

several grid faults were discussed, and the results have been obtained. Then different scenarios for

LVRT were discussed, the crowbar protection circuit was chosen in this work, and the results were

compared for 2 MW DFIG with and without using the crowbar. Thus, it can be concluded that the

peaks generated due to the voltage dip can be reduced by connecting crowbar resistances in parallel

with the machine rotor circuit.

The main contributions of this dissertation can be summarized as:

• Dynamic modeling and analysis of a DFIG-based wind power generation.

• Analysis and simulation of three different DTC topologies.

• Analysis and simulation of DPC.

• Analysis and simulation of DFIG synchronization.

• Study of LVRT for DFIG with discussion of the problem solutions.

7.2 Future Work

This work covers important subjects concerning the DFIG wind energy system. Nevertheless, there

are more aspects that can be recommended for future research, listed as follows:

• Experimental verification of back-to-back converter control including DTC techniques

and DPC.

• DPC improvement to eliminate active and reactive power harmonics and oscillation.

• Study of DTC with constant switching frequency by modification of the control algorithm.

• Apply dual DTC in which two switching tables for rotor and stator fluxes vector control

are used to control the back-to-back converters.

• There are many interesting points can be investigated associated with the LVRT problem

such as:

• Analysis of additional LVRT solutions such as:

• Adding additional hardware components: Series dynamic braking resistor or DC

breaking chopper.
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• Possible modifications on the control system: stator current feedback, reverse

current tracking, and flux linkage tracking.

• Include loss calculations for the DFIG to perform a more realistic analysis.
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Appendix A

System Parameters

A.1 Machine Parameters

Parameter Symbol 2 MW 3.5 kW

Rated Power Pn 2 MW 3.5 kW

Rated Frequency Fn 50 Hz 50 Hz

Synchronous Speed ωs 1500 r.p.m 1500 r.p.m

Rated rms Line to Line Stator voltage Vg 690 V 380 V

Rated rms Stator Current Is 1760 A 8.100 A

Rated rms Line to Line Rotor Voltage Vr 2070 V 140 V

Rated rms Rotor Current Ir 1807.400 A 17 A

Nominal Torque Tnom 12732 N.m 23.700 N.m

Pole Pairs P 2 2

Stator Resistance Rs 2.600 mΩ 996.900 mΩ

Rotor Resistance Rr 2.900 mΩ 268.800 mΩ

Rotor Resistance Referred to stator R
′
r 26.100 mΩ 1.476 Ω

Mutual Inductance Lm 2.500 mH 186.640 mH

Stator Leakage Inductance Lσs 0.087 mH 12.327 mH

Rotor Leakage Inductance Lσr 0.087 mH 12.327 mH

Stator Inductance Ls = Lm + Lσs 2.587 mH 0.199 H

Rotor Inductance Lr = Lm + Lσr 2.587 mH 254.341 mH

Turns Ratio u 0.34 0.54
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A.2 DC Link Parameters

Parameter Symbol Value

DC link voltage VDC 1200 V

DC link capacitor CDC 15 mF

Modulation index m 0.82

Carrier triangle signal amplitude Vtri 1

A.3 GSC Control Parameters

Outer Control Loop (DC Voltage)

Parameter Symbol Value

Controller Proportional Gain K p(dc) 0.4750 s−1/V

Controller Integral Gain Ki(dc) 139.7059 s−1

Inner Control Loop (d and q Current)

Controller Proportional Gain K p(i) 13.3333 s−1/A

Controller Integral Gain Ki(i) 333.3333 s−1

Phase Locked Loop (PLL)

Settling Time Tset 30 ms

Damping Factor ξ 0.707

Undamped Natural Frequency ωn 47.1476 rad/s

Controller Proportional Gain K p(PLL) 306.66 s−1/V

Controller Integral Gain Ki(PLL) 47178.46 s−1
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A.4 RSC Control Parameters

Parameter Symbol Value

Torque Hysteresis Band HBT 5% Tnom

Flux Hysteresis Band HBψ 2% ψnom

Maximum Limited Switching Frequency fsw,max 5 kHz

Sample Time TsDTC 5 µs

A.5 Fault Detection Parameters

Symbol Description Value

Rv Input resistance of LV-25p 2.2 kΩ

Rp Primary winding resistance of LV-25p 250 Ω

Rm Measuring resistance 150 Ω

Rx, Ry, Rz OPAMP circuit resistances (2.5, 1.1, 6.8) kΩ
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