POLITEHNICA University of Timisoara, Romania
Faculty of Electrical Engineering

Department of Electrical Machines and Drives

Wind Turbines using Induction Generators
Connected to the Grid

Ph D Dissertation

64/ 054
%9 A

TN~ €7 /rosk
By Lucian MIHET-POPA

BIBLIOTECA CENTRALX
UNIVERSITATEA "POLITEHNICA"
TIMISOARA

Supervisor: Professor lon BOLDEA

October 2003

BUPT



Ph D Thesis Wind Turbines using Induction Generators Connected to the Grid

Content of the thesis

COMUEBIILS ... e e i
Pre aCe. . o 1x
List of @bbreviations. .. ... ... X
List of symbols. ... .. . xi
Romanian Resume / Rezumatul in limba romana........................... Xii
CAPEET b 1
I TOUCHION .. e 1
Ll OVOIVIEW e 2
1.2. Basics of Wind Energy Conversion SyStems ..................cooiiiiiiiiiiii e 4
1.3. The Wind Energy ReSOUICes ..............occooiiiiiiiii e, 5
1.4 Thesis ODJECIVE .. ... e 6
1.5. Description of the individual chapters ... 7
RO TGS ... e 11
D T 2 e 12
Wind Generator Configurations and Principles ... 12
2.1 OVEIVIEW L 13
2.2. Concepts and Wind Turbine Configurations.....................ccooooiiii 13
2.3. Autonomous (Stand Alone) SyStems ... 18
2.3.1. Concepts for stand-alone wind turbines ... 19
2.4. Wind Generators connected tothe gnd...............................iii 21
2.4.1. Constant Speed Wind Turbine Configurations......................c.oooeiiini 22
2.4.2. Varniable Speed Wind Turbine Configurations ......................... 23
2.4.2.1. Variable Speed Wind Turbine Configurations with Induction Generators........ 24
2.42.2 Variable Speed Wind Turbines using Synchronous Generators........................ 26
2.4.2.3. A comparison between asynchronous and synchronous generators ................. 28
based on variable speed wind turbine applications................................................... 28
2.5. Control Strategies for Wind Turbines................................................................ 29
2.5.1. Pitch controlled wind turbines ........................ooooiiiiiiiii 29
2.5.2. Stall controlled wind turbines ... 29
2.5.2.1. Active Stall Controlled Wind Turbines...............................oii 30
2.5.3. Rotor Efficiency under Stall and Pitch Controlled Wind Turbines ........................ 30
2.6. Trends in Wind Turbine Design and Prices ........................................................ 32
2.7. Estimation of the wind generator systems efficiency ... 33
2.7.1. Loss distribution: losses in the generator, gear box and power converter............. 34
2.7.2. Calculation Method ... 35
2.7.3. The average 10SSeS. ... oo e e 36
2.7.4. The average efficiency ... 37
2.8.Generated POWET ... ... e 38
2.8.1. Annual wind distribution ... 39
2.8.2. Annual energy production ... 41
2.8.3. Annual energy 10ss distribution ..................ooooiiiiii e 41
2.9. Discussion and ConCluSiON. ... 44
REfEreNCeS ..o 45

BUPT



Ph D Thesis Wind Turbines using Induction Generators Connected to the Grid

ChEper 3. i e IR 47
Constant Speed Wind Turbine Generators Modeling and Simulation ... 47
3 1. OVEIVIEW oo e e e e e e e e e a e e 48
3.2 Wind turbine MOAEINE. .............ccoooiii i 48
321 The WInd Model . oo e 49
3.2.2. The Aerodynamic Model ... 52
3.2.3. Transmission System Model................ 54
3.2 4. The Induction Generator Model ... 55
325 The Soft Starter Model ... ... 63
3.2.6. The Capacitor Bank Model................... 68
3.2.7 The Transformer Model. ... 68

3.3 The Control Strategy of Wind Turbine ... 69
3.4, Simulation ReSUILS ... oo e e 74
3.5. Comparison between measurements and Simulations................. 81
3.6, CONCIUSIONS .. oot 85
References .............................. ESUUT U U U S USSP O UPRRPRPPPPP 86
CMAPIET 4 e 87
Limited Variable Speed Generation by Induction Generators with Passive Rotor Elements.. 87
4.1. An overview of DFIG with limited variable speed based Wind Turbines....................... 88
4.2. OptiSlip Control SCheME ... 89
4.3. Variable-Speed Generation Controlled by Passive Elements ................................. 90
4.3.1. Steady State ANalySIS ..............ccoiiiiiiiiiiii 91
4.3.2. Dynamic Operations of the System ... 97
4.4. The Experimental Procedure and Results ... 106
441 Experimental Results.................... 108
4.4.1.1. Steady State ANalySis ................ocoooiiiiiiiiiiii e 108
4.4.1.2. Transient CONAILIONS ............cooiiiiiiiiiiit et ee e e e e et r e e e e 110
A. Connections to the grid at non-synchronous speed.....................cooiiiie, 110

B. Sudden decreases and increases in applied torque (to simulate wind gusts)............. 114
442 System Performance Evaluation ... 119

4 4.3. Comparison of Test and Simulated Performance............................................. 121

4.5 Summary and ConcluSiOn ... 124
REfEIENCES ... . e 125
Chapter 5 e 126
Variable Speed Wind Generator SyStems.......................... e 126
5.1. Overview of Doubly Fed Induction Generators based Wind Turbines ......................... 127
5.2. Modeling and Simulation of the Doubly Fed Induction Generator............................. 129
5.2 1 INtrodUCHION. ... e 129
5.2.2. DFIG Modeling in Steady-State ... 129
5.2.3. Voltage equationS. ... 130
5.2.3.1. D-Q Model of the DFIG (Two Phase Reference Frames)................................ 131
5.2.4. Simulink implementation model of the Doubly Fed Induction Generator............... 134
525 Power Comtrol ... 137
5.2.5.1. Reference frame ford-qmodel ... 137
5.2.5.2. Voltage and flux equations with stator flux fixed reference frame.................. 138
5.26. Powerdecoupling................. 138

3.3. The rotor converter model ... 142
5.3.1. Model implementation ... ... 143
5.3.2 Modulation Strategy ... 143
5.3.2 1. Requirements of the PWM-strategy ... . 143

BUPT



Ph D Thesis Wind Turbines using Induction Generators Connected to the Grid

5.3.2.2. Overview of the PWM Strategies.....................oooiiiiiiiiiii i 144
5.3.2.3. Stator Flux Asynchronous Vector Modulation ... 144
5.3.2.4. Average Value Rotor Converter Model............................ 145

5.4, Control StALEZY ..o 147
5.4.1. Reference Frame NOaHON ...ttt 147
542 Control STy ... ... 148
5.4.2.1. Stator Flux and Angle Calculation........................... 149
5.4.2.2 Stator Power Calculation ... 150
5423 Power Decoupling .................ooooi i 150
5.4.2.4 Rotor Current Controllability.......................ooo 151
5425 Feed Forward COmPenSation .................c...oooiiiiiiiiiiiiiiiiaeiiee e 151
5426.Control Scheme ... 153
5.4 3. RegUIAtOr Ty PeS .. .o oo 153
5.4.3.1. Classic Regulators ..................ocoiiiiiiiii e 154
5.4.3.2. Choice of Regulator Type..............ooooiiiii e, 154
5.5.Regulators DeSI@N ... .. ... i 154
5.5.1. Current Control LoOp ... 154
5.5.1.1. Ideal Rotor Current LOOP. .................ccooiiiiiiiiii e 155
5.5.1.2. Current Regulator Design ... 156
5.5.2. Power Control LOOP ..o 159
5.5.2.1. Ideal Power Control LOOP.............cooiiiiiiiiee e 160
5.5.2.2. Regulator Design of the Power LOOp..................ooooooiiiiiiiii 161
55.23. Power Decoupling ... 164

5.6. Implementation of the system simulationmodel............................................. ... 165
5.6.1. Control Processor Unit COmMPODENtS.......................ccoooiiiiiiiiiiiiiiii e 165
5.6.2. The complete Simulation model implemented in Simulink ................................ 166
5.6.3. Control SyStem. ... e 167
5.6.3.1. Control Algorithm ... 167
5632 Anti WInAUP. ... 169
5.6.3.3. Simulation Results. ... 169

5.7. Description of the Experimental System................................................................ 174
5.7.1 Schematic Dragram ... 174
5.7.2. The experimental System COMPONENLS ....................ccooooiiiiiiiiee oo 175
5.7 2 . D G . e 175
5722 .D0ve SYSWemM . ... 175
5.7.2.3. The two back to back PWM-VSI converters.. ... ... 177
5.7.2.4. Control Processor Board..................................................... 178
5.73.  Expenimental Resuls. ... 180
5.8. Comparison between simulation and experimental results .................................... 184
Discussion and ConcluSION ... 189
REfOTONCES ... 191
CaPteT 6. . 193
CONDITION MONITORING OF WIND GENERATORS ..........cooooiiiiieie 193
6.1. An overview of Condition Monitoring. ... 194
6.2. Faults and fault detection methods of the induction machines............................. 195
6.2.1. A discussion of faults developed in induction machines................................ 195
622 Fault DetectionMethods ... ... 197

6.3. Description of the Experimental System ... 198
6.3.2. The Condition Monitoring System............................................... 199
6321 TranSAUCETS ... 199

BUPT



Ph D Thesis Wind Turbines using Induction Generators Connected to the Grid

A) The Current TranSAUCET. ... ... e 199
B) The Voltage TransdUCer. ..............oooiiiiiiiiii e 200
C) The Speed TransdUCET. ..........coooiiiiiiiii e 201
D) The Temperature Transducer. ... 201
6.3.2.2. Signal ConditloNINg............o.cooiiiiiiii e 202
A) Temperature Signal Conditioning..................ooiiiiiiiiii e 203
B) Voltage Signal Conditioning ..ot 204
C) Current Signal Conditioning. ...t e 205
D) Encoder Signal ConditionIng. ................coooiiiiiiiiiiiiii e 206
6.3.2.3. Data Acquisition DeviCe.....................ooooiiiiiiiiii 207
6.3.2.4. PC Configuration — Software device driver..................................co. 208
6.4. Experimental arrangements for incipient fault detection..................................... 209
6.4.1. One stator phase unbalance.......................... 209
6.4.1.1. Resistiveunbalance ... 210
6.4.1.2. Inductive unbalance......................ooooiiii e 210
6.4.2. One rotor phaseunbalance..................................... 210
6.4.3. Turn to turn fault in one stator phase ... 211
6.5. Experimental ReSults ... 212
6.6. FAULT DETECTION METHODS ... 218
6.6.1. Current Signature Analysis to Detect Induction Machine Faults ....................... 219
6.6.1.1. Overview of the Monitoring System ... 219
6.6.1.2. MCSA to Diagnose Stator winding faults in Induction Generator ................... 220
A. Experimental development ... 221

6.6.1.3. MCSA to Diagnose Rotor winding unbalance - Experimental development ....224
6.6.1.4. MCSA to Diagnose Stator winding unbalance - Experimental development ...225

6.6.2. Instantaneous Partial and Total Power as Diagnostic Media............................. 226
6.6.2.1. Experimental Results............................ 228
6.6.3. Negative Sequence Method to Detect Induction Machine Faults........................ 231
6.6.3.1. Theoretical and experimental development. ............................................ 231
6.7 CONCIUSIONS ......ooiiiiiiiiiii it 235
References ... ..., 237
CRapLer 7. o e 241
7.1. Summary ... ... PR RPUUU P RO RUURRURO 242
7.2. Contributions of the thesis............................... 243
T3 Future Work ... 244
Appendix A: AUthOT’™S PAPETS ... e 246
Appendix B: Wind Turbine Generator System implemented in DIgSILENT and Matlab-
SIMUINK. .. 247
Appendix B1. Details about Wind Turbine model implemented in DIgSILENT:............. 247
B1.2. Wind turbine composite model. ... 252
B.1.3. Soft-starter control implementation....... e 256
B.1.4. Power factor compensation.......................... e 257
Appendix B2: Matlab - Simulink Programs.................................... 258
Appendix C: Matchad and Matlab / Simulink files used for steady-state and transients
analysis of the DFIG with passive elements. ......................................_.. .. 261
Appendix C1: MathCad file for the steady state analysis....................................... 261
Appendix C2: Matlab files for dynamic analysis of the induction machine..................... 263
Appendix C3: Matlab-Simulink files for dynamic analysis of the induction machine with
passive elements. ............. 264
Appendix D: Details about machine parameters and simulation model.... ... .. 266

BUPT



Ph D Thesis Wind Turbines using Induction Generators Connected to the Grid

Appendix D1: DFIG data................ccoooiii 266
D2: Simulation Model implemented in Matlab-Simulink ............................................. 266
D2.1. Implementation of the Rotor Converter. ... 267
D2.1.1. Stator Flux Asynchronous Vector Modulation (SFAVM) ............................. 267
D2.1.2. Angle and Torque Error Minimization ... 268
D2.1.3. Calculating of Duty cycles............c.ccoiiiiiiii 269
D.2.1.4 Maximum Amplitude. ... 270
D2.1.5. Implementation of SFAVM ... ... 271
D2.1.7. PWM GeNETatOr ... 273
D2.1.8. Blanking Time Modulation................................................................ 273

D3 — The control program developed in Ansi C used to control the rotor converter......... 277
Appendix E. The software used to set up the ICS 645-Data AcquisitionCard ..................... 284
Complete List of References ... 287

BUPT



Preface

This thesis 1s submitted to the Faculty of Engineenng and Science at Politehnica University
of Timisoara in partial fulfillment of the requirements of the Ph. D. degree in Electrical
Engineering. The most important part of research has been conducting at the Department of
Electnc Dnves and Power Electronics from University Politehnica of Timisoara. Another
important part was carried out in the Laboratory of Power Electronics and Drives and High
Voltage, at the Institute of Energy Technology, Aalborg University, Denmark and in the
laboratory of Power Electronics and Dnives at Bee Speed, Timisoara-Romania
The thesis was started in December 1999 with financial support from University Politehnica of
Timisoara.

The project has been followed by my supervisor: Professor lon Boldea, I would like to
thank him for his supervision and his patience. I would also like to thank Professor Frede
Blaabjerg, Associate Professor Birgitte Bak-Jensen and Associate Professor Ewen Ritchie, from
Aalborg University — Denmark, for their help and suggestions. They hosted my expenments in
their laboratories. I spent 4 month (October 2000-January 2001) at Aalborg University, when I
visited Prof. Frede Blaabjerg and 1 worked on a project entitled “Power Plant Charactenstic of
Wind Farms”, and then I spent 15 month (October 2001-December 2002) also at Aalborg
University, when I wvisited Assoc. Prof Ewen Ritchie and I worked on a project entitled
“Condition Monitoring of Wind Generators”™.

Also thanks to my parents who gave me great support. Special thanks to my wife for giving
me the motivation that I needed to actually finish this work.

I would also like to thank to my colleagues and friends from University Politehnica of
Timisoara who helped me with their valuable advices.

Timisoara,
October, 2003.

Lucian Mihet — Popa.
mihetz@yahoo.com

BUPT


mailto:mihetz@yahoo.com

List of abbreviations

AC - Altemate Current

ADC - Analog to Digital Conversion
ASD - Adjustable Speed Drive

B — Damping Coefficient

CSI - Current Source Inverter

DAC - Dagital to Analog Conversion
DC - Direct Current

DTC - Direct Torque Control

FFT - Fast Fourier Transform

IGBT - Insulated-Gate Bipolar Transistor
IG - Induction Generator

IM - Induction machine

J - Rotor Inertia

P — Proportional Regulator

P. — Electnical Power

PF — Power Factor

PI — Proportional Integrator Regulator
Pne — Mechanical power

PMSM - Permanent Magnet Synchronous Machine
p.u. — per unit

PWM - Pulse Width Modulation
RMS - Root Mean Square value

SM - Synchronous Machine

SVM - Space Vector Modulation
Taamp — Damping Torque

Tem — Electromagnetic Torque

Tew — Switching Period

Ugc — DC-link Voltage

Uin — Input Phase Voltage

V1L —- Output line-to-line voltage

VSI - Voltage Source Inverter

ZOH - Zero Order Hold

W; — Rotational energy in the wind turbine rotor
WT — Wind Turbine

WTG - Wind Turbine Generator

BUPT



List of Symbols

A — area swept by the wind rotor
C, — power coefficient of wind turbine
D - rotor diameter of wind turbine

Dy, Dy, D — SVM voltage vector duty cycle ratio

f — gnd fundamental frequency

L - length scale

1aq — d-q currents

Is — stator current

Ir — rotor current

n — rotor speed (rad/sec)

p — number of pole pairs

P, — Electncal Power

Pmec — Mechanical Power

P — Stator active power

Q. — Stator reactive power

r — rotor plane radius

R, — stator resistance

Rex — external resistance

R; — rotor resistance

s — slip / Laplace operator

t— time

ti - turbulence intensity

Te — electromagnetic torque

To — zero vector on-time

Trot — aerodynamic torque of wind turbine
T damp — damping torque

U,, Uy, Uc — three phase voltage system
uq q — two phase voltage

uo — mean wind speed

Xex — external reactance

Vpe — DC link voltage

w — wind speed

Wsfic-equivalent wind speed

Wopoimt — hub wind speed

p - air density

A — tip speed ratio

Adqs — stator d-q flux vectors

o — electncal angular velocity of the rotor
Qr — rotor speed (rpm)

w;s — wind speed

010t — position of the rotor wind turbine
8. — the reference angle

BUPT



Romanian Resume — Rezumatul in limba romana

Sumarul Tezei

Teza este structurata pe sase capitole principale si unul de concluzii. Aceasta teza este
dedicata sistemelor de conversie a energiei eoliene cu masini de inductie conectate la retea.
Generatoarele de inductie antrenate de turbine eoliene au devenit, recent, foarte utile, deoarece se
adapteaza perfect pentru uzul acestora datorita constructiei robuste, fiabilitatii, costului redus,
facand fata unor conditii dificile de functionare si necasitand o intretinere usoara. Conversia
energiel eoliene este sursa de generare a electnicitatii cu cresterea ceea mai rapida datorita
capacitatit de dezvoltare din intreaga lume, si se estimeaza ca va ramane asa si in urmatoarea
decada. In ultimul deceniu sistemele de conversie a energiilor neconventionale si in special
sistemele de conversie eoliana au cunoscut o dezvoltare deosebita. Cele mai recente procedee de
obtinere a energiei eoliene, utilizand generatoare electrice, au fost realizate in baza avansari
cunostintelor despre reglare si control, utilizand electronica de putere, in special pentru sistemele
cu viteza vanabila.

Capitolul 1 prezinta prnncipalele configurati ale generatoarelor eoliene, evidentiind
componentele principale ale acestor sisteme de conversie a energiel, alaturi de modelul
matematic care realizeaza conversia energiei cinetice a vitezei vantului, in energie mecanica prin
intermediul unui sistem de transmisie mecanica, iar apoi utilizand un generator electric in energie
electnca. In realizarea conversiei energiei un rol important este ocupat de generatorul electric
care a devenit o parte semnificativa a sistemului de conversie, fiind utilizat in prezent la puteri de
pana la 3 MW/ unitate, in cazul celor de inductie, si pana la 4.5 MW/unitate, in cazul
generatoarelor sincrone.

Capitolul 2 ilustreaza cele mai raspandite si modeme sisteme eoliene, evidentiind cele mai
importante realizan in domeniul masinilor electrice si al electronicii de putere utilizate in acest
domeniu. O comparatie intre sistemele de vant cu viteza constanta si viteza variabila, atat pentru
generatoarele autonome cat si pentru cele conectate la retea, a fost realizata, evidentind atat
avantajele cat si dezavantajele topologiilor respective. Deasemenea, strategiile de control ale
turbinelor si tendintele actuale in acest domeniu sunt prezentate pe scurt. Estimarea eficientei a
tre1 sisteme cu generatoare eoliene este facuta cu scopul de a releva pierderile diferitelor parti
componente, cum ar fi generatorul electnc, cutia de viteze (unde este cazul) sau convertorul
static. Pentru determinarea avantajelor diferitelor configuratii de turbine eoliene referitoare la
cantitatea de energie produsa intr-un anumit interval de timp pentru un anumit loc este necesara
calcularea distributiei energiei anuale. Aceasta analiza poate fi facuta cu ajutorul unor metode
statistice cum ar fi metoda de distributie Weibull sau Rayleigh. Aceste metode sunt prezentate pe
scurt cu evidentierea diferentei dintre energia anuala produsa de o turbina de vant cu viteza
variabila si una cu viteza constanta.
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Capitolul 3 este dedicat modelani si simulani turbinelor de vant cu viteza constanta ,care
utilizeaza generatoare de inductie cu rotorul in colivie, conectate direct la retea prin intermediul
unui transformator. Modelul propus contine modelul vitezei de vanatie a vantului, modelul
aerodinamic, care include rotor si paletele turbinei, modelul de transmisie mecanic, care,la randul
sau include cutia de viteze, modelul generatorului electric, un soft starter pentru conectare la
retea, alaturi de o baterie de condensatoare pentru reglarea factorului de putere. Sistemul de
conversie eolian a fost implementat ,,utilizand pachetele de programe dedicate DIgSILENT si
Matlab-Simulink, care permit accesul la o libranie vasta, dar care necesita o implementare
relevanta a modelulu: turbinei.

Capitolul 4 este dedicat unui sistem de conversie a energiei eoliene cu viteza variabila
limitata utilizand un generator de inductie cu rotorul bobinat s1 impedanta suplimentara. Analiza
acestul sistem a fost realizata atat in regim stationar ,cat si in difente regimun tranzitorii
,utilizand simulan digitale realizate cu ajutorul unor softun dedicate Mathcad s1 Matlab /
Simulink. De asemenea un calcul analitic amanuntit pentru studiul regimunlor dinamice a fost
dezvoltat si implementat in Matlab / Simulink. Pentru analizarea si validarea rezultatelor de
simulare s-a construit si testat un sistem experimental.

Capitolul 5 prezinta un sisttem de conversie a energiei eoliene cu viteza varabila si
generator de inductie dublu alimentat. O strategie de control care realizeaza decuplarea putenlor
activa si reactiva este ,deasemenea ,implementata alaturi de comanda si controlul convertorului
de frecventa din rotorul masinii. Studiul analitic al buclei de reglare al curentulu1 si puteni este
realizat iar regulatoarele corespunzatoare sunt selectate si acordate pe baza simulanlor realizate
in Matlab-Simulink.

Capitolul 6 sintetizeaza un studiu expenimental detaliat al unui sistem de masura,
monitorizare si achizitie de date a unui sistem de conversie a energiei eoliene cu viteza variabila
care utillizeaza masina de inductie dublu alimentata. De asemenea, studiul include dezvoltarea si
testarea unor defecte alatun de diverse tehnici de monitorizare, detectie si diagnoza destinate
sistemelor de conversie a energiei eoliene. De asemenea capitolul prezinta o sinteza asupra
postbilelor tipuri de defecte dezvoltate in masinile asincrone alatun de tehnici de monitonzare si
detectie existente in literatura. Sistemele de monitorizare, achizitie si detectie trebuie proiectate
astfel incat sa poata recunoaste, chiar de la inceput, dezvoltarea unor defecte si prin aceasta
preintampinarea unor posibile catastrofe, permitand personalului de intretinere sa programeze
repararea sau inlocuirea defectelor. Acest lucru va duce la pastrarea functionani instalatiel in
conditii acceptabile mai mult timp la un pret de cost mult mai scazut.

Capitolul 7 prezinta o trecere in revista a acestei teze de doctorat cu concluziile aferente,
principalele contributii alaturi de cateva sugestii pentru continuarea cercetarii acestui fascinant
subiect. Teza mai contine 5 anexe cu detalii despre modelele matematice implementate,
programele de simulare dezvoltate pentru studiul diferitelor regimuri de functionare cat si despre
parametrii masinilor electrice s1 convertoarelor statice implementate si testate in laborator. De
asemenea anexa A include lista lucranlor stintifice ale autorului publicate si prezentate la
Conferninte Internationale.
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Contributiile Tezei de Doctorat

Capitolele 3-6 prezinta contributiile acestei teze, reprezentand material original, publicate
anterior in patru lucrani stintifice, avandu-l ca pnm autor pe autorul acestei teze de doctorat.
Aceste lucran au fost prezentate in reviste si conferinte internationale in anii 2002 si 2003, iar
unul dintre articole a fost acceptat pentru publicare in [EEE-IAS Transactions (Appendix A, [64-
69)).

Principalele contributii ale acestei teze de doctorat sunt:

Modelarea si simularea turbinelor de vant cu viteza constanta care utilizeaza generatoare de
inductie cu rotorul in colivie de 500 kW si 2 MW, conectate la retea prin intermediul unu soft-
starter si transformator. Modelul turbinei eoliene include: modelul de vanatie al vitezei vantului,
modelul aerodinamic care cuprinde rotorul turbinei s1 paletele, modelul de transmisie care include
cutia de viteze s1 modelul generatorului de inductie alatun de o batene de condensatoare pentru
compensarea factorului de putere. Modelul mai cuprinde controlul soft-starterului si blocul de
control al unghiului de modificare al paletelor, utilizand o bucla de control activa bazata pe
puterea masurata st puterea de referinta (capitolul 3). Implementarea si ssmularea acestut sistem a
fost realizata utilizand un soft dedicat simularmi sistemelor de putere, DIgSILENT care are
abilitatea de a simula circulatia de putere, diferite regimun tranzitorii si regimul stationar
incorporate in acelasi mediu de programare. De asemenea, pentru compararea si validarea acestor
rezultate, sistemul prezentat anterior a fost implementat si1 simulat utilizand un alt soft dedicat
Matlab-Simulink. Rezultatele comparative ale simulanlor digitale dintre aceste 2 softun au aratat
o buna similantate, atat in regim stationar, cat si in regim tranzitoriu. In studiul si analiza
turbinelor eoliene simulanle digitale s-au dovedit a fi o unealta valoroasa, oferind un grad ridicat
de flexibilitate.

O noua strategie de control al puteni unei turbine de vant cu viteza constanta este
implementat pe o turbina de vant de 2 MW (capitolul 3), numita controlul activ al paletelor
turbinei, combina avantajele controlului pasiv de reglaj, adica simplitate datorita absentei
mecanismulwt de reglare al pasului relativ al paletelor, cu avantajele controlului puterii prin
reglarea pasului paletelor, numit controlabilitate. Astfel, se realizeaza un control suplimentar mai
eficient decat controlul pasiv, destinat in special turbinelor de mare putere (> 1 MW / unitate),
care face posibila evitarea unui dispozitiv tehnic complex pentru reglarea pasului paletelor
rotorului turbinei.

Modelarea, simularea, implementarea si testarea unui generator eolian cu viteza variabila
limitata care utilizeaza 0 masina de inductie cu rotorul bobinat si care are suplimentar in circuitul
rotorului amplasata o rezistenta in paralel cu o inductanta pe fiecare faza Analiza performantelor
acestul sistem In regim stationar si in cateva situatii de regim dinamic (conectare la retea la o
viteza difenta de ceea sincrona, modificarea brusca a vitezei sau cuplului mecanic la arbore), sa
realizat utilizand pachetele de programe dedicate Mathcad si Matlab-Simulink. Implementarea
masinii de inductie in regim dinamic s-a realizat cu ajutorul modelului matematic in coordonate
rotorice. A fost aratat prin simulari digitale si rezultate experimentale ca aceasta solutie poate
functiona pentru un domeniu de vanatia al vitezei pana la 130 % (30 % peste viteza sincrona) cu

un randament acceptabil de 75 % la incarcare nominala si un factor de putere de 0.81 (capitolul
4).
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Modelarea, simularea si testarea unui set-up existent pentru o turbina de vant cu viteza
variabila care utilizeaza generatoare de inductie cu alimentare dubla si care are amplasat in rotor
un convertor de frecventa bidirectional cu circuit intermediar de tensiune. Implementarea
sistemului de control include decuplarea putenlor activa si reactiva, acordardarea regulatoarelor
pentru buclele de reglare ale curentului si puteni, traductoni de tensiune si curent, convertoarele
de semnal analog-digitale si digital-analogice alatun de un procesor de semnal cu DSP.
Simulatorul de vant format dintr-un convertor de frecventa si un motor de inductie cu rotorul in
colivie a fost de asemenea implementat in Matlab-Simulink. Rezultatele experimentale obtinute,
atat in regim tranzitoriu cat si in regim stationar, au avut rolul de a valida modelarea si
implementarea sistemului utilizand pachetul de programe Matlab-Simulink (capitolul 5).

Proiectarea si comisionarea unui sistem de masura si monitorizare, care include traducton
pentru masurarea curentului, tensiumi, turatiei si temperaturii, un card pentru ajustarea
semnalelor (conditionarea semnalelor), s1 un card pentru achizitie si prelucrare a datelor conectat
la un computer, utilizat pentru o investigatie experimentala cu scopul detectant difentelor tipun
de defecte care apar cel mai frecvent in masina de inductie, cum ar fi scurt-circuite intre spirele
infasurarilor statorului sau rotorului, pierderea unei faze sau dezechilibrul de alimentare,
excentricitate statica si / sau dinamica. De asemenea, studiul include dezvoltarea si testarea unor
defecte alatun de diverse tehnici de monitonzare, detectie si1 diagnoza destinate sistemelor de
conversie a energiei eoliene cu viteza vanabila si care utilizeaza generatoare de inductie dublu
alimentate.

Perspective

Perspectivele acestei tehnologii de conversie a energiei eoliene sunt imense. Dezvoltarea
rapida a electronicii de putere ofera noi provocari in acest domeniu la un pret scazut per kW.

Atragerea a cat mai multi cercetaton in acest domeniu este necesar atat pentru studiul si
imbunatatirea solutiilor clasice cat si pentru proiectarea si dezvoltarea de solutii si topologii not.

Generatoarele eoliene cu viteza vanabila s-au dezvoltat dramatic in ultimii ani, fiind cele
mai raspandite topologii la ora actuala peste tot in lume. Datonta dezvoltarii acestor configuratii
cu viteza vanabila, generatoarele de inductie cu dubla alimentare si cu convertoare de frecventa
cu circuit intermediar de tensiune sunt utilizate pe scara tot mai larga. Oricum sunt inca necesare
nol investigatii in controlul, proiectarea optimala sau in detectia si diagnoza acestor topologi.

No1 perspective in acest domeniu ar trebui sa includa dezvoltarea solutiilor propuse, alatun
de noi cercetari in domeniul dezvoltari de noi alternative in controlul puterii. De asemenea
simularea unei configuratii cu viteza vanabila utilizand generatoare de inductie cu rotorul in
colivie si doua convertoare de tensiune cu circuit intermediar, puse spate in spate, in scopul
validarii unor rezultate experimentale realizate pe un set-up existent, implementat utilizand
dSPACE DS1103, va fi prezentat intr-un nou articol la o Confeninta Intemationala.
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Chapter 1 Introduction

1.1. Overview

Global environmental concerns and the ever-increasing need for energy spur the search
for new opportunities to use renewable energy sources. Harnessing electrical energy from
wind power is a cost-effective and cleaner option. Utilizing wind power is one of the cheapest
methods of reducing CO; emissions from electricity production. In the long run, ecologically
energy supply can only be guaranteed by the integration of renewable resources. The
worldwide potential of wind power means that its contribution to electricity production can be
of significant proportions. Wind turbines produce electricity by using the natural power of the
wind. The wind is a clean and sustainable fuel source. It does not create pollution and it will
never run out.

This thesis deals with the wind energy conversion systems (WECS) with induction
generators connected to the grid. The induction generators are suitable for grid-connected as
well as standalone applications.

Wind turbines can be classified into two major groups, as depicted in Fig. 1.1:

¢ Honzontal axis wind turbine (HAWT);
e Vertical axis wind turbine (VAWT).

Rotor
¢} Rotor °  Dareter -
* Bxe & -,
Rotor ! “ Generator
T ey bl
o
: Fxed
! Hich
Rotor. -
Blade
l - Tower i } oy
| S .
f\ (Gearbox CGenerator
Horizontal Axis Vertical Ads
Wind Turbine Configurations

Figure 1.1. Wind turbine configurations with horizontal and vertical axis [1].

For the HAWT, the axis of rotation of blades is horizontal with respect to the ground.
whereas for the VAWT, it is vertical, as shown in Fig. 1.1. While for the HAWT the turbine is
located at higher height to take advantage of greater wind speed, VAWT must be mounted
close to the ground.

The most popular WT are of horizontal axis type, three-bladed, down-wind wind turbines
connected to three-phase ac grid. Major components of a modern wind turbine as well as the
integral parts of these components are shown in Fig. 1.2.

t2
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Geaar box

Generator

Anemometer

- Wind Vans

shaft

Figure 1.2. Assembly diagram of a typical wind turbine [2].

The principal components of a modern wind power plant are the tower, the rotor and the
nacelle, which accommodates the transmission mechanisms and the generator, and for a
horizontal axis devices, the yaw systems for steering in response to changes in wind
directions, as can also be seen in Fig. 1.2.

The wind turbine consists usually of three blades or two or just one rotor blades, mounted
on the main shaft. The blades are made of glass-fibre reinforced polyester or wood-epoxy.
The nacelle (which houses the gear box, generator and the associated controls) is mounted on
the tower. The nacelle is under yaw control and is free to rotate around on a vertical axis to
always face the incoming wind as closely as possible. The rotor assembly (including the
blades) is connected to the gearbox mechanism. The gearbox converts low speed of the main
shaft from about 15-60 rpm to high speed of the generator shaft to about 900-1800 rpm. A
disk brake is used to break the shaft in case of over airspeed, when there is no need for energy
or in case of maintenance. It can be applied mechanically, electrically or hydraulically.

A generator, usually an AC induction machine converts mechanical power of the shaft to
electrical power. The wind turbine controller consists of a number of computers that
continuously monitor the condition of the turbine and collect statistics on its operation. The
controller also controls a large number of switches, hydraulic pumps, valves, and machines.
The controller may check the rotational speed of the rotor and generator, its voltage and
currents, the pitch angle of each rotor blade and the power quality. The pitch angie of the rotor
blades can be controlled to harness more or less wind, thus optimizing the energy capture and
controlling the speed in the event of excessive winds. Hydraulic actuators operating through a
mechanical linkage with sufficient capacity to feather the blades control blade pitch.

Wind Turbines using Induction Generators connected to the grid (PhD Thesis) 3
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1.2. Basics of Wind Energy Conversion Systems

The block diagram given in Fig. 1.3, showing the links between the most important
components and the associated energy conversion stages, may serve as the basis for later
detailed observations.

................................................................................................
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Figure 1.3. Power transfer in a wind energy conversion system.

From Fig. 1.3, functional structures for entire wind energy conversion system can be
developed. This diagram also gives an idea of how operation can be influenced by control and
supervisory processes. Thereafter the central position occupied by the generator becomes
particularly significant.

The rotor blades of a wind turbine extract the flow energy from air in motion, convert it
into rotational energy, and then deliver it via a mechanical drive unit (shafts and gears) to the
rotor and then to the stator of a generator by mechanical-electrical conversion. The electrical
energy from the generator is fed via a system of switching and protection devices, leads and
any necessary transformers to the mains, to the end user or to some means of storage.

The conversion of wind power into mechanical and thereafter into electrical power may
be described by the following equations [6, 7, 8]:

P, =k-C(1)w T IR T I (1.D)
1
K= e D A e e (1.2)
2
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A o e (1.3)
w

Py = n0R) P oo (1.4)
= L C”(A) ............................ (1.5)

where (C,) is the power coeflicient of wind turbine, (A) is the tip-speed ratio, (w) is the wind
speed, (c,) is the rotor speed, (r) is the rotor plane radius, (p) is the air density, (A) is the area
swept by the rotor of wind turbine and (n(w;)) is the efficiency of the generator and gear-box
as a function of the rotor speed. (Pme.) is the mechanical power on the main shaft and (P.y) is
the electrical power of the generator.

According to (1.1) the mechanical power converted from the power in the wind can be
described as a function of the wind speed, (w), or as a function of the rotor speed (®,), and the
tip-speed ratio, (A). The efficiency curve, C,(A), is a non-linear function of the tip-speed ratio,
(A). It is determined by the blade design and the pitch angle.

The efficiency of the generator and the gear box, n(w:) is different for various rotor
speeds. Contribution to the output power comes not only from the wind, but there will also be
an extra power contribution, (P.), during a deceleration or acceleration of the rotor speed, due
to the change of rotational energy, (W,), in the wind turbine rotor.

J-o
W= 16
r 2 ( )
aw, AW, Jlo,f -o,@-A))
p =2 2% O] "N ] (1.7)
dt dt 2At

where (J) is the rotor inertia and (At) is the sample interval.

1.3. The Wind Energy Resources

The wind is an intermittent energy resource, but this does not reduce its value as a
source of power. The variable output from wind energy does not pose any difficulty for power
system operation. It is very important for the wind industry to be able to describe the variation
of wind speed. The wind speed is extremely important for the amount of energy of a wind
turbine converted to electricity. Wind Turbine designers need the information to optimize the
design of their turbines, so as to minimize generating cost. The energy content of the wind
varies with the cube (the third power) of the average wind speed as is describe by equation
(1.1), e.g. if the wind speed is twice as high it contains 2’ =8 times as much energy [4]. The
graph bellow shows that for a wind speed of 8 meters per second (m/s) we get a power
(amount of energy per second) of 314 Watts per square meter expose to the wind, where the

Wind Turbines using Induction Generators connected to the grid (PhD Thesis) 5
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wind is coming from a direction perpendicular to the swept rotor area. At 16 m/s we get eight
times as much power, i.e. 2509 W/m?, as shown in Fig. 1.4.

-+

0 2 4 6 8 10 12 14

¢ EEEEELR
<4

Figure 1.4. The power per square meter expose to the wind for different wind speeds [4].

Therefore if the wind blows at twice the speed, its energy content will increase eight-
fold. In practice, a turbine at a site where the wind speed averages 8 metres per second (m/s)
will produce around 80 % more electricity than those where the wind speed is 6 nv/s [1].

1.4. Thesis objective

This thesis builds on the previous work of wind energy conversion systems by
presenting and implementing the new wind turbine generator control configurations with
constant speed and variable speed generators, connected to the grid.

The most important objectives of this thesis are:

e Analysis of the classical wind turbine generators and development of different
alternative in the control strategy of constant-speed and variable-speed wind
turbines connected to the grid;

¢ Modeling and simulation of the newest wind turbine configurations using
induction generators,

¢ Building and testing a highly reliable, low maintenance, and low capital cost
alternative of wind generator system with acceptable efficiency over a
reasonable speed range;

6 Wind Turbines using Induction Generators connected to the grid (PhD Thesis)
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e Analysis of Condition Monitoring of Wind Generators using Doubly Fed
Induction Generators (DFIG) focuses on the experimental investigation for
incipient fault detection and fault detection methods.

Improvements in wind energy technology mean that the trends which have led to the
dramatic fall in the cost of wind energy are set to continue. Wind power is one of the world’s
fastest growing energy sources.

1.5. Description of the individual chapters

In Fig. 1.5 an outline of the structure of this thesis is presented. The thesis is structured
in seven chapters and five appendices.

Chapter 1 lntroducﬂon

f Chapter2 Wind Generator
' Configurations and Principles .

Chapter 3. Constant Speed Wind Turbme . Appendx B DIgSILENTand |

Generators. Modeling and Simulation . 5 Matab { Simulink programs |

\

1 ~

Chapter 4: Limited Variable Speed Generation by | pgp-:dx Cghwgaﬂﬂ&nﬂf“n‘g
 Induction Generawrs with Passive Rotor Eloments ‘ a'n: ,yuss DR Gd\z;, FBZ,QE o ii’;n
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1

i
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' o i Appamix E: The software used
Chq)ter 6: Condition Monitoring of Wind Generators ( to et upthe ICS 645D AC

!

P e

g Chapter 7: Conclusion |

Figure 1.5. Overview of the thesis.
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Chapter 2 — Wind Generator Configurations and Principles

This chapter discusses the development in the area of electric machines and power
electronics with respect to wind turbine generators. The generator and power electronics
configurations most commonly applied in wind turbines are also presented in details with
their advantages and drawbacks. The control strategies and trends in wind turbine design are
shortly presented. Estimation of the variable-speed against constant-speed wind generator
systems efficiency taking into consideration the loss distribution is analyzed. In order to pomt
out which part of the turbine accounting for the major parts of the energy losses, annual wind
distribution and annual energy loss distribution of two vanable-speed wind generator system
concepts are compared.

Chapter 3 — Constant Speed Wind Turbine Generators Modeling and Simulation

In this chapter a complete simulation model of a constant-speed wind turbine with cage
rotor induction generators is presented. The system model proposed is developed in the
dedicated power system simulation tools DIgSILENT and Matlab-Simulink. The wind turbine
model consists of different component models, such as: wind model, aerodynamic model,
transmission model and the electrical components that include induction generator model,
soft-starter, capacitor bank and transformer. The model developed also includes control of
soft-starter, enabling simulation of the power quality characteristics and relatively new
alternative control strategy of large constant-speed wind generator systems. The model is
intended to simulate the behavior of the wind turbine using induction generators both during
transients and during normal operations.

Chapter 4 — Limited Variable Speed Wound Rotor Induction Generator with Passive Rotor
Elements

In this chapter, the wound rotor induction generator with limited variable-speed
generation system is presented. The developed wind generator model with and without
additional passive elements is verified through simulations, using Mathcad and Matlab-
Simulink packages software, and experiments in steady-state and dynamic conditions as well.
A rotor reference frame model has also been developed and implemented using Matlab-
Simulink for a viable low-cost, low maintenance, variable-speed wind generator system with
passive rotor elements. This wind generator system has also been built and tested in the
laboratory.

Chapter 5 — Variable Speed Wind Generator Systems

The variable-speed wind turbine configurations investigated in this chapter consist of a
doubly-fed induction generator connected to the power grid at the stator terminals, and the
rotor is supplied through a back-to-back PWM-VSI converter. A control scheme is developed
to decoupling active and reactive power control, modeled and implemented using Matlab-
Simulink program package. The PWM-strategy, Stator Flux Asynchronous Vector
Modulation is presented and implemented as a modulation function. An analytic analysis of
the current loop and the power loop are performed, and the appropriate regulators are selected
and compared through simulations. The existing experimental system was analyzed, modeled.

8 Wind Turbines using Induction Generators connected to the grid (PhD Thesis)
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simulated and tested. The simulation results were compared with experiments and good
agreement are obtained.

Chapter 6 — Condition Monitoring of Wind Generators

This chapter deals with the analysis of Condition Monitoring of Wind Generators using
Doubly-Fed Induction Generators. This study focuses on the experimental investigation for
incipient faults detection and fault detection methods, suitably adapted for use in wind
generator systems. Three main experiments have been performed to study the electrical
behavior of the induction machine. Studies also included an overview of condition monitoring
pointing out faults and fault detection methods of the induction machines and design and
commissioning of a measuring system-comprising signal conditioning box, AD card and
transducers for current, voltage, speed and temperature. PC-based data acquisition system is
used with advanced computerized data processing and acquisition. The software which
controls both the acquisition and analysis of the signals is written in Matlab and has been
developed as a sub-part of the monitoring system. Also, this chapter has shown that the
detection of different type of faults is possible by time and frequency domain analysis. The
frequency spectrum of the stator and the rotor line currents was found to give the best results.
The theoretical and experimental results have clearly demonstrated that the machine current
signature analysis, the negative-sequence and the instantaneous power detection methods can
diagnose turn-to-turn faults and the presence of an unbalance in one stator and rotor phase of
doubly-fed induction machine systems.

Chapter 7 — Conclusion
The main contributions of this thesis are reviewed and ideas for future work are
presented. The final conclusions and some discussions are also drawn in this chapter.

Appendix A — Publications of the author
This Appendix includes a list of the published scientific literature by the author of the
thesis.

Appendix B — DIgSILENT and Matlab / Simulink programs

This appendix contains more details about wind generator system developed in
DIgSILENT, including composite models and control slot DSL code of rotor wind model,
aerodynamic model, transmission model, asynchronous machines model, pitch control block,
soft-starter controller and power factor compensation model and Matlab / Simulink programs
with machines parameters.

Appendix C — Mathcad & Matlab / Simulink files used in steady-state and transient’s
analysis of DFIG with passive rotor elements

This appendix contains details about the parameters of three phase wound rotor
induction machine and the programs developed in Mathcad for steady-state analysis and in
Matlab for dynamic analysis. Also, the complete Simulink scheme are presented.

Wind Turbines using Induction Generators connected to the grid (PhD Thesis) 9
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Appendix D - Details about machine parameters and simulation model

This appendix contains more details about DFIG parameters, complete simulation model
implemented in Matlab / Simulink, including rotor converter model with details about the
control modulation strategy-SFAVM and the control program developed in Ansi C used to
control the rotor converter.

Appendix E - The software used to set up the ICS 645-Data Acquisition Card

The ICS-645 Matlab Application Software is designed as a starting point from which a
user can build application-specific software. This driver software is intended to be used with
the Matlab data analysis and graphing sofiware. To access the ICS-645 Matlab Application
Software and implicitly to record and process the data it was necessary to build a program for
each task using the Matlab software package tool. This program has been performed to plot
the spectrum of signals and then to assess the FFT analysis to diagnostic strategy and will be
presented in appendix.

10 Wind Turbines using Induction Generators connected to the grid (PhD Thesis)
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Chapter 2 Wind Generator Configurations and Principles

2.1. Overview

The installation of wind turbines in power systems has developed rapidly through the
last 20 years. During 1999, 3920 MW of wind turbine capacity was installed in the world,
making up a total accumulated installation of 13.932 MW of wind power at the end of 1999
[1]. At the end of 2000, the worldwide wind energy capacity was 17.500 MW, of which about
12.800 MW was in Europe, or 70% of the total. These wind energy projects across Europe
produce enough electricity to meet the domestic needs of 5 million people [S]. The European
Wind Energy Association has a target of 60.000 MW of installed capacity by 2010 and
150.000 MW by 2020 [5]. The aim of wind turbine systems development is to continuously
increase output power. A few years ago, the rated output power of production-type units
reached 200 kW. By 1999, the average output power of new installations climbed to 600 kW
[4]. The largest series production units today are specified to deliver 1.5-2 MW output power.
It is anticipated that in the near future, power rating of wind turbines will increase further.
During the last years the wind turbines have grown in size up to 3 MW per unit and this trend
in size up scaling i1s expected to continue. Furthermore, a huge expansion of wind power is
planned in the near future.

In the recent years, the development in the area of electric machines and power
electronics with respect to wind turbines has been vigorous. Due to this development, it is
necessary to point out the present state of the art on wind turbine systems, as follows.

2.2. Concepts and Wind Turbine Configurations

By nature a large number of consistent system solutions exist. The electrical part of a
wind turbine is becoming more and more important. Therefore, it is very important to have
this system highly integrated into the overall wind turbine design. Due to rapid development
of power electronics, offering both higher power and handling capability and lower price/kW,
the application of power electronics in wind turbines will increase further. Another interesting
issue is the efforts, which have been put into research and development of new
motor/generator concepts for some years. Because of their robust constructional possibilities,
the generators used in wind power plants have been almost exclusively synchronous or
asynchronous.

The generator and power electronics configurations most commonly applied in wind
turbines are displayed in Fig. 2.1.
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Figure 2.1. Standard wind turbine configurations using asynchronous and synchronous generators [2. 3]

The configurations depicted in Fig. 2.1 present an outline of typical electrical topologies
used in wind generators. As listed in Table 2.1, these configurations cover a wide range of the
applied power control concepts for wind turbines.

The configurations (a) and (g) in Fig. 2.1 show extremely rigid grid coupling. In all the
other systems shown, design allows the mechanical speed of rotation to be dissociated from
the electrical frequency and voltage in AC or DC systems in varying degrees by the
incorporation of power electronics and the associated regulation procedures. The
configuration (c) is the conventional concept applied by many Danish wind turbine
manufacturers during the 1980°s and 1990’s, an upwind, stall regulated, three-blades wind
turbine concept using an induction generator with cage rotor [2, 3, 4, 5]. During the 1980’s
this concept was extended with a capacitor bank (for reactive power compensation) and a
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soft-starter (for smoother grid connection). In the variant (b), the capacitor bank and soft-
starter are replaced by either a full scale frequency converter or a “low wind” region sized
frequency converter, where the frequency converter is by-passed and used only for reactive
power compensation when the wind speed exceeds the design wind speed. This concept uses a
small frequency converter (20-30) % of nominal generator power. On the other hand the full
scale concept (approximately 120 % of nominal generator power) enables variable speed
operation at all wind speeds. The configuration depicted in Fig. 2.1 d) employs a wound rotor
and it has been used by Vestas since the mid 1990°s known as OptiSlip. The basic idea of this
concept is to control the total rotor resistance using a variable external rotor resistance by
means of a power electronic (PE) converter. With the PE converter mounted on the rotor
shaft, it is possible to control the slip (by controlling the external rotor resistance) over a 10 %
range {2, 3]. Control of the slip implies control of the power output in the system. An
alternative control concept it is possible using passive components instead of a PE converter,
which also achieves a range of 10 % slip varnation [7]. Other configurations in wind turbines
employ a doubly fed induction generator (DFIG), as can be seen in Fig. 2.1 (e, ). A frequency
converter directly controls the currents in the rotor windings. This enables control of the
whole generator output, using a PE converter, rated at (20-30) % of nominal generator power.
Introduction of this concept is mainly motivated by two reasons: 1) variable speed in a wide
speed range compared to the variant (d) and 2) less expensive compared to the full power
control concept. Vanants (f) and (g), in addition to the requisite performance control, also
allow a controlled delivery of reactive power. These systems can therefore be used as primary
grid supply or as gnd support for AC grids, as can variant (h) for DC supplies. Synchronous
generators delivering power via grid-commutated inverters (models (i), (j) and (k)) must draw
their reactive power from the grid. Self commutated inverters such as designs (f) and (g) are,
on the other hand, able to provide the reactive power necessary themselves and to control the
voltage in grid branches. For the gearless systems (j), (k) and (1), only synchronous generators
are used, excited either electrically (j) or by permanent magnets (k, 1). A gearless two or three
bladed upwind wind turbine using permanent magnet generators (PMG), configurations (k, 1),
typically less than 1 kW, are used to charge a battery energy storage through a rectifier. These
configurations are also applied in wind turbines for home wind systems and hybrid systems
(stand-alone configurations), i.e. wind turbines larger than 1 kW and smaller than
approximately 20 kW. A future concept-the Windformer — using these configurations has been
suggested in year 2000 by ABB [3], with the following specifications: muiti-pole 3.5 MW
PMG which together with a diode-rectifier produces 21 kV DC. The configurations (g), (h)
and (1) are not widely used in wind turbines due to their drawbacks such as: the need for an
exciter circuit, the need for slip rings and a more complex wind turbine safely strategy, which
makes these configurations less attractive [3].

Because of their extremely short reaction times (2-20 ms), the use of frequency
converters to couple generators to the grid allows very effective and dynamically efficient
torque limiting. This is the case in systems that feed their entire output power to the grid via
rectifiers and inverters (See Fig. 2.1, models (b), (h), (i), (j) and (k)), and in configurations
that feed only part of their output to the grid via power converters (Fig. 2.1 models (e) and (f))
or take off slip power via supplementary resistors (model d) [2].
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Table 2.1. The generally applied control concepts for wind turbines (refer to Fig. 2.1) [3].

Config. Power Converter Multi-pole or Gear box | Power Control Comments
Features
a) Gearbox Passive Stall Constant speed
b) Frequency Converter Gearbox Passive Stall or Variable speed
Active Stall
c) Soft Starter Gearbox Passive Stall or One or two speed
Active Stall machine
d) PE converter or passive Gearbox Pitch Control Limited variable
components speed
e) Frequency Converter Gearbox Pitch Control Variable speed
(DFIG)
1) Frequency Converter Gearbox Stall Control or Variable speed
Pitch Control
g) Rectifier Gearbox Stall Control or Variable speed
Pitch Control
h) Rectifier and Gearbox Pitch Control
i) Rectifier and Frequency Gearbox Pitch Control Variable speed with
Converter gearbox
i) Rectifier and Frequency Multi-pole Pitch Control Variable speed
Converter without gearbox
k) Frequency Converter Multi-pole Passive Stall. Variable speed
Pitch Control or
Active Stall
1) Frequency Converter Mutti-pole Passive Stall, Variable speed
Pitch Control or
Active Stall

The configurations (a) and (c) are the only commonly applied control concept, which
does not support variable speed operation. Excluding these configurations a road map for
conversion of mechanical energy into electrical energy may be drawn, as presented in Fig.
2.2. The focus in this figure is the applied generator concept used in the conversion of a

mechanical torque input at variable speed to an electrical power output at fixed frequency.

Figure 2.2 also summarizes the variable-speed mechanical to fixed-frequency electrical
energy conversion process. Most of these processes need to sense machine speed and/or
output frequency to control power electronic converters, many of which are large (of system

rating) and highly expensive.
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Figure 2.2. Conversion process of mechanical energy to electrical energy using power electronic converter

(inspired by [3] and [7]).

As it may be observed in Fig. 2.2, the DFIG has two possible implementations, where 1)

the rotor is connected to the grid through a small frequency converter or 2) the rotor

1S

connected to an external power conversion unit (PE converter or passive components). The
term “Novel Machines” is used here to cover the reluctance machine, the Windformer concept

(from ABB).

Extracting power from the wind can be realized by means of one of the following methods

[8]:

e Constant Speed Constant Frequency (CSCF) System, where a synchronous generator

is employed, and the speed is kept constant;

e Almost Constant Speed Constant Frequency (ACSCF) System, where a squirrel cage
induction machine is employed with a small slip of one to five percent;

e Variable Speed — Constant Frequency (VSCF) System, where a doubly fed induction
generator with a frequency converter may be employed, in which the control needs
speed controller to obtain maximum power from the wind and converter to change
variable frequency of the generator to constant frequency of output voltage;

e Vanable Speed Variable Frequency (VSVF) System, which employs a double output
induction machine to feed frequency insensitive loads.

Some of advantages of VSCF-WTG against CSCF-WTG are [5]:

¢ Generates more energy by operating on a larger wind speed range
¢ [t reduces stresses in the drive train due to flywheel effect of the rotor
¢ It minimizes the audible noise when operating in light winds

Wind Turbines using Induction Generators connected to the gnd (PhD Thesis)

17

BUPT



Chapter 2 Wind Generator Configurations and Principles

e It simplifies the mechanical design and reduces mechanical stress.
Regarding the connection to the consumers of electrical energy, WT can be used in three
modes of operation:

1. Grid connected mode, where Wind Generator is connected directly to the grid;

2. Indirect grid connected mode, where Wind Generator is connected to the grid through

a power electronic converter (frequency converter),

3. Standalone mode, where Wind Generator is not connected to the grid and acts as

single voltage source.

Most WTs run at almost constant speed with direct grid connection. With indirect grid
connection, the WTG runs in its own, separate mini AC grid so that the current from the
generator passes through a series of electrical devices which adjust it to match that of the grid.
This grid is controlled electronically (using an inverter), so that the frequency of the
alternating current in the stator of the generator may be varied. In this way it is possible to run
the wind turbine at variable rotational speed. The generator may be either a synchronous or an
asynchronous generator, and the turbine may have a gearbox, or run without a gearbox if the
generator has many poles. The advantage of indirect grid connection is that it is possible to
reduce the peak torque, and the fatigue loads on the tower and rotor blades. The secondary
advantage is that with power electronics may control the reactive power, so as to improve the
power quality in the electrical grid. The variable speed wind turbine may also give a slight
advantage in terms of annual production, since it is possible to run the turbine at an optimal
rotational speed, depending on the wind speed. The basic disadvantage of indirect gnd
connection is the cost. Other disadvantage 1s the energy lost in the AC-DC-AC conversion
process, and the fact that power electronics may induce harmonic distortion of the alternating
current in the electrical grid, thus reducing the power quality.

There are two main categories of wind turbine generators, those that are large enough to
be used for power generation by public utilities and are typically deployed as “wind farms”
and smaller units for residential and small business power generation that usually stand alone
and generate less than 50 kW of power. Much of the small system installation was for
buildings or communication facilities that were in remote areas where a connection to the
power grid was impossible or prohibitively expensive.

2.3. Autonomous (Stand Alone) Systems

Reliable, cost-effective and environmentally friendly, wind energy is the ideal power
source for many applications. Stand-alone systems are totally independence with no
connection to the utility grid system. They generate electricity during daylight hours, and
store excess for nighttime use. Most stand-alone systems fall into one of three categornies [10]:
micro systems (100 W or less), mini systems (100 W to 10 kW) and small systems (10 kW to
50 kW). The wind is not always present with enough velocity to power a wind energy system.
This is why many systems are used in combination with another energy source such as solar
panels or a diesel generator. In remote communities where diesel generators often supply
electricity, the use of wind energy not only makes environmental sense, it makes economic
sense. A stand alone system may have a method for storing energy when wind conditions are
not good. Usually, batteries are used for storage. Other types of wind energy systems are
connected to batteries. When the wind falls bellow the “cut in” speed, the batteries are used.

bhl. 950 —
g I m K g A
18 Wind Turbines using Induction Generators connected to the grid (PhD Thesis) %

BUPT



Chapter 2 Wind Generator Configurations and Principles

When the wind is sufficient, the turbines charge the batteries. There are also mechanical
systems which are used to aerate ponds or pump water for livestock, irrigation or household
water supplies. Such systems, such as mechanical water pumps, do not need a back up power
supply or batteries.

For rural areas where grid connection is comparatively expensive there 1s a trend
towards stand-alone wind generators becoming an example of a more up market partial
solution to power supply for some flagship industral developments.

2.3.1. Concepts for stand-alone wind turbines

There are several types of wind energy systems regarding stand-alone applications,
which provide power solely from the wind. There are hybrid systems, which use another
source of power, such as solar panels or a diesel generator, to supplement the energy provided
from the wind. Stand-alone (SA) systems may be of the following categories [10]: SA Photo-
Voltaic with battery storage for DC load or AC loads, SA Hybrid Photo-Voltaic (PV) with
Diesel Generators (DG) and battery storage for DC loads or AC loads, SA Hybrid PV with
DG and Wind Generators with battery storage for DC loads or for AC loads.

Autonomous squirrel-cage three-phase induction generators driven either by constant or
variable speed prime movers with capacitive excitations are being commissioned as power
sources for many stand-alone AC and DC applications. The adjustable speed generators
(ASG) system with squirrel cage induction machine is commonly used in low power variable-
speed wind turbines replacing the classical direct grid connected fixed speed drives. The goals
that can be achieved by using ASG are to increase the energy production especially in the low
wind range, eliminate the capacitor bank for reactive power compensation and allow both grid
connection and stand-alone operation modes. There is an increase demand on the market for
low power stand-alone wind turbines that can be used in remote places. But in order to
achieve these goals, relative complex control strategies needs to be developed and power
converter need to be used to process the power.

The most common configurations of power converters for stand-alone wind turbines are
depicted in Fig. 2.3. The diode rectifier (Fig. 2.3a)) can only be used in one quadrant and is
not possible to control it, but it is a simple and cheap solution. This configuration is suitable
for fixed-pitch, fixed-speed wind turbines. However, using a DC-DC converter between the
diode rectifier and the voltage source inverter this configuration can be used for variable-
speed wind turbines. The back-to-back voltage source converter is a bidirectional power
converter consisting of two conventional voltage source inverters as shown in Fig. 2.3 b). To
achieve full control of the output, the DC-link voltage must be boosted to a level higher than
the amplitude of the isolated grid voltage. The power flow of the grid side converter is
controlled in order to keep the DC-link voltage constant, while the control of the generator
side is set to suite the magnetization demand and the reference speed or torque [9]. A
technical advantage of this topology is the capacitor decoupling between the grid converter
and the generator converter. Besides affording some protection, this decoupling offers
separate control of two converters, allowing compensation of asymmetry both on the
generator side and on the grid side, independently. One drawback of this topology is the
presence of the DC-link capacitor, which is bulky and has a relative reduced overall lifetime.
The matrix converter solution (Fig. 2.3 ¢)) should be an all silicon solution with no passive

Wind Turbines using Induction Generators connected to the gnd (PhD Thesis) 19

BUPT



Chapter 2 Wind Generator Configurations and Principles

components in the power circuit. The basic idea of this converter is that a desired input
current, a desired output voltage and a desired output frequency may be obtained by properly
connecting the output terminals of the converter to the input terminals. Some advantages of
this topology are: less thermal stress of the semiconductors for a low output frequency
compared with the back-to-back solution, the absence of the DC-link capacitor may increase
the efficiency and the life-time, depending on the realization of the bi-directional switches, the
switching losses may be less than those of the back-to-back voltage source converter. As
drawbacks can be mentioned: the intrinsic limitation of the output voltage and the
unavailability of a true bi-directional switch. There is no decoupling between the input and the
output of the converter and problems can arise for unbalanced or distorted input voltages, or
unbalanced load.
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Fig. 2.3. Stand-alone wind turbine configurations using, a) IG and diode bridge rectifier and voltage source
inverter (vsi), b) back-to-back vsi, ¢) matrix converter and d) SG with diode bridge rectifier and IGBT inverter.
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The implemented system (Fig. 2.3 d) includes a synchronous generator, a three phase
diode bridge rectifier, a DC inductor and an IGBT inverter. The DC inductor is used to
smooth the ripple of the direct current and the inverter controls the active and reactive power
of the wind energy converter system. Higher energy capture, lower transient torque and a
cheaper gear-box are the advantages and the higher capital cost is a disadvantage of this
system.

2.4. Wind Generators connected to the grid

Wind Turbines may be designed with either synchronous or asynchronous generators,
and with various forms of direct or indirect grid connection of the generator. The vast
majority of the installed power of wind turbines in the world is grid connected, i.e. the
turbines feed their electricity directly into the public electrical grid. Most wind turbines run at
almost constant speed with direct grid connection. One of the simplest methods of running a
wind generation system is to use an induction machine connected directly to the power grid.
This very common method of operation forcing the machine to run at a constant frequency
and therefore at nearly constant speed. Because the wind is highly variable, it is desirable to
operate a wind turbine at variable speeds. With variable speeds the turbine is able to operate at
it maximum power producing point for a given wind speed.

Most of wind turbines installed at present are based on one of the three main wind
turbine types:

1. fixed speed with directly grid coupled squirrel cage induction generator (Danish
concept), Fig. 2.4;

2. variable speed with doubly fed induction generator (Fig. 2.5);

3. variable speed based on a direct drive synchronous generator (Fig. 2.6).

Apart from these three mainstream designs, a number of manufacturers have developed
other technologies over the time.

Table 2.2. Wind turbine manufacturers-current design and power ranges, based on information found on the
internet at February 2003.

Manufacturer Design Power range Comments
Bonus (Dk) CT/CS; CT/AS 600 kW a-2.3) Mw
De Wind (UK/Germany) VTDI (0.6-2) MW
Enercon (Germany) VTDD 0.34.5 MW
GE Wind Energy CT/CS; VIDI 600 kW (0.9-3.6) MW
(Germ./US)
Lagerway (Netherlands) VT/AGP; VIDD 250 kW (0.75-2) MW
Jeumont Industrie (Fr.) VTDD (0.75-1.5) MW
MADE (Spain) CT/CS; VTSGP (0.66-2) MW
NEG Micon (Dk) CT/CS; CT/AS; VIDI (0.6-2.75) MW
Nordex (Germany) CT/CS ; VIDI (0.6-1.3) MW, (1.5-2.5)
MW
RE Power systems CT/CS; CT/AGP;, VIDI (0.6-0.75) MW 1050 MW
(Germany)
Vestas (Dk) SVT/OSP: VIDI (0.66-2.75) MW, (0.85-3)
MW
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CT/CS = fixed speed, classic stall (fixed blade angle)
CT/AS = fixed speed, active stall (negative variable blade angle, 3-5 degrees)
VTDI = variable speed (+ pitch), doubly fed induction generator
VTDD = variable speed, direct drive synchronous generator combined with pitch (Enercon
+ Lagerwey + 1.5 MW Jeumont) combined with classic stall (Jeumont J48 (750
kW))
VTSGP = variable speed / pitch combined with (brushless) synchronous generator

VT/AGP = variable speed /pitch combined with asynchronous generator (100 % current via
converter)

CT/AGP = nowadays unusual combination of fixed speed /pitch with directly connected
asynchronous generator. This used to be Vestas' standard system, including 225
and 500 kW

SVT/OSP = semi-vanable speed / pitch combined with OptiSlip (maximum +10 % variation
in nominal speed)

2.4.1. Constant Speed Wind Turbine Configurations

Many wind turbines built to date were constructed according to the “Danish concept”, in
which wind energy is transformed into electrical energy using a simple squirrel-cage
induction machine directly connected to a three-phase power grid, as shown in Fig. 2.4. The
rotor of the wind turbine is coupled to the generator shaft with a fixed-ratio gearbox. This
conventional concept applied by many Danish wind turbine manufacturers during 1980’s and
1990’s was extended with a capacitor bank for reactive power compensation and a soft-starter
for smoother grid connection at more than 500 kW induction machine (see chapter 3). Some
induction generators use pole-adjustable winding configurations to enable operation at
different synchronous speeds (Table 2.1). However, at any given operating point, this wind
turbine configuration basically has to operate at constant speed. The generator slip varies with
the generated power, so the speed is not, in fact, constant; however, as the speed variations are
very small (Just 1-2%), it i1s commonly referred to as a fixed-speed wind turbine.
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Figure 2.4. Fixed speed wind turbine with squirrel cage induction generator.
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The construction and performance of fixed-speed wind turbines depends on the
characteristics of mechanical sub-circuits, e.g. pitch control time constants, main breaker
maximum switching rate [5]. The response time of some of these mechanical circuits may be
in the range of tens milliseconds. As a result, each time when the wind gusts hits the turbine, a
fast and strong variation of output electrical power may be observed. These loads required a
sturdy mechanical design to absorbed high mechanical stresses. This strategy leads to
expensive mechanical construction, especially at high-rated power. To do this topology more
efficiently and cheaper a control strategy called “active stall constant speed” may be
implemented, as will be describe in details in chapter 3.

Each of the wind turbine designs has its own benefits and drawbacks. The advantage of
a fixed-speed turbine is that it is relatively simple; therefore the price tends to be slightly
lower. These turbines have to be more mechanically robust than other designs, because of the
higher structural loads involved - since the rotor speed cannot be varied, fluctuations in wind
speed translate directly into drive train torque fluctuations. Depending on the strength of the
grid connection, the resulting power fluctuations may result in grid voltage fluctuations,
which can cause unwanted fluctuations in bulb brightness (‘flicker’).

2.4.2. Variable Speed Wind Turbine Configurations

Variable speed wind turbine generators have progressed dramatically in recent years.
They are a spreading, dominating design principle of power converters applied in wind power
turbines today. Up to 75 % of all wind turbines built in 2001 and up to 80 % of those that
were built in 2002 are variable speed wind turbines [13]. Variable speed operation can only be
achieved by decoupling electrical grid frequency and mechanical rotor frequency. To this end,
power electronic converters are used, such as an AC-DC-AC converter combined with
advanced control systems. Because of the improved reliability of power electronic converters,
it 1s possible to vary the frequency to the ac generator and thereby allow for variable-speed
operation. By adjusting the speed, the wind turbine can be optimized to run at near peak
power production for various wind speeds.

The advantages of variable speed turbines are that they generate more energy for a given
wind speed regime, and that the active and reactive power generated can be easily controlled
[3, 5, 17-21]. There is also less mechanical stress, and rapid power fluctuations are scarce,
because the rotor acts as a flywheel [14, 15] (storing energy temporarily as a buffer). In
general, no flicker problems occur with variable speed turbines. Variable speed turbines also
allow the grid voltage to be controlled, as the reactive power generation can be varied [5. 9].

Vanable speed wind turbines can use more wind, due to the fact that they adapt to the
particularity of the wind power itself-the changeable force of the wind. They start at lower
wind speeds, and increase the power with speed. The design itself may be more demanding
than classic, constant-speed turbine, but the reported energy increase of up to 10 % is
rewarding 5, 13].

The drawbacks of variable speed wind generators are that the built-in power electronics
are sensitive to voltage dips caused by faults and/or switching and that they are more
expensive. On the other hand, using variable speed systems can also give major savings
elsewhere, such as lighter foundations in offshore applications [12].
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The existing topologies of variable speed wind turbines include solutions for
asynchronous generators and for synchronous generators as well. As in the case of the
adjustable speed electrical drives, the variable speed operation of the WTs is achieved using
suitable power electronic converters. Several alternative configurations exist, regarding the
type of the converters and the electrical generators. To optimize wind turbine operation, some
control scheme require a method of searching techniques to find the maximum power for a
given wind operation [26, 28, 33, 34]. Other controllers use field-oriented control techniques
to determine the power flow in the machines [S, 9, 14-20]. Quite often, control techniques use
simple V/f converters to adjust the speed of the turbine [31, 32].

2.4.2.1. Variable Speed Wind Turbine Configurations with Induction Generators

Typically variable speed wind turbine configurations are considered, using induction
generators and different types of power electronics converters, including voltage and current
source inverters or matrix converters.

Commonly used circuits for varable speed:

1. Solution with the induction machine and squirrel cage rotor

The power electronics circuit is with machine side voltage source inverter, DC link, line side
voltage source converter and filter, all for full generated power, as shown in Fig. 2.5.
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Figure 2.5. 4-Q AC Drive: Induction generator with the full line side converter and machine side inverter. both
for full generated power.

This scheme presents significant advantages {13, 16], such as the inherent bi-directional
power flow capability (required for motor starting of stall regulated WTs), no minimum and
maximum turbine speed limits, generated power and voltage increase with the speed, reactive
power control, the reduced harmonic injection to the grid and continues operation at network
disturbances. As drawbacks of this scheme can be mention: two full-power converters in
series, high dv/dt applied at generated windings, power loss of up to 3% of generated power
and big DC-link capacitors.

Other possibility for power electronics circuit can be a current source inverter cascade [2, 3,
16]. These existing solutions of variable speed wind turbines use a thyristor current source

converter at the generator side and a conventional 6-pulse phase controlled inverter at the
line-side.
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As it will be shown in the following, much more suitable is the application of the “slip
control” principle with doubly fed machine.

2. Solutions with the doubly-fed induction machine

In a variable speed turbine with doubly fed induction generator, the converter feeds the rotor
winding, while the stator winding is connected directly to the grid, as can be seen in Fig. 2.6.
The electrical rotor frequency can be varied by this converter, thus decoupling mechanical
and electrical frequency and making variable speed operation possible.
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Figure 2.6. Variable speed wind turbine with double fed induction generator.

Doubly output induction machines permit operation in the over-synchronous and under-
synchronous range, where their speed can be varied by [2]:

e up to around 10 % with dynamic slip control;

e approximately 30 % using power converter cascades in over-synchronous operation;

e around 40 % under and over-synchronous in doubly fed operation.
For the principle circuit, three different modes of operations are possible [2, 16].
2.1. The stator winding has to be connected to the grid, only when the rotor speed is near
synchronous speed. The rotor circuit is always connected to the grid, over the frequency
converter. For lower generator speed, that is 80%, only 20% of the generator power will be
supplied from the grid to the rotor. For higher rotor speed (120%), 20% of the generator
power will be supplied to the grid via rotor circuit. This circuit is also known as the cascade
circuit. In this system, the slip output of the rotor can be drawn from the rotor via an
uncontrolled rectifier and via a grid or self-commutated inverter, and supplied to the three-
phase current grid (Scherbius principle).
2.2. The stator and rotor circuits with inverter and converter are always connected together
and at the beginning disconnected from the grid. Wind starts the rotation, and for lower speed
than the rated one, the rotor inverter produce the frequency (f;), so that the frequency
corresponds to the speed fromion + £=50 Hz. Stator winding and rotor converter will be
connected to the grid, when the generator voltage is synchronized with the grid. The principle
of operation is used for the generator which has to supply constant frequency, and is driven
with variable shaft speed.
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For both solutions, the rotor side inverter operates at lower output frequency, between
10 Hz and near to zero Hz. The connection between rotated rotor and inverter is made via slip
rings. Maximum power is (120-130) % of the machine power. Semiconductor power losses
are up to (0.6-0.9) % of the generated power.
Advantages: only two power converters in series for rotor power exchange (usually 20-30%
of the generated power), active and reactive power control, and line side inductance is only 3-
4.5% (12-15% of the rotor power).

Disadvantages: minimum and maximum turbine-speed limits corresponding to the rotor
power exchange (usually 20-30% of generated power), the rotor size converter operates at low
frequency, and therefore double size semi-conductors are needed.

2.3. Dynamic slip control. By connecting resistors in the three-phases of the rotor circuit,
high slip values and thus high elasticity of speed can be achieved if the resistors are correctly
dimensioned. whereby increased slip brings better dynamic characteristics but worse
etficiency. The complete redesign of the power section with additional resistors, power
electronics and regulation in the rotating part of the generator was realized by Vestas for their
wind turbines called OptiSlip system. The generators specifically designed for the OptiSlip
function are fitted with a wound rotor and an integrated current regulation system in the rotor-
side. This is installed at the rear of the generator on the end of the shaft, and consists of
additional resistors, power electronics, current sensors and a microprocessor controller. A
recently developed alternative variable-speed generation system employs a wound rotor
induction machine with passive rotor connected elements. This system provides acceptable
efficiency over a reasonable speed range. In consequence, it offers a highly reliable, low
maintenance, and low capital cost alternative, more detailed can be found in chapter 4.

The asynchronous machine with wound rotor and speed control by slip-power recovery
is a very cost effective and a widely successful solution. More than 50 % variable speed
windmills today are built using this principle [13].

2.4.2.2. Variable Speed Wind Turbines using Synchronous Generators

As it may be observed in section 2.2, the wind turbines with synchronous generators are
used with and without gearing via frequency converters in grid operation. For the gearless
systems, only synchronous generators are used, excited either electrically or by permanent
magnets. The permanent magnet synchronous generators are proposed as a wind turbine due
to its property of self-excitation. The utilization of permanent magnets in a multi-pole rotor
reduces the rotor losses significantly and makes it possible to eliminate the gear box.

In a variable speed turbine with direct drive synchronous generator, the generator and
the grid are completely decoupled by means of a power electronic converter, also allowing
variable speed operation, as shown in Fig. 2.7.
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Figure 2.7. Vanable speed based on direct drive synchronous generator, a), and equipped with a gear and a
frequency converter. b).

The typical arrangement of variable speed direct drive synchronous generator is often
used without a gear box, using a low speed synchronous generator. In order to achieve
vanable speed operation, a power electronics converter interface is used to connect the
generator to the grid. The converter may consist of an uncontrolled 3-phase diode rectifier, a
DC/DC boost converter and a 3-phase PWM voltage source inverter or two back-to-back
PWM-VSI converters [25, 26, 29]. The output voltage of the synchronous generator is lower
at lower speed; therefore one boost chopper is built-in between the rectifier and the DC-link
capacitors. At the lower speed the boost chopper pumps the rectified generator voltage up to
the DC link value necessary for the line side converter operation (Vpc> Viine-peak)-

The power electronic circuits without a boost chopper are also used [13]. In this case the
DC link voltage control is achieved due to excitation control of the synchronous generator.
There i1s no need for an inverter on the generator side; therefore a simple rectifier may be
used. Use of a diode bridge rectifier will cause harmonics in the current waveforms, giving a
high peak current in relation to the RMS value of the load [3]. This will increased eddy
current losses in the rotor, and also the danger of demagnetizing the magnets at a small load.
The use of a controlled rectifier allows several advantages, such as the current may be
controlled to be sinusoidal, the amplitude of the voltage may be controlled to match the grid
voltage, independent of shaft speed. The use of the inverter effectively decouples the
generator from the grid. The inverter performance, such as the voltage regulation, reactive
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power control and power quality depend mainly on the grid-side inverter [22, 23, 24]. This
system may operate at any power angle, without losing synchronism.

Another variable-speed wind turbine topology employs a self excited brushless
synchronous generator (SG) with automatic voltage regulator (AVR) [27, 28]. The SG
supplies power to a diode rectifier chosen for its simplicity, low cost and low losses. The use
of the diode rectifier is possible since the voltage control of the DC-link is achieved through
the AVR of the SG. The rectifier generates non-sinusoidal generator currents which increase
the generator losses and decrease the rating of the generator by about 5%. Also the
commutation of the diodes leads to a voltage drop of about 5-10%. The DC inductor is used to
smooth the ripple of the direct current. The IGBT inverter controls the active and reactive
power of the variable speed wind energy conversion system supplied to the grid. The small
grid filter 1s used to eliminate the high order harmonics.

The advantages of these topologies are [13]: no minimum and maximum turbine-speed
limits, generated power and voltage increase with speed, VAR-reactive power control is
possible, simple generator side converter and control and continues operation when network
disturbances occur. As disadvantages should be mentioned: two (three) full-power converters
in series, power loss of up to (2-3) % of the generated power, large DC-link capacitors and
line-side inductance of (10-15) % of the generated power.

A directly driven variable-speed generator can be more efficient than a conventional
gear and generator, even if the generator efficiency at rated load is low. The reasons for that is
the elimination of the gear box losses and that a large part of the generator losses at rated load
are copper losses and they are very much reduced at low wind speed [29].

2.4.2.3. A comparison between asynchronous and synchronous generators

based on variable speed wind turbine applications

Whether the trend towards variable speed systems will eventually mean a greater role
for synchronous generators with gearboxes and grid coupling via frequency converters is hard
to say as yet. This will depend amongst others on whether the stability problems, which can
occur when a short circuit occurs in grids with large numbers of wind turbines based on the
doubly fed induction generators, appear to be soluble in the near future.

The trend is towards advanced designs, especially for wind turbines in the megawatt
class. Currently, the two trend-setting technological designs in this category (> 1.5 MW) are
variable pitch turbines with doubly fed induction generators, and direct drive systems. The
first segment now includes almost all leading names of companies opting for turbines with
gearboxes. The second segment so far is more or less exclusively the domain of Enercon (300
kW - 4.5 MW), although there are a number of promising potential direct drive suppliers
taking off

Comparing the two variable speed designs, one advantage that can be observed in
designs based on the doubly fed induction generator, is that a fairly standard generator and a
small - and hence cheaper - power electronics converter can be used. The cost of the
semiconductor components used in AC-DC-AC converters has, however, fallen spectacularly
in the last five to seven years, reducing the latter advantage. A drawback of designs with the
doubly fed induction generator, when compared with direct drive variable speed turbines, is
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that they still need a rather maintenance-intensive - and potentially unreliable - gearbox in the
drive train. The drawbacks of the direct drive design are the large, and relatively heavy and
complex ring generator and a larger electronic converter, through which the full 100% of the
power generated has to pass, compared with about one third of the power in the case of the
doubly fed induction generator-based wind turbine.

2.5. Control Strategies for Wind Turbines

Wind turbines are designed to produce electrical energy as cheaply as possible. Wind
turbines are therefore generally designed so that they yield maximum output at wind speeds
around (12-15) meters per second. In case of stronger winds it is necessary to waste part of
the excess energy of the wind in order to avoid damaging the wind turbine. All wind turbines
are therefore designed with some sort of power control. There are two different ways of doing
this safely on modern wind turbines [4]: pitch control and stall control.

2.5.1. Pitch controlled wind turbines

On a pitch controlled wind turbine the turbine's electronic controller checks the power
output of the turbine several times per second. When the power output becomes too high, it
sends an order to the blade pitch mechanism which immediately pitches (tumns) the rotor
blades slightly out of the wind. Conversely, the blades are turned back into the wind
whenever the wind drops again. The rotor blades thus have to be able to turn around their
longitudinal axis (to pitch). During normal operation the blades will pitch a fraction of a
degree at a time - and the rotor will be turning at the same time. Designing a pitch controlled
wind turbine requires some clever engineering to make sure that the rotor blades pitch exactly
the amount required. On a pitch controlled wind turbine, the computer will generally pitch the
blades a few degrees every time the wind changes in order to keep the rotor blades at the
optimum angle in order to maximize output for all wind speeds. The pitch mechanism is
usually operated using hydraulics.

2.5.2. Stall controlled wind turbines

Passive stall controlled wind turbines have the rotor blades bolted onto the hub at a fixed
angle. The geometry of the rotor blade profile however has been aerodynamically designed to
ensure that the moment when the wind speed becomes too high; it creates turbulence on the
side of the rotor blade which is not facing the wind This stall prevents the lifting force of the
rotor blade from acting on the rotor. As the actual wind speed in the area increases, the angle
of attack of the rotor blade will increase, until at some point it starts to stall. If you look
closely at a rotor blade for a stall controlled wind turbine you will notice that the blade is
twisted slightly as you move along its longitudinal axis. This is partly done in order to ensure
that the rotor blade stalls gradually rather than abruptly when the wind speed reaches its
critical value. The basic advantage of stall control is that one avoids moving parts in the rotor
itself, and a complex control system. On the other hand, stall control represents a very
complex aerodynamic design problem, and related design challenges in the structural
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dynamics of the whole wind turbine, e.g. to avoid stall-induced vibrations. Around two thirds
of the wind turbines currently being installed in the world are stall controlled machines [4]

2.5.2.1. Active Stall Controlled Wind Turbines

An increasing number of larger wind turbines (1 MW and more) are being developed
with an active stall power control mechanism. Technically the active stall turbines resemble
pitch controlled turbines, since they have pitch able blades. In order to get a reasonably large
torque (turning force) at low wind speeds, the wind turbines will usually be programmed to
pitch their blades much like a pitch controlled wind turbine at low wind speeds. (Often they
use only a few fixed steps depending upon the wind speed). When the turbine reaches its rated
power, however, it will notice an important difference from the pitch controlled wind
turbines: If the generator is about to be overloaded, the turbine will pitch its blades in the
opposite direction from what a pitch controlled wind turbine does. In other words, it will
increase the angle of attack of the rotor blades in order to make the blades go into a deeper
stall, thus wasting the excess energy in the wind. One of the advantages of active stall is that
one can control the power output more accurately than with passive stall, so as to avoid
overshooting the rated power of the turbine at the beginning of a gust of wind. Another
advantage is that the wind generator can be run almost exactly at rated power at all high wind
speeds. A normal passive stall controlled wind turbine will usually have a drop in the
electrical power output for higher wind speeds, as the rotor blades go into deeper stall.

The pitch mechanism is usually operated using hydraulics or electric stepper motors. As
with pitch control it is largely an economic question whether it is worthwhile to pay for the
added complexity of the machine, when the blade pitch mechanism is added.

2.5.3. Rotor Efficiency under Stall and Pitch Controlled Wind Turbines

The output of wind turbines varies with wind speed, but is not proportional to it, as the
energy that the wind contains increases with the cube of the wind speed. At low wind speeds
(1-3 m/s), wind turbines are shut down, as they would be able to generate little or no power
(Fig. 2.8). Wind turbines only start up at wind speeds between 2.5 and 5 m/s, known as the
“cut-in” wind speed. “Nominal” or “rated” wind speed, at which nominal output is reached, is
normally between 12 and 15 m/s. The precise value depends on the ratio of generator capacity
to rotor surface area, and is a design variable. Finally, any wind turbine has a “cut-out wind
speed”: this is the wind speed at which the turbine is shut down to avoid structural overload.
Its value 1s around 25 m/s for IEC Wind class I and 1I turbines [4]. For IEC Wind Class IiI
turbines, which generate maximum output at lower wind speeds, the cut-out value is in the
range of 17-20 m/s. Wind turbines are shut down if the 10-minute average of the wind speed
1s above this design value.
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Figure 2.8. Typical power curves and operation areas of a stall (dashed line) and pitch controlled (solid line)
wind turbines [13].

Below nominal wind speed, the aim is to maximize rotor efficiency (Fig. 2.8). The rotor
efficiency depends on the ratio of the rotor blade tip speed and wind speed, known as the “tip
speed ratio”. The tip speed ratio of a fixed speed wind turbine cannot be controlled, as the
rotor speed (and thus the blade tip speed) is fixed. Nevertheless, the tip speed ratio varies with
wind speed, and thus reaches the optimum value at one wind speed only in case of fixed speed
designs (or at two speeds if the wind turbine can operate at two different, but constant, rotor
speeds), more details can be found in chapter 3.

With a variable speed wind turbine, the tip speed ratio varies, and depends both on wind
speed and rotor speed. For maximum rotor efficiency, the tip speed ratio must be maintained
at the value that corresponds to optimum rotor efficiency (usually 6-8) at all times. This is
achieved by controlling the rotor speed accordingly. The higher aerodynamic efficiency that is
thus achieved explains why a variable speed turbine generates more energy for the same wind
speed regime. At wind speeds below nominal, the aim is to extract energy from the wind as
efficiently as possible; however, this ceases to apply above nominal wind speed, as this would
overload the generator and/or the converter system. Above nominal wind speed, therefore, the
mechanical power extracted from the wind must remain constant. To achieve this, the
aerodynamic rotor efficiency must be reduced when the wind speed increases, as can also be
seen in Fig. 2.8.

Two methods can be applied to this end: stall power limitation and pitch control. With
stall control, the blades are designed such that the rotor efficiency “collapses” at high wind
speeds. Due to the blade design, this behavior is intrinsic, and no active control systems are
required to achieve the aerodynamic efficiency reduction. With pitch control, the blade is
gradually turned out of the wind, so the wind impact angle changes and the aerodynamic
efficiency is reduced. In this case active stall control is applied, by means of hydraulics or an
electric drive system. The input variable for the pitch controller is the rotor speed. The higher
the rotor speed, the more the blades are turned out of the wind. The blades are turned back
into the wind when the rotor speed falls (Fig. 2.9. In general, fixed speed turbines use stall

control for technical reasons, while variable speed turbines are usually equipped with pitch
control.
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Figure 2.9. Rotor speed control principle for wind speeds above nominal.

A relatively recent innovation is the active-stall concept. This is similar to normal stall
power limitation, except that the whole blade can be rotated backwards (in the opposite
direction as is the case with pitch control) by a few (3-5) degrees at the nominal speed range
in order to give better rotor control. The result is known as the 'deep stall' effect, which leads
to the power curve bending sharply to a horizontal output line at nominal power and keeping
this constant value for all wind speeds between nominal and cut-out. The application of this
concept 1s more or less restricted to fixed speed turbines. Typical active-stall representatives
are the Danish manufacturers Bonus (1 MW and over) and NEG Micon (1.5 and 2 MW) [4].
The difference from active pitch control is not only that the range of blade angle variation is
less, but also that the direction of the variation is opposite. Further, the blade angle is only
varied during the start-up phase and nominal speed range, while active pitch control is
sometimes also used continuously from a threshold value as a second controller to optimize
aerodynamic rotor efficiency.

2.6. Trends in Wind Turbine Design and Prices

Based on the previous section the present “state of the art” large wind turbine may be
summarized as a 3-bladed upwind turbine using;:
e active stall with two speeds asynchronous generator with constant speed
e pitch control combined with variable speed. Moreover, the variable speed
concept is mainly realized using a doubly-fed induction generator with a rotor
connected IGBT based frequency converter
e only one of the top-10 manufacturers offers a gearless (variable speed) wind
turbine [3].
Meanwhile, it should be mentioned that a number of alternative wind turbine designs
exist.
To obtain an overview of the wind turbine prices, the well known concepts have been
evaluated using publicly available data obtained from the internet. The results are presented in

Table 2.3, to ascertain the standard prices for the largest wind turbines of almost each top-10
manufacturer.
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Table 2.3. Nominal power. typical rotor diameter and wind turbine prices. The wind turbine price also includes
installation and start-up and excludes foundation costs. (Year 2000)

Manufacture Wind Turbine Power (kW) Hub height (meters) | Wind tarbine price
(EU)

NEG Micon NM 2000/72 2000 68 1.715.000

NM 1500/64 1500 60 1.140.000

Vestas V80 2000 78 1.810.000

V66 1650 67 1.340.000

Enercon E-66/70 1800 65 1.550.000

Enron Wind 1.5¢/70.5 1500 80 1.375.000
Bonus 1.3/62 1300 60 900.000

Nordex N80/2500 2500 70 1.850.000
N60/1300 1300 60 875.000

The specific wind turbine price has decreased from 1600 EU / kW for 20-30 kW
machines down bellow 800 EU / kW for 450-600 kW machines, as reported in [3]. The
Megawatt machines have an increasing specific price. This fact is partly explained by the
development in offshore wind turbines, which are generally Wind Farms. It seems to be the
technical performance, measured at the swept rotor per nominal power, or the yearly energy
production per unit swept rotor area, that is the optimizing criterion-rather than the economic
performance, measured as the cost per nominal power, or the cost per yearly energy unit
production.

Improvements in wind energy technology mean that the trends which have led to the
dramatic fall in the cost of wind energy are set to continue.

2.7. Estimation of the wind generator systems efficiency.

Modern wind turbines typically have availabilities exceeding 98% and perform with
capacity factor of (35 to 45) % in good wind resource areas.

Different wind energy systems are compared mainly regarding cost per kWh. Therefore,
several things should be investigated: the average power captured by the turbine, the system
cost, the efficiency and the availability of the systems. The efficiency is very important when
comparing different systems the losses reduce the average power produces by the wind energy
converter and, thereby, they reduce the incomes. The average power production is determined
by the average efficiency and not by the efficiency of rated load [29].

In this section the three compared 500 kW wind generator systems are presented. The
systems represent three different concepts which are interesting for actual and future wind
energy conversion systems. The first one is the conventional constant-speed wind generator
system with a step-up gear and a directly grid-connected induction generator. The second
system is a variable-speed synchronous generator equipped with a gear and a frequency
converter. The frequency converter consists of a diode-rectifier, a DC step-up converter and
an IGBT inverter. The rectifier is chosen for its low price and low losses and the inverter
because it produces high quality power to the grid. The synchronous generator has almost the
same efficiency as the induction generator, only 0.4% lower because of current harmonics
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from the diode rectifier. The third system is a directly-driven vanable-speed permanent
magnet synchronous generator with a frequency converter as the same type as the one
presented before.

2.7.1. Loss distribution: losses in the generator, gear box and power converter

In this section the losses for different systems will be estimated and discussed. The
losses of the wind generators can be divided into several types depending on different
variables.

The gear losses can be divided into the gear mesh losses and the no load losses. The gear
mesh losses only depend on the transmitted power and not on the turbine rotor speed. The no
load losses are bearing losses, oil churning losses and wind age losses [29]. They are
independent of load but are speed-dependent. The estimated losses at rated of 500 kW gear
for wind turbines are shown in Table 2.4.

Table 2.4. Losses in the gear at rated load [29].

Friction, wind age and oil churning losses 1 % included turbine bearing
Gear mesh load 1.7%
Total losses at rated load 2.7%

The generator losses are calculated according to the conventional electric machine
theory. The losses are: copper losses, hysteresis and eddy current core losses, wind age and
friction losses and additional losses. The copper losses are dependent on the currents, the
histeresis and eddy current core losses depend on the flux linkage and the frequency, the
friction losses only depend on the generator speed and the additional losses can be assumed to
depend only on the current. The losses of the induction generator are based on data from a
commercial induction generator and the losses of the direct driven generator are from a design
study of a 500 kW synchronous generator with permanent magnet. The losses of the
synchronous generator are estimated for a generator with the same stator rating as the
induction machine and with salient pole rotor excited by a brushless exciter and are shown in
Table 2.5.

Table 2.5. Losses in the generators at rated load {29).

Losses Induction generator Synchronous generator Directly driven PM
synchronous generator

Core losses 1.5% 1.5% 12 %

Copper losses and 1.5% 1.15% 3.5 % stator

additional losses stator & rotor stator
Friction, windage and 0.5% 0.5% 1 % incl. turbine bearing
cooling losses

Excitation losses - 0.75% -

Total losses 35% 3.9% 5.7%

In the variable speed wind generators the losses of the frequency converters have to be
included. The converter losses are copper losses, voltage drop losses and no load losses for

34 Wind Turbines using Induction Generators connected to the grid (PhD Thesis)

BUPT



Chapter 2 Wind Generator Configurations and Principles

the rectifier, the dc step-up converter, and the inverter. For a 500 kW diode/IGBT converter
the losses at rated load are shown in Table 2.6 [29].

Table 2.6. Losses in the frequency converter at rated load.

Voltage drop losses of the diode rectifier 0.4 %
Resistance losses of rectifier and inductor 0.2 %
Step up converter transistor losses 0.75 %
Step up converter diode losses 0.25 %

No load converter losses 0.1%
Inverter load losses at cosp=1 1.5%
Inverter and inductor resistive losses 0.3 %
Total losses at rated generator voltage 2.75%

2.7.2. Calculation Method

Because one of the compared systems is a constant speed wind generator system while
the other two are variable-speed wind generator systems, the energy captured by the turbine
differs. Therefore, the comparison should be made only on the average efficiency from wind
turbine shaft to the grid. This means that the resuits does not include that a variable-speed
wind turbine will capture a few percentage more energy than a constant-speed turbine.

To find the average efficiency, the average power production of the turbine (Pr.,) and
average losses (Pr.v) must be calculated. This can be done by using a probability density
distribution (w) for the wind speed (v). The aerodynamic power of wind turbine Pr(v)) 1s
multiplied by the probability density and integrated from the wind speed Vpin, at which the
turbine starts, to the wind speed vmax, at which it is stopped. By definition the integral of the
probability density function over wind speeds from zero to infinity is exactly one. The value
of this integral is the average power captured by the turbine:

P = "TP, W)-wW)-dv .. 2.1

The average losses can be calculated in the same way as the average power. The average
efficiency can then be calculated as:

P .

The probability density of different wind speeds is approximated by a Weibull
distribution. A typical wind speed probability density distribution and typical losses of a wind
energy converter are shown in Fig. 2.10. In Fig. 2.11 the product of the probability density
and the losses is shown.
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Figure 2.11. The loss density and average losses [29].

The losses at wind speeds bellow 8 m/s are much more important for the average losses
than the losses above rated wind speed, 13 m/s, because the loss density is much higher at low
wind speed than above the rated wind speed.

2.7.3. The average losses

To be able to use the proposed method to calculate the average losses, the losses must be
expressed as a function of the wind speed. By defining the parameters that determine the
losses as functions of the wind speed, all the losses can be expressed as a function of wind
speed. In Fig. 2.12 the different losses are plotted separately for all three compared wind
generators.
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Figure 2.12. The wind generator losses for three different systems [29].

In Fig. 2.12 it also can be seen that the copper losses decrease in all the generators as the
wind speed decreases. The core losses and the friction losses are not reduced in the gnd
connected induction generator because the flux linkage and the speed remain approximately
constant. In both the variable-speed wind generator systems the wind age and friction losses
decrease when the generator speed decreases, below 9 m/s. The core losses of the directly
driven PM generator do not decrease before the speed is decreased, since the flux linkage is
constant. The core losses of the conventional synchronous generator decrease when the wind
speed i1s below 12 m/s, since the flux linkage is reduced by the excitation control. It can be
seen that the copper losses decrease much faster than the other types of losses in all the
generators. Because of that, the core losses and friction losses are more important for average
losses than the copper losses, especially in grid-connected generator but normally also in
variable-speed configurations. Even in the directly-driven generator, which has three times
higher copper losses at rated load, the average core losses are still somewhat higher than the
average copper losses.

2.7.4. The average efficiency
In this section the average efficiency of the different wind generator systems are
compared. This is done for three different wind energy converter sites, the low wind speed

site (average wind speed 5.3 m/s), the medium wind speed site (6.6 m/s) and the high wind
speed site (7.8 m/s).
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The calculated average efficiency at different sites and the efficiency at rated load for
the three systems are compared in Table 2.7

Table 2.7. Average and rated efficiency of the systems {29].

Low wins speed site | Medium wind speed | High wind speed Rated load
site site
Grid connected 82 % 87.3% 89.7% 93.8%
induction generator
and gear
Swynch. Generator. 84 % 86.8% 88.1 % 90.6 %
gear and F.C.
Directly driven 86.4% 88.8% 89.9% 91.6 %
synch. generator
and F.C.
Average wind speed 5.3 m/s 6.6 m/s 7.8 m/s -
Weibull parameters A=6 A=74 A=8.85 -
(C=2)
Average turbine 15% 25% 35% -
power (Capacity
factor)

The comparison shows that the variable-speed wind generators can be about as efficient
as the constant wind generator system even though the efficiency at rated load is 3.2 % lower.
At a typical site the variable-speed system is 0.5 % less efficient, at a low-wind speed sites it
is 2 % more efficient, and at a high-wind speed sites it is 1.6 less efficient than the constant-
speed system. It is also found that the directly-driven variable-speed generator is more
efficient than the generator equipped with gear box both at low and high-wind speed sites.

The difference in efficiency between constant-speed and variable-speed systems is
depending on how efficient the frequency converter (FC) is. If a higher harmonic content is
acceptable in the grid current an IGBT inverter can be used and the efficiency of the variable-
speed system will be higher.

2.8. Generated Power

The cost of wind-generated electricity has declined about 90 % over the last 20 years.
Today, large new wind farms at excellent wind sites generate electricity at a cost of 4 to 0.06
US dollars / kWh [6]. That places the cost of power from the most efficient wind farms in a
range that is competitive with that of electricity from new conventional power plants.

Using the calculated power transmitted to the hub and subtracting all losses (generator
losses, converter losses, and gear box losses), the generated power versus wind speed can be
found.

38 Wind Turbines using Induction Generators connected to the grid (PhD Thesis)

BUPT



Chapter 2 Wind Generator Configurations and Principles

2.8.1. Annual wind distribution

To determine the advantages of a specific configuration of a wind turbine, the
annualized energy production of the turbine needs to be considered. This involves looking at a
standard distribution of wind and combining that with the charactenstic of the turbine control
to estimate the annual energy production. This may be done by using a probability
distribution to determine the number of hours of a particular wind speed which occur in a
given year, such as the Weibull distribution or the Raileigh distribution {4, 30, 36]. This
distribution may be used with the aero-dynamic power generated at a given average wind
speed to determine the total energy generated during the year.

The Weibull distribution is a generalized gamma distribution, and the Rayleigh is a
special condition of the Weibull distribution. The Weibull distribution allows for more
parameter adjustments, making it more flexible than the Rayleigh distribution, but at the price
of being more complicated. It is often suggested for use when estimating the cost of energy
[30, 36]. Because of the additional flexibility, wind data for the specific site is required. For a
generic wind study, it is more practical to use a Rayleigh distribution, where the variance is
directly tied to the mean [30].

The procedure for calculating the total energy produced for a given wind distribution is
performed by first finding the total number of hours per year for a particular wind speed. This
is possible by finding the probability of a particular wind speed for the desired distribution
and multiplying it by the numbers of hour per year. The probability that the wind lies between
two wind speeds is given by:

P@+Au)—Pu-Au)=p)Au..................cccoooooo.. (2.3)

where P(u) is the probability function, and p(u) is the probability density function. For
the Rayleigh distribution, the probability distribution function is given by:

T-u T\ u ’
plu) = 2m . expli— 2(;:] } .................................. (2.4)

where u, is the average wind velocity. From this, the number of hours when a wind turbine is
operated at a given speed is estimated as:

Hu)=8760-p(u)-Au .. .. .. ....................... ... (2.5)
where 8760 represents the total number of hours in a 365-day year. Once the hours a
particular wind speed occurs is determined, the amount of power is calculated for the given
turbine control at the particular wind speed. The power is then multiplied by the time for the
wind speeds for a given year to find the total energy production:

EG@y=P)-H(@u)....................o (2.6)
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where P(u) is the developed power for a given wind turbine. This procedure is repeated
through all the wind speeds, and the sum will give the estimate of the total annualized wind
energy [30]:

The calculation for the annual energy production is based on an annual wind
distribution, where it is assumed that the turbine has a total availability of 8760 hours per

year, as shown in Fig. 2.13.
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Figure 2.13. Comparison between annual wind distribution for a site in [EC class 1.a) with an average wind
speed of 10 m/s and for a site in [EC class 4, b) with an average wind speed of 6 m/s [4].
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2.8.2. Annual energy production

Constant speed turbines must be concerned with limitations of the overall system. Since
the speed is held essentially constant, there is not a concern that the system will be running
above rated speed under normal operation conditions. Since the power generated is related to
the tip speed ratio, the amount of the energy produced would depend on the speed of turbine
rotor, as well as the average wind speed. With a generator operating at constant speed, the
turbine’s speed would depend on the gear ratio chosen. When choosing a gear ratio it is
therefore important to consider the average wind speed of the site.

The annual energy production for a variable-speed wind system was calculated over the
same range of average annual wind speeds as the constant-speed systems. For these
computations, a Rayleigh distribution was assumed for the wind speed [30]. The speed limit
was set to match the speed of a system operating at constant speed with a gear ratio of 25:1.
The power limit was set at 30 kW, the same as the constant-speed systems. The graph is
shown in Fig. 2.14 and may be concluded that the variable-speed system generates more total
energy at any wind speed. For example, for an average annual wind speed of 7 m/s, the
energy produced by the variable speed wind system was 75.8 MWh, while the energy
produced by a fixed-speed system with a 25:1 gear ratio was 54.6 MWh.
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Figure 2.14. Annual energy production versus average annual wind speed [30).

The comparison between annual energy production with constant-speed and variable-
speed wind turbines points out that although improvements can be made by matching the gear
ratio to the wind profile, while the variable speed operation can improve the wind production
further. The variable-speed operation thus gives a more flexible system under various wind
conditions. The variable-speed wind turbines also show improved energy production over the
constant-speed systems.
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2.8.3. Annual energy loss distribution

Nowadays there is a trend towards application of variable speed wind turbines, in
particular for turbines in the MW range. Therefore, for optimal energy extraction, the wind
turbines should operate at vanable speed.

In this section the losses of the different components of two variable speed wind
generator systems are evaluated, with regards to their annual energy production. Besides
paying attention to the annual energy production, the evaluation has to point out in which part
of each turbine concept the main part of the energy is dissipated. The candidates are 3 MW
variable speed wind turbines based on the DFIG with two PWM-VSI Frequency Converters
and with passive external elements in the rotor side.

Having the wind distribution for a given site (see section 2.8.1) and the models of the
system components, it is possible to predict the annual wind energy production. The Figure
2.15 shows a general model for calculating the produced power for a given wind power.
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Fig. 2.15. The model for calculating the produced power for a given wind power of a wind turbine with DFIG.

In order to point out which part of the turbine accounting for the major parts of the
energy losses, the annual energy loss distribution for both configurations are calculated as
depicted in Fig. 2.16. The calculations included power losses due to the Cp coefficient
vanation, losses in the gear train, mechanical and electrical losses in the generators and finally
converter losses.
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Figure 2.16. Annual energy loss distribution for different components of a variable-speed wind turbines of 3
MW with DFIG and back-to-back frequency converter a) (Vestas-OptiSpeed concept). and with DFIG with
passive elements, b) (Vestas-OptiSlip concept) [35].

The calculations of the aero-dynamic losses assume a theoretical maximum utilization
of the wind energy of 0.59 whenever the produced output power is below 3 MW. The aero
losses and friction losses are equals for both concepts while the gear drive losses (16 % and
19 %). and machine losses (7 % and 13 %) are different, as can also be seen in Fig. 2.16. The
machine losses are different due to the fact that the OptiSlip concept includes the losses of the
external controllable rotor resistance. Regarding to the loss distribution it is concluded that the
energy losses due to the turbine blades accounted for the major part of the losses for both
systems. The losses in the gear drive are the second largest while the losses in the converter
and the friction losses are the least significant for the considered topologies.

The comparison between both topologies presented before, point out that the OptiSpeed
concept has a very high utilization of the wind energy while the OptiSlip concept has a
slightly lower utilization of the wind energy.
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2.9. Discussion and Conclusion

The state of the art of wind turbines seen from electrical point of view includes old and
new potential concepts of generators and power electronics based on technical aspects and
market trends. Several generic types of generator are possible candidates in wind turbines.
The squirrel cage induction generator has been frequently applied commercially. A second
popular type is the induction generator with wound rotor, while the third is the current excited
synchronous generator.

A large number of alternative wind turbine designs exist but the state of the art wind
turbine may be summarized as a 3-bladed upwind turbine using active stall control with
constant speed using a two speed asynchronous generator or pitch control combined with
variable speed. Moreover the variable speed concept is mainly realized using a double-fed
induction generator with a rotor connected IGBT based frequency converter (two back-to-
back PWM-VSI Converters). Because of these both configurations have been chosen to be
analyzed, modeled, simulated and tested in the next chapters.

More research is also necessary in the classical solutions using power electronics.
Especially, it is important to be able to predict the losses in order to keep a high reliability. As
the back-to-back converter is state of the art today in wind turbine applications it can be used
as a reference in a benchmark of the other converter topologies regarding the number of the
components and their ratings, the efficiency, the harmonic performances and implementation.

The doubly fed induction generator is now widely used but still research is needed in
diagnosis, control and even more optimized design in order to reduce the overall prices of the
generator system.

In wind power systems in the range of more than 1.5 MW per unit, the DFIGs are used
as a viable alternative to adjust rotor speed and to keep system costs of the power converter
minimal. In power systems with a high level of wind energy penetration it is necessary to
adapt the wind turbines (or the wind farms) and the rest of the power system in order to
ensure optimal operation of the combined system. Optimal operation in this context means the
lowest operating cost of the complete system as well as utilization of the wind energy. Wind
power installations with blade angle control and/or power converters are able to control the
active power supply to the power system. Moreover, wind power installations with power
converters are able also to control the reactive power supply to the power system. The active
power control in these power installations (wind farms) normally serve to obtain maximum
production, and limit the power to avoid only overloading and stress of the wind turbine
components, whereas the reactive power control serves to obtain a constant, high power
factor, e.g. at unity.

The main challenges related to technology development are to reduce the technical
uncertainties relating to production and durability for future wind energy project all over the
world, to maintain the development towards a more optimal, reliable and cost-optimized
technology, to improve the power plant characteristics of the wind turbine plants, developed
the wind turbine technology for future applications, such as hybrid systems for
smaller/isolated communities, the integration of a variable energy source into the energy
system (HVDC transmission system), energy storage technologies, power flow control,
compensation units and production forecasting and control of the power plants.
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Chapter 3 Constant Speed Wind Turbine Generators Modelling and Simulation

3.1. Overview

In this paper a complete simulation model of a constant speed wind turbine with rotor
cage induction generators is presented using data from a new wind farm. A model of the wind
turbine with 2MW and 0.5 MW induction generators are presented in detail. A set of
simulations is performed and they show that it is possible to simulate a complete wind turbine
as a part of wind farm from wind to the grid. The simulation tool can be used to simulate
bigger wind generators connected to the gnid.

This chapter also describes a model, which is being developed to simulate the
interaction between a wind turbine and the power system. The model is intended to simulate
the behavior of the wind turbine using induction generators both during transient grid fault
events and during normal operation. Sample simulation results for two induction generators (2
/ 0.5 MW) validate the fundamental issues.

This paper also presents the measured and simulated power quality performances of
wind turbines during normal operation. The motivation for this investigation is still increasing
wind energy penetration in the power system. In the last few years the trend has moved from
installations including few wind turbines to planning of large wind farms with capacity over
hundreds of MW, e g. in Denmark five new wind farms with approximately 150 MW each,
has been already installed offshore {1, 3]. These wind farms are only the beginning of an
offshore wind energy development with thousands of MW concentrated in a few appointed
offshore areas.

The system model proposed in this paper is developed in the dedicated power system
simulation tools MATLAB-Simulink and DIgSILENT, which gives access to an extensive
library of grid components, but requires implementation of the relevant wind turbine model,
more details can be found in Appendix B. The model also includes wind speed fluctuations
and control of soft-starter, enabling simulation of the power quality characteristics of the
wind turbine. Finally, the model can be used to study alternative control strategies for wind
turbine and additional equipment such as compensation units and storage systems [12, 13].

3.2. Wind turbine modeling

The purpose of the model is to simulate the dynamic behavior and the electrical
properties of a wind turbine. The modeling of the wind turbine should create a model as
simple as possible from a mechanical point of view, but capable of providing a good
description of the electrical characteristics of a wind turbine. The wind turbine model consists
of different component models: wind model, aerodynamic model, transmission model and the
electrical components that include induction generator model, soft-starter, capacitor bank and
transformer [12, 13 and 14].

Wind Turbines using Induction Generators connected to the grid (PhD Thesis) 49

BUPT



Chapter 3 Constant Speed Wind Turbine Generators Modelling and Simulation

Firet
BLADE AN LE Gt

CONTPOL <

I blade

CEPT I NAME T TRANSMISIIN
AEPTLINONE gy TRANSHISIIC
NODEL WeDEL

T hss
- afnfv et
ot I

it
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As shown in Fig. 3.1, the wind model generates an equivalent wind speed (u.4), which,
together with the blade pitch angle (6,,,) and rotor speed (®,, ), are input to the
aerodynamic block. The output of the aerodynamic model is the aerodynamic torque (7 ,),
which is the input for the transmission system together with the generator speed (wg.,) The
transmission system has as output the mechanical torque (7, ) on the high-speed shaft, which
is used as an input to the generator model. Finally, the blade angle control block models the
active control loop, based on the measured power and the set point.

3.2.1. The Wind Model

The wind acting on the rotor plane of a wind turbine is very complex and includes both
deterministic effects (mean wind, tower shadow) and stochastic variations due to turbulence
[10, 14 and 18]. To model this coherence, Mann wind field method [18] is applied. The Mann
model can be used in 3 dimensions, but in our case, only two dimensions are used, because
the wind speed is only simulated in hub height, as depicted in Fig. 3.2.
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Fig. 3.2. Rotor wind speed model- block diagram.
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The Mann model has been developed using second order Kalman Filters which contains
the correlation coefficient (k) and the time constants (T,-T4) for two time series wind speeds
with the same standard deviation. The transfer function of Kalman Filter is given by:

Ho(s)=k- 5 DSt 60071 * YT ¥y oo 3.1)
I,-s+1, -s+1

Where, t;-turbulence intensity [%], L-length scale [m}, u,-mean wind speed [m/s] and s-
Laplace operator. Time constants are expressed by:

T =376-c;T, =1346-¢",T, =1387-¢;T, =00185-¢*;c=————— ... (3.2)

The rotor wind speed model includes the effect of rotational sampling of turbulence and
the tower shadow effect that provide fluctuations in the wind speed with three times the
rotational speed of wind turbine, i.e. so called 3p effect. To include the 3p effect, the position
of the rotor (8,x) is used as input to the rotor wind speed model, as is also illustrate in Fig. 3.2.
The idea of the rotor wind model is therefore to produce a single equivalent wind speed (Wssc-
U.q), using an Admitance Filter, which includes the effect of different wind speeds in the wind
turbine rotor plane. At the same time it can be used as input to a simplified aerodynamic
model based on the aerodynamic efficiency (C;). The transfer function of Admitance Filter is
given by:

T, -s+1
H .(s)= B e, 33
wl®) T,-s"+T,-s+1 G3)
Where time constants (T,-T3) in (3.3) are expressed by:
. _ ) D
1, =177-d,T, =0369-d ;]‘3:9.01-d;d:2 ........................................... 3.9
.u(

In which (D) represents rotor diameter of wind turbine. More details about rotor wind
model and parameters (variables) can be found in Appendix B1.

The wind model describes the fluctuations in the wind speed (Wspoim) that generates a
hub wind speed (wsc), as depicted in Fig. 3.3 a). Actually there are two types of wind models,
combined as also shown in Fig. 3.3 a). The first is the hub wind model, which models the
fixed point wind speed at hub height of wind turbine. The second one is the rotor wind model.
The hub wind speed (Unuw-Wspoire) is used as input to the rotor wind model to produce an
equivalent wind speed (u.q-Wssc), which accounts for the rotational sampling on each of the
blades, where an averaging of the fixed speed over the whole rotor, the rotational turbulence
and the tower shadow influence are taken into account.
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Fig. 3.3. Simplified scheme of wind model (a) and simulated rotor wind model (w.5.) and hub wind model
(Wspoine) as a function of time (b) and simulation results of wind speed and active power waveforms versus time
(c) for a 2 MW wind turbine.
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The wind models describe the fluctuations in the wind speed, which influence the power
quality and control characteristics of the wind turbine. Thus, the wind speed model simulates
the wind speed fluctuations that influence the fluctuations in the power of the wind turbines
[10, 18], as is shown in Fig. 3.3 c). Figure 3.3 c) also shows a simulation result for 2 MW
wind turbine, at an average wind speed of 10 m/s.

The simulations shown in Fig. 3.3 b) illustrate the effect of the rotational sampling,
which is a consequence of fluctuations in the wind speed seen by the rotating of the blades.
The rotational sampling causes fluctuations in the power with three times the rotational
frequency (3p), both due to the tower shadow effect and due to the turbulence [10, 19].

3.2.2. The Aerodynamic Model

A wind turbine is essentially a machine that converts the kinetic energy of the moving
air (wind) first into mechanical energy at the turbine shaft and then into electrical energy [3].

The Figure 3.4 describes the conversion of wind power (Pwinp) into mechanical (Pyec)
and thereafter into electrical power (PgL).

Pwino Pwmec =
- —_— é

—>
[ 7 o\ S
admmimCs

Fig. 3.4. A block diagram of the wind turbine.

The interaction of the turbine with the wind is complex but a reasonably simple
representation is possible by modelling the aerodynamic torque or the aerodynamic power as
described below.

The force of the wind creates aerodynamic lift and drag forces on the rotor blades,
which in turn produce the torque on the wind turbine rotor [3].

The aerodynamic torque is given by:

PD("O 1
Tm :Tm’:ﬂpﬂ'RS Cp(l, epitr:h) ............................................ 3.5)

. Wl'lere (P..,,) is the aerodynamic power developed on the main shaft of a wind turbine
with radius (R ), at a wind speed ( u,, ) and air density (o). It is expressed by:

1

_ 2 3
P, = > PAR u, . C (A,6,,,) (3.6)
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The air density ( p ) is depending on the temperature and on the pressure of the air.

The dimensionless power coefficient C,(4,6,,,) represents the rotor efficiency of the
turbine, as can be seen in Fig. 3.5 (its upper bound is known as Betz’ limit: C,<16/27=59.3
%). It is taken from a look-up table, which contains the specific aerodynamic characteristics
for the 2 MW wind turbine.

Figure 3.5 a) shows how this coefficient depends on the tip speed ratio 4 =w,,, - R/u,,
and on the blade angle (4,,,), (@, ) denotes the rotor speed. For a constant speed wind
turbine, the power coefficient decreases when the wind speed u,, increases (A small). This
fact is used in the passive stall control wind turbine, and can be seen in Fig. 3.5 b).
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®
Figure 3.5. Power coefficient (Cp) of the 2MW wind turbine against ( A )
(a), and versus wind speed (b), for different pitch angles.
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The efficiency coefficient (C,) changes with different negative values of the pitch angle
(0°, -1°, -2°, and -3°) every time when the wind changes, in order to keep the rotor blades at
the optimum angle, but the best efficiency is obtained for 6, = 0°.

The aerodynamic model is based on C, curves for the given rotor blades and the
aerodynamic power and torque given by (3.5) and (3.6), as can be seen in Fig. 3.6. The
representation of the C, curves, Fig. 3.5, based on a look-up table, is done by using
aerodynamic measurements on rotating blades of 2 MW wind turbine (for example with the
rated rotational speed). Therefore, the variation of C, coefficient at low values or rotor speed
is not appropriate, because it corresponds to a zero aerodynamic torque for a not rotating wind
turbine. When w,« 1s close to zero, the aerodynamic torque is not zero, while the aerodynamic
power is. In order to overcome this inaccuracy, in the simulation model is made the
approximation that for rotor speeds less than a certain value ww the aerodynamics are
computed considerning wru= Wjow.

: A ,

P + Cp = ()., Bpiten) | :

; . » Aerodynamic ;

L Qe Fev Opitcn

i g B g

: L :
Fig. 3.5 :

Figure 3.6. Aerodynamic model based on acrodynamic efficiency Cp of wind turbine.

3.2.3. Transmission System Model

To describe the impact of the dynamic behavior of the wind turbine, a simple model is
considered, where the tower bending mode and the flap-bending mode of the wind turbine are
neglected. It is assumed that all the torsion movements are concentrated in the low speed
shaft, as (7, ). Emphasis is placed on the parts of the dynamic structure of the wind turbine,
which contributes to the interaction with the grid, i.e. which influence the power. Therefore
only the drive train is considered in the first place because the other parts of the wind turbine
structure have less influence on power.

The drive train model is illustrated in Fig. 3.7. The input to the model is the
aerodynamic torque (7). This is converted into the torque on the low speed shaft (7, ),
which is further scaled down through the gearbox to the torque on the high-speed shaft (7, ).
The generator inertia is implemented as part of the generator model, not as a part of the
transmission system. The output of the model is the torque on the high-speed shaft (7 s )-
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Figure 3.7. Drive train model in the wind turbine.

The rotor is modelled by inertia (7, ), low speed shaft only by a stiffness &_ (the torsion
damping is neglected), while the high-speed shaft is assumed to be stiff. Thus the
transmission is described by the following equations:

do
I - == i 3.7
et d( rot Iss ( )
dT en
5 ke, = (3.8)
dt ngear

It is also assumed that the losses in the gearbox are zero, thus the gear transmits ideally
from the low speed to high speed. The output of the model is:

where ng., 1s ratio of the gear box.

3.2.4. The Induction Generator Model

The induction generator model is a combined mechanical and electro-magnetic model.
The mechanical model includes the inertia of the generator rotor in the generator model.

The generator wind turbine is of squirrel cage induction type. Based on the existing
generator data (Appendix B2), a preliminary study has been made in MATLAB-Simulink
using the power system block-set built in induction machine model and a custom d—q model,
as shown in Fig. 3.8, simulating different dynamic behaviour as seen in Fig. 3.9.
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Figure. 3.8. Asynchronous machine d — q model implemented in MATLAB-Simulink (constant parameter
approach).

The equations used to build up the Matlab-Simulink induction machine d-q model are:

- — d .

LR, -1, =—i—1mbws ................................................. (3.10)
dt

_ _ d_\vr

iR, U, == —f@, -0, ], .. G.11)
dt

M, =p,Realiw,ii | G.12)

Where the stator and the rotor fluxes have the following expression:

V=L, + Lo+, ) (3.13)
W, =L b + Lo 0, ) (.14)
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The parameters in these equations are: R, R,’ — stator resistance and rotor resistance;
Lis,L>c — stator and rotor leakage inductance;

L — magnetizing inductance;

o, — speed of the reference system;

p1 —pole pairs of the machine

is.i. — stator and rotor current phasors

(Note: all the rotor quantities are reduced to the stator).

4 Electromagnetic Torque, Rotor Speed and Stator Current as a function of time

T

x 10

T T ¥ T

Te (Nm);n (rpm);isa (A)

-2

3

0 0.5 1 15 2 25 3 35 4 45 5

Fig. 3.9. Simulated torque, speed and stator current transients versus time during generator startup.

Turbine torque steps up at t=3 s, from [full load torque-13.050 Nm] to [pull out torque-38.000 Nm].

The Figure 3.9 shows a full load start-up and steady-state performance of 2 MW
induction generator, directly connected to the grid and then at t=3 s the mechanical input
torque was changed from full load to pull out torque to simulate dynamic behaviour of the
machine.

Later the induction generator was defined using the DIgSILENT 12.0.116 built in
improved induction (asynchronous) machine model [7]. The reasons why the built in
DIgSILENT model (squirrel cage with current displacement) has been used are:

1. Different cage rotors can be considered with rotor current displacement;

2.  The machine can be defined based on its measured torque — slip curve, short-
circuit test and nameplate values;

3. Electrical parameter variations can also be considered;

An eventual implementation of a new d-q model in DIgSILENT can be done by some
controlled voltage sources and parameter variation cannot be considered, as there is no
measured data for that.
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The single line equivalent circuit built in DIgSILENT is presented in Fig. 3.10:

Rs Xs

Fig. 3.10. Induction Machine Model built up in DIgSILENT Power Factory [7].
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Fig. 3.11. Induction generator data of 2 MW implemented in DIgSILENT simulation tool [7].

The induction machines can be defined in DIgSILENT software package based on its
measured torque-slip curve, short circuit test and name plate values, as shown in Fig. 3.11 a).

Electrical parameter variations and different cage rotors with rotor current displacement
can also be considered (Fig. 3.11 b). In our simulation model the induction generators are
single cage machines implemented using their nominal nameplate parameters.

DIgSILENT combines the traditional transient EMT simulation tool for power systems
with RMS simulations of longer-term dynamics. This makes the developed models useful for
the power quality studies as well as for the grid fault studies. In this paper, the power quality
performance during normal operation is the goal of the analysis and therefore simulations of
RMS values are performed. The RMS simulations are based on electro-mechanical transient
models, which are simplified models than those used in EMT simulations. They are more
appropriate for the most studies of power quality and control issues. They are much faster
than the instantaneous value simulation compared to the period, which is simulated. The EMT
simulations, as they are based on detailed electromagnetic transient models, are appropriate
for studies of the behaviour during grid faults.

For performance comparisons simulation results in MATLAB-Simulink and
DIgSILENT are presented in Fig. 3.12 for a 2MW induction generator under three-phase
short-circuit at generator terminals at nominal operation point, and for a start-up at nominal
load and under mechanical power steps, in Fig. 3.13.
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These comparative results show a good similarity between a custom d - q Matlab-
Simulink model and DIgSILENT built in model of the induction machine for transient events
such as start-up at nominal load, 3-phase short-circuit and mechanical power steps. It is thus
concluded that here the proposed MATLAB Simulink program is validated and thus trust

worthy for further applications.

3.2.5. The Soft Starter Model

In order to reduce the transient current during connection of generator to the 0.96kV
grid a soft starter is used. When the induction machine speed increases above the synchronous
speed at 1450 rpm the soft starter is connected and using firing angle control (a) the machine
is connected over the grid, as shown in Fig. 3.14 a).

The connection diagram of soft starter with induction machine is presented in Fig. 3.14 a):

90V . T T
7. K byp N | .
igi§f¥ ‘ Is i i
) v \ 4
firing angle 3 fs b
control -
| | % % L e
K1\ K2 K_G500\ }‘_’ “—T
3 | F L
i Lvad
~ o
(3~) (3~) o |
. L 1
G2000 G500 :
open A closedA - R I
a) b)

Figure 3.14. Connection diagram of soft-starter with induction generators. a) and schematic diagram of soft-
starter with delta connected load. b).

Figure 3.14 b) shows the fully controlled topology with a delta-connected load. If
thyristors are delta-connected, their control is simplified and their ratings considerably
reduced. The delta arrangements generate, in the load, all the odd harmonics, but no triple
harmonics. Harmonics of order 5, 7, 11, 13 ... remain.

To get the controller started, two or three switches must be fired simultaneously to
provide the path for current necessary to maintain the on-state. Switching variables a, b and ¢
may be introduced for 2 thyristors connected in anti-parallel for each phase and defined as
equal to 1 when a given thyristor is conducting and equal to O otherwise. It can easily be
demonstrated that the output voltages (Va, Ve and V.,) of the controller (soft-starter) are
given by (3.15):
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. ab - la - lb_1 -
bV, 1 2 2 Vs
b -3¢ be = =b | Ve | (3.15)
e 1 1 Fes
-—C ——a ca
L 2 i

Where Vg, Vac and Vc, are the line-to-line voltages (input voltages).

Depending on the firing angle, three modes of operation of the soft-starter can be
distinguished, with a purely resistive load:

1. 0 <a <60 :2or 3 switches conducting (in either direction)
2. 60" <a <90 : 2 switches conducting
3. 90" <a <150° : none or two switches conducting

Analysis of operation of the controller with RL load is difficult since the extension angle
and the so-called limit angle (oym) must be known. Mode 2, characterized by rapid changes of
the output currents is impossible due to the load inductance. The ranges of the two remaining
operation modes are ¢ < a < Wiy for mode I and Wiy, < a < 150° for mode 3. The limit angle
(cuim) can be determined numerically from eq.3.16 [8]:

x

sin(a, —@—-7) g
3 2e |
. e (3.16)
sin(@,,, -~ 9)

2 e_3'g(w)
The equations for the rms output voltage, Vou, of the fully controlled soft-starter with
purely resistive and inductive loads are provided bellow [8, 15]:

Resistive load
1 3 3. . .
Vw,:Vm-\/——[z——a+—sm(2a):|;for0 Sa<60" ... 3.17)
4 2 4
) 1 3
V.=V, - J—[%+—J——s (2a+—)} for 60" <a<9Q°.................... (3.18)
7
1{57 3 3
Vou= m-‘/—[—”——a+ sm(2a+—)} for 90" <a <150°.............. (3.19)
7 4 2 4
Inductive load
2 L3 L (2a) | ; for 90° <@ < 120° 3.20
out =V |—| — - n Sa<120° ... ... :
ﬂ[ 2 Zs ¢ ( )
Sn 3
Vi =V, -\/—[7—3a+§sm(2a +—)] for 120°<a<150° ............. (3.21)
n
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The envelope of control characteristics given by eq. (3.17) through (3.21) is shown in
Fig. 3.15. The relationship between the firing angle (o) and the resulting amplification of the
soft starter is highly non-linear and depends additionally on the power factor of the connected
element. In the case of a resistive load ¢ can vary between O (full on) and 90 (full off)
degrees. While in the case of a purely inductive load ¢ varies between 90 (full on) and 180
(full off) degrees. For any power factor in between, it will be somewhere between these limits
[8, 15], as can also be seen in Fig. 3.15.

CONTRGE fep™)
ot

VASNE Ll

Figure 3.15. Control characteristic, V,.,=f(a). for a fully controlled soft starter 8, 15].

In DIgSILENT the soft starter is a stand-alone element. The commutation devices are 2
thyristors connected in anti-parallel for each phase. A complete control in details of the soft
starter using the firing angle as input is possible just in EMT (electromagnetic transient)
simulation mode, where every thyristor switching is modeled in detail, while the RMS
simulation uses a simplified model (as a controlled voltage source). More details about soft
starter control implementation in DIgSILENT will be presented in Appendix B1.3.

Figure 3.16 presents the phase currents and phase voltages under a connection of 2 MW
induction machine to the grid through the soft-starter, driven with mechanical load of 0.1 p.u.
The soft-starter was connected at a firing angle (a) of 120° and by-passed after 0.3 seconds at
a firing angle of 106°. When the machine accelerates and goes from motor area to generator

area the difference between firing angle (a) and load angle (¢) becomes smaller, therefore the
current will increase, as can also be seen in Fig. 3.16.

For a complete representation of machine behavior with different values of phase angle
(a) as 110° (Fig. 3.17 a), 90° (Fig. 3.17 b) and 70° (Fig. 3.17 c) the phase current (output
current), phase voltage (output voltage) and input phase voltage are presented. With a firing
angle larger than 105° (Fig. 3.17 a) the machine is working with a lower output phase voltage
and current then the nominal supply voltage (input phase voltage). It can also be seen, in Fig.
3.17 a), that when the firing angle increases the current pulses become smaller and shorter.
Consequently, the RMS value of the current decreases, as does the RMS value of output
voltage. Note that the current is always discontinuously and waveforms of both the current

and output voltage are strongly distorted in comparison with pure sinusoids as the input
voltage, especially with high firing angles (120°).
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Fig. 3.16. Simulation of 2 MW induction generator connected to the grid through soft-starter to a mechanical

load of 0.1 p.u., using DIgSIL ENT software.
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3.2.6. The Capacitor Bank Model

For power factor compensation capacitor bank is used, as shown in Fig. 3.18. The 2
MW induction generator is full load compensated. The switching of capacitors is done as a
function of average value of measured reactive power during a certain period of time. Two
PT, filters (T,=0.33 s and T,=20 s) are implemented in DIgSILENT for 1 second and 1
minute averaging of reactive power measured at soft-starter terminal. Internal variables are
defined for each step of connection of capacitors with a delay time of 1s between two

connections of capacitors, see Appendix B1.3 for details.
The capacitor bank is mounted in the nacelle, in the top of wind turbine.

In order to reduce the current at connection/disconnection of capacitors a coil (L) is connected

In series.
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Figure 3.18. Capacitor bank configuration for power factor compensation.

The steady state voltage is dependent on the reactive power consumption of induction
generator (IG). Therefore it is important to supply the IG with a reactive power compensation
unit to provide the reactive power balance and to improve the voltage stability.

3.2.7. The Transformer Model

The transformer type is a 2MVA, 10kV/0.96kV mounted in the top of the wind turbine
tower next to the induction generator and transmission system.

The implementation in DIgSILENT is presented as follows. The representation of the

positive sequence equivalent diagram is shown in Fig. 3.19 and includes a generalized tap —

changer model (phase and magnitude). The tap-changer in this figure has been drawn at the
LV side by choice.

buslv

U

1 :tap (sp_side= HV)
tap : 1 _skie=L V)

Figure 3.19. Transformer equivalent model developed in DIgSILENT.

The mathematical parameters which describe the transformer model implemented in
DIgSILENT are presented in the next equation set (3.22).
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Where (strn) is rated power, (uktr) is short circuit voltage, (pcutr) is copper losses, (curmg) is
no load current, (itrdl) distribution of leakage reactances.

3.3. The Control Strategy of Wind Turbine

Wind turbines are designed to produce as much electrical energy as possible. Wind
turbines are therefore generally designed so that they yield maximum output at wind speeds
around 12-15 metres per second [3].

In case of stronger winds it is necessary to waste part of the excess energy of the wind in
order to avoid damaging the wind turbine. All wind turbines are therefore designed with some
sort of power control such as pitch control or stall control (passive stall and active stall).

Passive stall control relies on inherent machine characteristics in the way that the
aerodynamic power is limited when the wind speed increases 11, 20].

A common control concept for new megawatt-size turbines without power electronic
converters (as in our case) is the active stall regulation (i.e., a stall regulated wind turbine with
adjustable pitch angle). At high wind speeds, the pitch angle is adjusted to obtain the desired
rated power level. When connecting the turbine to the grid, the pitch angle also is adjusted in
order to obtain a smooth connection. The use of active stall control also facilitates the
emergency stopping of the turbine.

Active stall constant speed combines the advantages of passive stall, namely simplicity
due to the absence of a pitch mechanism, with the advantages of pitch control, namely
controllability. Thus it provides additional control capabilities beyond passive stall, required
for offshore & large utility developments, while it makes possible to avoid additional
technical complexity of pitch control turbines {2, 3]. The blade angle control is shown in Fig.
3.20.
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Figure 3.20. Acrodynamic power of 2 MW wind turbine versus wind speed for different pitch angles. a)

and blade pitch angle control system. b).

The model of the pitch control system, depicted in Fig. 3.20 b), is based on the measured
generator power (Pp) and the aerodynamic power of wind turbine as a function of measured
wind speed (Vwina) at different pitch angles, shown in Fig. 3.20 a). The measured power is
compared with its reference (P;~2000 kW) and the error signal (Po) multiply by pitch angle
of power control (fi(vav)) is sent to the Pl-controller producing the pitch angle demand (84,),
which together with maximum pitch angle-upper limit (Bmax) are sent to the pitch limitation
non-linear block producing the reference value of the pitch angle (8.f). The reference value is
in the range between the optimised pitch (84,) and the maximal pitch angle (6max=90"). The
maximum value is defined as a function of average wind speed (f(vav)). The reference value
is, further, compared to the actual pitch angle (8p:) and the error signal (6.z) is corrected by
the pitch hydraulics.

The control strategy used in the present paper called active stall constant speed involves
the combined interaction between wind model, pitch control and the aerodynamics of the
wind turbine, as shown in Fig. 3.21 a). The blade angle control block (Fig. 3.20 b) models the
active stall control of the wind turbine, based on the measured power and the set point, where

Wind Turbines using Induction Generators connected to the grid (PhD Thesis) 71

BUPT



Chapter 3 Constant Speed Wind Turbine Generators Modelling and Simulation

rotational speed is the controlled variable. This control strategy takes its origin in the Cp-
curves (Fig. 3.6), i.e. to operate the wind turbine at maximum Cp and thereby maximising the
energy capture. In fact, the control strategy is characterised by two terms: the optimal region
and the power limiting region. In the optimal region, the output power is designed to fulfil the
criterion of maximal Cp, which corresponds to the optimal energy capture, by keeping the tip
speed ration (L) constant. In the power limiting region, the speed is kept constant, while the
wind turbine will pitch the blades a few degrees every time when the wind changes in order to
keep the rotor blades at the optimum angle.

When the wind turbine reaches its rated power, and the generator is about to be
overloaded, the turbine will pitch its blades in the opposite direction. In this way, it will
increase the angle of attack of the rotor blades in order to make the blades go into a deeper
stall, thus wasting the excess energy in the wind.
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Fig. 3.21. Wind turbine control block scheme, a) and block diagram of acceleration and power control loops, b).

Three modes of operation are implemented in the pitch controller developed in
DIgSILENT (Appendix B1): acceleration control (speed control), power control and direct
pitch control, as can be seen in Fig. 3.21 b). The acceleration and pitch control systems are
used during start up, shut down and emergency conditions.
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The acceleration demand changes linearly between (speed;=0, acc.;=25 rpm/s) and
(speed,=1500 rpm, acc.,=3 rpnv/s) and can be calculated using eq. (3.23):

acc. demand=[rotational speed * (acc.,-acc.;) / (speed,-speed;)] +acc.y ......... (3.23)

The acceleration loop is reseted before generator speed reaches to 1000 rpm. If speed is
above 1504 rpm. acceleration demand is set at 2 rpm/s. Direct pitch control is active until
generator speed is smaller than 1000 rpm. Pitch value at direct pitch control until soft starts is
-0.5° and in rest is read from a look up table (pitch_table). More details can be found in
Appendix Bl.

The power control is used during normal operations. In the power control system the
blade pitch command is provided to the pitch hydraulics by an algorithm with output power
error and rotational speed versus average wind speed as inputs. This system has been shown
in Fig. 3.20 b).

A few advantages of active stall constant speed control versus passive stall control are:
improved output power (see Fig. 3.22), reduced synchronisation transients, lower pitch
system / blade beanng activity, and provides additional control capabilities with large utility
developments avoiding additional technical complexity and cheaper tower and foundations.

One of the advantages of active stall regulated, point out in Fig. 3.23, is that it can
control the power output more accurately than with passive stall, so as to avoid overshooting
the rated power of the induction generator of the beginning of a gust of wind. Another
advantage is that the machine can be run almost exactly at rated power at all high wind
speeds. A normal passive stall controlled wind turbine will usually have a drop in the output

power for higher wind speeds, as the rotor blades go into deeper stall, as can be seen in Fig.
3.22.

Fig. 3.22. Active stall control versus passive stall control of 2 MW wind turbine.
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Fig. 3.23. Comparison between simulated active power with active and passive stall control at an average wind
speed u.,=18 (m/s) and with pitch angle control at turbulence intensity of ti=0.12.

3.4. Simulation Results

Simulation results on constant-speed wind turbines with 2 MW and 0.5 MW induction
generators are presented. The scheme also presents a case of load flow simulation, when the
wind generator works at nominal conditions and full power factor compensation is used. In
order to limit the starting current transients during the 2 MW generator connections to the

grid, a soft starter startup is used. The generators are connected when the generator speed is
higher than the synchronous speed.

To simulate the wind turbine, models have been developed for each element and
implemented in the dedicated power system simulation tool DIgSILENT, which provides the
ability to simulate load flow, RMS fluctuations and transient events in the same software
environment. The DIgSILENT simulation tool therefore has a dedicated model for induction
generators, which take into account the current displacements in the rotor, the torque — slip
and short circuit test curves. Also models of synchronous machines, transformers, bus bars,
grid models, static converters etc are provided.
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The grid model and the electrical components of the wind turbine are built on standard
component models from DIgSILENT library. The models of the wind speed and of the
mechanical, aerodynamics and control parts of the wind turbine are written in the dynamic
simulation language DSL of DIgSILENT, more details will be presented in Appendix B1.

Fig. 3.24 contains the grid representations from 50 kV double bus-bar systems down to
the wind turbine. The wind turbine contains the tower cable making the connection to the 0.96
kV /10 kV transformer and the 10 kV cable at the bottom of the tower. The 10 kV cables are
modeled using the existing DIgSILENT model toolbox.

The power factor compensation units are represented by a capacitor bank on this scheme
and a Static Var System (SVS) unit. The switching of capacitors is done as a function of
average value of measured reactive power. The generators are full load compensated.

The block diagram represents a case of load flow simulation, from induction generator
to the grnd, when the 2 MW wind generator is working at nominal conditions and full power
factor compensation is used, as can be seen in Fig. 3.25.

AC Vslitag:
TT_terminal * | % |
s —
| L BT_terminal.10kY .
TR _turbinel . .
- 3S_Terminal g
| 7
Softstartert - & : -|SVS{- =

PFC unit1

R
T

Figure 3.24. Electrical diagram of 2 / 0.5 MW wind generators.
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Fig. 3.25. Load flow block diagram of wind turbine with 2 MW induction generator connected to the grid.

The aerodynamic torque (torque rot-Tr,) accelerates the wind turbine rotor, with the
generator disconnected from the grid, until the rotor speed (omega rot-w,,, ) is close to its
nominal value. Then the generator is connected to the grid as seen in Fig. 3.26. The basic idea
is to control the rotational speed using only measurement of the power (or torque), as it is
depicted in Fig. 3.1 and by equations (3.5) and (3.6) as well.

Results for two induction generators (0.5 and 2 MW) are presented in Fig. 3.27 and Fig.
3.28. These figures contain traces of rotor speed, current magnitude, and total active and
reactive power for start-up of the wind turbine with directly connected induction generators,
at 1505 rpm (1.007 p.u.).

The starting current of 0.5 MW machine is 3 times higher than the rated current, while
the starting current of the large induction machine (2 MW) is 8 times higher than its rated
value. It is clear that for 2 MW machine it is imperative to reduce the start-up current.

As it can also be seen in Fig. 3.27 and Fig. 3.28, the induction generators have a peak
consumption of reactive power right after connection to the grid. The reactive power is
required to magnetize the generators. The steady state voltage is dependent on the reactive
power consumption of induction generator (IG). Therefore it is important to supply the IG
with a reactive power compensation unit to provide the reactive power balance and to
improve the voltage stability.
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In Fig. 3.29 the connection of the 2 MW generator to the grid is realized by a soft-
starter. The soft starter limits the current and torque transients and implicitly reduces the
reactive power peak value. When the induction machine of 2 MW was connected to the gnd
through sofi-starter, the starting current has been reduced at 1.1 times of rated current, while
the reactive power peak became 13.5 times smaller than when the machine was directly
connected to the gnd.
When the soft-starter is bypassed and thus the 2 MW induction generator is connected,
the power factor compensation is performed by the capacitor bank (Figs.3.30). It is also seen
in Fig. 3.30 how the capacitor banks are connected in steps after the 2 MW generator is
connected to the grid. The capacitors can be switched on and off individually as a function of
average value of reactive power during a certain period of time.
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Figure 3.27. Start-up with directly connected and operation of 0.5 MW induction generator. Speed, reactive
power, current and active power of the generator.
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Figure 3.28. Start-up with directly connected and operation of 2 MW induction generator. Speed, reactive
power, current and active power of the generator.

78

Wind Turbines using Induction Generators connected to the grid (PhD Thesis)

BUPT



Chapter 3 Constant Speed Wind Turbine Generators Modelling and Simulation
1% ———r—-——-—-—-————————7r—— " D00 i it g s o i e e s e i
| | } ! I |
| I I I I
190 T ST ] M. A— --——I————J-____:
I I ! [ I I I |
0.75 —_—t e —————t———A [ I I I |
_ | R T W NN - PRI S SN
I | I I | |
. — =TT ! | | | I
| | o e A el L2 LD Y
0.2 s s el | I
| | i [ I
I I | 00 pb——m b ——
0.00 ——————— | | Jl
| | | I |
025 A N I Y QR R - i |
0.100 , 1440 [s] 1800 .100 352 71.04 1080 1440 ] 1800
———— G2000: Speed ———— (2000: Total Reactive Power in MvVAr
T

| | | | |
| ]
195 b———F+———-}
| |
! I
1 b—e——be—— e -
| I [ | |

i | | | | |
B gt SUCH (F I - L T IR
| | | | I

I | | | | |
PT VRl INES CRNN (JE S o I KN WIS SR

1.305

1025

0.66

D29
| | I | I
[ I | [ |
0084 2 .11 L I X | X | N | L 1
-0.100 3592 71.94 108.0 1440 [s] 1800 0.100 35.02 71.04 108.0 1440 |[s] 1800
G2000: Total Active Power in MW

————— G200D: Positive-Sequence Cument, lagnitude in kA

Figure 3.29. Start-up with soft-starter and operation of 2 MW induction generator. Speed, reactive power,
current and active power of the generator.

o-0% B2 PO L NN "
[} | I
! k. SR A
-0.177 ———*44——’1VA——fvd-_.-I_-fAf 7;-:
- 1
! i !
1 ] 1
1 I 1
-0.407 ——_————__—__ - - — —y— — — — — — 1
1 1 I
1 ] I
] ] I
-0.636 ——f*——+~————-w'—#—f—-——;
- 1
! 1 1
] 1 i
! 1 1
-0.866 ——— — — — 4+ = — == = = 7~ S e S 1!
I '
1 1 ]
I 1 __IL
1 i
-1.09S
-0.100 77.92 1S55.9 234.0 312.0 s] 390.0
- TR_turbine1: Total Reactive Power/LV-Side in MVAr
1 -050 i i o T - T — o S = - - 4 - R ——— L Ea o |
L s -t 1= —
2 1 1 [ [}
1 1 1 1
S ———— ﬁﬁ_‘_,___l__,___g____4,,~,__4__|_A_A_.W*J
o.83 = \ i 1 ! !
1 1 ] | '
! 1 ! ] [
! 1 I ] !
0.6 P = T Sy i SRR T T, T ST N -_.-——————— = = = -
1 ] 1 ] :
1 ] 1 1
[ 1 I ] I Jl
SO I SN — mp——— S e
o . B 1 i i 1 i
1 ! 1 ] i
B 1 1 1 1 i
! 1 1 1 1
o.17 = T == efs B T ¥ — ol | —= e e S g
! 1 ' [} 1
- 1 1 [ ] 1 ]
. i | 1 ¢ |
-0.05S0 1 ' L
o -0.700 7T7.92 1655.9 234.0 312.0 s} 390.0
——— SS_Controller: Kin

sation with capacitors connected in steps and the soft-starter by-passed

Figure 3.30. Reactive power compen:
controller (SS_controller: Ki).

a Wind Turbines using Induction Generators connected to the grid (PhD Thesis) 79
BUPT

o



Chapter 3 Constant Speed Wind Turbine Generators Modelling and Simulation
120 :
. -y TTTT TS =T "~ | . [T ---" Sttt et ettt el
| | | :\ |
P . * '
v / ‘ 019 f----- 7Rttt
T T
QM0 F-----
|
080 pFp+———=F==———— f—_————— i —
' | 0688 [-----f------—-----e-
08 f-——"===—m-mmm tom T T
. i [
" | o6 f-----
I T i
I
0250 J 1 L O | 1.184 ) b ] I
-0.100 ne 1559 2340 3120 [s] 3800 0.100 A: 1559 240 3120 (s} 300
———— (2000: Total Reactive Power in MVAs
e
i
|
L1915
I
|
|
Y
|
|
' 090
i
! 0.39
‘ "
; i o !
0084 S SN U TS N WU U R PP ! ] [ |
£.100 n9 1559 240 3120 (5] 3900 ! -0.100 n 1559 240 3120 [s] 390D
——— (G2000: Positive-Sequence Current, Magnitude in kA —— (2000: Total Active Power in MW
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In Fig. 3.31 the 2 MW induction generator was connected to the grid through soft-starter

at t=73 seconds and then the soft-starter was by-passed at t=77 seconds (see Fig. 3.30). In the
same time the power factor compensation unit started to work using capacitor switching. The
mean wind speed was 12 m/s. At t=100 seconds the mean wind speed was modified to 18 m/s

and at t=170 seconds mean wind speed was modified again at 11 m/s to simulate sudden

changes in wind speed and to test the system performance and implemented control strategy.

The active and reactive powers have been able to follow these changes in both situations. It is

concluded that the wind turbine absorbed the transients very fast and the control strategy
offers a good stability of the system during transition of dynamic changes.
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3.5. Comparison between measurements and simulations

The comparison between simulations and measurements will be done to validate the model.
The validation of the developed model in DIgSILENT is performed for the case of continuous
operation, and is based on power quality measurements for one of the 2 MW wind turbine

from an existing new wind farm in Denmark. The wind speed measurement was provided by
the anemometer of the control system on the top of the nacelle of wind turbine, as shown in

Figs. 3.32 and

3.33. Power quality measurements are performed as sampling of instantaneous

values of three-phase currents and voltages with a sampling frequency of 3.2 kHz.
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Fig. 3.32. Acceleration control mode in a2 MW wind turbine. Measured wind, rotor speed and active power.
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Fig. 3.36. Measured active power (a), reactive power (b) and stator current (c) of 0.5 MW Wind Turbine
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time.

Figs. 3.36 and 3.37 present the measured and simulated power quality performances of a
500 kW Constant-Speed Wind Generator during normal operation. Focus is on the maximum
value of active and reactive power consumption and flicker emission which influence the
power quality. A comparison between Fig. 3.36 and Fig. 3.37, point out that the measured
(Fig. 3.36) and simulated (Fig. 3.37) active and reactive power and stator current from a 0.5
MW wind turbine generator, there is a good correspondence. It is observed that the reactive
power compensation is used in measurements only.
Figures 3.33 and 3.34 present a comparison between measured (Fig. 3.33) and simulated
(Fig. 3.34) of wind speed, pitch angle and active power of 2 MW wind generator under power
control mode. The power control mode is used during normal operations. It is clear that at
high wind speed (around 18 m/s), using the active stall regulation, the pitch angle is
continuously adjusted to obtain the desired rated power level (2 MW). The results show a
good agreement between measurements and simulations.

The acceleration control mode (Fig. 3.32) and direct pitch control are used during a start
up of generator. Direct pitch control is active until rotor speed is smaller than 18 rpm.
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3.6. Conclusions

This chapter presents details about modeling and simulation of constant-speed wind

turbines using cage rotor induction generators.

A wind turbine model has been built to simulate the influence on the transient stability
of power systems. The model of the wind turbine includes the wind fluctuation model, which
will make the model useful also to simulate the power quality and to study control strategies
of a wind turbine. The control scheme has been developed for wind turbine generator control

including soft starter start-up, and power factor compensation.

The constant speed wind turbine has to be operated at the optimum tip speed ratio,
which gives the maximum power transfer. The control strategy used — active stall constant
speed, is a relatively recent innovation in the power control strategy of a large wind turbine,
and provides simple pitch control improving power quality and system efficiency. This
eliminates electrical power variations (fewer flickers) and reduced torque pulsations due to
elasticity of wind turbine system. Also, this alternative control strategy, involves the
combined interaction between wind model, pitch control and the aerodynamics of wind

turbine rotor blades.

The comparative results between MATLAB-Simulink and DIgSILENT show a good
similarity during generator start-up and steady state performance. Especially in wind power
applications, DIgSILENT Power Factory has become the de-facto standard tool, as all

required models and simulation algorithms are providing unmet accuracy and performance.
The computer simulations prove to be a valuable tool in predicting the system behavior.

The above-presented model can be a useful tool for wind power industry to study the

behavior and influence of big wind turbines on power distribution networks.

The power quality impact of wind turbines with 0.5 and 2 MW induction generators has
been investigated through the comparison of the computed characteristics from simulations
with measured power quality characteristics. The implemented model is able to simulate a

whole wind turbine system. The results show a good agreement between measurements and

simulations.
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Chapter 4 Limited Variable Speed Generation by Induction Generators with Passive Elements

4.1. An overview of DFIG with limited variable speed based Wind Turbines

Since the start of modern wind turbine development in 1957, marked by the innovative
Gedser Wind Turbine (200 kW), the main aerodynamic concept has been a horizontal axis,
three bladed, downwind wind turbine, connected to a three-phase AC-grid. Many different
concepts have been developed and tested since, [S. Heier, pg. 6].

During the last two decades, the production of wind turbines has grown in size from
20 kW to 3 MW per unit. Due to the rapid development of power electronics, offering higher
power handling capability and lower price / kW, the application of power electronics in wind
turbines will increase further.

The most commonly concepts using the wound rotor asynchronous generator with

limited speed variation applied in wind turbine configurations are displayed in Fig. 4.1 [1, 2]

GRD | GRD

a) b)
Figure 4.1. Standard wind turbine configurations using slip ring rotor machines:
a) Dynamic slip control using power converter, b) Dynamic slip control using external impedance.

The configurations depicted in Fig. 4.1 present an outline of typical electrical
topologies used in wind turbines with wound rotor induction generators with limited variable
speed. These configurations cover a relatively wide range of the applied power control
concepts for wind generators.

The doubly-fed induction generator, involved in these concepts, has two possible
implementations: the rotor is connected to an external power electronics converter (Fig. 4.1a)
or the rotor is connected to external passive components (Fig. 4.1b). To rigidly setting slip
values by using extra resistances in the rotor circuit, slip-ring machines offer the possibility of
dynamically adjusting or controlling slip to adapt to output power variations. In this way, by

varying the resistance of the rotor, the slip value and thus the proportional loss in power are

88 Wind Turbines using Induction Generators connected to the grid (Ph D Thesis)

BUPT



Chapter 4 Limited Variable Speed Generation by Induction Generators with Passive Elements

kept low and system efficiency is increased. To achieve a high total efficiency, the rotor slip
should be kept as low as possible in this relatively simple system.

The configuration in Fig. 4.1a) employs a wound rotor and it has been used by Vestas
since the mid 1990°s — known as OptiSlip [2]. The basic idea of this concept is to control the
total rotor resistance using a variable external rotor resistance by means of a Power
Electronics (PE) converter. With the power electronic converter mounted on the rotor shaft, it
is possible to control the slip (by controlling the external rotor resistance) over a 10 % range
[6]. Control of the slip implies control of the power output in the system. This concept will be

considered below.

4.2. OptiSlip Control Scheme

The Wind Turbines, with additional resistors, power electronics and regulation in the
rotated part of the generator, from Vestas Wind Systems A/S are equipped with a system
called OptiSlip, for suppressing wind gusts are reducing power fluctuations fed into the power
grid. These wind turbines are equipped with two types of control. Pitch control is used for
limiting and controlling the average active power. The additional control system, called
OptiSlip control, is used for damping power fluctuations due to wind gusts.

The OptiSlip switches external rotor resistance in and out of the rotor circuit of the

generator and thereby varies the speed of the generator. The scheme is depicted in Fig. 4.2
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Figure 4.2. Dynamic slip regulation of wind power plants using asynchronous machines without slip-ring
system for power section and regulation in the rotor (OptiSlip-Vestas V 42/44-600 kW. V 57/63-1.5 MW and V
66-1.65 MW Turbine) [1. 6].
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The generators specifically designed for the OptiSlip function are fitted with a wound
rotor and an integrated current regulation system (rotor current controller) in the rotor. This is
installed at the rear of the generator on the end of the shaft, and consists of additional
resistors, power electronics, current sensors and a microprocessor controller. The
communications signals between the control system (Vestas multi processor) and the current
regulation are carried via a maintenance-free fibre-optic cable [S. Heier, 1998, pg. 300].

The current regulator controls the rotor cuirent by use of a power electronic device
chopping the additional rotor resistances in and out of the rotor circuit. The power regulator
generates a current reference for keeping the output power constant. Generator output is
adapted to the momentary operating state (partial or full load), with the aid of slip via current
regulation, pulse with modulation and the power output adjuster in the rotor. Thus, in the
partial load region, small slip values (e.g. 2 %) and, at nominal operation, large slip values
(e.g. 5 %) can be set, so that the generator speed can be varied to smooth output power and
drive train torque.

By use of the OptiSlip scheme described above, it is possible to operate the generator
with semi variable speed. The external rotor resistances enable variable speed operation above
synchronous speed. The power control is improved compared to systems without OptiSlip.
However, the reactive power cannot be controlled satisfactory because no power is fed into
the rotor circuit. Therefore capacitor batteries are still required for reactive power
compensation. By the application of OptiSlip additional losses are introduced in the system.

Wallace & Oliver [3], in 1998 describe an alternative concept using passive
components instead of a PE converter, which also achieves a range of (10-20) % slip
variation. Though this concept does not allow active control of slip, it produces a slip-driven
self-regulated rotor resistance and will be analyzed and described in details in the following
sections. The simplicity of the solution made us pursue it further in this chapter to investigate

both its steady and transient performance.

4.3. Variable-Speed Generation Controlled by Passive Elements

In order to optimize energy capture from renewable energy sources, such as wind
energy, significant recent interest has been directed towards variable-speed generation
systems. Numerous schemes have been suggested and evaluated, employing both

conventional and novel machine configurations, both direct drives and via gearboxes [1, 2].

Most of these
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processes need to sense machine speed and / or output frequency to control power electronic
converters, many of which are large (of system rating) and highly expensive.

A recently developed alternative variable-speed generation system employs a wound
rotor induction machine with passive, fixed, rotor connected elements [3-5]. This system
provides acceptable efficiency (approx 90 %) over a reasonable speed range (1200-1400 rpm)
without the use of sensors, feedback system, or power electronics for normal operation. In
consequence, it offers a highly reliable, low maintenance, and low capital cost alternative.

The physical system, in which parallel passive elements control the effective rotor

impedance as a function of speed, is shown schematically in Fig. 4.3.
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’ — !
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Figure 4.3. Wound rotor machine with fixed passive control elements. [3-5]

Selection of the passive element values is dictated by the rating of the generator and
the required speed range.

Suitable values for external resistance R.. and reactance X.« can be determined by
iterative simulations. Initially a value for Rex alone is determined by the generator reaching
rated current at the upper speed limit. Value of X, is then determined in accordance with its

modifying effect, as will be presented in the next section.

4.3.1. Steady. State Analysis

For steady-state operation, it has been shown that the DFIG can be simulated, on a
per-phase basic, by an equivalent circuit such as this depicted in Fig. 4.4. From the induction
machine equivalent circuit, it is also possible to obtain torque-speed curves for various values

of rotor resistance.
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Figure 4.4. Equivalent circuit of DFIG with passive control.

The single phase equivalent circuit offers an excellent tool to analyze the performance
of the induction generator in steady state. In our case the generator is a 10 kW, 380 V, 920
rpm, 23.5 A at full load. R., and X., are the external resistance and reactance to be connected
to rotor windings via slip rings and brushes.

The use of adjustable resistors for the starting and speed control of wound-rotor slip-
rings induction machines, as shown in Fig. 4.4, can be found in numerous papers [4, 8-12}
and is well known to be effective.

The effect of inserting an external resistance in series with the rotor winding is first
examined and simulated in MathCAD as shown in Fig. 4.5 for both motoring and generating
regions with a copy of the script file shown in the appendix C1. Then the variable resistance
(Raga) was replaced for analysis by an external resistance (R.x) in parallel with a reactance
(Xex).
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Figure 4.5. Simulated effects of external rotor series resistance on Torque-Speed curves.
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For the torque-speed curves shown in Fig. 4.5, it is quite apparent that the speed of
operation can be continuously varied by controlling the external resistance in the rotor circuit.

When both torque and speed act in the same angular direction, the speed torque curve
of Fig. 4.5 applied to the motor mode of operation. If the speed were greater than synchronous
speed, the torque acts opposite to speed direction, giving generator mode of operation.

Stator Current versus Speed
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Figure 4.6. Simulated effects of external rotor resistance on starting current using Mathcad software.

It is obvious that only the position of maximum torque is shifted with no change on
the maximum value itself. The rotor resistance was doubled and then tripled and hence the
operating point at which the generator would deliver the rated output is shifted to the right in
case of generating which means higher rotor speed.

Higher starting torque for motoring is obviously achieved as it shown in Fig. 4.5 but at
the higher starting current as can be seen in Fig. 4.6.

Series resistors inserted in the three rotor phases are sometimes used to limit the
starting current. These resistors are shorted out when the machine has gained speed. This
method has the obvious disadvantage of being inefficient because of the extra losses in the
external resistances during the starting period.

An analysis of the rotor power of this system shows that the slip at which peak torque
value of the machine occurs can be modified according to the equation (4.1):

T (4.1)
XT

S

n

In which R=R/+R.x’ and Xt=Xs+Xg’.
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Equation (4.1) is linear and may be solved analytically. If the machine parameters of
Xs, Xgr~ (stator and stator-referred rotor leakage reactance’s) and R, (stator-referred rotor
resistance) are known, a suitable value of R.x may be determined to provide the required slip.
Modification of the machine performance in this way is inefficient, due to the increased losses
in the external resistor, and the maintenance problem of mechanical switches used to modify
the resistance can be considerable. Alternatively, use of power electronic switching to modify
the effective external resistance may lead to power quality issues.

The effect of a simple fixed resistor connected to the rotor circuit can be modified by
the use of parallel reactive elements, as shown in Fig. 4.4.

It can be shown that for parallel resistor and inductor at slip frequency (sf;), taking in
consideration that the external inductance has also its own resistance (Rp.x) we obtained:

az'[Sz'Rex'XL:ex—{-Rn.RLa(Rex-FRLa)] az.S'R;.XLex
- . ;X g (5= -
(RLex+Rex)~+(s'XLex) (RLe_x+Re.x) +(S.XLa)

—(4.2)

Rﬁ(%ﬂ):

Where s is the fractional slip, (a) is the stator-rotor turns ratio, and Xj. is the
impedance of inductor at line frequency.
Hence, it is evident that in this case the reactive elements are more effective in the
determination of the effective resistance than is the external resistance itself. As the slip plays
a significant role in the effective resistive impedance, this may be employed to provide
generator characteristics that match the output of variable speed energy sources.

For machine control by this technique, equation (4.1) is still valid but the total
resistance and reactance values are extended to:

R =R“R g, X; =X, + X "+ X g /5.2, =Ry /s+jXp ..o (4.3)

In this case, equation (4.1) becomes non-linear with respect to the slip and cannot be used
directly to design a speed control algorithm. However, suitable values for R., and X., may be
determined by iterative simulations [3, 4].

An external inductance is required in parallel with Re to stabilize the power output
over a wide range of speed, as can be seen in Fig. 4.9.

The reasonable values were found as follows:

Rex=1.8 Q, L.,=0.56 H which has its own resistance Ry..=0.28 Q.

Figure 4.8 presents a simulation of equivalent induction machine resistance and
reactance as a function of slip speed and as a function of slip as well, using Math cad
software.
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Figure 4.8. Simulated Induction Machine equivalent resistance and reactance with R, in parallel with L...

It may be seen that the equivalent resistance and reactance, as seen from the power
grid, vary with slip as shown in Fig. 4.8. The equivalent reactance comes down with slip and
speed in generating mode, while the equivalent resistance increases when the speed also
increase. It should be noted that the equivaient reactance remains positive at all slips; this
means that the induction machine draws reactive power in any conditions. The equivalent

resistance of induction machine becomes negative due to slip in generating mode; this means

it delivers active power to the power grid. Because a positive resistance absorbs electrical
power, a negative resistance may be considered as a source of power.
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Fig. 4.9. Simulated generator output power with and without rotor external elements
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The power factor may be defined in relation to the equivalent circuit as:

Figure 4.8 shows that the equivalent resistance (R.) is negative for generating mode.
This explains why in equation (4.4) the absolute value of R. is used.

The generator efficiency may be written as:

_ ElectricPower _output Py e

n= — = (4.5)
Shaftpower _input I

Plots for induction machine power factor and efficiency versus slip are shown in Fig.

4.10. The simulations were performed using Mathcad software package.
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Figure 4.10. Efficiency and Power factor of the induction machine with additional resistance and reactance.

The dependence of efficiency and power factor on load (slip or speed) is essential

when the induction machine is used for variable load.

The curves in Fig. 4. 10 may be calculated strictly based on the equivalent circuit (Fig.

4.4) with known parameters, and given values of slip.
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4.3.2. Dynamic Operations of the System

For dynamic operation, a simulation of the equivalent d-q model is required. In
addition, as there is a need to examine the actual performance of the rotor quantities and the

connected elements, the rotor reference frame is appropnate.

In order to be viable, the variable-speed generation system (VSGS) must provide
adequate response to sudden changes in speed (due to wind gusts) and to repeated fluctuations
in input torque (due to the “tower shadow” effect). In addition, the effect of connecting the

generator to the grid at speeds other than synchronism is investigated.

The dynamic operation of the induction generator is most suitably represented by
transforming the three phase machine equations to two axes, d-q model. Clarke’s
transformation is used to converter the stator voltages to the stationary rotor frame as given by

Krause et al. [7], operating on the rotor referred voltages:

a

V', =V _-cos(wt—06,)

V, =V _-cos(wt -0, +27”) ..............

(4

2

V.=V,_-cos(wt—6, — T)

Where 0, represents the rotor position in electrical degrees.

The flux linkage equations in the rotor reference frame for the d-q axis are shown in

equations (4.7)-(4.9):
Yo _yr B (-4 o, 2,
ar s
djt:" =V Z (4, -4, )0, -1,
Vi)
dj, =V + f ., -2;)

Ir
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A, A
Ai =Ly .(_5__*__'01 |
L, L,)
....................................................... (4.9)
AAn
i;q :1“\1 '(‘i“" ? }
LIJ Llr
Where
1
e 4.10
Ly == e (4.10)
— + _—— + P
Lnl Lls Llr

The stator and rotor current equations are shown in the equations (4.11) and (4.12)

respectively:

L Aa = A
Id‘ = L
is
.......................................................... (4.11)
A
gs LL;
o Ad A
Ly :T
Ir
........................................................... (4.12)
i, — Aq,’ —A;q
g I'
“Ir

To include the external rotor elements in the simulation process we should introduce a
third state variable. This is the rotor current that flows through the external inductor L.y, 14.
ar Lex. The rotor currents (i and ig') are the sum of the current flowing through the external
resistor and inductor:

A

ro_ L'
Uy _ldr_ch +Idr_Le:r

Iqr :Iqr_ch +Iqr”1.£r

The voltage equations of the external rotor circuit may be written as equation 4.14:
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' ' ' d’drr Lex ' Sy
I/dr :_(Rax"dr>Rex):_ La!:'—d’_*-Rlzx"driLex
................ (4.14)
dig 1o o0
:_(R qr Rex)- La.-d—;-’-RLe_x.’qrﬁLex

Uy

dl -qr €x .
Substituting equations (4.13) into equations (4.14) and solving for —d;t—L yield to

the third state variable equations which are to be implemented in MATLAB-Simulink model:

di";'AL@f Rex s RLer +Re.r
al Fi. ' Ty Lex
dt L L -

.................................. (4.15)
dl‘lr’ Lex R;:t -'r R'Lex +Rex 'y
L e e U
dt Le_t q Lar qr _

We have now the equations expressed with the stator and rotor flux and the rotor
current which flows through external rotor inductive branch as state variables for the d-q axis.
In the computer simulation, equatlons “4.7), 4. 8) and (4.15) are implemented as a subsystem
and are used to solve for Ayqs', Adqr ' and iaq Lex and equations (4.9) are used to solve for Aq.

m . From eqs. (4.11), (4.12) and (4.13) the currents can then be obtained, as it is depicted in
Fig. 4.11.
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Figure 4.11. Block representation of the d-axis subsystem. Figure illustrates the principles
of how the flux and current equations are implemented in Simulink.
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With the derived equations of the d-q flux linkages and currents we are able to

compute the electromagnetic torque Ten of the induction machine:

em qs gs

T =%--‘21-( S LA AT 1) ISR (4.16)

In which (p) represents the number of poles of the machine.

During dynamic operation the relation of electromagnetic torque (Tem) and mechanical
torque (Tmen) may be found in the equation of motion of the rotor, which depends on the
inertia (J), rotor speed (w;), poles (p) and the damping torque Tqamp of the machine.

Details of the rotor block implemented in Simulink are presented in Fig. 4.12:

> D
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Figure 4.12. Details of the rotor block implemented in Simulink according to (4.16) and (4.17).

Where the damping torque may be expressed as: 7,,,, = B-@, in which (B) represents
the damping coefficient in [N*m*s] associated with the mechanical rotational system of the
machine and mechanical load.

The stator abc currents may be determined from the stator d-q currents using the
inverse of Clarke’s transformation.

Solution of these equations requires a repeated integration process using a Runga-
Kutta technique. As has been described by Ong [8], sets of simultaneous equations such as
these for electrical machines may be readily formulated diagrammatically by the Simulink
representation for solution in the MATLAB suite of computer tools. The complete Simulink
model for the above system of equations is shown in Fig. 4.13.
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Figure 4.13. The complete system simulation diagram of induction machine simulated in the rotor reference
frame.

A rotor reference frame model has been developed for the passively controlled
variable-speed generation system which, when implemented in MATLAB-Simulink, provides
good correlation of predicted performance in both dynamic and steady-state conditions. The
generator system is shown to have good response characteristics for a wide range of dynamic
changes. This favorable performance is valid for a generator of 10 kW rating operating at a

range of 30 % of base speed. More details about parameters of the machine used in

simulations can be found in Appendix C.
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Figure 4.14. Predicted effects of non-synchronous connection to power system.

Figs. 4.14-4.16 show the calculated torque and current transients that occur when the
induction generator of 10 kW is connected to the power supply at 1015 rpm (super-
synchronous speed).

An initial electromagnetic torque pulsation, reaching 50 Nm approx, reduces to a
steady-state of just below 25 Nm. The 6-pole, 50 Hz machine used in this study was
connected to the 400 rated line to line voltage. It should be noted that the transient current

peak increased at 30 A and then in steady-state becomes 15 A.
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Electromagnetic Torque, Mechanical Torque, Stator Voltage and Stator Current

40:1 Tﬁ: ...... vif‘w
%201:' ‘ \ H ! n | \ R
i mw il {'ﬁ,\'» Iy w,?\d\‘l{)\ \9 ) w,, ] l?,zﬂ,n

Figure 4.15 . Simulation of Electromagnetic Torque, Mechanical Torque, Stator Voitage and Stator Current
to a non-synchronous connection of power system.

Stator Currents during a non-synchronous connection to the grid
1 T

Figure 4.16. Simulation of Stator Currents when the induction generator of 10 kW is connected
to the power supply at 1015 rpm.
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Figs. 4.17-4.18 show the simulated response of the generator to a mechanical input
cycling. From a synchronous 1000 rpm the generator is targeted to oscillate between upper
and lower limits of 1015 and 985 rpm. However, the inertia of the system prevents reaching
these limits.

When operating at a steady 1000 rpm, with an applied mechanical torque 30 Nm and a
generated current of 15 A peak, the generator was subjected to a torque reduction to 25 Nm
resulting in a new condition of 975 rpm, and 12 A peak, as can be seen in Figs. 4.19 and 4.20.
This is followed after 3 seconds by a torque increase to 35 Nm, resulting in a change in speed
to 1025 rpm and a current of 18 A peak. The simulation of these changes was intended to
represent effects of wind gusts on the turbine. The Figs. 4.19 and 4.20 also indicate that the
generator system quickly reaches new stable operating conditions following such changes.
Hence, the passively controlled generator system exhibits adequate stability and natural
damping.
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Figure 4.17. Predicted effect of repeated fluctuations in input torque to investigate the tower shadow effect.
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Stator Current under a mechanical input cycling
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Figure 4.18. Simulation of Stator Currents at a mechanical input cycling.
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Figure 4.19. Predicted response to sudden changes: electrical torque, mechanical torque, current and speed.
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Simulation of Stator Currents under sudden changes in rotor speed
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Figure 4.20. Simulation of Stator Currents under sudden changes in rotor speed. from a synchronous 1000 rpm
the generator is targeted to oscillate between upper and lower limits of 975 and 1025 rpm.

4.4. The Experimental Procedure and Resulits

The circuit diagram of the experimental set-up consisting of a Wind Turbine Simulator

(WTS) and the wound rotor induction machine slip-ring terminals as is shown in Fig. 4.21.

The WTS is composing of a 10 kW rotor cage induction machine (RCIM) and a
bidirectional power converter of 25 kVA.

The induction machine is a doubly fed induction generator (DFIG) rated at 10 kW,
with additional passive elements inserted in the rotor side and the stator is direct connected to

the power supply. More details about technical data can be found in Appendix C.
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Figure 4.21°. Schematic diagram of the experimental set-up.

The basic component of the proposed generation system is a wound-rotor induction
machine. As is well documented in numerous papers [7-12], the torque-speed characteristics
of this machine may be modified to provide an extended speed range as a generator, the
resistance to reactance ratio of the rotor circuit. Typically, the operating speed range of a high
efficiency induction generator is approx 1 % [3]. To extend this range to (10-30) % requires
substantial resistance to be added. Selection of the passive elements values is dictated by the
rating of the generator and the required speed range.

To simulate the adjustable speed prime mover, a squirrel cage induction motor supply
by an ACS 611 Frequency Converter is employed in the experiments. The ACS 611 is a four-
quadrant drive. The main circuit consists of two IGBT converters, a line-side converter and a
motor side converter, integrated into a same frame. The line-side and motor-side converters
consist of six insulated gate bipolar transistors with free wheeling diodes. The ACS 611 can
be controlled from the Local control location. The control commands are given from the
Control Panel keypad or from the Drive Window PC tool.

Drive Window is a Windows Application for commissioning and maintaining drives
equipped with fiber optic communication. Drive Window provides the commissioning
personnel with a powerful tool, which provides also remote connection possibility. Using
Drive Window is possible to control operations such as start, stop, references, monitoring
signals, changing parameter values and display collected data.

The setup permits the measurement of currents and voltages of stator and rotor circuits
as well. The input power to the generator was measured via control panel of the ACS 611
Frequency Converter and by a LEM NORMA D 4000 power analyzer was obtained the
electrical output power.
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4.4.1. Experimental Results

Experimental results were obtained for steady and transient behavior at different speed

and torque.

The test results obtained in super-synchronous mode for the generator to different
loads, with a wyes-connected resistance of 1.8 ohms/phase, in parallel with a wyes-connected
inductance of 560 mH / phase, are shown in Figs. 4.22-4.25

The power output shows a characteristic of relevance to wind turbine application with
an acceptable efficiency.

The stator and rotor currents were measured using LEM Current Probe with an output
of 100 mV/A and then acquired by a Tektronix TDS 224 Oscilloscope and a laptop via Wave-
Star software tool. The stator and rotor voltages were acquired using a Voltage Transducer
with an output of 100 V/V.

4.4.1.1. Steady State Analysis
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Figure 4.22. Rotor phase current and voltage (a) and stator phase current and voltage (b) at Pp=2.5 kW
and Po1=1.5 kW in super-synchronous mode (n=1040 rpm). Scaling factor of the currents is 100 mV/A and
scaling factor of the voltages is 100 V/1V. I=6A. Vr=6 V and Is=12.5A and Vs=220 V.
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Figure 4.23. Rotor phase current and voltage (a) and stator phase current and voltage (b) at Pp=5 kW
and Po1=3.5 kW in super-synchronous mode (n=1100 rpm). Scaling factor of the currents is 100 mV/A and
scaling factor of the voltages is 100 V/V. Ir=9.2A, V=12 5 V and Is=14.6A and Vs=220 V.
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Figure 4.24. Rotor phase current and voltage (a) and stator phase current and voltage (b) at Pp=7.5 kW
and Poyr=5.6 kW in super-synchronous mode (n=1180 rpm). Scaling factor of the currents is 100 mV/A and
scaling factor of the voltages is 100 V/V. Ir=14 A, Vr=23.6 V and Is=17.6A and Vs=220 V.
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Figure 4.25. Rotor phase current and voltage (a) and stator phase current and voltage (b) at Pp=10 kW
and P.(7=7.5 kW in super-synchronous mode (n=1240 rpm). Scaling factor of the currents is 100 mV/A and
scaling factor of the voltages is 100 V/V. Ir=18 A, Vr=30 V and Is=20 A and Vs=220 V.

Figures 4.22-4 25 illustrate the experimental results obtained in super-synchronous
operation mode at different loads (Pp=25, 50, 75 and 100 % of Pn=10 kW) with the
corresponding values for the output power and rotor speed. The differences between the stator
phase current and voltage has 90 degrees indicating that the system is operated in generating
mode. These results show good increasing power as a function of speed. It is clear that these
will be reasonably compatible with the output of wind turbines.

4.4.1.2. Transient conditions

In order to justify the viability of the proposed system, it has been necessary to extend
the testing and analysis and to demonstrate its performance under dynamic conditions such as

connections to the power supply at non-synchronous speed and sudden changes in applied
torque.

A. Connections to the grid at non-synchronous speed

Figures 4.26 and 4.27 show a comparison between the stator current transients of
DFIG with a parallel inductor-resistor combination connected to the rotor and without
additional elements, from a direct connection to the power supply, when the induction
machine was working as a generating in super-synchronous mode at 1015 rpm.
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Figure 4.26. Measured stator current during start up of DFIG at super synchronous speed of 1015 rpm
without additional impedance. Isamax=140 A (6*Isn). Scaling factor is 1V/50A.
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Figure 4.27. Measured stator current during start up of DFIG at super synchronous speed of 1015 rpm
with Rex and Lex in parallel. Isamax=96 A (4*Isn). Scaling factor is 1V/50A.

The 6-pole, 50 Hz machine used in this study was connected to the 400 rated line-to-
line voltages. It should be noted that the transient current peak increased at 140 A (6*In) for a
wound rotor machine without passively elements while in the other case the transient current
peak increased at 96 A (4*In) and then in steady-state becomes 20 A, as can be seen in Figs.
4.26 and 4.27. Figs. 4.28 and 4.29 also present test results for non-synchronous connection of
the DFIG with additional fixed passive elements inserted in the rotor side, to the power supply
but in this case in sub-synchronous operation mode at 950 rpm and then at 900 rpm. The
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transient stator current peak increased at 70 A (3 times of nominal current) and the transient

time is also very short.
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Figure 4.28. Stator current during start up of DFIG at sub synchronous speed 950 rpm
with Rex and Lex in parallel. Isa,,,,=70 A (3*Isn). Scaling factor is 1V/50A.
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Figure 4.29. Stator current during start up of DFIG at sub synchronous speed 900 rpm
with Rex and Lex in parallel. Isamax=70 A (3*Isn). Scaling factor 1V/50A.
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Figure4.30. Measured Torque and Speed of DFIG with additional elements during connecting and disconnecting
to/from the grid at non-synchronous speed (super synchronous- 1015 rpm). Scaling factor of rotor speed is 0.05.
The data were acquired by a laptop via Drive Window PC tool.
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Figure 4.31. Measured Torque and Speed of DFIG with additional elements during connecting and
disconnecting to/from the grid at non-synchronous speed (sub synchronous - 950 rpm). Scaling factor of rotor
speed is 0.1. The data were acquired by a laptop via Drive Window PC tool.

An adequate damping of the system transients is evident in both situations (sub-
synchronous and super-synchronous speed) but for the wound rotor induction machine with
passive rotor connected elements the system response is relatively “soft” and the transient
time is very short. Hence, the passively controlled generator system exhibits adequate stability
and natural damping follows the applied torque and rotor speed during connecting and
disconnecting the generator to/from the grid, as can be seen in Figs. 4.30-4.31.
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B. Sudden decreases and increases in applied torque (to simulate wind gusts)

The test results with a variable applied torque are intended to represent effects of wind
gusts of the wind turbine. The correspondence is good and indicates that the generator system
quickly reaches at new stable operating conditions following such changes.

To prove the viability of the proposed system under sudden changes in applied torque
the stator phase current, rotor speed and torque of DFIG were recorded for analysis and will
be presented in the follow Figures at different dynamic situations. The applied torque has
been changed from 50 Nm to 25 Nm and then to 75 Nm, as can be seen in Figs. 4.32-4 35,
and from 75 Nm to 50 Nm and then to 100 Nm, as shown Figs. 4.36-4.40. 100 Nm
correspond to 100 % of nominal torque of the machine.
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iy Speed ——
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Figure 4.32 . Effect of wind gusts modifying applied torque T(50-25-75-50) Nm and n(1140-1050-1225-1050)
rpm of DFIG with additional impedance. Scaling factor of the rotor speed is 0.05.
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Figure 4.33. Sudden changes of applied torque: T(50-25-75-50) Nm and corresponding shaft speed: n(1015-
1008-1025) rpm of DFIG without additional impedance. Scaling factor of the rotor speed is 0.05.
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When the mechanical torque of DFIG was sudden changed the rotor speed of the
generator has been able to follow these changes in both situations as can be seen in Figs.4.32,
4.33 and 4.36, 4.37. Though, due to extended range of the rotor speed for the DFIG with
additional passive elements, the corresponding value of rotor speed is much higher in this
case, the generator system reached very fast at new stable operating conditions proving a good
stability.

Follow the amplitude of stator currents during sudden changes in applied torque (Figs.
434, 435 and 4.38, 4.39) we may conclude that the generator system with passive elements
absorbed the transient current and offer a better stability of the system during transition of

dynamic changes.
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Figure 4.34. The stator phase current-I,, measured by a Tektronix Oscilloscope at 50-25-75 % of T, without
additional impedance. Scaling factor is 100 (mV / A).
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Figure 4.35. Stator phase current of DFIG measured by a Tektronix Oscilloscope with additional elements - R,
and L., in paraliel - at sudden increase-decrease torque: (50-25-75) Nm. Scaling factor is 25 (mV / A).
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Figure 4.36. Sudden changes in applied torque: T(75-50-100) Nm and corresponding shaft speed n(1225-1140-
1300) rpm of DFIG with additional impedance. Scaling factor of rotor speed is 0.05
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Figure 4.37. Variable Torque and Speed: T(75-50-100) Nm and n(1025-1015-1038) rpm of DFIG without
additional impedance. Scaling factor of rotor speed is 0.05.

The generator system (Figs. 4.36 and 4.37) is shown to have good response
characteristics for a wide range of dynamic changes. A reasonable transients and damping

conditions have been observed during the sudden changes in applied torque, intended to
represents effects of wind gusts on the turbine.

The acquisition of data and monitoring signals has been done by a Laptop via fiber-
optic communication using the dedicated software Drive-Window.
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Fig. 4.38. Measured stator current of DFIG with passive elements acquired by a Tektronix Oscilloscope via

Wave-Star software tool at variable torque (75-50-100) Nm. Scaling factor is 100 (mV / A).
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Fig. 4.39. Stator current of DFIG without passive elements acquired by a Tektronix Oscilloscope via Wave-Star

software tool at variable torque (75-50-100) Nm. Scaling factor of the stator current is 100 (mV / A).
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Figure 4.40. Mcasured torque and speed of the DFIG with passive elements during transition from sub-_
synchronous to super-synchronous operation mode. Scaling factor of rotor speed is 0.1. The data were acquired
by a laptop via Drive Window PC tool.
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Figure 4.41. Measured torque and speed of the DFIG without passive elements during transition from sub-
svnchronous to super-synchronous operation mode. Scaling factor of rotor speed is 0.1. The data were acquired
by a laptop via Drive Window PC tool.

Figs. 4.40-4.41 present the traveling of the torque and speed from synchronous to sub-
synchronous and then to super-synchronous operation mode of DFIG with additional rotor
passive elements (Fig. 4.40) and without additional elements (Fig. 4.41), which correspond to
sudden changes in speed from 1000 rpm to 950 rpm and then to 1050 rpm, in both situations.
These Figures also indicate that the generator system with additional passive elements
inserted in rotor side, quickly reaches new stable operating conditions following such speed
changes while the generator system without additional elements is more slowly.
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Speed
i _Ja

Time 2)

Fig. 442 Sedden changes of the speed in saper-synchronous operation mode: 1025-1015-1035 rpm and
correspoading torgue: (73-30-100) Nm without additional clements. Scaling factor of rotor speed is 0.1
The data were acquired by a laptop via Drive Window PC tool.
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Fig. 443 Suddea changes m Torque: (73-50-100) Nm and corresponding speed (1225-1140-1300) rpm with
addsional mmpedance. Scaling factor of rotor speed is 0.05. The data were acquired by a laptop via Drive

A comparison of the rotor speed and torque of the same torque values in both
situations (with and without passive additional elements), under sudden changes in Figs. 4.42
and 443 shows that the generator system with passive element is more stabile than the
generator system without passive element, while the machine with passive elements provide

an extended speed range as a generator up to 130 %

4 .4.2. System Performance Evaluation

The performance has been measured with extemnal resistance and parallel reactive
elements. The input power to the generator was obtained from the control panel of the
bidirectional power convester and a power analyzer measured the electrical power output.
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The test results obtained for the generator show a good power factor and increasing
output power as a function of speeds. The measured efficiency is comparable to that obtained
with adjustable frequency control of a similarly rated induction machine.

The speed range of the induction generator (DFIG), while keeping maximum current
to the rated values, may be selected by use of appropriate values of additional resistance and
inductance, as shown in Table 4.3.

Table 4.3. Measured performance of DFIG.

Pg=0 kW Pg=2.5 kW Pg=5 kW Pg=7.5 kW Pg=10 kW Pg=11.5 kW
Pout=0 Pout=1.5 kW Pout=3.5 kW Pout=5.6 kW | Pout=7.5kW [ Pout=8.3 kW
Is=11 A Is=12.5 A Is=14.66 A Iss17.5 A Is=20 A Is=20 A

Ir=(0-1.2) A Ir=6.2 A Ir=9.2 A I=14 A Ir=18 A I=20 A

Vr.=1V Vr.=6V VI,=12.5V Vr,=23.6 V Vi,=30V Vi34V

n=1000 rpm n=1040 rpm n=1100 rpm n=1180 rpm 1=1240 rpm =1250 rpm

The Fig. 4.44 shows the required input (shaft) powers and the corresponded output

powers of the DFIG with the correspondence values of the power factor and efficiency.
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Fig. 4.44. Measured performance of DFIG with passive elements controlled system.
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It is shown (Fig. 4.44) by laboratory tests on a 10 kW machine that a Doubly-Fed
Induction Generator may be used as a variable speed (wind turbine) generator over a
relatively large speed range (up to 130 %) with an acceptable efficiency (75 % at full load)
and a good power factor (0.81 at full load) by controlling the secondary impedance by passive
elements alone.

The power characteristics and the measured efficiency are well suited with the
application with similar rated machines in which power converters provide the control.

4.4.3. Comparison of Test and Simulated Performance

The equipment used to obtain the test data was described in the previous sub-chapter.

Tests and simulations were performed to examine the system performance and the
effects of non-synchronous connection to the grid and response to changes in applied torque.

The simulations and test results intended to represent that the correspondence is good.

. Mezsired Efficency g Pover Fator verss Speed % Efficiency and Power factor
T T T T /_4 } l
0l 4 08
Br ]
0 ST /7 ] 07
g sl Effcerey PFl(s)
u - 7
f 'Il(S) 06 N i
in - , |
s ' !
g i ' l!
% 5 r 1 I{ E
5 05t 7
a0} - . : o
' | ! |
| |
‘5 r o - b 0 4 ‘ I ‘\
0% L
HE g : i .
1w i 2 1 1y 13 14
% 1t 150 5 " s 0 10 Ns) 14
Speed (rad/ s) P ]
Slip Speed [ rdf ]
a) b)

Fig. 4.45. A Comparison between measured and simulated Efficiency and Power Factor of DFIG with

passive elements. Experimental Results (a) and Simulations (b) of DFIG with additional passive elements.

Wind Turbines using Induction Generators connected to the grid (Ph D Thesis) 121

BUPT



Chapter 4 Limited Variable Speed Generation by Induction Generators with Passive Elements

Smuated Torgue end Speed versus Time fo Sudden Changes

T T T T

o

T
A

20+ / 3
. R ]

&

Trmech (Nm). n [rpm)
—
i

o 1
Speed /10 :
! /
o / :
| 100mm _—— 1025 rpen e 118 m‘
Speed i -
s N ;
i 1 1 1 !
1 15 2 25 3 35 4 45 5 &5 6
Tine () Tme s}
a) b)

Fig. 4.46. Measured (a) and simulated (b) mechanical torque and rotor speed of DFIG with additional elements
under sudden changes. Scaling factor of measured rotor speed is 0.1. The data were acquired by a laptop via
Drive Window PC tool and the simulations were performed using Matlab / Simulink software.
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Fig. 4.47. Measured (a) and Simulated (b) Stator Current of DFIG with passive elements to sudden changes.

Scaling factor of measured stator current is 25 (mV / A).

122 Wind Turbines using Induction Generators connected to the grid (Ph D Thesis)

BUPT



Chapter 4 Limited Variable Speed Generation by Induction Generators with Passive Elements

[ 1 1 Stador Curent & & funcion of time
T
llll‘llllll]ll]lllllllll |l]TIllll]lllll[TIIllllll 1w T T T T
100+ i
r a )

- | ‘ ¥ P ! P J :
-:- 0 l Lo ! “ L . b \‘ | i ‘.‘ .;
i
: i
S :
. |
A0k 1
|
' 150 ‘ L ! 3 |
0 005 01 045 02 05
‘ ) R : .
11ﬂ§w]'c“]l“vlzsn§llllllIl Illlllllllllllllllllllll mls}
a) b)

Figure 4.48. Measured (a) and simulated (b) stator current during start up of DFIG with additional

elements at non-synchronous connection to power supply. Scaling factor of measured current is 1V / 50A.

Figures 4.45-4.48 show very good correlation of simulation and test. The test results
obtained for the induction generator with passive additional elements correlate acceptably
with model predictions and show good power factor and increasing power as a function of
speed. The experimental results were acquired by an Oscilloscope and simulation results have

been performed by Matlab-Simulink software package.
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4.5. Summary and Conclusion

In this chapter, the Doubly Fed Induction Generator with limited variable speed
generation system is presented. A comparison between two standard topologies of wind
systems with dynamic slip control is also shown.

The developed DFIG model with and without additional passive elements is verified
through simulations and experiments in steady-state and dynamic conditions as well.

A rotor reference frame model has been developed and implemented using Matlab /
Simulink software package for the passively controlled variable-speed generation system. The
simulation and experimental results indicate that the induction generator with external rotor
passive elements is dynamically stable following three types of transient conditions:
connection to the grid at non-synchronous speed, sudden decreases and increases in applied
torque (to simulate wind gusts) and repeated cycling of applied torque. It means that the
generator system is shown to have good response characteristics for a wide range of dynamic
changes.

For steady-state operation, it has been shown that this can be simulated, on a per-phase
base, by an equivalent circuit, using Mathcad software package. The single phase equivalent
circuit offers an excellent tool to analyze the performance of the induction generator in steady
state. The effect of inserting an external resistance in series with the rotor winding was first
examined and simulated in MathCAD for both motoring and generating regions. Then the
variable resistance (R.ag) was replaced for analysis by an external resistance (R.x) in parallel
with a reactance (Xe.).

By laboratory tests on a 10 kW machine that a Doubly-Fed Induction Generator has
been used as a variable speed (wind turbine) generator over a relatively large speed range (up
to 130 %) with an acceptable efficiency (75 % at full load) and a good power factor (0.81 at
full load) by controlling the secondary impedance by passive elements alone.

These results and the good efficiencies obtained by simulations and experiments
indicate that the proposed system is a viable low-cost, low maintenance, sensorless, variable-
speed generator (wind turbine). Consequently, it is a more practical solution than power
electronics for remote locations, for less than (10-20) % of speed variation range.

The passively controlled variable-speed generation system is a simpler and cheaper
solution than a similarly rated generator system with power electronic control such as the
OptiSlip concept.
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5.1. Overview of Doubly Fed Induction Generators based Wind Turbines

During the last two decades, the production of wind turbines has grown in size from 20
kW to 3 MW per unit. Due to the rapid development of power electronics, offering both
higher power handling capability and lower price per kW, the application of power electronics
in wind turbines will increase further.

The doubly fed induction generator can supply power at constant voltage and constant
frequency while the rotor speed varies. This makes it suitable for variable speed wind energy
applications. Additionally, when a bidirectional AC-AC converter is used in the rotor circuit,
the speed range can be extended above synchronous speed and power can be generated both
from the stator and the rotor.

Various types of power control strategies have been suggested for application in variable
speed wind turbines | 2. 10. 12, 13, 17-22]. One possible implementation scheme of
adjustable speed generators consist of a synchronous generator and a power converter. The
power converter, which has to be rated at 1 p.u. total system power, is expensive. Compared
to direct-in-line systems, the doubly fed induction generator (DFIG) systems offer the
following advantages | |. |+]

e reduced inverter cost, because inverter rating is typically 25 % of total system
power, while the speed range is + (40-60) % around the synchronous speed

e improved system efficiency

e power factor control can be implemented at lower cost, because the DFIG system
basically operates similar to a synchronous generator.

In addition, compared to controlled rectifier based Kramer drives, the DFIG with four
quadrant converter in the rotor circuit enables decoupled control of active and reactive power
of the generator.

In case of the fully variable speed wind turbine it is possible to produce more mechanical
power, using the same wind turbine than in case of fixed speed operation mode [1, 21]. The
gain in power production at the wind speed above the most likely wind speed can be higher at
variable speed operation as well. The variable speed operation makes it possible to increase
the annual power production by approximately 5 % [7. 8]

5.1.2. OptiSpeed Control Scheme

The wind turbine systems that are equipped with OptiSpeed control strategy allows the
turbines blades to rotate at varying speeds. OptiSpeed is a further development of the OptiSlip
system (described in chapter 4), which allowed the speed of revolution of both the rotor and
the generator to vary as much as 10%. With OptiSpeed, the speed of revolution can now vary
by up to approx. (60-70) % {o. 7]. This reduces fluctuations in the grid system as well as
minimizes the loads on the vital parts of the turbine.

OptiSpeed is an efficient solution because the converter only transforms the energy from
the generator rotor, which is only a small part of the total energy generated by the system. The
energy generated by the generator rotor is converted back into electricity suitable for the grid
by the converter, as can be seen in Fig. 5.1.

OptiSpeed advantages:

e Higher energy production
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Load control
Flexible noise adjustment
e Improved power quality: controlled reactive power, low flicker, low current
harmonics, and fast and soft grid synchronization.
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Figure 5.1. The block diagram of the OptiSpeed control system of 2 MW Wind Turbine [6, 7].

Figure 5.1 presents a modern high-power wind turbine capable of adjustable speed
operation. This topology shows an alternative concept that consists of a doubly fed induction
generator with a four quadrant ac-to-ac (back-to-back) converter based on IGBTs connected
to the rotor windings. The converter is controlled by the power electronics (switching IGBTs)
[1, 6, 7, 8] and its operation corresponds to adding an external voltage phasor in the rotor
circuit. The voltage phasor is controlled so that the frequency in the rotor circuit corresponds

to the desirable rotational speed of the rotor.

The variable speed wind turbines represent a new technology within wind power for
large-scale applications and their models have to be set up for making power stability

investigations. Therefore, this concept will be analyzed, modeled and simulated as follows.
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5.2. Modeling and Simulation of the Doubly Fed Induction Generator

5.2.1. Introduction

The Doubly Fed Induction Generator (DFIG) is an induction machine with a wound slip
ring rotor. This provides the machine with an additional power port, giving additional control
opportunities that may be exploited in the wind power generating systems.

DFIG is implemented as a variable speed, constant frequency scheme, by applying a
converter to the rotor terminals of DFIG.

The wind rotor determines the rotor speed, and controlling the rotor currents may control
the stator power of the DFIG. If the stator flux is chosen as a reference, the g-rotor current
(Iq) controls the stator reactive power (Qs), and the rotor d-current (Ls) controls the stator
active power (P,). Controlling the rotor q- and d-currents respectively may control the stator
active and reactive power.

The ability to supply / subtract power to / from the rotor makes it possible to operate the
DFIG at sub- and super-synchronous speed, having constant voltage and frequency on the
stator terminals. Furthermore it is possible to recover slip power in the rotor and supply it
back into the power gnd, through which the efficiency of the machine may be increased.

5.2.2. DFIG Modeling in Steady-State

The schematic representation of the DFIG with the mechanical power (Pm) port and the
stator power (Ps) and the rotor power (Pr) ports are shown in Fig. 5.2 a) and equivalent circuit
is depicted in Fig. 5.2 b):

3
N

P,

a) b)
Figure 5.2. a) Schematic representation of the DFIG with indication of three power ports.
b) Standard equivalent circuit of the DFIG.
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As can be seen in Fig. 5.2 the power ports of the DFIG are the mechanical power (Pm),
which in the wind power systems is provided through the wind rotor and gearbox, the stator
power (Ps) and the rotor power (Pr).

The stator windings are connected directly to the AC power grid, while the rotor
windings are connected to the power grid through the rotor and grid converter. In order to
achieve full controllability i.e. both super- and sub-synchronous speed operation are required.

Speed control

The rotor winding yields the option to control the speed of the shaft, enabling compensation
for wind speed variations. This means minimizing of the stator power pulsation by storing the
mechanical energy supplied to the shaft as a rotational energy. The relationship between
mechanical and electrical power is given by equation 5.1, where all losses are neglected.

P,=a,-T,=P +P (5.1)

m m m s IR T

In (5.1) the wind speed variations are expressed by a varying mechanical torque (Tn), to
variation in the wind energy. In order to keep the electrical power (P; + P;) unchanged; the
mechanical speed of the rotor shaft (wm) must be controlled.

Speed Control via the Rotor Frequency
By changing the electrical frequency of the rotor it is possible to change the speed of the
shaft, as expressed in (5.2):

Ty _ Dy 070 Dom “Ditp _ 8 (5.2)
I, @ @ 1)

s s s

Equation 5.2 presents the definition of the slip and relationship between rotor and stator
electrical frequency. By rearranging the equation 5.2 becomes clear that the shaft speed
depends on the rotor electrical frequency, as may be seen in equation 5.3:

fslip
ip = @Qgm | 1= e 5.3.
@y =@, ( fs) (5.3.)

Control of the rotor speed may be achieved by controlling the electrical frequency of the
rotor. The rotor converter controls the electrical frequency on the rotor.

5.2.3. Voltage equations

In a three-phase machine, six voltage equations, one for each phase of the stator and
rotor circuit, may be set up as [Krause. 1995 pg. 54-57 The equations are set up in matrix
form. The stator voltage equals the supply grid voltage, and the rotor converter controls the
rotor voltage. The stator and the rotor phase voltages may be expressed as written in equation:
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y sin ((o S_w,t) u, sin (a) stip! g
! . 2 . T
u_=\|u, |= ﬁ*"phase * sm[a)s_mt +—3—J U, =\ u, = Udc *D* sm(a)shpt+7) X
'll.‘ . 472_ um . 4” ...... (54)
Sin (U_r‘mt +—§— Sin a)sb-pt +—3-’

The voltage equations describing the DFIG may be set up in the three-phase system. In
order to reduce the complexity of the differential equations a change of variables is applied.
The three-phase system is therefore transformed into a two-phase representation.

In general, four types of reference frames are widely used. Stator fixed, rotor fixed, flux
vector fixed or synchronous rotating reference frame [Krause. 1995 pg 133-148]. The
reduction from three to two-phase reference frame has the advantage that the flux in the two
phases or directions does not interact. These gains the advantage that time varying variables
of the three-phase system becomes constant when referred to the two-phase system. Those
advantages are independent of the choice of the reference system.

The reference system that will be chose depends on what will be investigated. If the
investigation deals with the machine interference on the supply net, the choice would be a
stator fixed system or a synchronously rotating reference frame, because the stator is
connected to the supply net. If an investigation of a rotor phenomenon is to be performed, a
rotor fixed system should be chosen. If the machine is to be controlled a flux vector fixed
system may be chosen. [\'as. 1990, pu 122-126]

5.2.3.1. D-Q Model of the DFIG (Two Phase Reference Frames)

To control dynamic sequences, the standard equivalent circuit shown in Fig. 5.2 is inadequate,
as the model is based on calculations with RMS-values of voltages and currents. A dynamic
model is set up in form of the d-q representation in an arbitrary reference frame. Thereby, the
complexity of the three-phase differential equations, where some of the machine inductances
are functions of the rotor speed and the voltage equations are time varying, is avoided.
Krause. 1986. pg. 53]. The following assumptions are set up to developing the d-q model:
e The stator and rotor windings of the DFIG are assumed symmetric, resistance
magnetizing and leakage inductances are equal for all three-phases. This means that
the zero-component of the d-q model may be eliminated;
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e The windings are assumed sinusoidal distributed around the circumference of the
DFIG. Thereby the MMF produced by the windings will be sinusoidal, no harmonic
components will be present;

e The air gap is assumed constant, meaning constant air gap reluctance. This means, that
the mutual inductances from stator to stator windings and rotor-to-rotor windings are
constant. Only the mutual inductance from stator to rotor windings varies.

e Saturation of the mutual inductance, or magnetizing inductance, is neglected i.e. the
magnetizing inductance does not vary as a function of the current;

e Skin effect in the stator and rotor is neglected. As the frequency of the current
increases, skin effect will increase the resistance, and decrease the inductance due to
increased reluctance in the iron of the DFIG;

e Iron losses are neglected. This means that the losses in the DFIG would be larger than
simulated,;

e Cross saturation effect is neglected. The phenomenon means, that coupling between
two perpendicular axes. For the three-phase induction machine neglecting cross
saturation effect means that the phase windings are assumed to have inductance in the
three-phase direction only.

Essentially, the d-q model is a simple reduction from a three-phase representation to a
two-phase representation. The three-axes representing the three-phases in the standard model
is projected on two-axes, the d- and g-axes. The arbitrary reference frame is a two-phase
system, which reference is arbitrary [Krause. 1995 pg 136-171]. In the stator flux fixed
reference frame, both the d- and q-axis is aligned with the stator flux.

The voltage equation in the arbitrary reference frame may be written as in equation (5.6):

— —

diqs
L S e - 1| dr
u,| [R, 0 0 0 o L, 0 M O 4
Uas | _ 0 R 0 O x| las 0z 0 M dr |,
u,, 0 0 R O iqr M 0 L O diqr
| U | 0 0 0 R Lar 0 M 0 I dt
L -t - Toldiy, | (5.6)
L dt ]
0 wrefLs 0 w’efM
—wrefLs 0 'efM 0
+
0 (@ -0,M 0 (ool
L—(wref—wrw 0 —(wref _w')L’ 0 -

By assembling stator and rotor voltages on matrix form the complete linear model may
be illustrated | Krausc. 1995 pp 176].
The electrical equivalent circuit is shown in Fig. 5.3 where the matrix expressions are

given in equations (5.6) and (5.9), respectively.
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Figure 5.3. The d-q equivalent circuit of the ssmmetrical induction machine in the arbitrary reference frame.
Since a symmetnc machine is assumed. the zero-components are not included in the model. [4]

The complete system of the DFIG, with arbitrary reference frame, is visualized in Fig.
5.3, where all elements in the equivalent circuit are matrixes. Rotor and stator interact through
the voltage sources controlled by oG i, with the assembled @G matrix equation written as in
equation (5.7):

0 @, L, 0 @, -M
-0, -L 0 -a, M 0
oG = "(; : ( ) M ':)f ( ) Lo 5.7
@, —O, @ —0, )L,
_—(“’nf —w,)M 0 —(a)n,f—w,)L, 0 |
The voltages and currents equations are defined as shown in (5.8):
r 7 . 7
U g legs
u u ] i
u=[°}: ‘b;i=|i’:‘: e e e (5.8)
ur uqr lr Iqr
s (14 |

The voltage equation derived from the equivalent circuit in Fig. 5.3 may be expressed as in

equation (5.9):

The equation (5.9) is the common valid voltage equation of the arbitrary reference
system.

The d-q representation is implemented in Simulink, where an overall model of the DFIG
is set up. For improvement of the standard linear model, non-linearities may be introduced.
The electrical torque may be expressed as equation (5.10) [Krause. 1986, pg. 178].

T, =§*iST*G,,*i, ................................................................................................ (5.10)
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5.2.4. Simulink implementation model of the Doubly Fed Induction Generator

A model of the DFIG using the derived equivalent circuit and the equations written before
are implemented in Simulink. The model calculates stator and rotor currents, stator and rotor
active and reactive power and electrical torque as a function of time, depending on inputs of
the stator and rotor voltages and mechanical speed of the shaft. The block representation of
the DFIG is depicted in Fig. 5.4

DO

L_
L

' s +3
Ot rEL - “::*@
=
. W
o
e E}l)
y e ' H
‘ O
1Y o EVVNTORN —ua

Figure 5.4. Block representation of the DFIG model in Simulink. The model is linear
without implementation of the parameter variations.

As may also be seen in Fig. 5.4 the Simulink model operates with three phase inputs and
returns three phase outputs, both inputs and outputs are transformed to/from the two phase
notation used in the model. A more detailed description of the development and
implementation of the d-q model may be found in the following section. The equations are
rewritten as differential equations in the Laplace plane.
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Flux equations [Krause. 1995 pp 173-17%]:

I |
A, =;(uq, 3 TSNP 1) KR (5.11)
Ay =y Ry + @, A ) (5.12)
A, =t -Ri i) (5.13)
.= U, —Ri, (@, -0 )As) i
A, =, -Ri, ~(0,, ~o,)A,) (5.14)
=7 U, —Ri, — (@, ,~—® ), ) i

Where s denoted the Laplace operator and the electrical angular velocity of the rotor @ is

given by (5.15).

p
e, 515
0, =0, (5.15)
Current equations:
o _emMi, M2, ~(Ly, +M)-4, (5.16)
v Lq-\‘+M Mz-(Lar+M)'(Lm+M)
;A mMiy M-2, (L, +M)-A,
P (5.17)
L,+M M (L, +M)-(L +M)
A, -Mi A, - :
i, = — M, _ M b g tM) By (5.18)
L,+M M?~(L, +M)-(L, +M)
Ay ~M-i, M2, ~(L, +M)- 4, 5.19)

Idr

Ly+M M —(L, +M)-(L,+M)

The current and flux equations presented before are implemented in Matlab-Simulink as

a subsystem. The subsystem is shown in Fig. 5.5:

Wind Turbines using Induction Generators connected to the grid (PhD Thesis) 135

BUPT



Variable Speed Wind Generator Systems Chapter 5

O
Rr
®
ur
Q
M
$i .
.,_:qs Wy Rswazra - ¢ 25 > i
& Fon Integrator L » -{emwwmwwmrml——»(: )
»_fef ' igs
Fend =
MUX Muxé
.,:ds J—> uty R o T - igs
X > o ds
Max Fent Ireegratort Mux =.<¢mww»wm>u'«v»}-—,——¢®
i_ds
| Vs Fend -
Mnci
@ | psi_gr pre
y ¥ l" fw) E 3 " f(u) i_qr =®
X I ’
—> . Fen2 \ntegrator? » e
o Mt Fond
®
vr Mo
4 W
v_dr
»” 1
Mo 1) T d Ldr
psi_dr » . »(4
> Ford incegrator? ML g R ‘g?
> For? -
Mo Mo?

Figure 5.5. Block representation of the subsystem u_dq/i_dq. The Fig. 5.5 illustrates the principles
of how the flux and current equations are implemented in Matlab-Simulink.

Torque equation:

The mutual flux between rotor and stator produces magnetic energy, which is stored in the
magnetic field. This energy produces an electrical torque that generates the stator currents.
Like the voltages and currents, the electrical torque may be calculated with respect to the
arbitrary reference frame. The equation for electrical torque is written in (5.20) [Krause.
1995 pu. 178].

_ %.g.(xﬁiqs Ay ) (5.20)

Calculation of Active and Reactive Power
The stator active power may be calculated by multiplying the voltage and associated

current. This means that the active power may be calculated using (5.21)
Ps u, i, +u i
[ }:3{ “ "‘_"‘] ........................................................ (5.21)
Pr 2{u, 1, +u,l

qr - qr
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The reactive power is calculated by denoted the two axes in the reference frame as a real
and imaginary axis in the complex plane. By calculating the apparent power and taking
the imaginary part we may obtain the reactive power:

Os B i udgiqs —uqsids (5.22)
o =3 "d,iq, +"qridr ............................................... .

5.2.5. Power Control

The purpose of introducing power control is to achieve controllability of both active and
reactive stator power and thereby the power factor. In order to investigate the topic of power
control and to find essentially control parameters, an analysis of the d-q system is performed
and an appropnate reference frame may be chosen.

5.2.5.1. Reference frame for d-q model

With the stator connected to the power supply grid, the stator voltage and frequency may
be considered constant and thereby the stator flux may be considered approximately constant.
This means that a synchronous rotating reference frame may be advantageous. With a
reference frame fixed in the direction of stator flux, the d-q representation simplifies since
Ae=0 if the g-axis is aligned with the stator flux. This means that the reference frame rotates
synchronously at steady state. The reference frame notation is shown in Fig. 5.6.

Figure 5.6. Reference frame notation used in d-q model for DFIG. fs" .1, : stator fixed reference
and fy°, £°: stator flux fixed reference | }|.

The choice of the reference frame leads to the following important properties:
Oe=Orerand Aq=0................................. (5.23)

Where (w.) represents the reference frame speed for stationary circuit variables referred to the

synchronously rotating reference frame.
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5.2.5.2. Voltage and flux equations with stator flux fixed reference frame

The dynamic machine equations for voltage and flux in a synchronous rotating

reference frame may be expressed as given by equations (5.24)-(5.27) []:

dA,,
u, =Ri, g (5.24)
Uy =R I, +@, Ay (5.25)
Ags =Ly +Mi (5.26)
A =0=Li, +Mi, ... (5.27)

5.2.6. Power decoupling

To achieve the power decoupling, it means that the active and reactive power may be
controlled separately, whereby power factor control may be achieved. By use of the equations
(5.24)-(5.27), power control of the DFIG becomes possible. It is important to notice that since
the g-axis and the stator flux are aligned and the stator is connected to the supply grid, the flux
in the g-axis direction may be considered approximate constant.

The electromagnetic torque and stator active power may be expressed as equations
(5.28) and (5.29) respectively ([4]. pz 178:

5 5 Aaslar oo (5.28)
3p
Pe =—55a)e/1q51d, ........................... (5.29)

With Ag=constant due to constant stator voltage, electromagnetic torque and the stator
active power are controllable via ig. The stator reactive power at the stator side is expressed
as equation (5.30):

3p ) .
Os = Ez(uqslds S B (5.30)
By substituting equations (5.11) and (5.12) into (5.17) yields:

From equation 5.31 it is observed, that the stator reactive power is proportional to igs.
Rearrangement of the eq. 5.31 shows that the stator q-current is controlled by the rotor g-
current as given by (5.32):

138 Wind Turbines using Induction Generators connected to the grid (PhD Thesis)

BUPT



Chapter 5 Variable Speed Wind Generator Systems

Substituting equation (5.31) into equation (5.32) we obtained equation (5.33) for controlling
the stator reactive power

]
Os=="w, A, —— ... (5.33)

From equation (5.33) it may be seen that the stator reactive power is controllable via igr.
The above analysis of the DFIG in the d-q system with the g-axis aligned with the stator flux
led to the following important properties:

e Stator active power and electromagnetic torque are controlled via 14

e Stator reactive power may be controlled via 14

e By using the power decoupling, stator active and reactive power may be controlled

independently.

The knowledge achieved for the control parameters of the DFIG may be summarized as in

the Table 5.1:

Table 5.1. Control parameters in the d-q system for various control of the DFIG

Control of Function of
Speed [rad / s} On=T (fop)
Electromagnetic torque [Nm] Te=f (ia)
Active stator power [W] Ps=f (i4)
Reactive stator power [VA] Qs=f (ig;)

The validity of the model presented before is verified by simulating a step in rotor speed
and sample the stator active and reactive power, electromagnetic torque and stator and rotor
currents. All simulations are performed with constant DFIG parameters. The DFIG is driven
by the drive system at 1125 rpm (sub-synchronous mode-75 % of synchronous speed), and
the reference speed is changed at t=2seconds to 1875 rpm (super-synchronous operation
mode-125 % of synchronous speed). The speed and torque response are shown in Fig. 5.7 b).
The mechanical system is modeled using a first order approximation, where the time constant
is determined from a step in rotor speed, more detailed can be found is Appendix D;.

Figures 5.7 a) illustrates the simulated stator active and reactive power of the DFIG as a
function of time. The stator active power and stator reactive power are controlled
independently, by controlling the rotor currents. If the speed increases so that the machine is
operating at super-synchronous speed, the stator active power and electromagnetic torque
change direction from the sub-synchronous operation (Fig. 5.7). The rotor and stator currents
of the generator during the transition between sub- and super-synchronous operations are
shown in Fig. 5.8. As the rotor speed increases, the stator and rotor currents become larger.
The transition between sub- and super-synchronous speeds is also reflected in the rotor
currents flow, as depicted in Fig. 5.8 a).
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Figure 5.7. Simulation of the stator active and reactive power (a) and electromagnetic torque and speed (b) as a
function of time. The speed reference of the drive system is changed at t=2 s from 1125 rpm to 1875 rpm.
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Figure 5.8. Simulated stator (b) and rotor (a) currents during the transition from sub-synchronous speed (1125
rpm) to super-synchronous speed (1875 rpm) operation mode.
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S.3. The rotor converter model

This section contains the development of the rotor converter model, for use during
development of the control strategy. Various modulation strategies are presented. Two
different models could be developed, an average value model and a non-linear model. It is
found that the simplest model, the average value model, gains satisfactory results. Therefore it
will be used in the control scheme simulations. Both switch models and modulation strategy
are implemented in Matlab-Simulink. More details about the implementation can be found in
Appendix D:.

For simulating the complete system of wind generator a model of rotor converter is
required. The converter is a three-phase four-quadrant converter because bi-directional power-
flow of the rotor of the DFIG is required for obtaining full control of the stator power (output
power). The structure of the rotor converter is shown in Fig. 5.9.

i
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Figure 5.9. General structure of the rotor converter.

As may be seen in Fig. 5.9 the converter has six switches and six freewheeling diodes.
Each switching element is composed of two parallel-aligned IGBTs and freewheeling diodes
for obtaining the appropriate power level. A Digital Signal Processor (DSP) controls the rotor
converter. An external timer circuit is used for generating PWM signals required for
controlling the gates of IGBTs. The structure of the control is illustrated in Fig. 5.10.
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Figure 5.10. Schematic illustration of the control structure of the rotor converter for one branch.
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The control signals D are generated by the modulation function, which is implemented
in the DSP. The DSP generates the PWM reference signals (Si, Sz) on basis of the
implemented modulation strategy. The DSP generates the PWM reference signals at 5 kHz
switching frequency. The reference signals determine the fundamental rotor frequency and the
voltage amplitude.

5.3.1. Model implementation

The models set up in the following sections are to be implemented in Simulink.
The converter model is a linear average model. The average model does not model timing
blanking time and parasitic elements of the gate signals, but model the outputs of the DC-link
voltage times and the duty cycle of each switch.

A modulation strategy is required for generating the desired PWM-pattern in order to
optimize the performance of the converter and the control of DFIG.

5.3.2. Modulation strategy

For generating the rotor voltages, a PWM strategy is required. Ideally the converter should
generate a sinusoidal voltage with no harmonic contents. This is however not possible by use
of PWM converters, such as the rotor converter.

For modulation of the output voltage of the flux polygon, the circuit configuration of the rotor
converter leaves six active and two zero voltage vectors to be applied to the DFIG.

If the rotor flux is not sinusoidal, a torque ripple is generated resulting in a pulsating
stator power. Therefore the torque ripple has to be minimized. As the torque is proportional
with {4 |*|4, |*sin § , where § is the angle between, |4 | and |4,| are the lengths of the stator
and rotor flux vectors respectively. The angle and amplitude error of the rotor flux vector has
to be minimized. An error in amplitude may generate acoustic noise and an error in angle may
generate torque ripple. More details can be found in Appendix D2.

5.3.2.1. Requirements of the PWM-strategy

The following requirements of the modulation strategy are stated in order to optimize the
performance of the converter and control of the DFIG 9. 24 23]

e The fundamental frequency of the modulated sinusoidal voltage may be changed from
0-20 Hz;

¢ A low harmonic content of the rotor voltage is required for reducing torque pulsations,
which may influence the stator active and reactive power;

e The number of branch-switch-over should be minimized in order to increase the
efficiency of the converter since the switching losses are proportional to the number of
switching and the switching frequency;

e The used modulation strategy should be able to yield a torque response faster than the
required response of the stator power control;

e The produced torque ripple should be negligible compared to the moment of inertia of
the system, no speed ripple should occur;
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e The modulation strategy must be simple to reduce the number of real-time calculations
in order to minimize the required processor power, and the delay from sampling to
control action.

5.3.2.2. Overview of the PWM Strategies

Different PWM-strategies have different properties. However, two basic types of

strategies may be defined: feedback (closed loop) PWM and feed forward (open loop) PWM.
A comparison of the basic properties of the two strategies may be summarized [25].
Closed Loop Current Control PWM
e Direct control of the output current
Good for repetitive speed reversal
Operates with small steady state error for space vector amplitude and angle
Requires current sensors
Requires current reference
Normally implemented with hysteresis controllers
Usually the switching frequency is variable due to hysteresis control

Open Loop Voltage Control PWM
e The converter operates as a VSI
Controls the output voltage of the converter
Suitable for variable torque operation, due to high bandwidth of the torque control
Low switching frequency may be used
No sensors are required
Needs voltage reference
May be implemented using Carrier wave or Space-Vector PWM
The switching frequency is constant

Since the rotor converter is built as a PWM-VSI, an open loop voltage control PWM-
strategy is chosen. Two basic principles are available for open-loop PWM control, the Carrier
wave or space vector PWM strategies. The Carner wave PWM modulates the output voltage
from the converter based on a modulating function, whereas the Space Vector Modulation
(SVM) PWM modulates the flux polygon of the machine. For optimal tracking of the flux
polygon, the SVM strategy scheme is necessary. The Stator Flux Asynchronous Vector
Modulation (SFAVM) strategy meets most of the requirements to achieve the control strategy
for controlling the stator active and reactive power based on the power decoupling [9-14".
Therefore, this PWM strategy is chosen for implementation.

5.3.2.3. Stator Flux Asynchronous Vector Modulation

For modulating the output voltage of the rotor converter and thereby controlling the
rotor current, the SFAVM strategy is chosen. The basic idea of the strategy is to track the
reference voltage by applying two active and two zero vectors two times in each switching
period.

The flux in DFIG has to trace a circle in the complex plane, and a change from one
position to another may be performed in a number of different ways using different number of
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Branch-Switch-Over (BSO). During each switch period, turn-on and turn-off two BSO, the
flux may be changed from one voltage vector to any of the neighboring voltage vectors. This
means, that there are six BSO of each switching period.

The problem of the SFAVM is then reduced to the calculation of the time each voltage
vector should be applied (to, t; and t3).

The most significant properties of the SFAVM modulation strategy may be summarized

as follows:

e Asynchronous modulation with constant switching frequency is obtained. This means,
that the modulation is independent of the fundamental frequency;

e The flux vector is moved two times during each switching period. The total number of
BSO per switching period is six;

e The angle error of the flux vector is minimized by applying the two zero vectors at the
start and end of each switching period,;

e The amplitude error of flux vector is not controlled directly during each transition, but
since only the two neighboring voltage vectors are applied, the amplitude error is
moderate ;

e The voltage vectors may be changed from one hexagon to any others from one
switching period to another, since switching period starts and ends with a zero voltage
vector;

e Compared with standard sinusoidal modulation with 3™ harmonic injection, the
SFAVM approach yields up to (10-15) % smaller torque ripple depend on the
fundamental frequency |,

The SFAVM algorithm is implemented in Simulink, by use of a look-up table, for
simulation of the rotor converter in the control system and in the control program DFIG.c for
controlling the rotor converter of the system. The SFAVM algorithm is implemented as a
function and is written in the programming language C and then is mixed for use in Matlab-
Simulink (Appendix Ds).

For rated operation of the DFIG, the amplitude of the modulated voltage should be equal
with the DC-link voltage. This means, that the gain of the modulating function should be
equal with one. The maximum gain is given for a modulation index of one (m=1) and no zero
voltage vectors are applied (T = t;+t2). From these properties, the gain of the modulation
strategy may be calculated to be equal with one.

5.3.2.4. Average Value Rotor Converter Model
When modeling the converter by means of an average value model (AVM), the
parasitic elements of IGBT and freewheeling diodes are ignored. The required control signals

for the average value model are Dy, Dy and Dy, The structure of the average value model for
phase k is shown in Fig. 5.11:
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Figure 5.11. General structure of the average value model. The illustration shows the model of phase k.

As may be seen in Fig. 5.11, the required input signals for AVM are the reference
signals D,, D; and Ds and the DC-link voltage Upc. The output of the model is the phase
voltages (Uy, U and Uy,) with respect to zero of the DC-link.

Similar structure is required for phase 1 and m. As may be seen in Fig. 5.11 the average
model the voltage of phase k may be written as in (5.34).

U=Uge*Kae*Di oo (5.34)

The constant K4 is applied for scaling the voltage compensating for threshold voltage
and voltage drop due to inner resistance of switch and freewheeling diode. As the voltage
drop due to inner resistance depends on the rotor current, the AVM is not able to model
correct voltages. The constant K4 is scaled for modeling correct voltages at nominal load.
The value of K4 is found to equal 0.926. As the modeled voltage is equal to D times Ug, the
modeled harmonic content is lower than the harmonic content of the real converter and the
harmonic content of the non-linear model. The model is implemented in Simulink as can be
seen in Fig. 5.12:

Average Value Converter Model

- spoz—>— —
Udc
Kdc ’ > '
s
(2 )——{Demux > ———{ Mux ——— (1)
D1...06 Uabc_r
e
- Ly

Demux Muxc

Figure 5.12. Average value model of the rotor converter implemented in Simulink.

The modeled rotor voltages are phase voltages with reference to zero of the DC-link.
The constant Kpc is adjusting for modeling correct voltages at nominal load, the value of Kpc
is found to be equal with 0.926.
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5.4. Control Strategy

The main goal of this subchapter is the analysis and implementation of a control scheme
for a DFIG in order to achieve the control of output power. The output power must be kept
constant during a change in mechanical speed (wind speed). In addition independent control
of the active and reactive power must be achieved for obtaining reduced power fluctuations.

The aim of the control strategy is to meet the demands regarding performance and
robustness.

The power performance requirements are stated as follows:

The active power output is to be constant at variable speed operation

Minimize power fluctuations into the power gnd

The proposed control scheme has to include power factor control

Higher efficiency may be expected by utilizing the rotor current control by means
of a converter in the rotor circuit

The robustness performance requirements must be met under the following conditions:

e Vanable rotor speed in the range of 65 % and 140 % of nominal speed

e Robustness against power grid frequency variation in the range of + 4 % of
nominal frequency

e Robustness against power grid voltage variations in the range of + 10 % of
nominal power gnd voltage

e It must be robust against unsymmetrical power grid voltages of + 4 % regarding
phase voltages.

The control strategy for controlling the stator active and reactive power is based on the
power decoupling described in section 5.2 4. It means that the stator active and reactive power
feedback loops are required. The stator and rotor currents and the stator voltages are measured
and transformed to the two-phase reference frame with the stator flux as reference axis.

5.4.1. Reference Frame Notation

For controlling the DFIG, an appropnate reference frame has to be chosen. As described in
section 5.2.4 decoupling of the stator active and reactive power becomes simple if the stator
flux is chosen as reference. Therefore, the control strategy is developed in the reference frame
with the d-axis aligned along the flux. The relations between the different reference frames
are shown in Fig. 5.13:

e e e e - ——

Figure 5.13. Illustration of the differeat reference frame to be used in the control strategy. f;°. £, : stator fixed
reference. f4°. {;": stator flux fixed reference and fy". f;": reference frame fixed to the rotor using electrical angular
speed and angle. The power decoupling is performed using the stator flux fixed reference frame.
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As shown in Fig. 5.13, three different reference frames are used in the control strategy.
The control strategy is developed in the stator flux fixed reference frame. The input from the
stator is in the stator fixed reference frame and rotor input in the rotor fixed reference frame.
Rotor voltage output is in the rotor fixed reference frame.

5.4.2. Control Strategy

The control system should contain the following components in order to achieved full
controllability of the stator power:

Transformation of the measured stator voltages and currents into the stator fixed
reference frame

Calculation of active and reactive power as well as stator flux in the stator fixed
reference frame

Calculation of the stator flux position to obtain the angle of the stator flux fixed
reference frame (6;)

Regulators for controlling the stator active and reactive power

Calculation of the desired rotor d- and g-axis currents by use of the power decoupling
equations

Transformation of the measured rotor currents into the stator flux fixed reference
frame

Regulators for controlling the rotor currents

Implementation of the required voltages for obtaining the desired rotor currents
Implementation of the rotor voltages from the stator flux fixed reference frame to the
rotor fixed reference frame

Calculation of the duty-cycles for the three-phases by use of SFAVM.

To simulate the DFIG, the system shown in Fig. 5.14 will be used. Good results using this
scheme are presented by [12. 19. 20 and 22].
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Figure 5.14. Proposed control scheme with measurement of stator voltage and stator and rotor currents.
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The rotor d-and g- axis are compensated by use of feed-forward loop.
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The control scheme consists of two control loops: an inner loop for controlling the rotor

current, and an outer loop for controlling the stator active and reactive power.
The stator voltages and currents are measured in the stator fixed reference frame. In addition,
the stator active and reactive power is calculated in the stator fixed reference frame. From the
stator quantities, the stator flux is calculated, and the amplitude and angle of the resulting
stator flux is found.

The measured stator power (Ps, Qs) 1s compared to the power references (Ps’, Qs"), and
the errors (eps, €gs) are fed to the power regulator. From the power regulator the reference
values of rotor d- and q-currents are calculated using power decoupling. The reference values
of rotor currents are compared to the rotor currents measured in the rotor fixed reference
frame and transformed to the stator flux fixed reference frame, and the errors are fed to the
current regulators. After the current regulator, feed forward compensation is used for
decoupling rotor voltages and currents and then the reference values of rotor voltages are
transferred to the rotor fixed reference frame and fed to the SFAVM modulator.

5.4.2.1. Stator Flux and Angle Calculation

From the stator voltage and current, the position of the stator flux fixed reference frame is
determined.

For determining the position of the stator flux, the two-phase stator voltages are integrated.
The stator d-and g-flux vectors are determined in the stator fixed reference frame as given by
equations 5.35 [4].

A =fluy R, i, )
P :J.("q.f Y -iqs")dt .....................................

Qs

The stator flux is used as reference, as described in section 5.2 4, the resulting stator flux is
determined by equation (5.36) and the reference angle by equation (5.37). The speed of the
reference frame is then determined by equation (5.38).

A=A = AT A (5.36)
6, =arctan| —=— | forAg #0...................... (5.37)
gs
96, 5.38
W, = :
Sl (5.38)

Care has to be taken when calculating the reference angle (6.) since the output of the
arctan function is not unique. The following expression may be used for determining the

correct angle:
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. -A,
If Ags" > O whereupon 6, = arctan[/l—‘tj ............ (5.39)

qs

If Ays" < O whereupon 6, = arctan{ “‘: J+1t ....... (5.40)

The stator flux in the stator fixed reference frame varies sinusoidal with the stator
frequency. As the stator flux is calculated by use of integration, the flux may contain an
offset. Therefore, the stator flux may be filtered eliminating the offset error.

5.4.2.2. Stator Power Calculation
Since the power is independent of the choice of reference frame, the calculation of
stator power may be performed in any reference frame. If the stator power is calculated in the

stator fixed reference frame, the number of transformations to be performed may be
minimized. The stator power is calculated using equations (5.41) and (5.42):

The measured stator power is compared to the reference values of Ps and Qs, and the
error signals are fed to the power regulator.

5.4.2.3. Power Decoupling

If the stator flux fixed reference frame, the d-axis stator flux is equal with zero and the
stator active and reactive power may be expressed as in equations (5.43) and (5.44):

Ps:—%-g-we-lqse F (5.43)
3 p e lqse -M qre

s==L.p .p 20 — @ . 5.44

Q 2 2 e gs L ( )

As can be seen in equations 5.43 and 5.44 power decoupling may be obtained by
controlling the rotor d- and g-currents. This means that power decoupling is obtained by
simply applying to the power rotor regulator output as a reference to the rotor current loop.
The output from the power decoupling is the rotor d- and q-current references.
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5.4.2.4. Rotor Current Controllability

The rotor currents are to be controlled by controlling the rotor voltages. The rotor
voltages equations are given by:

€ . €

uqr€ :Rr'iqr +M. ‘;; +L" ‘;; +((0e_a),)‘M'idse+ a)e_a),)'L,'id,e ................. (545)

u,” =R -i, +M-d:; +1, -%
As may be seen from equations (5.45) and (5.46) the rotor current control via the rotor
voltages is complex, since the desired coupling between the rotor axis and the rotor and stator
axis is present. For example, the rotor d-voltages depend on both the rotor q-current, and the
stator d- and g-currents. This means that a change in rotor d-voltage for changing the rotor d-
current will affect the rotor g-voltage and thereby the rotor d- and q-currents. For improving
the rotor current control, a decoupling network may be introduced. The decoupling may be
performed using feed forward compensation \'as. 1998 pg. 344]. [Tnami, 1995, pg 553]

-0, -@,)M-i - 0, ~0,) L, 0, . (5.46)

5.4.2.5. Feed Forward Compensation

The main idea of using feed forward compensation is to add the coupling terms in
equations (5.45) and (5.46) after the current regulator as shown in Fig. 5.23. Thereby, the
coupling between the axes may be eliminated. For obtaining better controllability of the rotor
current by use of the rotor voltages, eq. (5.45) and (5.46) may be written using the equivalent
circuits for the d- and g-axis. The rotor voltages in Laplace notation are given by equations
(5.47) and (5.48):

e ’. : e - "l.l
u, :[(Rrﬁ-S'L,)—_RS—LJ*i rsMlr Do fe —@,) Ay . (5.47)

Where 4,° =L,i," +Mi_°

ar q

The couplings terms in equations (5.47) and (5.48) are fed to the control loop as it is depicted
in Fig. 5.15:
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Figure 5.15. Nlustration of the proposed feed forward decoupling of the rotor currents and voltages. The output
from the current regulator is compensated by adding the coupling terms in the rotor voltage equations.

The transfer function for the current loop may be found from equations (5.47) and (5.48)
as will be shortly describe in the follows:

The rotor voltages may control the rotor currents by use of feed forward. The undesired
couplings between the rotor axes and the rotor and stator axis are decoupled adding signals
equivalent to the coupling terms in the voltage equations.

The transfer function of the current loop is shown in Fig. 5.16:

s* M (uu =G /,n,)/(R-i-s Ls )-4-(0»1—(0.1 p/2) yRE ——

G-’l:]l
+  eaar T U+ T
d3ar +» Current regulator kﬁ-ﬁ-gi“,g, *ﬁ”:_,;,,A » DFIG L——T'i‘»»
- L e
u

FigureS.16. Ilustration of the current control loop and the feed forward signal. The decoupling effect gives a
linear relation between the rotor voltage and current.

The advantage of the feed forward compensation is the decoupling of the rotor voltages
and currents. The transfer function may be written as in equation (5.49):

I R +s-L
G_ = dqr = s s S =
€5) g, ((R,+S-L,)~(R:+S-Ls)—s2 M]

R +s-L,
(L, -L,-M?)+s-(L,-R, +L,-R)+R, -R,
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The couplings terms described by equations (5.47) and (5.48) are transferred to the z-
plane using ZOH [Franklin. 1900, pg 419 In this way we obtain the equations that will be

implemented in the control program:

* € _ * ‘)
oz M 0,04, o, -
u, = = i +{o, o,

L, s
Z2—€e -

-1 *M*(udf+a)e*lqse)

by

3

5.4.2.6. Control Scheme

The stator active and reactive power control is to be implemented as a cascade control
with an inner rotor current loop and an outer power control loop. The proposed control
scheme shown in Fig. 5.14 may be simplified assuming an ideal decoupling between the rotor
currents. The simplified control scheme is presented in Fig. 5.17:

Nl
N ldqr
Ps7Qs ___q_d_— e

— | + R

Power ei | Cument Uy lior | Power | Ps.Qs
- Regulator — Regulator [ | G Decoupling >

»
»

Figure 5.17. Simplified control scheme with an inner rotor current control loop. and an outer power control loop.

Full decoupling between rotor currents is assumed.

The control scheme is implemented as shown in Fig. 5.17. The current regulator is
designed and the closed loop transfer function (Gi) for the current loop is found. The power
regulator is also designed and the closed loop performance of the power loop is evaluated.

S5.4.3. Regulator Types
For controlling the stator power, rotor power and current regulators are required as
indicated in Fig. 5.17. Different types of regulators may be implemented, and the best-suited

type for control scheme should be chosen. Therefore, the properties of different types of
regulators are shortly discussed.
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5.4.3.1. Classic Regulators

Classic regulators such as PI, Lag/lead networks or polynomial regulators may be used
in the current loops. The advantage of these controllers is standard design methods such as
Ziegler-Nicholas tuning, root locus and Nyquist plots. Hysteresis regulators [23] that are
simple and robust in design, may be used, but the switching frequency may be vanable, and
for obtaining the same performance as the classic linear regulators the switching frequency
has to be increased. In addition the output will contain small oscillations.

The disadvantages of the classic regulators are constant regulator parameters and the
lack of adaptation. Good performance may however be obtained by means of feedback, since

203

parameter variations and non-linearity’s are minimized [Ogvata. 1902 po 2
5.4.3.2. Choice of Regulator Type

Based on the forgoing sections presenting different types of regulators and their
advantages and disadvantages, an appropriate regulator type may be chosen. The type of
regulator to be used should have the following properties:

e Should be able to control systems with varying parameters since the rotor
resistance varies with temperature and frequency, and the inductances vary with
frequency due to skin effect and with current due to saturation. The rotor current
variation is however small, and the effect of parameter variation may be small.

e The regulators should be able to stabilize the system at the desired output response
concerning rise time, overshoot etc.

e The regulator structure and algorithm should be simple since the control scheme is
implemented using real-time calculations.

5.5. Regulators Design

This subchapter deals with the analysis and design of the current and power loop of
the control scheme presented in subchapter 5.4. The current loop is analyzed, and an
appropriate current controller is chosen. The control loop for the stator power is designed and
simulated in order to evaluate performance.

5.5.1. Current Control Loop

As describe in subchapter 5.4 the control scheme is to be realized using cascade control.
This means that the inner current loop is used for controlling the rotor d- and g-currents and
an outer loop is used for controlling the stator active and reactive power.

The complete control scheme including both the inner current loop and the outer power
loop are shown in Fig. 5.14.

The current loop may be visualized as the schematic diagram in Fig. 5.18:
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Figure 5.18. Schematic diagram of the rotor current loop. The coupling function, coupling (®, A, u), represents

the coupling terms between the stator and rotor, and d- and g-axis in DFIG. A ZOH-network is inserted after the

current regulator. and an AD-converter is inserted in the feedback loop as in the test system. T, is the sampling
time.

As may be seen in the schematic diagram of the rotor current loop (Fig. 5.18), the
rotor current coupled with the stator current of the DFIG. This is undesired when controlling
the rotor currents due to change in magnetization speed and current level of the other axis
invokes non-linearly on the current to be controlled.

An analysis of the current loop is performed for implementing an appropnate control
strategy. The analysis of the rotor current is derived into 2 parts:
e An analysis of the ideal rotor current loop is performed. Ideal current loop means, that
the feed forward compensates out the coupling between the d- and g-axis in the DFIG
e An analysis of the impact of the parameter variations on the current loop. Stability and
performance are taken into consideration.

3.5.1.1. Ideal Rotor Current Loop

The analysis of the ideal current loop is performed for determining the optimal dynamic
performance of the rotor current loop. Feed forward compensation is used for decoupling the
current loop. The feed forward element is to be calculated each time step of the control loop.
The rotor ideal current loop is shown in Fig. 5.19:

} f,__,f:"_,q.'« current
ol

Fequlator

Figure 5.19. Schematic diagram of the ideal rotor current loop. It is assumed that the feed forward
compensation come out the coupling terms in the DFIG.
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To achieve full decoupling, the rotor current transfer function may be expressed by Gi:

i“ar s-L +R, _19.05-(s+6.83)
wa (LL,-M?)s’+(LR +LR)s+RR (s+257)-(s+3.69)

G,(s)=

The ideal continuous rotor current transfer function is transferred to the z-plane by use
of step invariant transformation using the Matlab c2dm function. The discrete transfer
function is written in equation (5.53):

3842%107°(z~1)  3.842*107(z-1)

G (2)= =
/() 22 —1.947%2+0947 (z+1)*(z+0.947)

It may be noted that the two poles of the continuous transfer function are very different,
$1=-257, s;=-3.69. The zero is placed at s=-6.83. This may be explained by examining the
electrical equivalent diagram of the DFIG. The rotor current is branched in two, the first part
flow through the magnetizing inductance and the second part flow through the stator branch
into the power gnd. The magnetizing inductance plus the rotor leakage inductance
corresponds to a time constant of 119 ms. The time constant of rotor to stator branch is 3.7
ms.

5.5.1.2. Current Regulator Design

A closed loop regulator is to be designed. As stated, the rise time should be less than 2 ms.
The power control loop may compensate for the error by increasing the reference to the
current loop. The current control loop is critical for achieving the desired power control of the
DFIG.
Current Loop Design with P-Regulator

It is chosen to use a P-regulator due to the capability of a fast response. The
proportional current regulator is included in the open loop transfer function of the rotor
current as it is shown in equation (5.54):

3.842-107 -(z-1)

G.(2)-G(z)= K,  ——m e T, 5.54
s (2): 0 (2) — 22 —1.947-2+0.947 (539
Currentregulator —— /
Current _loop

The calculated duty-cycles is first supplied to the timer / rotor converter after one
sample. This means, that an additional delay is introduced. The current components measured
by the current transducers are filtered using a first order anti aliasing filter. This has also to be
included in the transfer function for the current loop. The discrete transfer function including
the anti aliasing filter and timer/calculation delay is described in equation (5.55):

3.842-10° -(z 1) 0.8377

. 3 . ._*_(3_
22 —1.947 -z +0.947 z-0.1623
—_——

Current _loop Timer - Calc  inpaliasin gfilter

Gy (2)-G,(2)-Gu(2)-G (D)= K, L 55)

Currentregulator
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The open loop transfer function for the current loop is given by equation (5.55). The

complete current loop is shows in Fig. 5.20.

Feedforward ( ¢. 7..u ) Coupling ( ®. 7. u)
—L—’id L —‘L&' - id '
+ € dyr d > . ar
»  Keg | Udgyr » 1/2z | Udar | Gi >
- ————»| 4+

0.8377 /(2-0.1623 )

L

Figure 5.20. Complete current loop including ZOH. timer/calculation delay and anti aliasing filter.

The transfer function for the current loop has four poles and one zero. The zero-
placement determines the overshoot of the current step response. If the zero moves towards
z=1, the system overshoot increases. The additional pole introduced by the timer/calculation
delay influences the rise time. As the pole is moved towards z=1, the rise time of the system
decreases. {}ranklin. 1900 pp 7377

The P-regulator is designed for 25 % overshoot. The gain of the regulator is
determined from the root locus diagram and it was found to be equal with 80.

Table 5.2. Gain for the proportional current regulator for the current loop including timer/calculation delay. and
for the current loop including timer/calculation delay and anti aliasing filter.

Current loop with delay
Loop Current Loop Current loop with delay and filter
Gain at stability limit o 270 160
Gain for 25 % overshoot - 190 80

Current Loop (Regulator) Design with PI-Regulator

A Pl-regulator may be used in the current loop to eliminate the steady state error.
The Pl-regulator is designed from the requirements concerning rise time, t, < 2 ms, and
maximum over-shoot = 25 %. The current loop is shown in Fig. 5.20 and the open loop
transfer function including the PI-regulator is given by the next equation (5.56), arising from
equation (5.53):

z-N, 3.842-107-(z-1) 1 0.8377
Grig (2)-G,(2)- G (2) = Koy - - S (556
Fires r(2) 7 z-1 2 -1947-2+0947  z z-0.1623 (5:56)
v ~ ~ d4 i R e
CurrentP] -regulator Current _Loop Timer { Calc.  Antiakiasin g _ Filter
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The zero of the PI-Regulator may be used to compensate for the dominating pole of the
DFIG transfer function at z=0.95. The problem concerning a Pl-regulator is the placement of
the zero. which may be used to canceling the dominating pole of the system. Since the
dominating system pole moves due to parameter variation. the zero may introduce additional
oscillations. In the complete Simulink model. which will be described in section 5.6.1 an
option for choosing between the proportional (P) and PI-Regulator is implemented.

The ideal step response using the proportional regulator is compared to the ideal step
response using the PI-regulator as is shown in Fig. 5.21.

L (Al by [

1 E- Pl-Reg 12t [5\--’ ~ [erree |

| :w.% : 1»—-{-\2 : /\/\_\AW o
") om oot o6 ofm 0}11 0-612t[s ') om 0w 00w 00w 001 00 ts]

(8 b)

Figure 5.21. Step response of the ideal current loop with both the proportional regulator and Pl-regulator.
a) Kp=32, Ni=0.88, b) Kp=80. Ni=0.98.

As may be seen in Fig. 5.21 a), the proportional regulator has a smaller rise time than
the PI regulator when Kp=32 and Ni=0.88. The rise time of the proportional regulator is 0.85
ms and the rise time of the PI regulator is 1.95 ms. The overshoot equals 25% for both
regulators. The step response using the Pl-regulator has a larger settling time, but the response
is more damped than the response using the proportional regulator.

When the Pl-regulator is tuned as shown in Fig. 21 b), the PI-regulator behaves close
to the proportional regulator. The rise time and overshoot becomes equal, but the settling time
for the Pl-regulator increases to 20 ms.

In Fig. 5.22 a step response is simulated using both regulators (P and PI).
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AL s

Figure 5.22. Simulation of the step response using P and Pl-regulators. a) Zoom of the transient behavior in the
beginning of the step response: b) Step response including steady-state performance of the regulators.

The step response using the proportional regulator and the Pl-regulator yields almost
identical results, as can be seen in Fig. 5.22 a). The rise time for the PI-regulator is 1.55 ms,
and for P-regulator is 1.25 ms. The overshoot is 16 % for both regulators. Figure 5.22 b)
presents the steady-state performance of the regulators. The Pl-regulator yields larger ripple
amplitude than the P-regulator due to placement of the zero.

Making a comparison between P- and Pl-regulators we may conclude that:

e Both the P-and Pl-regulator meets the demands concerning rise time and maximum
overshoot

e The settling time for the P-regulator is smaller than for the PI-regulator

e At steady-state operation, the oscillations caused by feed forward are larger using the
Pl-regulator. The oscillations increase at the zero of the regulator is moved to the left

e The transient performances of the regulators are almost the same but the proportional
regulator shows superior performance at steady-state.

It is chosen to implement a standard proportional regulator due to its superior performance
at steady-state.
5.5.2. Power Control Loop
e The power control loop is to be designed for controlling the stator active and reactive
power independently. The power control loop generates the reference for the inner

rotor current loop designed in the previously subchapter.
A schematic diagram of the power loop is given in Fig. 5.23:
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Figure 5.23. Schematic diagram of the active power loop. assuming an ideal rotor current loop.
The reactive power loop is equivalent.

The power loop is composed of the power regulator, a ZOH-network and the active
and reactive power transfer function, as can be seen in Fig. 5.23.

5.5.2.1. Ideal Power Control Loop

When designing the power control loop, an ideal rotor current loop is assumed. In
addition, the parameters contained in the power loop are assumed constant. The open loop
transfer function of the power control loop has to be determined. The rotor currents and stator
powers are connected as it is describe in sub-chapter 5.4. The reference to the inner current
loop is generated by the power loop, which gives equations (5.57) and (5.58).

. 4-P
i, =- PP RRRNRPRRN (5.57)
3'p'a)e /lqse
- Ha vLO. (5.58)
M 3pow-A° M
~ Id re
L = T e et e e e e e (5.59)
L.

By inserting the closed loop transfer function for the rotor currents, the open loop
transfer functions of the stator powers are given by equations:

P -G, (z 4.P P
al?)_ *— for Gp(2)=—F ... (5.60)
GP(Z) 3'p'we 'ﬂ‘qs id,e
0,-G,(2) 1,° 4-1L -0, 0
O, -Gial ): b _ d Q: for G,(z)=—5 ... (5.61)
GQ(Z) Lm 3'p'we .A'qs .Lm iqre
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By rearranging equations (5.60) — (5.61), the open loop transfer functions of the stator

powers are given by equations (5.62) and (5.63):

Gp(z)_-z-pw, A G (2) e (5.62)
. 3Pw, e e:)
Go() ==~ -(A‘F Ly G = A e (5.63)

5

The open loop transfer functions for the active and reactive power loop are developed
and given in equations (5.62) and (5.63).

As may be seen in equations (5.62) and (5.63), the power loop depends on the
magnetizing inductance (M=1.5 Ly,), stator leakage inductance (Ls=M + L) and the stator g-
axis flux (Ags).

With the DFIG parameters from data sheet, inserted into the transfer functions, open
loop step response of the active power loop is simulated. The result is shows in Fig. 5.24.

600 T
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L L L e \ :
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Figure 5.24. Open loop step response of the ideal power control loops. Active power - step response with a
reference step equal to 1 W. 34,=1.04 Wb, L,=147 mH and L,=3.95 mH.

5.5.2.2. Regulator Design of the Power Loop

To achieve the desired response and steady state properties of the power control loop,
a close loop regulator is to be designed. The rnise time should be less than 20 ms, for a 10%
step in power reference. The overshoot should be less than 10%, and no steady state error is
allowed. As no steady state error is allowed, a well-damped response is required, and due to
simplicity a Pl-regulator is chosen for implementation. The regulator is composed of two
parts, a proportional gain and an integrator. The proportional part of the regulator is the error
of the power loop multiplied by the constant gain, Kp for active power and Kq for reactive
power. In general form the proportional part may be written as equation (5.64):

YoM =K-(x(m)—x(n-1))=K-e(n) ... (5.64)
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The integration may be performed using any digital integrator. In this case it is of
satisfactory accuracy to employ the Backward-Euler integration. Alternatively, the integration
may be performed using the trapezoidal, Runge - Kutta, or other integration methods.

The Backward-Euler integrator may be written as in equations (5.65) and (5.66):

y(m=yn-H+T, % =y(n-1)+K- T;" -(x(n) -x(n- l)) .................... (5.65)
T
y,(m=yn-HN+K- T“' c@(M) o (5.66)

1]

The Pl-regulator may be expressed as the differential equations (5.67) and (5.68) by
adding equation (5.65) and (5.66) and subtracting the proportional part from the previous
sample. This is done for obtaining a controllable zero.

ym)=K-e(n)-K -e(n-1)+ y(n-1)+K - T,

Lee(n) ... (5.67)

y(n) = y(n—l)+K-(e(n)—(l— Ta

By transferring the differential equation of the PI-regulator to the z-plane using Zero
Order Hold (ZOH), the discrete transfer function may be written as in equation (5.69).

zZ+ l__T—

e (569
E z+1 ( )

As may be seen in equation (5.69), the PI-regulator has an integrator pole in z=1, and
a zero which may be controlled by the integration time constant T;.

The Pl-regulators are implemented in the form shown in equations (5.67) and (5.68).
The Pl-regulators for controlling the active and reactive power are implemented as in
equations (5.70) and (5.71).

ipry (M) =iy (=D + K, (e, (M)~ Np-ep(n=1).........oooool (5.70)

v ()= (1=1)+ K -l ()= Ny e (m=1)) .. ..o (5.71)

Where the constants Np and N are defined as in equation (5.72):

T
N, zl—i;NQZI U (5.72)
T p Lo
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The PI-regulator is included in the open loop transfer function of the power loop, which gives
the equation 5.73 and 5.74, where Kpq is the regulator gain, and Neq is the regulator zero.

NP

- zZ— 3 e
Gpeo(2) G, (2)=Kp——— = p0, Ay G (5.73)
zz1 4 - )
PI - regulator actrvepowerioop
z-N 3'p'we e P
G g (2)-Gp(2) =K, - 2. ™) -(,14, ‘LG, (2)= Ay ) .......... (5.74)
PI -Re gulator Re active_Power Loop g

Anti-aliasing Filter

The stator voltage and current transducers are equipped with first order anti aliasing filters.
These filters have to be included in the transfer function of the power loop. As both the stator
voltage and stator currents are filtered, the square of the transfer function of the filters is
included in the combined transfer function of the power loop. This gives equations 5.75 and
5.76.

, z-N, 3 . 0.8377°
Gy, (2)Go(2)-G, (2)=K, —L--Z-p-w,-2,° -G, (2) — (5.75)
Preg P s P z-1 4 o (2-0.1623)°
PI -regulator Actvepowerloop Antialiasin g _ Filter
; z-N, 3. p-w ( 2y 0.8377°
G (2)-Go(2)-G > (2) = K, - —2- =W L,-G z—zf)- : 576
oreg (2)-Gp(2)- G, (2) =K, 201 a4, U Tm e (2) = Ay (2_0_1623)2< )
FPI -Re gulator ) Re active _ Power _ Loop ’ t!ntiahasi;g _ Fihej

Root Locus Design

The discrete open loop transfer functions of the power loop are used for determination of the
optimal power regulator parameters. The gain and placement of the zero has to be determined.
The complete power control loop is depicted in Fig. 5.25.

P

Eers ]
L . o 1 p
Ke= (z- Npy 1 @-1 ZOH - G s

0.8377°
(z-0.1623)°

Figure 5.25. Complete power control loop including ZOH and stator voltage and current filters. The square of
the transfer function of the filter is included since both stator voltage and current is filtered with the first order
anti aliasing filter.
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The power control loop shown in Fig. 5.33 is reflected very clear by equations (5.75)
and (5.76).

The Pl-regulators are implemented in the function Power Controller() in the control
program DFIG.c which can be find in Appendix D;.

5.5.2.3. Power Decoupling

The stator active and reactive power is to be fully decoupled for obtaining the desired
performance of the system.

A simulation may be performed applying a step in active power, and monitoring the
reactive power, and visa versa. The results are shown in Fig. 5.26.
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Figure 5.26 a) Step in the stator active power, and the corresponding value of the reactive power; b) Step in

reactive power and the corresponding value of the active power.

As can be seen in Fig. 5.26 the simulated active and reactive stator power is fully
decoupled. The decoupling of the two stator powers is analyzed from the step responses. A
step of 10 % in active power (from 10 kW to 9 kW) causes an oscillation in reactive power
with amplitude of 2 % of the set point for the reactive power. A step in reactive power (from 8
kVAr to 9 kVAr) causes the active power to oscillate with maximum amplitude of 2 % of the
set point for the active power. Both oscillations are suppressed after 7 ms. which is the time
required for the stepping power to settle to its new value. The oscillations of the stator powers
are small, and the obtained decoupling of the stator powers are therefore found useable.
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5.6. Implementation of the system simulation model

The control scheme presented in sub-chapter 5.4 and the regulators designed in sub-
chapter 5.5 are implemented in a complete simulation model also including the DFIG model
describe in section 5.2, rotor converter model describe in section 5.3 and the control program
developed in Ansi C and converted in Matlab-Simulink function, which can be found in
Appendix D3.

The implementation of the different components forming the control system is described as
follows.

5.6.1. Control Processor Unit Components

The control system contains the following components to be modeled:
e TMS320C32 DSP. The control algorithms and 1/O declarations have to be
modeled.
e ADS56S DA-converter. The zero order holds (ZOH) functions of the DA-converters
should be implemented.
e AD7891 AD-converter. The quantization error of the ADC has to be included
e Anti aliasing filters. The first order anti ahiasing filters on the current and voltage
transducers also implemented in the system.
The above listed components are implemented in the Simulink simulation model in the
following.

TMS320C32 DSP
The DSP and development control board is equipped with several hardware and software
tools. The control algorithms are implemented using Ansi-C and the C-file may be executed

in Simulink by means of the Matlab MEX-function. The model of the DSP implemented in
Simulink is shown in Fig. 5.25:

u_ab_ad
GO
i_ab_ad BAnc A3, dfig_mex 9
theta_m_ad S-Function
>
Miso
CE D=

Ref_ad

Figure 5.25. Model of the TMS320C32 — DSP developed in Simulink. The control algorithms
written in the Ansi-C language executed using the Matlab mex S-function.

The advantage of implementing the Ansi-C file in Simulink is the direct connection to the
implementation in DSP, and decrease in simulation time.
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AD DA Converters

The analog signals from the voltage and current transducers are sampled using the AD-
converter. The AD 7891 AD-converter is a 12 bit-8 channel converter. The quantization errors
are evaluated by assuming a 10 bit resolution for the current transducers and 11 bit resolution
for voltage transducers. The AD565 DA-converter is modeled by use of the standard ZOH
function from Matlab-Simulink toolbox, as can be seen in Fig. 5.26.

i_ki 2 2 2 i_ki_ad
(D A 1]
u_ab 2 2 2 u_ab_ad
i_ab i_ab_ad
2 ] = —»-(3)
theta_m theta_m_ad
3 3
D > (5 )
Misc Misc_ad
4 4
Ca> g = G
Ref 1 Ref_ad

Figure 5.26. Simulink representation of the DA-converter using ZOH.

Anti Aliasing Filters

The voltage and current transducers are equipped with first order anti aliasing filters. The
filters are included in the regulator design as described in section 5.5. The transfer function is
given by equation G (z) = 0.8377 / (z-0.1623).

5.6.2. The complete Simulation model implemented in Simulink

The complete block diagram of simulation model implemented in Simulink is shown in
Fig. 5.27.

The DFIG is driven by the drive system. The drive system in the Matlab - Simulink model
contains the speed and angle generation in addition with the mechanical system modeled
using the first order transfer function, where the time constant is determined from a step in
rotor speed, as can be seen in Fig. 5.27.

When modeling the DFIG and the drive system, the mechanical parameters, moment of
inertia, static and viscous friction and ventilation losses are assumed to be placed in the drive
system. This means that the DFIG model only contains electrical components.

The speed response of the system is determined mainly by the total moment of inertia, but
also by the friction and ventilation losses.
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Figure 5.27. The complete simulation model of the system.

5.6.3. Control System

For controlling the stator active and reactive power of the DFIG, the control algorithm
developed in sub-chapters 5.4 and 5.5 are implemented in the DSP control processor unit.

5.6.3.1. Control Algorithm
The control program is developed in Ansi-C, and the structure of the control part of the
program is illustrated in Fig. 528
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Figure 5.28. Program flow for the interrupt routine of the DFIG program.

The complete program structure is described in following:

Sampling and Initialization: The stator voltages and currents, and the rotor currents are
sampled and scaled.

Abc_2 dq_s: the three-phase stator voltages and currents are transferred to the stationary
reference frame.

Stator_flux: The stator flux is calculated in the stationary reference frame. The resulting
stator flux is used as d-axis for the stator flux fixed reference frame.

Slip_calc: the slip speed and angle is calculated for transferring the rotor currents to the
stator flux reference.

Dq s 2 dq e: the three-phase stator voltages and currents are transferred to the stator flux
reference frame.

Power _calc: The stator active and reactive power is calculated.

168 Wind Turbines using Induction Generators connected to the grid (PhD Thesis)

BUPT



Chapter 5 Variable Speed Wind Generator Systems

Rotor flux: Rotor flux calculation in the stator flux reference frame for use in the feed
forward compensation.

Power controller: The Pl-power regulator algorithm is calculated.

Current P_regulator: The standard proportional regulator is used in the current loop.

Current Pl regulator: The P1 current regulator is used in the current loop.

Feed Forward: The feed forward compensation algorithm is calculated.

Anti_windup: An anti windup algorithm is included since the power regulator is a PI-
regulator.

Dq e 2 dq r: The rotor voltages calculated in the stator flux reference are transferred to
the rotor fixed reference frame.

Modulation: The rotor voltages are applied to the SFAVM scheme, and the duty-cycles to
the rotor converter are calculated, more details can be found in Appendix D2.

5.6.3.2. Anti Windup

In order to avoid windup of the power regulator, an anti windup function is implemented
in the control program. The duty-cycles to the rotor converter is limited in the interval from
0.02<Dxim<0.98, which is limited by the timer. The difference between the limited control
signal to the rotor converter and the output signal from the power regulator is calculated and
subtracted from the error signal supplied to the power regulator. Thereby, the power regulator
1s fed with the maximum error, which does not saturate the output signal to the rotor
converter. This is illustrated in Fig. 5.29:

i | 2-1 € |
N R AL
Ko > 2-N1 L
Sat ¥
eos ‘ +‘ o 1dr
» K pZ-N:—P*——} —T1
| .
1<

Figure 5.29. Ilustration of the anti windup algorithm implemented in the control program. The amplitude and angle of the
reference voltage vector is calculated, and saturation of the amplitude is implemented {Franklin, pg. 672}.

5.6.3.3. Simulation Results

In order to evaluate the performance of implemented control strategy presented before and to
analyze system response in steady state and transients the DFIG was subject to step changes
in active and reactive load power with the machine driven at both sub- and super-synchronous
speeds.
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Stator Currents versus time
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Figure 5.31. The simulated rotor currents (a) and stator currents (b) of DFIG as a function of time during a start-
up and operation in super-synchronous mode-w,,=2100 rpm (140 % of synchronous speed) at Ps=8 kW.

Detailed system simulations were performed using Matlab - Simulink software package
to evaluate the performance of the DFIG. The start-up and steady-state operations in sub-
synchronous and super-synchronous mode are illustrated in Figs. 5.30-5.31. In Fig. 5.30 1s
shown a start-up and normal operation in sub-synchronous speed mode with monitoring the
DFIG rotor currents (a), stator currents (b) and stator voltages (c). In Fig. 5.31 is depicted a
start-up and normal operation of the DFIG in super-synchronous speed operation mode with
monitoring of rotor currents (a) and stator currents (b).

The transient response due to a step change in reference active power control is shown
in Fig. 5.32. The Fig.5.32 a) shows the response to a step change in the active load power
from 0 to 1.5 kW, while the reference of reactive power is maintained at 0 and the
corresponding stator active and reactive power of the machine are monitoring. Similar
transient response for generating condition is given in Fig. 5.32 b). When a step in active
power is applied (t=1sec), the reactive power shows small additional oscillations. It is also
observed that (Ps) reaches its set value in approximately 10 ms. The simulation results
indicate that the generator follows the reference very fast and is dynamically stable. It may be
noted from these waveforms, that the transient responses in (Ps) and (Qs) are perfectly
decoupled. The DFIG was driven by the drive system at 1125 rpm (75% of synchronous
speed-sub synchronous speed operation mode).
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Figure 5.32. Simulated stator active and reactive power with a step change in active power command from 0 to
1500 W (a) and with a step change in active power reference from 0 to -1500 W at =1sec.
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5.7. Description of the Experimental System
5.7.1 Schematic Diagram

The existing experimental system is a model of variable speed wind generator composed
of four main components. A DFIG with a four quadrant ac-to-ac converter connected to the
rotor windings, a drnive system and a control processor unit.

The generator is a wound rotor induction generator (doubly fed induction generator -
DFIG), with slip rings, rated at 11 kW provided with a gearbox. The wind turbine rotor is
emulated by use of a drive system scaled for driving the DFIG; the drive system is composed
of a 15 kW induction motor and a 22-kVA-frequency converter. Two back-to-back PWM-
VSI converters with a standard control system, with a DC-link including a DC capacitor filter
are used to control the rotor currents, active and reactive power flow.

The grid converter is designed to give unity power factor and is controlled by the
Control Processor (CP) — board via a PC. It works as an active rectifier supplying the rotor
converter with a constant DC voltage. The measurement and control system is composed of a
PC with a digital signal processor (TMS320C32 DSP), interfaces and transducers for
measuring stator and rotor currents, stator voltages, and rotor speed, as can be seen in Fig.
5.33.
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Figure 5.33. Schematic diagram of the experimental system.
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5.7.2. The experimental system components

5.7.2.1. DFIG

The DFIG is a LEROY SOMER Induction Generator of 11 kW with a wound rotor. The
induction generator is a 3 phases machine (m=3), with 48 number of slots, Ns=48 and number
of poles, 2p=4. The number of slots per pole and phase is q = Ns/ (2pm) = 4.

The stator of the DFIG is connected to the 50 Hz and 400 V supply grid by the relay R;,
as can be seen in Fig. 5.33. The rotor terminals, with rated voltage of 690 V, are connected to
the rotor converter. Since the rated voltage is 690 V, the rated power decreases from 11 kW to
approx. 9 kW. The DFIG, drive system including drive machine, gear box and back-to-back
converter are shown in Fig. 5.34.

The DFIG nameplate data are shown in table 5.3:

Table 5.3. Nameplate data for LEROY SOMER 11 kW wound rotor slip ring generator.

LEROY SOMER. MOT. ~ FLSB 180 M4 B3. No. 14618900HGO1. kg: 220
P55 IK 1clLF | 10°C S1
A\ Hz 1/min KW COS® A
690Y 50 1460 11 0.81 Is=13
Vr=1700 Ik=6.1
DE 6310 15cm’ 11000 H 50/60 Hz
NDE 6310 15cm’ 11000 H 50/60 Hz

PWM-VSI Drive System
Converter
Gear Box
DFIG

Figure 5.34. Picture of the DFIG. gear-box, drive system and PWM-VSI Converter in the test system.

5.7.2.2. Drive System

The drive system used for controlling the speed and emulating the variable-speed wind
turbine is composed of a three-phase induction machine with a frequency converter. In
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addition an encoder is used for measured the speed and position of the rotor. A braking
resistance may be used for breaking the DFIG.

The drive motor is a 15 kW squirrel cage induction machine from LEROY SOMER.
The converter is a 22-kVA frequency-converter, with speed feedback from the encoder. The
resolution of the encoder is 1024 pulses/revolution.

The data for the drive motor and the frequency converter are shown in the tables 5.4 and

5.5:
Table 5.4. Data sheet for LERQOY SOMER 15 kW induction motor
LEROY SOMER. MOT. 3~LS 160 RB. No 68584HF0002
IP55 IK 08 1clLF 40 °C
A" Hz 1/min kW COSP A
Y380 50 1440 15 0.87 29.5
D230 50 1450 15 0.84 50.4
Y400 29.1
Y415 30 1455 15 0.81 29.2
Y440 60 1735 18 0.88 30.1
Y4160 60 1740 18 0.86 29.1
AV: 6309ZZ CODEUR 1024 PTS 5V-
Table 5.5. Data sheet for 22-kVA frequency converters
Getriebau NORD Schlich+Kuchenmeister GmbH&Co. D-22941 Bargteheide/Germany
NORDAC Vector SK 15.00/3 CTD
Komm. Nr. 9731285
Input: 3 ph 380/460
QOutput: 3 ph O-input-voltage
Power 22,2 kVA
Motor: 15 kW
Protection: IEC 536/VDE 160
IEC 529 N20
Temp. Range: 040 °C

The frequency converter is controlled by an analog input proportional to the required
speed. To avoid over voltages in the DC-link for generator operation of the drive motor, a
braking resistance of 130 Q and a DC-chopper is added. If an over-voltage would occur, the
drive system would be shutdown.

Frequency converter for drive system is shown in Fig. 5.35:

Figure 5.35. The frequency converter as a part of drive system.

176 Wind Turbines using Induction Generators connected to the grid (PhD Thesis)

BUPT



Chapter § Variable Speed Wind Generator Systems

5.7.2.3. The two back to back PWM-VSI converters

The Grid Converter and Rotor Converter are identical. Each converter is composed of
three-single phase modules and larger phase inductances of 8-mH for filtering the current, as
is shown in Fig. 5.36.
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Figure 5.36. Circuit configuration of the grid and rotor converters. Each phase contains a SKiiPPACK module
and a phase inductance for filtering the current. The signals S, and the error signals are connected to the control

system.

Each switch is composed of two parallel IGBTs with freewheeling diodes to obtain the
appropriate power level. Therefore each module contains 4 IGBTs and 4 freewheel diodes.
The grid and rotor converters are controlled from a digital signal processor (TMS320C32
DSP). An external timer circuit is used for generating the PWM signals required for
controlling the gates of IGBTs. The structure of the control of the SKiiPPACK modules has
been depicted in Fig. 5.10. An intelligent integrated control module containing the IGBTs.
diodes and drive circuit is provided in each phase. The module is a SKiiPPACK 342 GD 120-
314 CTV from SEMIKRON. The drive circuit in the SKiiPPACK provides dead time. over
voltage protection and over temperature protection. If an error occurs, the error signal from
the SKiiPPACK goes low. The driver also provides galvanic isolation between the control
system and the IGBTs.

Data for the SKiiPPACK modules are shown in the Table 5.6:

Table 5.6: Data sheet for SKiiPPACK 342 GD 120-314 CTV modules

Uga [V] Maximum DC-link 900 Upg. w [V] Threshold voltage, IGBT 1,4
voltage
Inax [A] Maximum current 600 U, [V] Threshold voltage, diode 0,9
Tgead [115] Dead time 3 Ren 1661 [MQ] On-resistance, IGBT 4
T getsy [15] Driver propagation delay ] R on, diode [MQ] On-resistance, diode 2

The DC-link filter is comp