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Abstract

The massive exploitation of far offshore wind energy relies heavily on the High Voltage
Direct Current (HVDC) transmission system, in which dedicated offshore substations for
converting power from AC into DC are necessary. However, the bulky offshore platform is
costly and its installation is complicated.

In this frame, this thesis aims to contribute to the study of a pure DC offshore wind
farm topology which exports its energy to onshore without using an offshore centralized
power conversion substation. The examined wind farm topology is called Series Parallel
Wind Farm (SPWF), which comprises several clusters of wind turbines connected in series,
so that the output converters of the wind turbines step up the voltage to a higher level for
direct power transmission. However, this distinctive feature of series connection evinces the
unfeasibility of independent operation of the connected units. The output voltages of wind
turbines depend not only on their own power production, but also on the power production
of the entire cluster. As a consequence, unbalanced power production of wind turbines due
to uneven wind speed distributed in the wind farm, leads to output voltage variation of
wind turbines. Furthermore, the elimination of offshore substation merges the wind farm
collection system and the HVDC transmission system, leaving a part of the system variables
uncontrolled.

The work carried out in this thesis begins with the identification of the basic elements
to constitute the SPWE Afterwards, the operation of the series connected wind turbines is
explained and its overvoltage characteristic is described and emphasized. An overvoltage
limitation control strategy is thus developed, which requires an active participation of the
onshore converter in limiting the wind turbines output voltages. Hence, the onshore Mul-
tilevel Modular Converter (MMC) as well as the HVDC cables models are examined. The
control strategy is applied to both Point-to-Point (P2P) HVDC transmission system and Multi-
Terminal DC (MTDC) systems. The results validate the feasibility of the proposed strategy
and demonstrate its advantage of no power curtailment requirement to limit the wind tur-
bines output voltage.

Key word: Series Parallel Wind Farm (SPWF), Multilevel Modular Converter (MMC),
HVDC transmission, Multi-Terminal DC (MTDC), Overvoltage limitation.
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Résumeé

L'énergie éolienne est tres abondante lorsque I'on se situe a des distances éloignées des
cotes maritimes. Toutefois, 'exploitation de la puissance électrique que I'on peut en tirer,
peut nécessiter de recourir a des systemes de transport de I'électricité en Courant Con-
tinu Haute Tension (HVDC). Ces systémes nécessitent généralement la présence d’une sous-
station située en mer (offshore), dédiée a 'adaptation de tension entre le réseau de distribu-
tion en mer (souvent AC) et le réseau de transport. Cette plateforme est volumineuse, son
cofit élevé et son installation compliquée.

Cette these s’intéresse a une topologie de ferme éolienne offshore DC qui transporte son
énergie vers I'onshore sans utiliser de sous-station offshore. Ce type de ferme éolienne est ap-
pelé Ferme Eolienne Série Parallele (SPWF). Il est composé de plusieurs grappes d’éoliennes
interconnectées en série, de sorte que cette interconnexion engendre directement un niveau
de tension adapté a la tension du réseau HVDC. Cependant, la connexion en série implique
un couplage en courant de ces éoliennes et par conséquence la tension de chacune d’entre
elle n’est plus constante. Un déséquilibre de production d’énergie causé, par exemple, par
une distribution disparate de la vitesse de vent dans la grappe d’éoliennes, conduit a des vari-
ations des tensions en sortie des éoliennes. Ces variations de tension peuvent, dans certains
cas, engendrer des surtensions aux bornes d'une éolienne dans la grappe et éventuellement
I'endommager. Une action sur la puissance produite par les éoliennes permet d’éviter ces
surtensions mais elle réduit la production de la ferme. Une stratégie permettant de limiter les
éventuelles surtensions en sortie des éoliennes, tout en maintenant la production d’énergie,
est proposée et développée dans ce mémoire. Cette stratégie est d’abord validée dans un
contexte de connexion point a point, en considérant une transmission HVDC basée sur des
cables DC et un Convertisseur Modulaire Multiniveaux (MMC) permettant de la connecter
au réseau onshore. Dans un second temps, la ferme SPWF est intégrée dans des systémes
DC multi-terminaux (MTDC). Les résultats de simulation démontrent la faisabilité et la vi-
abilité de la stratégie et montrent qu’aucune réduction de puissance n’est alors nécessaire
pour limiter les tensions en sortie des éoliennes.

Mots clés: Ferme Eolienne Série Parallele (SPWF), Convertisseur Modulaire Multiniveaux
(MMC), Courant Continu Haute Tension (HVDC), DC Multi-Terminaux (MTDC), Limitation
de surtension.

© 2017 Tous droits réservés. lilliad.univ-lille.fr



Thése de Haibo Zhang, Lille 1, 2017

© 2017 Tous droits réservés. lilliad.univ-lille.fr



Thése de Haibo Zhang, Lille 1, 2017

Contents

Contents VII
List of Figures XI
List of Tables XVII
List of Acronyms XIX
List of Symbols XXI1
General introduction 1
Background of the thesis . . . . . ... ... ... .. .. 3
MOLIVAtIONS . . . ¢ o ot et e e et e e e e e e e e e e e e e e e e e 3
Objectives and thesis outline . . ... ... ... ... . .. ... ... 6
List of publications. . . . . . . . . . . . e 8
1 State of the Art of Offshore Wind Power Systems 11
1.1 Introduction . . . . . .. . . . i it e e 13
1.2 Offshore wind turbine technology . . . .. ... ... . ... ... ... ... 14
1.2.1 Wind turbine foundation . . . ... ... ... ... .. ... .. ... ... 14
1.2.1.1 Fixed-bottom foundation technology . . . . . ... ....... 14
1.2.1.2 Floating foundation . ........................ 15
1.2.2 Constructional design: horizontal vs vertical axis . . ... ... ... .. 16

1.2.3 Aerodynamic basics of conversion of kinetic wind energy into mechan-
icalenergy . . . . . . ... 18
1.2.3.1 Tip-speedratio . .. ... ... ... 19
1.2.3.2 Power coefficient . . . ... ... ... .. .. .. ... ... 20
1.2.3.3 Torque coefficient . ............... ... ........ 21
1.2.3.4 Idealpowercurve . .. ... ... ..o unuunen.. 22
1.2.3.5 Maximum power point tracking . . . ... ... .. ... .... 23

VII

© 2017 Tous droits réservés. lilliad.univ-lille.fr



Thése de Haibo Zhang, Lille 1, 2017
VIII CONTENTS

1.2.4 Large commercial wind turbines . ... ... ..... ... ... . ... 24

1.2.4.1 Squirrel Cage Induction Generator (SCIG) based fixed-speed

wind turbine ... .. ... . ... . . . 26
1.2.4.2 Doubly Fed Induction Generator (DFIG) based wind turbine
with partial-scale power converter . ............... 27

1.2.4.3 Permanent Magnet Synchronous Generator (PMSG) based

wind turbine with full-scale power converter . . . .. ... .. 28
1.2.4.4 Wind turbine with DCoutput . .................. 29
1.3 Offshore power collection system . ... ... .......... .. 0u...... 29
1.3.1 MVAC collection System . . . . . . . v v v v it ittt et et e e 30
1.3.2 MVDC collection System . . . . . . . v v vt ittt et e 30
1.4 Power transmission SYSteIM . . . . « . ¢ v v vt vttt e e e e e e e 32
1.4.1 HVACtranSmission . . . . . . ..o v vt i vt ittt it e oo 33
1.4.2 HVDC transmission . . . . . . ... ..ot i it u v 35
1.4.3 Other transmissionmethods . . . . ... ... ... ........... 37
1.4.3.1 LFACtransmission . . .. .. ... .. .. ..., 37
1.4.3.2 Diode-based HVDC transmission . ................ 39
1.5 Topologiesof largewind farms . . . .. ... ... ... ... ... L ... 41
1.5.1 Solution 1: MVAC-HVAC . . . ... ... . it 41
1.5.2 Solution 2: MVDC-HVDC . ... .. ... ... . ..., 42
1.5.3 Solution 3: MVAC-HVDC . .. ... ... ..., 42
1.5.4 Solution 4: Series Parallel-HVDC . . ... .................. 43
1.5.5 Comparison of solutions . .. ........ ... ... ..., 43
1.55.1 Cablescost. . ... ... .. ... 43
1.5.5.2 Centralized converters and platforms . ............. 44
1.5.5.3 SystemLosses . . ... ... ... ... 44
1.5.5.4 Energyavailability . ... ....... ... ... .. ... ... 45

1.5.5.5 Consideration on the reliability of Series Parallel-HVDC so-
lution . . . . .. . 46
1.6 ConcluSion . . . . ... it e 47
2 Series DC wind farm basics 55
2.1 Introduction . . . . .. . . . it e e e e e 57
2.2 Series connection of wind turbines . ... ... ... ... ... o L. 57
2.2.1 System OVEIVIEW . . . . . v v ittt e e e et e e e e e e e 57
2.2.2 Steady state operation of series connection . . . . ... .......... 59
2.2.3 Definition of overvoltage . . ... ... ... .. .. . ... . 60

© 2017 Tous droits réservés. lilliad.univ-lille.fr



Thése de Haibo Zhang, Lille 1, 2017

CONTENTS IX
2.3 Wind turbine generation and conversion systems. . . . . .. .. ... ... ... 62
2.3.1 Power generation in the wind turbine . . . .. ... ... ......... 62
2.3.1.1 Mechanical part . ........... .. ..., 62

2.3.1.2 Permanent magnet synchronous generator . .......... 65

2.3.2 High power DC/DC converter . . . . . ... ..o vv v v e eunnnn.. 67
2.3.2.1 Full bridge converter . ....................... 68

2.3.2.2 Controlmethods . ............ ... ... ....... 69

2.3.3 Output capacitor of the DC/DC converter. . . . . ... .......... 72
2.3.4 DCsmoothingreactor . . .. .. ... ... .. ... ... 73
2.3.5 Insulationtechnology . .. ... ... .. ... ... . ... ... ..... 74
2.3.6 Wind turbine unit fault and protectionsystem . . . . ........... 75

© 2017 Tous droits réservés.

2.3.7 Summary of the control system of the series connected wind turbine . 77

2.3.8 Wind turbine model simplification . . ... ................. 78

2.4 Operation of a series CONNEeCtioN . . . . . . v v v v v v vt v e i et e e 78
2.5 Overvoltage limitation methods . . . ... ... ... ... ... .. ........ 81
2.6 Conclusion . . . ... ... ... 83
Series wind farm in Point-to-Point HVDC transmission 87
3.1 Introduction . . . . .. . . . i i e e e e e 89
3.2 Modular Multilevel Converter (MMC) . . . . ... . it it 90
3.2.1 Modelling of the MMC . ... ... ... ... . ..., 92
3.2.1.1 The4typesof MMCmodels . ................... 92

3.2.1.2 Arm Average Modelof MMC . . . .. ... ............ 93

3.2.2 Controlof MMC . . . ... ... e 97
3.2.2.1 Energy control arrangement of the MMC . ... ........ 98

3.2.2.2 Control systemof the ACpart . .................. 99

3.2.2.3 Control systemofthe DCpart . .. ................ 99

3.2.3 Simulationof MMC . . . .. ... ... 101

3.3 Cablemodels. . ... ... .. . . e 104
3.3.1 Resonant circuit SPWE-HVDC . . ... ... .. ... .. .......... 104
3.3.2 Wideband model reference in EMTP-RV library .............. 105
3.3.3 HVDCcablemodels . .......... ... ... ... 105

3.4 Global controlstrategy . . . . . . . . . .t e e 111
3.4.1 Re-examination of the wind turbine output voltage . . . . ... ... .. 111
3.4.2 Basics of global control strategy . . . . ... .. ... ... .. .. .. ... 112
3.4.3 Global control strategy with bypass protection. . . . ... ........ 114

lilliad.univ-lille.fr



Thése de Haibo Zhang, Lille 1, 2017
X CONTENTS

3.4.4 Communication between the offshore wind farm and the onshore con-

1 7£S) € 115
3.4.5 Limitations of globalcontrol . . . ... ... ..... ... ........ 117
3.4.6 Break-even voltage of the global control strategy . . ........... 119
3.4.6.1 Cable sizing & possibility of overcurrent by using global control119
3.4.6.2 Break-evenvoltage . . ... ... ... ... ... 120
3.5 Simulation of the global overvoltage limitation control . . .. .......... 123
3.5.1 Casestudy . . ..o vttt e e e e e 123
3.5.2 Simulationresults . ... .. ... ... ... e 126
3.6 Conclusion . .. ... .. ... 128
4 Series parallel wind farm in MTDC systems 133
4.1 IntroducCtion . . . . . . . . it it i e e 135
4.2 Series Parallel Wind Farm . . ... ....... ... ... . ... ... ... .. 135
4.2.1 Scalingofthe SPWF . . . . .. ... . ... ... 136
4.2.2 Parallel connectionof clusters . . . .. ....... ... ... ...... 136
4.3 SPWF operating in MTDC Systems . . . . . . . . oo v v vt it i e e e 138
4.3.1 SPWF in a MTDC system with master-slave control . . . . .. ... ... 139
4.3.1.1 Characteristics of the MTDC system with master slave control 140
4.3.1.2 Overview of the control strategy . ................ 141

4.3.1.3 Case study and simulation results of a hybrid three-terminal
MTDC system . . . . . . ..ottt e it e e 142
4.3.1.4 Operating points of the three-terminal MTDC system . . . . . 146
4.3.2 SPWF in a MTDC system with droop control . . . ... .......... 146
4.3.2.1 Characteristics of the MTDC system with droop control . .. 147
4.3.2.2 Overview of the control strategy . ................ 149

4.3.2.3 Case study and simulation results of a hybrid four-terminal
MTDCSyStem . . . . . .ot vttt it et e e e e e 150
4.3.2.4 Operating points of the four-terminal MTDC system . . . . . 152
4.4 Conclusion . . ... ... ... e 153
5 Conclusions and perspectives 157
5.1 Conclusions. . . . .. ... e 159
5.2 Suggestions for future researchwork . . . ... ... ... L L ... 161

© 2017 Tous droits réservés. lilliad.univ-lille.fr



Thése de Haibo Zhang, Lille 1, 2017

List of Figures

© 2017 Tous droits réservés.

1 WindEurope’s 20 Year Offshore Network Development Master Plan. . . . . . .

2 European map of wind speed extrapolated to 80 m in height and averaged
over all days of the year 2000 at surface and sounding stations [Arch 05]. . .

3  Kriegers Flak, a 400 MW offshore interconnection between two TSOs En-
erginet.dk from Denmark and 50Hertz from Germany [Krie 16a]. . ... ...

4 Thesis outline divided into three levelsof study. . ... ..............

1.1 General arrangement of an offshore wind farm. ... ...............
1.2 Fixed-bottom foundations: monopile, tripod, jacket, gravity-based [Van 06].
1.3 Hywind 2.3 MW prototype deployed off the coast of Norway. ..........
1.4 Floatgen floating project developed by IDEOL France. . . . . ... ........
1.5 Main components of a HAWT and a ¢-type VAWT [Hau 13]. . .........
1.6 Offshore floating projects with VAWTs. . . . . . ... ... ... .. ... ....
1.7 Characteristic of C, as a function of A and f [Hau 06]. . . . ...........
1.8 Characteristic of C, as a function of A and f [Hau 06]. . ... ..........
1.9 Performance curves of an ideal wind turbine. . . . . ... ... ... .......
1.10 Turbine mechanical power curves under different wind speeds. . . . . ... ..

1.11 Wind turbine with stall control, active stall control, pitch control: view from
blade tiptonacellehub. . ... ... ... ... .. .. .. . .. ..

1.12 SCIG-based fixed-speed wind turbine connected directly to the grid. . . . . . .
1.13 DFIG-based variable-speed wind turbine. . ... ..................
1.14 Variable-speed wind turbine using a PMSG and a full-scale power converter. .
1.15 General structure of a wind turbine for series connection. . . . ... ......
1.16 Offshore wind farm "Banc de Guérande" near Saint Nazaire, France. ... ..
1.17 Offshore wind farm "Amrumbank West" at the German North Sea. . . . . . . .
1.18 Configuration of DC collection grid. . . . . . .. ........ ... .......
1.19 HVAC transmission for offshore wind farm. . . ... ................
1.20 Distribution of shunt capacitors in a 3-core belted type AC cable. . ... ...

1.21 Distribution of shunt capacitors in three-phase single core HVAC cables. . . .

XI

13
15
16
16
17
19
20
21
22
24

25
26
27
28
29
31
31
32
33
33
34

lilliad.univ-lille.fr



Thése de Haibo Zhang, Lille 1, 2017

XII LIST OF FIGURES
1.22 Transmission capabilities of HVAC with variation of the cable length. . . . .. 35
1.23 Cost of HVAC versus HVDC transmision. . . . . .. ... ... ........... 36

1.24 Transmission limitation of HVAC and HVDC offshore wind farms (green dots). 36

1.25 HVDC transmission for offshore wind farm. .. ...... ... ... ...... 36
1.26 LFAC transmission for offshore wind farm. . ...... ... ... ... ..... 38
1.27 Point-to-Point HVDC link based on diode rectifier. . ................ 40

1.28 Improved Point-to-Point HVDC link based on a hybrid offshore converter which
comprises a diode rectifierandaVSC. . ... ... ................. 40

1.29 DC grid topology based on diode rectifier transmission proposed by Siemens

[Flye 15 « o vt e e 41
1.30 Wind farm topologies for long distance transmission. . . . .. .......... 42
1.31 Power losses of 4 wind farm topologies. . ... ................... 45

1.32 Power production of a series-parallel offshore wind farm with different control

strategies after one wind turbine isbypassed. . . . .. ... ... ... ... 46
2.1 Series connected wind turbines with DC output voltages. . ........... 58
2.2 General structure of a wind turbine for series connection. . ........... 58
2.3 Illustration of the operating points of the 5 wind turbines. . . ... ... .. .. 60
2.4 Power production imbalance between the wind turbine and the average value

ofthecluster. . . . . . . . .. .. . e 61
2.5 Torque model of the wind turbine.. . . . ... ... ... ... ... ..... 63
2.6 Control system of the wind turbine mechanical part. . .............. 64
2.7 Simulation results of a 5 MW wind turbine. . . . ... ... ... ... . ..., 65
2.8 PMSG equivalent circuit in the dq synchronous frame. . ... .......... 66
2.9 PMSG mathematical model in the dq synchronous reference frame. . . . . .. 67
2.10 DC/DC full bridge converter. . . . .. ... .. ...ttt e, 68
2.11 DC/DC full bridge converter with duty cycle control. . .. ............ 69
2.12 DC/DC full bridge converter with phase shift control. . . . ... ... ...... 70
2.13 Full bridge DC/DC converter input voltage dual loop control blocks. . . . .. 71
2.14 Behaviour of the full bridge converter response to an input power variation.. 71

2.15 Behaviour of the Full bridge converter response to an output voltage variation. 72

2.16 Cable short circuit of a series connection. . . .................... 73
2.17 Mlustration of HVDC current rise after a short circuit of a pair of cables. ... 74
2.18 Smoothing reactors are separately placed into the wind turbine tower. . ... 74

2.19 Wind turbine bypass solution 1: DC breakers at output of the wind turbine. . 75
2.20 Wind turbine bypass solution 2: Diode bridge taken as a current path. . ... 76

© 2017 Tous droits réservés. lilliad.univ-lille.fr



Thése de Haibo Zhang, Lille 1, 2017
LIST OF FIGURES XIII

2.21 Control diagram of the entire system of an offshore wind turbine to be con-

nected iN SETIeS. . . . . v v vt it e e e e e e 77
2.22 Simplified wind turbine model for simulation study. . . . . ... ... ...... 78
2.23 Behaviour of the series connection of twenty wind turbines with infinite over-

voltage capabilities. . . . . ... ... .. .. e 80
2.24 Local control strategy for overvoltage limitation of series connected wind tur-

bines. . ..o e 82
3.1 MMC detailed representation with N submodules. . . ... ... ......... 91
3.2 Anillustration of the voltage waveform of a MMC with 8 SMs per arm. . . . . 91

3.3 The 4 types of MMC models with decrease in complexity from left to right. . 92

3.4 Arm average model of MMC. . . . ... .. ... ... 93
3.5 Block diagram of the equivalent capacitor voltage model. ... ......... 94
3.6 Block diagram of the differential current model. . . .. ... ... ........ 95
3.7 Block diagram of the grid current model. . . ... ... .. ... ........ 95
3.8 Block diagram of the MMC model in abc frame. . ... .............. 96
3.9 The distribution of energy in the MMC conversion system. . . . . . ....... 96
3.10 Block diagram of the MMC energy model in dq reference frame. . .. ... .. 97
3.11 Control hierarchy of a Modular Multilevel Converter. . . ... .......... 98
3.12 Control diagram of the MMC energymodel. . . . . .. ... ... ........ 98
3.13 MMC control diagram with its inner and outer loop control. . . . . . ... ... 100
3.14 Simulation results of a MMC with variation on the ACside. . .......... 102
3.15 Simulation results of a MMC with variation on the DCside. . . ......... 103

3.16 Simplified resonant system of the series wind turbines, the transmission cables

and the onshore converter station.. . . . . .. ... .. .. ... ... ... 104
3.17 Undersea cable layout and dimensions [Akka 16]. . . ... ... ......... 105
3. 18 RCmodel.. . . . .. 106
3.19 Pisection model. . . . .. ... .. 106
3.20 Windeband. . . ... ... ... ... 106
3.21 Coupled pi-sectionmodel. . . . . ... ... ... L L 106
3.22 The system for calculating the cables self-impedances. . ............. 107
3.23 Comparison of the cable impedances of the RC model, classical pi-section

model, Coupled pi-section model and the Wideband model. . . . . .. ... .. 107
3.24 The system for calculating the wind farms impedances. . . . ... ... ..... 108

3.25 Comparison of the impedances of the wind farms using the RC model, classical
pi-section model, Coupled pi-section model and the Wideband model. . ... 108

3.26 The SWF response to a reduction in the HVDC voltage of 0.05pu. . . ... .. 109

© 2017 Tous droits réservés. lilliad.univ-lille.fr



Thése de Haibo Zhang, Lille 1, 2017
XV LIST OF FIGURES

3.27 The variation of resonant frequency of the wind farm using Wideband model

with different valuesof H,. . . ... .. ... .. .. . .. .. 110
3.28 SWF using Wideband model with different H factor response to a reduction

in the HVDC voltage to 0.95pu. . . . . . . ... ittt 111
3.29 Overall control of the series parallel offshore wind farm. . . . . ... ...... 113
3.30 Ilustration of the operating points of a wind farm with 5 wind turbines. . .. 114
3.31 Fibre optics cable embedded between two HVDC cables [Euro 15]. . ... .. 116
3.32 Processing time spent in an intelligent electronic device [Wang 11]. . . .. .. 116

3.33 Packet transmission path in the SWF: WT,, —...— WT, — WT; — the onshore

CONVEITEL. . . v v vt v vttt et e e e e e e e e et e e et e e e e e e 117
3.34 Arrangement of global and local controls of the SWE . . . ... ......... 118
3.35 Received power at onshore varies with the HVDC voltage level. . . . . ... .. 125
3.36 The simulation results of the SWF with local and global overvoltage limitation

methods. . . . ... e 127
4.1 Two ways of inter-array connection of SPWE . . . ... .. ... ......... 137

4.2 Layouts of a SPWF-HVDC system using different ways of inter-array connec-
tion of wind farm collection system. . . . . . ... ... .. .. ... ... ..., 137

4.3 Wind turbine arrangement of the Series Parallel offshore wind farm. ... .. 138

4.4 A 3-terminal MTDC system for transferring power from one MVAC wind farm

and one SPWF to one onshore grid connected MMC. . .............. 140
4.5 p —u characteristic of a grid side VSC acting as master controller. . ... ... 140
4.6 p—u characteristic of an offshore wind farm. . . . .. ............... 140
4.7 Overview of the control system of the three-terminal MTDC. . ......... 142
4.8 Configuration and ratings of a three-terminal MTDC system. .. ........ 143
4.9 Two offshore wind farm power variations. . . . . .. ................ 144

4.10 MTDC system responses to the reduction of power of the MVAC wind farm
at 2 s, wind turbine power changes during 3 s to 5 s and activation of global

control at 8's. . . . ... e 145
4.11 Operating points of the three-terminal MTDC system. . . . . ... ........ 146
4.12 A 4-terminal MTDC system for transferring power from one MVAC wind farm

and one SPWF to two onshore grid connected MMCs. . . . . ... ........ 147
4.13 Voltage droop characteristics of two converters, droop value of converter 2 is

double of the value of converter 1. . . ... ... ... ... ... ... ...... 148
4.14 Diagram of the voltage droop controller. . . . ... ... .............. 148
4.15 Overview of the control system of the four-terminal MTDC. . .......... 149
4.16 Configuration and ratings of a four-terminal MTDC system. . .. ........ 150

© 2017 Tous droits réservés. lilliad.univ-lille.fr



Thése de Haibo Zhang, Lille 1, 2017
LIST OF FIGURES XV

4.17 MTDC system responses to the reduction of power of the MVAC wind farm at
2 s, wind turbine power changes from 3 to 5 s and the activation of global

control at 8's. . . . ... 151
4.18 Power and current deviation subsequent to power production decrease in the

MVACwind farmat2s. . ... ... ...t et e e 152
4.19 Operating point of the four-terminal MTDC grid. . . . . .. ... ... ...... 153

© 2017 Tous droits réservés. lilliad.univ-lille.fr



Thése de Haibo Zhang, Lille 1, 2017

© 2017 Tous droits réservés. lilliad.univ-lille.fr



Thése de Haibo Zhang, Lille 1, 2017

List of Tables

1.1 HVAC cable parameters . . . . . .. .. oo v v ittt ee e 35
1.2 List of offshore wind farms using HVDC technology . ... ............ 37
1.3 Comparison of a 200 MVA transformer at normal and low frequency . . . .. 39
1.4 Cable conductor weight of 4 topologies. . . . ... ................. 44
1.5 Comparison of topology converter stations . ... ................. 44
1.6 Comparison of topology availability . . . ... .................... 45
2.1 Advantages and disadvantages of four types of DC/DC converters . ... ... 68

2.2 Nominal parameter of DC/DC converter in the series connected wind turbine 79

3.1 MMC arm average model parameters and control loops response time [Grus 15]101

4.1 Parameter of converters in the three-terminal MTDC system . . . . . ... ... 143
4.2 Parameter of converters in the four-terminal MTDC system . .......... 150
XVII

© 2017 Tous droits réservés. lilliad.univ-lille.fr



Thése de Haibo Zhang, Lille 1, 2017

© 2017 Tous droits réservés. lilliad.univ-lille.fr



List of Acronyms

AAM
AVM
B2B
BCA
CAPEX
DFIG
EMF
EWEA
HAWT
HET
FFTS
HVAC
HVDC
LFAC
MMC
MTDC
LCC
MPPT
MVAC
pP2p
PMSG
PWM
SCIG
SM
SPWF
SPWM
STATCOM
SvVC
SVD
SWF

© 2017 Tous droits réservés.

Arm Average Model. 90, 93

Average Value Model. 93

Back-to-Back. 27, 28, 38, 39, 44

Balancing Capacitor Algorithm. 92, 93, 98
Capital Expenditure. 5

Doubly Fed Induction Generator. 25, 27
Electromotive Force. 63

European Wind Energy Association. 3

Horizontal Axis Wind Turbine. 16

High Frequency Transformer. 82

Fractional Frequency Transmission System. 37
High Voltage Alternating Current. 3

High Voltage Direct Current. 3, 111

Low Frequency Alternating Current. 37
Multilevel Modular Converter. 7, 89, 111
Multi-Terminal HVDC. 7, 133, 136

Line Commutated Converter. 36, 89, 133
Maximum Power Point Tracking. 23, 63, 112, 124
Medium Voltage Alternating Current. 30
Point-to-Point. 3, 39, 47

Permanent Magnet Synchronous Generator. 25, 58
Pulse Width Modulation. 36

Squirrel Cage Induction Generator. 25, 26

Sub Module. 90, 92

Series Parallel Wind Farm. 133, 134, 136, 151, 157, 159
Sinusoid Pulse Width Modulation. 68

STATic synchronous COMpensator. 34

Static Var Compensator. 34

Singular Value Decomposition. 146

Thése de Haibo Zhang, Lille 1, 2017

Series Wind Farm. 57, 58, 67, 81-83, 89, 90, 116, 119, 123, 133, 151, 158

XIX

lilliad.univ-lille.fr



Thése de Haibo Zhang, Lille 1, 2017
XX LIST OF ACRONYMS

TSO Transmission System Operator. 5, 45
ULM  Universal Line Model. 105, 127
VAWT Vertical Axis Wind Turbine. 16

VSC Voltage Source Converter. 36, 89, 133
XPLE Cross-Linked Polyethylene. 105

© 2017 Tous droits réservés. lilliad.univ-lille.fr



Thése de Haibo Zhang, Lille 1, 2017

List of Symbols

© 2017 Tous droits réservés.

Overvoltage ratio. 61, 119, 123, 125

Blade initial pitch angle. 64

Blade pitch angle. XI, 20, 21, 62, 63

Coefficient of viscous friction. 63

Power coefficient. XI, 20, 21, 62, 64, 65

Torque coefficient. XI, 21, 62

Capacitance of a DC link. 72, 73

Output capacitance of unit WT, ,, x € (1,2,...,m); y €(1,2,...,n). 69, 73
Maximum power coefficient. 21, 64

MMC arm equivalent capacitor. 93, 94, 101

Cable capacitance per kilometer. 34, 38

Duty cycle. 69, 71, 72

Generator d-axis stator electrical potential. 65, 66

Generator g-axis stator electrical potential. 65, 66

Grid frequency. 26, 34, 38

Electrostatic constant. XIV, 72, 73, 110

HVDC current adjusted according to overvoltage limitation strategy. 119, 122,
123

Cable charging current. 34, 38

Nominal current of the feeder cable. 30

Current of a cluster. 136

MMC arm capacitor currents, u upper arm, [ lower arm, j € {a, b,c}. 94
HVDC link current. 58, 59, 74, 136

MMC circulating currents, j € {a, b,c}. 95

MMC differential currents DC components, j € {a, b,c}. 94, 99

MMC differential currents, j € {a, b,c}. 94

Grid currents d axis component. 95, 99

Grid currents, j € {a, b,c}. 94

Grid currents q axis component. 95, 99

Generator stator d-axis current. 65, 66

XXI

lilliad.univ-lille.fr



Thése de Haibo Zhang, Lille 1, 2017

LIST OF SYMBOLS

DPcable
Pout

A
Dreceived

N
Pout

© 2017 Tous droits réservés.

Generator stator g-axis current. 65, 66

MMC arm currents, u upper arm, [ lower arm, j € {a, b,c}. 94

Moment of shaft inertia. 63

Flux linkage of the rotor permanent magnets. 66

Optimal tip-speed ratio. 21, 23, 63, 64

Tip-speed ratio. XI, 19-21, 62

Generator inductance. 66

HVDC smoothing reactor. 58, 73, 74

MMC arm inductor. 93, 101

Grid phase inductor. 94, 101

Generator stator d-axis inductance. 65, 66

Generator stator g-axis inductance. 65, 66

Cable length. 34, 38

Number of series connected units in one cluster. 57, 59, 61, 73

Pole pairs. 26, 66

Wind farm power production adjusted according to overvoltage limitation
strategy. 120, 122, 123

Cable power losses adjusted according to overvoltage limitation strategy. 120
Output power of a wind turbine adjusted according to overvoltage limitation
strategy. 121, 122

Received power at onshore side adjusted according to overvoltage limitation
strategy. 120

Output power array/matrix of wind turbines adjusted according to overvoltage
limitation strategy. 121-123

Output power array/matrix of wind turbines. 59, 113, 114, 119, 120, 123
Air density. 20, 21, 62, 64

Nominal power production of a wind farm. 73

Maximum admissible active power in the cable. 34

Electromagnetic power. 64, 65

Nominal power production of an electrical system. 72, 73

Nominal output power of a wind turbine. 59, 123

Available power in the wind. 20

Wind turbine mechanical nominal power. 23

Mechanical power that extracted from the wind. 20, 21, 23, 62, 65

AC side instantaneous power. 96

DC side instantaneous power. 96

Average power production of a wind farm. 61

Power production of a wind farm. 59, 111-114, 119, 123

Output power of a wind turbine. 59, 111-113, 120, 121

Generator resistance. 65, 66

lilliad.univ-lille.fr



Thése de Haibo Zhang, Lille 1, 2017

LIST OF SYMBOLS XXIIT
Ruirm MMC arm resistor. 93, 101
R, Grid phase resistor. 94, 101
r Wind turbine blade rotor radius. 19-21, 23, 62, 64
Sy Wind turbine swept area of blades. 20
Suva Apparent power. 30
Tom Electromagnetic torque. 63-66
T, Torque of the blade induced by wind. 21, 62, 63
Ugypc g HVDC voltage level adjusted according to the global control strategy. 120, 124
Ugypcope  Optimal HVDC voltage level. 120, 125
Uyvpe HVDC voltage adjusted according to overvoltage limitation strategy. 119-122
Uy Output voltage array/matrix of wind turbines adjusted according to overvolt-
age limitation strategy. 113, 119
Uy Output voltage array/matrix of wind turbines. 59, 113
Upc.nom Nominal DC voltage of an electrical system. 72, 73
Unvpcnom Nominal HVDC link voltage. 73, 74, 120, 123, 124
U,_; Root Mean Square (RMS) value of a phase to phase voltage. 30, 34, 38
U,_n Root Mean Square (RMS) value of a phase to neutral voltage. 34
Uimie Overvoltage limitation of a wind turbine. 61, 112, 113, 119, 121-123
Uout.nom Nominal output voltage of a wind turbine. 59, 61, 112, 114, 115, 119, 123
Uy Voltage of a cluster. 57, 58
Uc, Sub module capacitor voltage. 90
Uctot,, MMC arm equivalent capacitors, u upper arm, [ lower arm, j € {a, b,c}. 94
Upype HVDC link voltage. 57-59, 135
Ugy, Sub module output voltage. 90
Ugiff, MMC differential voltage, j € {a, b,c}. 94
Uyt Output voltage of a wind turbine. 59, 111, 113, 135
Ugg Generator d-axis stator output voltage. 65, 66
Usq Generator g-axis stator output voltage. 65, 66
Uy, MMC arm voltages, u upper arm, [ lower arm, j € {a, b,c}. 94
v, MMC coupling voltage derived by mathmatical change of variables, j €
{a,b,c}. 94
Vi.cut—in Cut-in wind speed. 22, 23
Vicut—oue  Cut-out wind speed. 22
Vinom Nominal wind speed. 22, 23
vy, Wind speed. 19-21, 23, 62, 63
Ve, Grid phase to ground voltages, j € {a, b,c}. 94
Q,, Mechanical rotational speed of the wind turbine rotor. 19, 21, 23, 26, 62-66
Qo nom Nominal mechanical rotational speed of the wind turbine blades. 23, 65
Qi opt Optimal rotational speed of the wind turbine blades. 21, 23

© 2017 Tous droits réservés.

lilliad.univ-lille.fr



Thése de Haibo Zhang, Lille 1, 2017
XXIV LIST OF SYMBOLS

w, Electrical rotational speed of the wind turbine rotor. 26, 65, 66
WjZ MMC arm stored energy, j € {a, b, c}. 96, 99

© 2017 Tous droits réservés. lilliad.univ-lille.fr



Thése de Haibo Zhang, Lille 1, 2017

General introduction

Contents
Background of thethesis . ............ .. ... e en.. 3
MoOtivationsS . . & v v v v v it e e e et e e e e e e e e e e e e 3
Objectives and thesisoutline. . . . ... ...... ... ... ... .. ... .. ... 6
Listof publications . . . . . . . . ..ttt ittt ittt ettt ettt ee e 8

© 2017 Tous droits réservés. lilliad.univ-lille.fr



Thése de Haibo Zhang, Lille 1, 2017

© 2017 Tous droits réservés. lilliad.univ-lille.fr



Thése de Haibo Zhang, Lille 1, 2017
GENERAL INTRODUCTION 3

Background of the thesis

The exploitation of renewable energy resources for electricity production has been a
matter of great interest over the last decades in the target of reducing fossil fuel consumption
and greenhouse gas emissions. In 2009, the Renewable Energy Directive set a policy to
reach a 20% of renewables in total energy consumption of the European Union (EU) for the
2013-2020 period [Rene 09]. Under the encouragement of national policies, the share of
renewable energy has already increased to 17% by the end of 2015 and is expected to rise
further to 21% in 2020 and 24% in 2030. [Revi 16]. Within this EU framework, deployment
of wind energy resources is crucial to comply with the objective of a system with higher shares
of renewable energy in the transition towards a more competitive, secure and sustainable
energy system. In Europe, wind energy accounts for the largest proportion of renewable
energy installation rate. The total installed capacity of wind power reached 153.7 GW by
the end of 2016, 141.1 GW onshore and 12.6 GW offshore, accounting for 17% of Europe’s
total installed power generation capacity. This figure could rise to 323 GW by 2030, 253 GW
onshore and 70 GW offshore, producing 24% of the EU’s power demand in 2030, according
to [Wind 15].

From these scenarios, the attention shifts towards offshore wind project developments.
Offshore wind energy is a major driver of investment decisions in Europe. In 2016, €27.5
billion, including €18.2 billion offshore were invested in wind energy projects [Wind 17].
The United Kingdom (UK) has the largest amount of offshore wind capacity in Europe, partic-
ularly in the North Sea where there are more abundant wind power resources, representing
40.8% of all installations. The WindEurope (formerly the European Wind Energy Associ-
ation (EWEA)) published in 2009 a 20 Year Offshore Network Development Master Plan
[EWEA 09], in which operating and future offshore projects are reported, as can be seen in
Figure 1.

To be able to exploit more abundant wind energy far from shore, the transmission system
must be flexible and reliable. There are two types of transmission technologies for connecting
offshore wind power to onshore utility grids. Most of the large offshore wind farms currently
in operation are rather close to shore and are grid-connected via High Voltage Alternating
Current (HVAC) cables. Although very few projects of wind farms are located far from shore,
High Voltage Direct Current (HVDC) transmission is the best option in the long run due to
the lower transmission losses.

The deployment of offshore wind energy requires a dedicated and flexible offshore elec-
tricity system. The vision of a meshed HVDC system has gain increased attention since it
provides a redundant, reliable and secure energy supply with lower generation costs com-
pared to a Point-to-Point (P2P) connection of offshore wind farms to shore. Moreover, the
integration of other renewable energy and the interconnections between countries with dif-
ferent AC power grids become possible.
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NORTH SEA

W= Currently operating offshore cable
| Under construction or planned offshore cable
=== Under study by TSO
Under study by TSO/EWEA recommendation
Proposed by EWEA in the 2020 timeframe
Proposed by EWEA in the 2030 timeframe
@ Proposed offshore node
mmm Concession and development zones

Figure 1 — WindEurope’s 20 Year Offshore Network Development Master Plan.

Motivations

Offshore wind speed is potentially stronger and more constant than on land because of
the absence of topographic influence, which lead to a much higher power production. The
wind resource map for Europe shown in Figure 2 illustrates this characteristic and reveals
the greatest wind energy potential along north-eastern coasts and the North Sea in this area.

Wind cla§ées at80m
B .1 (V£5.9 m/s)
2(89<v<6.9m/s) | :
;(6.9sv<7.5 m/g)‘/
/4 (7.5<v<81m/s) [ T -~
" 5(8.1<V<8.6 m/s)
6 (8.6<V<9.4m/s) |gha®
7(V=9.4m/s) / ;

60 |o

Average 80-m wlnd speed Ln 2000 (LS methodology)

Figure 2 — European map of wind speed extrapolated to 80 m in height and averaged over
all days of the year 2000 at surface and sounding stations [Arch 05].
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The wind power generation system for onshore and offshore wind turbines is similar.
However, since offshore wind farms are exposed to a tough environment, the overall Capital
Expenditure (CAPEX) breakdown of offshore wind farms changes significantly. In an on-
shore wind farm, the wind turbines account for 70% of the total cost, while in an offshore
wind farm, costs of turbines, balance of plant and installation and commissioning are rela-
tively evenly distributed [Rene 10]. Consequently, it is worth taking into consideration each
component of the offshore wind farm in order to reduce the overall project expenditure.

The tender prices for offshore wind farms have decreased significantly in recent years
[Krie 16b]. Taking the tender prices of Danish wind farms as an example, in 2010 DONG
Energy was the only bidder to develop Anholt offshore wind farm rated at 400 MW, with
tariff of 1051 gre/MWh (141.3<€/MWh). In 2015 Vattenfall AB won the tender among 4
bidders to build Horns Rev III at 770 gre/MWh (103.1€/MWh). Most notably, only one
year later in 2016, Vattenfall AB won the project of Danish Kriegers Flak, a 600 MW wind
farm in the Baltic Sea among 7 bidders. The price decreased by about half to 372 gre/MWh
(49.9€/MWh). As a conclusion, offshore wind becomes profitable without government
subsidies. However, the price for offshore station remains very high. The Kriegers Flak
offshore wind farm, shown in Figure 3, is planned to exchange 400 MW power between
Danish and German Transmission System Operators (TSOs). Since East Denmark grid is
synchronised with the Nordic power system, and the Germany electrical grid is part of the
continental synchronous zone, a frequency transformation is necessary.

— T
Kriegers Flak — Combined Grid Solution
‘ .~ The CGS project

nverter station (AC/DC)

0 kV substation (AC)

220 kV substation (AC)

@ 150 kV substation (AC)

. 220 kV cable

‘— 150 kV cable

Figure 3 — Kriegers Flak, a 400 MW offshore interconnection between two TSOs Energinet.dk
from Denmark and 50Hertz from Germany [Krie 16a].
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The first considered option was to place one HVDC offshore converter, however this so-
lution was abandoned due to the under-estimation of the cost of the offshore converter sub-
station. Hence, the adopted solution consists of two voltage source converters that convert
electricity from AC to DC and then from DC to AC. The two converters back-to-back will be
placed in the German coast, avoiding roughly 50% premium for an offshore platform. The
final arrangement of this project is shown in Figure 3.

The construction of the centralized power converter is expensive and difficult. The cost
model in [Lund 06] indicates that only the supporting platform for a 300 MW converter costs
at least €25 million. As reported in [Rene 10], the offshore substation takes up 7% of the
total wind farm investment. This rate will further increase as the ratings of wind turbines
increase and thus lowering the cost of turbines foundations.

Objectives and thesis outline

Conventional offshore wind turbines generate AC output voltage. The collection system
and transmission system require a substation to transform medium AC voltage into either
HVAC or HVDC. The penetration of power electronics has promoted the study of the inte-
gration of DC technology into the wind farm collection systems. This thesis investigates a
DC offshore wind farm with clusters of series connected wind turbines. The work presented
in this thesis attempts to answer the following questions: "How to control DC series con-
nected wind turbines? and how to integrate the pure DC wind farm without an offshore
platform into the electrical grid?". This work develops and discusses different control strate-
gies used to avoid large variation of wind turbine output voltages due to unbalanced power
production.

This research can be organized into three levels of work as shown in Figure 4, consisting
of the design, operation and grid integration of the examined offshore wind farm. In the
design level, the key components of a DC offshore wind turbine are both identified and sized.
In the operation level, the operation of a series connection of wind turbines is developed.
Both works from these two levels contribute to the study of the integration of the series
parallel offshore wind farm into the electrical grid. The thesis is thus organized as follows:

Chapter 1 gives an introduction of DC offshore wind farm technologies. It describes
the main technologies used to form an offshore wind farm including the arrangement of
elements in a collection system and the methods for transmitting power from offshore to
onshore. Several offshore wind farm topologies are introduced and compared.

Chapter 2 presents the basics of forming a wind farm with series connected DC wind tur-
bines. The principle of the series offshore wind farm and its main advantages and drawbacks
are introduced. Based on the wind farm characteristics, the DC wind turbine generation and
conversion systems are developed. Afterwards, the operation of a series connection and the
local limitation controllers used to protect the wind turbines against operation beyond their
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Figure 4 — Thesis outline divided into three levels of study.

overvoltage capabilities are described.

Chapter 3 provides a framework for understanding the operation of the DC series offshore
wind farm in a point-to-point system. The model of the Multilevel Modular Converter (MMC)
and energy based control are developed. The HVDC cable models are as well discussed in
this chapter as the lack of offshore substation couples the wind farm collection and the

transmission system. The principle of a global control strategy relying on communication is
introduced.

Chapter 4 deals with the operation of the offshore wind farm in Multi-Terminal HVDC
(MTDC) grids. The control methods of MTDC grids are first introduced and therefore applied
to a series parallel offshore wind farm integrated into a hybrid MTDC system.

Chapter 5 bring the thesis to a close stating the overall conclusions and key findings of
the research work carried, as well as directions for further research work.
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Chapter 1

State of the Art of Offshore Wind Power
Systems

Bl T~ Re A AL B, B O A6 7 T o B

The person attempting to travel two roads

at once will get nowhere.

«3 —'%‘—l’» ’éﬁ ¥
Encouraging Learning, Hsun Tzu

Contents

1.1 Introduction . . . ... .. i i i ittt ittt ittt e 13
1.2 Offshore wind turbine technology . ....................... 14
1.2.1 Wind turbine foundation . . .. ... ... ... ... .. ... 14
1.2.1.1 Fixed-bottom foundation technology . . . ... ........ 14
1.2.1.2 Floating foundation . ....................... 15
1.2.2 Constructional design: horizontal vs vertical axis . . . ......... 16

1.2.3 Aerodynamic basics of conversion of kinetic wind energy into me-
chanical energy . . . . . . . . . i e 18
1.2.3.1 Tip-speedratio . ... ...... ... ... ..., 19
1.2.3.2 Power coefficient . . . .. ...... ... ... ... ... .. 20
1.2.3.3 Torque coefficient . ........................ 21
1.2.3.4 Ideal powercurve . . ... ... ... u .. 22
1.2.3.5 Maximum power point tracking . . . . ............. 23
1.2.4 Large commercial wind turbines . ... ........ ... ... ..., 24

© 2017 Tous droits réservés.

1.2.4.1 Squirrel Cage Induction Generator (SCIG) based fixed-speed
wind turbine ... ... ... .. 26

lilliad.univ-lille.fr



12

Thése de Haibo Zhang, Lille 1, 2017

1.3

1.4

1.5

1.6

1.2.4.2 Doubly Fed Induction Generator (DFIG) based wind tur-
bine with partial-scale power converter . .. ......... 27

1.2.4.3 Permanent Magnet Synchronous Generator (PMSG) based

wind turbine with full-scale power converter . . . . ... .. 28
1.2.4.4 Wind turbine with DCoutput . ................. 29
Offshore power collection system . ... .........ouueuueunnen. 29
1.3.1 MVAC collection SyStem . . . . v v v v v v vt e e e e et e e e e e 30
1.3.2 MVDC collection SyStem . . . . . . o v v v ittt 30
Power transmission system . ... ... .. ...t 32
1.4.1 HVACtranSmission . . . . . . .. oot i it i it ieen e 33
1.4.2 HVDC transSmissSion . . . . . ..ot vt i vt ittt e e 35
1.4.3 Other transmission methods . . . ... ... ... ... ........ 37
1.4.3.1 LFAC transmission . . . . .. .. .. ... vuvuwunnen... 37
1.4.3.2 Diode-based HVDC transmission . ............... 39
Topologies of large wind farms . . . ... .................... 41
1.5.1 Solution 1: MVAC-HVAC . . . . . . . . e e e e 41
1.5.2 Solution 2: MVDC-HVDC . ... ... ... ... 42
1.5.3 Solution 3: MVAC-HVDC . . . ... .. it 42
1.5.4 Solution 4: Series Parallel-HVDC . . ... ................. 43
1.5.5 Comparison of solutions . . ... ....... ... ... . ........ 43
1.5.5.1 Cablescost. ......... ... 43
1.5.5.2 Centralized converters and platforms ............. 44
1.5.5.3 System LOSSeS . . . . v v v i i e e 44
1.5.5.4 Energyavailability . . ........ ... ... ... ..., 45

1.5.5.5 Consideration on the reliability of Series Parallel-HVDC so-
lution . . . ... 46
Conclusion . . . ... ... it ittt i i e e 47

© 2017 Tous droits réservés.

lilliad.univ-lille.fr



Thése de Haibo Zhang, Lille 1, 2017
CHAPTER 1. STATE OF THE ART OF OFFSHORE WIND POWER SYSTEMS 13

1.1 Introduction

Offshore wind technology has many advantages over its onshore counterpart [Bilg 11]:
The issues of visual impact and noise can be nearly eliminated by installing the wind tur-
bines far away from shore, which in return enables the use of bigger wind turbines. The
average wind energy is usually more abundant and more constant because of the absence
of topographic influence at offshore, which is suitable for larger offshore wind farm projects
with significantly higher production per unit installed.

Although the mechanical and electrical principles of onshore and offshore wind turbines
to capture and then convert wind energy into electrical energy have no difference, the off-
shore wind farm is more expensive and more complex to install and to maintain. In an
offshore wind farm, the wind turbines account for only 40% of total cost, against up to 70%
in onshore wind farms. The offshore wind farm is not only more demanding in the relia-
bility of wind turbine blades, generators, foundations and power cables but also in efficient
techniques for power collection, power transmission and power integration into the AC grid.

This chapter introduces the basics of offshore wind farms including the wind turbine
structures, wind power generation, collection and transmission systems as shown in Figure
1.1. Offshore wind turbines exhibit other characteristics, apart from having larger blades and
higher power rating generators, these turbines have very different foundation technologies
than the onshore wind turbines. Most existing offshore wind turbines are located in shallow
water, so that fixed-bottom monopile foundation is enough for supporting the wind turbines
at sea [Bret 09]. However, more and more technologies emerge, as the wind turbines moving
further away from shore to the deep sea [Bret 09][Wind 17b][Burt 11].

The conversion components comprise wind turbine blades, shafts, gearboxes and gener-
ators. These are all mounted on the turbine foundations, and are essential for capturing and
converting the kinetic energy from the wind into electrical power.

Subsequently, it is then necessary to gather all the electrical power generated by each

Figure 1.1 — General arrangement of an offshore wind farm: 1: Wind turbines, 2: Foun-
dations, 3: Collection cables, 4: Transmission cables, 5: Offshore substation, 6: Onshore
station, 7: Onshore grid, 8: Installation and maintenance.
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wind turbine and transmit it into the onshore grid. In a conventional offshore wind farm,
the process is as follows: the generated power from all the wind turbines is collected at
an offshore substation, where it is transformed or converted and then transmitted towards
onshore AC power grid by submarine cables.

The organization of this chapter is as follows: Structures and mechanical characteristics
of offshore wind turbines are first described, then the power conversion principles are intro-
duced. Afterwards the collection and transmission systems are explained which allows the
analysis of suitable topologies for large offshore wind farms.

1.2 Offshore wind turbine technology

Since the first offshore wind turbine was installed in Sweden in 1990 [Burt 11], the
power rating of offshore wind turbines has been growing constantly. The average power
rating of turbines installed in 2016 was 4.8 MW, 15.4% larger than 2015 [Wind 17a]. Fur-
thermore, the average water depth and distance to shore of offshore wind farms have also
been increasing. Therefore, many different designs and improvements related to offshore
wind turbines have emerged. This section gives an introduction of current development of
offshore wind turbine technology.

1.2.1 Wind turbine foundation

As offshore wind turbines are structures placed in adverse conditions, the foundation
design is extremely challenging. Different types of foundation are proposed and used in
practice. These can be classified into two categories: Fixed-bottom and floating foundations.

Floating foundations, are typically used in deep water (>50 m) applications due to tech-
nical barriers of fixed-bottom foundations [Zoun 15]. Nevertheless, the fixed-bottom foun-
dations are dominant in the shallow water. In the same way as onshore foundations, the
main function of offshore fixed-bottom foundations is to support the weight of wind tur-
bines on the sea. However, the offshore ones need to be designed to have more endurance
to withstand stronger wind, and, more importantly, the sea current.

1.2.1.1 Fixed-bottom foundation technology

A variety of fixed-bottom foundations are available in the market. Figure 1.2 shows
four basic types of fixed-bottom foundations: monopile, tripod, jacket and gravity-based
structure.

1. Monopile: Monopile foundation is the currently most widespread type in shallow water
(<20 m) attributable to its simplicity and low cost. However, the market share is likely
to slightly decrease by virtue of more and more wind farm projects located in deep
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Figure 1.2 - Fixed-bottom foundations: monopile, tripod, jacket, gravity-based [Van 06].

sea. This structure is made of a single cylindrical steel tube. One end of the tube
penetrates into the seabed according to actual environmental conditions. The wind
turbine foundations planned to be used in the offshore wind farms near Saint Nazaire
and Calvados are of this type. The adopted monopiles have a diameter of 7 m and
penetrate 20 m into the seabed [Fren 17].

2. Tripod: Tripod foundation consists of a central cylindrical steel pile connected to three
cylindrical steel tubes, through which the structure penetrates into the seabed. The
production and installation of the tripod is complex and therefore it is relatively ex-
pensive [Van 06]. It is designed to be used in deep water but has not been used for
many projects to date.

3. Jacket: Jacket foundation uses relatively complex steel structures and provides robust
support in deep water. It is used in water depth around 50 m. The deepest application
of jacket foundations for offshore wind turbines to date has been 45 m at the Beatrice
Demonstration Project [Seid 07]. Jacket foundation is also adopted in offshore sub-
station due to its robustness. The wind turbine foundations used in the sea out of Le
Tréport, Saint Brieuc and Iles d’Yeu et de Noirmoutier are of this type, owing to the
heavy 8 MW wind turbines used in these wind farms [Fren 17].

4. Gravity-based: The gravity type support structure is based on concrete material at the
bottom of the monopile to provide reinforced stability to the structure. The structure
requires a flat seabed. It is used in water depth around 20 m to 30 m. The wind turbine
foundations used in the sea near Fécamp are of this type [Fren 17].

1.2.1.2 Floating foundation

For placing wind turbines in even deeper water (>50 m), aforementioned solutions be-
comes uneconomical because of the use of large amount of materials. Floating structures are
considered as a better solution. The floating foundation comprises a main floater and moor-
ing lines which are fixed to the floater at one end and attached to the seabed at the other
end. There are many other designs of the floaters in the market and some representatives
are listed as follows:
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1. The Hywind Spar-Buoys concept has a floating part similar to a monopile structure
shown in Figure 1.3. A demo wind turbine has been in operation since 2009 in Norway
[Niel 06].

2. The Blue H Concept is based on the tension leg platform. A first prototype is placed
off the coast of Italy in 2008 [Hube 08].

3. The WindFloat Concept is developed by EDP and EDPR in Portugal. The floating foun-
dation is semi-submersible and is stabilized by the use of “water entrapment plates”
on the bottom of its three pillars. A demo project of 2 MW has been connected to the
grid by the end of 2011 [Rodd 10].

4. Ideol developed a French floating wind turbine demo project called Floatgen with a 2
MW wind turbine, constructed by Bouygues TP in 2017 [Berh 16], shown in Figure 1.4.
This demo wind turbine is the first offshore wind turbine installed in France. Another
demo project, EolMed, with 4 floating wind turbines rated at 6.2 MW is planned near
the coast of Gruissan, France.

Other examples of floating projects related to constructional design of wind turbines are
described in the next subsection.

1.2.2 Constructional design: horizontal vs vertical axis

Figure 1.5 shows the main components of a three-blade Horizontal Axis Wind Turbine
(HAWT) compared to a ¢-type Vertical Axis Wind Turbine (VAWT). It can be seen that the
VAWT offers a symmetrical design with fewer components. However, current wind turbine
market is dominated by HAWTs since its power conversion efficiency is superior to VAWTS,
which has been proven by decades of research and development [Burt 11].

Figure 1.3 — Hywind 2.3 MW prototype Figure 1.4 — Floatgen floating project de-
deployed off the coast of Norway. veloped by IDEOL France.
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Figure 1.5 — Main components of a HAWT and a ¢-type VAWT [Hau 13].

The majority of the HAWTs possess three blades. Similar to many design considerations,
the choice of the number of blades is a compromise between performance and cost. The
optimal power coefficient of a three-blade wind turbine is 3% more than a two-blade wind
turbine, while four-blade only offers 1% more than a three-blade. Moreover, a wind turbine
having three blades is more dynamically stable. A two-blade solution offers a balanced me-
chanical design while it causes the so-called wobbling phenomenon [Hau 13], since, when
the rotor is yawed to face the wind direction (to capture the maximum energy from the
wind), two blades at the horizontal position vibrate leading to mechanical stress on the tur-
bine shaft. The largest world’s commercial two-blade offshore wind turbine is the Mingyang
SCD 6MW which has been deployed because it has less attack area to the wind so as to deal
with the typhoon conditions that frequently occur in the East China Sea [Ming 15].

The deployment of HAWTs in the offshore wind turbine market is largely because it is
based on proven and mature technologies for onshore wind turbines. However, the need for
exploiting offshore wind energy in the deep sea has encouraged the use of floating founda-
tions, described in previous section 1.2.1).

Although the three-blade HAWTSs are still used in many projects using floating founda-
tions like the Hywind [Niel 06], Windfloat [Rodd 10], there are some works that have raised
doubts on using HAWTs as the optimal design for floating applications [Suth 12][Borg 14].
Instead, they suggest that VAWTSs, (of which many types has been developed based on the
patent of the French engineer Georges Darrieus in 1922), become a promising replacement
due to:

1. Fewer components: HAWTs must have a yaw control system which orients its blades
to the wind direction before the blades can rotate. In contrast, the yaw system can be
eliminated in a VAWT as its blades can be hit by the wind from any direction. Fewer
components lead to cost reduction and a more reliable system.
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2. Machinery position: The generation system and the blades of HAWTs are mounted on
the top of the turbine tower which can be around 100 m above the sea level. This
requires complex installation process and specific lifting cranes [Borg 14]. In contrast,
VAWTs usually have its generation system at the bottom [Vita 11]. This also protects
workers from climbing tall and dangerous turbine towers.

3. No gravitational fatigue: HAWTs have a limiting factor due to gravitational fatigue
since the heavy blades create a bending moment [Borg 14], which does not exist in
VAWTs.

4. Upscaling: Above benefits naturally lead to the fact that it is possible to have accom-
modation for larger electric generator above 10 MW in the VAWTs.

5. Tilt: The floating foundation for HAWTs has a low tolerance to the tilts and the strong
heeling moment generated by the wind. While the vertical axis design has a relative
low gravity center the heeling moment can be reduced at least 40% [Nenu 17], thus
reducing the floater cost.

In Europe, there have been several projects on floating VAWTs such as the NOVA project
with V-type VAWT shown in Figure 1.6a, the DeepWind project with ¢-type VAWT shown in
Figure 1.6b, the INFLOW project with H-type VAWT shown in Figure 1.6c and the SeaTwirl-
developed helical-type VAWT shown in Figure 1.6d.

1.2.3 Aerodynamic basics of conversion of kinetic wind
energy into mechanical energy

No matter the wind turbine has a horizontal axis or a vertical axis, it serves to convert
the kinetic energy of the wind into useful mechanical energy and thereafter into electrical
power.

Both horizontal axis and vertical axis wind turbines follow the same process: the turbine
blades capture a part of the kinetic energy of the wind and start to rotate around their axis.
The blades are connected (directly or through a gearbox) to a main shaft which spins a
generator rotor. Finally the useful mechanical energy is converted into electricity by taking
advantage of the properties of electromagnetism [Acke 05][ Cour 08].

Although they harness the wind kinetic energy in different ways, there is no difference
between HAWTs and VAWTSs with respect to the energy conversion. Since the VAWTSs are not
widely used in the industry, their mathematical models are not studied comprehensively as
the HAWTS: in the literature.

In this thesis the three-blade HAWT is used. Nevertheless, the introduction of the HAWT’s
aerodynamic basics in this subsection also helps to understand how the VAWT works.
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(c) INFLOW project [INFL 17] (d) SeaTwirl project [SeaT 17]

Figure 1.6 — Offshore floating projects with VAWTs.

1.2.3.1 Tip-speed ratio

The tip-speed ratio A is defined as the ratio between the tangential speed of the HAWT
blade tip and the wind speed v,,.

= Tip speed of wind turbine blade  Q,r

1.1
Wind speed v, (1.1)

where

r = the radius of the swept area of the blades (m)
Q,, = rotational speed of the rotor (rad/s)
v,, = wind speed (m/s)

The tip-speed ratio is an important concept in wind turbine operation. If the wind turbine
rotor rotates too slowly, most wind energy would pass through the wind turbine blades. If
the wind turbine rotor rotates too fast, the blades would appear like a wall to the wind. In
order to have the maximum efficiency, the wind turbine rotor has to spin at a specific speed
to match the coming wind speed.
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1.2.3.2 Power coefficient

The total kinetic power P,,, of the wind passing through a blade swept area S, = mr?
with a speed v,, is

1
P, = Epm‘sz?’ (1.2)

However, a wind turbine cannot extract all available wind power to convert it into mechan-
ical power. The theoretical maximum proportion of power that a wind turbine can extract
from the wind is given by the Betz’s limit, at 16/27 ~ 59.3% [Lecl 04]. A practical three-
blade wind turbine can achieve about 80% of the Betz’s limit, whose aerodynamic efficiency
is around 48%. The ratio between extracted power P, and total power P,,, in the wind is
called power coefficient C,, and is defined as:

P,
Cp —__w (1.3)
Py

From equations 1.2 and 1.3, the extracted power by the wind turbine can be deduced:

1
P, = 7CoP nriv,? (1.4)

It has been mentioned that the tip-speed ratio A affects the power efficiency. Another
factor that impacts the power efficiency is the pitch angle 8 of the blade. The pitch angle
refers to the angle of attack of the blades to the wind which can directly adjust the torque
exerted by the wind on the turbine blades. Figure 1.7 shows the coefficient curves of an
experimental wind turbine as a function of A and 8 [Hau 06]. It can be found that the
bigger the pitch angle the lower the portion of power that can be extracted from the wind.

In practical, pitch angle is kept at a small value for maximum power production from the
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Figure 1.7 — Characteristic of C, as a function of A and 3 [Hau 06].
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cut-in wind speed to the rated wind speed. Under very strong wind conditions, pitch angle
increases which prevents the blade from being damaged.

When the pitch is kept constant, power coefficient C, is reduced as a function of the
tip-speed ratio. As can be seen in Figure 1.7, each curve has its maximum power coefficient
C

p,max*

The wind turbine rotor has to spin at a specific rotational speed £, ,,, to match the facing
wind speed in order to achieve the optimal tip-speed ratio 4,,., where wind turbines obtain
the maximum efficiency.

1.2.3.3 Torque coefficient

Notice that it is the torque exerted by the wind on the blades, which produces their
rotation. At very low wind speed conditions, the torque is insufficient to turn the blades due
to friction. The tip-speed ratio, therefore, equals to zero, leading to zero power production,
according to Equation 1.4. However there is a non-zero torque applied to the blade. Hence,
it is necessary to define the torque coefficient T, for the purpose of describing the operation
of the wind turbine from a mechanical point of view:

P,
T, =

Dw
w
Qp,

1
= ECtprchVW2 (1.5)

With the torque coefficient C, determined as:

CA=C (1.6)

The corresponding torque curve of Figure 1.7 is shown in Figure 1.8.
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1.2.3.4 Ideal power curve

Figure 1.9a shows an ideal power curve of a wind turbine which relates the generated
power to the wind speed. Real wind turbines with different characteristics may show dis-
crepancies from this curve. The power curve in Figure 1.9a is split into four distinct operating
regions according to the cut-in wind speed v, .,,,_;,, nominal wind speed v, ,,,,, and cut-out
wind speed v
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Figure 1.9 — Performance curves of an ideal wind turbine.
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When wind speeds fall below the cut-in speed, in region I, there is insufficient torque on
the blades, so the wind turbine is blocked by the mechanical brake. The wind turbine is kept
in parking mode.

In region II, the wind turbine aims at extracting as much power as possible. As presented
in Figure 1.9b, the wind turbine runs at optimal rotational speed £, ,,., which is linear to
the wind speed, in order to keep the tip-speed ratio at its optimal value A, ,. The slope of
the curve in the range between v, .,,,_;, and v, ,,,, equals to

opt-*

Q

m,opt

A
= 2t (1.7)

V. r

w

In this region, the pitch angle of the wind turbine blades is kept at an optimal attack angle
for a given wind as seen in Figure 1.9c.

When the wind speed increases to v,,, ., the wind turbine power reaches its power rating
P, .om as well as the nominal rotational speed Q,, . In order to avoid the damage of the
mechanical part of the wind turbine, the rotational speed is kept at Q2 ,,,,. However, even
with a constant rotational speed, the generated power could still increase as the wind speed
rises. Therefore, the wind turbine relies on the pitch control to achieve constant power
production regime of region III, as depicted in Figure 1.9a. The variation of the pitch angle
in the corresponding operation regions is illustrated in Figure 1.9c.

As the wind speed further increases, it will reach a cut-out speed beyond which mechan-
ical components of wind turbines can be damaged. As a result, the braking system operates
to shut down and keep it in region IV.

1.2.3.5 Maximum power point tracking

The power production of an ideal wind turbine associated to the rotor rotational speed
is shown as black curves in Figure 1.10. It can be seen that for a specific wind speed, the
power P, has a maximum point. The trajectory linking these points forms a red solid line, as
shown in the figure, is called the Maximum Power Point Tracking (MPPT) curve which only
depends on the rotational speed ,,:

P, o< Q,’? (1.8)

By controlling the wind turbine generator to rotate at given speeds, the operating points
of a wind turbine can always stay on the trajectory, therefore achieving MPPT [El A 04].

The above aerodynamic basics help to understand the operation of wind turbines. How-
ever, in practice, not all wind turbines have been designed to have all aforementioned func-
tions. For instance, in early 1990s most wind turbines were designed to operate at a fixed
rotational speed because of its simplicity and low fabrication and maintenance costs. In con-
sequence, it was not possible to realize MPPT with such a wind turbine. Indeed, apart from
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Figure 1.10 — Turbine mechanical power curves under different wind speeds.

the aerodynamics, a wind turbine design takes into consideration cost, efficiency and many
other technical and mechanical constraints [ Acke 05].

1.2.4 Large commercial wind turbines

Currently, a variety of wind turbines of power rated from several kilowatts to several
megawatts are available. However, for offshore applications, wind turbines are designed to
have megawatt-ratings. There are many ways to classify the wind turbines. One criterion
concerns the methods for limiting power taken from the wind when its available power
in the wind becomes higher than the wind speed the wind turbine is designed for. This
criterion leads to the following classification: stall-controlled, active stall-controlled and pitch-
controlled wind turbines [Chen 09].

A stall-controlled wind turbine has fixed pitch angle blades and is aerodynamically de-
signed to have different power efficiency regarding the wind speed. When the wind speed is
relatively low, the wind turbine operates at high efficiency. When the wind speed is higher
than the wind speed the wind turbine is designed for, the blades create turbulence on the
sides that are not facing the wind, in order to stop the lifting force on the blades, as seen in
Figure 1.11. In this way the rotational speed is limited and the power efficiency is reduced.
This is a passive aerodynamic method which leads to simple, low cost and robust control of
the wind turbine, but with relatively poor controllability of the power capture.

A more advanced control method refers to active stall-controlled. Active stall-controlled
blades are aerodynamically similar to its passive counterpart except that, when the wind
speed surpasses the designed speed for the wind turbine, the pitchable blade increases its
attack angle to the wind in order to make the blade goes into a deeper stall. Therefore,
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Figure 1.11 — Wind turbine with stall control, active stall control, pitch control: view from
blade tip to nacelle hub.

the power efficiency is significantly reduced [Acke 05]. Notice that the angular sensitivity is
high, so that a small increase of the attack angle can cause a deep stall. The advantage of
active stall over passive stall is a more accurate control of the wind turbine power generation.

A pitch-controlled wind turbine has an active control system that can continuously vary its
pitch angle. At low wind speed, the pitch angle is kept constant at an optimal value to make
the wind turbine extract maximum power from the wind. When the wind speed becomes
higher, the pitch angle increases gradually (the attack angle decreases) to limit the power
extracted from the wind. A clear difference between pitch control and active stall control
system is that the pitch angles are in opposite directions, as shown in Figure 1.11.

The lift on the blades is gradually reduced by using pitch control. Angular sensitivity is
relatively low compared to active stall [Acke 05]. Other criterion is related to the generator
rotational speed variability, leading to the classification in two types: fixed-speed and variable-
speed wind turbines that in turn, can be categorized according to the generator type, or even
the size of power converters. This subsection discusses the most common wind turbine types
in current market. Regarding to the generators, three types of technologies are available for
both onshore and offshore wind turbines: Squirrel Cage Induction Generator (SCIG), Doubly
Fed Induction Generator (DFIG) and Permanent Magnet Synchronous Generator (PMSG).
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1.2.4.1 Squirrel Cage Induction Generator (SCIG) based fixed-speed
wind turbine

The early wind turbines operated mostly at fixed speed. The fixed speed refers to the
mechanical rotational speed of the wind turbine generator rotor (2,,. Figure 1.12 shows the
structure of a fixed-speed wind turbine equipped with a Squirrel Cage Induction Generator
(SCIG) which is also known as "Danish concept".

The generator rotor is coupled to the blade shaft via a gearbox. The generator stator is
connected directlyto the grid and as a result, the rotation speed of the rotor is held constant
regardless of the wind speed. However, the slip of the generator allows slight variation of
rotation speed between 1-2% [Sloo 03]. For a generator with 2 pole pairs, its mechanical
rotation speed should be slightly greater than the synchronous speed of 1500 rpm (f, is
50 Hz) to operate at generator mode.

As an induction machine, the SCIG is not self-excited. Therefore, it is necessary to con-
nect a capacitor bank across the stator terminals to supply reactive power to the machine
[Chen 09]. It can also serve as a reactive power compensation to the grid, in order to achieve
a power factor close to one [Chen 09].

The rotor of this kind of wind turbine should be locked until the wind speed is high
enough to accelerate the rotor to a required fixed speed. In the wind market, there are wind
turbines of this kind using all three power limit control methods in high wind condition
[Hans 07].

The major advantage of the fixed-speed wind turbines are their simplicity. However, they
cannot change their rotational speed to operate at maximum efficiency. An improvement of
the fixed-speed wind turbine is the two rotational speed operation to increase the power
production. To do that, the SCIG has changeable number of pole pairs [Sloo 03]. At low
wind speed, all pole pairs are inserted while at high wind speed, parts of the pole pairs
are removed. As the electrical rotor speed w, remains constant at the grid frequency and

w, = n,Q,,, the mechanical rotor speed increases due to the reduction of the number of pole
pairs n,,.
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Figure 1.12 — SCIG-based fixed-speed wind turbine connected directly to the grid.
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1.2.4.2 Doubly Fed Induction Generator (DFIG) based wind turbine
with partial-scale power converter

Ideally, it is expected to continuously adjust the rotational speed in response to the wind
speed variation in order to keep the wind turbine operation at a maximum efficiency. For
this reason, some variable-speed wind turbines are developed, even that they are more costly
and complex.

The first alternative is the Doubly Fed Induction Generator (DFIG) based variable-speed
wind turbine. The asynchronous generator has wound rotor windings connected to a partial-
scale power converter shown in Figure 1.13. The stator of the DFIG is connected directly to
the grid while the wounded rotor of the generator is connected to the grid via slip rings and
a Back-to-Back (B2B) power converter. Since it is difficult for wound rotor to have very high
pole pairs, it is necessary to insert a gearbox between the rotor shaft and the turbine blade
shaft to ensure high rotational speed of the rotor. One of the roles of the power converter is
to provide excitation current for the rotor windings, and generally this converter is scaled at
about 30% of the nominal power of the wind turbine [Mull 02].

As the generator stator is connected directly to the grid of constant 50 Hz frequency,
the internal magnetic field induced by the rotor should be kept at a constant frequency.
However, the rotor speed of a variable-speed wind turbine is supposed to change with wind
speed. The role of the B2B converter is to provide this slip frequency to the rotor terminals
by absorbing power from the grid or injecting power to the grid. When the rotor runs at
sub-synchronous mode (below synchronous rotational speed), the grid power is fed to the
rotor through the converter. On the contrary, when the rotor runs at over-synchronous mode
(above synchronous rotational speed), the converter feeds power back into the grid. From
the view of the stationary stator, the combined internal magnetic field is thus kept constant.
The power converter should be able to operate bi-directionally. In this way, the rotor speed
is able to vary in the range of £30% around the nominal speed [Mull 02][Chen 09].
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Figure 1.13 — DFIG-based variable-speed wind turbine.
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1.2.4.3 Permanent Magnet Synchronous Generator (PMSG) based
wind turbine with full-scale power converter

Another alternative for wind turbine generators is the use of synchronous machines.
There are two kinds of excitation, either by permanent magnets or by wound field. As the
wound field synchronous generator uses current to excite the rotor windings, slip rings and
brushes are required to be mounted on the generator shaft. Therefore, recently the high per-
formance of self excited PMSG based wind turbine with full-scaled power converter, shown
in Figure 1.14, becomes dominant for high power rating applications.

Compared to wound rotor, another advantage of the permanent magnet rotor is its higher
pole pairs [DDer 13]. The direct-drive multi-pole design of PMSGs avoids the use of gearbox
and slip ring which enables a more compact and robust system, highly suitable for offshore
applications. Recent falling price of the permanent magnets increases the use of PMSG for
high power rating wind turbines [Mada 13]. Therefore, the PMSG is a clear trend for further
high power wind turbines.

A PMSG with a high number of pole-pairs with no gearbox has been adopted by Siemens
(SWT-6.0-120), GE Energy (4.1-113), Alstom (Haliade 150 sold to GE Energy in 2015)
[Mada 13]. The stator of the PMSG is wounded like the DFIG. However, it is connected
to the grid via a full-scale B2B voltage source converter which decouples the generator and
the grid. Because of the full-scale design, the wind turbine is able to operate at optimal
efficiency in larger wind speed range than the DFIG solution (because of its converter, sized
around 30% of its nominal power). Furthermore, the converter allows the control of active
and reactive powers independently at the turbine side.

The power converter used for the PMSG is therefore more expensive than for the DFIG.
However, the cost is compensated by the elimination of the gearbox [DDer 13]. Moreover,
the efficiency of the PMSG is higher than other types of generators as the excitation is pro-
vided without any energy supply [Mich 08], [Acke 05].

Generator
side converter Grid side converter

SRS —

Figure 1.14 — Variable-speed wind turbine using a PMSG and a full-scale power converter.
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1.2.4.4 Wind turbine with DC output

In the recent years, several configurations of wind turbines with DC outputs heve been
proposed in the literature [Lund 06][Meye 07a][Max 09][Monj 12]. Aiming to connect the
wind turbines directly into a pure DC wind farm. Most proposed configurations follow the
scheme shown in Figure 1.15. It uses a PMSG followed by an active or passive rectifier, and a
DC/DC transformer to step up the voltage level as well as to provide galvanic isolation. The
active rectifier shown in the figure is based on full bridge VSC-based IGBTs, which provides
full control capability of the active and reactive powers generated by the PMSG. This operates
in the same ways as in the conventional PMSG-based wind turbine with AC output.

Conventional wind turbines which normally have AC transformers at their outputs to step
up voltage level before being connected to the grid, are different from the DC wind turbines
output voltages that are stepped up by high power DC/DC transformers. There are proposals
using simple buck or boost converters [Veil 14], but the most adopted is the configuration
with a DC/AC inverter and an AC/DC rectifier interfaced through a transformer in order to
provide insulation to the wind turbine.

=/

Y/ / /7777772

PMSG

7 7 Generator side . . )
rectifier IGBT bridge Diode bridge

CEaty By

Figure 1.15 — General structure of a wind turbine for series connection

1.3 Offshore power collection system

The power generated by the wind turbines has to be transmitted to onshore grid in order
to be used. Connecting each of the wind turbines directly to the grid is not only low efficient
but also expensive. Instead, wind power is generally collected at offshore and brought it
to a central collection point. Hence, the collected power is transmitted to onshore together
using only one link. The interconnection of individual wind turbines and the gathering of
the total generated power in a collecting point for transmission is called power collection
system. Several proposals of collection systems, both in AC and DC, are reviewed in this
section.
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1.3.1 MVAC collection system

There is a variety of Medium Voltage Alternating Current (MVAC) collection system
topologies available in the literature. Here we introduce two topologies that can be found
in both literature and in existing projects. The most practical and straightforward is the ra-
dial type collection configuration. In the radial collection system, several wind turbines are
connected in parallel to a feeder cable in a string configuration.

The feeder cable carries all the generated power in this string to the hub where they are
gathered and transformed. The number of wind turbines in each feeder is not necessarily
the same but should respect the maximum power rating of the cable. Since the current is
higher at the hub end than at the end of the feeder, the feeder can use cables with different
conductor cross-sections. Radial collection system is simple to control, needs low investment
on submarine cables and switch gears, while its reliability is relatively low since faults at hub
end will cause full feeder power generation loss [Bahi 12].

The radial collection system is used in the on-going wind farm project “Banc de Guérande”,
with 80 wind turbines of 6 MW power, off the coast of Saint Nazaire, France since 2015
[Banc 15] as shown in Figure 1.16. The voltage level of the MVAC collection system is typi-
cally 33 kV [Mada 13], so as the voltage level used in the “Banc de Guérande” project. The
number of strings in this project is 14 and in each string there are 5 or 6 wind turbines. As a
result, the power rating of the feeder at hub end is 30 MVA or 36 MVA. The nominal current
in the feeder cable I;,,q4,, is calculated as:

SMVA
T3 30(36) MVA

Iee er — -
feed U V3 x33kV
V3

=525 (630) A

The ring type collection grid configuration is a high reliable solution. Its improved secu-
rity comes from an extra cable connecting the furthermost wind turbine to the hub. In case of
break down of the feeder at any point of the string, the ring feeder is physically separated into
two radial feeders and thus the lost of the entire feeder power generation is avoided. How-
ever, in the ring type layout, feeder cables need to have the same conductor cross-sections
to withstand the full feeder power rating. Figure 1.17 is an example of double-sided ring
collection system which is used in Amrumband West offshore wind farm[Fact 11].

1.3.2 MVDC collection system

The development of HVDC technology in long distance energy transmission has inten-
sified the research on the design of MVDC collection systems. The idea is to use DC in the
whole wind farm generation system (wind turbine with DC output, DC collection system and
DC transmission system), which shows advantages regarding low cable losses, more compact
components, higher reliability and lower cost of maintenance [Meye 07b].
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Figure 1.16 — Offshore wind farm "Banc de Figure 1.17 — Offshore wind farm "Amrum-
Gueérande" near Saint Nazaire, France. bank West" at the German North Sea.

However, an offshore wind farm using pure DC is still a topic of research and not yet

adopted in the industry.

Theoretically, all the layouts for MVAC collection systems can be used for DC collection
systems. For example, [Shao 10] presents the layouts of DC collection systems which are
identical to the AC collection system layouts shown by [Bahi 12], except that the voltage
step up component in the DC collection grid involves DC/DC converters, rather than AC

power transformers.

Although actual projects are not available, there are some specific considerations for DC

collection systems [Mada 13]:

1. Number of DC/DC transformation steps (see Figure 1.18a and 1.18c¢);

2. Possible series connection of wind turbines with DC outputs (see Figure 1.18d).

Collection systems, in Figure 1.18a and 1.18b use one step-up stage. The drawback of using
one step-up stage is the low voltage level either in the collection system or in the transmis-
sion system. Figure 1.18a uses wind turbine DC/DC converters to increase the voltage level
directly to the transmission level. With today’s available medium voltage rectifier (AC: 3.3
kV to 4 kV AC or DC: 5 kV to 6 kV [Lise 11]), this configuration would lead to very high
transformation ratio. Configuration shown in Figure 1.18b has the same issue of high trans-
formation ratio in the centralized converter. In additional, the medium voltage (5 kV to 6
kV) in the collection system would cause high power losses in the cables.

To avoid too high transformation ratio and too low system voltage, there are two possible
solutions. One straightforward solution, in Figure 1.18c, is to have two step-up stages similar
to the conventional AC collection grid. Its advantages are the usability of medium voltage
power converters in the wind turbines, reasonable transformation ratio in the centralized
converter. Its disadvantages are more power electronic components, leading to higher losses
and increased cost. Another solution is to use only one step-up stage, but connecting the
dispersed converters in series, as in Figure 1.18d. This topology is first studied in [ Lund 06].
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Figure 1.18 — Configuration of DC collection grid.

Whereas topology in Figure 1.18a requires the wind turbines output voltages to be in-
creased to high voltage at several hundred kilovolts, the series connection allows voltage
step-up in the wind turbines to medium voltage around 30 kV. Although megawatt-rating
medium frequency DC/DC converters are not yet commercially available, it is much more
achievable than the first solution. The disadvantage is the constraint of wind turbines shar-
ing the same current, leading to a variable output voltage. As a result, the DC/DC converter
in this configuration must have the capability of varying its output voltage.

1.4 Power transmission system

In order to transfer power from offshore collection point to onshore grid, both HVAC and
HVDC transmission can be used. Some papers also mention small wind farms using lower
AC voltage level for transmission[Lund 06], however it is not considered here since that
transmission at this voltage level leads high losses, which is not practical for distant offshore
applications. Some other alternative technologies are also introduced below.
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1.4.1 HVAC transmission

HVAC transmission system possesses one offshore and one onshore station interlinked
by three-phase submarine cables. Both stations include power transformers to step up and
step down the voltage to different levels. The general configuration of HVAC transmission
of offshore wind farm is shown in Figure 1.19.

One critical problem of HVAC transmission is its power transmission capability. This is
particularly true for underground or submarine transmission. The reactive power generated
by the cable shunt capacitance is significant. It is reported in [Burg 08] that the overhead
line has a capacitance from 9 to 14 nF/km, while underground cable capacitance ranges
from 200 to 300 nF/km. Typical charging current in the case of 380kV underground cables
is significantly high at about 15A/km.

The capacitance of submarine cables is higher due to close laying and high dielectric
constant of the insulation of cables. A cross section of a 3-core belted type AC cable is shown
in Figure 1.20. It can be seen that the shunt capacitors are present between cable phases
as well as between cables and sheath. By performing A—Y transformation, the cable shunt
capacitor C, is a combination of core-to-sheath capacitor C,, and core-to-core capacitor C,.:

C.=C, +3C,, (1.9)

For submarine high voltage applications, the cables are generally single cored and separately
laid, and hence have their own insulation and sheath. The capacitor between core-to-core
is thus much smaller than the core-to-sheath capacitor.
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Offshore HVAC transmission S0 Hz
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Figure 1.19 — HVAC transmission for offshore wind farm.
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Figure 1.20 — Distribution of shunt capacitors in a 3-core belted type AC cable.
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The HVAC cables with single core separate laying are shown in Figure 1.21.

The potential difference equals the AC phase to ground voltage U,_, as the metallic
sheath needs to be grounded. Hence the charging current [ .,

Uy _ 11U U,
= — =2nfcl.—= (1.10)
V3

UL—L
Pc,max =3 V3 V Ir%om _Iczharge = ‘/§UL—L V Ir%om - Iczharge (1.11)

Icharge: Xc _Xc 1/5

where

U,_n = phase to ground voltage (V)
U,_; = phase to phase voltage (V)

f, = grid frequency (Hz)

C. = shunt capacitance per kilometer (uF/km)
L. = cable length (km)

P. mqx = maximum transmissible active power (W)

According to equations (1.10) and (1.11) and the cable parameters listed in Table 1.1, the
maximum transmissible active power in a cable of 100 km and 220 kV is 295 MW out of 402
MVA cable power capacity. This indicates that HVAC cables must be sized above the nominal
active power they are supposed to carry. The charging current becomes considerable large as
the cable length increases and there will be no transmission capacity available for the active
power [Negr 06], [Monj 12] and [Acke 05]. The cable distance limitations of HVAC cables
under two voltage levels are reported in Figure 1.22. It is expected that with the increase of
voltage level and of transmissible power, the transmission distance is reduced.

Hence, for longer transmission distance, additional reactive compensation equipments
such as shunt capacitor banks, Static Var Compensator (SVC) or STATic synchronous COM-
pensator (STATCOM) are required to improve the active power transmission capacity [ Chen 09].
For underground cable, the compensation units are installed section by section between the
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Figure 1.21 — Distribution of shunt capacitors in three-phase single core HVAC cables.
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Capacitance (uF/km) 0.18 0.18
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Table 1.1 — HVAC cable parameters rated at Figure 1.22 — Transmission capabilities of
220 kV and 400 kV [Negr 06]. HVAC with variation of the cable length.

two terminals of the cables; while for offshore submarine cable, the installation of compen-
sation devices between terminals is not possible. They are only placed either onshore or
offshore, or in both [Monj 12].

Nevertheless, HVAC is a proven technology and is still the most suitable solution for the
connection of offshore wind farms located at relatively short distance from land. However,
with the emergence of offshore wind farms located more than 100 km, HVAC is not techni-
cally feasible at 50 Hz or 60 Hz frequency.

1.4.2 HVDC transmission

HVDC becomes more efficient than HVAC in long distance submarine transmission. HVDC
transmission is free from reactive power and uses less cables than HVAC. Whereas HVDC
transmission requires higher initial installation cost on its AC/DC and DC/AC converter sta-
tion, the investment cost for HVDC transmission lines or cables is lower. The power losses
due to HVDC converters are relatively high but they do not vary with distance [Rude 00].
On the contrary, the power losses increase significantly with the increase of length of HVAC
cables. This results in the well-known break-even distance: at approximately 50 km using
underground cable or 400 km using overhead lines [Siem 11][Bres 07][Acke 05], HVDC is
cheaper in total.

Costs versus the break-even distance of HVDC transmission is plotted in Figure 1.23. This
figure shows a cost comparison of HVAC and HVDC transmission taking into account:

1. Costs of AC transformer stations and DC converter stations
2. Costs of HVAC lines and HVDC cables

3. Power losses in capitalized values of AC transmission and DC transmission.

Currently, wind park projects using HVDC offshore transmission are constructed about
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100 km away from the German coast in the North Sea. Those HVDC offshore projects are
listed in Table 1.2 and are also shown in Figure 1.24 as green dots. It can be noticed that
the distance of these projects from shore are all around or outside of the HVAC transmissible
limit. At such distance, HVDC becomes the only feasible solution to collect the remote wind
energy.

The general HVDC transmission configuration is plotted in Figure 1.25. The wind power
is first sent into an AC collection system and converted into DC power at an offshore AC/DC
substation. At the other end, an onshore converter station receives the DC power and con-
verts it into the AC grid.

Depending on the commutation technologies, HVDC converters are divided into two main
categories: Line Commutated Converter (LCC) and Voltage Source Converter (VSC). The
economic and technical comparisons of LCC and VSC are given in many works [Erli 13],
[Reed 13]. The VSC technology is particularly favourable for offshore wind farm applica-
tions since its capability of bidirectional power flow almost instantaneously by changing the
current direction, black start ability after grid failure, independently control of active and
reactive powers, considerably smaller footprint, etc. The disadvantages of classical VSC are
higher losses resulted from the high switching frequency of self-commutated devices by us-
ing of the Pulse Width Modulation (PWM). Loss rate is about 3% and 2% in conventional
two-level and three-level VSC [Du 07],[Bres 07],[Bahr 08] and [Mada 13]. This is the main
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Figure 1.23 — Cost of HVAC versus HVDC trans- Figure 1.24 — Transmission limitation of
mision. HVAC and HVDC offshore wind farms
(green dots).
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Figure 1.25 — HVDC transmission for offshore wind farm.
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reason that has prevented it from being used in very high power rating transmission in the
last two decades.

The MMC has recently proved itself to be a superior option of voltage source converter
for HVDC transmission since it offers considerable electrical and operational advantages
[Sami 16], [Huss 12] and [Li 11]. The losses of MMC conversion station can be as low as
1% loss rate per station [Huss 12] and [Rohn 10]. The low power losses enables MMC to
handle higher power rating as shown in the Table 1.2. Only one 2-level VSC is used in the
BorWinl project which is rated at 400 MW. MMC stations are also more compact. It does
not need harmonic filter on the AC side as it ensures nearly perfect sinusoidal AC voltage
waveform.

1.4.3 Other transmission methods

HVAC and HVDC are the two transmission methods that can be found in industrial ap-
plications. The HVAC transmission is relatively cheap and simple in short distance offshore
applications while it is not feasible for long distance power transmission. Although HVDC
is thus dominating in projects of long transmission distance as discussed before, it still has
technical challenges to be solved, such as cheaper HVDC breakers (the hybrid HVDC circuit
breaker developed by ABB costs 20-30% of the cost of full VSC AC/DC converter [Jovc 11]),
high power high voltage DC/DC converters and DC grid fault clearing strategies [Van 10].

In the interest of seeking alternative transmission solutions, some studies have con-
tributed to improvements on either HVAC or HVDC transmission, described below.

1.4.3.1 LFAC transmission

LFAC stands for Low Frequency Alternating Current (LFAC), also named as Fractional
Frequency Transmission System (FFTS), uses lower frequency than the utility frequency for

Table 1.2 — List of offshore wind farms using HVDC technology [Pier 17].

Status Power Cable length (km) Voltage
Project (to date 2017) (MW) Submarine Underground kv) Converter
BorWinl In commission 400 125%2 75%2 +150 ABB 2-level
BorWin2 In commission 800 125%2 75%2 +300 Siemens MMC
BorWin3 In construction 900 130x2 30x%x2 +320 Siemens MMC
DolWinl In commission 800 75%x2 90x2 +320 ABB CTLC
DolWin2 In commission 916 45x%2 90x2 +320 ABB CTLC
DolWin3 In construction 900 79%2 83x2 +320 Alstom MMC
HelWinl In commission 576 85x2 45x%2 +250 Siemens MMC
HelWin2 In commission 690 85x2 45x%x2 £320 Siemens MMC
SylWinl In commission 864 160x2 45%x2 +320 Siemens MMC
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power transmission in order to introduce less charging current in the cables. The low fre-
quency idea has been already used in other applications. For example, railway electrification
systems in Germany and Switzerland use 50/3 Hz [Fisc 12] and those in USA use 25 Hz
[Acke 05].

If 16.7 Hz AC is adopted for offshore wind farm transmission, the low frequency can be
applied in both collection and transmission systems as shown in Figure 1.26. At onshore
side, an AC-AC converter should be used to transform the low frequency into the frequency
of the onshore power grid.

AC/AC converter proposals in the literature for LFAC Systems are categorized into con-
verters with DC link and without DC link. A classical AC/AC converter without DC link is
the cycloconverter using a Back-to-Back (B2B) connection of two thyristor bridges. This con-
verter has practical use in today’s large applications but it is bulky and of bad performance.
A summary of other AC/AC converters based on full-controlled power switched are listed in
the following [Anto 17]:

¢ Direct or indirect Matrix converters;
¢ Two-level VSC based B2B AC/AC converter;

* MMC-based B2B AC/AC converter;

MMC-based direct AC/AC converter.

The main advantages of a low AC frequency approach lie in three areas:

1. For the transmission system: At a low frequency, the amount of charging current and
subsequent reactive power would be significantly lower. Therefore, the system is ac-
cessible to longer distance compared to HVAC at normal grid frequency. To explain
the impact of the frequency on the cable charging current, Equation 1.10 is rewritten
here:

UL—L
V3

As the frequency is 1/3 of the normal frequency, it leads to only 1/3 charging current.

Iharge = 2Tf gL, (1.12)

16.7 Hz LFAC transmission AC-AC 50 Hz
wind farm converter utility grid

Figure 1.26 — LFAC transmission for offshore wind farm.
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2. Same as the HVAC transmission, the LFAC has zero-crossing of the current so that
commercial AC circuit breaker can be used in the LFAC applications.

3. For the collection system: The mechanical design of the wind turbine can be simplified.
The wind turbine rotational speed is slow due to aerodynamic reason. For this fact,
direct drive PMSG is usually designed to be multipoles and DFIG is equipped with a
high ratio gearbox in order to operate at 50 Hz. The low frequency allows direct-driven
PMSG to have less pole pairs and DFIG to have lower ratio gearbox.

Nevertheless, the feasibility of LFAC is still being discussed. The main concern is related
to the sizes of the transformers and the AC/AC converter.

1. Although the wind turbine design can be simplified, the difficulty of re-design the
power transformer is increased. This transformer takes a larger size and weight which
may offset the benefit of simplified mechanical design of the wind turbine.

2. The sizing problem also arises to the offshore substation. For the same power rating,
lower frequency requires a larger size transformer, and therefore transformers will be
more expensive [Liu 15]. This is not practical for offshore station since the installation
of the transformer requires a very large supporting platform. Table 1.3 shows a com-
parison of a 200 MVA transformer at 50 Hz and 16.7 Hz [Rudd 16]. The size, weight
and cost of a 16.7 Hz transformer are almost the triple of those of a 50 Hz transformer.

3. The switching of direct AC/AC converter is complex and its use for high power is not
fully mastered. The VSC-based and MMC-based B2B AC/AC converters are bulky and
not suitable for offshore applications, while the potential candidate MMC direct AC/AC
converter is still far from industrial applications.

Table 1.3 — Comparison of a 200 MVA transformer at 50 Hz and 16.7 Hz.

Frequency (Hz) Size (m®) Weight (tf) Cost (M€)

16.7 157 374 15
50 53 125 5

1.4.3.2 Diode-based HVDC transmission

Recently, a Point-to-Point (P2P) HVDC link structure based on the diode rectifier, shown
in Figure 1.27, has been proposed to connect PMSG-based offshore wind farm to onshore grid
[Blas 11] [Blas 10]. This system has several advantages such as cost savings in equipment,
high reliability and efficiency. However, the diode rectifier induces large current harmonics,
so that a big filter bank is required [Nguy 14].

Due to the uncontrollability of the offshore diode bridge, there are restrictions to control
the offshore AC collection grid voltage. One solution is to use the wind turbine generator
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side rectifier to control the DC link voltage of the wind turbine, whereas the output converter
accomplishes the AC collection grid regulation. But this indicates that MPPT control of wind
turbines cannot be achieved.

An improvement of above topology is the hybrid topology proposed in [Nguy 14], which
comprises a series connection of a 12-pulse diode rectifier with a VSC at offshore side as
shown in Figure 1.28. This topology improves the controllability of the system compared
to the previous non-controlled diode bridges, by using the offshore VSC to control the AC
collection grid voltage at constant magnitude and frequency. It also functions as an active
filter to absorb current harmonics. Each offshore converter bridge shares one third of the
nominal power rating of the wind farm. For a 500 MW wind farm, a VSC rated at 167 MW
is thus used and the rest is distributed on the 12-pulse diode rectifier.

This topology has the same footprint requirement as the full-scale rating VSC, while the
cost of power semiconductor devices and gate drivers is reduced to 53.47% [Nguy 14]. The
diode based HVDC link is further investigated by Siemens to participate in MTDC grids, as
shown in Figure 1.29. The wind power is first collected in the substations with small foot-
print at offshore. It is claimed to potentially reduce 80% topside volume, 20% transmission
losses and save as much as 30% overall cost, compared to conventional VSC transmission
technology with a centralized offshore substation [Siem 15].

HVDC transmission

00000
00000
00000
S ooes 12-pul 12-pul
-pulse -pulse
Offshore P 50 Hz
wind farm diode bridge thyristor bridge utility grid

Figure 1.27 — Point-to-Point HVDC link based on diode rectifier.

12-pulse

diode bridge
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I YY YY) transmission
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Offshore 50 Hz

wind farm — — utility grid

Figure 1.28 — Improved Point-to-Point HVDC link based on a hybrid offshore converter which
comprises a diode rectifier and a VSC.
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Figure 1.29 — DC grid topology based on diode rectifier transmission proposed by Siemens
[Flye 15].

1.5 Topologies of large wind farms

This section introduces and compares suitable solutions for large offshore wind farms.
Theoretically, the offshore wind farm can adopt the architecture of either combination of
aforementioned collection and transmission systems, but not all of those combinations are
economically or technically reasonable. For example, if the transmission system is in AC,
there is no point of using a DC collection, which causes unnecessary power conversion. Fur-
thermore, the LFAC and diode-based HVDC transmission are not considered in this section
due to their disadvantages explained in Subsection 1.4.3 and lack of sufficient studies in the
literature.

The most practical and interesting solutions for large offshore wind farms are: pure
AC collection and transmission system (Figure 1.30a), pure DC collection and transmission
system (Figure 1.30c), hybrid system (Figure 1.30b) and pure DC with series converters
solution (Figure 1.30d).

1.5.1 Solution 1: MVAC-HVAC

The first topology represents the most common offshore wind generation electrical sys-
tem so far. Such offshore wind farms use AC in both collection and transmission system, as
shown in Figure 1.30a. The transformer inside the wind turbine first increases the produced
AC voltage (typically 690 V for low power rating wind turbines and 3.3 kV for high power
rating wind turbines [Lise 11]) to MVAC (typically with voltage range of 20-30 kV) and then
the power is gathered at the hub, where a substation transformer converts the MVAC voltage
to HVAC for transmission. As mentioned in Subsection 1.4.1 this solution, because of the
use of HVAC transmission, is not a suitable choice for wind farms located more than 50-100
km from shore. Within these distances, reactive power compensation equipments are still
necessary to improve the power quality [Chen 09].
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Figure 1.30 — Wind farm topologies for long distance transmission.

1.5.2 Solution 2: MVDC-HVDC

The overall arrangement of the solution MVDC/HVDC is very similar the MVAC/HVAC
topology, except that the AC cables are replaced by DC cables, and the traditional trans-
formers are replaced by DC/DC converters. Figure 1.30b shows a MVDC/HVDC topology
using a DC/DC converter inside each wind turbine and also a DC/DC converter between the
collection system DC bus and transmission system HVDC link.

In this topology, each wind turbine can be individually controlled by its own DC/DC con-
verter. The DC voltage level in the collection system is controlled by the offshore substation.
The transmission voltage is thus controlled by the onshore converter. This topology is a rea-
sonable DC solution since the voltage levels between different stages are not very large, as
explained previously in Subsection 1.3.2.

1.5.3 Solution 3: MVAC-HVDC

Figure 1.30c shows the MVAC-HVDC topology which is another type of wind farm that
can be found in commission and in planning. The collection system is in AC which enables
the use of existing wind turbine technologies. The DC transmission is used in order to cope
with the problem related to the production of high reactive power by AC cables in long
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distance transmission.

All the offshore projects summarized in Table 1.2 [Pier 17] propose to install an offshore
converter substation to transfer AC voltage produced by the wind turbines to DC, and trans-
mit the power through submarine cables to the onshore side. On the other end, an onshore
converter transforms the power from DC to AC and injects it into the AC grid. The AC voltage
in the collection system is controlled by the offshore rectifier station and the transmission
voltage is controlled by the onshore inverter station.

1.5.4 Solution 4: Series Parallel-HVDC

As the offshore converter substation demands a large initial investment on the offshore
platform and maintenance during service, a possible solution is the series or series parallel
topology proposed in [Lund 06] (Figure 1.30d). This topology does not require an offshore
centralized substation. As mentioned in Subsection 1.3.2, this wind farm connects the output
converters of wind turbines to reach the HVDC transmission voltage level without using a
centralized conversion step. The parallel connection of several clusters increases the overall
wind farm power.

1.5.5 Comparison of solutions

Wind farms with above 4 architectures are compared in [Monj 12] regarding cables
length and weight, wind farm overall losses and energy availability. All 4 offshore wind
farms are supposed to be located at 100 km offshore, comprising 40 wind turbines of 5MW
rated power capacity. These 40 wind turbines are placed in a 7 km x 4 km offshore site. The
distance between each unit is 0.9 km. The series parallel architecture used in this compar-
ison has 2 clusters with 20 wind turbines in each cluster. Selection of different number of
clusters has very few influence on the cable costs and losses, but does has influence on the
wind farm power availability.

1.5.5.1 Cables cost

The cables used in the comparison are selected from technical aspects [ABB 06] according
to their required ratings. The result in Table 1.4 shows that HVDC transmission needs lower
amount of copper than HVAC transmission, which is reasonable since HVDC uses less number
of cables.

Solution 4 Series Parallel-HVDC has advantages regarding cable copper weight thanks to
its unique collection system. Moreover, if only the cables used in the collection system are
considered, the solution 4 needs 61 tons of cables, only one third of that used in traditional
MVAC collection systems as solutions 1 and 2.

© 2017 Tous droits réservés. lilliad.univ-lille.fr



Thése de Haibo Zhang, Lille 1, 2017
44 1.5. TOPOLOGIES OF LARGE WIND FARMS

Table 1.4 — Cable conductor weight of 4 topologies

Transmission Collection Total

Solution Type Voltage (kV) Weight (t) Type Voltage (kV) Weight Weight
1 HVAC 184 803 MVAC 33 166 969

2 HVDC +150 535 MVDC +25 116 651

3 HVDC +150 535 MVAC 33 166 701

4 HVDC +150 535 SP - 61 596

1.5.5.2 Centralized converters and platforms

The construction of the centralized power converter is expensive and difficult. For exam-
ple, it is reported in [IREN 16] that the HVDC platform deployed by the DolWin 2, designed
to connect three wind farms, has a mass about 20,000 tonnes. The cost model in [Lund 06]
indicates that only the platform for a 300 MW converter costs at least €25 million. The
Kriegers Flak offshore wind farm is the first European wind farms that interconnects two
asynchronous utility grids. The original plan of this project was to place one HVDC con-
verter offshore. However, this plan was abandoned due to under-estimation of the offshore
converter substation cost. Instead, the project placed two converters B2B in the German
coast.

The number of offshore platforms of the four wind farm topologies are listed in Table
1.5. Solutions 1-3 require both offshore and onshore stations while solution 4 takes the
advantage of eliminating the offshore platform.

1.5.5.3 System Losses

The power losses are present in all electrical components in the wind farm. The compar-
ison considers main power losses in the cables, transformers and converters. This consid-
eration is justified, because the main differences among these 4 topologies are lie in these
components. Other miscellaneous losses are similar and thus can be neglected due to their
existences in every topology.

In Figure 1.31, the transformer losses are included in the converter losses. HVDC trans-
mission has less cable losses than HVAC transmission, as expected. Thanks to the elimination
of one offshore centralized converter, solution 4 Series Parallel-HVDC leads to the lowest
converter losses and presents the lowest total losses among these four topologies.

Table 1.5 — Number of converter stations of four topologies.

Solution 1 2 3 4

Number of offshore substations 1 1 1 0
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Figure 1.31 — Power losses of 4 wind farm topologies.

1.5.5.4 Energy availability

The energy availability is one important indicator to follow the performance of a wind
farm. There are two approaches to define the wind farm availability, based on time and
energy. Availability based on time is an easy and straightforward calculation method, while
it is unable to take into account the energy produced by wind farms due to the variation of
the wind speed. Especially for solution 4 which has a totally different structure, time based
availability cannot reflect correctly the amount of energy production in this type of wind
farm. In this comparison, the energy based availability is used:

Energy transmitted

E ilability =
nergy avarabiiity Theoretical energy produced

Energy based availability is more valid to evaluate how much energy is transmitted to the
Transmission System Operator (TSO) and makes possible to evaluate the wind turbine per-
formance, whereas it requires more complex calculation. As can be seen from Table 1.6, the
availability of wind farms adopting DC collection system is lower than that of AC collection
systems. Furthermore, solution 4 exhibits the lowest availability since its series connection.
However, the availability of solution 4 highly depends on the control strategy applied. The
control strategy used in [Monj 12] supposes that wind turbines have no overvoltage capa-
bilities. On the contrary, the strategy used in [Lund 06] supposes that wind turbine have, to
some extent, overvoltage capabilities.

An illustrative example of the differences of power production by these two proposals

Table 1.6 — Availability of four topologies [Monj 12].

Solution 1 2 3 4
Availability 95% 94% 95% 82%
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is shown in Figure 1.32. The wind turbine output power and voltage are 1 pu, and the
HVDC voltage is 4 pu. In the former method, the loss of one wind turbine in cluster 1 leads
to the reduction of the HVDC voltage to 3 pu and results in 1 pu extra power reduction
in the cluster 2 as shown in Figure 1.32b. This is not necessary if the wind turbines have
overvoltage capability in some extent, as proposed in [Lund 06]. In this case, the faulted unit
only affects the units in its own cluster. As shown in Figure 1.32c, output voltages of units
in the first cluster increase to 1.33 pu while those in the second cluster remain unchanged.
As a result, the energy availability can be improved by using to a certain extent over-sized
power converters in the wind turbines.

1.5.5.5 Consideration on the reliability of Series Parallel-HVDC so-
lution

Reliability is a key factor for offshore wind farm performance. Although it is not possible
to provide an accurate index for the Series Parallel-HVDC (solution 4) since no such wind
farm has been applied yet, there are some estimations based on the experience data of the
main components acquired from existing offshore wind farms. It is shown that the majority
of failures of offshore wind farms happen on the local wind turbines units, submarine ca-
bles, offshore platform converters and circuit breakers. Only evaluating the reliability based
on the main components by using basic techniques for series and parallel systems defined
in [Alla 13], the authors of [Bahi 12] found that the reliability of DC series wind farm is
fairly high due to shorter cumulative cable length and reduction of one offshore substation.
Besides, it is reported that there were continuous accidents of the BorWinl HVDC platform
from the beginning of its service [Dirt 11], making the assumption that no offshore substa-
tion increase wind farm reliability in a more convincing way.

+ + *

+ + + + + +
lpull _—1Pu qpyf| —1pu 1pufl —1PUg75pyfl —075pPu 1pu||_—133PUu1py|| _1pu

+ + + + + +
1pu T 1pu 1pu T1lpu 1pu 1pu0.&m.75 pu Tpu|| —1-33PUgpy ~lpu

4 pu 3pu 4pu

Tpu||_—1Pu qpu|| Z1pu 1pu|l Z1PUgy5py[| Z075pu 1puf|_133puypy|| Zlpu

+ + + + + +
1pu _lpu 4 pu _1lpu 0pu||_—9Pu075pu|| —075pu Opu[|_—O0Pu 1 pu _1pu

(a) Normal operation of 8 units  (b) Fault handling method in (c) Fault handling method in
in 2 clusters. [Monj 12]. [Lund 06].

Figure 1.32 — Power production of a series-parallel offshore wind farm with different control
strategies after one wind turbine is bypassed.
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1.6 Conclusion

This chapter gives the state of art of offshore wind power systems. The most important el-
ements for constructing an offshore wind farm are introduced. The chapter aims to overview
current development of offshore wind farms and to find the potential cost reduction based
on present-today technologies.

Currently it is generally accepted that the break-even distance between HVDC and HVAC
for offshore wind farms is around 80 km. Most commissioned offshore wind farms so far
are located near the sea coast, therefore P2P HVAC transmission links are the most common
transmission method. VSC-HVDC P2P links are mostly constructed for long-distant wind
farms. The MMC converters is now dominating the HVDC transmission. LFAC and diode
based HVDC are proposed in the literature as candidates for long distance transmission,
while no clear evidence has been found for its usage in offshore market. Hence, they are not
further considered in this thesis.

After reviewing the collection and transmission systems, four offshore wind farm topolo-
gies are selected for comparison in [Monj 12]. A summary of these four potential topologies
is presented in this chapter. Finally the series parallel topology is selected as the focus of this
thesis because the following reasons:

1. The elimination of offshore centralized converter avoid the initial investment on the
offshore platform;

An higher efficiency due to less conversion stages;
Less cables used in the collection system;

All above reasons lead to higher system reliability;

A

Less expenditure on the system maintenance.

The drawback of this Series Paralle]l-HVDC architecture is mainly related to the low avail-
ability resulting from its series connection. In Part 1.5.5.5, it is mentioned that over-sizing
the wind turbine output converters can contribute to increase the availability of this archi-
tecture. It is further studied in the following chapters.
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The only true wisdom is in knowing you

know nothing.

Socrates
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2.1 Introduction

In Chapter 1, some offshore wind farm topologies are described, from which the DC
series parallel offshore wind farm architecture is selected to be studied in this thesis. The
main advantage of this topology is the low cost and the low switching losses thanks to the
elimination of the offshore centralized converter and platform [Lund 06][Monj 12].

This chapter introduces the general characteristics of the series connection of the afore-
mentioned topology. Due to wind turbulence, which may be close to 30% for adjacent tur-
bines [Bart 07], power differences in the series connection would cause certain wind turbines
to attain much higher output voltage stress than other units. This varying output voltage of
wind turbines is one of the drawbacks of series connection. Based on the description of this
characteristic the parameters of the electrical components of the wind farm are dimensioned
and fault protection solutions are proposed. Due to the variable output voltage character-
istic, the DC/DC converter used in the wind turbines should be able to have a variable in-
put/output voltage ratio. In addition, some components are not commercially available, for
example the insulation technology at high potential, while they are necessary for this partic-
ular architecture. It is assumed in this chapter that the transformer of the DC/DC converter
is capable of providing galvanic insulation in this topology.

Afterwards, the wind turbine model and control are described. Then, a simplified wind
turbine model is presented. As the focus of this chapter is on the behaviour of several wind
turbines connected in series, the onshore converter and HVDC cables are considered as an
ideal voltage source. This assumption is made because the design and operating principles
of the wind turbines in the collection system are not affected by the dynamics of the trans-
mission system. Additionally, the investigation of this topology begins with only one cluster.
The wind farm with wind turbines connected in one series cluster is named as Series Wind
Farm (SWF).

2.2 Series connection of wind turbines

This section introduces the steady state operation of a series connection of wind turbines
with DC outputs. It serves to describe the coupled operation characteristics of the SWE The
selection of the wind turbine generator, converter, and fault protection system are based on
these characteristics.

2.2.1 System Overview

Figur.1e 2.1 shows a series connection of wind turbines with DC output voltages. The
cluster has m units, WT,;, WT,, ... , WT_, and the sum of the output voltages equals the clus-
ter voltage u.;. The onshore converter controls the HVDC transmission voltage vy pc. Since
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Figure 2.1 — Series connected wind turbines with DC output voltages.

the cluster is directly connected to the transmission system, u.; equals uyy ¢ if the voltage
drops in the cables and in the smoothing reactor are negligible. The series connected wind
turbines share a common cluster current i, .. The smoothing reactor Ly, will be described
later in this chapter and the HVDC cables and the onshore converter will be introduced in
the next chapter.

The collection system includes dispersed converters in order to step up the voltage. These
converters are the DC/DC converters at the outputs of the wind turbines. Figure 2.2 shows
the general structure of the wind turbine for series connection. As wind farms are located
far away from the shore, the maintenance is time consuming and expensive. Wind turbines
with lower operation and maintenance costs are favourable. For the purpose of reducing
operation and maintenance costs, the direct-drive Permanent Magnet Synchronous Gener-
ator (PMSG) based turbine is adopted in the SWF. Step-up of the voltage from the lower
generator side to the higher cluster collection side is realized by a DC/DC converter.

zz7z777777)3
PMSG
- Generator side
rectifier . i .
— ) ln pe lHvDC
| DC .
—I Uin Cin Cout I Uout

Figure 2.2 — General structure of a wind turbine for series connection.
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2.2.2 Steady state operation of series connection

The output power and voltage of the wind turbine WT, in Figure 2.1 are denoted as
Pout,x and g, ., x € (1,2,...,m), respectively. The sum of the power is the wind farm power
production py,» and the sum of the voltage is the HVDC voltage u ¢, assuming that the
voltage drops in the cables and in the smoothing reactor are negligible.

Ugype = Z Uoyt,x 2.1)

x=1

The current of the wind farm is then the division of the wind farm power p,,» by the
voltage ;. It is identical to the output current of each wind turbine:

. pWF pout,x
lyvpe = = 2.2)
Ugype  Uout,x

Assuming that the power electronics devices in wind turbines are ideal and have infinite
voltage and current capabilities, the operation of wind turbines follows the Kirchhoff Circuit
Laws. Output voltage of the x** wind turbine is defined as:

pout,x
uout,x = uHVDC p (23)
WF

Equation (2.3) gives the theoretical output voltage of a wind turbine in a DC series off-
shore. It implies that the output voltage does not only depend on its own power p,,, ., but
also on the instant power production of the entire wind farm p,,,. As the wind may vary
quite differently across the whole wind farm, turbines are not likely to operate in the same
wind condition, output power and then the voltage will definitely change continuously.

To illustrate the steady state operation, a series cluster of 5 wind turbines of nominal

power P, .., and voltage U, of 1 pu, is considered. We take

ut,nom

P

out,nom

=1

U,

out,nom

=1

then, the HVDC voltage is 5 pu. The power production and corresponding steady state output
voltages of wind turbines are:

1 1.0 1.25
0.9 0.9 1.125
Poutx 5
Pout = 0.8 Uout = Ugvpe ™ = Z 0.8 - 1
0.7 Pwr 0.7 0.875
0.6 0.6 0.75

© 2017 Tous droits réservés. lilliad.univ-lille.fr



Thése de Haibo Zhang, Lille 1, 2017
60 2.2. SERIES CONNECTION OF WIND TURBINES

Uout,x (pu)
1.4

| 0.2 pu

0 02 04 06 08 1 1.2 igypc (pw

Figure 2.3 — Illustration of the operating points of the 5 wind turbines. Blue circles: in the
overvoltage capability; Red circles: beyond the overvoltage capability.

The operating points of units are illustrated in Figure 2.3. It is shown that wind turbines
have the same current while their output voltages are quite different. WT; has nominal
power production while its output voltage is 1.25 pu, 25% higher than nominal voltage. As
a result, the turbines are required to have in some extent overvoltage capabilities. If the
overvoltage capabilities of wind turbines are at 1.1 pu as shown in Figure 2.3, two units
WT; and WT, would operate out of the capability ranges.

2.2.3 Definition of overvoltage

For a typical variable speed wind turbine, output power is sensitive to the variation of
wind speed between the interval of the cut-in and the rated wind speed. However, at the
stage of the wind farm planning, in order to reduce the wake effect in wind farm perfor-
mance, the distance between two neighbouring wind turbines is set up to 500 to 800 m
[Acke 05]. The placement causes uneven wind speed across the wind farm, and thus dispar-
ity of wind power extraction among wind turbines.

This is not an issue in a traditional wind farm where wind turbines are connected in
parallel to a centralized converter and therefore being able to operate independently. While
this does become a problem for series parallel wind farm where units are connected in series.
Units capturing different wind power share the same current in one cluster, which results
in uneven allocation of output voltage across them. Wind speed changes with time and
location resulting in continuous imbalance of power production among units in the same
cluster. Therefore, DC series wind turbines require wide voltage variation capability.

As mentioned above, when a particular wind turbine output power is higher than the
average power production of its cluster, this unit output voltage increases. If the HVDC
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voltage is regulated to be m times the wind turbine nominal voltage U, o, this unit’s
output voltage will rise above its nominal value. In this situation, this particular unit is in
overvoltage regime.

To describe the variation of the wind turbine output voltage more precisely, the Figure 2.4
is used. Initially, the output voltage of the wind turbine x WT, is constant, the currents on
both sides of the output capacitor i,,, , and iyypc remain unchanged. An imbalance occurs
if the power generation of WT, is either lower or higher than the average power generation
in the cluster, so:

* When the power generation of a wind unit is lower than the average power generation
Pwr.ave i the cluster, this imbalance is reflected directly by the current inside the wind
turbine and that in the cluster. As shown in Figure 2.4a, a higher current from the
generator side charges the output capacitor, which consequently increases the voltage
across the wind turbine output.

* When the unit power production is lower than the average level py;,,. in the cluster,
the stored electrostatic energy is discharged to compensate the current gap, leading to
a reduction of the output voltage, as shown in Figure 2.4b.

In both cases, the steady state is again achieved when the values of the two currents
become equivalent.

As a result, the high voltage sides of the wind turbine DC/DC converters must be over-
rated in order to enable wind turbines to support this additional voltage. The maximum
voltage level that a wind turbine converter can support is its overvoltage capability Uj;.i;,

defined as:
Ulimit = (1 + a)Uout,nom (24)
where «a is the overvoltage ratio.
— iout,x iHVDC — ix,out iHVDC |
— & > > — & > >
— —
2 2 '
c o
o o
O O
O O
A - A -
~—~ ~~
- O — O
A A |
(a) pout,x <pWF,ave (b) pout,x>pWF,ave

Figure 2.4 — Power production imbalance between the wind turbine and the average value
of the cluster.
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2.3 Wind turbine generation and conversion
systems

This section describes the model and control of the DC series wind turbine, including
the mechanical part of the wind turbine, the permanent magnet synchronous generator and
the DC/DC converter. Several DC/DC converters structures are found in the literature for
DC offshore wind farm applications. But for DC series offshore wind farms, converters with
variable output voltage capability are required. The overall control of the DC series wind
turbine is presented and then, a simplified wind turbine model is proposed for simulation
purposes.

2.3.1 Power generation in the wind turbine

The wind turbine power generation is simplified into three stages in this subsection: the
blades, the shaft and the generator. Mathematical models of the mechanical and electrical
parts of the generation system are described.

2.3.1.1 Mechanical part

The mechanical part includes the torque that the wind imposes on the blades to rotate
the shaft. The aerodynamic basics of the conversion of wind energy to mechanical energy
are explained in Section 1.2.3. The relationship between the wind speed and the power
captured by the wind turbine is rewritten here:

1
P, = 5 pprcrsz3 (2.5)

Correspondingly, the torque that the blade imposes to the shaft is:

P 1
T,=—==Cpnr’v,>? (2.6)
Q, 2
The power coefficient C, is a turbine-specific non-linear function of the tip speed ratio
A and the pitch angle 8 of the blade. In order to establish the mathematical model, an

approximation of the power coefficient C,, according to [Heie 14], is:

116 _21
C,= 0.4(7 —0.4 —5)exp % +0.02A 2.7)

1

1
Ai= 1 0.035 (28)

A+0.088 p3+1
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The wind applies a torque T,, on the wind turbine shaft which links the wind turbine
blades and the generator rotor. The shaft is normally modelled as a two-mass model [ Chen 07]
[Mich 10]. In this study a one-lumped mass model, as in reference [Yin 07], is used for the
sake of simplicity. The rotational speed of the blades is equal to the rotational speed of the
generator rotor since no gearbox is used. The rotation of the rotor with permanent magnets
mounted induces an Electromotive Force (EMF) and a current in the stator windings, which
create the electromagnetic torque T,,,. The direction of this torque is opposite to the rotating
direction of the rotor:

dQ 1
— =—(T,,— T,,, — B, 2.9
dt J (W em m m) ( )

eq
where J,, is the moment of inertia of the shaft and B,, is the coefficient of viscous friction
which is set to zero in this study. Equations (2.5) to (2.9) establish the torque model of the
wind turbine shown in Figure 2.5. The mechanical system has three inputs:

1. The wind speed v,,: which is not controllable;

2. The pitch angle 3: which has a profound influence on the system efficiency. With a
pitch system, the pitch angle can be controlled and thus the torque induced by the
power extracted from the wind T,, can also be controlled;

3. The electromagnetic torque T,,,: which can be controlled if an active power rectifier
is available.

As a result, there are one uncontrollable variable and two controllable variables. The
purpose of the control system of the wind turbine mechanical system is to extract the optimal
power and assure the operation of the wind turbine within established rotational speed limits
and generator electrical power limits. These two aims are accomplished by adjusting the two
controllable variables: the electromagnetic torque T,,, and the pitch angle f3.

At low wind speed, the Maximum Power Point Tracking (MPPT) is applied by matching

the rotational speed (,, to get optimal tip-speed ratio A,,,, with the pitch angle set at its

l r |=
A

V) — %

! Ce 3,2 T ( ) 1

> chpnr Vw Jegs > Qm
Vw A

T o > P
em ® b > Fem

Figure 2.5 — Torque model of the wind turbine.
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initial optimal value, f3;,;. As the wind speed increases, the power generated by the wind
turbine also increases. Once the wind turbine reaches its nominal power, the pitch angle
increases to reduce the aerodynamic power.

In this study; it is assumed that the nominal power is reached at nominal rotational speed,
which may not apply for real industrial wind turbines. To prevent mechanical damages
to the blades, some wind turbines rotate at constant speed before reaching the nominal
power production. As the wind speed increases, the tip-speed ratio decreases and the power
efficiency decreases. However, the power production keeps increasing since it is proportional
to the cube of wind speed. This characteristics can be found in many high power rating wind
turbines [El A 04][Lecl 04].

The overall control system of the wind turbine mechanical system is shown in Figure 2.6.
The MPPT provides the electromagnetic torque reference T, ,.; based on the operational
points for maximum efficiency. An analytical expression for the maximum power is based

on the rotational speed, the maximum C, coefficient C, ., and the optimal tip-speed ratio
A

opt*

1 5 3
PTr Cp,mame

Pem,ref = A

(2.10)

3
opt

When the rotational speed reaches its nominal value, the wind turbine produces the
nominal power. If the wind speed keeps increasing, the power production is then limited by
a saturation at nominal power. However, the rotational speed 2,, will keep increasing.
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Figure 2.6 — Control system of the wind turbine mechanical part.
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Figure 2.7 — Simulation results of a 5 MW wind turbine.

In order not to avoid the damage of the wind turbine, the difference between the rota-
tional speed ©,, and the nominal rotational speed €2, ,,,, is regulated to zero by increasing
the pitch angle and decreasing the aerodynamic power efficiency.

A 5 MW wind turbine is simulated. The wind turbine rotational speed and the power
variation due to a drop of wind speed from a nominal value 11.25 m/s to 10.5 m/s is shown
in Figure 2.7. At the moment when the wind speed steps down, the power coefficient C,
and the captured wind power P, decrease immediately. According to Equation (2.9), the
difference of the captured power P, and the electromagnetic power P, slows down the
rotational speed. The new rotational speed gives a new electromagnetic power reference
Py rep to the system according to the MPPT equation (2.10). Finally these two powers are
balanced. The rotational speed decreases to 2.01 rad/s to match the reduced wind speed,
and the power coefficient comes back to the maximum value.

2.3.1.2 Permanent magnet synchronous generator

The rotation of the wind turbine shaft induces an emf and a current in the stator windings
of the PMSG, which also causes the electromagnetic torque T,,,.

A PMSG is usually modelled directly in dq synchronous reference frame [Yin 07]:

di . .

Usg —€q = Lsd dstd +Rslsd — Wl (2.11)
disq . .

Ug — €sq = quE + R,iq + Wl (2.12)
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T = 1.51,((Lsg — Lyg)isalsq + i5qA0) (2.13)
where
n, = the pole pairs of the rotor;
w, = the electrical rotational speed as w,=n,Q,,;

u,; = the d-axis generator stator output voltage;

u,, = the g-axis generator stator output voltage;

e,y = the d-axis electric potential, equals 0;

e;, = the g-axis electric potential, equals w,Aq;

A, = the flux linkage of the rotor permanent magnets;
L,; = the d-axis generator stator inductance;

L,, = the g-axis generator stator inductance;

R, = the generator stator resistance.

S

By assuming that the machine has surface mounted magnets, the inductances in dq frame
are equal, L;;=L,,=L,. The torque equation 2.13 can be then simplified to:

T, = 150, Ao = ki (2.14)

The equivalent circuit in dq is shown in Figure 2.8a and 2.8b.

The generator side rectifier is controlled to extract the maximum power from the wind.
Based on the wind turbine model described before, the control system is also in dq syn-
chronous frame. The reference of the d component of the current i.; is set to 0. The q
component iy, is then linear with respect to the torque reference given by the MPPT strategy
according to Equation (2.14).

The outputs of the current controllers are then used to provide a trade-off voltage refer-
ence for uy; and ug,. The control diagram of the generator side rectifier is shown in Figure
2.9.

€4 Ugq esq usq

(a) d-axis equivalent circuit. (b) g-axis equivalent circuit.

Figure 2.8 —- PMSG equivalent circuit in the dq synchronous frame.
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Figure 2.9 — PMSG mathematical model in the dq synchronous reference frame.

2.3.2 High power DC/DC converter

The DC/DC converter is used to step up the voltage from the generator side to the output
side of the wind turbine. The most adopted DC/DC converters in the literature are: full
bridge converter (FBC) [Eric 07], single active bridge (SAB) [De D 91], dual active bridge
converter (DAB) [Kher 92], [Zhao 14] and series resonant converter (SRC) [Stei 88].

As assumed later in Subsection 2.3.5, the insulation of the wind turbine is provided by a
transformer in the DC/DC converter. Some DC/DC converters for high power application but
without transformers, as reported in the literature [Fils 14], [Jovc 09], are not considered
in this thesis.

The transformer in the DC/DC converter operates at medium frequency (up to a few kilo-
Hertz) in order to reduce the weight and volume of the converter. The study in [Bahm 16]
states that there is no necessity to operate the transformer at high frequency since the volume
would not be reduced furthermore due to the isolation constraints.

The advantages and disadvantages of these four converters, based on the comparison
work in [Meye 07], [Max 09], [Monj 12], are listed in Table 2.1.

The choice of DC/DC transformer may differ according to the arrangement of the collec-
tion grid (presented in Section 1.3). It has been mentioned previously that it is necessary
for a DC/DC converter to have variable output voltage capability in order to operate in the
series connection. As a result, the full bridge and dual active bridge converter types are ap-
plicable to the SWF. In this section, the full bridge converter is used because of its low cost
and simplicity of control.
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Table 2.1 — Advantages and disadvantages of four types of DC/DC converters.
Advantages Disadvantages
Full Bridge Con- ¢ Fixed commutation fre- ¢ Inductor on the high-voltage
verter quency (phase shift control) side
* Variable transformation ratio Hard switch - commutation loss
Uni-directional power flow
Single Active Bridge ¢ Few passive components Fixed transformation ratio

Fixed commutation fre-
quency (phase shift control)

Hard switch - commutation loss
Uni-directional power flow

Dual Active Bridge

Bi-directional power flow,
can provide auxiliary power
to the wind turbine

Variable transformation ratio

Limited soft switch boundaries -
commutation loss
More expensive

Resonant Converter

Soft switch
No filter inductance at out-
put

Fixed transformation ratio
Lack of controllability due to
variable switching frequency

2.3.2.1 Full bridge converter

The full bridge converter is a DC/DC converter suitable for high power applications. The
circuit arrangement is shown in Figure 2.10.

The input bridge composed of 4 IGBTs on primary side creates a high frequency square
wave to the transformer side. It is not necessary to use Sinusoid Pulse Width Modulation
(SPWM) to create a sinusoid waveform, as the output is not connected to loads or grids.
This square wave is rectified by the diodes on the secondary side and filtered by an inductor.
Since low voltage side is directly connected to the DC link capacitor, the full bridge converter
is required to include an inductor on the high voltage side which is one of the drawbacks of
this type of converter.

Lin

A\
.

Figure 2.10 — DC/DC full bridge converter.
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2.3.2.2 Control methods

The duty cycle control and phase-shift methods, used to control the full bridge converter
are presented hereinafter.

1. The easier way to control the full bridge converter is to use duty cycle control. The
operation diagram is shown in Figure 2.11. Switches T; and T,, T; and T, are turned
on and off complementary. The amplitude of the duty cycle enables to adjust the time
of on-state of switches T; and T;. When T; and T, are in the on-state, the DC link
charges the transformer. Diodes Dy and Dy are forward biased and conduct current
i, to the output capacitor C,,,. u is proportional to the input voltage u;, with a
coefficient of transformer ratio N, times the duty cycle D, u;, = NDu;,. During the
second interval, T; and T, are in the on-state, the primary side of the transformer is in
short circuit through D; and T;, and the voltage on the secondary side u; is thus O.

] Uin

up, :
—Uin
3 Nllin
Use 3
Nuin§ Uout
UL e

Lout

Ips

1: 2 i3i4: 5 i6:i1: 2 {3:i4: Modeno
T,; T, iDy:T,. Dy T,:T;: T :Dy:T,: primary
Ty Dy D3iTy Ty D4y T Dy Dy Ty bridge
Ds: DsDg iDg:Dg: DsDg :Ds:Ds: DsDg :Dg:Dg: secondary
Dg: DgD; D, D, DgD; Dy Dy DgD; D; D,  bridge

Figure 2.11 — DC/DC full bridge converter with duty cycle control.
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However, the current of the inductor cannot be interrupted. Each leg of the rectifier
is in charge of half of the total current i,,,, as shown in the waveform of i,s. In the
next interval, T, and T, are switched on, which gives a negative voltage across the
primary side of the transformer. u; also becomes negative and forward biased diodes

D¢ and D,. Intervals 5 is similar to interval 2 where each diode in the secondary bridge

out»

conducts half of the current. In the continuous current mode, the duty cycle reference

is calculated as:
1 upy,

D= (2.15)

N u;,

2. Alternatively the full bridge converter can be controlled by phase-shift control. The

© 2017 Tous droits réservés.

two switching legs are then controlled individually. Every arm is turned on half of
the period. The output voltage is adjusted by shifting the second leg switch-on angle
0, and thus regulating the intervals where both T; and T; are in the on-state. The
operation diagram is plotted in Figure 2.12.

The intervals are similar to the previous PWM control. If the phase shift 6 = 0, which
implies that the two legs are in phase, u, is 0 and the output voltage is also 0. If
0 = 180 degrees, the duty cycle is equal to 1.

o

— on :

S — | T

- —
0 0
—Uin
Nuin —
Use

uLOU[
iOLlC
ips —— C o C
1:2¢ 3 ‘45 6 1028 3 ! | Mode no
Dy T DT,y T, DTy T, . | | primary
DsiDsi DsDg iDgDg: DsDg iDsiDsi DsDg = |  secondary
DgDy DgD, D,D, DgD, DgDg DgD, | | | bridge

Figure 2.12 — DC/DC full bridge converter with phase shift control.
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Then the phase shift angle can be calculated as:

180
5 = —>2 Hout (2.16)
N u;,

A dual-loop PI output voltage controller is designed as shown in Figure 2.13. The inner
loop is the current loop with a time constant of 3.5 ms. The outer voltage loop time constant
is chosen to be 10 times longer than the inner loop. There are two scenarios for this DC/DC
converter used in the series connected wind turbine. In the first scenario all the series wind
turbine have the same power variation therefore the same input current variation. In Figure
2.14, a step of 0.2 pu is illustrated, from 1.0 pu to 0.8 pu at t = 0.5s. The step change of
the current i;, produces some fluctuations in the input voltage which is, however, regulated
to its nominal value in 30 ms. Since the input and output voltage do not change before and
after the power step, the duty cycle D stays constant.

u*
PI controller —>(C )—»SC .

|

Uyt Nul-n

uy —>@—> PI controller

iin (pu)

0.49 0.5 0.5 0.51 0.51 0.52 0.52 0.53 0.53

1.1 & & & T ! & &

Uiy (pu)

0o | | | ; | | |
0.49 0.5 0.5 0.51 0.51 0.52 0.52 0.53 0.53

uxxlllll|||||||llllxxxxllll

e

0.49 0.51 0.51 0.52 0.52 0.53 0.53
Time (s)

Figure 2.14 — Behaviour of the full bridge converter response to an input power variation.
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Ugye (PU)
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Figure 2.15 — Behaviour of the Full bridge converter response to an output voltage variation.

In the second scenario the input power stays constant while the output voltage increases
due to power variation in the other wind turbines. For example, Figure 2.3 illustrates a wind
turbine with nominal power production while its output voltage increases beyond overvolt-
age limit. In such case, as can be seen in Figure 2.15, the duty cycle D increases because the
ratio between the output and input voltage vou/u,, increases.

2.3.3 Output capacitor of the DC/DC converter

In AC power system, the kinetic inertia of power generators characterizes the system
dynamics and is responsible for ensuring that the AC system does not collapse due to a sys-
tem fault [Zhu 13][Kund 94]. The rotating mass of power generators will absorb or release
kinetic energy with an inertia so that the speed of rotation does not change very fast and
thus, the frequency of AC system does not vary substantially. The same behaviour applies to
DC link capacitance in the DC power system, where the stored electrostatic energy charges
or discharges to counteract the DC link voltage variation during power mismatches. As a
consequence, similarly to the AC system, DC power system dynamics are characterized by

the capacitance of the DC link. The electrostatic constant of capacitor [Kund 94] is defined
as follows,

1 2
ECDC UDC,nom
Ho= S

nom

(2.17)
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where

Cpe = the capacitance of a DC link;

Upc nom = the nominal voltage across a DC link;

P.,n = the nominal power of a DC link station.

The sizing of output capacitor takes into account the system dynamics and the economic
aspect. The larger the output capacitor, the slower the variation of the output voltage. How-
ever, the cost for larger capacitor will also increase. So the capacitance size is a trade-off
between the voltage requirements and the capacitor cost. A typical selection of H, electro-
static constant for HVDC VSC is 30 to 40 ms (kJ/MVA) suggested in [Jaco 10]. The capacitor
of each full bridge converter C,,, can be viewed as a fraction of the HVDC capacitance. As a
result, the cumulative capacitance of m wind turbines is chosen to be between 30 to 40 ms,
based on the same value used in a typical VSC. However, a more considered selection could
be done in a future study. The output capacitor of each converter is calculated as:

. 2rnI_IcPWF,nom
out —

(2.18)

2
UHVDC,nom

For a cluster with 20 wind turbines of 5 MW rating power and a nominal HVDC voltage of
640 kV, the wind turbine output capacitor is then designed to be 293 uF for an electrostatic
constant of 30 ms.

2.3.4 DC smoothing reactor

As both ends of the system, (the wind turbine output and the onshore voltage source)
are capacitive, a reactor Lg; should be added to the system. This reactor is sized to a value
big enough to limit the gradient of current boost during critical faults such as short circuit
on the HVDC cables, as shown in Figure 2.16.

When the device detects the current in the HVDC cables increases to a pre-set safety level,
the protection system will be triggered to shut the whole system off. The size of the reactor
is designed to prevent the current from increasing to this level before the protection system
is activated. This process is illustrated in Figure 2.17.

; R L
lyvpe SR SR

Upvpe

Figure 2.16 — Cable short circuit of a series connection.
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Figure 2.18 — Smoothing reactors are separately placed into the wind turbine tower.

UHVDC,nom

(2.19)

Lep =
SR Ai
lgvpe

At

The Aiwvoc/ar value used in a £320 kV MMC project is 6.4 MA/s, so the reactor used
should be 100 mH. The big reactor is split evenly to as many parts as the number of wind
turbines and thus each part of the reactor Ly , is small enough to fit directly inside the wind
turbine tower shown in Figure 2.18.

2.3.5 Insulation technology

Since there is no an offshore converter, the collection and transmission parts of this wind
farm are coupled. In addition, the wind turbines are coupled because of the series connec-
tion. The insulation of the wind turbines becomes a critical issue for this topology, especially
for the first and last units which have as high potential as half of the HVDC voltage %uHV DC-
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Unfortunately such a high insulation technology is not yet commercially available. Although
several works propose the use of the DC/DC transformer for insulation purpose, it remains
an open challenge for the industry [Mada 13]. In this thesis, it is assumed that this problem
will be solved in the future. For now, it is assumed that the DC/DC transformer is able to
ensure the insulation capability.

2.3.6 Wind turbine unit fault and protection system

A bypass protection system against faults is mandatory in the DC series collection grid.
To prevent the failure of a single unit from triggering a cascading failure in the cluster, a DC
breaker immediately cuts off the wind turbine if any inside fault is detected. In the same
time, the output should have a short circuit path for current to flow through. There are two
bypass solutions proposed.

The first solution is to add two DC breakers at the output of the DC/DC converter,
and a connector across the output capacitor. This solution directly cuts off the entire wind
turbine from the cluster. Two medium power rated DC breakers disconnect the wind turbine
electrical parts from the series connection, and another switch closes to provide a path for
the cluster current. The scheme is shown in Figure 2.19a.

IGBT bridge

1.5 @ @ : 2 !

iy (pu)
i, (pu)

0.5 o[ 0

|
o+

.45 0.5 0.55 0.6 0.65 45 0.5 0.55 0.6 0.65

20,8 [eoveeeedeeneene b fed

204 |

20 [y

Ugye (PU)
Upypc (PW

19.6 [orovoeofHf oo

: : 19.2 rovereeei et

0 I ! { i

0.45 0.5 0.55 0.6 0.65 0.45 0.5 0.55 0.6 0.65
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(b) Behaviour of the wind turbine by using bypass solution 1.

Figure 2.19 — Wind turbine bypass solution 1: DC breakers at output of the wind turbine.
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Figure 2.19b shows the response of voltage and current due to the trigger of the protec-
tion system of one wind turbine in a wind farm with 20 units. The input current and output
voltage step directly to O after the wind turbine is cut off from the cluster. The current in
the connector i, increases from 0 to the HVDC current. However, the HVDC voltage stays

constant since it is controlled by the onshore converter.

The second solution proposes to block the IGBT bridge, turn the wind turbine into idle
mode. The diode bridge serves as the path for HVDC current as shown in Figure 2.20a. In
this case, the output capacitor C,,, is short-circuited, so that it dissipates its energy gradually
to 0. Therefore, the variation of the HVDC voltage in this solution is not significant compared
to the direct bypass scheme of the above solution.

Figure 2.20 — Wind turbine bypass solution 2: Diode bridge taken as a current path.
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2.3.7 Summary of the control system of the series con-
nected wind turbine

The combination of the maximum power control of wind turbine generator side rectifier
and the full bridge converter, used to control the wind turbine in normal operation in the
series connection is presented in Figure 2.21.

In normal operation, these two controllers are allocated with different functions. The
control of generator side rectifier is designed to realize MPPT, which produces the current
references to the current control loop. The outputs of the control loop are the voltage ref-
erences in the dq reference frame for the rectifier. The conversion from dq to abc frame
requires the measurement of the electrical rotational speed of the generator.

Finally the switching of the rectifier can be obtained by comparing the voltage reference
to the DC side voltage u;,. This DC link voltage u;, is kept constant by the DC/DC converter.
The function of this large DC link capacitor C;, is to decouple the wind turbine generator
part and the DC/DC converter part. The DC/DC converter takes the role of stepping up the
DC voltage from the low level at the generator side to the output high voltage. Note that
the control of the DC/DC converter is different from general applications, where the output
voltage is to be controlled. In normal operation of the series wind turbine, the DC/DC
converter does not control its output voltage. Instead, the output voltage is imposed by the
cluster voltage with a proportional relationship to relative share of the wind turbine power
production in the cluster power.

Generator side Lgg
rectifier . . IGBT bridge Diode bridge |, . .
lin  Ipc 1:N out Loy lgvpe
+ +
+
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Figure 2.21 — Control diagram of the entire system of an offshore wind turbine to be con-
nected in series.
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2.3.8 Wind turbine model simplification

In order to study the operating principles and characteristics of a SWF with a number
of series connected DC wind turbines, a simplified wind turbine model is necessary. Similar
to the assumptions made to develop the simplified model of parallel connected DC wind
turbines in [Robi 10], it is assumed here that the series connected wind turbine control
system operates such that:

1. The DC link voltage is maintained constant by the DC/DC converter, and thus the
generator and rectifier are decoupled from the DC/DC converter;

2. The generator side rectifier controls the wind turbine to achieve the MPPT.

Due to the inertia of the wind turbine shaft and blades, the electromagnetic power can
be regarded as the wind power passing through a first-order filter with a time constant T
[Cour 08], [Wang 12]. The dynamics of the rectifier and the DC/DC converter can be ignored
because the mechanical dynamics of large wind turbine are usually around several seconds
[Hans 08].

It is possible to further simplify this model by using an average model of the DC/DC full
bridge converter, as shown in Figure 2.22. The input captured wind power, P, is non-linear,
and depends on the wind speed, power coefficient, as discussed in Subsection 2.3.1.1. In
normal operation, the DC link voltage is controlled to be constant, and thus the variation of
the electromagnetic power is reflected by a variation of the controlled current source.

i Lout i

Py — 1+ Ts 4>

DxN

Figure 2.22 — Simplified wind turbine model for simulation study.

2.4 Operation of a series connection

In this study, 5 MW wind turbines are used because it is currently the most used power
rating in offshore wind energy markets. In each wind turbine, an individual full scale rectifier
is used to fully control the active and reactive powers of the generator.

The output voltage of generators is set to 3.3 kV. The reason for this value instead the
more typical 690 V is to avoid too high currents inside the wind generator [Mada 13].
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The nominal output voltage of the wind turbine is 32 kV. In this way, a cluster with
20 series wind turbines can establish a transmission HVDC voltage level of £320 kV. The
parameters of the DC/DC full bridge converter is shown in Table 2.2. A connection of 20
wind turbines is considered for an illustrative simulation. Figure 2.23 illustrates the variation
of the wind speed, the output power and voltage, the duty cycle of the DC/DC converter of
each wind turbine as well as the HVDC current variation.

Table 2.2 — Parameter of DC/DC converter in the series connected wind turbine

Nominal output power Py 1om 5 MW
DC link voltage Upnom 3.3 kV
Nominal output voltage U,y nom 32 KV
Transformer ratio N 15

DC link capacitor Cin 10 mH
Output capacitor Cout 293 uH
Output inductor Loue 100 mH

The output power variation of these 20 wind turbines is plotted in Figure 2.23b. These
curves show a reduction of the wind speed blowing from the last wind turbine WT,, to the
first wind turbine WT;,. For the sake of convenience, every four wind turbines are supposed
to have the same power variation. 1 pu corresponds the nominal values of a single wind
turbine, power generation or output voltage.

In Figure 2.23c the output voltages of these wind turbines evolving with their power are
shown. It can be noticed that the output voltages of WT,_, increase gradually to around 1.2
pu until 25 s, while their power remains constant at 1 pu. Due to this increase of the voltage,
the duty cycles of the DC/DC converters of WT, ,, also increase since the ratios between the
increasing output voltage and constant DC link voltage become larger. Finally, after 25 s, the
wind speed is equal for all these 20 wind turbines, the output voltages reach 1 pu. However,
it should be noticed that their power productions were reduced to 0.8 pu.

From 5 s to 25 s, there are clearly over-voltages of certain wind turbines due to imbal-
anced power productions. It has been defined in 2.2.3 that in the series connection, a certain
extend of overvoltage is necessary to keep a safe operation of the wind turbines. To accom-
plish this, the DC/DC converter should be over-sized. The transformer ratio should also be
set above its nominal value. As shown in the Table 2.2 the transformer ratio is designed to
be 15, while the ratio between nominal output voltage and DC link voltage is 32/3.3 ~ 9.7.
The diode bridge at the high voltage side of the transformer should also be able to operate
at a certain overvoltage level.

However, because the wind variation is unpredictable, this certain overvoltage level is
difficult to be assessed. Furthermore, the oversizing of the DC/DC transformer increases its
volume, which is not practical for offshore applications. Subsequently, overvoltage limitation
control should be developed.
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Figure 2.23 — Behaviour of the series connection of twenty wind turbines with infinite over-
voltage capabilities.
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2.5 Overvoltage limitation methods

The normal operation of a SWF comprising 20 units is simulated in Section 2.4 and the
bypass methods are described in Section 2.3.6. The wind turbines output DC/DC converters
are assumed to have infinite overvoltage capabilities in these two sections. Whereas the wind
speed across an offshore wind farm may not be dramatically different, it is difficult to assess a
sufficient level of overvoltage capability. It has also been considered that the fault occurring
on several units in the wind farm would immediately push up the output voltage level across
wind turbines, and could deteriorate the wind turbines’ ability to overcome imbalanced wind
speed. Therefore, it is necessary to develop overvoltage limitation methods to restraint the
output voltages of wind turbines within safe limits.

A direct overvoltage limitation method consists in controlling the wind turbine output
voltage when overvoltage occurs. The wind turbines can be designed to have certain extent
of overvoltage, as long as the output voltage increases to this limit, one of the wind turbine
converter is allocated to maintain this voltage at limitation level.

Since there are only two converters in the wind turbine, in normal control, one of the
converters is responsible for controlling the DC link voltage and the other one is responsible
for power control, which aims at extracting maximum power from the wind. In overvoltage
limitation control, one of the converters has to abandon its previous duty and shift to output
voltage control. In [Lund 06], the DC/DC converter is assigned to control the output voltage
and the generator side rectifier is assigned to control the DC link voltage. Alternatively, in
[Shi 13], the generator side rectifier is assigned to control the output voltage and the DC/DC
converter controls the DC link voltage in both normal and limitation mode. This method is
shown in Figure 2.24. However, no matter which converter is shifted to accomplish the
overvoltage limitation, the wind turbine is not able to track maximum power.

As shown in Figure 2.24, when the sensor measures the output voltage reaching the
overvoltage limitation, an output voltage controller will be triggered to regulate the wind
turbine to operate at the overvoltage limitation level. The output of the voltage limitation
controller is taken as a compensation torque to the inner current controller. The value of
this torque will always be negative and thus, the torque reference for the inner current loop
will decrease.

In both alternatives, the torque imposed by the wind is greater than the reference elec-
tromagnetic torque. As a result, the wind turbine will accelerate, but its speed is limited by
the rotational speed controller, which increases the pitch angle in order to send wind power
into the wind turbine system. Therefore, the wind turbine decelerates and the input power
decreases.

In this thesis, this kind of control is named as local control, since it focuses in the indi-
vidual wind turbine. The advantage of a local control is that the communication between
wind turbines is not necessary, which leads to an accurate and reliable control. But its dis-
advantages are the following:
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The most obvious issue is related to power losses. As explained, the wind turbine con-
verters has no the ability to track the maximum power since one converter is allocated
for controlling the output voltage. Therefore the decreased power efficiency leads to
less power extracted from the wind.

The amount of power loss is difficult to estimate, but it depends on the converters over-
voltage capability. The larger rating converter used, the higher cost of the converter,
and the less power loss caused by local control. It is also suggested in [Lund 06]
that, 35% over-sizing of each wind turbine output converter is economically accept-
able. However, this conclusion is made on fault-free scenarios. Bypassing more than
one wind turbines in one cluster, subsequent to various failures, can easily force the
sound units to withstand higher voltage, and thus the variation range is substantially
limited. Moreover, over-sizing the high voltage side of the DC/DC converter will sub-
stantially increase the volume of the High Frequency Transformer (HFT) [Bahm 16].
As a consequence, simply adopting largely over-sized converters is not a reliable and
cost-efficient method for a SWF.

In addition, local control may cause other wind turbines to operate in overvoltage

ng, Lille 1, 2017

lilliad.univ-lille.fr



Thése de Haibo Zhang, Lille 1, 2017
CHAPTER 2. SERIES DC WIND FARM BASICS 83

mode. Since the decrease of the power of one wind turbine causes the entire wind
farm power to decrease, those wind turbines operating in the margin of their overvolt-
age capabilities may enter into limitation modes, which further decreases the power
production of the whole wind farm.

2.6 Conclusion

In this chapter the wind turbine used in the SWF has been designed. The PMSG is used
for power conversion and the transformer-insulated full bridge DC/DC converter is used for
voltage step-up. Differently from conventional applications of the DC/DC converter which
controls the output voltage, in the SWF, the output voltage of the wind turbine is left uncon-
trolled. In this way the output voltage can vary according to the power production of the
wind turbine. The control system of the entire wind turbine operating in normal condition
is given.

The operation behaviour of a series connection is described. For the sake of convenience,
a simulation using simplified wind turbine models is used to validate the behaviour of this
kind of wind farm. It is important to notice that the variation of wind turbine power leads to
fluctuation of wind turbine output voltages, and thus the duty cycle of the DC/DC converter.
As a result, wind turbine output DC/DC converters should be over-sized in order to operate
in overvoltage mode.

Due to wind turbulence, which may be close to 30% for adjacent turbines [Bart 07],
power differences in the series connection would cause certain wind turbines to operate at
much higher power stress than other units. The local overvoltage limitation control strategy
is described in this chapter. The local control is reliable and requires no communication
between wind turbines but it also leads to power curtailment.

Since there are only two converters that can be used in the wind turbine, it is necessary
to expand the investigation outside the wind turbine, in order to explore other overvoltage
limitation methods. Therefore, in the next chapter, the operation of a DC SWF integrated
into a HVDC transmission system will be investigated. The influence of the HVDC cables and
onshore converters on the SWF is studied.
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Chapter 3

Series wind farm in Point-to-Point HYDC
transmission

Vous devez passer votre vie a aimer et d
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3.1 Introduction

In Chapter 2, it was presented that the wind turbines in series connection may operate
in overvoltage mode due to imbalanced power production. Although it is suggested that
the wind turbine output DC/DC converter might be designed to a have certain overvoltage
capability, it is difficult to determine how much overvoltage capability is suitable.

The issue of overvoltage limitation is crucial to the operation of a Series Wind Farm
(SWF). However, there is a paucity of literature focusing on this issue. In references [Lund 06],
[Shi 13], a local overvoltage limitation control is proposed, which uses either the output
converter or the generator side rectifier in the wind turbine to control the output voltage
when it reaches the maximum overvoltage capability. This method is reliable and requires
no communication between series connected wind turbines. However, it also causes power
curtailment since it proposes the reduction of power production of certain units in order
to re-balance the wind turbines output voltages. Moreover, the amount of power losses is
unpredictable since there is a number of elements that influence the wind speed across the
wind farm. In addition to the oversized rating of the converters, the power curtailment is
also affected by the failure rate of wind turbines.

The inconvenience of the aforementioned overvoltage limitation method makes neces-
sary the investigation outside the wind farm. As long as the power is generated in the wind
farm, it is transmitted to onshore and integrated into the power grid. Hence, the entire
studied system is composed of three parts: the offshore wind farm, the power transmis-
sion system and the grid integration. The offshore wind farm with wind turbines in series
connection has been studied in Chapter 2, the remaining two issues are investigated in this
chapter.

The previous chapter has mentioned two HVDC technologies, the Line Commutated Con-
verter (LCC) and Voltage Source Converter (VSC). This chapter focuses on VSC-based HVDC
technology and uses Multilevel Modular Converter (MMC) as onshore converter substation.
The difference between the MMC and the conventional 2-level VSC is discussed in this chap-
ter. Some assumptions are made to simplify the MMC model and an energy based arm
average model which takes into account the MMC stored energy is given. The equations
governing the physical system are analysed and a control system in dq reference frame is
developed to ensure an accurate tracking of reference signals. The control system includes
DC voltage control or active power control, AC voltage control or reactive power control.
Different from conventional 2-level VSC, an extra control loop is required to control the
stored energy in the MMC.

In a conventional MVAC-HVDC offshore wind farm, the offshore substation decouples the
transmission system and the collection system. In contrast, in SWE the collection system (a
cluster with series connected wind turbines) is directly linked to the HVDC cable and so, the
characteristics of the cable cannot be ignored by simply replacing it with a small capacitor or
pi section model. Indeed, the series wind farm and the HVDC cable form a resonant circuit
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so that the damping ability of the cable is critical when a wind turbine is bypassed.

After describing both transmission and integration systems, a global control strategy is
therefore proposed in this chapter, which regulates the HVDC transmission voltage in order
to reduce the voltage across the wind turbines at the offshore end.

The optimal voltage level needs to be calculated according to the wind farm working
conditions. Since the decrease of voltage level results in the increase of current and thus
losses in the cables, an optimal HVDC voltage level associated to the corresponding voltage
of the maximum power received at the onshore end. In addition, the local control strategy
is proposed to be complementary to the global control. Finally, the entire control system of
a Series Wind Farm (SWF) is presented and built in EMTP-RV® [Mahs 07].

3.2 Modular Multilevel Converter (MMC)

In this work, the MMC-HVDC technology is used as onshore converter. MMC is firstly
introduced in [Marq 01], and has become the most promising VSC topology so far. Its mod-
ular design, enabling the stacking of low voltage rating Sub Modules (SMs), overcomes the
limitations of conventional 2-level and 3-level VSC in many aspects, such as lower switching
losses, higher voltage ratings and lower harmonic distortion [Nami 15].

The MMC exhibits clear differences in comparison to the 2-level and 3-level VSC mainly
because the stored energy is distributed in the arms of the MMC. This particular feature of
the MMC requires an extra control loop for its internal dynamics. In this section, the MMC
Arm Average Model (AAM) is first presented and then an energy based control system is
described. A N+1 voltage level MMC topology is shown in Figure 3.1.

Each arm of this converter is composed of N SMs in series and an inductance. A detailed
circuit of the SM with the simplest half bridge topology is given in the figure. There are other
topologies proposed in the literature, like full bridge topology which comprises 4 IGBTs, and
therefore increasing the losses in the converter but being able to block HVDC current when
a short circuit occurs [Nami 15].

The total voltage of the SMs and inductances in the upper and lower arms equals the
HVDC voltage. Switching ON/OFF the IGBTs in the SM allows a selective connection and
disconnection of this fraction of SM capacitor voltage into the AC grid. If T; is turned on and
therefore T, is turned off, the SM voltage ug,,. is equal to the capacitor voltage u . This SM
is in the ON state. On the contrary, this SM is in the OFF state when the SM is short circuited
and its voltage ug,. equals 0. By adjusting the number of switched-on SMs in one phase,
the desired sinusoidal voltage at the AC terminal is achieved. For this reason, MMC usually
adopts a very high number of SMs in order to produce less harmonics on the AC side. An
illustration of the voltage waveform of a 841 level MMC is shown in Figure 3.2.
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Figure 3.2 — An illustration of the voltage waveform of a MMC with 8 SMs per arm.

This characteristic of the MMC offers many benefits over conventional VSCs, as summa-
rized below [Rohn 10]:

Modular design;

Simple voltage scaling by a series connection of cells;
Distributed location of capacitive energy storages;
High resulting switching frequency;

Simple realization of redundancy;

High front-end flexibility;

Filter-less configuration for standard machines or grid converters;

N oA =
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8. Grid connection via standard transformer or transformer-less;

9. Possibility of common DC bus configurations for multi-drive and high-power applica-
tions.

However, the high number of semiconductors and gate units is one of the drawbacks of
the MMC as it demands a more complicated gating algorithm compared to 2-level or 3-level
VSC. The voltage should be distributed evenly in each SM, adding another difficulty to the
control system.

3.2.1 Modelling of the MMC

There exist several MMC models in the literature. They are categorized into 4 types
by [Saad 15]. Figure 3.3 shows different complexities of these models which are briefly
introduced below. The type 3 is modelled in detail since it is the MMC model used in this
thesis.

3.2.1.1 The 4 types of MMC models

Type 1 is the most accurate model which contains hundreds of non-linear power switches
in one single arm. For example, a 401-level MMC comprises 4800 switches and 4800 diodes.
Such a detailed model offers many benefits like the estimation of the switching losses, the
simulation different SM topologies and the analysis of the faults inside a converter. However,
this type of model requires a high computation effort. Furthermore, Balancing Capacitor
Algorithm (BCA) is needed to be implemented, which balances the SM capacitor voltages
to maintain them within an acceptable range. Mathematical representation of this model is
impossible because of the presence of non-linear power switches.

Type 2 model firstly proposed in [Gnan 11] reduces the SMs of its precedent to ON/OFF
resistors. This method allows the derivation of a Norton equivalent circuit for each arm of
the MMC, reducing considerably the number of electrical nodes, and hence, the computation
effort. BCA needs to be implemented in this model as well.

Type 1 (one arm) Type 2 (one arm) Type 3 (six arms) Type 4

Figure 3.3 — The 4 types of MMC models with decrease in complexity from left to right.
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Type 3 model is an Average Value Model (AVM), usually called AAM, assumes that all
SM capacitor voltages are balanced by BCA. The SMs are averaged using the concept of
conversion function in one arm. Although in this model the information of the switching
states is lost, the dynamics and stored energy in each arm are retained [Anto 09]. This
model significantly reduces the computation effort compared to the two precedents. Some
works further simplify the type 3 MMC model like in [Frey 16], in which the model is reduced
to 4 independent state variables assuming that the high level control balances the upper and
lower arm voltages in normal operation.

Type 4 model is similar to a classic 2-level VSC converter, with an equivalent capacitor
directly connected to the DC terminals. Therefore the energy stored in the MMC cannot be
controlled independently. The over-simplification of this model fails to provide an accurate
representation of the MMC. As a result, it is discarded as stated in [Akka 16].

3.2.1.2 Arm Average Model of MMC

The AAM of MMC is depicted in Figure 3.4. The AAM model comprises one upper arm
and one lower arm for each phase, each being composed of an arm inductor L,,,,, an arm
resistor R,,,,, and an equivalent capacitor C,,,.

Since it is assumed that the low level control BCA is well performed, all the SM capacitor
voltages are evenly distributed, (uc, = uc, ... = u¢,), and the equivalent MMC arm capaci-
tance C,,, equals the sum of all SM capacitors Cg,/N [Sami 16a].

. igvpc  lua + lub + Luc t

1 C . J
SUHVDC
2 Larm Larm Larm
myq myy
Rarm Rarm Rarm
+ =
Larm Larm Larm
Mmyq myp
1 Rarm Rarm Rarm
SUHVDC
2
+
Uy, f— — —— Uctor,,

N i1a+‘ ’ ilb+‘ ’ ilcf

Figure 3.4 — Arm average model of MMC.
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By defining the duty cycle m = n/N with n the number of active cells in the arm, new
variables are deduced to describe the arm voltages Uy, and arm capacitor currents I

uulj = mulqutotulj lCtotulj = muljlulj (31)

where the subscripts u and [ represent the upper arm and the lower arm, and j refers to
three phases a, b, c.

The equivalent capacitor owns the physical characteristic as the current-voltage relation
(in Figure 3.5):

. duCtOtulj
letoty; = Crot dt (3.2)
Following the Kirchhoff’s law, the equations describing the MMC system are:
di dl

u Uuj
% =u, + Larmd—t] + Ropmi, + Lo (3.3)
Upype di dlgj .
— = U, + Lopm—— I +Rarm —L, I —Rgig, — v, (3.4)

The addition and subtraction of equations (3.3) and (3.4) yield a decoupled system de-
scribed by the following set of equations [Anto 09]:

di
u dif f;
H;Dc_udiffj:l'arm dt J+Rarmldlff (3.5)
Larm dig Rarm
ty, vy, = (L + =57 )=+ (R + =57 )i, (3.6)
dl
= L +Rogi (3.7)

where Uy, Laify, and ug;, f, are new variables oriented to perform the change of variables:

u, tu, L, + 1, Uy — Uy, . . 3.8
Waifr; = = 5 > Mif, T T 5 o Wy T T o g Ty Th (3.8)

In the MMC phases, the differential currents iy, 5, are composed of DC components and
harmonic components [Tu 11b]. In normal operation, the sum of the three DC components
Lgif gee equals the HVDC current iy pc, Which defines the power transmitted from the DC to
the AC side.

1
CtorS

Lctot,; — — Uctot,;

Figure 3.5 — Block diagram of the equivalent capacitor voltage model.
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The AC components iy ¢ac, also called circulating currents, circulate inside the MMC and
J
do not participate in the power transmission [Sami 16b].

In steady state, the sum of the three phases AC components is null. However, they are
related to the arm capacitor voltage fluctuations and allow balancing between the upper and
lower arm voltage [Dela 13][Berg 13]. The differential current model is shown in Figure 3.6.

Equation (3.7) can be rewritten in dq reference frame, in which the three phase currents
i ; are transformed to two independent currents i, and igq:

g
—v, =1L ﬁﬂa i, —w,L,. i (3.9)
Uy, = Vg = Lieg dt eqlgy — Wy eqlgq :
digq . )
U, — Vg =L I T Rqlg, T oLyl (3.10)

Figure 3.7 illustrates the grid currents model in both abc and dq reference frame.

Up to this point, the MMC is characterized by 11 independent state variables: six equiv-
alent capacitor voltages defined in Equation (3.2) and five currents, including three arm
currents in Equation (3.5) and two phase currents in Equations (3.9) and (3.10). Equations
(3.5) and (3.7) decouple the MMC model into two imaginary parts: a DC part and an AC
part. They characterize the dynamics of the AC and DC side variables of the MMC, respec-
tively. Furthermore, Equation (3.5) states a unique feature of MMC that, the DC currents in
MMC arms are fully controllable, contrary to the non-controllability of the DC currents in

traditional VSCs.
1 idiffjdc
udiffjd” % Larms + Rarm -

1
sUgvDC

Figure 3.6 — Block diagram of the differential current model.
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(a) In abc reference frame. (b) In dq reference frame.

Figure 3.7 — Block diagram of the grid current model.
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The entire model of MMC in abc reference frame is shown in Figure 3.8.

It is necessary to consider the main difference between MMC and conventional VSC from
the point of view of the power arrangement between DC and AC sides. The big capacitor
attached to the DC side of the traditional 2-level or 3-level VSC acts like an energy exchange
relay. At steady state, the energy is sent from offshore to the capacitor and the same amount
of energy is dissipated from the capacitor to the converter. The VSC is an interface which
exchanges power but stores no energy inside the converter. At steady state, neglecting the
power losses in the converter, the instantaneous active power on the AC side is equal to the
instantaneous power at DC side of the VSC (the PLL is designed to align the d-axis voltage):

3 .
Ppc —Pac =0

However, the MMC can be perceived as a reservoir. It has the same functions to exchange
power between DC and AC side, and in addition, it stores part of the energy in the arms
capacitors. The MMC allocates the power into three parts: DC part, AC part and inside the

converter, as shown in Figure 3.9.

The amount of energy stored in the converter is related to the capacitor voltages in the

arms. The stored energy per phase sz can be expressed as:

2 2
dVVJ.Z _ 1C (duCtotuj + duCtotU)
de 2 ™\ (gt dt

(3.11)

Uctot,

1 , | 1
e,
mu) umuj T 1 uvj ¢ j 1 lgj luj va lCtot[,) 1
—p| X > - - > X
. - =z Legs +Reg 11 CrotS
2 2 2 2
11 1 11 1
ml»__> Uy, 2 2] |uy, dc@_> L, s+R e ode G Cio:S
j m; dif f Tl arm arm | Laif e U, =3 lcror, [ “tot
T sUnvDC

Figure 3.8 — Block diagram of the MMC model in abc frame.
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Figure 3.9 — The distribution of energy in the MMC conversion system.
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Defining:
u%totuj + u%totlj —
=y, (3.12)
then yields:
deE =C % (3.13)
dt ' dt '

The amount of stored energy is the difference between the instantaneous power at DC
side and AC side:

% 2
dW] duCtOtj

Ppc; ~Pac; = 4 = Crot T (3.14)

The block diagram of the MMC energy model per-phase is shown in Figure 3.10. All
these three parts of energy can be controlled by reversing the model, which is discussed in
the next subsection.

3.2.2 Control of MMC

The control system of the MMC can be categorized into two levels, as depicted in Figure
3.11, the high level control (or global control) and the low level control (or SM control). Low
level control is in charge of two targets. The first target is to select and activate the correct
combination of SMs to achieve the arm voltages references given by the high level control.
This can be achieved with different techniques such as Phase-Disposition PWM (PD-PWM)
[Saee 10], Phase-Shift PWM (PS-PWM) [Li 15] or Nearest Level Control (NLC) [Tu 11b].

Veg Veq AC part model

o b
—_— > -3
— O T, Kl g IR
uCrotuJ
Uy, | labe Weleq [
o o
m,. U, 1

Qq

Y

J X uj 1 1 _ _
—x L 5 | x 3/2 > P
. 3 3 u,, Q LegS + R, i {;IX ¢ &
1 1 ! 1/3
-z Vv
—|x &d
mli umb 2 2 . P, 2
| 1 Laif fie Y g 1 Uctot,
> X > —>
udl-ffjdc ©_> LarmS +Rarm _>|:l Pdcj . > Cmts
ucmtl, 1/2 }
[
Upvpe DC part model Energy model

Figure 3.10 — Block diagram of the MMC energy model in dq reference frame.
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Modular Multilevel Converter
Y

MMC physical system ||| || Gate control signals

MMC control system

Low level control |
Measures Arm voltages
references u;,

L

High level control |

Figure 3.11 — Control hierarchy of a Modular Multilevel Converter.

The second task is to balance the capacitor voltages which is accomplished by the Bal-
ancing Capacitor Algorithm (BCA) [Tu 11a]. Since in this thesis, the selected MMC model is
the type 3 model, in which the switching status is not presented, the low level control is out
of the scope of this work.

High level control is very similar to a 2-level VSC, however the difference resides in its
inexplicit capacitor compared to a big explicit DC link capacitor in a 2-level VSC. This level
aims at calculating the voltage references for upper and lower arms. This control level is
composed of the inner current loops and the outer loops which can be chosen from active
and reactive powers control, DC and AC voltages control and stored energy control.

3.2.2.1 Energy control arrangement of the MMC

The energy model of the MMC is expressed in Equation 3.14 and depicted in Figure 3.10.
It can be noticed that the energy system has two inputs: the DC power and the AC power.
The MMC energy can be controlled by taking either these two powers as a disturbance input.

Figure 3.12 describes the control block diagram by considering the AC power as distur-
bance.

Pg]_
PDC' 1
i J o 2
ldlffj e C > Uctor,
totS J
T Ugvpc
UgvDC
| ey g
DC; — KUgzype
ng

Figure 3.12 — Control diagram of the MMC energy model.
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Therefore, the output of the energy controller compensated by the AC power is the ref-
erence for the DC power.

The control of the total stored energy in the converter can be achieved by a PI controller.
However, selecting different energy references can enable or disable the participation of the
internal energy of the converter into the DC bus [Sami 16b]. If the reference is set to a
constant value, then the internal energy is decoupled with the DC bus. If the reference is
associated to the square of the DC bus voltage sz = kuIZ{VDC, then the stored energy of the
MMC is shared with the DC bus.

3.2.2.2 Control system of the AC part

The dynamics of the imaginary AC part of the MMC are described by Equation (3.7) and
the model of the AC part of the MMC in dq frame is shown in Figure 3.7b.

Thanks to the decoupling of d-axis and g-axis currents, the structure of the MMC AC
part model is identical to the model of the conventional VSCs. Therefore, two outer voltage
loop controllers should be implemented in order to give two references for the inner current
control loops.

Referring to the four types of classical controls of the VSC [Raul 14]:

* The d-axis current reference can be either given by an active power controller which
regulates the active power exchange between the converter and the AC grid, or by an
DC voltage controller which regulates the HVDC voltage;

* The g-axis current reference can be either given by a reactive power controller which
regulates the reactive power exchange between the MMC and the AC grid, or by an
AC voltage controller which regulates the AC voltage.

The grid current components i,, and igq can be controlled by classical PI controllers in
the dq reference frame.

3.2.2.3 Control system of the DC part

The imaginary DC part of the MMC does not exist in the conventional VSC. The dynamics
of the DC part are characterized by Equation (3.5) and can be controlled by regulating the
differential current iy gpe via a PI controller. The reference of this inner control loop is
generated by the energy control loop, whose aim is to control the internal energy stored in
the MMC, as discussed before.

The overall control loops of the MMC are depicted in Figure 3.13.
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Figure 3.13 — MMC control diagram with its inner and outer loop control.
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Table 3.1 - MMC arm average model parameters and control loops response time [Grus 15]

Parameter Notation Value
Arm resistor Rurm 1.02 Q
Arm inductor Lyim 50 mH
Grid resistor R, 50 mQ2
Grid inductor L, 60 mH
Arm equivalent capacitor Crot 25 uF
PLL 2 ms
Grid current loop response time 5 ms
Differential current loop response time 10 ms
HVDC voltage loop response time 100 ms
Stored energy loop response time 100 ms

3.2.3 Simulation of MMC

The MMC arm average model and control are implemented in EMTP-RV. The parameters
for a 1000 MVA rating MMC and its control loops response time are listed in Table 3.1.

Figure 3.14 shows the behaviour of the MMC response to variations in the AC side active
and reactive powers references.

The active power increases from 0 to 300 MW during the interval 0.1 - 0.2 s. Then it is
reversed at 0.5 s and finally set to 0 at 1.1 s. The reactive power increases from 0 to 180
MVA with a slope between 0.3 and 0.4 s, and set to 0 at 0.9 s, as seen in Figure 3.14a. The
DC side voltage is kept at 640 kV throughout this simulation as depicted in Figure 3.14b.

The HVDC current variation is plotted in Figure 3.14c. This figure shows that, as a voltage
source converter, the MMC can reverse its power flow by reversing its current, unlike current
source converter which is required to inverse its voltage polarity.

The differential currents of the MMC are depicted in Figure 3.14d. It can be noticed that
there is a small oscillation on these currents, but the value of the DC components equals
one-third of the HVDC current.

Finally the stored energy (in per unit) per phase is shown in Figure 3.14. With the
power variation in the AC side, the stored energy oscillates while the average value remains
constant because the reference of energy in the arm is set to be the square of the DC bus
voltage. The DC bus voltage is fixed at 640 kV.
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Figure 3.14 — Simulation results of a MMC with variation on the AC side.
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The MMC responses to the variation in the DC side voltage are shown in Figure 3.15. In
this case, active and reactive power references are both set at 0, meaning that there is no
power exchange between AC and DC sides, as seen in Figure 3.15a. The HVDC voltage is
reduced from 640 kV to 608 kV (0.95 pu) at 0.3 s. Since the MMC stored energy reference
is set to the square of the DC bus voltage, the stored energy in each phase decreases to
0.95% = 0.9025 pu as shown in Figure 3.15e. The response time of the energy control is 100
ms. The energy flowing out of the MMC to the DC side, results in a negative HVDC current
response at 0.3 s. When the system re-balances around 0.8 s, the current returns to 0, as

depicted in Figure 3.15c.
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3.3 Cable models

The cable models can be categorized into two groups: distributed parameter models and
lumped-parameter models. The distributed parameter models such as the wideband cable
model [Morc 99] provide an accurate representation of the complex, frequency-dependent
behaviour of power lines and cables. It is usually assumed as a reference for the perfor-
mances of alternative lumped-parameter models. Despite its accuracy, it cannot be mod-
elled in small signal representation, therefore the analysis of complex power systems is not
possible.

In most studies focused on the offshore wind farms or the power converters, the way
of interaction of these two systems, the HVDC cable, is usually represented by a lumped-
parameter model, such as RC, pi-section or cascade of pi-sections [Wang 12][Chau 11].

In one hand, these models can be effectively converted into state space representation,
while in another hand, the frequency-dependent effects of the HVDC cable are neglected
[Mart 82].

3.3.1 Resonant circuit SPWF-HVDC

An important fact that results from the studied offshore wind farm with series connected
wind turbines is the formation of a resonance circuit. Consequently, an accurate cable model
should be adopted to represent the transient characteristic of the HVDC transmission system.

Figure 3.16 shows the resonant system of the studied wind farm. Since the HVDC trans-
mission cable exhibits a capacitive effect, a smoothing reactor as a reactive compensation
should be placed between the wind turbines and the MMC.

WTZ —_ Cout,Z
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Figure 3.16 — Simplified resonant system of the series wind turbines, the transmission cables
and the onshore converter station.
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For the sake of clarity, the offshore wind turbines are considered as current sources, and
the onshore converter is represented by a voltage source, which is assumed to be perfectly
controlled. The uncontrolled elements: the wind turbine output capacitors, DC smoothing
reactors and the HVDC cables constitute a RLC resonance circuit.

When a sudden variation of the system variables takes place at either side of the HVDC
cable, the circuit oscillates at its resonance frequency. This implies that the cable model
should reflect the cable characteristics at both low frequency (DC) and high frequency (res-
onance frequency). This requirement justifies the use of the Wideband cable model in this
thesis.

3.3.2 Wideband model reference in EMTP-RV library

The Wideband cable model is an Universal Line Model (ULM) that can be used for model-
ing of underground power cables as well as overhead power lines. In the EMTP-RV® library,
there is a Wideband cable model design based on a Cross-Linked Polyethylene (XPLE) in-
sulation cable which operates at nominal voltage of £320kV with a transmissible power of
1000 MW.

The geometrical and electrical data of this model are shown in Figure 3.17. The used data
of the conductors are obtained from [Wach 14]. These data are filled in an EMTP routine
which generates the wideband cable model.

3.3.3 HVDC cable models

This section compares four different kinds of cable models: the RC model, representing
the DC cable capacitance and resistance (in Figure 3.18), the most common used pi-section
model (in Figure 3.19), the Wideband model (in Figure 3.20) with distributed parameters,
which is available in the EMTP-RV library, and the coupled pi-section model (in Figure 3.21).
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Figure 3.17 — Undersea cable layout and dimensions [Akka 16].
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Figure 3.18 — RC model.
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Figure 3.21 — Coupled pi-section model.

This last one proposed in [Raul 14], takes into account the coupling effect of the cable core
and screen represented by a mutual inductance M. The mutual inductance allows a current
to flow through the screen with a significant high resistance, therefore a better damping

effect is expected.

In order to fairly compare the impedance of these four models, all the parameters inl-
cuding the conductor resistance R, the conductor inductance L., the conductor capacitance
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C,, the screen resistance R,, the screen inductance L, and the mutual inductance between
the conductor and the screen M, of the RC model, pi-section model and coupled pi-section
model are extracted from the Wideband model matrix at 1 mHz, given by an EMTP-RV rou-
tine. At this frequency, the system operation can be seen as an equivalent DC. The EMTP-RV
uses a current source with 1 A at the input of the system and calculates the impedance at
each frequency. In order to obtain the self-impedances of the cables, the cable pairs are
short circuited at one end and the current source injects the current at the other end, as
illustrates Figure 3.22. Figure 3.23 shows the frequency scan from 0.01 Hz to 100 kHz of the
impedances of four 100 km cables using the mentioned four cable models.

It can be seen that at very low frequency, these four cable models are identical since
the parameters of the lumped parameter cables match the Wideband model at 1 mHz, while

1A

Figure 3.22 — The system for calculating the cables self-impedances.
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Figure 3.23 — Comparison of the cable impedances of the RC model, classical pi-section
model, Coupled pi-section model and the Wideband model.
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none of the three lamped cable models can represent the Wideband model at medium and
high frequency.

The classical pi-section model has a peak impedance at 100 Hz which is not present in the
Wideband and coupled pi-section models. The three lamped models act as low pass filters
since their impedances decrease dramatically as the frequency increases above 10 kHz, while
the Wideband model converges to a constant magnitude as observed in Figure 3.23.

To have a more precise consideration of the different HVDC cable models in the wind
farm impedances, a frequency scan of the system, in Figure 3.24, is carried on in EMTP-RV.
The zoom-in from 10 Hz to 250 Hz of the system impedances cen be seen in Figure 3.25.
It can be noticed that the classical pi-section model presents a substantial difference when
compared to the Wideband model.
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Figure 3.25 — Comparison of the impedances of the wind farms using the RC model,
classical pi-section model, Coupled pi-section model and the Wideband model.
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When the Wideband model has the lowest magnitude at about 53 (2, the pi-section model
impedance rises to a very high level above 10kQ. The sags in the curves indicate their
systems resonance frequencies since their impedances decrease to the minimum magnitudes.
It is shown that the coupled pi-section model is smooth throughout all this range and its
lowest magnitude is higher than the magnitude of the Wideband model. This indicates that
the use of the coupled pi-section model in a SWE may lead to higher damping and less
resonance effects than the use of the Wideband model. On the contrary, the RC model has
less damping effect compared to Windeband model at its resonance frequency.

The above impedance comparisons demonstrate that lamped parameter cable models can
represent the Wideband model at low frequency range, since their parameters are chosen
to match the behaviour of the Wideband model at 1 mHz. However, in the SWE the cable
model must be able to represent the cable characteristics not only in DC when the system
operates at steady state, but also in higher frequency range when the system inputs have
strong variations and the system oscillates at resonance frequency.

Figure 3.26 shows the response of a wind farm with 20 series wind turbines, controlled
by onshore MMC response to a reduction in the HVDC voltage of 0.05 pu.

As analysed above, the pi-section has a significant difference from the Wideband model.
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Figure 3.26 — The SWF response to a reduction in the HVDC voltage of 0.05 pu. a) HVDC
voltage (Wideband, Coupled pi-section, RC), b) HVDC voltage (PI), ¢) HVDC current (Wide-
band, Coupled pi-section, RC), d) HVDC current (PI).
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From Figure 3.26c, it can be seen that the HVDC current of the wind farm using the coupled
pi-section model has much better damping than the Wideband and RC models. The reso-
nance frequency of the system with RC model is slightly lower than the Wideband model,
which matches the previous analysis.

In conclusion, to correctly represent the HVDC cable behaviour, the Wideband model is
used in this thesis from now, (unless otherwise stated).

As mentioned, the SWF forms a resonant circuit with the uncontrolled elements: the
wind turbine output capacitors, smoothing reactors and the HVDC cables. Therefore, the
resonance frequency is also influenced by the selection of the wind turbine output capacitors
and the HVDC smoothing reactor.

Figure 3.27 shows the impedances of the SWFs with different wind turbine output ca-
pacitors. The resonance frequency increases as the wind turbine output capacitor decreases,
with a slight increase of the oscillation frequency. However, when HVDC voltage is reduced
to 0.95 pu as shown Figure 3.28, the oscillation with smaller capacitance is damped out in
a shorter time which is beneficial.

More importantly, smaller output capacitance contributes to lower current overshoot.
The output capacitance is related to the system electrostatic constant H, as mentioned in
Chapter 2. Despite the fact that in some applications, such as in the AC power grid, bigger
H. is preferable since it increases the system inertia. In the SWE a larger H, leads to a higher
current oscillation amplitude and thus the cables should carry higher overcurrent when the
HVDC voltage is stepped down.
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Figure 3.27 — The variation of resonant frequency of the wind farm using Wideband model
with different values of H,.
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Figure 3.28 — SWF using Wideband model with different H factor response to a reduction in
the HVDC voltage to 0.95 pu.

3.4 Global control strategy

The MMC and the HVDC cables presented in the last two sections are required for the
achievement of the aim of controlling the HVDC voltage across the series wind farm.

In Chapter 2, a fast local overvoltage control strategy was presented, in which requires
no communication between units is needed but undesired power curtailment is expected.
This section presents a global control strategy, which ensures the voltage across each wind
turbine staying within its overvoltage capability via the HVDC voltage level adjustment. Its
principles, as well as its advantages and drawbacks are presented in this section.

3.4.1 Re-examination of the wind turbine output voltage

It has been given in Chapter 2 that the output voltage of a wind turbine in steady state
is calculated as:

_ pout,x
uout,x - uHVDC p
WF

This equation indicates that the x wind turbine WT, decreases its output voltage in three
conditions:

* The power production p,,, , of WT, remains unchanged and the whole wind farm
power production py, increases;
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* The decrease of the wind turbine WT, power production p,,, ,, and moreover, because
of the power production of WT, is included in the wind farm power production, the
decrease rate of this unit must be greater than the decrease rate of the wind farm:

Apout,x > APWF

pout,x pWF

* The power production of WT, and the wind farm remain unchanged while the HVDC
voltage level decreases.

The power production of the wind farm depends on the wind speed while at the same
time it is uncontrollable. If all the wind turbines are initially controlled to operate at Max-
imum Power Point Tracking (MPPT), increasing power production by means of the control
systems is impossible. In addition, the wind turbines that are required to increase power
production are not the ones that are at overvoltage. Therefore, even if the wind farm could
increase its power production via control systems, the communication between the units
would be indispensable.

The second option is adopted in the local overvoltage control described in Section 2.5,
in which the wind turbine individual power production is reduced. This control system only
operates inside the individual wind turbine unit, so that it is fast and reliable and does not
require no communication between the units. This method has the disadvantage of power
curtailment. Besides, the decrease of the power production of the unit WT, will cause the
decrease of the whole wind farm power production py,r, which in turn could make operate
others wind turbines in overvoltage mode.

The last option implicates the reduction of the HVDC voltage level, which concerns only
the control of the onshore converter, while the wind turbines operation remains unchanged.
The communication would be indispensable but in the interest of no power curtailment in
the wind farm. Therefore, this option is the focus of this section.

3.4.2 Basics of global control strategy

The proposed overvoltage limitation control strategy aims to extract maximum power
from the wind while ensuring the operation of each wind turbine within overvoltage capa-
bility limits. The control strategy divides the wind farm operation into two operating modes:
normal mode and overvoltage limitation mode. In normal mode, the MMC maintains a con-
stant HVDC voltage. The reference of the HVDC voltage uj,, . equals the sum of wind
turbines nominal output voltages U, ,om:

ur MUyt nom- (3.15)

In normal operation, the wind turbines output voltages vary under their overvoltage
capability limit Uj;,,;,. When the output voltage of any wind turbine reaches its overvolt-
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age limitation level, the onshore converter enters into voltage limitation mode. The HVDC
voltage is regulated to a level that can ensure the output voltage of the wind turbine for
maximum power production in the wind farm, under the overvoltage limit:

_ bwr (3.16)

u
max(pout)

* —
HVDC — Ulimit
where

Pous = Output power production array of units WT, in the SWE x € (1,2,...,m);
Pwr = Output power production of the SWE

The control diagram of the global control and corresponding control of the MMC are
depicted in Figure 3.29. To illustrate the control strategy, an example of a series wind farm
of 5 wind turbines is analysed. Output power and voltage conditions are given in Equation
(3.17) and operating points with and whit no global control are illustrated in Figure 3.30.

It is assumed that in nominal operation the power of an individual unitis 1 pu, u,,, ,=poyc =1
pu and the overvoltage limitation level Uj;,,;, is 1.1 pu. The HVDC link voltage of a DC SWF
of 5 wind turbines is therefore 5 pu.

Row
1 0.80 1.21 1.10
2 | 0.70 1.06 0.96
s | 0.65 99 |Eacie) .
Pout = Uoye = 0.99 — > Uy = 0.89 (317)
4 | 0.60 0.91 0.83
s \0.55 0.83 0.76
Sum 3.3 5 4.54
SWF MMC
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0000
00000
0000
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‘@ 0 ul;‘{ WjZ control }ﬁq igdq control mz;
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Figure 3.29 — Overall control of the series parallel offshore wind farm.
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Figure 3.30 — Illustration of the operating points of a wind farm with 5 wind turbines.

If the proposed control strategy is not applied, it can be noticed that the voltage level of
the unit WT; is forced to 1.21 pu, which exceeds significantly the overvoltage limit (1.1 pu).
The global control strategy regulates the HVDC voltage according to (3.16), so the HVDC
voltage should be reduced to

3.3
W= U pom—E— =11 x 2= = 4.54pu
max(pout) 0.8

Subsequent to the reduction of the HVDC voltage, the operation of the unit WT; is
bounded to its overvoltage capability of 1.1 pu. This is described in Equation (3.17). The
voltages of other units are affected as well, but their power production remains unchanged.
It can also be observed that the HVDC current increases from 0.66 pu to 0.73 pu. The effect
of increased current will be discussed in Section 3.4.5.

3.4.3 Global control strategy with bypass protection

In case of failure of any wind turbine a bypass protection is used to remove the faulted
unit from the series connection, so its operation is not interrupted. Bypass methods have
already been discussed in Section 2.3.6, either using the diode bridge as the bypass path or
using a switch to cut off the faulty wind turbine and short circuit it.

The operation of the global control strategy can ignore the dynamics of the bypass system.
This is justified because for other wind turbines in series, the elements that influence their
output voltages are the power production of the wind farm, the HVDC voltage and their
own power generation. The bypassed faulty unit can be seen as a wind turbine with zero
power production and therefore its output voltage equals 0. The wind farm is reduced to a
series connection with (m — k) units, where k is the number of bypassed units. In this case,
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the remaining wind turbines are all exposed to overvoltage if the HVDC voltage is kept at
mU, ¢ nom- Even if all the rest of wind turbines produce their nominal power, their output
voltages clamped to —U,,, .,m- With this voltage as a base voltage, there is a very little
margin left for the voltage variation of wind turbines. It is then proposed to reduce the base

HVDC voltage to:
m—k
UyvDC,base = —Uout,nom' (3.18)

The wind farm then operates as a wind farm with (m — k) units. The global control of
the onshore converter obeys the strategy proposed in Subsection 3.4.2 with normal control
and overvoltage limitation control based on the reduced HVDC voltage.

3.4.4 Communication between the offshore wind farm
and the onshore converter

The wind speed variation in the wind farm is unpredictable, and consequently the output
voltage variation is also unpredictable. In order to ensure the operation of each wind turbine
under its overvoltage capability, it is necessary for the onshore converter to acquire the power
production of every wind turbine, so as to calculate the suitable HVDC voltage level.

The information of the wind turbines power production is collected and transmitted to
onshore via the fibre optics cable embedded in the HVDC cables, shown in Figure 3.31
[Euro 15]. The fibre optics cable can be used for several purposes [Worz 09]:

1. Data transmission;

2. Measurement of cable strain or vibrations;
3. Fault detection and location;

4. Distributed measurement of temperature;

5. Detection of changes in the cable route, e.g. changes in sediment cover over the cable.

The fibre optics cable transfers data at light speed the glass, whose propagation velocity
is extremely fast around 200,000 km/s. Nevertheless, the communication delay or latency
is in the order of several dozens of milliseconds. In distributed systems such as protective
relay systems, the time delay of communication is usually less than 10 ms. In larger power
systems such as in the Bonneville Power Administration system, the latency of fibre optics
digital communication has been reported as approximately 38 ms for one way [Wu 04].

The latency is caused by the fact that the electric devices do not have inherent commu-
nication capabilities and thus they have to rely on embedded computer systems to serve as
communication interfaces. The embedded communication interface is depicted in Figure
3.32.
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Figure 3.31 — Fibre optics cable Figure 3.32 — Processing time spent in an intelli-
embedded between two HVDC gent electronic device [Wang 11].
cables [Euro 15].

The analogue message generated from the electric devices is first converted to digital
representations so that they can be processed by the CPU. The current measurement data is
stored in the set-point storage system and formatted by the network protocol stack before
being sent to the communication network, such as the fibre. There are several latencies
during the whole process, as following [Wang 11]:

1.

© 2017 Tous droits réservés.

Data acquisition delay: The measurements are acquired periodically from the electric
devices. The delay occurs between two measurements and the time required to convert
the analogue signal into digital representation. For example, the measurement of the
wind turbines output voltage, and the conversion from their original analogue formats
into the digital representations.

. Packet processing delay: The digital data have to be sent following specific network

protocols. To do this, these data are transmitted in the form of packets [Stah 08]. A
packet is typically composed of three parts:

* a header which indicates the packet length, destination address, packet type;
* a payload where the data are carried;

* a trailer which informs the receiving device of the end of a packet.

Each step in the processing induces delays.

. Packet transmission delay. The packets from different devices are sent to each inter-

mediate node on the path. The packets are received and checked at these relay nodes
before being sent to the ultimate receiver. In the SWF, the data from wind turbines are
sent one by one to the adjacent wind turbine relay. Assuming that the data is trans-
mitted from WT,_, —...— WT, — WT, each relay node has to await the data before it,
check the data exactness, receive the whole data, and then re-composite a new packet.
Finally a packet containing the information of the whole wind farm is formed and sent
to the onshore converter. The described process is shown in Figure 3.33.
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Figure 3.33 — Packet transmission path in the SWF: WT_, —...— WT, — WT,; — the onshore
converter.

4. Event responding delay. This is related to the time delay that the actuator takes to
decide what response to make according to the events. For example, in the SWE the
computer needs to read the power production of each wind turbine and then calcu-
late the HVDC voltage level that enables all the wind turbines to operate under their
overvoltage capability.

3.4.5 Limitations of global control

It is important to note some limitations in the use of the global control strategy:

1. Capacitive cables: The HVDC cables have a capacitive characteristic. It would take
some time for the offshore side voltage to be regulated to a safe value. In this situation,
some wind turbines would have to operate at a higher voltage than their capability at
the instant in which the onshore converter reduces the onshore side HVDC voltage.

2. HVDC voltage reduction limit: In order to prevent the diode bridge from forward
biased and thus lose the full control of the MMC, the DC bus voltage uy, - should
always be greater than the peak value of the AC side phase to phase voltage, as

Uy pe > V6V, (3.19)

where V, is the rms value of the phase-to-neutral grid voltage.
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3. Current saturation in other clusters. In this chapter we have proven that in SWF there
is no overcurrent possibility caused by the global control. However, in a series parallel
offshore wind farm investigated in Section 4.2, the global control could lead to over-
current in some clusters. If the global control reduces the HVDC voltage when any
wind turbine in a specific cluster reaches the overvoltage limitation,while the power
production of the other clusters could be higher than this specific cluster. In this case,
overcurrent happens.

The above problems of the global control indicate that the local overvoltage limitation
controllers have to be installed in the wind turbines for a fast and reliable control of the wind
turbine output voltage.

Therefore, the two kinds of overvoltage limitation controls play different roles:

* The local overvoltage limitation control is active during the communication delay and
the regulation delay. Furthermore, it serves as a back-up control to limit the output
voltages of wind turbines during communication interruptions. Since the local con-
trol induces power curtailment, it is not selected as the primary option for voltage
limitation.

* The global control serves to limit the wind turbines output voltages without power
curtailment by reducing the HVDC voltage. It is selected as the primary option for
voltage limitation.

The process of controlling the series wind farm by these two methods is illustrated in
Figure 3.34. The local control is activated when the wind turbine output voltage is greater
than its overvoltage capability.

Wind farm
Reduce HVDC voltage
WT, WT, | e WT,,
y Y Global control
Measurement Measurement Measurement
yes ]
A Y
Data storage Data storage Data storage Eeenn e
8 g 8 delay
=]
8]
l l : l
3
kst
2
a,
g
3
yes yes a yes
g
Local control Local control E Local control

Figure 3.34 — Arrangement of global and local controls of the SWE
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By using the technique described in Section 2.5, the local controller generates a torque
compensation to the electrical generator in order to reduce the power generation.

When the local control is activated, the measurement data are stored in the set points
storage system and transmitted to the onshore converter by means of packets. The onshore
converter receives the data and calculates the corresponding HVDC voltage level for the SWE
When the HVDC voltage is reduced, the local control operates. As noticed, these two control
methods function complementarily to enhance the system reliability.

3.4.6 Break-even voltage of the global control strategy

The suggested overvoltage limitation method is established to reduce the HVDC link volt-
age, which definitely increases the HVDC cable losses. The cable losses should be weighted
to take account of the power curtailment induced by the local limitation control. In order to
calculate the cable losses, the size of the HVDC cables has first to be determined.

3.4.6.1 Cable sizing & possibility of overcurrent by using global
control

In one series connection, since the overvoltage resulting from the wind variation only
occurs when not all the wind turbines are producing nominal power, the reduction of the
HVDC voltage will not cause overcurrent in the cables. Supposing that the wind turbine
nominal voltage and power are both 1 pu. When some wind turbines reach overvoltage
limitation, the HVDC voltage should be reduced to i, that enables max({i,,,) to stay at

Ulimit: ( )
A max pout 7N
max(loy) = ———— Upype
Pwr
Pwr _ max(pout) _ max(pout) _ max(pout) _i‘
A - I - - — "HVDC
Upvpce maX(uout) Ulimit 1+a
where
G,,, = Wind turbines output voltage array, adjusted according to the overvoltage limitation
strategy;
Pour = Wind turbines output power production array;

Uy pec = HVDC voltage, adjusted according to the overvoltage limitation strategy;

lyvpe = HVDC current, adjusted according to the overvoltage limitation strategy;

Ujimiv = Wind turbine overvoltage limitation, Uy, =(14+a) U,y nom (KV) = (1+a) (pu);
a = Qvervoltage ratio.

Since max(p,,.) < 1, hence:

<

lgypc = <1

1+a

Consequently, in the Series Wind Farm (SWF), the global control will not cause over-
current, thus cables over-rating is not necessary. The cable sizing can refer to the nominal
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voltage and current level listed in [ABB 06].

3.4.6.2 Break-even voltage

The control of the SWF by both local and global overvoltage limitation control methods
has been proposed. The local limitation control restraints the wind turbine output voltage by
reducing the power production. The global control reduces HVDC voltage, while increases
HVDC current. Although the current will not exceed the nominal level in the SWF in any
case, the cable losses are increased in consequence. This entails the determination of the
optimal HVDC voltage level iy pc o, from which the maximum amount of power from
offshore can be transmitted to the onshore converter.

* On one hand, considering the wind turbines protected only by local control strategy
without global control:(suppose that the wind farm is operated at nominal HVDC volt-
age Uyypc nom)» it causes the maximum wind turbine power curtailment with the min-
imum cable losses.

* On the other hand, considering the wind turbines protected by the global control, with
the local control only activated to protect the wind turbine during the communication
delay of the global control: as long as the global control reduces the HVDC voltage to
Upyvpe gerr @ccording to Equation (3.16), the local control is totally operational. This
situation causes the maximum cable losses and the minimum wind turbine power cur-
tailment.

As a result, the optimal voltage level iy pc . is @ trade-off value, which enables the
maximum power received at onshore side. The value of dyypc,, should remain in the
range:

Upvpc,ope € [uHVDC,gctl’ UHVDC,nom]

where

Upypeope = Optimal HVDC voltage level;
Ugyvpe gt = HVDC voltage level adjusted according to the global control strategy;
Unvpc.nom = Nominal HVDC voltage.

In order to find this optimal voltage level, the HVDC voltage is gradually decreased,
and then the instant wind farm power production p,,, is calculated (note that this power
production is reduced due to local limitation control) as well as the cables power losses
Deanie- At each voltage level, the subtraction of the cables power losses from the wind farm
power production gives the amount of power received at onshore p, . .ived:

ﬁreceived = ﬁWF _pcable (320)

Assuming that at an instant there is no overvoltage limitation control applied, the HVDC
voltage level is dlyy e (SUyype nom), While the power production of the m wind turbines in
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the series wind farm is not reduced:

T
pout:(pout,l pout,2 pout,l pout,m—l pout,m)

With these amounts of power generation, there are [ wind turbines in which their output
voltage increases to the overvoltage limitation. Therefore, the local control has to reduce
their power production. It can be assumed that these [ units are WT,, WT,,..., WT,. The
local controllers of the remaining (m—1) units are not activated, so they produce their initial
power. Consequently, the power production of the m units under local control are denoted

as:
A A A A A A T
pout:(pout,l pout,2 pout,l pout,m—l pout,m)
where
pout,l+1:pout,l+1’ (EE3) pout,m—lzpout,m—ls pout,m:pout,m
and

pout,l < pout,l’ pout,2 < pout,Z: sy pout,l < pout,l

Since the local controllers reduce the power production of WT;, WT,,..., WT; for the pur-
pose of maintaining their output voltages at Uj;,,;,, their power production can be calculated

as.
m m
Ulimit Z pout,x Ulimit(pout,Z +pout,3 + ... +pout,l—1 +pout,l + Z pout,x)
A _ x=1 A _ x=I[+1
pout,l - N == pout,l - A U
Upvpe Upvpe — Yiimit
m m
Ulimit Z pout,x Ulimit(pout,l +pout,3 +... +pout,l—1 +pout,l + Z pout,x)
A _ x=1 A _ x=I+1
pout,Z - N = pout,Z - A U
Upype Upvpe — Yiimit
m m
Ulimit 2 pout,x Ulimit(pout,l +pout,2 +pout,3 +... +pout,l—1 + Z pout,x)
A _ x=1 A _ x=l+1
pout,l - ~ == pout,l - ~ U
Upvpe Upvpe — Yiimit
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then yields:
m
Z pout,x
p Ulimlt A Ulimlt A _ x=l+1
out,1 A out,2 — A out,l ~
Unvpe = Ulimir Upvpe — Ulimie Upvpe = Ulimir
m
Z ﬁout,x
. Ulimlt A A _ Ulimit A _ x=I+1
~ U out,1 +pout,2 A U out,l = A U
Uyypc limit Uyypc limit Ugypc limit
m
Z pout,x
Ulimlt N Ulimlt N A _ x=Il+1
N U out,1 ~ U pout,Z_"'+pout,l - U
Ugype limit HVDC limit Ugypce limit

Writing the above equations in the form of matrix, yields:

APoye1o =B (3.21)
where
[ 1l —a -+ —a
—a 1 -+ —a U,
A= with a = Limit

0 —a o

b L (3.22)
(b Z pout,x
B=|.| withb=—""1——
. Upvpe Ullmlt
\ b
n N . . T
Pout,1~1 = (pout,l Pout2 pout,l)
Then the reduced power of WT;, WT,,..., WT; can be obtained:
Pout 1~ =A'B (3.23)

As long as the power production of each wind turbine is obtained, the entire wind farm
power production py,r and the increased HVDC current are:

ﬁWF = Zpout,x (324)
x=1
fvpe = LW (3.25)
HVDC
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The power losses of the cables are given by

N 2 2 pl
Pcable = nclflvpcRc = nClI%IVDC S - (326)
c

P = Pao(1+K(T —20)) (3.27)

where

n, = Number of cables;

p = Cable conductor resistivity (2 m);

P20 = Conductor resistivity at 20 °C, which equals 1.68 x 1078 Qm;

K = Temperature coefficient of resistivity, which equals 0.0038 for copper;
T = Working temperature, which is considered at 90 °C;

[. = Cable conductor length (m);

S. = Cable conductor section (m?).

The cable conductor resistivity varies linearly with the temperature.

The subtraction of the power losses in the cables of Equation (3.25) from the power
generated in the wind farm of Equation (3.24) is the power received at onshore side.

3.5 Simulation of the global overvoltage limi-
tation control

3.5.1 Case study

To illustrate the above method consisting in finding the optimal HVDC voltage, a wind
farm of 20 units of 5 MW is used. The nominal wind turbine output voltage is U, ,o, =32 KV
and the overvoltage ratio a=0.1.

The 20 units generate their instant power production, (in per unit) as:

Pow=(1.0 1.0 1.0 1.0 09 0.9 0.9 0.9 085 0.85

0.85 0.85 08 0.8 0.8 0.8 0.75 0.75 0.75 0.75)

Pwr = 17'2pout,nom =86 MW

The output voltage of units 1-4, WT,_, increases beyond the overvoltage limitation if no
control is applied. At nominal HVDC voltage Ugy pc nom=mMUyyc nom» the local control reduces
the power production of WT,_, to maitain their output voltages equal to Uj;,,;;-
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According to Equation 3.23, the reduced power matrix of the SWF, (in per unit), is:

Powe = (0.93 0.93 0.93 0.93 0.9 0.9 09 0.9 0.85 0.85
0.85 0.85 0.8 0.8 0.8 0.8 0.75 0.75 0.75 0.75)'

ﬁWF = 16'923P0ut,n0m = 84615 MW

The HVDC current is:

Pwr  _ 84.615MW
UHVDC,nom 640 kv

lvpe = =132.2A

The cable used for the transmission is rated at 100 MW, the cable section S,,;;, is chosen
to be 85 mm? [ABB 06], and the transmission length is 100 km. Therefore, the Joule losses
of the cables are:

N 2 pl
Deabte = 212 pe S < =0.875MW

c
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According to Equation (3.20), the power received at onshore at nominal HVDC voltage
is:
Dreceived = Pwr — Peaple = 84.615—0.875 = 83.74 MW

By decreasing the HVDC voltage gradually and calculating the received power at every
voltage level, the variation of the received power with the HVDC voltage is plotted in Figure
3.35. As expected, the cable losses increase as the HVDC voltage decreases.

The maximum received power at 605.44 kV equals 85 MW. Note that this voltage equals
the dyypc ,.n Where the local control is fully operational. This indicates that in this specific
case, in the whole range [ty pc gcr1> Unvpe nom)> the reduction of voltage offers higher power
generated from the wind farm than the power losses in the cables. Further reduction of
the HVDC voltage increases the cable losses while all wind turbines operate at MPPT, and
therefore the overall power received at onshore side diminishes.
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Figure 3.35 — Received power at onshore varies with the HVDC voltage level.
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3.5.2 Simulation results

A series connection of 20 wind turbines with the global control strategy has been imple-
mented and evaluated in EMTP-RV [Mahs 07].

For the sake of clarity, the per unit system is used differently for the wind turbine indi-
vidual and for the HVDC system. For wind turbine, the nominal power and output voltage
are 5MW and 32kV, and they are considered as 1 pu. The nominal voltage for the MMC is
640KkV and this is taken as 1 pu for the HVDC system. The overvoltage ratio is a=0.1. The
HVDC cable used in the simulation is a 100 km WideBand cable model.

The power production variation of the SWF is plotted in Figure 3.36a. The same power
variation used in the case study in Subsection 3.5.1 is adopted in this simulation in order
to verify the obtained results. During the interval from 1 to 3s, all the 20 wind turbines
have nominal power production at 5 MW. In the next 2s, the power of the wind turbines
decreased as follows: to 0.9 pu for units 5-8 WT g, to 0.85 pu for units 9-12 WT, 45, to 0.8 pu
for units 13-16 WT;5 ;4 and to 0.75pu for units 17-20 WT;,,,. Units 1-4 WT,_, produce
nominal power.

All units operate under their overvoltage capabilities until 4.6 s, as the power production
imbalance increases, and WT,_, reach their maximal overvoltage capabilities.

In order to show the different behaviour of the local limitation control and the global
limitation control, only the local limitation control is activated before 8s and the global
limitation is applied from 8s to 10s.

From 4.6s to 8s, the local limitation controllers in WT,_, reduce their power produc-
tion to 4.65 MW, as seen in Figure 3.36a, equivalent to 0.93 pu as the result obtained in
Subsection 3.5.1. Figure 3.36b shows that in this time interval, local limitation controllers
regulate the output voltages of WT, , at 1.1 pu. The power received at onshore converter is
—83.7 MW. The negative sign indicates that the power is transmitted from the HVDC system
to the AC grid.

From 8s, the global limitation control is activated. The HVDC voltage is reduced to the
optimal HVDC voltage {yypc o, =605.44 KV as calculated in Subsection 3.5.1. The power
production of WT,, are restored to their nominal value since the local control is activated
owing to the reduction of HVDC voltage. As observed in Figure 3.36e, the received power
at onshore steps up to —85 MW.

The results of the simulation follow the analysis in the previous case study. However, the
optimal HVDC voltage should be calculated for different power production matrix, which
requires power data from the wind farm for real time calculation. Consequently, it should
be emphasized again that the communication and calculation of the HVDC voltage level are
indispensable.
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Figure 3.36 — The simulation results of the SWF with local and global overvoltage limitation
methods.
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3.6 Conclusion

In this chapter the HVDC cables models are described and compared to the Universal Line
Model (ULM) - Wideband model. It is shown that the RC model, the pi-section model and the
coupled pi-section model can only represent the cable characteristics in limited frequency
ranges. In this thesis, the Wideband model, taken directly from the EMTP-RV library, is used
since the SWF requires a precise cable model at low DC frequency as well as at resonant
frequency. The resonant behaviour is due to the fact that the uncontrolled elements, the wind
turbine output capacitors, DC smoothing reactors and the HVDC cables, form a resonant
circuit in the transmission system.

The onshore MMC model is developed in this chapter and the energy based control is
described. After both transmission and integration systems are explained, a global control
strategy is proposed, with the purpose of regulating the HVDC transmission voltage in order
to reduce the voltage across the wind turbines at the offshore end. The optimal voltage
level needs to be calculated depending on the wind farm working conditions. Since the
decrease of voltage level results in the increase of current and thus the losses in the cables, an
optimal HVDC voltage level associated to the corresponding voltage that leads to maximum
power received at onshore end. In addition, the local control strategy is proposed to be
complementary to the global control. Finally, the entire control system of a series wind farm
is presented.
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Chapter 4

Series parallel wind farm in MTDC sys-

tems

What matters in life is not what happens to
you but what you remember and how you

remember it.

Gabriel Garcia Marquez

Contents

4.1 Introduction . . . ... ... .ttt ittt 135
4.2 Series Parallel WindFarm ................ ..., 135
4.2.1 Scalingofthe SPWF . . . . . .. .. . ...t 136
4.2.2 Parallel connectionof clusters . . . .. ................... 136
4.3 SPWF operatingin MTDC systems . . . .. ... ..ot vi i en.. 138
4.3.1 SPWF in a MTDC system with master-slave control . . . . . ... ... 139
4.3.1.1 Characteristics of the MTDC system with master slave control140
4.3.1.2 Overview of the control strategy . . .............. 141

4.3.1.3 Case study and simulation results of a hybrid three-terminal
MTDC SYSteIM . . .« v v v v e e e e e e e e e e e e e e e e e 142
4.3.1.4 Operating points of the three-terminal MTDC system . . . . 146
4.3.2 SPWF in a MTDC system with droopcontrol . . .. ........... 146
4.3.2.1 Characteristics of the MTDC system with droop control .. 147
4.3.2.2 Overview of the control strategy . ............... 149

4.3.2.3 Case study and simulation results of a hybrid four-terminal
MTDCsystem . . . . . . .o ittt e e e e e e 150
4.3.2.4 Operating points of the four-terminal MTDC system . ... 152
44 Conclusion . ... .. .. ... . e 153

133

© 2017 Tous droits réservés.

lilliad.univ-lille.fr



Thése de Haibo Zhang, Lille 1, 2017

© 2017 Tous droits réservés. lilliad.univ-lille.fr



Thése de Haibo Zhang, Lille 1, 2017
CHAPTER 4. SERIES PARALLEL WIND FARM IN MTDC SYSTEMS 135

4.1 Introduction

Currently, most of the HVDC transmissions have point-to-point schemes, and only a few
Multi-Terminal HVDC (MTDC) projects exist worldwide. Two projects exist, using Line Com-
mutated Converter (LCC) based MTDC technology. The first one is the SACOI project used
for the exchange of electrical energy between the Italian mainland, Corsica and Sardinia
[Bill 89]. The other one is the multi-terminal system connecting Quebec and New England
in the North America [Mori 93]. With LCC technology, the reversal of power flow is not
easy since it requires complex mechanical switchgear operations to reverse the power flow
direction [Rao 15].

In comparison, Voltage Source Converter (VSC)-HVDC can change the direction of power
flow without reversing the polarity of the transmission voltage, which makes it more suitable
for MTDC than LCC-HVDC. The world’s first three-terminal VSC based MTDC system is the
Nan’ao project in Guangdong China [Rao 15], followed by the world’s first five-terminal
MTDC project put into service in 2014 in Zhoushan China [Li 15].

After the design of series connected wind turbines in Chapter 2 and the integration of
series offshore wind farm into a point-to-point HVDC transmission system in Chapter 3, this
chapter aims at integrating the series offshore wind farm into MTDC systems.

The first part of this chapter is dedicated to extend the structure of a series wind farm
with only one cluster into several clusters, named as Series Parallel Wind Farm (SPWF) in
[Lund 06]. Parallel connection of several clusters permits a more reliable topology than one
single cluster since the fault in one cluster does not affect the operation of wind turbines in
other clusters.

The SPWF is controlled with the strategy introduced in a point-to-point HVDC link in
Chapter 3. Usually in a point-to-point VSC HVDC link, the converter at one terminal controls
the DC voltage, and the one at the other terminal controls the active/reactive power into the
AC grid. When it comes to VSC-based MTDC systems, which contain three or more terminals,
the function of each converter needs to be distinguished.

MTDC system with different combinations of grid side MMCs, SPWFs and conventional
wind farms using MVAC collection system, are discussed in this chapter. For each configura-
tion, the MTDC control methods are selected and the global control strategy is verified with
simulations by using EMTP-RV.

4.2 Series Parallel Wind Farm

This section introduces the Series Parallel Wind Farm (SPWF) which is a combination of
several parallel connected Series Wind Farm (SWF). The configuration of the SPWF is first
discussed and then the design of a 300 MW SPWF is explained.
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4.2.1 Scaling of the SPWF

To decide the number of wind turbines to be connected in a series connection to establish
the HVDC transmission voltage, there are two main factors to be considered.

On the one hand, as the series system fails when any one component fails, the failure
rate for the series system is therefore equal to the sum of the failure rates of its components
[Alla 13]. As a result, the fewer the units in one cluster the higher the reliability. Further-
more, with the same HVDC voltage, a lower number of units also leads to a higher voltage
level used in the wind turbine, and therefore lower copper losses in the wind turbine elec-
trical system.

On the other hand, the step-up ratio of the DC/DC converter should be designed by taking
into account the volume of the transformer. A lower number of units means higher output
voltage across each unit. However, with today’s commercial available medium-voltage wind
turbine conversion technologies, the low voltage side of the transformer can only reach 3.3
to 4 kV [Lise 11]. A very high transformation ratio implies the need for a large transformer
in the wind turbine, using a large fraction of the available space, which is not practical for
offshore applications.

In Chapter 3, to establish a £320 kV point-to-point HVDC system, 20 wind turbines of 5
MW power rating and a 32 kV nominal output voltage are connected in series. The power
rating of this wind farm equals 100 MW. In order to increase the wind farm power rating,
several clusters can be connected in parallel [Lund 06].

4.2.2 Parallel connection of clusters

There are two ways to interconnect clusters in the collection system of the Series Parallel
Wind Farm (SPWF). These two methods are illustrated in a mxn SPWE shown in Figure 4.1.
The first one is to connect one cluster to its adjacent cluster as shown in Figure 4.1a. Cables
connection of the positive ends of the clusters are from 1* — 2* — ... - n" then to the hub
end h*, and same for the negative ends 1~ — 2~ — 3~ — ... — h™. In this case, the sizes
of cables are different. Cable between 1™ and 2* transmits the power of one cluster, while
the cable between n* to the hub h* transmits the power of the entire wind farm. Another
way for interconnection is shown in Figure 4.1b. All the clusters are connected to the hub
directly: 1* — h*, 2" —> h* ... and n* — h™. In this case the cables have the same size.

These two ways of interconnection correspond to different architectures for the entire
wind farm system. The first collection system corresponds to a radial-type or string-type
system as shown in Figure 4.2a. The second collection system corresponds to a star-type
system shown in Figure 4.2b. The radial system uses less interconnection cables length
while the star system is more reliable [Quin 07]. For this reason, in this thesis we adopt the
second SPWF layout, the star-type system.
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(a) Interconnection of adjacent clusters (b) Interconnection of clusters and the cable hub

Figure 4.1 — Two ways of inter-array connection of SPWE

— l O

(a) Radial system (b) Star system

Figure 4.2 — Layouts of a SPWF-HVDC system using different ways of inter-array connection
of wind farm collection system. Rectangle: onshore converter, Circle: a cluster of wind
turbines.

A complete type 20x3 SPWF is plotted in Figure 4.3. The notations used for the SPWF
are distinguished from the series wind farm by adding an extra index y to the subscript
which refers to its cluster.

With a further look at the SPWF type, the three wind turbine clusters are assembled into
a simple MTDC system. The three clusters deliver power to the grid side converter then to
the AC grid. The onshore converter maintains the HVDC voltage. Assuming that the voltage
drops along the DC cables and smoothing reactors can be neglected, all clusters share a
common HVDC voltage:

20

20 20
Ugype = z :uout,x,l = z :uout,x,Z = z :uout,x,B' (41)
x=1 x=1

= x=1
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Figure 4.3 — Wind turbine arrangement of the Series Parallel offshore wind farm.

The HVDC current is equal to the sum of three cluster currents:

3

lyvpc = E :lCL,y =lcritleraticrs
y=1

4.2)

4.3 SPWF operating in MTDC systems

After the analysis of the operation of a series wind farm in a point-to-point HVDC system,
and extending the wind farm from one cluster to multi-cluster, in this section, the Series
Parallel Wind Farm (SPWF) operation in hybrid Multi-Terminal HVDC (MTDC) systems is
discussed.

MTDC system is not only more flexible and reliable than point-to-point HVDC from
the technical point of view [Jian 98][Gomi 11b][Raul 14], but it is also less expensive and
utilises effectively the existing assets [Zhu 10]. For example, a newly-built wind farm can
be connected to an existing point-to-point HVDC system for transmitting power to the grid
as long as the cumulative power is within the designed ratings of the converter and power
cables. As an alternative, an existing offshore wind farm can be used to supply a part of its
power to a newly-built offshore oil and gas platform, and the remainder to the grid. In this
way, the three-terminal MTDC avoids an extra investment to point-to-point power transmis-
sion from onshore grid to the oil and gas platform.
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Although various control strategies for MTDC system have been discussed in the litera-
ture [Lian 11] [Jove 09][Raul 14][Naka 99][Hail 08], they basically stem from two control
philosophies: endowing the HVDC voltage control on one centralized converter or on a
number of converters.

The former one is the idea of the master-slave control method with only one "master"
converter responsible for controlling the HVDC voltage. This method was presented for the
integration of multiple VSC-based offshore wind farms in [Jovc 09]. The main issue of the
master-slave control is that the AC system connected to the master converter is required
to provide alone all the balancing power to the MTDC system and the outage of this master
converter would bring down the entire system. The second option, which is called the voltage
droop control, distributes the DC voltage control over a number of converters. Multiple
converters can participate into the DC voltage control by adapting their power according to
their droop characteristics. The DC voltage droop control method and its dynamic behaviour
are explained in [Raul 14].

Based on the two principles mentioned above, various other control methods are de-
rived in order to take into account abnormal situations, such as outage of one converter.
In [Naka 99], a voltage margin control based on master-slave control is used to control a
VSC-based MTDC system. A hybrid method with the voltage droop method in addition to
the voltage margin control is presented in [Hail 08] for a four-terminal offshore DC system.

4.3.1 SPWF in a MTDC system with master-slave con-
trol

A ring type MTDC system illustrated in Figure 4.4 is composed of one onshore converter
and two offshore wind farms including one SPWE This type of MTDC system can only use
the master-slave method since only one onshore converter (GSMMC) is available to control
the HVDC voltage. The function of the offshore MVAC wind farm converter (OSMMC) as a
HVDC voltage regulator is not considered, since in a MTDC system the individual wind farm
power rating is relatively small and is not capable of performing regulation of the HVDC
voltage [Zhu 10].

One extra power cable (link,;) is used to connect these two offshore wind farms to form
a ring topology. The advantage of the ring topology is that in case of faults on link,, or
link;; the power can be transmitted via this extra power cable. This enables a more reliable
operation. Consequently, the cables of link;, and link;; should be sized at the sum of the
power of these two wind farms.

In the following analysis of the MTDC systems, the power flowing into the MTDC cables
network is defined as positive, and the power flowing out is defined as negative. For the
terminals, transferring AC power into the MTDC system means that they are operating as
rectifiers. On the contrary, transferring DC power into the AC grid indicates that they are
operating as inverters. Therefore, it can be seen that the presented system in Figure 4.4 is a
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Figure 4.4 — A 3-terminal MTDC system for transferring power from one MVAC wind farm
and one SPWF to one onshore grid connected MMC.

double-input-single-output MTDC system.

In this MTDC system which has only one onshore converter, the master-slave control is
therefore the only solution for controlling the system. However, the master-slave control
can also be applied to systems with multiple onshore converters by using one converter as
the HVDC voltage regulator and the others regulating their power. In any case, only one
converter is selected as the "Master" for the MTDC system.

4.3.1.1 Characteristics of the MTDC system with master slave con-
trol

A voltage source converter can operate in both inverter and rectifier modes. However, in
the normal operation of the MTDC system shown in Figure 4.4, the onshore VSC is always
in inverter mode, transferring power generated from the offshore side to the onshore grid
side, as illustrated in Figure 4.5.

u A u A
Upyp
| ° VvDC +
—Prrax ‘ Prox
INV REC INV REC
P . P

Onshore converter Offshore wind farm
Figure 4.5 — p —u characteristic of a Figure 4.6 — p—u characteristic of an
grid side VSC acting as master con- offshore wind farm.

troller.
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From this figure, the operating point of the VSC only moves left or right if the global
control strategy is not applied. In this way, the VSC acts as a slack bus as long as its active
power does not reach its limits [ Dier 12]. It compensates for the variation of power injected
to the MTDC system by moving its operating point along this slack bus. Once its operating
point reaches its maximum limit, the HVDC voltage of the MTDC system increases as the
amount of the injected power is greater than the power the inverter can absorb. From then,

the voltage source inverter is not able to regulate the HVDC voltage to the reference uj,, ..

A MVAC offshore wind farm is treated as a wind farm rectifier which is responsible for
injecting the generated wind power into the MTDC system [Gomi 11a]. In the literature
[Lian 09], the wind farm rectifier is separated into 3 operating modes:

1. Normal mode: All generated power from the wind farm is injected into the MTDC
system via the offshore VSC. In this case the wind farm can be modelled as a controlled
current source.

2. Voltage droop mode: During an onshore AC grid fault or the loss of a grid connected
inverter, the generated wind power is higher than the amount of power that can be
exported to the AC grid, so the HVDC voltage increases. As a result, the wind farm has
to reduce its power production by using a droop characteristic.

3. Current limit mode: The wind farm rectifier enters into this mode due to the thermal
limits of the offshore VSC.

In this thesis, the MVAC wind farm is considered ideally to operate under normal mode,
in which the offshore VSC exports all the wind farm power into the MTDC grid. As a result,
the p — u characteristic of the MVAC wind farm is illustrated in Figure 4.6 as a black dot
denoting its power production. Its voltage is imposed by the onshore converter.

In the same way, the SPWF is also considered as a wind farm rectifier operating in nor-
mal mode. Therefore, the SPWF has the same p —u characteristic illustrated in Figure 4.6.
However, this rectifier is different from the aforementioned MVAC wind farm rectifier in two
aspects: First, the power of MVAC wind farm is injected into the MTDC grid through the
offshore VSC, while the SPWF power is exported into the grid through the wind turbine out-
put DC/DC converter directly. Therefore, each wind turbine can be regarded as a controlled
current source. Second, the operation of each wind turbine in overvoltage limitation mode
should not be neglected.

4.3.1.2 Overview of the control strategy

The overall control strategy of this three-terminal MTDC system is shown in Figure 4.7.
The master-slave control endows the onshore MMC as the master controller, which regulates
the voltage of the system. The offshore converter is treated as "slave" which injects power
to the MTDC system. Moreover, the participation of the SPWF in the MTDC system requires
extra controls for the safe operation of the wind farm. For this reason, the global control
strategy is adopted, which takes the information of the power production of the wind farm
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Figure 4.7 — Overview of the control system of the three-terminal MTDC.

and calculates the best HVDC voltage for the whole network. This optimal HVDC voltage is
sent to the master-slave control system to set a new operating point. In addition, the local
control strategy complements the global control strategy to protect the SPWE

The overall control strategy must achieve the following targets:

Maintain the MTDC transmission voltage.
Maintain the MVAC voltage of the conventional wind farm collection grid.

Keep the output voltage of each SP wind turbine under its overvoltage limitation level.

> o=

Maximize the power transmitted to the onshore grid.

Target 1 is accomplished by the onshore converter GSMMC operating at DC voltage mode.
Target 2 is met by the offshore converter OSMMC operating at AC voltage mode. The global
and the local control strategy are dedicated to accomplish the Targets 3 and 4.

4.3.1.3 Case study and simulation results of a hybrid three-terminal
MTDC system

The three-terminal MTDC system shown in Figure 4.4 is sized as follows. The onshore
MMC is rated at 650 MW. One 300 MW offshore wind farm (MVACWF) using MVAC collec-
tion system and located 80 km away from the shore is already connected to the grid through a
point-to-point HVDC. Considering that a newly-built 20x3 SPWF rated at 300 MW is planned
to be connected to the grid through the same onshore converter. The wind turbines nominal
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power and voltage are 5 MW and 32 kV, respectively. The extra power cable interconnecting
two offshore wind farms is 60 km long. The converter stations at onshore and offshore are
MMC with a nominal HVDC voltage of £ 320 kV. Converters operating points are reported
in Table 4.1 and shown in Figure 4.8.

In this case study, the "master" onshore MMC regulates the HVDC voltage with a time
constant of 100 ms with the energy based control discussed in Chapter 3. At 2 s, the power
of the "slave" MVAC wind farm decreases from nominal 300 MW to 270 MW as shown Figure
4.9a. Moreover, Figure 4.9b shows the maximum wind power that can be extracted by the
SP wind turbines.

Assuming that the units in the cluster 2 and 3 are at nominal power production, (5 MW),
during all the simulation. The wind speed varies along the units during 3 s to 5 s in the cluster
1. Therefore, the output voltage of WT, ,; are pushed beyond their overvoltage limitation
1.1 pu if no overvoltage limitation strategy is applied. In order to see the difference between
local control strategy and the global control strategy, in the simulation, the local control is
first activated, which restrains the increase of output voltage by means of power curtailment.
The global control strategy is activated at 8 s and the results are presented below.

Figure 4.10 shows the simulation results of the three-terminal MTDC system operating
in aforementioned conditions and with master-slave control applied.

Figure 4.8 — Configuration and ratings of a three-terminal MTDC system.

Table 4.1 — Parameter of converters in the three-terminal MTDC system

Converter Nominal voltage (kV) Nominal power (MW)

GSMMC + 320 650
OSMMC + 320 300
SPWF + 320 300
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Figure 4.9 — Two offshore wind farm power variations.

The system is in steady state from 1 s and both wind farms are operating at nominal
power production. The onshore MMC exports all generated power from the wind farms to
the onshore AC grid. Due to cable losses, the power received at onshore side is slightly lower
than 600 MW as shown in Figure 4.10e. At 2 s, the received power shows a reduction due
to the power decrease in the MVAC wind farm. However, The HVDC voltage remains at
nominal level because it is stiffly controlled by the GSMMC station, as can be observed in
Figure 4.10c. In the interval of 3 s to 5 s, the power varies in the SPWF cluster 1, so as the
output voltage of each unit. At around 4.6 s the local overvoltage limitation control activates
and restraints units WT, ,; under 1.1 pu by reducing their power generation as shown in
Figure 4.10a. The received power at onshore end remains at 552.9 MW. For comparison, at
8 s the global overvoltage limitation control is applied by means of sending a lower HVDC
voltage reference to the master converter, the onshore MMC. Thanks to this lower voltage
level, WT, ,; are able to restore their maximum power production and in the same time,
their output voltages are kept inside their overvoltage capabilities.

The new HVDC voltage reference is calculated based on the information of real time
power production of each wind turbine both in the SPWF and the MVAC wind farm. With
such information, the generated power at offshore end as well as the power losses in the
cable can be calculated. By comparing the power curtailment with the local control to the
cable power losses due to lower HVDC voltage level, an optimal voltage can be obtained. In
this case, the HVDC voltage is reduced to 598.4 kV and the total power received at onshore
end recovers to 554.3 MW, which is 1.6 MW higher than the operation before the global
control is applied.
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Figure 4.10 - MTDC system responses to the reduction of power of the MVAC wind farm at
2 s, wind turbine power changes during 3 s to 5 s and activation of global control at 8 s.
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4.3.1.4 Operating points of the three-terminal MTDC system

Figure 4.11a shows the initial operation points of the three-terminal MTDC system in blue
dots. The master converter (GSMMC) controls the HVDC voltage, extracting the power from
the MTDC grid and inverting it into AC grid. Offshore wind farms operate in normal rectifier
mode and thus, they inject power into the MTDC grid. As a result, their corresponding
operating points are on the right side of the frame.

The power of the MVAC wind farm decreases to 270 MW, this loss of production affects
only the GSMMC whose power flow decreases from —600 MW to —570 MW, as noted in
red squares in the figure. The similar behaviour of the GSMMC can be observed in the next
state, the operating point of the GSMMC moves to the right of the previous state to absorb
the power loss in the SPWE as shown in the green diamonds in the figure. In the final state,
the global control requires the GSMMC to bring the MTDC voltage system to a lower level,
which consequently lowers the operating points of both OSMMC and SPWF as shown in
Figure 4.11b.
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INV REC INV REC INV REC
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(a) Initial operation points of a three-terminal MTDC system.
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(b) Operation points changes: 1) blue circle, initial operating points; 2) red square, following to a
power reduction of MVAC wind farm; 3) green diamond, following to wind power reduction in the
first cluster of the SPWF; 4) orange triangle, following to the global control.

Figure 4.11 — Operating points of the three-terminal MTDC system.

4.3.2 SPWF in a MTDC system with droop control

The droop control is used when a MTDC system contains more than one converter, and
therefore the HVDC voltage regulation can be allocated to several converters instead to only
one [Beer 14][Rouz 14][Xu 09][Raul 14]. In this part, the analysis of the SPWF in the MTDC

© 2017 Tous droits réservés. lilliad.univ-lille.fr



Thése de Haibo Zhang, Lille 1, 2017
CHAPTER 4. SERIES PARALLEL WIND FARM IN MTDC SYSTEMS 147

system with droop control is applied to a four-terminal MTDC system shown in Figure 4.12.
This system comprises two onshore converters and two offshore wind farms including one
SPWE

4.3.2.1 Characteristics of the MTDC system with droop control

The voltage droop control is inspired by the primary frequency control in AC systems
[Guer 11] [Roca 12]. In order to maintain the balance between generation and load and
without communication in between, some generation units change their production accord-
ing to a specific variation in frequency. The characteristic between power and frequency is
commonly called droop control. The same idea is taken to establish a power and voltage
relationship in the power converters in DC systems [Bark 10]:

1
Ap = EAuHVDC (4.3)

where:

1. k is the voltage droop value and its unit is (V/W). In the inverter-rectifier reference
frame described in Figure 4.13, k < 0.

2. Ap is the power deviation of the power of the converter p compared to its previous
set point p,, Ap =p — Po-

3. Auyypc is the voltage deviation of the DC voltage of the system uy, - compared to
its previous set point Uy ypco, Alpvpe = Ugvpe — Ugypco- 1N literature the voltage set
point uyypeoe 1S @ constant value which is usually the nominal HVDC voltage of the
system. In this thesis, the voltage set point is given by the output of the global control
strategy.

GSMMC1 1
Power

Figure 4.12 — A 4-terminal MTDC system for transferring power from one MVAC wind farm
and one SPWF to two onshore grid connected MMCs.

© 2017 Tous droits réservés. lilliad.univ-lille.fr



Thése de Haibo Zhang, Lille 1, 2017
148 4.3. SPWF OPERATING IN MTDC SYSTEMS

The voltage droop control works as follows: The DC system voltage level changes if
the initial power production and consumption balance is modified in response to a sudden
system load increase or decrease. This DC voltage variation Auy, . is detected by converters
equipped with power-voltage droop controllers, which generate proportional deviations of
the power references that help to re-balance the total power in the DC grid. The proportion
of deviation of the power reference for each station is defined by its droop value k, as shown
in Figure 4.13. If the droop value of the first converter is half of the second converter, the
deviation of power Ap, of the first converter would be twice as much as the second one Ap,
followed to the same amount of voltage change Auyp-

This method increases the reliability of DC systems with several stations. The deviation
of power is shared, reducing the burden of each converter, and very important, the control
is simple to be implemented. Figure 4.14 shows the block diagram of the voltage droop
controller.

The voltage droop value design is not the focus of this thesis, this parameter is selected to
be 0.1. Nevertheless, it is worthy of mentioning that there are some references addressing
the design of the voltage droop value. The work in [Raul 14] developed a methodology
based on a simplified VSC model taking into account the station DC voltage dynamics. The
droop value is sized to achieve a desired response time of the system. The work in [Akka 16]
used multi-variable frequency analysis based on the Singular Value Decomposition (SVD) to
size the droop value in order to tolerate a maximum DC voltage deviation both in steady and
transient states.

u
A kl — ALIAHI;/IDC
T
INV REC INV | REC
f P
Converter 1 Converter 2

Figure 4.13 — Voltage droop characteristics of two converters, droop value of converter 2 is
double of the value of converter 1.

*
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Ugvpc

Figure 4.14 — Diagram of the voltage droop controller.
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4.3.2.2 Overview of the control strategy

The overall control strategy of this four-terminal MTDC system is shown in Figure 4.15.
Technically this MTDC system can also be controlled by using master-slave control method
by selecting one of the two onshore VSCs as the master controller to regulate the HVDC
voltage, and another VSC operating at active power mode to absorb constant power from
the DC grid. However, in this way the variation of the power at the offshore side is only
balanced by the master converter. The trigger out of the master converter would mean the
loss of the entire MTDC system. In order to enable the two onshore VSCs to participate in
the control of the DC grid voltage, the voltage droop control technique is implemented in
both of them. As far as the global and local control are concerned, the same methods used
in the three-terminal system are here adopted.

The overall control strategy has the same targets as established in the previous three-
terminal MTDC system:

1. Maintain the MTDC transmission voltage.

2. Maintain the MVAC voltage of the conventional wind farm collection grid.

3. Keep the output voltage of each SP wind turbine under its overvoltage limitation level.
4.

Maximize the power transmitted to the onshore grid.

In this MTDC system, the Target 1 is achieved by the two onshore converters. Target 2 is
completed by the offshore converter OSMMC operating at AC voltage mode. The Global
control strategy and the local control strategy are dedicated to accomplish Target 3 and
Target 4.
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Figure 4.15 — Overview of the control system of the four-terminal MTDC.
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4.3.2.3 Case study and simulation results of a hybrid four-terminal
MTDC system

This section discusses the second MTDC system shown in Figure 4.16. This is a four-
terminal MTDC system comprising two onshore VSCs, one MVAC offshore wind farm and
one 20x3 SPWE The power generated by the MVAC wind farm is injected into the MTDC grid
via an offshore VSC. The SPWF directly exports its power to onshore GSMMC1 and GSMMC2
through two HVDC links. There is one extra HVDC link jointing OSMMC and SPWF’s hub
and another one connecting GSMMC1 and GSMMC 2 to build a more robust DC grid. The
power ratings of the four terminals are reported in Table 4.2.

A simulation of the four-terminal MTDC system is carried out. The initial voltage set
points for the two onshore MMCs are 640 kV and the initial power set points are —600
MW and —300 MW. Both stations are endorsed with a droop value of 0.05. The simulation
scenario is similar to the three-terminal system. At 2 s the power of the MVAC wind farm
decreases from 300 MW to 270 MW and the maximum wind power changes according to
Figure 4.9b. The global control activates at 8 s and changes the voltage set point of the
system to 600 kV.

Figure 4.17 shows the simulation results of the four-terminal MTDC system operating in
aforementioned conditions and with voltage droop control applied.

GSMMC1 1

Power

/] @-:l
300 MW

Figure 4.16 — Configuration and ratings of a four-terminal MTDC system.

Table 4.2 — Parameter of converters in the four-terminal MTDC system

Converter Nominal voltage (kV) Nominal power (MW)

GSMMC1 + 320 650
GSMMC2 + 320 300
OSMMC + 320 600

SPWF + 320 300
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(d) Power received at the onshore MMC end.

Figure 4.17 — MTDC system responses to the reduction of power of the MVAC wind farm at
2 s, wind turbine power changes from 3 to 5 s and the activation of global control at 8 s.

During 1 s to 2 s, the two offshore wind farms operate at nominal power production and

the HVDC voltage is 640 kV. Due to cable power losses, the power received at onshore side
is slightly lower than 900 MW as shown in Figure 4.17d.
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Moreover, the HVDC voltage decreases to compensate the power reduction in the MTDC
grid by the droop control, as shown in Figure 4.17b. At the interval from 3 to 5 s, the HVDC
voltage continues to decrease slightly as the power decreases in the SPWE

At around 4.6 s, the local overvoltage limitation control activates to restraint the output
voltages of units WT; 4, ; under 1.1 pu by reducing their power generation, as seen in Figure
4.10a. The received power at onshore end remains at 850.6 MW. At 8 s, the global limitation
control set a new HVDC voltage reference at 600 kV to the droop controller and the received
power increases slightly up to 851.7 MW. It can be seen from Figure 4.17d that the new
voltage is established below 600 kV. This is caused by the previous voltage deviation of the
droop control. The DC voltage will be recovered if the overvoltage is active.

The droop control allows the received power at onshore side of the MTDC system to be
shared by two power converters. A zoom-in view in figure 4.18a shows the proportion of
power deviation of the two converters with different droop values responding to the offshore
power generation decrease at 2 s. It can be seen that the deviation of GSMMC2 is only half
of that of GSMMCI1 since its droop value is double of the droop value of GSMMC1. Figure
4.18b shows the current variation in the five HVDC links due to the power deviation at 2 s.

4.3.2.4 Operating points of the four-terminal MTDC system

Figure 4.19a shows the initial operation points of the four-terminal MTDC system in blue
dots. The MVAC wind farm and SPWF operate at nominal power and they are in power mode
to inject their power into the MTDC grid. GSMMC1 and GSMMC2 are endorsed with droop
controllers to extract power from the MTDC grid to the AC grid with a proportion subject to
their droop value. Neglecting the power losses in the cables, GSMMCI1 takes 600 MW from
the DC grid and GSMMC2 takes the remained 300 MW.

Following the MVAC wind farm wind power curtailment from 600 MW to 570 MW, the
operating points of GSMMC1 and GSMMC2 move to -580 MW and -290 MW respectively.
The similar behaviour of both onshore converters can be observed in the next state, their
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(a) Power deviation of two onshore converters. (b) Currents in the five HVDC links.

Figure 4.18 — Power and current deviation subsequent to power production decrease in the
MVAC wind farm at 2 s.

© 2017 Tous droits réservés. lilliad.univ-lille.fr



Thése de Haibo Zhang, Lille 1, 2017
CHAPTER 4. SERIES PARALLEL WIND FARM IN MTDC SYSTEMS 153

640 kV

INV REC INV | REC
p p p p
GSMMC1 GSMMC2 OSMMC SPWF
(a) Initial operating points of the four-terminal MTDC grid.
u u
640 kv
aEky
597 kV droop ' droop
k=—0.0001 global control k=—0.0002
INV REC INV | REC INV REC INV | REC
gsMmcl  © Ggsmmc2 © osMMC SPWF ©

(b) Operation points changes: blue circle, initial operating points; red square, following a power
reduction of MVAC wind farm; green diamond, following a wind power variation in the first cluster
of the SPWF; orange triangle, following the global control.

Figure 4.19 — Operating point of the four-terminal MTDC grid.

operating points move proportionally to the right of their previous states, which results in
1 kV HVDC voltage drop. At the end, the global control is applied, the entire characteristic
curves are degraded with the same droop slopes.

4.4 Conclusion

In this chapter, the Series Wind Farm (SWF) farm is extended to the Series Parallel Wind
Farm (SPWF) by connecting several SWFs in parallel. A star-type connection is used since it
is more reliable, as the cable fault in one SWF will not influence the power transmission of
other SWFs. These SWFs are linked to the same HVDC voltage.

Then, the SPWF operations in MTDC systems are discussed. In the first MTDC system
with one onshore converter and two offshore wind farms, the master-slave control method
is used. The onshore converter regulates the MTDC transmission voltage. The global control
strategy and the local control strategy are dedicated to keep the wind turbines in the SPWF
within safe limits as well as maximizing the power transmitted to the onshore grid. The
second MTDC system is comprised of two onshore converters and two offshore wind farms,
and therefore, the droop control method is adopted to maintain the transmission voltage.
Both case studies and simulation results show good performance of the local and global
control strategies developed in previous chapters. The global control strategy is applied to
help the MTDC system to receive more power than when only the local control is activated.
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Conclusions and perspectives

They did not know it was impossible so they

did it.
Mark Twain
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5.1 Conclusions

Currently installed large offshore wind farms mostly have two types of architectures.
The first architecture uses a MVAC collection system and a HVAC transmission system. The
second one uses the same collection system, while the power transmission is in HVDC. The
former pure AC architecture is less expensive for near-shore projects. However, it is not
technically feasible for projects located far from the coast, due to high charging currents in
the undersea AC cables. The latter one adopts DC for transmission, and therefore, reactive
power loading of the transmission cables is eliminated. The transmission distance is not any-
more a barrier for offshore wind farms. In addition, the voltage source type HVDC allows
more flexible power control, becoming attractive for far offshore markets. However, current
offshore wind farms with VSC-HVDC transmission require bulky and expensive offshore cen-
tralized converters and platforms. The elimination of offshore platforms contributes to great
cost reduction, and therefore, has been the motivation behind the study described in this the-
sis. The Series Parallel Wind Farm (SPWF) is, to the best of the author’s knowledge, the only
wind farm topology without an offshore platform.

The SPWF adopts DC in both collection and transmission systems. Architecturally, the
collection system of the SPWF is substantially different from the conventional MVAC-HVDC
wind farm. In the conventional collection system, wind turbines are connected in parallel
and are operated independently. To the contrary, in the SPWE wind turbines with MVDC out-
put voltages are connected in series, and thus the wind turbines share the same current. Elec-
trically, the bulky centralized converter used at the offshore substation of the MVAC-HVDC
wind farm is replaced with a number of dispersed medium-power-rating DC/DC convert-
ers in the wind turbine. In this way, the offshore platform is removed. The output DC/DC
converters of wind turbines are series connected, hence the wind farm output voltage is
stepped-up to higher power transmission voltage level. Due to these particular characteris-
tics, several challenges of this topology should be identified and tackled before it becomes
economical alternative for future high power long distant wind farms. The first objective of
this thesis was focused on the identification of the characteristics of the SPWF to proceed
with the investigation of suitable control strategies for the safe operation of this topology.

Chapter 1 presents the state of the art of the offshore wind technologies. It describes
the structures of offshore wind turbines and the aerodynamics basics of power conversion
of the kinetic energy of the wind into electrical energy. Then, a comparison of the three
most adopted wind turbines in the offshore market is presented among which the direct
drive PMSG with full rating converter is frequently proposed in the literature for future DC
wind farms. Afterwards, the configurations for interconnecting all units, so called collection
system, are compared. Current collection systems are all based on AC while a number of
configurations based on DC can be found in the literature. Same to the collection system,
the transmission system can adopt either AC or DC. VSC-based HVDC transmission tech-
nologies are considered as the best candidates for long distance and multi-terminal power
transmissions. The last part of Chapter 1 compares four most appealing topologies for high
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power long distant offshore wind farm. It presents as advantages of SPWF over the other
three layouts the low cost, low switching losses and low cable losses.

In the next chapter, the system model and control of one cluster of series connected wind
turbines, so called Series Wind Farm (SWF), are explained in general. The design of the
series connected wind turbines is suggested to be over-sized by taking into consideration
the output voltage characteristics of this wind farm. For this reason, Chapter 2 begins with
a steady state study of the SWE and explains the variation of wind turbine output voltages
due to imbalanced power production among the series connected units.

The overvoltage is dangerous not only for the individual wind turbine, but also for the
entire wind farm. Bearing in mind this fact, the main components of the wind turbine used
for series connection are identified. The full bridge DC/DC converter is selected to step-up
the generator side voltage to MVDC because the converter can operate in variable transfor-
mation ratio, which is necessary for the series connected wind turbines. The whole wind
turbine model, normal mode control and bypass protection methods are explained. At the
end of the chapter, a local overvoltage limitation method found in the literature is described.
This method restraints the increase of the output voltage at the sacrifice of power curtail-
ment. A trade-off between the extra cost of an oversized converter rating, for higher over-

voltage capability, and the loss of energy, resulting from the local control strategy, should be
identified.

As operation of wind turbines in the SWF are coupled, and the local control owns the
drawback of power curtailment, Chapter 3 extends the investigation of the SWF connected
to a point-to-point transmission system. The first part of this chapter introduces the MMC-
based HVDC technology, and then details the development of the energy based arm average
MMC model in EMTP-RV software. The control system of this energy based MMC model
includes the DC voltage or active power control, AC voltage or reactive power control, and
an extra control loop for the MMC arm stored energy.

The HVDC cable models are investigated in the second part of this chapter. A precise
cable model is required because of the presence of uncontrolled variables in the SWF due
to the elimination of the offshore centralized converter. The cluster with series connected
wind turbines is directly connected to the HVDC cables. The output capacitors of the DC/DC
converters of the wind turbines, the smoothing reactors and the HVDC cables form a series
RLC-cable resonant circuit. As a result, cable models valid both at very low frequency (DC)
and at resonant frequency are required for accurate simulation results of the wind farm
behaviour. The Wideband model available in the EMTP-RV library is selected in this chapter.

In the last part of Chapter 3, a global overvoltage limitation control strategy is proposed.
It is implemented and simulated in the EMTP-RV. The global control strategy regulates the
HVDC voltage to ensure that the voltage across each wind turbine remains under its overvolt-
age capability. This control strategy is based on data communication between the offshore
and onshore terminals. The latency during the data transmission via fibre optics cable is
analysed and the local control strategy is proposed as a complementary control to the global
control strategy. By combining these two controls, an optimal HVDC voltage can be cal-
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culated taking into consideration the cable power losses (due to the global control) and
the power curtailment (due to local control). The results are validated by simulation and
demonstrated that for a given wind turbine overvoltage capability, the power transmitted
to the onshore grid by adopting the global control is higher than only using local control
strategy.

Chapter 4 begins with the SPWF by extending the proposed control strategies to the
wind farm with several clusters. Since combining a large number of wind turbines in series
leads to lower reliability, the proposed solution was to put several clusters in parallel. Par-
allel connection of several clusters leads to a more reliable topology than one single cluster,
because the fault in one cluster does not affect the operation of other clusters and besides
increases the power rating of the wind farm. A 300 MW SPWF with 60 wind turbines of 5
MW allocated in 3 clusters is shown and analysed.

Afterwards, the high power rating SPWF is integrated into MTDC systems with different
combinations of grid side MMCs, SPWFs and conventional wind farms using MVAC collec-
tion system. For each configuration, different MTDC control methods are applied as well as
the local and global control strategy whose performance has been evaluated and validated
by simulations in EMTP-RV environment. The master-slave control and droop control are
explained. The control system of the MTDC systems aims: 1) to maintain the MTDC trans-
mission voltage; 2) to maintain the MVAC voltage of the conventional wind farm collection
grid; 3) to limit the output voltage of each series parallel wind turbine based on data of
the power production of all the units; 4) to adjust the HVDC voltage to an optimal level,
in order to maximize the power transmitted to the onshore grid. Target 1 is achieved by
the converters endorsed with either the master-slave control or the droop control. Target
2 is realized by the conventional wind farm offshore substation. Both Targets 3 and 4 are
accomplished via the combination of global and local overvoltage limitation strategies. The
proposed global control is proven to be feasible for MTDC systems. The simulation results
demonstrate that more power can be obtained at the onshore side by reducing the HVDC
voltage (global control) than by reducing the power production of wind turbine (local con-
trol).

5.2 Suggestions for future research work

This dissertation mainly focuses on the overvoltage limitation control of the SPWE To
further prove the feasibility of this wind farm topology as well as the advantages and draw-
backs, the following list of future research, to the author’s opinion, is of interest for further
investigation:

* The results of a wind farm with only the global control method and only the local
control method can be contrasted. A comparison of the power production results in
terms of life-time capitalized value might be of interest for feasibility analysis.
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The over-sizing ratio of the series connected wind turbines could be optimised. Cal-
culating the cost for different over-sizing ratio, the power curtailment due to the local
control, and the cable losses due to the global control, respectively, would provide the
best possible solution for a cost effective selection of the rating of the system compo-
nents.

High power medium frequency DC/DC converters can be analysed. In this dissertation
the full bridge DC/DC converter is used for an illustrative study, but current technology
of DC/DC converter in high power medium frequency domain is not developed enough.
The main challenges concern the losses induced by the eddy current in the magnetic
core and losses in the windings.

High potential insulation technology should be carefully studied since it is a key factor
in the design and construction of an offshore project. The HVDC transmission voltage
is imposed directly on the series wind turbines. Therefore, the wind turbines at both
terminals of the cluster, are required to support maximum the half of the transmission
voltage.

The manner in which the communication delay as well as response time of the capaci-
tive cables affect the power devices in the wind turbine can be analysed. This requires
the use of a detailed wind turbine model.

Investigation about whether the resonance during bypass of one unit on one cluster
may affect the operation in other clusters, since the smoothing reactor is separately al-
located into each wind turbine should be carried out. Again, the detailed wind turbine
model should be used for this study. The study about the resonance circuit also involves
the optimization of the wind turbine output capacitors. In this thesis, an electrostatic
constant of 30-40 ms is used. Further investigation of this value is suggested.

As the power saved by the global control varies with different wind speed conditions, it
is necessary to develop an algorithm to calculate in real-time the optimal HVDC voltage
by using the global control method.

Assess the proposed control strategy with experimental verification.
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