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Abstract

Offshore wind farms are a rapidly growing technology used to harvest wind energy on
the open seas where wind speeds are significantly higher and steadier than onshore.
Current wind farms located far away from shore (e.g., 50 km or more) require a large
amount of equipment to be deployed in order to transport generated energy to shore
most cost-effectively. In these cases, energy is transmitted to shore using High-Voltage
DC (HVDC) transmission connected to wind turbines with AC voltage output. During
the past decade, research has studied alternate arrangements to reduce the amount of
equipment deployed offshore and increase conversion efficiency. The redesign of offshore
collection systems between wind turbines from AC to DC voltages is seen as a key tool
to achieve the research objectives.

The presented research is focused on the design of offshore wind farms with DC
collection system and series-connected wind turbines based on partial power processing
converters (PPPCs). This wind farm configuration significantly improves conversion
efficiency compared to AC wind farms with HVDC link, since PPPCs are only required
to process output power differences among wind turbines in a wind farm to achieve
maximum power point (MPP) operation, and other wind farm components are operated
at variable operating points, improving low-load efficiency. Furthermore, PPPCs can be
of reduced size to realize MPP operation. To find the best variable operating points, a
loss minimizing HVDC link current scheduling scheme has been derived and a
comprehensive sizing framework was developed to inform the best choice of PPPC
ratings. The presented work addresses major design considerations at wind farm, wind
turbine, and PPPC levels. An efficiency, size and economic evaluation has been
conducted for a 450 MW wind farm located 100km from shore, confirming significant
annual loss reductions and economic advantages compared to a conventional AC wind
farm with HVDC link, as well as two other series-connected DC wind farm
configurations. A generic converter sizing framework for single-string series-connected
DC wind farms has been developed and applied to the 450 MW wind farm. Challenges
in wind turbine startup with this configuration have been identified and schemes were
developed to enable successful wind turbine startup without the need of significant
adidtional hardware.

v



Acknowledgements

First of all, I would like to express my deepest gratitude to my supervisor, Dr. Mehrdad
Kazerani. Without his steady and generous support, empathy, guidance and confidence,
this thesis project could not have come anywhere close to this. I am very happy to have
had the chance to learn, experience and try many aspects of academic and practical life
during this time. His thoughts, encouragement and trust have been inspiring countless
times. Also, I thank my committee Dr. Bhattacharya, Dr. El-Shatshat, Dr. Khajepour
and Dr. Sood. I want to thank Mahmoud Allam for being such a great support as a
colleague and as a friend. We spent countless hours in the lab to discuss and reflect
ideas, problems, concepts, cultures and life. I want to thank Mariano Arriaga for his
incredible support and for making connections that significantly helped advance this
project. Thanks also to Jessica Lin who provided valuable work in evaluating different
DC/DC converter topologies for this research project as an undergraduate research
assistant.

Furthermore, I would like to extend my gratitude to Marianne Rogers, Robbie
Sanderson and David Watson at the Wind Energy Institute of Canada for their
incredible support regarding wind speed measurements, networking and technical
support interpreting the data; Kurt Hansen at the Technical University of Denmark and
Anders Sommer at Vattenfall for the Horns Rev 1 dataset; the Tyler Lewis Clean Energy
Research foundation for trust and financial support to this research project; and to the
National Science and Engineering Research Council of Canada for providing funding
that enabled this project to proceed.



Dedication

“We did not inherit this world from our parents ..

We are borrowing it from our children.”

It is my fervent hope that the engineers, scientists, politicians, policy makers and
ordinary people of today will dedicate themselves to the creation of a world where
children and grandchildren will be left with air they can breathe and water they can
drink, where humans and the rest of nature will nurture one another.

Based on Robert A. Messenger and Jerry Ventre — Photovoltaic Systems Engineering,
Third Edition, CRC Press, 2010

To Heather, who has such an incredible sense for this air we breathe, the water we drink

and our neighbours on earth; no matter how tiny or large.

To Leona, may you grow up in a world that supports your talents, lifts your spirit, offers

you challenge and fulfillment, and leads you to a meaningful and joyful life.

To Laura, may your world be one in which humans and the rest of nature will nurture

one another. May it lead you to a fulfulling and joyful journey on this planet we share.

vi



Table of Contents

| 3 5] v o) 0 e 1 T SN xii
List Of Tables ..cuiuiuiiiiiiiiiiiiiiiiiiiiiiir e xvii
List of Abbreviations ...ccciciviiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiereeeeneeeeneneeeenenenns xviii
Chapter 1 INntroduction....cceieiieieiiiiiiiiiiiiiiiirieeeeeeeeeeeeeeneneeeeasnsnenns 1
1.1 Research Motivation ..........ooouiiiiiiiiiiiii e 1
1.2 LIterature SUTVEY ... 2
1.2.1  Commercial Offshore Wind Farms with HVDC link ............................ 2
1.2.2  Offshore Wind Farms with parallel DC collection system...................... 3
1.2.3  Offshore Wind Farms with series DC collection system ......................... 7
1.2.4 Comparative evaluation of Offshore Wind Farm collection systems..... 12

1.3 Research ODbJectives .........uiiiiiiiiiii e 15
1.4 Thesis Organization...........cccccoiiiiiii 17
Chapter 2 Background TeVIEW .......cceveiiiuiiiiiniiiiniiiiiiiiiiienereieeeareenens 18
2.1  Horizontal-Axis Wind TUIDINes .............uuuuuiiiiiimiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieees 18
2.2 Electromechanical energy conversion in wind turbines..............ccccccvvvunnnin. 20
2.3 Offshore Wind Farms........ccoooooiiiiiiiiiiiiii e 22
2.4  High-Voltage DC TransmiSsion...........ccoviuiiiiiiiiiieiiiiiiiiiieeeee e 23
2.5 Partial and Differential Power Processing .............ccccccovviiiiiiiiiiiiiiiiiiiiiiiinns 25
2.6 Thesis Scope and ASSUIMPEIONIS . ....uuuuuuiiiiiiiiiiiiiiiiiiiiiiiiiiiieieeeees 26
2.7 SUIMIIATY ¢ttt e ettt e e e e ettt e e e e e et eeaeeeas 26

Chapter 3 An Offshore Wind Farm Featuring Differential Power Processing

vii



3.1 Output Power Differences in Offshore Wind Farms .............cccooooiin. 28

3.2 Proposed Wind Farm OVerview...............uuuuieiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieees 30
3.3 Steady-State Model ...........uuiiiiiiiiiiiii e 31
3.3.1 System operation below rated wind speed............cccooeiiiiiiiiiiiiiiiinnn. 32
3.3.2 System operation between rated and cut-out wind speed .................... 34
3.4 Considerations on Wind Farm Components.............c.ccceuvevueiiiiiiniiiiiniinnnnnnns 34
3.4.1 PPPCs and HVDC-link operation .........ccccooeeeiiiiiiiiiiiininiiee e 34
3.4.2  Generator voltage level ... 35
3.4.3 Diode-Bridge ReCtifiers ..........uuuuuiuiiiiiiiiiiiiiiiiiiiiiiiiiiiieeee 35
3.4.4 Offshore HVDC converter station and system operation ..................... 35
3.4.5 HVDC insulation ..........oooviiiiiiiiiiiiiiiie e 36
3.5 Partial Power Processing Converter Design ..............ccccvvviviviiiiiiiiiiiiiiiiniinns 36
3.5.1  PPPC CONNECEION ...ttt 36
3.5.2  PPPC t0POLOZY -ttt 36
3.5.3  Unfolder circuit Operation............ccovvvviiiieieiiiiiiiieeee e 38
3.5.4  Unfolder circuit control..............cccouiiiiiiiiiiiiiiiiiiiiiiiii 39
3.5.5  Multi-converter configuration ..............ccccccciiiiiiiiiii 39
3.5.6  Inactive wind turbines ..........ccooooeiiiiiiiiiii e 41
3.6 A 450MW Reference Wind Farm Design.........cccccovviiiiiiiiiiiiiiiiii. 41
BT DISCUSSIONS ittt ettt e e e e 47
Be8  SUIMIMIATY ..ttt ettt e ettt e e e e e e e e e 48
Chapter 4 Wind Farm Control ......ccoeeeiiiiiiiiiiniiiiiiiiiiiiineeeeneeeeeeneneneenens 50
4.1 Wind Turbine Speed and Pitch Control.....................oo 50
4.2  Operational Limits with Dual-Active Bridge Converters as PPPCs ........... 52
4.2.1  DAB pOWer Mt ......oooiiiiiiiiiiiiiiiiee e 53
4.2.2 DAB current Hmit........cooooeeiiiiiiiiiiii e 53
4.2.3  DAB output voltage Hmit .........ccoooiiiiiiiiiiiiiiiee 59
4.3  Wind Turbine Converter Control ............ccooiiiiiiiiiiiiieeiiiiiiee e 60
4.4 HVDC-Link Current Scheduling with Converter Limits ..............cccccoce. 62
4.4.1 Derivation of an HVDC-link current scheduling scheme for PPPC power
INANIINIZATION L.ttt 63

4.4.2  Derivation of an HVDC-link current scheduling scheme respecting wind

turbine CONVErter TAtITES. ... uuuuutiiiiiiiiiiiiiii it 64

viil



4.5 HVDC-link Current Scheduling during Loss of Communication................. 67

4.6 ANCILATY SETVICES ..vvviiiiiieeeiiiiiiie et e e 68
4.6.1 Low-Voltage Ride-Through...........ccccooiiiiiiiiiiiiiiis 68
4.6.2 Power Curtailment / Active Power Control..........ccccceviiniiniiiniiiniinnnn 71
4.6.3  Inertial RESPOMNSE ......uuiiiiiiiiiiiiiiiiiiiiiiiiiii e 71

4.7 Case Study: a 150MW Offshore Wind Farm ................ccooovvviiiiiiiiiiinn. 72
4.7.1  Normal Operation ............ciiiiiiiiiiiiii e 72
4.7.2  Operation near Converter Ratings............ccccoouimiiiiiiiiiiiiiiiiiiiiiiiiiiiiinins 78
4.7.3 Low-Voltage Ride-Through..........ccccoooiiiiiii e 83
4.7.4  Active Power Control / Power Curtailment............ccccoooveviiniiiniiiniannnn 85
4.7.5  Inertial RESPONSE ......uuiiiiiiiiiiiiiiiiiiiiiiiiii e 86
4.7.6  Operation during communication system outage .............ccccccevvvvenennns 87
A.T.T  SUINIIIATY ¢ttt 88

Chapter 5 A Sizing Framework for Wind Turbine Converters................. 89

5.1  Overview and Previous Work .........cccooiii 89

5.2 Converter Sizing Challenges in Series-Connected DC Wind Farms ............ 91

5.3 A Generic Converter Sizing Framework for Wind Turbine Converters in

Single-String, Series-Connected Wind Farms............cccccoooiiiiiiiiiiiiiiiiiiiiiiiiiiis 93
5.3.1  System deSCTiPLION ........ueiiiiiiiiiiiiiiiiiiiiiiie e 93
5.3.2  Generic sizing problem formulation ............ccccoooiiiii 95
5.3.3  Full operational range SiZing..........coooivuiiiiiiiieieiiiiiiiee e 95
5.3.4 Partial operational range Sizing ............ccccccoiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiinais 96
5.3.5  Limits on HVDC-link current .............cccocoueuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiies 97
5.3.6  Sizing wind turbine converters and incoming wind conditions............. 98

5.4 Sizing Methodology for Dual-Active Bridge Converters as PPPCs............ 100
5.4.1 THVDC-dependent converter limits ...........ccccooii 100
5.4.2 PPPC output voltage limits ........ccccocoi 101
5.4.3 Internal DAB current Hmit ..........cccoooiiiiiiiiiiiee e 101
5.4.4 DAB power HMit.......oouiiiiiiiiiiiiiiiiiiiiiiiiiiiiieeeeeee 101
5.4.5 Wind turbine startup and shutdown .............cccoooiviiiiiiiiiiiiii 102
5.4.6  Fault ride-through.........ccoooo 102
5.4.7  Fault handling ... 102
5.4.8 Internal wind turbine states S, .......cccccovviiiiiiiiiiiiiiii 102

X



5.4.9 Allowable HVDC-INK CUITENES ..vvnieeeee e 103

5.5 Sizing of a Voltage-Source Converter-Based Wind Farm ........................... 104
5.5.1  Full operational range Sizing...........ccccccccviiiiiiiiiiiii, 104
5.5.2 Partial operational range Sizing ..........ccccccoovviiiiiiiiiiiiiiiiiiiiii 105

5.6 Sizing of a Farm based on Diode-Bridge Rectifier and Buck Converter.....107
5.6.1  Full operational range Sizing...........cccccccoviviiiiiiiiiiiii, 107
5.6.2  Wind turbine startup and shutdown .............ccccooviiiiiiiiiiiii 109
5.6.3 Fault-ride-through and fault handling ................c.c.oo 109

5.7 Converter Sizing Case Studies for a 4560MW Offshore Wind Farm............ 109
5.7.1 Determination of wind turbine operational states and energy curtailment

110
5.7.2  Results — DCS-PPPC.... .. 114
5.7.3 Results — DOS-VSC ..o 115
5.7.4  Results — DOS-Buck........oooiiiiiiiiiii 115
D8 SUIMIMATY .ttt eitiiiiitee ettt e ettt e e e e e e ee s 116
Chapter 6 Wind Turbine Startup and Shutdown.............c.coiiiiininnn.. 117

6.1 Challenges in Wind Turbine Startup........cccccccceeeiiiiiii 119
6.1.1 Rotor acceleration with DBR connected from stand-still (PPPC

EACTIVALEA) ittt 120

6.1.2 Rotor acceleration with DBR connected from stand-still (PPPC
activated) 122

6.2 Wind Turbine Startup Procedure..............ccccouiiiiiiiiiiiiiiiiiiiiiiiiiiiis 123
6.2.1 Mechanisms for wind turbine deceleration........co.ooeeeviiiioreeiiiiinieann... 123
6.2.2 Mechanism for wind turbine acceleration ........ccc.oooeeeeiieiiieiiieiiani. 123

6.2.3 PPPC component voltage and current rating requirements for wind

BUTDINE STATTUD .. c ettt 125
6.3 Wind Turbine Shutdown Procedure .............cccccviiiiiiiiiiiiiii s 126
6.4 Wind Turbine Startup Procedure.............ccccooiiiiiiiiiiiiiiiiiiiiiiiiiiiiis 127
6.5 Case Study: Wind Turbine Startup/Shutdown in series-connected Wind Farm

128
6.5.1 Case 1: Operation at low wind speed ..........ccccooviiiiiiiiiiiiiiiiiiiiees 128
6.5.2 Case 2: Operation at rated wind speed ............ccoooeeiiiiiiiiiiiiieniii, 129
6.5.3 Case 3: Operation near cut-out wind speed..............ooovvviiiiiiniiniiinnn. 131



6.5.4 Case 4: Wind farm start from full shutdown .......ccccoooevieiieiiiniini. 131

6.5.5 PPPC output capacitor size constraints............cccceeeereieiiiiiiiiiiiinneeen... 132

6.0 SUIIIILATY ...t 133
Chapter 7 A Comparative Economic Assessment .......ccceeevevevnineiennnnennnn. 134
7.1 MeEthOAOLOZY ...ttt 135
7.2 Candidate Wind Farm Designs.........coooiviiiiiiiiiiiiieiieeee 138
7.3 L0SS MOAEINE ...ttt 140
T.3. 1 RESUIES cooeeeiii e 143

T4 SIZITIE «oeeeeeei e 144
7.5 Economic INdiCators. .........uuuuiiiiiiiiiiiiiii e 145
70 SUIIIILATY ..t 148
Chapter 8 ConclusSion .......ieveieiiiiiiiiiiiiiiiiiiiiiiiiirrrrr e 150
8.1l SUIIIIATY .ttt 150
8.2 ContIIDULIONS 1.vvviiiiie e 153
8.3 FUture WOrK ..o 154
Bibliography ..o.cciiuiiiiiiiii e 155

x1



List of Figures

Figure 1.1 AC collection system layout with HVDC transmission [6]....................... 3
Figure 1.2 Parallel DC collection system with a DC/DC converter located in each
wind turbine (“Turbine step-up”) [7]...cccoooiiiiiiii e 4
Figure 1.3 Parallel DC collection system with all DC/DC converters in collection
system (“TWO SEEP-UD”) [T] .o ureeeeiieii et 4
Figure 1.4 Series DC collection system with a single string (example)..................... 7
Figure 2.1 Basic Wind Turbine Components ............cooooeiiiiiiiiiiiii, 18
Figure 2.2 Typical Configuration of a type 1 WTG............c 21
Figure 2.3 Typical Configuration of a type 2 WTG...........cooo 21
Figure 2.4 Typical Configuration of a type 3 WTG............oooii, 21
Figure 2.5 Typical Configuration of a type 4 WTG...........oo, 22
Figure 2.6 LCC-HVDC Transmission system with bipolar cable configuration...... 23
Figure 2.7 Bipolar VSC-HVDC transmission system [63], [64]. ......cccccoviriiiiinnnnn 24
Figure 2.8 Partial power processing converter connections. (a) Input-parallel, output-
series (IPOS); (b) Input-series, output-parallel (ISOP) .......cccooiiiiiiiiiiiii 25
Figure 3.1 Histogram of wind turbine output power differences from average wind
turbine output power within Horns Rev 1 Offshore Wind Farm (1Hz data). .............. 29
Figure 3.2 Location of Horns Rev 1 offshore wind farm in Denmark (red circle). ©
2021 OpenStreetMap, Www.Openstreetmap.OTg.......vvvviieiieee e 29
Figure 3.3 Proposed system configuration.............ccccccccciiiiiii 30
Figure 3.4 Basic schematic of an onshore thyristor-based inverter station............. 31
Figure 3.5 Simplified wind turbine speed control diagram............................... 32

Figure 3.6 Voltages and currents on DC-side of rectifier for entire operation range at
MPP (simulation and curve fitting of simulation results). (a) VGdc versus Pmech

(obtained from simulation), (b) IGdc versus Pmech .........ccccccccoeiviiiiiiiiiiiiiiiic e 33
Figure 3.7 Dual-active bridge converter with unfolder circuit. ............ccccocc. 37
Figure 3.8 Unfolder switch states during PDAB power polarity transitions. ......... 39
Figure 3.9 Unfolder control logic. VDcBase is the DC voltage per unit base......... 39
Figure 3.10 PPPC multi-converter configuration (4 IPOS-connected DABs, K = 4).

...................................................................................................................................... 40
Figure 3.11 Location of FINO3 meteorological mast © 2021 OpenStreetMap,

WWW.OPENSETEEEIIIAD. O ..ttt e et e ettt e e ettt e e et e e e e e e eeees 42
Figure 3.12 Reference wind farm layout and cabling for 90 wind........................... 43
Figure 3.13 Wind Turbine Power Curve...........ccooiiiiiiii 46

xii



Figure 4.1 Wind turbine speed and pitch control scheme for the proposed wind farm

COMTIEUTATION 1. 51
Figure 4.2 Definition of DAB transformer current points ¢L0 and L1 .................. 53
Figure 4.3 Relationship between ¢L0,0 and ¢, and polarity of ¢L,pk..................... 56
Figure 4.4 Relationship between ¢L0,1 and ¢, and polarity of ¢L,pk..................... o7
Figure 4.5 Relationship between ¢L1,0 and ¢, and polarity of iL,pk..................... 58
Figure 4.6 Relationship between ¢L1,1 and ¢, and polarity of ¢L,pk.................... 59
Figure 4.7 Control diagram for PPPCs and each of its DABs..........cccoooin. 61
Figure 4.8 HVDC-link current scheduling scheme during communication outages. 67
Figure 4.9 HVDC braking chopper to support low voltage ride through................ 69
Figure 4.10 LVRT braking chopper activation logic.................oooc, 69
Figure 4.11 LVRT braking chopper control logic ... 70

Figure 4.12 Inertia response emulation. Hv is the virtual inertia constant. All other
quantities are treated as per-unit values. ...........cccciiiiiiiiiiii 71
Figure 4.13 Simulation results for ‘high wind’ profile. “WT” = Wind turbine....... 74
Figure 4.14 Simulation results for ‘high wind’ profile. Displaying DAB converter

quantities for PPPC of wind turbine 1........cccooooiiiiiiiiiii e 75
Figure 4.15 Simulation results for the WEICan wind profile. “WT” = Wind turbine.
...................................................................................................................................... 77
Figure 4.16 Simulation results for the WEICan wind profile. Displaying DAB
converter operation for wind tUrbine 7..........cccooooiiiiiiiiiii 7
Figure 4.17 Simulation results of the first converter limits test case. ..................... 79
Figure 4.18 Simulation results of second converter limits test case. ....................... 82
Figure 4.19 Simulation results for LVRT scenario. “WT” = Wind turbine. ........... 84

Figure 4.20 Simulation results for active power control. “WT” = Wind turbine. .. 85
Figure 4.21 Simulation results for inertia response. “W'T” = Wind turbine. ......... 86
Figure 4.22 Simulation results for the WEICan wind profile during a communication
system outage. “WT” = Wind turbine..............ccccoooiiiiiiiiiiiiiiii 87
Figure 4.23 Total PPPC power processed for WEICan wind profile during

commuNication SYSEEIM OULAZE. .....eiiiiiiiiiiii e 88
Figure 5.1 General structure of a single-string, series-connected DC Wind Farm.
(“Gen.” = GENETALOT ) ..e.vvieiiiiiiit ettt 90
Figure 5.2 Conventional wind turbine electric power conversion system. ............... 91

Figure 5.3 Illustration of required DC output voltages and valid HVDC-link currents
of a wind farm with two wind turbines featuring VSCs as rectifiers operating at rated

Xiil



output powers. Green area: valid rectifier operating points; pink area: minimum VSC
output voltage criterions violated............cooooiiiiiii 92

Figure 5.4 Illustration of required DC output voltages and valid HVDC-link currents
of a wind farm with two wind turbines featuring VSCs as rectifiers operating at differing
output powers. Green area: valid rectifier operating points; pink area: minimum VSC

output voltage of rectifier 2 violated. ..o 93
Figure 5.5 Flowchart of partial operational range sizing framework for wind turbine
converters in single-string, series-connect DC wind farms.............ccccccoiiiiiiiiiiiiiiiiiinnn. 99
Figure 5.6 Structure of the DCS-VSC configuration......................l 104
Figure 5.7 Structure of the DCS-Buck configuration. ...............cccoooiii 107
Figure 5.8 HVDC-link current scheduling scheme of [33]........ccccooviiiiiniiiniininnnn. 107

Figure 5.9 Determination of wind turbine operational states and energy curtailment
for 450MW wind farm sizing case studies. ..........cccoeeeiiiiiii 111
Figure 5.10 Possible wind turbine operating points without PPPC sizing-related
power curtailment for different HVDC-link currents and all 8 DCS-PPPC test cases.

Figure 5.11 Estimated annual energy curtailment of DCS-PPPC configuration as
percentage of annual energy production due to PPPC component rating limitations.

Figure 5.12 Estimated annual energy curtailment of DCS-VSC configuration as
percentage of annual energy production due to converter component rating limitations.

Figure 6.1 NREL 5MW speed controller power references (orange) and ideal power
reference for MPPT operation (bIUe). .......ccooioiiiiiiiiiiiii 118
Figure 6.2 Viable HVDC-link currents for different wind turbine powers PWT, PPPC
and wind turbine ratings listed in Table 6.1. ..........ccccoiiiiiiiiiiiiiiiie 119
Figure 6.3 Wind turbine maximum aerodynamic power available at wind turbine
generator and natural Diode-Bridge Rectifier power draw (no PPPC operation) versus
GENETALOT SPEEA. .o 120
Figure 6.4 Wind turbine rotor acceleration failing when DBR is exposed to HVDC-
link current from stand still. Wind turbine startup commanded at t=10s at rated wind
SDEEM. e 122
Figure 6.5 Wind turbine converters during startup in ‘DBR power rejection’ scheme.
Inactive components in gray; bypass path I involving Cdc and Co in red; bypass path II

Xiv



involving Dout in blue. Bypass path I is used to forward bias Dout of bypass path II.

..................................................................................................................................... 124
Figure 6.6 Wind turbine shutdown procedure..............cccccoomniiiiiiiiinnn 127
Figure 6.7 Wind turbine startup procedure. .............ccooiiiiiiiiiiiiiiiee 128

Figure 6.8 Simulation results of test case 1: Operation at low wind speeds. Waveforms
are shown for wind turbine 1. Operation in startup and shutdown procedures (steps (2)
and (3) of Figure 6.6, and (2) of Figure 6.7) highlighted in gray. .........ccccccovviennnnnn. 129

Figure 6.9 Simulation results of test case 2: Operation at rated wind speeds.
Waveforms are shown for wind turbine 1. Operation in startup and shutdown procedures
(steps (2) and (3) of Figure 6.6, and (2) of Figure 6.7) highlighted in gray................ 130

Figure 6.10 Simulation results of test case 2: Progression of wind turbine output
powers in the range of valid PPPC output powers (highlighted in green) during wind
turbine startup as a function of average HVDC-link current.......................... 130

Figure 6.11 Simulation results of test case 3: Operation near cut-out wind speeds.
Waveforms are shown for wind turbine 1. Operation in startup and shutdown procedures
(steps (2) and (3) of Figure 6.6, and (2) of Figure 6.7) highlighted in gray................ 131

Figure 6.12 Simulation results of test case 4: Full wind farm shutdown at rated wind
speeds. Waveforms are shown for wind turbine 1, except in (c). Operation in startup
and shutdown procedures (steps (2) and (3) of Figure 6.6, and (2) of Figure 6.7)

highlighted In GTay. .....eeiiiii e 132
Figure 7.1 Single line diagram of the conventional AC+HVDC configuration. .....139
Figure 7.2 Single line diagram of the DCS-PPPC configuration............................ 139
Figure 7.3 Single line diagram of the DCS-VSC configuration. ............................. 139
Figure 7.4 Single line diagram of the DCS-Buck configuration................cccccocooo. 139
Figure 7.5 Transformer efficiency curves for operation at rated voltage. ............... 141
Figure 7.6 Annual conversion efficiency for all wind farm test cases. “TC” = test

(62 LT PP SO PP 144
Figure 7.7 Annual energy curtailment due to converter limits for all wind farm test

CASES. “TO7 == BOST CASC. ettt 145
Figure 7.8 Annual energy sold for all wind farm test cases. “TC” = test case......146
Figure 7.9 Capital expenditures (CAPEX) for all wind farm test cases. “TC” = test

CASE. ettt ettt e ettt ettt et e e e e 146
Figure 7.10 Operating expenditures (OPEX) for all wind farm test cases. “TC” =

BEST CASE. o e 147

XV



Figure 7.11 Levelized cost of energy (LCOE) for all wind farm test cases. “TC” =
BEST CASE. et 147

xvi



List of Tables

Table 2.1 Comparison of HVDC technologies [61], [63], [64]....ccccovuiiiiiiiiiiinene 24
Table 3.1 Wind Turbine Base Values .............cccooo 44
Table 3.2 Wind Turbine Aerodynamic Parameters............ccccooeeiiiiiiin. 44
Table 3.3 Wind Turbine Drivetrain Parameters.............cccoooiiiiii, 45
Table 3.4 Wind Turbine Generator Parameters...............ccccccccoiiiii. 45
Table 3.5 Wind Turbine Control Parameters ..., 45
Table 3.6 Wind Turbine Electrical Parameters...............ccccocooo. 46
Table 3.7 HVDC System Electrical Parameters..................ccoooo 47
Table 4.1 HVDC Braking Chopper Parameters ...........cooooooiiiiiiiiiiiiii, 71
Table 4.2 Extreme PPPC and DAB Operating Points for WEICAN Scenario....... 76
Table 5.1 Additional DAB Parameters...........cccooviiiiiiiiiiiieiiiiieeeeeee 109
Table 5.2 DAB Converter Test Cases........oouiiiiiiiiiiiiiiiiieiiiiieee e 112
Table 6.1 PPPC device ratings for startup and shutdown study........................... 118
Table 7.1 Wind farm base parameters used in cost model of [105]............cccoceee 136
Table 7.2 High-level project parameters and results of [105]. .....cccoooiviiiiiiiinnen, 136
Table 7.3 Cost breakdown of wind farm components [105]..........ccceviiiiiniienienne. 136
Table 7.4 Wind farm parameters for efficiency modeling..............ccccccovnnio 142

Table 7.5 Levelized cost of energy (LCOE) and reductions with respect to
AC+HVDC configuration for all wind farm test cases..........cccccccviiiiiiiiiiiieiiiii, 147

xvii



List of Abbreviations

CSI/CSC Current-Source Inverter / Current-Source Converter

DAB Dual-active Bridge Converter

DD Direct-Drive (wind turbine without gear box)

DFIG Doubly-fed induction generator

DPP Differential Power Processing

HVAC High-Voltage Alternating Current

HVDC High-Voltage Direct Current

LCC Line-commutated Converter (Thyristor converter)

LCOE Levelized cost of energy

MPP(T) Maximum Power Point (Tracking)

PMSG Permanent Magnet Synchronous Generator

PPPC Partial Power Processing Converter

PWM Pulse-width Modulation

SAB Single-active Bridge Converter

TSR Tip Speed Ratio (TSR = frspectol turbine tlade)

VSI/VSC Voltage-Source Inverter / Voltage-Source Converter

WECS Wind Energy Conversion System (particularly: gearbox, generator,
and all electric energy conversion equipment)

WRSG Wound-Rotor Synchronous Generator

WTG Wind turbine generator

xviii



Chapter 1

Introduction

1.1 Research Motivation

Over the last decade, electricity obtained from wind power has become one of the most
affordable and available forms of renewable electricity generation in many countries
around the world. The power rating of a single wind turbine allows harnessing wind
power at a wide range of sites. Sites near population centres allow local deployment of
wind turbines, reducing the need for long-distance transmission of obtained electrical
energy. However, in many cases the amount of wind power available to potential wind
project developments is higher on sites that are far away from load centers. Probably,
one of the most extreme scenarios is the conversion of wind power offshore, with a
distance to shore of several tens or even hundreds of kilometer from the point of
connection on land. The advantages of offshore wind energy conversion compared to
onshore are mainly higher average wind speeds, higher capacity factors, lower intrinsic
turbulences, and lower wind shear [1]. Despite these advantages, the levelized cost of
energy (LCOE) still tends to be higher than for onshore projects, due to difficult
construction and general working conditions, as well as the need for additional, special
equipment. The potential for offshore wind energy has been found to be significant and
well distributed around the globe!. In order to transmit generated energy to the onshore

! The installed offshore wind power capacity in European waters has reached 25 GW in 2020 [2]. [3]
has shown that the offshore wind energy potential is large with the most potential annual energy available
to Russia, Canada, United States of America, United Kingdom, and China.
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electricity grid, transmission systems based on AC or DC voltage are being used. As a
result, current commercial wind farms rely on up to seven full-scale electric conversion
stages from wind turbine to onshore grid connection. This can result in a significant
amount of energy loss and large amounts of equipment deployed in a harsh environment.
Through better integration of wind farm components, the number of conversion stages
can be reduced.

The second motivation for this research originates from recent developments in a class
of power electronic converters, called “Partial Power Processing Converters” (PPPCs),
using the concept of “Differential Power Processing” (DPP). The application of such
converters in each wind turbine of a wind farm promises to further reduce the amount
of full-scale electric energy conversion equipment required to be deployed, as well as
reduce energy conversion losses. Unique to other approaches, tighter integration would
be achieved based on the correlation of instantaneous wind speed differences seen by

neighbouring wind turbines.

Such schemes have been examined for applications in Photovoltaic Generators before,
but not for Wind Power and its own intrinsic properties. Therefore, the objective of this
work is to contribute to a better understanding of an optimal wind farm system
configuration based on Partial Power Processing Converters and help to better quantify
potential benefits compared to other market-ready and research-stage concepts.

1.2 Literature Survey

First, this literature review introduces and discusses different wind farm collection and
transmission system configurations as proposed in literature. Then, comparative studies

of these different proposed methods are presented.

1.2.1 Commercial Offshore Wind Farms with HVDC link

Most commercially-available, large-scale wind turbines for offshore application output
AC power at 690V or at low medium-voltage level, before a transformer steps up the
voltage to collection system level [4]. Output power from individual wind turbines is
then collected locally in a local AC collection system operating at voltage levels of
typically 33kV to 66kV [5]. For offshore wind farms with a large distance to shore, using
High-Voltage DC (HVDC) transmission is more economical than using High-Voltage AC
(HVAC) transmission (see Figure 1.1). This has been discussed extensively and
quantified in [5], [6].



Using such a scheme maintains high levels of compatibility among products of different
manufacturers, as well as subsystem compatibility among different product portfolios,
such as onshore, offshore without HVDC link, and offshore with HVDC link.
Furthermore, due to the lack of tight integration of wind farm and HVDC link it is
comparably simple to use a single HVDC link for multiple wind farms, and to use a
Multi-Terminal HVDC link. Some wind farm concepts discussed later do not exhibit this
degree of flexibility.
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Figure 1.1 AC collection system layout with HVDC transmission [6]

As seen in the system layout in Figure 1.1, the number of electric energy conversion
stages (including converters and transformers) is very high (up to 7 full-scale stages).
This results in potentially unnecessary energy conversion losses, and additional weight
and volume that need to be deployed and supported by offshore structures. Plenty of other
research has been inspired by this limitation and is discussed next.

1.2.2 Offshore Wind Farms with parallel DC collection system

Since energy conversion systems of wind turbines with a full-scale power electronic
converter configuration all include a rectification of generator voltages and currents, all
such wind turbines already have a DC bus. Instead of converting this DC power back to
AC power within the wind turbine, several research projects have focused on
implementing a DC collection system from the already existing internal DC busses.

One approach is to connect the DC output of such a wind turbine in parallel with
those of other wind turbines in a wind farm. Further step-up DC/DC converters have
to be used at various stages in such a collection system in order to obtain the high
voltage required for HVDC transmission. Since high step-up gains in a single DC/DC
converter are difficult and costly to realize in terms of sizing and efficiency, multiple
DC/DC converter stages are typically considered. This has been discussed in [7]. Basic



configurations are shown in Figure 1.2 and Figure 1.3. A third configuration is discussed
in [7] which is identical to that in Figure 1.3, except that only one step-up converter is
used that can provide the step-up from wind generator rectifier voltage to HVDC voltage
(also referred to as “cluster step-up”). Note that voltage values in Figure 1.2 and Figure
1.3 are given for illustration purposes, only, and can vary with different wind farm
designs.
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Figure 1.2 Parallel DC collection system with a DC/DC converter located in each
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Figure 1.3 Parallel DC collection system with all DC/DC converters in collection

system (“Two step-up”) [7]

In [8] a parallel DC wind farm is described in which each wind turbine uses a three-
level neutral-point clamped inverter for controlled rectification to DC voltage. A common
DC bus is proposed as collection system. In order to step up the voltage to HVDC level,
a combination of switch-mode DC/AC conversion, low-frequency step-up transformer
and switch-mode AC/DC rectification is used. These converters have to be rated at the



full wind farm power rating (300MW). Compared to an AC wind farm with HVDC link,
the authors claim that the number of DC/AC converters is reduced.

The authors in [9] examine a parallel DC wind farm. The assumed wind energy
conversion system (WECS) consists of a SMW, 4kV direct-drive generator, rectifier, and
step-up DC/DC converter. Each wind turbine has a nominal DC output voltage of 40kV.
One central DC/DC converter then provides a voltage step-up to 300kV for the entire
wind farm. Thus, the proposed work relies on a two-step voltage boost. In particular,
this work focuses on the integration of a novel resonant DC/DC converter as the first
DC/DC converter stage using thyristors. This study demonstrates that diode-bridge
rectifiers used with wind generators are significantly more efficient than voltage-source
converters (VSC), especially at low-load conditions. The proposed DC/DC converter
reaches a mazximum efficiency of approximately 95% with partial load efficiencies well
below this levelP. The system design evaluates the use of a diode-bridge rectifier compared
to a VSC demonstrating superior efficiency for a diode rectifier; however, the chosen
control strategy results in loss of these advantages: variable diode rectifier output voltage
is compensated for with the local WECS DC/DC converter. Such a wvariable voltage
operation of this converter causes additional losses which effectively render any diode
rectifier efficiency gains void. The main reason for this is a change in system sizing (a
design for higher maximum step-up gains in the local DC/DC converter are required,
compared to VSC rectification with constant DC voltage). Finally, the study finds that
the proposed system has slightly higher losses (6.5% vs. 6% of the total energy
produced). The main advantage is given as a reduction by a factor of thirteen in weight

for required inductors and transformers in the wind farm.

In [10], the use of a parallel DC collection system in “small” (60MW) and “large”
(160MW) wind farms is analyzed in terms of energy production cost with alternate AC
and DC configurations for varying distance to shore. The study concludes that series
DC collection systems are more favourable in terms of expected energy production cost,
and thus devotes more analysis to series DC wind farms. Parallel DC wind farms are
found to have a lower energy production cost than AC collection systems starting at
distances from shore of about 90km. The parallel DC wind farm is constructed from

2 For comparison: line-frequency AC step-up transformer efficiencies are assumed to peak at above
99% in this work. This is in line with the current NEMA Premium Efficiency Transformers Program (see
https://www.nema.org/Policy /Energy/Efficiency /Documents/NEMA__Premium__ Efficiency_ Transforme
r_Product_ Specifications.pdf).



wind turbines with a nominal output voltage of 5kV. Two step-up DC/DC converters
are assumed, where a first stage performs the step-up for a subgroup of wind turbines
(e.g., four) and the final step-up is performed with a single, central DC/DC converter.
The results of this study are a very useful indication of the economic feasibility of parallel
DC wind farms. The assumed system sizing using 2MW wind turbines and a generator
with rated voltage of 5kV ([11]) appears to be less common compared to commercially
available wind generators at those power levels as indicated by [4].

The authors of [7] discuss control issues of different parallel DC wind farms. However,
in order to select a preferred collection system configuration, efficiency modeling is
performed for a 500MW wind farm employing 5MW wind turbines and three-leg single-
active-bridge (SAB) DC/DC converters. The considered parallel DC configurations are
“turbine step-up”, “two step-up”, and “cluster-step-up” as outlined in the beginning of
this section. The authors conclude that a cluster step-up configuration is the most
preferable in terms of power losses for the chosen configuration. A cluster step-up would
require a DC/DC converter with a very large voltage transformation ratio (> 10).
According to the study, the next best configuration in terms of losses would be one in
which each wind turbine comes with one DC/DC converter to step up to an intermediate
voltage level, such as 30kV. This would help reducing power losses in the distribution

network.

In [12] and [13], it is proposed to develop a parallel DC wind farm based on high-
voltage, direct-drive hybrid generators. In this work, a hybrid generator consists of a
synchronous generator that has both a permanent magnet-based excitation, and a
wound-rotor-based excitation. This approach seeks to balance the efficiency advantage
of PMSGs with controllability that a variable electrical excitation of a WRSG can
provide. In this approach, each wind turbine would consist of a nine-phase hybrid
synchronous generator without gearbox, and a diode-bridge rectifier. DC-voltage control
and maximum power point tracking (MPPT) would be provided by the variable
excitation of the WRSG part. The nominal output voltage of each wind turbine
generator is assumed to be 38.1kV per phase. To each wind turbine rectifier, a DC/DC
converter is connected to step up the voltage to 132kV for HVDC transmission. Due to
the partial rating of the WRSG part, only a certain margin of wind speed differences
can be tolerated in the wind farm while maintaining MPPT operation. In [13] a partial
rating of 25% has been suggested based on wind speed measurements in a farm presented
in [14]. The authors claim a reduction in size, as well as an increase in wind farm

efficiency from 91.15% to 94.58% at full load for the 2 x 183.6 MW Walney wind farm



(U.K.). However, since a constant HVDC voltage of 132kV is assumed, the DC/DC
converter has to be able to provide a very large step-up ratio in order to support low-
wind speed scenarios that result from a low rectified generator voltage. Typically, this will
result in large transformer turns ratios of high-frequency step-up transformers in those
DC/DC converters. This in turn may result in a lower DC/DC' conversion efficiency

because of large low-voltage side currents in the converter, as well as converter oversizing.

1.2.3 Offshore Wind Farms with series DC collection system

Alternatively to parallel DC collection systems, it has been proposed to connect the
outputs of wind turbines in series (see Figure 1.4). This would allow to obtain an HVDC
link without the need of high-voltage, high-gain step-up DC/DC converter which could
have a negative effect on system efficiency, cost, weight, and volume. Common challenges
that have been stated in the work reviewed here are the requirement to isolate individual
turbines against HVDC potential, and system protection, since wind turbines are now
connected in a series string. In section 1.2.4 comparative studies are reviewed. In most
of these studies a series DC system is seen as advantageous over all other wind farm
collection system configurations (AC, AC+HVDC, parallel DC) in terms of system
efficiency and/or energy production cost starting at a fairly close distance from shore
(e.g., starting at 10km for some farm sizes [10]).
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Figure 1.4 Series DC collection system with a single string (example)

Several of the works presented below also contain analysis and designs of controllers
for the proposed schemes. Since the scope of this review is primarily focused on the
design of a series DC collection system and related hardware components, control system
designs are excluded from this literature review, unless necessary for context.



The author of [6], [10] describes and analyses a series DC wind farm where each wind
turbine consists of an induction generator, gearbox, VSC as rectifier, and a full-bridge
DC/DC converter with medium-frequency isolation transformer. It has been suggested
to operate the wind farm with a single or with multiple parallel connected strings of
series connected wind turbines. The onshore inverter station is selected to be a 2-level
voltage-source converter (VSC). This work also contains a comparison of AC, parallel
DC, and series DC configurations, as mentioned before. The authors conclude that a
series DC configuration yields the lowest energy production cost among all configurations
starting at about 10km distance from shore, depending on wind farm size. However, it
is also noted that exact cost to realize an appropriate insulation against HVDC potential
in the DC/DC converters is unknown. This work sets a very useful baseline and provides
a cost comparison with alternative wind farm configurations.

The work in [15] discusses the design and optimization of a dual-active bridge and
series-resonant converter with medium-frequency isolation transformer in detail. This
can be seen as a potential specification to the system proposal made in [6]. The converter
is rated at IMVA, 1.2kV/12kV (input/output voltage level), and a switching frequency
of 20kHz. While this design does not take into consideration that operation at variable
output voltages is unavoidable in a series string of wind turbines, each operating at MPP,
it is shown that peak efficiencies of 98.6% can likely be achieved in a very compact design
while achieving an insulation level sufficiently high to realize a bipolar HVDC' link with
series DC' connected wind turbines (£100kV ) involving dual-active bridge converters.

In the simulation based study of [16], the use of a PMSG with a high gear ratio
gearbox, insulation transformer, and 2-level VSC as rectifier is studied as WECS in a
series DC wind farm. The system sizing (1.5MW generator with 1.5kV rated voltage)
results in relatively low WECS output voltages of 2.8kV. As a result, the authors suggest
that a series string should only be constructed up to a medium DC voltage, such as
40kV. Then, a central DC/DC converter is employed to provide the final step up to
HVDC voltage for all wind turbines together. A wind farm can consist of a single or
multiple parallel connected strings before the central DC/DC converter. Insulation
against HVDC potential would be achieved using a low-frequency AC isolation
transformer between generator and rectifier. The authors point out that due to the
relatively constant generator voltage to frequency ratio at MPPT operation, transformer
flux remains fairly constant over the entire operational range. The presented analysis
does not examine effects of output power differences in a string or between strings and
resulting sizing considerations that need to be made for the central DC/DC converter.



Furthermore, the existence of a central DC/DC converter diminishes the advantages of
series DC' collection systems over other configurations in that no offshore substation is

required.

In [17] it is proposed to construct a series DC wind farm out of groups of multiple
wind turbines connected to the same rectifier. The example given in this paper connects
four wind turbines based on 2MW, 4kV PMSGs in parallel. A PWM current-source
converter (CSC) then serves as rectifier for that group of wind turbines. All rectifiers are
then connected in series to form the series string with a rated voltage of +£60kV for a
200MW wind farm. The onshore converter station consists of a single, high-voltage, high-
power PWM CSI converter. The means to provide insulation against HVDC potential
in wind farms are suggested to be insulated generator windings, insulation of the nacelle,
or the use of a transformer between generator and rectifier. In order to ensure stability
within a group of generators, machine damper windings are required.

Another PWM CSC scheme is proposed in [18] suggesting to install a multi-phase
PMSG in each wind turbine. For each set of three phases a PWM CSC is used as rectifier.
All CSCs of a particular wind turbine are then connected in series. The authors claim
that this allows to employ low voltage switches in the CSCs. Faulty CSCs would be
bypassed by thyristors connected to the CSCs’ DC sides. Insulation against HVDC
potential is suggested to be realized using uprated generator winding insulation. The
HVDC voltage would be set to several tens of kV. A test system is based on 1MW, 690V
PMSGs.

A similar proposal has been made in [19]-[22]. There, PWM CSCs would also be used
as rectifier to a medium-voltage, three-phase PMSG (3kV). Onshore conversion would
be achieved through a series string of CSCs, as well. The wind turbine generator was
chosen to have a low pole-pair count (8) thus requiring a gear box with high gear ratio.
Insulation against HVDC potential would be achieved using a low-frequency transformer
between generator and rectifier. Several additional aspects, such as DC link current
control and fault ride-through capabilities have been studied for this configuration.

In [23], a wind farm configuration was proposed that features diode-bridge rectifiers
as wind turbine converters, followed by stacked single-active bridge (SAB) converters in
phase-shift operation. The onshore converter station is proposed to consist of a half-
bridge modular multilevel converter; however, a simulation study is based on a
conventional VSC. The authors consider a 4kV, IMW PMSG and five SABs rated at 1
kV each. Insulation to ground for series-connected offshore wind turbines is achieved



through the SAB transformers. In [24], the authors study a similar system in which the
onshore converter station consists of two CSCs and investigate the control of a bipolar
HVDC link, taking into account the ground path in such a configuration. The simulated
system considers a wind farm of two 1 MW wind turbines. In [25], the authors highlight
the importance of considering appropriate circuit models for transmission lines for series-
connected wind farms with current-controlled HVDC link. It is shown that a simple
inductive, PI or T representation is insufficient for appropriate filter design, and that a
distributed transmission cable model featuring multiple RLC cells should be considered.
The control of a PWM CSC as onshore converter station is investigated in [26]. In
particular, the authors simulate the PWM CSC controlled by a hierarchical approach
that is supposed to reduce harmonic contents and offer a fast dynamic response. The
current setpoint is derived from a non-linear programming model seeking to minimize
transmission system losses to realize a desired wind farm power and subject to
operational constraints, such as rated HVDC current.

Another approach to realize HVDC insulation in a wind turbine is to use a high-
frequency transformer connected to an AC/AC frequency changing converter, followed
by a rectifier. Such schemes have been proposed and examined in [27]—[30].

[27] proposes to use a three-phase AC to single-phase AC converter, medium-frequency
transformer (operating at 10kHz), and AC/DC rectifier. The medium-frequency
transformer is capable of withstanding HVDC potential to ground. A new switching
pattern is proposed for the operation of the AC/AC converter. The wind turbine
generator considered would be a medium-voltage PMSG with a gearbox.

The authors of [28] have focused on evaluating the appropriateness of matrix
converters in wind turbine energy conversion systems. The chosen wind turbine topology
consists of a 2MW or 10MW PMSG, connected to a frequency changing AC/AC
converter, medium-frequency transformer for isolation operating at 5kHz, and a three-
phase diode bridge rectifier. The AC/AC converter topologies that are compared are
back-to-back VSC, conventional matrix converter (CMC) and indirect matrix converter
(IMC). These setups are compared against the traditional parallel AC wind farm case
for a 300MW, 150kV (Vv pe) wind farm in terms of efficiency and reliability. The wind
turbine sizes chosen are 2MW and 10MW, in order to study the state of the industry at
that time and potential future wind turbines. The work concludes that a series DC wind
farm using a conventional matrix converter can be operated with up to 6-15% less losses
than the traditional parallel AC wind farm of equivalent size. It is also pointed out, that
the choice of switching frequency for the matrix converter has a significant influence on
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the exact loss profile. The system reliability is estimated to be better with the parallel
AC wind farm concept. Furthermore this paper points out that larger-scale wind turbines
in a series string contribute to a higher (better) Average System Availability Index
(ASAI), because the length of required collection system cable is smaller. More detailed
converter-focused studies have been continued in [29], [30]. A variant based on reduced
matrix converter, high-frequency isolation transformer and full-bridge diode rectifier has
been proposed in [31]. Wind turbine converter conversion losses have been estimated to
range between 4-9% at rated operation with a 10 kHz switching frequency for a 2MW
wind turbine in [32].

The authors of [33]-[35] describe a series DC wind farm based on medium-voltage,
direct-drive PMSG?, diode bridge rectifier and buck converter. HVDC insulation would
be achieved using a transformer between generator and diode bridge rectifier, uprated
generator insulation, or by using an insulated tower element. The onshore converter is
chosen to be a line-commutated 12-pulse thyristor converter. The authors argue that
while a diode rectifier has disadvantages in terms of generator current THD and lack of
reactive power provision, the drawbacks are made up for by better efficiency?, reliability,
and lower cost. Various system protection cases and measures are discussed in [35]. While
a buck converter offers a compelling simplicity for the wind farm configuration, the choice
of a buck converter as DC/DC' converter unnecessarily limits freedom in system sizing,
since the rated generator voltage has to be chosen relatively high only to be stepped down
afterwards. The authors argue that the diode of a buck converter is the deciding factor
for choosing this topology, as it can automatically serve as a bypass element, in case of
faults. However, in [35] further bypass equipment is deemed necessary.

In [36]-[41] a wind turbine for series DC wind farms is studied, that uses a thyristor
converter as rectifier after the generator. Such a rectifier necessitates a synchronous
generator which is chosen as PMSG or self-excited synchronous generator. The onshore
converter station is also chosen as thyristor converter. A synchronous condenser is
suggested at the onshore inverter station to compensate for reactive power consumption
of the inverter station. For the thyristor converters used as wind turbine rectifier, the

35MW, 145 pole pairs, 2.89kV. This design appears to have been reverse engineered from the Multibrid
Mb5000 design; however, it was omitted to incorporate the single-stage gearbox with a gear ratio of 1:10.
Hence, the high number of generator pole pairs. According to [25] the actual pole-pair count is 14.

* This has been confirmed and quantified in [9)].
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thyristors’ reactive power draw from the generator and low power quality pose significant

challenges.

In [42], a voltage balancing system is proposed to be applied to wind turbine
converters. This essentially features delta converters that have been discussed for PV
application previously [43]. It appears that the wind turbine rectifier is based on a two-
level VSC. Simulation studies for a 690V, 200kW generator are based on a fixed wind
turbine VSC DC voltage of 1000V. To maintain such voltage during unequal wind speeds
in the series string (with shared HVDC link current), the delta converters are used to
facilitate such operating points. This configuration realizes an approach of differential
power processing for series-connected offshore wind farms. Due to the nature of delta
converters, this concept requires three conductors connnecting each wind turbine,
instead of one for most other series-connected concepts.

Other converter topologies that have been studied for application in series-connected
offshore wind farms as wind turbine converters are modular multilevel converters [44],
VSC and biode-bridge rectifier-based power factor correction [45], voltage-source
converter, dual-active bridge converter and storage [46], VSC, tap-changing transformer
and diode-bridge rectifier [47], VSC and double full-bridge double-tapped inductor
converter [48], and diode-bridge rectifier with synchronous generator excitation control
[49].

The discussion of sizing of wind turbine converters in series string applications remains
incomplete. For extreme operating conditions, such as a string with turbines operating
near cut-in wind speed and near rated wind speed, the output voltages have to be very
different, since all turbines see the same current in a string. In order to be able to
withstand those, as well as transient conditions that can depend on interactions between
local offshore and remote onshore converters, wind turbine converters might require to
be oversized in their output voltage rating. Work and a further review on related literature

are provided in Chapter 5.

1.2.4 Comparative evaluation of Offshore Wind Farm collection
systems

The purpose of this section is to provide some background information on how different

wind farm configurations compare based on published work. Typical criteria for

comparison would include wind farm efficiency, reliability, energy production cost,
market readiness, and unresolved research challenges. As partially confirmed in the
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comparison of a small and a large wind farm in [10], wind farm parameters, such as total
power rating, wind turbine power rating, distance from shore, wind farm layout, and
site-specific wind characteristics can potentially have a significant influence on the

comparison of different wind farm layouts.

The work of [6], [10] has already been discussed in previous sections. To summarize
the results in here regarding the comparison of AC and DC wind farm configurations,
one should have a look at Fig. 12 in [10]. There, the results of a comparison of energy
production cost against distance from shore among pure AC, AC with HVDC link,
parallel DC, and series DC wind farm configurations for a 160MW, 10m/s wind site are
shown. For small wind farms (60MW), the energy production cost is more sensitive to
distance from shore than for larger ones. For these small wind farms, a parallel DC
configuration is found to be less economic than a pure AC configuration up to a
transmission length of about 90km. For the larger wind farms (160MW), the pure AC
configuration becomes less economical compared to AC wind farms with HVDC link,
parallel DC and series DC configurations starting at 130km, 90km and Okm, respectively.
The large DC series configuration is deemed more economic in all cases, except when
compared to a small AC wind farm for distance from shore of 0-10km. This study shows
very clearly the structural differences between different wind farm configurations in terms
of economic viability for a subset of varied system parameters (distance from shore and
size of wind farm). However, it has to be noted that this study has been published in 2006
which was before the large-scale deployment of offshore wind parks in FEuropean Seas. It

is therefore quite possible that some basic assumptions have shifted since then.

In [50] a comparison of pure AC and AC wind farms with an HVDC link is made. The
study compares wind farms of sizes 100-500MW in terms of economic assessment
(investment, O&M, and energy loss costs). Farms with 150kVac, 400kVac, and VSC-
based HVDC (£150kV,,.) transmission systems have been studied. Several system
parameters have been studied for their sensitivities with regard to system efficiency. For
a 100MW wind farm, it has been found that starting at 90km distance from shore, an
HVDC link becomes cost-effective for wind farms with AC collection system. The
methodology presented is wvery exhaustive and could potentially serve as base for
comparative studies involving DC' collection system configurations which have not been
covered in this work.

The authors of [11], [51] compare the efficiency of isolated full-bridge, SAB and series
parallel resonant (SPR) converters for application in parallel DC wind farms with a two-
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converter step-up configuration. The study compares these converters for a generator
with 5kV rated output voltage (rectified). The rectifier is either a diode rectifier or a
VSC. Different DC voltage control strategies (constant or variable with variable
generator voltage as MPP varies) are studied, as well as losses at different wind speeds.
The study shows that a SAB converter efficiency suffers significantly when operated
under variable voltage conditions. It is found that the full-bridge and SPR converters
handle these situations much better with the SPR having a better efficiency in most
cases. Furthermore, it is shown, that a control strategy with variable voltage in the wind
turbines’ DC busses is advantageous in terms of DC/DC converter efficiency, compared
to constant DC-bus voltage. This is especially interesting for this PhD research, since
the use of a diode-bridge rectifier as generator rectifier implies such variable voltage
operation.

The authors of [52] modeled wind farm losses, equipment cost and reliability for
different AC and DC topologies. For AC wind farms, the wind turbine generators are
assumed to be DFIGs which nowadays are becoming less and less interesting for new
developments [4]. For DC configurations, a full-scale power electronic interface with VSC
and isolating DC/DC converter has been chosen. The topologies examined are AC wind
farms without HVDC link in radial and radial with loop collection system configurations,
as well as parallel DC, series DC, and series DC with multiple strings configurations for
a wind farm rating of 300MW. The authors conclude, that for the selected wind farm
configurations and sizing, the series DC configuration is the only configuration with
better overall efficiency than AC radial configurations. In terms of reliability the authors
show that AC configurations currently have a higher reliability than DC configurations
(for AC configurations, the electric energy not served is approximately halved while the
availability is about 10 per cent points of ASAI). This difference mainly appears to
originate from the higher failure rates of power electronic equipment compared to any
other equipment. Furthermore, within the class of DC configurations, reliability is best
with a multi-string series configuration, and worst for a parallel DC configuration (due
to long collection system cables). The authors assume no cable redundancy for series
DC connected wind farms. In terms of equipment cost, the authors conclude that the
cheapest AC system is one with an AC radial configuration, while other AC
configurations would be 7% more expensive. A series DC configuration would cost 85%
of the cost of an AC radial configuration, and a multi-string series DC solution would
be at 102%. Parallel DC configurations would be 55% more expensive. This study shows
potential for DC configurations; however, further research and development in
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components, system configuration, and system analysis might be required to find an

optimal design.

In [53], an assessment of different collection systems in terms of losses and equipment
cost has been performed for a 400MW wind farm. The examined collection system
configurations are AC system with HVDC link, parallel DC with a turbine output
voltage of 30kV (each wind turbine uses a PMSG, VSC and isolating DC/DC step-up
converter) and central 30kV to 300kV step-up converter, and parallel DC with a turbine
output voltage of 1.2kV (each wind turbine uses a PMSG and a VSC), step-up converters
(1.2kV to 30kV) for a group of wind turbines and a central 30kV to 300kV step-up
converter. These configurations were labelled ‘AC’, ‘DC1’, and ‘DC2’, respectively. Each
wind turbine operates with a 5MW, 690V generator. The DC/DC converters are based
on the full-bridge DC/DC topology with medium-frequency transformer operating at a
switching frequency of 1kHz. The assumed wind site is characterized by Weibull
parameters k=2 and ¢=9.5. Based on the calculation of yearly yield and energy losses,
the wind farm efficiencies for ‘AC’, ‘DC1’, and ‘DC2’ are determined as 92.58%, 92.35%,
and 92.46%, respectively, which are very close to one another. Slightly larger differences
would be seen when only implementing a 200MW wind farm. Equipment cost of DC
configurations is found to be larger than those of AC configurations (by 2% and 7%,
respectively). For smaller wind farms (200MW), these differences remain similar. The
authors attribute the cost increases of DC systems mainly to high cost of DC/DC
converters and DC switch gear. Both technologies are still under active research and
development, so that future progress and economies of scale could potentially help reduce
these cost components compared to other equipment typically used in (AC) wind farms.
Lastly, the authors point out, that DC farms might be able to improve their efficiency
in the future, if generators with larger voltage ratings, or DC/DC converters with higher

voltage transformation ratios become available on an economically feasible basis.

1.3 Research Objectives

The review has shown that wind farms with a series-connected DC collection system
have potential to improve offshore wind generation. Different approaches have been
taken with regard to selection of conversion topologies and system sizing. Some works
have highlighted significant potentials in DC wind farms, but fail to completely take
advantage of those potentials (such as efficiency gains with variable DC voltage operation
in wind turbines in [9] and [42]). A closer examination of the operating points and
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interdependencies of wind turbines in a series string reveals that there is a closer
correlation between wind turbine output voltages and currents with the incoming wind
conditions, than with conventional AC wind farms. The impact of real world operating
conditions on wind turbine operating points and resulting converter sizing has not been

studied extensively.

The thesis is focused on developing a wind farm configuration that can turn this
correlation of wind speeds into an additional degree of freedom for system design and
sizing, and exploit it for improvements in overall conversion -efficiency, system

availability, and amount of required offshore conversion equipment.

Thus, the objective of the proposed work is to perform an in-depth system study of an
offshore wind farm with DC collection systems where each individual wind turbine uses
a diode-bridge rectifier and partial power processing converter in order to take advantage
of the correlation of wind speeds within a wind farm. By examining real-world, high-
resolution data from offshore wind farms, and modeling expected operating conditions,
the requirements on series-connected DC wind farms will become better understood.
The overall goal of this thesis is to develop the fundamental wind turbine design, control
and operational principles, develop a framework for determining preferable converter
ratings, and provide a quantification of potential benefits achievable with this new
configuration,

By using partial power processing converters with diode-bridge rectifiers, benefits in
three aspects are realized:

e Lower generation cost per kWh. Resulting from a reduction in equipment
and improvement of conversion efficiency, the production cost of electricity from
offshore wind energy using the proposed wind farm configuration is expected
to be lower than that using convetional technology (see Chapter 7).

e Less power electronic equipment deployed. This can lead to a reduction

in equipment weight and volume in offshore wind turbines, and lower cost.

e Reduced electric conversion losses. Work presented in Chapters 3-5 and 7
shows that with a proper system sizing and HVDC link operation strategy, the
power electronic converter equipment can run at operating points that incur

less losses than those in conventional full-scale converter configurations.
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1.4 Thesis Organization

The main content chapters of this thesis are Chapter 3 to Chapter 7. Necessary
background for these is provided in Chapter 2. The proposed wind farm configuration is
introduced in Chapter 3. Chapter 4 is dedicated to developing appropriate control
algorithms for the wind turbine, wind turbine converters, and HVDC system, including
for ancillary services. Furthermore, this chapter presents transient simulations of this
wind farm configuration. Chapter 5 presents a framework for determining converter
ratings in series-connected DC offshore wind farms. This framework is applied to the
proposed wind farm configuration, as well as two further series-connected wind farm
configurations for comparison. Since wind turbine startup is not available using
conventional methods for the proposed configuration, a novel startup scheme is
developed in Chapter 6. Finally, Chapter 7 presents a comparative economic assessment
among all considered series-connected DC wind farm configurations, as well as a
conventional AC wind farm featuring an HVDC link. A summary is provided in Chapter
8.
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Chapter 2

Background review

2.1 Horizontal-Axis Wind Turbines

<—Rotor Blade

Gear Box
— Nacelle
Wind ——
o ( Generator
<— Power Cables

Tower  Switchyard

Figure 2.1 Basic Wind Turbine Components
(source: [54], Public Domain)

Modern large-scale wind turbines for electricity generation are usually classified as
horizontal axis, upwind wind turbines with three blades, as illustrated in Figure 2.1. The
amount of power available in the wind for conversion can be described as [55]:
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1

where p is the air density (1.225% at standard conditions), A the rotor swept area, U
the wind speed, and C|, the power coefficient. According to the Betz limit, the maximum
possible power coefficient is ;—? = 0.593. Commercially available wind turbines usually
operate at a maximum power coefficient of 0.4 — 0.5. The power coefficient varies, as the
ratio between speed at the tip of a blade and the wind speed (the so-called “Tip Speed
Ratio”, TSR, \) varies and is a function of the turbine blade design. The tip speed ratio
is defined as:

wp R
Y

where w, is the rotational speed of the turbine, R the blade radius, and U the wind

A

(2.2)

speed. At an optimal tip speed ratio A which depends on the turbine blade design,

opt)
the maximum power coefficient can be achieved. While the tip speed ratio is held at its
optimal value, maximum power extraction can be achieved. The process of maintaining
operating conditions to extract the maximum amount of power available at a given time

is called maximum power point tracking (MPPT).

Ideally, the rotor blades always have to face the wind (rotor plane perpendicular to
oncoming wind direction). Yaw drives built into the nacelle can turn the nacelle and
rotors as needed to maintain optimal rotor orientation. Furthermore, most wind turbines
deployed today convert wind energy based on the principle of lift. In order to maintain
an optimal angle of attack, or to reduce power conversion (e.g., at wind speeds above
rated wind speed), a so-called “pitching system” is installed to alter the rotor blade
angle, and thus the angle of attack which results in a reduction of the power coefficient.
Variable-speed wind turbines are usually controlled following MPPT from a minimum
“cut-in” wind speed (wind turbine is off below cut-in wind speed) to rated wind speed
by maintaining the tip speed ratio at its optimum value. From rated wind speed to a
maximum “cut-out” wind speed, output power is held at rated value. In this range, the
pitching system ensures that wind energy conversion does not exceed the rated power of
the wind turbine. To turn off and halt a wind turbine at wind speeds above cut-out, a
combination of pitching system, mechanical brake, and electrical brake can be applied.

Horizontal axis wind turbines (HAWT) have to be mounted high in the air to extract
large amounts of wind power. Towers to facilitate this are usually tubular steel towers,
concrete towers, or lattice towers. Supporting large masses in the nacelle and rotors

19



economically and at ever larger heights is one of the fundamental challenges in wind

turbine tower construction.

2.2 Electromechanical energy conversion in wind

turbines

The conversion of energy in the wind to electric energy relies on an aerodynamic, a
mechanical, and an electric system. This section concerns the mechanical, and electric
system types. Wind turbine generators (WTGs) interface the mechanical wind turbine
system to the electricity grid by converting kinetic energy transported through the shaft
into electric energy that is injected into the electricity grid. Five dominant general WT'G
topologies have formed over the past decades [56]. Type 1 (Figure 2.2) and Type 2
(Figure 2.3) WTG topologies are not of concern for the purpose of this research due to
the limited ability to perform MPPT. The interested reader is referred to [56] for further
background.

When the induction generator excitation of WTG type 1 and 2 is replaced by a power
electronic back-to-back converter system fed from the grid connection point, the doubly-
fed induction generator (DFIG) is obtained, WTG type 3 (Figure 2.4). The converters
typically have a power rating of only 10-30% [56], [57] of full rated power. However, this
arrangement allows the operation at sub- and super-synchronous speeds and fast reactive
power control is available through the power electronic converter configuration. A
gearbox is still required. This type is still a common configuration in some existing
applications, followed by type 4 [58]. For new developments, type 4 is dominating [4].

In order to allow a fully variable-speed wind turbine operation that can always operate
at its aerodynamic optimum, in type 4 WTGs the electrical frequency is fully decoupled
from the mechanical speed using a power electronic converter system in a back-to-back
configuration (Figure 2.5). The power electronic converters have to be rated to the full
power rating of the turbine. This configuration allows fast-responding four-quadrant
operation; however, active power is unidirectional. If a large reactive power capacity is
required at high active power output, the converter system has to be oversized
accordingly. Depending on the individual design, a gearbox might not be necessary,
improving reliability, and reducing volume and maintenance cost. However, the
generators have to be purpose-designed for such applications, as these generators tend
to require a high pole-count and operate at low-speed, and high-torque. This gearbox-
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less concept is referred to as ‘direct-drive (DD) wind turbine’ To improve generator
efficiency, permanent-magnet excited synchronous generators have become the
dominating technology in new large-scale wind turbine designs [4].

[56] also describes a type 5 WTG topology. Here, a synchronous generator interfaces
the grid. A variable-speed wind turbine is realized by using a speed/torque converter
(for example, a continuously variable transmission, CVT) that decouples turbine
rotational speed from generator rotor speed. Effectively, this system forms an electrical
interface that is very similar to that of conventional steam power plants. Reactive power
control is achieved through controllable excitation (automatic voltage regulator, AVR).
DeWind D8.2 2MW, AMSC-Windtex SuperGear 2MW, and Wikov W2000 2MW wind
turbines are rare examples of such a configuration deployed commercially [4].

This thesis document focuses on wind turbines of type 4 from now on, unless stated

otherwise.
Soft
Starter
Wind || Gear —Pll / Collector
Turbine Box Tk_ \ Feeder
l” == Capacitor
Bank
Figure 2.2 Typical Configuration of a type 1 WTG
Soft
Starter
Wind || Gear _>|l / Collector
Turbine Box Tk_ \ Feeder
% i,, = Capacitor
Bank
Figure 2.3 Typical Configuration of a type 2 WTG
Wind | | Gear \ /
Turbine Box ) \ Collector
Feeder

Back-to-Back
Converter

Figure 2.4 Typical Configuration of a type 3 WTG
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Figure 2.5 Typical Configuration of a type 4 WTG

2.3 Offshore Wind Farms

Wind farms are constructed by locating a large number of wind turbines in close
proximity within one project. In particular, wind farms located at sea (offshore) have
become a common way of implementation. Wind farms can consist of only a few or up
to hundreds of wind turbines. Large-scale wind farms are attractive at sea due to the
benefits of economies of scale, higher average wind speeds and capacity factors, lower
intrinsic turbulences and wind shear, less resulting visual intrusion, the lack of natural
and human-made obstacles impacting wind flow, and existence of fewer other
restrictions, such as infrastructure, environmentally sensitive areas, and competing land
use [1], [59]. One significant issue in wind farms is wakes. The air flow behind a turbine
becomes turbulent and its speed is reduced temporarily. If another wind turbine is
located closely behind, its maximum power output will be reduced. Therefore, proper
wind farm array design needs to take wake effects into account [59]. A collection system
within the wind farm concentrates the power of all wind turbines at a small number of
points within the farm (e.g., one, two, or three). At these points, an offshore substation
is placed to condition the power for transmission to shore [59]. Typical collection system
voltages are 33kVac to 66kVac [60].

Depending on the distance to shore, AC or DC transmission systems are being
implemented. AC transmission systems typically operate in the range of 150kVc to
220kVac and only require line-frequency transformers on both ends [59]. For short
distances, this scheme is more cost-effective, since the cost of transformers is relatively
low. However, the line losses are higher than with an equivalent DC transmission system.
For this reason, DC transmission systems are more cost-effective for wind farms located
farther away from shore (starting at around 90km distance [50]). DC transmission
systems use line-frequency step-up transformers and power electronic converters on
either side to interface AC and DC systems. Typical transmission voltages in DC
transmission systems for offshore wind farms are in the range of £150kV to £320kV [61].
Thus, these transmission systems are called ‘High-Voltage DC (HVDC) transmission’.
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2.4 High-Voltage DC Transmission

HVDC Transmission can be realized using Line-Commutated Converters (LCCs)
based on Thyristors, or Voltage-Sourced Converters (VSCs) based on IGBTs [62]. A
typical LCC-HVDC configuration is shown in Figure 2.6 and a typical VSC-HVDC
configuration is shown in Figure 2.7. In both figures, a bipolar configuration has been
depicted. This configuration is the most flexible, but also the most expensive
configuration. Alternate arrangements are monopolar configurations in which the neutral
return conductor is omitted or replaced by earth returns. A symmetrical monopolar
configuration has the positive and negative DC conductor, whereas an unsymmetrical
monopolar configuration only consists of one conductor and earth return. A high-level
comparison between LCC-HVDC and VSC-HVDC transmission systems is provided in

Table 3.2.
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Figure 2.6 LCC-HVDC Transmission system with bipolar cable configuration.

[63]-[65]
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Figure 2.7 Bipolar VSC-HVDC transmission system [64], [65].

Table 2.1 Comparison of HVDC technologies [61], [64], [65]

LCC-HVDC TRANSMISSION

VSC-HVDC TRANSMISSION

Mature

Rapid growth

Most cost-effective solution for long-distance bulk
power transmission

Usually requires strong AC system

Can support weak AC systems, can form
islands or realize black starts

Lower losses

Higher losses

DC current can be controlled, down to zero

DC current cannot be controlled directly

DC voltage flexible (positive, zero and negative)

DC voltage mostly fixed, always positive

Needs reactive power (compensation). Capacitor-
commutated conversion eliminates this requirement.

Independent active and reactive power
control

Multi-terminal operation challenging

Multi-terminal operation possible

Large harmonic filters required

Lower harmonic filter requirements

Higher reliability and DC fault tolerance

DC line faults difficult to handle

Large footprint of converter stations

Smaller footprint of converter stations

Large installations: Itaipul&lItaipu2, Brazil,
3150MW, £600kV4., 796km

Large installations: SylWinl, Germany,
864MW, £320kVq., 204.5km
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2.5 Partial and Differential Power Processing

Partial and differential power processing converters are classes of converter
configurations in which only a fraction of the total power flow is processed by a power
electronic converter whereas the remaining power flow bypasses most of the converter
components. Their rating can be at a fraction of total power capacity [66], [67]. When
input and output voltages are in close proximity, reductions in conversion losses, weight,
and volume can be achieved [66]. Based on the style of connection of the converter and
the bypass path, common PPPC connections are referred to as input-series, output-
parallel (ISOP), and input-parallel, output-series (IPOS), as shown in Figure 2.8.
According to [66], positive power flow in the converter will result in an output voltage
boost for an IPOS configuration and a buck operation for ISOP configuration. If the
direction of converter power flow is reversed, the output voltage mode (buck or boost)
is also reversed while maintaining overall positive power flow. PPPCs have been
evaluated for use in low-voltage power supplies [66], [68], cell balancing [69], electric
vehicle DC/DC conversion [70], and photovoltaic systems for the mitigation of partial
shading losses [43], [67].

o] oetiod 11 0 oefiod ]

Bypass path —‘V Bypass path —‘V

(a) (b)

Figure 2.8 Partial power processing converter connections.

(a) Input-parallel, output-series (IPOS); (b) Input-series, output-parallel (ISOP)

When applying the PPPC concept to a series string of converters at their outputs,
differential power processing (DPP) can be obtained [43], [67]. In DPP, individual
converters only process the difference of power flow between a natural power flow
imposed by the string current and converter input voltage, and the amount of actually
desired power flow. This concept has been studied for application in photovoltaic plants
[43], [67].
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2.6 Thesis Scope and Assumptions

In this thesis, a series-connected DC wind farm is constructed from individual strings,
only. While DC wind farms with parallel connections of series strings (“series-parallel”)
have been studied in literature, the commonly found challenges around string protection
and the lack of an economic case have lead to the work in this thesis to focus on single-

string, series-connected wind farms.

Simulations in this thesis have been performed in ways that are designed to capture
the dynamics of interest while reducing the computational complexity. Due to the large
size of offshore wind farms (80-90 wind turbines), full dynamic simulations of the entire
wind farm and its HVDC system are computationally infeasible with modern computers.
For this reason, full-order dynamic simulations have been performed for 5 wind turbine
models and upscaled to represent a string of 30 series-connected wind turbines.
Simulations capturing long term operation have been performed for the entire wind farm
with longer durations using steady-state models for electrical systems and dynamic
models for the aero-mechanic systems. This approach is appropriate since electrical time
constants can be assumed to be much shorter than those of the aerodynamic and
mechanical systems that are of interest, and under regular operation electrical systems
can be assumed to function with stable and normal operation.

Lastly, this thesis focuses on using a dedicated HVDC system per wind farm. It does
not consider the use of HVDC systems shared between multiple wind farms, as it can
be implemented in large clusters of offshore wind farms. This assumption is a result from
the variable HVDC voltage and current that the proposed wind farm operates with.
Using one HVDC system for multiple wind farms could be considered an interesting
potential future research direction.

2.7 Summary

This chapter reviewed basic components of offshore wind farms. The most commonly
applied wind turbine concept is the horizontal-axis, three-blade upwind wind turbine
that usually operates with a maximum power coefficient of about 0.4 to 0.5. At sea,
wind turbines can be deployed in large quantities, forming offshore wind farms. When
the distance to shore is large, it may be more economical to use HVDC transmission to
deliver generated energy to shore over AC voltage transmission. The traditional HVDC
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converter topology at the shore connection is a thyristor-based line-commutated
converter, whereas competing concepts are the voltage-source and modular multi-level
converter-based stations. Series-connected DC wind farms are a research-stage concept
to deliver tighter integration of offshore wind turbines and onshore converter stations to
derive benefits in terms of converter equipment needed, conversion efficiency, and
generation cost. Differential power processing can be leveraged to reduce converter
capacity in systems with many individual conversion stages that operate at similar
operating points, such that only differences in operating points require processing by a
power electronic converter. One approach to implement such concept is through the use
of partial power processing converters, where each converter processes only a fraction of

power.
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Chapter 3
An Offshore Wind Farm Featuring

Differential Power Processing

3.1 Output Power Differences in Offshore Wind

Farms

Offshore wind farms are known to be exposed to steadier and higher winds, leading to
higher capacity factors [55]. Winds can move fairly evenly across the open sea and are
not as obstructed as on land in the presence of hills, valleys, forests, cities and other
surface features. As a result, output power differences witin an offshore wind farm may
well be dominated by wake effects [55]. To investigate the magnitude of output power
differences within a typical offshore wind farm, operational data was retrieved from the
Danish Wind Farm ‘Horns Rev 1"

The Horns Rev 1 wind farm is located 14km from the west coast of Denmark as shown
in Figure 3.2. It consists of 80 Vestas V80 2MW wind turbines arranged in an array of
8 by 10 turbines [71]. 1 Hz output power measurement data from each turbine has been
obtained for the period of February 16th, 2005 to December 21st, 2005. After removing
data rows with invalid or missing data points, non-operational wind turbines, as well as
wind turbine start-up/shutdown transitions, 109 days, 1 hour, and 22 minutes of data
remained to compute each wind turbine’s output power deviation from the average wind
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Figure 3.1 Histogram of wind turbine output power differences from average wind
turbine output power within Horns Rev 1 Offshore Wind Farm (1Hz data).

turbine output power in the farm for each second. As it can be seen in Figure 3.2, there
is a very significant likelihood for all wind turbines to operate at a similar output power.
The likelihood of wind turbines’ output powers to deviate by more than 30% of rated
power from the farm average is less than 1.3%. Similarly, in 90% of the cases, wind
turbines’ output powers deviate less than 17.5% of rated power from the average output
power. The particularly high likelihood of zero output power deviations in the farm
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mainly stems from long periods at which incoming wind speed is high enough to operate

all wind turbines at rated power.

Differential power processing is based on the principle to only use converters to process
power deviations from a common ‘average’ level of power flow. Past PMSG-based wind
farm designs rely on full-scale, full power processing converters for all wind turbine
converter stages. While wind farms with a series-connected DC collection system exhibit
sensitivities to local output power differences in all wind turbine converters of a series
string [72], none of them exploit the opportunity of differential power processing in the
wind turbine converter stage becomes apparent in this data analysis of the Horns Rev 1

wind farm data.

To explore this opportunity, a DC wind farm design featuring partial power processing

converters is presented in this chapter.

3.2 Proposed Wind Farm Overview

The proposed wind farm configuration is shown in Figure 3.3. Each wind turbine
consists of a medium-voltage PMSG, a three-phase diode-bridge rectifier, and an IPOS-
connected, bidirectional PPPC that ensures MPP operation. The PPPC can be realized
using one or multiple isolated DC/DC converters. The PPPC design is discussed further
in section 3.5.
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Figure 3.3 Proposed system configuration.
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All wind turbines are connected in a single series string in order to obtain an HVDC
link without the need for a dedicated offshore HVDC converter station. This HVDC link
is realized in a bipolar configuration in order to keep the required insulation levels low.
The on-shore inverter station converts HVDC power to AC power to be absorbed by the
grid. Its converter topology is of current-sourced type, such that the HVDC-link current
Ivpe can be controlled by the on-shore converter station. For such station the twelve-
pulse thyristor converter, as shown in Figure 3.4, is a mature technological option [64].
However, other converter topologies with the ability to control the DC-side current can
also be compatible.

A highly reliable communication link enables a system controller to determine the
optimum HVDC current to be scheduled depending on the state of all wind turbines. To
address potential short-term interruptions in the communication link, a fallback HVDC-
link current scheduling law is presented in chapter 4.5 that only relies on local
measurements at the onshore converter station. Communication delays do not affect the
HVDC-link current control due to a very low bandwidth of current reference calculation
of the chosen onshore converter, and the fact that the communication channel is not
part of a feedback control loop. Instead, it is merely used in the process of deriving a
reference value for local feedback control of the HVDC-link current Iy p¢-

HVDC Cable ~~~~__Inverter Station

*L 04 ‘ AC
r‘ Y l Grid
— *\; 225 I Harmonic filters:

MVAr 1%, 130

AN
Figure 3.4 Basic schematic of an onshore thyristor-based inverter station

3.3 Steady-State Model

The basic operating principle of the proposed wind farm configuration is outlined in
this section through the definition of a high-level steady-state model of the wind farm.
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3.3.1 System operation below rated wind speed

As outlined in section 2.1, the maximum mechanical power P _ ., captured by a wind
turbine can be expressed as [1]:

1
Pmech = ipAcp(Aa 5>U3; (31)

where p is the air density, A the area swept by the wind turbine blades, ¢, the power

coeflicient as a function of tip speed ratio A and pitch angle 3, and U, the wind speed.

While wind speed is between cut-in and rated values, a conventional speed controller
to maintain near-optimal tip speed ratio is used. The objective of this control loop is to

operate the turbine at or near the maximum power coefficient ¢, ,,, ..

by regulating the
rotor speed w,. A simplified illustration of this controller is shown in Figure 3.5. This
controller generates a power reference Pj. for the control loops of the electrical system.

Below rated power, Pj. is obtained by deriving the set of values for w, and P, for which

P4
o—}> S %

Tracking curve

Figure 3.5 Simplified wind turbine speed control diagram.

Cpmaz 1S Obtained by maintaining optimal tip speed ratio. Py, is limited to the rated

wind turbine power.

Deriving the relationship between DC-side voltage (V,.) and current (Is,.) of a
three-phase diode-bridge rectifier connected to the PMSG with DC-side capacitor, and
including the generator inductance, following analytical procedures, is complicated as
reported in [73]. Therefore, for the purpose of steady-state analysis, an empirical, rather
than analytical approach using steady-state simulations in MATLAB/Simulink can be
followed to describe the relationship between Vi, = f(P,cen) and Ing. = 9(Pecn)-

Figure 3.6 shows V., and I, for the entire MPP operating range using system
parameters provided in section 3.6 (on page 41).
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Without a PPPC, the HVDC link would absorb a fixed amount of power determined
by Vg and Iype and MPP operation could not be guaranteed. In order to be able to
set I, different from Ipypo for the purpose of MPP operation, the PPPC can
draw /return additional power from/to the diode-bridge rectifier by adding/subtracting
current to/from the bypass current Igp. Igp is equal to Iyype due to the series
connection of the PPPC output stage. As a result, the PPPC input current can be
expressed as a function of rectifier DC current I, and HVDC-link current Iy pe:

IPPPCM =Igac —Ip = Igac — Iuvpe (3.2)

Assuming lossless operation, the amount of power processed by the PPPC and its
output voltage in order to achieve MPP operation (Ppppe &V, ppp) are given as:

Ppppe = VGchPPPCm = VaacUgae — Invpe) (33

Vv _ PPPPC _ Pdc
oPPPC —

= — Ve (34)
ITyype  Iuvpe e

The wind turbine output voltage, V, can be written as:

urbine’

P
‘/turbine = ‘/OPPPC + VGdc = IPPPZ + VGdc (35)
HVD
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Figure 3.6 Voltages and currents on DC-side of rectifier for entire operation range at

MPP (simulation and curve fitting of simulation results). (a) V. versus P, ..,

(obtained from simulation), (b) I5,. versus P, ...
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While I, is equal to Iy p- for a given wind turbine, all switching operation of the
PPPC converter can be deactivated, so that no switching, primary-side switch
conduction, and medium-frequency transformer losses are incurred. Then, the converter
output stage incurs conduction losses, only.

Due to the series connection of all wind turbines, the HVDC-link voltage becomes:

N N
PPPPC,n
VHVDC - Z V;urbine,n - Z < Fi + VGdc,n) (36)

where the suffix n denotes a quantity relating to the nth turbine in a series string of N

wind turbines.

3.3.2 System operation between rated and cut-out wind speed

While wind speed is between the rated and the cut-out wind speed, it is being assumed
that the wind turbine’s pitch angle is adjusted by a pitch controller and rated output
power and rotor speed are maintained. As a result, electrical system modeling for rated
wind speed applies in this operating range. The turbine is deactivated for wind speeds
below cut-in or above cut-out values. A control scheme to start up and shut down wind
turbines is presented in Chapter 6 on page 117.

3.4 Considerations on Wind Farm Components

The proposed wind farm configuration differs from established norms and conventions
in multiple aspects. This section outlines some of these deviations and discusses their
rationale, importance and impacts.

3.4.1 PPPCs and HVDC-link operation

A proper HVDC current scheduling scheme has a significant influence on the total
amount of power processed by all PPPCs. The amounts of power processed by the
PPPCs are not entirely tied to the absolute level of power generation or average wind
speed in a wind farm, as PPPCs only need to process a power deviation from a common
level of power absorption set by the HVDC-link current-scheduling scheme (see eq.
(3.4)). This highlights that even partially-sized PPPCs will not by themselves result in
a limitation of variable-speed operation. Instead, the PPPCs are used to only process
the power differences between power reference P;. and the power draw that would occur
in the absence of a PPPC (equal to V. lgyvpe)- As a consequence, both HVDC-link
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current and voltage are variable quantities, unlike with the conventional parallel AC
wind farms with a fixed-voltage HVDC link.

3.4.2 Generator voltage level

The use of medium-voltage generators reduces resistive losses compared to low-voltage
generators (e.g., 690V), and renders use of boost converters with large voltage gains
unnecessary. Commercially deployed medium-voltage wind turbine generators operate
at voltages as high as 3300 to 4000V [9]; further related designs have been reported in
[33] and [74]. Due to the elimination of a boost converter and controlled rectifier in the
proposed scheme, the choice of generator voltage directly influences the rated output
voltage of a wind turbine, and thus affects the minimum number of wind turbines

required in a series string to obtain a sufficiently high HVDC-link voltage.
3.4.3 Diode-Bridge Rectifiers

The choice of a diode-bridge rectifier over a VSC results in lower cost, lower losses,
control equipment elimination, and higher robustness. However, it introduces two
drawbacks, namely an increased level of generator current harmonics, and the inability
to provide compensation for reactive power consumed by the generator inductance [73].
These can lead to increased losses in the generator, increased excitation requirements
and the need to design a more robust drivetrain [75]. Possible measures to dampen the
negative impacts can be introduction of small parallel-connected capacitors between
generator and rectifier to provide reactive power support [76] or potential use of an
elastic coupling between wind turbine rotor and generator. For the sake of simplicity,
these measures have not been adopted in this work.

3.4.4 Offshore HVDC converter station and system operation

Compared to conventional AC wind farms with HVDC link, the proposed scheme can
offer lower mass and volume of offshore-deployed electric conversion equipment;
especially as power electronic converters in wind turbines would be smaller in deployed
capacity, and a central offshore HVDC converter station would no longer be required.
Conversion efficiency increases can be achieved through reduction of number of
conversion stages involved, the replacement of full-scale power processing with partial
power processing, and optimization of operating points for remaining conversion

equipment.
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3.4.5 HVDC insulation

The challenge of insulation against HVDC potential is common to all concepts based
on series-connected wind turbines, and has been discussed in this context, for example
in [17], [19], and [33]. Among the most commonly chosen solutions is the use of low-
frequency AC transformers with increased insulation level to ground between generator
and rectifier. This solution has been adopted for the proposed wind farm configuration,
as shown in Figure 3.3. In the interest of limiting transformer weight and size, a
Multibrid wind turbine concept [77] could be adopted to maintain a higher level of
electrical generator frequency, compared to direct-drive PMSGs. However, particularly
with the increasing diameter of direct-drive PMSGs for increasingly large wind turbines,
a direct-drive generator may also be feasible. Due to the existing uncertainties in
maximum economically feasible insulation level, this study assumes a maximum HVDC
voltage-to-ground potential of +£100kV for the proposed scheme as it closely relates to
the peak voltage value of 66kV AC transformers used in collection systems of
conventional AC wind farms.

3.5 Partial Power Processing Converter Design

The selection of a suitable PPPC is dominated by two main aspects: (i) proper PPPC
connection (IPOS or ISOP connection) and (ii) a suitable converter topology and
modulation scheme.

3.5.1 PPPC connection

The choice of partial power processing converter connection affects its sizing and the
losses incurred in a wind farm. The work in [66] points out that in order to achieve a
particular voltage boost, IPOS connections require less converter capacity than ISOP
connections operated with reversed PPPC power flow. In particular, for the TPOS
connection, the required PPPC capacity is always smaller than that of an equivalent
full-scale converter. For that reason, an IPOS connection was found to be more
appropriate for the proposed wind farm configuration.

3.5.2 PPPC topology

The choice of converter topology and unidirectional or bidirectional PPPC power flow
capability have significant consequences on the HVDC link operation strategy, PPPC
converter sizing, and resulting conversion losses. A PPPC with unidirectional power flow
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capability results in Ipppe, ~ being zero or positive at any time. A bidirectional PPPC
can produce negative, zero or positive I pPPC,, - This means that the point of lowest
losses (Ppppe = 0) is in the center of its operational range for a bidirectional PPPC,
whereas it is at the lower operational range limit for a unidirectional PPPC. For a
bidirectional PPPC, control action can be taken in both directions around the point of
lowest power processed with respect to changing Ipppe, . This makes a reduction in
PPPC size and losses more likely, as unidirectional PPPCs would have the point of
lowest power processed at a limit for Ipppe, , resulting in the need for addition of a
control margin. For this reason, a PPPC topology with bidirectional power flow
capability is considered in this study.

Based on the design of high-efficiency dual-active bridge (DAB) converters for wind
turbine application in [15], a DAB converter, shown in Figure 3.7, is considered. For
the sake of simplicity, a single phase-shift (SPS) modulation has been adopted as
discussed in [78]. However, more sophisticated modulation schemes could potentially be
used to decrease current flow in the DAB medium-frequency transformer and increase
zero-voltage switching ranges under a wide range of operating points. For the chosen
modulation scheme, the power output for the dual-active bridge converter is a function
of terminal voltages V. and V, 45, and phase shift ¢ [79]:

VGd VDABN |¢|
P _ c’o s ( . )
DAB onf. L, ¢

(3.7)

where N, and L, are the transformer turns ratio and leakage inductance (see Figure
3.7), f, is the converter switching frequency, and ¢ the phase shift of the DAB-SPS
modulation.
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Figure 3.7 Dual-active bridge converter with unfolder circuit.
The PPPC can be realized in a multi-converter configuration, which is further
addressed in section 3.5.5 below. In the absence of such multi-converter configuration,
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the unfolder output voltage V,,,~ and current I ,,~ can be regarded as the PPPC output
voltage V, ppp- and current Iy, as denoted in Figure 3.3 on page 30. Furthermore,
the DAB output power Pp, 45 is equal to the PPPC output power Ppppe.

The insulation of the DAB’s medium-frequency transformer is only required to
withstand the maximum wind turbine output voltage to avoid internal short circuits due
to the IPOS connection [66], not the full HVDC potential to ground. This results from
the connection of the bypass path within the PPPC converter. Insulation against full
HVDC potential to ground is provided by the low-frequency transformer and has been
discussed in section 3.4.5.

In order to enable bidirectional power flow with an IPOS-connected PPPC, an unfolder
circuit has to be added to the output stage of the DAB [80], as shown in Figure 3.7.
Positive PPPC power flow implies positive output voltage V_,,~ and output current
I o In this case, only switches S1u and S4u are on, denominated as unfolder polarity
UF = 1. For reverse power flow operation of the PPPC (resulting in negative V,,,~ and
UF = —1), the DAB converter is operated in reverse power flow mode and the unfolder
circuit only operates with switches S2u and S3u activated. As a result, the unfolder

terminal characteristics can be described as:

Vore =UF X V,pap s Vopap = 0 (3.8)

o o

I,pap =UF X Igypc i Igype = 0 (3.9)

o

where V45 and I, 45 are the DAB output voltage and current before unfolder circuit,
as shown in Figure 3.7. Since the PPPC output is connected in series, I, ,,~ is equal to
I'vpe, thus Ipype is used in equation (3.9) in place of I, ;..

The capacitor disconnect switch S, is normally on and only required to be operated
during wind turbine start ups (as discussed further in Chapter 6 on page 119).

3.5.3 Unfolder circuit operation

To reduce conduction losses and cost, and increase robustness, it is meaningful to
realize the unfolder switches Slu-S4u using contactors. This is possible, as Slu-S4u
assume static positions, do not participate in converter modulation, and are never
required to break load current without an alternate low-impedance path available. To
ensure a successful transition between positive and negative PPPC power flow, unfolder
switches must always be operated following the sequence shown in Figure 3.8. During
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the transition, the DAB control loop must be halted, switches S1-S8 deactivated and the

DAB phase-shift ¢ held at zero.

Ppag: Positive to negative transition:

Ppag: Negative to positive transition:

‘ Initial condition: S1u & S4u on ‘

‘ Initial condition: S2u & S3u on ‘

N L

| Close S2u & S3u ] Close Slu & S4u |
\2 \2

| Open Slu & S4u 1] Open S2u & S3u |

Figure 3.8 Unfolder switch states during Pp, 4,5 power polarity transitions.
3.5.4 Unfolder circuit control

The unfolder circuit switch states decide over the polarity of DAB power and voltage.
As a polarity change in the output voltage reference V- (derived from a control loop)
is detected, the unfolder switch states need to be changed eventually to allow V,,,~ to
be set to a value with that new polarity. In order to avoid surge currents from the DAB
output capacitor C,, such transitions should only be initiated, once V,,,~ has reached a
sufficiently small absolute voltage threshold V_,;c7m.es- LThe resulting unfolder control
logic is described in Figure 3.9. Here, UF},,;,.q refers to the desired polarity based on
the polarity of V-

Vome? D Voue—y,
VoMCThres =0.01 ><\/DcBase
UFdisired = Slgn(V oMC)
Ifv oMC —/ 0 then: UFdesired = UF

If UFdesired -f— UF then: {
if‘((UFdesired - 1) AND (VoMC > 'VOMCThres)) then: UF = 1
lf ((UFdesired =- 1) AND (VOMC < VoMCThres)) then: UF = '1
}

Figure 3.9 Unfolder control logic. Vg, is the DC voltage per unit base.

3.5.5 Multi-converter configuration

Differential power processing is based on the notion that individual converters only
process a power differential from a common ‘average’ power draw. In this wind farm
configuration, PPPCs the common power draw is equal to V.l gyvpc- The difference
between that common power draw and the power reference Pj, is processed by the PPPC
(i.e., Ppppe)- As a result, the PPPC’s loading Ppppc, output voltage V, pppe, and input
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current I pppey;, is a function of differences between common power draw (Viy. ! gvpe)
and power reference Pj.. In times when the differences are low, only small values for
Ppppc; 1pppein and V,pppo are needed.

Secondly, it is known that DAB converters’ zero voltage switching (ZVS) regions are
maximized when the DAB operates near or at unity voltage gain m [79]:

m= NpsVoDAB/VGdc (3.10)

When implementing a multi-converter configuration as shown in Figure 3.10, it
becomes possible to reduce conversion losses during operation with low differential power
processing requirements, and increase converter redundancy.

PPPC
1DABin 4 d . .
DC} EDC WoMc,4
1DABin3 ] +
DC} {DC #VOMC,B
1DABIn2 ] ) VoPPPC
. DC} {DC iD IVOMC,Z
Brealkers ipppcin IDABin, 1 ] " :r
i DC} EDC WYoMc,1
v 1Gdc ] M M
@ % i\tGdc TIC de iBP Vturbine
YGde . v
Scdz; |

Figure 3.10 PPPC multi-converter configuration (4 IPOS-connected DABs, K = 4).

In this scheme, one large DAB is replaced by K smaller DABs. The sum of terminal
ratings of the smaller DABs is equal to those of the large DAB assumed previously. With
this configuration, it becomes possible to deactivate some DABs when the required total
PPPC output power is low, reducing conduction and switching losses. Additionally, the
assignment of DAB voltage references can be altered in such a way to maximize the
likelihood of ZVS operation in as many DABs as possible. Related control algorithms
are discussed in Chapter 4. Additionally, wind turbine availability can possibly be
increased during the outage of a single DAB, since other DABs may still be available to
operate in the wind turbine.
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With a multi-converter PPPC configuration, the terminal quantities between overall
PPPC and individual DABs are related as follows. The primary bridges of all DABs in
a wind turbine are parallel connected. Hence:

K
Ipppoin = Z IDABz’n,k (3.11)
k=1

where the index k denotes the k'th DAB of K DABs in a PPPC. Similarly, the PPPC
output voltage and power is the sum of individual DAB output voltages and powers
after their respective unfolder circuits:

K
Vorpre = Z VoMC,k (3.12)
k=1

K (3.13)
Ppppe = Z PDAB,k
k=1

For all inactive DABs, Ipaging V.

omc k. and Pp 4 p . are equal to zero.

3.5.6 Inactive wind turbines

During planned outages, very low or very high wind speed conditions, and some faults
within the PPPC or generator, the wind farm must be operated with some wind turbines
deactivated. A deactivated wind turbine can be bypassed by opening the breaker between
generator and diode-bridge rectifier (see Figure 3.3), the DC-bus capacitor switch Sq,,.,
and activating all four unfolder switches. In the event of a fault in the collection or
transmission system, the fault must be isolated by disconnecting all AC systems: each
wind turbine breaker and the AC breakers of the onshore station must open.

3.6 A 450MW Reference Wind Farm Design

To support numerical analyses, and component or subsystem design considerations on
the proposed as well as other wind farm configurations, a reference wind farm design is
presented in this section. This reference wind farm is derived from multiple reference
designs in literature and close to some commercial designs, where data was available. In
particular, the wind turbine structures, aerodynamics and drivetrain are adopted from
the NREL 5MW reference wind turbine design [81]. Since the NREL 5MW design lacks
a complete definition of a generator, it has been replaced by a gearbox and generator
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design that is close to that of the Areva M5000-135 5MW wind turbine model which
features a so-called Multibrid drivetrain concept [77][35]. This drivetrain features a
single-stage gearbox (instead of conventional two to three-stage gearboxes), and a
medium-speed, medium-voltage generator. For wind turbines of higher power ratings,
the use of medium-voltage, direct-drive generators is a popular option, as well [82][83].
A 5MW design has been adopted in this thesis, due to the richness of available
component data in literature, as well as computational models leveraging these designs,
such as SimWindFarm [84].

The reference wind farm is assumed to be located at the site of the FINO3
meteorological mast in the FEuropean North Sea, approximately 80km off the German
island Sylt, as shown in Figure 3.11.
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Figure 3.11 Location of FINO3 meteorological mast
© 2021 OpenStreetMap, www.openstreetmap.org
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Figure 3.12 Reference wind farm layout and cabling for 90 wind.

The wind farm layout is adapted from the rectangular 80O0MW reference wind farm
design derived for the same location and discussed in [85]. In contrast, this reference
wind farm design assumes the use of 90 5SMW wind turbines to come to a 450MW wind
farm, instead of 80 10MW wind turbines. This is to better accommodate unique
properties of series-connected wind farm designs, where groups of wind turbines are
assigned to three subfarms. The wind farm layout and cabling for this reference wind
farm is shown in Figure 3.12. Wind turbines are arranged in 5 rows of 18 wind turbines.
The spacing between rows was set to 8 rotor diameters, while wind turbines within a
row are set 6.7 rotor diameters apart. The wind farm is split into three subfarms that
are interconnected at the onshore inverter station’s AC terminals. In this thesis,
assignment of wind turbines to subfarms was chosen to be sequential without further
optimization.

In the following, parameters for the wind turbines’ aerodynamics, drivetrain,
generators and electrical systems are defined. The definition of some parameters may be

given in later chapters when parameters are employed in models and analyses.

Table 3.1 defines per unit base values and fundamental quantities for each wind
turbine. Fundamental aerodynamic characteristics are given in Table 3.2. These values
are largely derived from the NREL 5MW wind turbine design [81]. The presented wind
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turbine design has been adapted in a few ways to accommodate a Multibrid single-stage
gearbox design and medium-voltage generator, following designs discussed in [35] and
[77]. Drivetrain and generator parameters are given in Table 3.3 and Table 3.4 which are
adopted from [84]. The wind turbine generator design follows that of [35] with the
exception of incorporating a single-stage gearbox. This is consistent the Areva M5000-
135 wind turbine drivetrain and generator design. The gear ratio has been adjusted
slightly to mate NREL 5MW blade designs with the drivetrain and generator
specifications of the Areva M5000-135 wind turbine. Wind turbine control parameters
are taken from [84] and listed in Table 3.5. This does not include PPPC control, which
is discussed in Chapter 4. Table 3.6 lists baseline electrical parameters for the proposed
wind farm configuration. The resulting wind turbine power curve is shown in Figure
3.13. Finally, Table 3.7 shows key parameters for the HVDC system and onshore inverter
station. This design largely follows the CIGRE HVDC benchmark system as adapted in
[35] for the use in single-string, series-connected DC wind farms.

Table 3.1 Wind Turbine Base Values

PARAMETER SYMBOL DEFAULT SOURCE
VALUE
Rated Wind Speed Uy rated 11.25m/s 81]
Cut-in Wind Speed U .cut—in 3.5m/s [81]!
Cut-out Wind Speed Uv.cut—out 25m/s 81]
Rated Rotor Speed Wyot rated | 12.96RPM [81] !
Rated Generator Speed Woen rated | 148.5RPM [35] !
Rated Electric Output Power Pge 5.0MW 81]
Rated Rotor Power P, ot rated 5.282MW -
DC Voltage Base VieBase 5,800V -
DC Current Base 1 Base 862A -
'With adaptations.
Table 3.2 Wind Turbine Aerodynamic Parameters
PARAMETER SYMBOL DEFAULT SOURCE
VALUE
Rotor diameter Ay 126m 81]
Swept area A, o 12,469m> [81]
Air density p 1.223kg/m? 84]




Optimal Tip Speed Ratio Aopt 7.6 (81][84]
Rotor Power and Thrust coefficients according to rotor design of [81][84]
Power Coefficient at A,,, and zero pitching angle Cp maz 0.4865 [81][84]
Hub Height 90m 81]
Pitch Actuator Delay Time 50ms 84]
Pitch Actuator Hydraulic Time Constant 50ms 84]
Table 3.3 Wind Turbine Drivetrain Parameters
PARAMETER SYMBOL DEFAULT VALUE SOURCE
Rotor Moment of Inertia ot 35,444,067kg/m? 84]
Main Shaft Spring Constant 867,637,000Nm/rad [84]
Main Shaft Viscous Friction 6,215,000Nms/rad [84]
Gearbox Gear Ratio Nap 11.4585 -
Braking Torque (High-Speed Shaft) 23,801Nm [81]!
Nacelle Mass 350t 84]
Tower Eigenfrequency 0.321Hz [84]
Tower Damping Coefficient 0.08 [84]
'With adaptations.
Table 3.4 Wind Turbine Generator Parameters
PARAMETER SYMBOL DEFAULT SOURCE
VALUE
Rated Generator power P rated 5.176MW -
Rated Generator Voltage Veen rated 5,000V [35]
Generator Pole Pair Count N pp 14 [35]*
Generator Moment of Inertia Jrot 3,828kg /m? [84]
Generator D & Q Inductances Lg 0.1885pu -
Rated Voltage Line-to-Line Vaen,rated 5,000V [35]
'With adaptations.
Table 3.5 Wind Turbine Control Parameters
PARAMETER DEFAULT VALUE SOURCE
Pitch Control Proportional Gain 246.08°s /rad [84]
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Pitch Control Integral Gain 105.46° /rad [84]
Pitch Control Rate Limit 8°/s [84]
Pitch Actuator Control Gain 10°/s* [84]
Power Controller Torque Ramp Limit 15,000Nm/s [84]
Table 3.6 Wind Turbine Electrical Parameters
PARAMETER SYMBOL DEFAULT
VALUE

Diode-Bridge Rectifier Diodes

Infineon D2601NH,
9000V, 2810A

Main DC Bus Capacitance Cye 4.5mF
Number of Multi Converters Ny 4
DAB Primary Bridge IGBTs Hitachi MBN500HG65E2,
6.5kV, 500A
DAB Secondary Bridge IGBTs Hitachi MBN500H65E2,
1.7kV, 3600A
DAB output capacitor C, 2.2mF
DAB switching frequency fs 7.5kHz
DAB transformer turns ratio N,s 8
DAB transformer leackage inductance (referred to primary side)? L, 185pH
DAB transformer ESR R, 45.5mS?
2 This value changes for evaluations done in Chapter 7.
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Figure 3.13 Wind Turbine Power Curve
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Table 3.7 HVDC System Electrical Parameters

PARAMETER DEFAULT VALUE ‘ SOURCE
Collection/Transmission System Cable Nexans 800 mm?, 187kV, 898A,
22.1mQ/km, 197nF /km,
401pH/km
Thyristor Converter Rated Power 3 x 150MW -
Maximum DC voltage 2 x 113kV
Maximum DC current 1200A [35]
Thyristor devices Mitsubishi FT1500AU-240
12kV, 1500A Thyristors
Onshore DC filter inductance L, 500mH
Offshore DC filter inductance L, g, 50mH
Transformer Grid-side Rated Voltage 230kV
Transformer Thyristor-side Rated Voltage 103kV
Transformer Leackage Inductance 19.3mH [35]

3.7 Discussions

The presented wind farm configuration is designed to provide a range of benefits by
exploiting system-level optimization opportunities:

e Removal of a costly and bulky offshore HVDC converter station,

e Reduction of conversion stages needed to transmit power to shore through series
connection of DC output wind turbines, and

e Improvements of electric operating points in wind turbine and HVDC system
to reduce wind turbine converter loading, ratings, and losses through HVDC
system operation strategies and differential power processing.

The resulting variable-voltage and variable-current HVDC link suggests that the
proposed wind farm configuration may be particularly well suited for wind farms that
are directly connected to shore without a dedicated offshore HVDC backbone network.
However, during the development of multiple neighbouring wind farms, transmission
cables could be laid at once for all wind farms to reduce cost overhead due to an offshore
backbone network being infeasible for this configuration. Alternatively, future research
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could focus on the interconnection of the proposed wind farm to fixed-voltage or limited
variable-voltage HVDC links using high-power DC/DC converters.

Furthermore, the implementation of wind farms with multiple strings of wind turbines
(“series-parallel DC wind farms”) are expected to result in more challenges relating to
extreme operating points, wind turbine startup, and system protection. Future research
should explore this configuration, as it promises a potential reduction of transmission
cables and consolidation of onshore converter stations.

Lastly, the choice of thyristor converters for the onshore inverter station is merely
based on their technical maturity. However, there are significant limitations to this
technology when used in this context: (1) inferior harmonic performance and need for
bulky harmonic filters, (2) need for reactive power compensation and limited reactive
power control, (3) black start capabilities are challenging, and (4) operation with weak
grids is limited. An emerging alternative technology are modular multilevel converter
(MMC) based HVDC inverter stations. In particular, full-bridge MMCs might be capable
of providing the necessary DC current control, as explored in [86]. This would overcome
most limitations of the thyristor technology.

3.8 Summary

In this chapter, a novel wind farm configuration was introduced that leverages
differential power processing to improve overall system efficiency, amount and ratings of
offshore-deployed equipment, and support energy production cost reductions. Firstly, a
data analysis from the Horns Rev 1 wind farm has shown that there is a significant
likelihood for wind turbines in a wind farm to be operating at or near the same output
powers most of the time. Based on this observation, a wind farm configuration was
proposed that uses highly-efficient and robust diode-bridge rectifiers in each wind turbine
for bulk power rectification, combined with partial-scale, partial power processing
converters to facilitate differential power processing and enable maximum power point
tracking. This wind farm is based on a series-connected DC collection system to remove
the need for a bulky and costly offshore HVDC converter station, as well as wind turbine
inverters and step-up transformers. The resulting transmission system is operated with
variable currents and voltages to closely align with natural operating points of the wind
turbines and their rectifiers. It will be shown in Chapter 7, that this supports a

favourable economic case, compared to similar wind farm configurations not operating
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as closely at the wind turbines’ natural operating points (e.g. [35]). Differential power
processing is implemented using PPPCs that are realized with multiple dual-active
bridge converters per wind turbine. Such configuration allows to optimize zero-voltage
switching in dual-active bridge converters, and potentially increase wind turbine
availability during some PPPC outages. Lastly, a 450MW reference wind farm design
has been presented that is used throughout this thesis for transient simulations, and

studies on losses, component ratings, and economic assessments.
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Chapter 4
Wind Farm Control

This chapter discusses the control of individual wind turbines, as well as the wind
farm overall. This entails wind turbine controls to facilitate maximum power point
tracking and operation at rated power, control of wind turbine PPPCs and the operation
of the HVDC link. Various additional operational modes are treated, including operation
without communication link, low-voltage ride-through (LVRT), power curtailment, and
inertial response. Finally, time-transient simulations for a 150MW wind farm
demonstrate each of the features discussed in this chapter.

4.1 Wind Turbine Speed and Pitch Control

Wind turbine conventional variable speed and pitch control is adopted in the proposed
wind farm configuration to: (1) operate the wind turbine at optimal tip speed ratio
below rated wind speed, (2) operate the wind turbine at rated speed and output power
between rated and cut-out wind speed, and (3) facilitate wind turbine startup and
shutdown. In particular, the controls implemented in [84] are used as foundation and
altered slightly. The general control diagram is shown in Figure 4.1. In this control
scheme, the low pass-filtered generator rotational speed w,,,, is used to derive an electric
power reference P, ,, as well as a reference pitching angle 3, ;. A tracking curve between
generator reference torque and rotational speed is used for speed control. Below cut-in
wind speed, the reference generator torque 7, .., is set to zero. Between generator
speeds corresponding to cut-in and rated wind speeds, the reference generator torque is
set such that the wind turbine operates at optimal tip speed ratio.
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For generator speeds at or above rated value, 7., ,.; is held at its torque value for
rated power operation. The rated generator torque value is then used to compute the
electric power reference P,., through multiplication with the filtered generator speed

W

genhf‘
Wgen, f *
Ogen N > P
Filter _,/_ RICHY
> Min | — || x
Tracking curve I_> Rate

Pdem _’ X Tdem A Limiter Pinerlia
- 90 g

4 —’f ctr ' )

+ Pl = Max Br—efb

Mgen,rated Bowr =

Figure 4.1 Wind turbine speed and pitch control scheme for the proposed wind farm
configuration

Pitch control is implemented as in [84], where a PI controller is employed to use blade
pitch to prevent generator speeds above its rated value w,,, ,.41eq- While generator speed
is below its rated value, the control pitching angle S, is held at zero and wind-up of
the PI controller is suppressed. [84] employs gain scheduling for the PI controller gains
for improved controller performance, which has also been adopted for this wind farm
configuration. To enable additional operational modes, such as those during wind turbine
startup and shutdown, an additional pitching reference override signal 3,,,. has been
added. The final pitching angle reference signal 3, then becomes the maximum value
of 8., and f,,.. To implement power curtailment capabilities, a maximum power
demand signal P, ,, is included. Finally, the reference power Pj. can be biased using
the signal P,

mtertia 10 DProvide the ability to implement farm-wide inertial response. These

additional operational modes are discussed in following subsections, as well as in Chapter
6.
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4.2 Operational Limits with Dual-Active Bridge
Converters as PPPCs

The presented wind farm configuration employs PPPCs to realize differential power
processing. As a result, the operating points of PPPCs are related to the output power
differences within a wind farm. Each DAB within the PPPC is realized with finite
component ratings. To ensure that DABs are operated within their ratings, wind turbine
converter control presented in section 4.3 includes a model predictive component to limit
controller reference and output variables. Furthermore, the determination of DAB
component ratings itself is discussed in Chapter 5. For both control and determination
of converter ratings, relations are needed to predict at which operating points given DAB
converter ratings are violated. This section discusses the basic relations. Further
derivations are presented in later chapters for the purpose of converter sizing and wind
turbine startup considerations.

For a TPOS-connected DAB in this wind farm configuration, there are a number of
parameters which are affected by the differential power processing operation. Some other
parameters are solely influenced by the absolute output power of each wind turbine.
Most notably, the following ratings are dominantly related to the absolute wind turbine
output power:

e DAB primary bridge IGBT voltage rating (determined from V. at rated
output power)

e DAB secondary bridge IGBT current rating (determined from DAB operation
at 90° phase shift, rated wind turbine power, zero DAB output voltage, and
rated HVDC-link current)

However, other parameters are determined based on the differential power processing
nature of operation, such as:

e DAB transformer turns ratio NV, and leackage inductance L,, as it relates to:
o Maximum DAB power
o DAB primary bridge IGBT current rating

e DAB secondary bridge IGBT and output capacitor C, voltage rating
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4.2.1 DAB power limit

In the following, relations relating to the latter set of parameters will be derived. As
stated in equation (3.7) the DAB output power is given as:

[GchoMC s |¢|
P = —p 1 _—— .
Mo 2rf.L, ¢ < 2 ) “.1)

Maximum power values are obtained for a phase shift ¢ at +7 [79]. Hence, ¢ must be

—z.7.

constrained to the interval [—7;7

4.2.2 DAB current limit
The peak transformer current on its primary side I . can be calculated for SPS

modulation as [79]:

. oy Vo
i g = max(ligol izl 52 (4.2)
st

where i;, and 7;; mark characteristic saddle or extremum points of the transformer

current waveform, as defined in Figure 4.2.

iLT i //\ L // g
—/ ,

Figure 4.2 Definition of DAB transformer current points i, and i,

According to [79], these points can be calculated for SPS modulation as follows:

(Qtmo, =mE—0)

. 2 2 ’

b0 = 0.5[—2m¢ + (1 — m)m7], p<0AmMm<1 (4.3)
L 0.5[—(m — 1)7], p<0AmMm>1
(Atmo Q-mE-6)

i =4 2 2 7 4.4)

0.5[—(m — 1)7], p<0AmMm<1

L 0.5[2¢ — (m — 1)7], p<0AmM>1

For improved clarity, these functions can be rewritten to highlight their linear nature:
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4 1—m

meo + 5 m, ¢ >0
Z'Lo:<—7771925—1—1_2m7r, dp<0AmM<1 4.5)
\ 1_2m7r p<0AmM>1
(mgb—l;mw, 6>0
in=q ln e<orm<i (4.6)
\qﬁ—m;lw, d<0AmMm>1

In (4.3)-(4.6), m is the DAB converter gain and ¢ is the phase shift in radians of the
SPS modulation. m is given as:

m = Nps‘/oMC/VGdc (47)

To predict the violation of DAB switch current ratings, m can be calculated and
compared to component current ratings on the DAB’s primary side. To examine
component current ratings on the secondary side, ﬂ is multiplied by N,  prior to
evaluation of component ratings.

Conversely, in order to limit ¢ to values such that a particular transformer peak
current is not exceeded during control loop execution, equations (4.3) and (4.4) can be
solved for ¢, using rated values for the transformer peak current:

/2' — 1_
= U=mT o 4 —m)n
b0 =4, " (4.8)
(I—m)mr—2i,, . >1—m Am < 1
7 T m
\ 2m P
(21 1— —1
2L1+(2 m)ﬁ, i >m2 -
= < .
Or1 2, +(m—171 1—m (4.9)
\ 5 y i < Am>1

where ¢, and ¢;, represent the phase angles that correspond to a particular ¢;, and
iy, current, respectively. In this reformulation, the conditions on ¢ from (4.3) and (4.4)
have been rewritten in terms of i;, and i;,. In order to estimate the maximum and
and ¢
rating %, variables i;, and i, can be substituted by m It is important to note,

minimum allowable phase angles, ¢,,,,. min» 10 Not exceed a maximum peak current

that i, . is normed to 2Z?d£t just as iy, and i, are in (4.2). While a current rating

i, pr Would be defined as a strictly positive value, i}, and i;; can be non-positive under
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certain operating conditions. Therefore, it is important to consider +i; . such that
conditions in (4.3) and (4.4) are fulfilled in the equations derived from it. In the
following, +i; . are considered for each line in (4.8) and (4.9) individually, such that

the sign of +¢; , matches the signs of i}, and i, respectively.
Regarding the first line in (4.5):

1—m
2

In this equation, the postfix ‘,0” refers to the first line in the equation for ¢;,. ¢, denotes

iro0 = MProo + T, @roo>0Am>0 (4.10)

the phase angle ¢ corresponding to i;,. In the following, the same principle will be
applied to all lines in (4.5) and (4.6).

In (4.10):
. . m—1
iroo 2 0sif: Grop2— =7 (4.11)
. . m—1
o0 <0,if:t droo < “om (4.12)

It should be noted, that m >0 and ¢;,, > 0 in this case. Therefore, substituting

+iy, ,p for ipg in the first line of (4.8) yields a maximum phase shift ¢ 74 g 0.

(26, . — (1—m)m : (1—m)m m—1
2 5 ; Urpk = Yy N broo > m
— )2 —(1l—=—m)7 1— -1
Sroo(m) =< ~ 2Lk . ni L s ( 2m>7r A by <Mty @413)
I8 )
— otherwise
. 2

In (4.13), it should be noted that the conditions are self referencing in terms of ¢ .
For the purpose of implementation, all possible solutions for ¢, should be computed
and those not fulfilling the stated conditions should be discarded. As (4.8) and (4.9)
represent a set of linear functions, only one line in (4.13) will be valid at a time. This is
also indicated in Figure 4.3. For any discarded values, ¢, , is assigned the value 5 which,

in practical application, is equivalent to discarding its value.
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Figure 4.3 Relationship between iy, and ¢, and polarity of iy

Regarding the second line in (4.5):

1—m
2

iLO,l = _m¢LO,1 + T, ¢L071 <0AD<m<«1 (414)

In this equation, the postfix ‘,1” refers to the second line in the equation for i;,. ¢,
denotes the phase angle ¢ corresponding to 7;,. In the following, the same principle will
be applied to all lines in (4.5) and (4.6).

In (4.14):
. . 1—m
o = 0,if bpoq < “om T (4.15)
. . 1—m
iroq <0,ift bpoq > o " (4.16)

It should be noted, that 0 <m < 1 and ¢, <0 in this case. As a result, the term

12’—mm7r is always non-negative, resulting in iy, , to always be non-negative according to

the conditions in (4.15) and (4.16). Therefore, substituting —i,, . for i;, in the second

line of (4.8) yields a minimum phase shift ¢ 1 i

(—2ip p + (1 —m)m

. (1—m)m
5 : —zL7pk>T/\O<m<1
¢L0,1,mm(m) = mﬂ (4.17)
—5 otherwise

For the purpose of implementation, solutions for ¢, ; not fulfilling the stated conditions
should be discarded. Equation (4.17) is also illustrated in Figure 4.4. For any discarded
values, ¢, is assigned the value —7 which, in practical application, is equivalent to

discarding its value.
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Figure 4.4 Relationship between iy, ; and ¢, and polarity of iy

Regarding the first line in (4.6):

ir10=mMbr10— ! —Qmm bPr10>0Am>0 (4.18)

In (4.18):
102 0ifs Bag> 0 o (4.19)
ino < 0,if: dpio <. ;mmw (4.20)

It should be noted, that m >0 and ¢, , > 0 in this case. Therefore, substituting

+iy, ,p for iz, in the first line of (4.9) yields a maximum phase shift ¢, g0,

(26, .+ (1—m)m : (m—1)m 1—m
2 5 ; Urpk = Yy N G102 m
—Jd—2i; ,+ (1 —m)m (m—1)7 1—m
m) = < L,pk : 4.21
¢L1,0< ) o , _ZL,pk > T A ¢L1,0 < Wﬂ- ( )
r otherwise
N 2

In (4.21) it should be noted that the conditions are self referencing in terms of ¢, ;.
For the purpose of implementation, all possible solutions for ¢, ;, should be computed
and those not fulfilling the stated conditions should be discarded. As (4.8) and (4.9)
represent a set of linear functions, only one line in (4.21) will be valid at a time. This is
also indicated in Figure 4.5. For any discarded values, ¢, , is assigned the value 5 which,

in practical application, is equivalent to discarding its value.
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Figure 4.5 Relationship between i, o and ¢, and polarity of i

Regarding the second line in (4.6):

gy = Prig — m2— ! T, $pia <0AmM>1 (4.22)

In (4.22):
a2 0if: 6,20 n (4.23)
i <0,if: ¢uy, < m; L (4.24)

It should be noted, that m > 1 and ¢, ; < 0 in this case. As a result, the term mT_lw
is always non-negative, resulting in i;,, to always be negative according to the
conditions in (4.23) and (4.24). Therefore, substituting —i, ;. for i, in the second line

of (4.8) yields a minimum phase shift ¢, |,

, (m—1)m : (1—m)m
—igp g Tl <y A m>1
¢L1,1,mm(m) = T (4.25)
—5 otherwise

For the purpose of implementation, solutions for ¢, ; not fulfilling the stated conditions
should be discarded. Equation (4.25) is also illustrated in Figure 4.6. For any discarded
values, ¢, is assigned the value —7 which, in practical application, is equivalent to

discarding its value.
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Figure 4.6 Relationship between i, ; and ¢, and polarity of i

As a result, the maximum and minimum allowable phase angles ¢, .. (m) and ¢,,,,.(m)

to prevent primary current rating ¢ violations are derived as the maximum of
L,pk
¢Lo,0,max (m), and ¢L1,0,maz (m) and minimum of ¢L0,1,mm(m> and ¢L171,min (m):

¢maw <m> = min{(bL0,0,max <m>7 ¢L1,0,max (m)} (426)

¢mzn<m> = maX{¢LO,l,min (m>7 ¢L1,1,min <m>} (4.27)

As mentioned before, conditions (4.26) and (4.27) were derived for the primary side
DAB transformer current. In order to consider secondary side peak transformer currents,
the peak current limit ¢; ,, for the secondary side needs to be referred to the primary

side by dividing the secondary-side rating by the transformer turns ratio N,,.

4.2.3 DAB output voltage limit

The maximum and minimum values of output voltage of the PPPC are determined by
the voltage ratings of switches S5-S8 and Slu-S4u. From (3.4) the HVDC-link current
can be related to the PPPC output voltage as:

I = Lae 4.28
IVPC Y pppe + Vaae (428)

As a result, to not violate the maximum and minimum PPPC output voltage limits

V. pppc and V, pppe, the minimum and maximum HVDC-link current values are defined

as:
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_ <1 < L
HVDC
Voprre T Vaae Vorrre + Vaae

(4.29)

Assuming all DABs of a PPPC being designed with the same output voltage limits

Vore and V0, Vo pppe and V, pppe are equal to the number of multi converters times

o o

their respective DAB limits.

To limit the DAB output voltage to its rated value during execution, respective
reference values in the DAB control loops for V,,,~ and/or V, ppp can be limited to
rated values. Assuming a stable control loop with negligible overshoot, this will result in
an effective output voltage limitation during regular operation.

4.3 Wind Turbine Converter Control

Each wind turbine contains a control system to control the operation of its PPPC.
The primary objective of the PPPC is to realize the electric power reference P;. that
was obtained from the wind turbine speed control loops discussed in section 4.1.

The control objective is achieved by actively regulating the PPPC output voltage in
such a way, that the wind turbine reference power is delivered to the HVDC system. A
feedback control loop for the PPPC output voltage was chosen to support stable HVDC
link operation, as the onshore station is operating with a feedback control loop for the
HVDC link current.

The PPPC control system shown in Figure 4.7 is implemented in three subsystems.
In a first subsystem (shown at the top in Figure 4.7), the wind turbine power reference
P

. is recomputed to a PPPC output voltage reference V pppe. Following equation (3.4):

o*PPPC = - VGdc (4.30)

Since these relations are derived as DC average values, it is meaningful to low pass-
filter the I measurement to prevent harmonics in I from being passed on into
the PPPC voltage reference calculation. Using the PPPC output voltage reference, an
overall PPPC voltage gain reference Mpppo is the calculated:

V*
MI*DPPC = |OP;PPCNPS (4.31)
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The PPPC voltage gain reference is used for the determination of number of active
DABs within a PPPC and allocation of PPPC output voltage reference to individual
DAB:s.

* *
P de———— pix V oPPPC (No. of active DABs)
Iyvpe—> N>+ NP » cell —»N,
ps %
VGdC > <‘—>M PPPC < (PPPC voltage gain ref.)

* .
V .mc calcuation:

If M pppc < Npag: .
For m=1 ...ﬂOOI’(M pppc).'
Viorcm = s ign (V orppc) X Viae! Nps
For m=floor(M pppc)+1 ... N,:
Viosem = sign(V opppc) X Vaae/ Nps* (M pppc mod 1)
For m:Na+1 NDAB~'
Vioricm = 0 ; (DAB deactivated)
else:
Form=1 ... NDAB-'

%

V*oMc,m =V oPPPC/ Npus

For each active DAB m.

.‘/;]\[C I?mu, xr

* UF=1 ¢MC
—>
‘/;)MC —» / — P UF=1 ﬂ_’ PID
Voo Dead zone V (b:nlm To DAB-SPS

oMC' modulation

Figure 4.7 Control diagram for PPPCs and each of its DABs

The second subsystem (shown in the center block of Figure 4.7) is used to derive
output voltage references V,~ for each DAB/multi converter from the PPPC output
voltage reference V. pppo. This allocation algorithm is based on two considerations:

1. Maximize number of DABs operating at unity voltage gain
2. Deactivate DABs that are not needed
It is known that for a conventional DAB with SPS modulation, the ZVS operating

region is largest at or near a unity voltage gain m [79]. Consequently, it is expected that
maximizing the number of DABs operating at unity voltage gain is likely to result
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individual DABs operating at high conversion efficiency. Similarly, when the PPPC
output voltage is low, only using a fraction of all available DABs may be sufficient with
respect to the component ratings of those DABs. This allows to deactivate switching of
some DABs and reduces conversion losses further. As a result, the algorithm to allocate
the PPPC output voltage reference V pppo to its DABs as V), is implemented as

follows:

e If the PPPC voltage gain Mppp- is less or equal than the total number of
DABs available, operate ceil(Mppp-) DABs at unity gain and allocate the
remaining output voltage reference to one other DAB. All other DABs are to
be deactivated.

e If the PPPC voltage gain Mppp- is larger than the total number of DABs
available, the PPPC output voltage reference V,pppe is allocated proportionally
to all DABs available

e If the PPPC voltage gain Mppp. is zero, all DABs are deactivated.

The third and last subsystem is implemented for each DAB in a PPPC. In this
subsystem, the DAB output voltage is regulated to its reference value Vo, using a
closed-loop feedback control loop. In addition, the control loop features measures to
ensure that converter component ratings are not exceeded during operation, and that
excessive unfolder operations due to undesired harmonics in the voltage reference are
avoided. In particular, the converter output voltage rating is enforced by limiting the

reference V), ,~ to rated values V, ,,~ and V,,,~. Excessive unfolder operations due to

noise in the reference value that originates from harmonics in Iy~ are limited by the
dead zone that is implemented unfolder polarity-dependent as shown in Figure 4.7. The
PPPC output power limitation and current ratings are respected through saturating the
PI controller output phase shift at ¢,,,,.(m) and ¢, . (m) as computed in equations
(4.26) and (4.27). In addition to those equations, ¢,,,,(m) and ¢
to respect secondary side current ratings, as well. This has been outlined in section 4.2.2.

o min (M) are computed

4.4 HVDC-Link Current Scheduling with Converter
Limits
As outlined in Chapter 3, the scheduling of the HVDC current sets the baseline for

the overall wind farm operation, and can be used to minimize power processed by the
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PPPCs. In conjunction with variable wind farm output voltage, an HVDC onshore
converter topology is required that can handle wider variations of HVDC-link voltage
and HVDC-link current without significantly oversizing the converter, and that can
actively control the link current. Due to these requirements, a voltage-source converter
topology is deemed inappropriate and a current-source converter topology is selected,
instead. For the purpose of this study, a twelve-pulse thyristor converter-based onshore
station has been chosen.

4.4.1 Derivation of an HVDC-link current scheduling scheme for

PPPC power minimization

In this section, a scheduling strategy for a bidirectional IPOS-connected PPPC is
derived. The primary objective of the HVDC-link operation strategy has been chosen to
minimize the total amount of power processed by all PPPCs in the wind farm. The
expectation is that this is likely to improve conversion efficiency, as the amount of DABs
incurring switch-mode conversion power losses will be low. The index “n” denominates
the n-th out of a total of N operating wind turbines in a series string. Non-operational
wind turbines in the series string are simply bypassed as outlined in Chapter 3 and
disregarded for this analysis. For all calculations, the assumption of lossless wind turbine
operation has been made.

When using a bidirectional PPPC, Ppppo,, can be negative, zero or positive. The
minimization of total power processed in the PPPCs and thus maximization of total
wind turbine power in the bypass paths can be expressed as a function of Iy pe:

N
min F(Ipype) =min»_|[Ppppe,| (4.32)
n=1

where F' is the total amount of power processed in all PPPCs. Using (3.3) the objective

can be rewritten as:

N
. . 2
min F(Iype) = min Z \/(VGdc,n<IGdc,n - IHVDC)) (4.33)
n=1
In general, the condition for minimality is:
dF (Iyvpe) —0 (4.34)
dlgvpe
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With given operating conditions, expressed here as V., and Ig,,. ,, the condition

for minimality is derived as:

IGdc,n - IHVDC

=0 (4.35)
(IGdc,n - IHVDC)2

N
; —Vaden \/

For the purpose of HVDC-link scheduling, (4.33) and/or (4.35) can be used to solve
for the optimum Iy~ using algorithms, such as Newton-Raphson, or those discussed
in [87] (implemented in MATLAB as ‘fzero” and used in this thesis).

This scheme can be used to derive a reference value I, for the current control
feedback loop at the onshore station. This reference value has been low pass-filtered with
a cutoff frequency of 2Hz to suppress interactions between faster offshore wind turbine
controls and the slower I~ scheduling. This also results in a significantly relaxed
performance (bandwidth and delay) requirement on the communication system
transmitting wind turbine measurements (Vgge,, Iggen and Igype) to the onshore

station.

4.4.2 Derivation of an HVDC-link current scheduling scheme
respecting wind turbine converter ratings

The previous scheme was derived without any consideration of wind turbine converter
ratings. During operating conditions causing larger deviations of operating poins among
wind turbines, it is possible that wind turbine converters would be required to operate
beyond their component ratings. As the control loop presented in section 4.3 would
prevent individual wind turbines operating beyond their ratings, curtailment of wind
energy production would be the consequence. In order to minimize the curtailment of
energy production and maximize the available operational range for given wind turbine
converter ratings and HVDC system specifications, the previously derived HVDC-link
current scheduling scheme is augmented with modes that respect wind turbine converter
ratings.

In the following, additional modes for the scheduling scheme will be derived. These
modes will be enacted when a previous, higher-priority mode cannot be used due to
violation of component ratings. The operating priority of these modes is as follows
(1=highest priority, 4=lowest priority):

1. Minimize total PPPC power processed
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2. Reduce Iy pe when it is scheduled above a maximum 1y to remain within
PPPC ratings

3. Increase Iy pe~ when it is scheduled below a minimum Iy~ to remain within
PPPC ratings

4. Increase Iyype~ when it is scheduled in such a way that Vipe is expected to
exceed its rated value.

In addition, during inertial response, the HVDC-link current value is being held at its

previous value until inertial response is deactivated again.

Modes 2 and 3 require a prediction of which HVDC-link current will cause one or more
wind turbine converters to start curtailment due to component ratings being exceeded.

For the purpose of this scheme, it is suggested to precompute a 3D lookup table:

atLimitCache = f(Paa. = Vaaclgaer Vaae: Lavoe) (4.36)

atLimitCache can be precomputed numerically during wind turbine design for all
possible operating conditions defined by Pgy., Vg and Igype to indicate if such
operating condition will cause the violation of a PPPC rating. When there is no
violation, atLimitCache is equal to zero, while it is equal to one otherwise. To
precompute this lookup table, it is important to observe DAB power, current and voltage
limits that relate to component ratings within the DABs. This can be achieved using
relations discussed previously:

1. DAB power can be calculated using equation (3.3) and multi-converter
assignment (Figure 4.7). The required phase shift ¢ can be derived using
equation (4.1). This phase shift is required to be within the range of [—%;+7].

2. Primary and secondary transformer peak currents can be estimated using
relations (4.2)-(4.4). These can be compared against current ratings of adjacent
device ratings, such as IGBT peak current ratings.

3. Equation (4.29) can be used to predict a violation of the PPPC output voltage
rating.

During realtime execution, atLimitCache will be queried for minimum and maximum
I'1vpe values at which no converter limits are exceeded for each wind turbine. The final

minimum and maximum [gypo values, Iyype and Igype, are the maximum and

minimum values of Iy limits for each wind turbine.
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a. Mode 2: Reduce Iy when it is scheduled above a maximum I;vpe
to remain within PPPC ratings
If mode 1 results in an Ijpo value that exceeds Inypo obtained through the
evaluation of atLimitCache for each wind turbine in the series string, the maximum
value Iypo is used as Ijypo instead. As a result, PPPCs with the tightest limits on
Ivpe will operate at their limits without energy curtailment, instead of curtailing
energy production.

To account for the impact of harmonics in I;yp- measurements, I;po is being
reduced by a safety margin of 0.07 pu in the simulations provided in this chapter.

b. Mode 3: Increase Iy~ When it is scheduled below a minimum I;ypeo
to remain within PPPC ratings

If modes 1 and/or 2 result in an I}, pe value that is below Iy~ obtained through
the evaluation of atLimitCache for each wind turbine in the series string, the minimum
value Iyype is used as Ijype instead. As a result, PPPCs with the tightest limits on
Ivpe will operate at their limits without energy curtailment, instead of curtailing
energy production.

To account for the impact of harmonics in Iyyp- measurements, Iyypeo is being
increased by a safety margin of 0.07 pu in the simulations provided in this chapter.

It is worth noting that with mode 3, there is a potential for energy curtailment: if
Ivpe is less than Igype, there is no solution for which all PPPCs in the series string
can operate within their limits. As a result, it is required to operate some PPPCs at
their limits and with power curtailment. In this scheduling scheme, a priority has been
set for respecting Iy po over Ipype. As a result, low-power wind turbines will be kept

in operation, while high-power wind turbines will curtail some energy production.

c. Mode 4: Increase I yp- When it is scheduled in such a way that Vyype
is expected to exceed its rated value.

Since HVDC-link voltage and current are variable in the proposed system, there is a
possibility that Ipq is chosen, such that the resulting Vi pe for a particular operating
condition exceeds the rated voltage of the HVDC system, Vi pe. The estimated HVDC-
link voltage based on the I} value chosen in modes 1, 2 and/or 3 can be calculated
as:
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1 N
—— Piuen (4.37)

VHVDC’,est = I
HVDC n=1

where N is the number of wind turbines in the series string. If Viyype o5t > Viype, the

HVDC-link current reference I, is altered to:

1 N
Thvpe = 72 PGdc,n (4.38)
Vavpe 7=

4.5 HVDC-link Current Scheduling during Loss of

Communication

In the event of a temporary communication system outage, the previously discussed
HVDC-link current scheduling scheme cannot be applied due to its reliance on P, and
Vg measurements. To enable the continuation of power production in such
circumstances, a fallback HVDC-link current scheduling scheme can be implemented.
The presented scheme is derived from the Vi = f(Poeen) and Iy = 9(Peen)
relations presented in Figure 3.6. An Iyype/Vyvpe characteristic is derived by solving
the set of equations f and g for I.,./Vo4 and upscaling V. by the number of series-
connected wind turbines. For extreme voltages, Iy, p~ is held constant. The resulting
HVDC-link current scheduling law is shown in Figure 4.8 for the wind farm parameters
discussed in section 3.6.

800

< 600
2 400
>

—= 200

0

0 50 100 150 200
VHVDC,onshore [kV]

Figure 4.8 HVDC-link current scheduling scheme during communication outages
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While this scheme only relies on local measurements at the onshore station, it is
impossible to optimize wind farm operation for a particular objective (e.g., minimize
total power processed by all PPPCs). During extreme operating conditions, this scheme
may result in premature energy curtailment. However, because local wind turbine
converter controls prevent exceeding converter ratings, this operation is safe for wind
turbine converters. However, the presented scheme does not prevent excessive HVDC-
link voltages. For this reason, it would be necessary to add a simple protection scheme
at the wind farm site that monitors the HVDC-link voltage and triggers wind turbine
curtailment or deactivation during excessive HVDC-link voltages.

4.6 Ancillary Services

In this section, the provision of key ancillary services is discussed. These encompass
low voltage ride through (LVRT), active power control and inertia response. Reactive
power and AC voltage control services would be implemented equivalently to those in
thyristor-based HVDC systems, using STATCOMs, switched capacitors and/or
synchronous condensers, or would be implemented through the use of an MMC-based
onshore station [86]. For this reason, reactive power and AC voltage control services are
not discussed further in this thesis.

4.6.1 Low-Voltage Ride-Through

During low AC voltage, limited ability by the grid to absorb active power requires
alternate means of dissipating or reducing wind power production. Current offshore wind
farms rely on braking resistors at the onshore station to dissipate wind energy during
the fault [88] while all offshore systems continue normal operation. This solution has
been adapted for the proposed system and is shown in Figure 4.9. A series string of
braking chopper modules is inserted into the HVDC link to support Iyp~ control
during low voltage ride during conditions. Under normal operating conditions, switch
Sy, 1 closed to avoid braking chopper switch conduction losses. During an LVRT event,
the braking chopper elements are controlled in such a way to maintain tight HVDC-link
current control.
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Figure 4.9 HVDC braking chopper to support low voltage ride through.

The HVDC braking chopper is activated (B
detected, if the HVDC-link current significantly exceeds its reference value by a threshold

wetive = 1) when a low AC voltage level is

Ly err Thress or when the maximum HVDC-link current Ipype e, is exceeded. This is

shown in the block diagram of Figure 4.10

Low voltage

- » -
VAC,RMS event detector
I —_ |-
]:VDC Ib ) > > OR —> Bactive
I ] ,errThres >
HVDC g
P >
Ivpe,max™

Figure 4.10 LVRT braking chopper activation logic

While the HVDC braking chopper has been activated, a series string of braking
modules (as shown in Figure 4.9) is used to maintain a tight control of the HVDC-link
current according to its reference value. The control scheme is shown in Figure 4.11.

69



1: Pre event-based braking chopper voltage determination 4: Determination of number of active braking modules
Invpe > 1.025pu
R

NBMmin,HighCur max
NBM,active,CL &)

Baclive If true

Vhvpe,cable Tavik: < 1.025pu

NBM,active,Calc

errFrac > 0.8
~

Vuvbc station OS> Vipe .
x
Ii’VDC l—> errFrac ﬁ_:\e—’NBM,acuve
2: Braking chopper module feedback control loop HVDC ™| / - ‘

v
errFrac < 0.8

Invpe 0-Ipu
*
I'ivpe _ : _
5: Switch gating signal derivation Legend
Bactive NOT reset NBM,active,CL —p 1D signal
Baclive NOT -
ector
. signal
3: Braking chopper module activation prediction NBM,acuve_\_» < N OR —> SBM
1..N Condition upper
VB,PE_» [ sl position
o Conditional
* o S SUM H =N ’—> S i i
+ BM_>{ BM b signal
I 'avpe—] 3 ° | routing
NBM,aclive,CaIc Condition lower
position

Figure 4.11 LVRT braking chopper control logic

In this control scheme, the number of activated braking modules (Sg,, signal for such
module is equal to zero and switch Sg,, is off) is determined from a combination of
calculation of required braking resistance, and a feedback control loop. The objective of
this control is to maintain offshore operating conditions during an LVRT event (i.e.,
maintain Iy, at its reference value). For this reason, the cable-side onshore HVDC-
link voltage is assumed to be reasonably constant during the time-limited LVRT event
(step 1 in Figure 4.11). Based on this assumption, a required braking resistance and
number of active braking modules is derived in step 3. To compensate for any deviations
and errors, such as in the assumption of step 1, a feedback control loop is added (step
2). In step 4, the number of active braking modules derived from steps 2 and 3 are
added. In addition, to ensure timely limitation of excessive HVDC-link currents, a
minimum braking resistance is enforced for HVDC-link currents above 1.025pu
(NBatmin,Highour)- If the HVDC-link current is significantly below its reference value,
the braking chopper is deactivated to support the recovery of HVDC-link current
(errFrac < 0.8). Lastly, to reduce conduction losses during normal operation, the
braking chopper bypass switch S, is activated in step 5, when all braking modules are
configured to be bypassed. For the wind farm design presented in section 3.6, the HVDC
braking chopper parameters are given in Table 4.1.
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Table 4.1 HVDC Braking Chopper Parameters

PARAMETER SYMBOL DEFAULT VALUE
Number of braking modules Nim 45
Braking module resistance Reum 2082
Minimum number of active braking modules during high NBM7Highcur 20
HVDC-link current event

4.6.2 Power Curtailment / Active Power Control

Active power control allows to reduce wind power production below the maximum
power available. The implementation of active power control has been adapted from
[89][84]. In [89][84], wind farm power reductions are allocated to individual wind turbines
proportionally to the power available, which is obtained from online estimations using
nacelle wind speed. In the proposed system, wind power reductions are allocated to the
high-power wind turbines first, to reduce output power differences and total PPPC power
processed within the series string during power curtailment. The P, = signal of Figure
4.1 on page 51 is leveraged in order to command a certain reference power to each wind
turbine. In addition, the pitch control system is used to maintain a rotor speed slightly
above that equal to the regular MPP operational speed at demanded power.

4.6.3 Inertial Response

There are several methods to implement an inertia response [90]. The adopted method
(Fig. 7 in [90]) is provided in Figure 4.12. During a frequency excursion event, a power
reference offset is computed and added to each individual wind turbine’s power reference
P;.. Hence, there are little differences in operation for the proposed electrical system
compared to active power control. For the purpose of demonstrating inertial response,
the virtual inertia constant H, has been chosen to be equal to three times the wind
turbine’s inertia constant (H, = 14.82s).

fgrid » d/dt >< Pinertia

Filter > HV I

X

Figure 4.12 Inertia response emulation. H, is the virtual inertia constant. All other
quantities are treated as per-unit values.
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4.7 Case Study: a 150MW Offshore Wind Farm

The complete wind farm system has been simulated using a dynamic wind farm model
implemented with the Simscape Power Systems toolbox of MATLAB /Simulink. To limit
the simulation complexity, a wind farm consisting of 30 wind turbines is modelled using
five wind turbine models, each representing six wind turbines. To maintain correct
dynamics, the output voltages of each wind turbine model are scaled accordingly. The
distance to shore is 100km. The aerodynamic and mechanical sub-system models have
been adopted from the NREL 5MW reference wind turbine [81] as implemented in the
SimWindFarm toolbox [89][84]. It has been assumed, that a single-stage gearbox is used
in conjunction with a 14-pole pair medium-voltage generator, adapted from [33]. Dual-
active bridge converters have been simulated using their generalized average model as
discussed in [91]. Wind farm parameters are those given in section 3.6. Two scenarios
have been chosen to demonstrate the fundamental system operation; wind speed profiles
for a staggered step change of wind speeds, and those measured by the five wind turbines
of the Wind Energy Institute of Canada (WEICan), located in North Cape, Prince
Edward Island, Canada. Further test cases are presented to demonstrate operation near
converter ratings, ancillary service performance (LVRT, active power control and inertia
response), as well as wind farm operation during a temporary communication system

outage.

4.7.1 Normal operation

a. Simulation of wind speed step changes

In this scenario, all wind turbines are first subjected to a rated wind speed of 11.25m/s,
followed by staggered step changes to 8.25m/s for six wind turbines at a time. The
results, shown in Figure 4.13, demonstrate the stable operation of the wind farm under
these conditions. Starting at t=10s, output powers of wind turbines start to differ. As a
result, PPPCs are required to start processing power. However, as it can be seen, the
maximum amount of power processed by a PPPC in this condition is about 2.5MW
(50%Ppg,s.) at a maximum V, pppe of less than 6kV (see Figure 4.13 (e) and Figure 4.13
(f)):

As wind turbine output powers drop, the rectifier currents I,. drop, eventually
resulting in the scheduling of a lower HVDC-link current. In this particular case, Iy pe
follows the I, values of wind turbines 13-18 in order to minimize total PPPC power.
As a result, the PPPCs of wind turbines 13-18 do not process any significant power,
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except during brief unfolder transitions (see Figure 4.13 (f)). All other PPPCs process
the difference in power between their power reference P;. and the power absorbed by
the HVDC link (equal to Vg ., Igvpe)- As Igype drops after t=30s (Figure 4.13 (b)),
the PPPC output voltages V, ppp in Figure 4.13 (e) are required to increase in order to
process a similar amount of absolute power difference. This is reflected in the higher
positive V, pppe magnitude of wind turbines 19-30, compared to the negative values of
wind turbines 1-12 at earlier times in the simulation. The HVDC-link voltage Vi pe is
(shown in Figure 4.13 (c)). The
wind turbine output voltage is the sum of V,;. and V, ppp- for each turbine. Starting

the sum of all wind turbine output voltages V,,, pine

at t=10, PPPC output voltages are zero or negative, contributing to a lowering of
Vi and Vyype (see Figure 4.13 (c) and Figure 4.13 (d)). Starting at t=30s, the
HVDC-link current is scheduled to drop in accordance with the scheduling strategy

urbine

described in section 4.4. This causes active PPPCs to adopt more positive output
voltages, resulting in an overall increase of Vi pe. Once Iypo has settled at the new
steady-state operating point near t=40s, V- starts to fall again, as the output power
of wind turbines 19-30 continues to fall until t=70s, when the new steady-state operating
point has been reached for all turbines.

The operation of DAB converters of wind turbine 1 is shown in Figure 4.14 highlighting
the operation of multiple IPOS-connected DABs forming a PPPC. In Figure 4.14 (a)
and (c), it can be seen how the PPPC output voltage V, ppp is synthesized from the
output voltages of its four DAB converters, V¢ ,,. While V, pppe is of low absolute value,
only few DAB converters are active and process power to create a non-zero output
voltage V. Near t=30s, V,

_pppc Teaches its largest absolute value, which is obtained

from the operation of all four DAB converters. As evident from Figure 4.14(e), the DAB
output voltage references are set in such a way that as many DAB converters as possible
operate at a DAB reference voltage gain M7, ,5 equal to one. Unfolder operations,
related control loop execution interruptions during unfolder transitions and control loop
dead zones (compare to Figure 4.7) can be identified from small transients in the V, pppe
waveform that can be observed in the intervals of t=10s to t=20s and t=30s to t=40s.
As it can be seen, the controller is adequate to limit these transients sufficiently. The
peak value of the primary-side DAB transformer current for each DAB converter of wind
turbine 1 is shown in Figure 4.14 (d). From Figure 4.14 (c¢) and (d) it can be seen that
the PPPC output voltage and input current loading follows the differential power
demand of the wind turbine. DAB converters not required for the requested PPPC power
are deactivated and associated conversion losses are avoided.
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The dominating source of harmonics in the PPPC quantities are the harmonics in the
HVDC-link current, resulting from the operation of the onshore thyristor converter.
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Figure 4.13 Simulation results for ‘high wind’ profile. “WT” = Wind turbine.
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Figure 4.14 Simulation results for ‘high wind’ profile. Displaying DAB converter
quantities for PPPC of wind turbine 1.

b. WEICan wind speed measurements

In a second scenario, 1Hz wind speed measurements from the ultrasonic sensors
mounted on the nacelles of the five WEICan wind turbines have been used as inputs to
the wind turbine models of this wind farm. A 10 minute profile has been selected in
which the wind speeds are above cut-in and below rated wind speed. As can be seen in
Figure 4.15 (a), one wind speed signal (WT 7-12) is consistently below that of others.
This introduces larger output power differences in the wind farm, similar to those that
can be observed due to wake effects. The simulation results shown in Figure 4.15
demonstrate a stable wind farm operation for all wind turbines operating at their MPPs.
It can be seen that the PPPC output powers and voltages are well below rated values
for wind turbine power (5bMW), or rectifier output voltage Vg, (5.8kV) and are well
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below those values obtained from the artificial wind profile considered at first. The most
extreme operating points for this scenario are given in Table 4.2. Upon close observation
of Vypppce in Figure 4.15 (i), it can be seen that at any time at least one V,pppe value is
equal to zero. This is a result from the HVDC-link current scheduling algorithm that
tends to schedule Iy in such a way that at least one PPPC operates with zero power
and output voltage to achieve a minimal overall PPPC power. Figure 4.15 (j) shows the
number of active DAB converters per PPPC. As V,pppc for wind turbines 19-24 (purple)
tends to be low for the majority of the wind profile, the number of active DAB converters
for these wind turbines is also low. In contrast, the low-power wind turbines 7-12 (red)
exhibit the largest output power differences with respect to the natural power absorption
defined by the scheduled Iyypc. As a result, these wind turbines operate with the largest
V,pppc magnitudes and highest numbers of DAB converters per PPPC for most of the
wind profile.

Figure 4.16 shows the DAB converter operation of wind turbine 7 that is operating
the most heavily loaded PPPCs. In Figure 4.16 (a) and (c), the relation between PPPC
output voltage V,pppc and individual DAB converter output voltages V,c,, becomes
apparent. For most of the simulation, Mp4p ., is larger than one. For this reason, all
DAB converters operate with the same output voltage. Around t=400s and after t=550s,
the magnitude of V,pppc is low enough, such that selected DAB converters can
temporarily operate at lower loading or be deactivated entirely.

Table 4.2 Extreme PPPC and DAB Operating Points for WEICAN Scenario

QUANTITY MAXIMUM VALUE MINIMUM VALUE
Peppc 1.42 MW -1.95 MW
VopppC 3 kV -2.77 kV
Vocm 810 V -693 V
IL peak 267 A
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4.7.2 Operation near Converter Ratings

The objective of this section is to verify the proper operation of the wind farm in
scenarios in which converter limits might be violated, if not protected against. The
expected behaviour would be that PPPC control loops limit DAB operating points in
such a way that no rating (current, voltage or power transfer) is violated. Further
impacts to the wind farm system may occur as a result that may reduce the amount of
energy produced, but no component will operate beyond its limits. To test this, two test
cases have been designed. In the first test case, wind turbines operate at rated power
while one set of wind turbines experiences a ramp change of wind speed towards cut-in
wind speed. In the second test case, wind turbines operate near cut-in wind speed, while
one set of wind turbines experiences a wind speed ramp towards rated wind speed (full
power operation). PPPC ratings have been chosen such that converter ratings will be
violated well before the final steady-state operation is reached.

For simulations in this section, each PPPC has been realized with two DABs, each
rated at 0.215pu output voltage, 0.36pu input current, and the transformer leackage
inductance is 740pH. All other parameters remain the same as before.

The simulation results of the first test case are shown in Figure 4.17. As seen in Figure
4.17 (a), wind speeds for wind turbines 7-30 are constant at 11.25 m/s, the rated wind
speed. Wind speed for wind turbines 1-6 start at 10m/s and ramp down towards cut-in
wind speed. Since the events of interest happen before cut-in wind speed is reached, the
simulation has been ended after 70 seconds. Figure 4.17 (b) shows the HVDC link current
values: the reference value Ipyype ¢ 18 shown in red, the actual HVDC-link current
I'vpe is shown in blue, the maximum possible HVDC-link current to not violate any
converter limits of active wind turbines, I'rrype ez 18 shown in yellow, and the minimum
possible HVDC-link current to not violate any converter limits of active wind turbines,
I5vpe min» 18 shown in purple. The HVDC scheduler mode is shown in Figure 4.17 (j).
The scheduler modes are denominated as follows, similar to the presentation in section
4.4.2:

1. Minimize total PPPC power processed

2. Reduce Iyypo when it is scheduled above a maximum Iy~ to remain within
PPPC ratings

3. Increase Iyype when it is scheduled below a minimum Iy~ to remain within
PPPC ratings
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Figure 4.17 Simulation results of the first converter limits test case.
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4. Increase Iyypo when it is scheduled in such a way that Viypo is expected to
exceed its rated value.

5. HVDC brake activated due to LVRT event, or to limit high HVDC link current

It can be seen that the HVDC scheduler remains in mode 1 for the entire operation.
This means that it operates to minimize the total PPPC power processed by scheduling
the HVDC link current at 1pu to match the rectified DBR current in wind turbines 7-
30. As a result, those wind turbines are able to operate with their PPPCs deactivated
(or only active at times for small controller action), as indicated in Figure 4.17 (i) and
(h). Wind turbines 1-6 operate with less output power (Figure 4.17 (f)). As a result,
their PPPCs are required to operate with negative output power and voltage. The more
their wind speed falls, the more negative output power and voltage become to maintain
optimal tip speed ratio. Figure 4.17 (o) displays the DAB output voltages for wind
turbine 1: blue indicates V. for the first DAB, red for the second. As can be seen,
initially the first DAB is scheduled to operate with fixed output voltage of 0.12pu,
corresponding to M,z equal to one. The second DAB operates with an increasingly
negative output voltage to realize the overall required PPPC output voltage. When both
DABs reach M, equal to one, they both operate with the same output voltage, as
defined in the control laws of section 4.3. The negative output voltage rating is indicated
in this graph with a bold black line near -1200V.

Similarly, Figure 4.17 (p) shows the DAB primary-side transformer peak currents for
wind turbine 1. The current rating is indicated with a bold black line at 310A.

Whenever a PPPC controller limits PPPC operation due to proximity to maximum
or minimum converter ratings, a value of one is shown in Figure 4.17 (m) and Figure
4.17 (n), respectively.

As wind turbines 1-6 produce less power due to a falling wind speed, the maximum
possible HVDC link current Ipype na, continues to fall, as well. This is a result from
the changes in wind turbine output power, and DC voltage V. for wind turbines 1-6.
Similarly, it can be seen in Figure 4.17 (o) and (p) that DAB voltages and currents
approach their rated values. At t=35 s, the DAB current (Figure 4.17 (p)) reaches its
rated values. The controllers adjust the SPS phase shift in such a way to maintain
operation at rated current and prevent exceeding it. However, due to negative power
operation of the DAB, this results in a negative runaway of the DAB output voltages as
indicated in Figure 4.17 (o) at t=35 s. Since there is insufficient DAB converter capacity
available to stabilize operation at a new steady-state, the DABs are deactivated entirely
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when their output voltage reaches rated values (compare to Figure 4.17 (o) at t=35 s).
Resulting from the necessary deactivation of DABs in wind turbines 1-6, the wind
turbine output power increases. With PPPCs operating with negative power, I,. could
be held at a value lower than I, since Ipppe;,, is negative. With PPPCs deactivated,
I 4. increases to Iyype and the wind turbine output power becomes equal to V. X
I'vpe- Since this power is above the maximum power available from the wind, the wind
turbine starts to decelerate quickly until it comes to a halt, as shown in Figure 4.17 (k).
As the wind turbine reaches a very low generator speed, the shutdown sequence became
activated near t=>b55s activating the mechanical disc brake and pitching rotors out of the
wind. Exact operating schedules in situations like these can be further adjusted, should
there be further requirements from the aeromechanical system, such as earlier activation
of braking and pitching systems.

At the time when DABs of wind turbines 1-6 become deactivated, these turbines are
taken out of consideration for the HVDC-link current scheduling algorithm. This
algorithm is only applied to fully operating wind turbines. As a result, the maximum
possible HVDC-link current Iypc 4, increases to the value when all wind turbines are

operating at rated wind speed following the events at t=35s.

This simulation demonstrates that operation near or at converter limits is possible
and that violations of converter limits operating with negative PPPC power can be
handled successfully. Necessitated by the DAB output voltage runaway possible at
negative converter limits, it usually is required to deactivate a DAB in such conditions
and curtailed operation below maximum power cannot be maintained. If such operation
was desired, it would be necessary to alter the HVDC-link current scheduling algorithm
to prevent a violation of negative PPPC converter limits in the first place. However, this
would result in other wind turbines in the wind farm reaching their mazimum PPPC
limits instead, leading to power curtailment. Future work could investigate prediction
schemes to decide which scenario is more preferable in different operating conditions.

In the second test case, all wind turbines start operating at a wind speed of 4m/s, as
shown in Figure 4.18 (a). Wind speed for wind turbines 1-6 is then ramped up to rated
wind speed within 200s. A margin of 0.1pu current has been chosen for HVDC-link
current scheduling modes 2 and 3: scheduled HVDC-link current will be kept higher or
lower than the absolute extreme value, respectively.
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Figure 4.18 Simulation results of second converter limits test case.
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For this reason, at t=0s, the HVDC-link current scheduler already operates in mode
3. HVDC-link current for mode 1 would be approx. 0.07pu above minimum HVDC-link
current, thus violating the margin selected. As a result, all wind turbine start operating
with a slight negative PPPC output power and voltage, as seen in Figure 4.18 (h) and
(i). As wind speed for wind turbines 1-6 increases, their output power and generator
speed increases according to MPPT (Figure 4.18 (f) and (k)). Likewise, PPPC output
voltage and power increase gradually (Figure 4.18 (i) and (h)). Near t=145s, the
converters for wind turbines 7-30 reach their maximum negative PPPC power limit
(phase shift equal to 90°). As a result, the PPPCs cannot maintain the desired PPPC
output voltages anymore and they start to decrease at a faster rate (as seen in Figure
4.18 (i) near t=150s). When the DAB output voltages reach their negative rated value
(Figure 4.18 (o)), the DABs are deactivated at t=170s. At that time, the sudden
deactivation of 24 PPPCs creates a fast transient on the HVDC link as apparent in
Figure 4.18 (c). As a result, the onshore station’s current control loop experiences a
temporary large transient in HVDC-link current, but is able to maintain stable control
(Figure 4.18 (b)). To aid limiting the HVDC-link current excursion during this transient,
the HVDC brake chopper is briefly activated, as indicated by the HVDC scheduler mode
switching to mode 5 (Figure 4.18 (j)). After this transient has settled, wind turbines 7-
30 are outside their normal operating region and proceed a shutdown similar to the
previous test case. As a result, only wind turbines 1-6 are included in the HVDC link
scheduling from t=170s onward. Consequently, the HVDC-link current is scheduled in
such a way that PPPCs of wind turbines 1-6 can operate at or near zero output voltage
and power, minimizing the total amount of power processed by PPPCs.

This test case demonstrates that the presented scenario can be handled successfully
without violating any converter limits.

4.7.3 Low-Voltage Ride-Through

In this scenario, the wind farm is operating at rated wind speeds and power. At time
t=20s, the AC grid voltage amplitude is reduced to Opu due to a severe grid fault near
the wind farm grid connection point. The grid voltage recovers after 4 seconds. As seen
in Figure 4.19, the wind farm can maintain stable operation during the fault and resume
normal power delivery after the fault. Upon detection of the fault, the braking chopper
is activated to take over control of the HVDC-link current. During this time, generated
power is dissipated in the chopper resistors, therefore Pyyvpe, Igvpe and Vigype remain
virtually unchanged. As a result, offshore wind turbine operation can continue nearly
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undisturbed and a fast LVRT action is provided. As seen in Figure 4.19 (b), (e) and (f),
each wind turbine continues to be exposed to the same HVDC-link current level and
maintains the same output voltage and power. Upon fault recovery, the Thyristor
converter can resume power delivery, at which point the braking chopper is deactivated
and the Thyristor converter resumes full control of the HVDC-link current. As depicted
in Figure 4.19 (b) and (c), the transitions between Thyristor converter operation and
braking chopper cause transients in the HVDC-link voltage and current. However, these

values remain within the range of rated values in addition to commonly chosen safety

margins.
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Figure 4.19 Simulation results for LVRT scenario. “WT” = Wind turbine.
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4.7.4 Active Power Control / Power Curtailment

In the following scenario, active power curtailment is demonstrated. Here, all wind
turbines are operated at a wind speed of 7.5m/s and an MPP farm output power of
45MW. At t=40s, an output power reference of 22.5MW is set for the wind farm. At
t=130s, this curtailment request is lifted. The simulation results in Figure 4.20 show
that the wind farm can seamlessly transition to curtailment operation and resume
regular operation afterwards. In Figure 4.20 (a), the reference and actual wind farm
power is shown. As a rate limiter is implemented in the wind turbine control loop (see
Figure 4.1), actual wind farm power ramps down until the power reference is reached.
As seen in Figure 4.20 (c) and (e), pitch control engages to limit the wind turbine

rotational speed during curtailment.
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Figure 4.20 Simulation results for active power control. “WT” = Wind turbine.
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4.7.5 Inertial Response

During a wind farm operation at rated wind speed and power, a grid frequency event
is simulated to test the wind farm inertia response. The frequency excursion is shown in
Figure 4.21 alongside simulation results of the wind farm’s response. As it can be seen
in Figure 4.21 (e), the wind farm increases output power temporarily according to the
derived inertia power reference shown in Figure 4.21 (c¢). This reference is derived in the
onshore station controller following the scheme in Figure 4.12 based on local grid
frequency measurements. A short transient can be observed in the wind turbine output
power for wind turbines 25-30 near t=23s due to an unfolder polarity change and

subsequent DAB control loop reactivation.
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Figure 4.21 Simulation results for inertia response. “WT” = Wind turbine.
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4.7.6 Operation during communication system outage

This scenario explores wind farm operation during a temporary communication system
outage. For this purpose, the WEICan wind profile was simulated with a loss of
communication being detected at t=20s. It is assumed that the communication system
resumes regular operation at t=450s. Figure 4.22 shows that wind farm is able to
maintain stable operation, very similar to the simulation results obtained with
communication system in place (Figure 4.15). A slight change in HVDC-link current
(Figure 4.22 (b)) can be observed during the transitions (t=20s and t=450s) which stems
from the change in scheduling algorithm. As a result, the minimization of total PPPC
cannot be maintained anymore. Consequently, the total amount of PPPC power
processed is larger by up to 92% near t=135s, as seen in Figure 4.23. As differences are
smaller for the majority of time in this test case, the HVDC-link current scheduling
strategy presented in section 4.4 maintains only minor drawbacks over the
communication-based default method during regular system operation.
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Figure 4.22 Simulation results for the WEICan wind profile during a
communication system outage. “WT” = Wind turbine.
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Figure 4.23 Total PPPC power processed for WEICan wind profile during

communication system outage.

4.7.7 Summary

This chapter discussed the control-related concepts and issues for the proposed wind
farm configuration. Control loops were designed or adapted to operate wind turbines
following established variable-speed schemes. Control systems for the electrical systems
ensure the stable trasfer of generated power while optimizing system operating points
for low losses and respecting wind turbine converter ratings. It has been shown that
ancillary services, such as LVRT, active power control and inertial response can be
provided. While the presented wind farm configuration commonly requires a
communication link for optimal operation, a communication-less operation scheme has
also been derived and demonstrated to enable regular system operation with only few
drawbacks. Dynamic simulations confirm the viability, stability and functionality of the
proposed wind farm configuration and its control loops.
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Chapter 5
A Sizing Framework for Wind

Turbine Converters

In this chapter, a generic wind turbine converter sizing framework applicable to single-
string, series-connected DC wind farms is introduced. As will be shown, unique operating
characteristics of the electrical systems in series-connected DC wind farms render
traditional approaches of determining converter ratings insufficient. In this chapter, the
proposed sizing framework is applied to the wind farm configuration presented in
Chapter 3, as well as two other configurations for comparison purposes. Results from
this chapter are incorporated in the comparative economic assessment in Chapter 7.

5.1 Overview and Previous Work

In single-string, series-connected DC wind farms (Figure 5.1), the HVDC voltage and
current typically are both a function of the operating states of all wind turbines [33][16],
unlike with conventional wind farms where the HVDC voltage is fixed [53]. As a result,
the operating conditions of each wind turbine converter are influenced by its operating
points, as well as those of all other wind turbines in the farm. Consequently, the choice
of component ratings for a wind turbine converter is dependent on the expected
operating points of its wind turbine and simultaneous operating points of all other wind
turbines in the farm. Several works have explored the valid operating regions for
particular wind farm configurations based on sample sets of wind turbine operation
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[72][16][35]. For conventional wind turbines with AC voltage output, collection system
buses operate at fixed voltage and the operating points of one wind turbine converter
do not affect those of other wind turbine converters. Hence, converter ratings are chosen
based on the operating conditions at full-power operation. Most previous studies on
series-connected DC wind farms have been based on a pre-determined set of converter
ratings. The authors of [92]-[96] discuss various control approaches utilizing the
modification of wind farm operating points and/or wind power curtailment to limit
extreme operating points and overvoltage conditions in series-connected wind farms
based on fixed component ratings. In [72], aerodynamic wake modeling is applied to a
series-parallel wind farm based on VSCs to demonstrate the adequacy of chosen
component ratings and maximize energy production. A similar wake model is used in
[96]. In [46] and [97], the application of energy storage in wind turbines is considered to
avoid undervoltage and overvoltage conditions. [46] recognizes the probabilistic nature
of energy storage capacity requirements; yet associated likelihoods are not derived

systematically.
Rectifier .
+ imvpe HVDC
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Viturbine, 1 L. Inverter
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—_ | -
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Figure 5.1 General structure of a single-string, series-connected DC Wind Farm.
(“Gen.” = Generator)

In contrast with the previous works that are largely focused on optimizing wind farm
operation based on a fixed and chosen set of wind farm component ratings, or rely on
assumed likelihoods for extreme operating conditions, component ratings are considered
variable in this chapter. A methodology to aid determining desirable component ratings
is proposed. In particular, this thesis contributes a methodology for sizing the voltage
and current ratings of wind turbine converters’ components in single-string, series-
connected wind farms. This methodology allows capturing the influence of wind turbine
converter topology, wind conditions at the chosen site, and wind farm layout on wind
turbine converter ratings. The methodology determines the amount of annual energy
curtailment due to converter rating limitations in order to allow for optimizing the trade-
off between converter ratings and related annual energy curtailment.
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5.2 Converter Sizing Challenges in Series-Connected
DC Wind Farms

In conventional wind turbines featuring a full-scale back-to-back VSC for fixed AC
voltage output (as shown in Figure 5.2) the determination of component voltage and
current ratings (sizing) tends to be governed by the system operation at full power. For
example, IGBT voltage ratings of a 2-level VSC are based on the nominal voltage of the
internal DC bus, as well as a certain safety margin. IGBT current ratings are largely
based on the expected currents at full-power operation. Overall, the sizing of wind
turbine converters is independent of expected of actual operating states of neighboring

wind turbines.

WT rectifier WT inverter

N am Pt m(s

Figure 5.2 Conventional wind turbine electric power conversion system.

In contrast, the sizing of wind turbine converters for series-connected DC wind farms
is dependent on operating states of neighboring wind turbines, and not necessarily
entirely based on full-power operating conditions. Figure 5.1 shows the general structure
of a single-string, series-connected DC Wind Farm, consisting of N wind turbines and
incorporating an HVDC link. To illustrate the difference, this section discusses two
sample operating conditions of a single-string series-connected wind farm using a VSC
as rectifier in each wind turbine. This wind farm features two 5MW wind turbines and
3.3kV generators. Furthermore, it is considered that the minimum VSC DC output
voltage, Vi, pinen, 18 equal to % times the generator line-to-line terminal voltage to

ensure PWM operation in the linear region is maintained and over-modulation is avoided
98], ignoring effects of the stator impedance, as well as reactive power flows.

In the first operating condition, both wind turbines operate at rated power. To satisfy
the minimum VSC DC output voltage requirement, both VSCs have to operate with an
output voltage of at least 5.4kV as shown in Figure 5.3. This results from both generators
operating at rated speed and AC voltage. In Figure 5.3, the green area indicates the
range of HVDC-link current that can be chosen, such that the VSC output voltage is
higher than 5.4kV at the given operating condition. The pink area indicates a range of
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HVDC-link currents that would require a VSC output voltage below its minimum output
voltage, in order to operate with rated output power. As a result, the string current
I'vpe must (be controlled to) be equal to or less than 928A. Hence, the VSCs’ IGBTs
must be rated to withstand a voltage of at least 5.4kV plus a safety margin.
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Figure 5.3 Illustration of required DC output voltages and valid HVDC-link
currents of a wind farm with two wind turbines featuring VSCs as rectifiers operating
at rated output powers. Green area: valid rectifier operating points; pink area:

minimum VSC output voltage criterions violated.

Now considering a second operating condition at lower total power output, it will be
shown that a higher IGBT voltage rating is required. Here, wind turbine 1 operates at
rated power (5MW), while wind turbine 2 operates at 30% rated power (1.5MW). As
shown in Figure 5.4, the minimum VSC output voltage for wind turbine 2 drops, as the
generator speed and AC voltage is lower at wind conditions resulting in 1.5 MW output
power for a variable-speed wind turbine operating at optimal tip-speed ratio. The
maximum string current Iypo corresponds to the point where a VSC’s output voltage
reaches its minimum value first as string current is increased. In this case, the lower
minimum output voltage of wind turbine 2 requires the string current I,y to be at
most 232A to satisfy the minimum DC output voltage requirement of the VSC of wind
turbine 2, as seen in Figure 5.4. This significantly lowers the string current and forces
the VSC of wind turbine 1 to operate at a significantly elevated output voltage level of
at least 21.5kV. Accordingly, the VSCs’ IGBTs would have to be rated to at least 21.5kV
to allow this operating condition to exist without power curtailment. In typical wind
farm designs, each wind turbine would be installed with the same converter ratings,
including the higher voltage rating for its VSCs.
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Figure 5.4 Illustration of required DC output voltages and valid HVDC-link
currents of a wind farm with two wind turbines featuring VSCs as rectifiers operating
at differing output powers. Green area: valid rectifier operating points; pink area:
minimum VSC output voltage of rectifier 2 violated.

This example demonstrates that in series-connected DC wind turbines, the sizing of
wind turbine converters introduces an interdependency among wind turbines and is not

entirely based on operation at full power.

5.3 A Generic Converter Sizing Framework for Wind
Turbine Converters in Single-String, Series-
Connected Wind Farms

In this section, a generic wind turbine converter sizing framework for single-string,
series-connected DC wind farms is developed that addresses the interdependencies

outlined in section 5.2.

5.3.1 System description

This section considers the general structure of a single-string, series-connected DC
Wind Farm shown in Figure 5.1. The output power of wind turbine n, P, , is generated
according to internal control laws at a particular generator line-to-line voltage V., ,
and electrical frequency f,,, ,. A rectifier is used in each wind turbine to convert the

AC to DC output power, such that the output voltage of wind turbine n, V,, pine n

adheres to
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P

V;furbine n — = (5 1)
’ Tyvpe

where Iyype is the HVDC-link current. In the rest of this study, the states of wind
turbine n in a string of NV turbines are represented in vector S,,:

Sn = [ST,n SI,n]T (5.2)

This vector consists of the converter terminal state vector St ,, and converter internal
state vector Sy,. While Sy, is specific to the chosen converter topology, St ,, is

generally defined as:

ST,n = [Pn vaen,n fgen,n IHVDC]T (53)

For each wind turbine rectifier type, a steady-state, topology-specific relationship
between converter terminal and internal states, and rectifier output voltage Vi, 4ine.n

can be established:

‘/turbine,n - f(Sn) (54)

For a particular converter topology, (5.4) would model the complete steady-state
urbine,n based

on converter terminal quantities. Equation (5.4) will be used to consider converter

internal relationships of such converter, unlike in (5.1) which expresses V,

component limitations for the purpose of sizing the converter. In this study, it is being
assumed that the converters in all wind turbines of a farm have the same components
ratings.

In a single-string series-connected DC Wind Farm, I, is actively controlled by the
HVDC inverter station [33]. As a result, the HVDC-link voltage Vy,p becomes
1
Viavpe = 172 P, (5.5)
HVDC =1
The HVDC-link current reference is derived from an HVDC-link current scheduling
law specific to the topology and design of wind farm and power converter. Various
objectives can be implemented with such law, such as eliminating an offshore-onshore
communication link [33], maintaining a constant HVDC-link voltage [33], minimizing
processed power [99], maximizing energy yield (compare to [72]), or minimizing required
converter ratings. Once an HVDC-link current scheduling law has been selected, all basic
electrical system states are known as per (5.1)-(5.3) and (5.5), other than P,, V., and

fgenn that depend on the incoming wind conditions. Unlike with conventional offshore
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wind farms featuring an AC voltage collection system, wind turbine and HVDC link

voltages, V, and Vyypeo are not held constant. Instead, they all are functions of

urbine,n

wind turbine output power P, and the HVDC-link current Iy pc-

5.3.2 Generic sizing problem formulation

The choice of wind turbine rectifier topology, converter ratings, and HVDC-link
voltage rating introduce constraints on the range of feasible HVDC-link currents. This
directly affects wind turbine output voltages, particularly in the presence of wind speed
and output power differences within the series string, as illustrated in section 5.2.

The rectifying converter can introduce minimum and/or maximum constraints on wind
S,,). Some of

these constraints can depend on the wind turbine’s current state S,,. The limitations

turbine output power P,(S,,) or wind turbine output voltage V,, pine.n(
result from the component ratings within the converter, and from the choice of converter
topology.

In addition, the HVDC-link insulation rating introduces a maximum possible HVDC-
link voltage constraint Vyype r and Iyype should not exceed values that cause an
excessive HVDC-link voltage. Similarly, there is a maximum rated HVDC-link
current m. Furthermore, wind turbine startup and shutdown can introduce
additional constraints on converter sizing or HVDC link operation [100], as well as wind
farm configuration-specific fault handling schemes and certain fault-ride through
schemes. For example, certain wind turbine output converter voltage or current ratings
can be required to facilitate wind turbine startup [100], or withstand faults in the DC
collection system [101].

5.3.3 Full operational range sizing

To ensure that all wind turbines can realize all possible electric operating points within
the series string, wind turbine converter ratings can follow a full operational range sizing
approach. In this approach, one can consider a wind farm consisting of two series-
connected wind turbines (as shown in Figure 5.1, assuming N = 2). Wind turbine 1
operates at an operating point that puts the wind turbine converter at the maximum of
its operational range. Typically, this could refer to the wind turbine converter operating
at maximum output voltage while the wind turbine outputs rated power. Wind turbine
2 operates at an operating point that puts the wind turbine converter at the minimum
of its operational range. Typically, this could refer to the wind turbine converter

operating at minimum output voltage while the wind turbine operates at cut-in wind
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speed. Converter ratings are then chosen to enable this operating condition.
Furthermore, additional constraints related to wind turbine startup or fault handling
may need to be observed. Sample realizations of this approach are provided in sections
0 and 5.6.

5.3.4 Partial operational range sizing

In certain wind farm configurations, it may happen that the likelihood of operation at
or near the full operational range component ratings is very low, or the required
component ratings to realize full operational range sizing are considered excessive. In
such cases, it can be meaningful to examine the benefits of intentionally reducing
converter ratings to only cover a fraction of the full operational range within the wind
farm and implement a curtailment scheme for those operational points that are beyond
the implemented converter ratings. In addition, full operational range sizing may not
prevent violations of the HVDC-link voltage constraint m. For these cases, a

partial operational range sizing approach is discussed next.

As shown in section 5.2, for all wind turbine operating conditions, there is a range of
feasible HVDC-link currents that can be selected. To express the interaction between
scheduled HVDC-link current and converter limits, it is meaningful to derive each limit
of a particular converter as a function of minimum or maximum possible HVDC-link
current. This allows the prediction of violations of converter limits as a function of Iy -
for given wind turbine powers P, , and informs the choice of HVDC-link current during
operation, as well as the prediction of required converter ratings to make an expected
operating condition feasible for a particular HVDC-link current.

Within the topology-specific, steady-state relationship of (5.4), there can be numerous
limitations on (internal) state variables or relationships based on (internal) state
variables. These limitations can be of static nature, mostly related to component ratings.
However, dynamic, S,,-dependent limitations can also exist in some converter topologies.

For many of these limitations, the topology-specific relationships of (5.4) can be solved
for Ipyype analytically or numerically, where the limited variable is represented by its
rated boundary value or relationship. For instance, for a wind turbine converter with a
(5.1) can be reformulated to yield the

minimum HVDC-link current, Iyype y————, to avoid exceeding V;
sVturbine, R,n

rated maximum output voltage V,,, pine r.ns

urbine,R*
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P

_ n
IHVDvaturbine,R,n — V (5'6)
turbine,R

Limits that are not a function of Iy~ indicate that the series-connection of wind
turbines has no influence on the determination of that component rating and a
traditional sizing approach could be taken. For example, power electronic switches facing
the generator might often be chosen to withstand the maximum current that occurs at
full-power operation. For this reason, limits that are independent of Iy~ are not
discussed further in this study.

5.3.5 Limits on HVDC-link current

To summarize Iyypo-dependent limits, equations for all converter limits can be
formulated from the topology-specific relationship of (5.4). The N x M matrix L

IHVDC
holds minimum HVDC-link current values for all N turbines and all M limits derived
previously that result in a lower HVDC-link current limit. Equivalently, the N x G
matrix m holds all maximum HVDC-link current values for all N turbines and G
limits that result in an upper HVDC-link current limit.

To ensure that the maximum rated HVDC-link voltage Vi pe g is not exceeded under
any operating condition, another minimum limit on the HVDC-link current,

ITyvpe vyone» must be considered:

N
2 b

(5.7)
VHVDC,R

The overall maximum and minimum allowable HVDC-link currents Iy and Iyype

can then be expressed as:

IHVDC>

59
Tpype = max ([max <M)] ) (5.9)

HVDC,Vivpo

For as long as Iyype = Lyvpes Lyvpe should be chosen, such that

IHVDC’ < IHVDC’ < [HVDC (510)
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This ensures that no converter in the wind farm operates at or beyond its limits and
no full or partial wind power curtailment is necessary to avoid exceeding converter limits.
For such case, HVDC-link current scheduling laws can be used to optimize for objectives
not related to converter ratings.

If Ijvpe > Inype, there is no HVDC-link current that can be chosen to maintain all

converters operating within their limits. In such case, output power curtailment becomes

necessary in one or more wind turbines, to ensure that converter limits are not violated.
5.3.6 Sizing wind turbine converters and incoming wind
conditions

In the previous section, the converter’s state dependence on Iy~ was discussed.
However, the converters’ states also depend on wind turbine states, such as P,, V.

gen,n
and f,

dynamic response of the aero-mechanic system.

on, Telated to the incoming wind conditions, wind turbine control laws and

To eliminate unknowns relating to the incoming wind conditions that will appear in
(5.7) and (5.9) - such as P,, V, and f

gen.mn gen - Sizing wind turbine converters in series-

connected DC wind farms requires a formulation of such wind conditions expected to be
present during the operation of such a wind farm for its operational life (e.g., compare
to [72]).

Provided that a formulation of the expected wind turbine operating conditions and
their likelihoods for the life of the wind farm is available, it then becomes possible to
predict the likelihood of operating points of wind turbine converters over the life of the
wind farm. As a result, it is possible to estimate the likelihood of converters to be
operating within their limits and avoiding power curtailment due to converter limits,
using relationships (5.7), (5.9) and (5.10). This allows making informed design decisions
on the converter ratings and converter topological choices for a series-connected DC
offshore wind farm. The proposed key metric during this design process is the expected
annual wind energy curtailment due to exceeding converter limits. A flowchart of the
proposed sizing framework is provided in Figure 5.5. Subsection 5.7.1 expands on the
approach taken to estimate wind turbine operational states for a particular wind farm
site.
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Formulate eq. (5.4) (Voun=f(Sn)), using internal converter states of chosen
wind farm configuration (Section 5.3.1)

v

Execute full operational range sizing (Section 5.3.3)

Full operational range
sizing satisfactory?

Derive limits on internal converter states due to component ratings (Section 5.3.4)

v

For each limit

Limit a function
of Invpce?

Component rating determined based
on full power operation

Solve limit functions for Ijjypc
(Section 5.3.4)

End -«

v

Formulate Iyypc (5.8) & Iyvpc (5.9) for chosen wind farm configuration
(Section 5.3.5)

v

Simulate aero-mechanical wind farm operation.
Representative set of high-resolution time series for turbine operation over life of
wind farm and associated annual likelihoods (Sections 5.3.6, 5.7.1)

v

Compute electrical states in wind farm on simulation results for all sizing test cases
(Sections 5.3.6,5.7.1)

v

Compute annual energy curtailed due to operating at converter rating limits for all
sizing test cases (Sections 5.3.6, 5.7.1)

End

Figure 5.5 Flowchart of partial operational range sizing framework for wind turbine

converters in single-string, series-connect DC wind farms.
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5.4 Sizing Methodology for Dual-Active Bridge
Converters as PPPCs

This section discusses the implementation of the partial operating range sizing
methodology presented in section 5.2 on the wind farm configuration featuring
differential power processing (DPP) as discussed in Chapter 3 (page 28), denominated
as “DCS-PPPC” in this chapter. A full operational range sizing is derived in section 5.7
for reference purposes. This section is based on the system model discussed in sections
3.3 and 3.5. However, for simplicity of presentation, a multi-converter design is not
considered.

The topology-specific, steady-state relationship of (5.4) for this wind farm
configuration consists of the numerical relationship Vige,, = f(P, Viyen s fyenn) Of

Figure 3.6, and (3.4)-(3.5),(3.7)-(3.8) to obtain a relationship for V,, 4., involving
internal DBR and PPPC states:
VadenVonapanlV, |9,
Viurbinem = =557 7 ”Scbn( ——">+V o (5.11)
rurbine, 2nf Lyl yype ™ cde:

5.4.1 Iypco-dependent converter limits

As discussed in section 5.3.3, converter limits that are not a function of Iy~ would
lead to a conventional sizing approach and are neglected in this analysis. In particular,
this relates to the DBR diodes’ voltage and current ratings, as well as the voltage rating
of the primary DAB switches S1-5S4.

Component ratings depending on Iy that are derived from converter limits in this
wind farm configuration are:

e Current rating of all DAB switches
e Voltage rating of switches S5-S8 and S1u-S4u

e DAB leakage inductance L, and switching frequency f,, related to maximum
PPPC power capability

The converter limits that need to be considered in relation to these component ratings
are on the:

1. DAB output voltage V,,pppc n: Vopppem a0d V,pppo

o

2. Peak current of DAB transformer current iy, ,,: ‘z L’pkm‘
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3. Maximum and minimum DAB power (related to maximum and minimum DAB

phase shift ¢): Ppppc., and Ppppe

5.4.2 PPPC output voltage limits

As discussed in section 4.2.3, to not violate the maximum and minimum PPPC output

voltage limits, the minimum and maximum HVDC-link current values are defined as:

P P
" <I < = 5.12
VoPPPC,n + VGdc,n e ‘/OPPPC,n + VGdc,n ( )

5.4.3 Internal DAB current limit

To determine the DAB switch current ratings, as well as DAB switching frequency
and leakage inductance, it is necessary to determine the DAB transformer peak current.
This has already been discussed in section 4.2. Using (4.2)-(4.4) and (4.7), it then
becomes possible to numerically determine the peak currents in the DABs primary and
secondary switches S1-5S8 as a function of P, Vg, ,, and Iyype, as well as converter

parameters:

iL,pk,n = g<Pn7 VGdc,n? IHVDC’) (5.13)

Conversely, (5.13) can also be solved numerically for Iy as a function of iy, ;. ., P,

and Vg, To ensure that the resulting function has unique solutions, it is done for

Ppppc., 2 0 and Ppppe ,, < 0 separately. For Ppppe,, 2 0:

Tnvpe = K (P Vadens in phn) (5.14)

Similarly, for Ppppc,, < 0:

Tnvpe =k (P Vadens i pkon) (5.15)

This separation is necessary since iy, ., is monotonically increasing as ’PPPPC,n‘
increases, yielding two solutions for Iy~ for many operating points without such
separation.

5.4.4 DAB power limit
The DAB phase shift ¢, is bound within the range of —7/2 to 7/2. At the two

extremes, the DAB processes the minimum and maximum possible amounts of power,
respectively [79]. Using (3.4) and (3.8), (3.7) can be rewritten to:
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VGdc,ans |¢n|
Tivoe = g (1-12) (5.16)

Since the unfolder polarity UF, is defined as sign(Ppppc,) = sign(¢,), (5.16)
resolves to the same solution for ¢, = 7/2 and ¢,, = —7/2. An upper limit to the
HVDC-link current results to maintain stable DAB operation within its power limits:

Ivpe < VadenNps/8f Ly (5.17)

5.4.5 Wind turbine startup and shutdown

The scheme presented in Chapter 6 demonstrates a wind turbine startup and shutdown
procedure that does not significantly affect converter sizing. For this reason, wind turbine
startup and shutdown is not considered further in this analysis.

5.4.6 Fault ride-through

As shown in [99], low-voltage ride-through (LVRT) is handled using an onshore braking
chopper that maintains the operating conditions of the offshore wind farm during an
LVRT event. Therefore, LVRT does not influence converter sizing for this wind farm

configuration.

5.4.7 Fault handling

It is assumed that wind turbine internal faults in a single-string, series-connected wind
farm can be handled by de-energizing and bypassing a wind turbine in the string. Faults
in the collection system could be handled by adopting fault handling schemes, such as
those discussed in [101], which show that faults can be handled without affecting the
PPPC input current or output voltage ratings, and allow clearing a ground fault with
an HVDC-link current peak of approximately 2.5pu. For this reason, a minimum peak
output current rating constraint of 2.5pu is considered here.

5.4.8 Internal wind turbine states Sy,

Using the steady-state relationship between V., and P, provided in Figure 3.6, the
steady-state average model of sections 3.3 can be computed. Additionally, for the
purpose of evaluating component limits, it is necessary to determine the DAB peak
current i, ., . following section 4.2.2 and equation (5.13). As a result, the internal state

vector Sp,, is defined as:
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St = Vadem tLpen]” (5.18)

5.4.9 Allowable HVDC-link currents

In summary, the maximum and minimum allowable HVDC-link currents Iy and

I'vpe are derived and written in matrix form as discussed in section 5.3.3:

i Pn/(VGdc,n + oPPPC') ]
k+(Pn7 VGdc s L phon = 151—54)
Llavpe = T (5.19)
k+ (Pn7 VGdc no iL kn — 85_58)
- ’ ’p ’ Nps -
i Pn/(VGdc,n + V,pppc) i
k= (Po, Vadems inpen = Ls1-s4)
LIHVDC - k- (Pn7 VGdc,n? 7;L,pk:,n = M) (520)
NpS
L VGdc,ans/stLt

where in L;
HVD

and L; the rows represent the PPPC output voltage limit,
C HVDC

primary bridge DAB peak current limit, and secondary bridge DAB peak current limit,
respectively. The last row of L Ivpo Fepresents the maximum DAB power limit.

The minimum and maximum allowable HVDC link currents for this wind farm
configuration can then be determined following (5.7)-(5.9).
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5.5 Sizing of a Voltage-Source Converter-Based

Wind Farm
WT rectifier

HVDC

” (.) - HVDC inverter
~ N1 | Transmission [—— Grid
: vsc — iy +@

— | ~

(.) ~ - 12-pulse Thyristor
converter

Figure 5.6 Structure of the DCS-VSC configuration.

This section implements the sizing methodology for a VSC-based wind farm, as
discussed in [102], adapted to a single-string configuration from [16] and denominated
as “DCS-VSC”. In this wind farm configuration, VSCs are used as wind turbine
converters as shown in Figure 5.6. All other wind farm components are identical to those
of the DCS-PPPC configuration. The wind turbine output voltage is given by [73] as:

22V,
Voutn = 2v2 Voenin (5.21)
VAR
where V., , is the generator line-to-line RMS voltage and m,, the modulation index. To

maintain linear PWM modulation, the modulation index is assumed to be equal or less
than one. As a result it is required that

22
VOU n 2 Ven n (5'22)
L, \/g gen,
The HVDC-link current is determined such that each wind turbine operates with a
feasible output voltage in addition to a margin k (e.g., 110%) for control action:

P

n

Iyvpe =
2,2 (5.23)
12?5\7 k \/§ then,n

The VSC’s switch current ratings are determined from rated AC currents which are

not a function of Iy pe-

5.5.1 Full operational range sizing

Considering the wind turbine converter output voltages of a two-turbine series string

operating at extreme operating points, one can write:
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Voura =7 (5.24)
HVDC
P i 5.25
Vout,Q = T ( )
HVDC

where V,,,, and V,,, , are the converter output voltages of wind turbine 1 and 2,
respectively, and P, ., and P, . are the wind turbine powers at rated and cut-in wind
speeds. Using (5.22), (5.24) and (5.25) can be rewritten as (5.26) and (5.27) to yield

conditions for feasible values for Iy po:

P
I < rated
HVDC —= kQ\/iV (526)
\/g gen,rated
P, (5.27)
IHVDC < T
K22y

\/g gen,min

where V., q1eq and V, are the generator voltages at rated and cut-in operating

gen,min
conditions, respectively.
Numerical analysis of (5.26) and (5.27) for a wind turbine design presented in section
3.6 reveals that condition (5.27) is tighter for the entire output power range. Using
(5.27), solving (5.1) for Ipype and considering rated converter output voltage V,,; ruseq

leads to:

v 2\/§k Prated

out,rated = \/g gen,min P . (528)

For the presented wind turbine parameters, the rated output voltage would need to
be at least 61.2kV for a 3300V generator, assuming k equal to 1.1, £rated oqual to 33.21

P,
and V, equal to 1129V.

gen,min
5.5.2 Partial operational range sizing

Given the very high required output voltage rating for full operational range sizing,
partial operational range sizing appears worth exploring. Given the converter output
voltage constraint of (5.22), the maximum HVDC-link current constraint due to this

output voltage constraint, Iyype v , can be written as:

out,R,n
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1 = Fr
HVDvaout,R,n 2\/5‘/ (5.29)
\/§ gen,mn
As a result, the maximum and minimum allowable HVDC-link currents Iy~ and

I'vpe are derived and written in matrix form as discussed in subsection 5.3.3:
Ly, o =10 (5.30)

P

2v/2
2viy
\/g gen,n

The overall minimum and maximum allowable HVDC link currents for this wind farm

(5.31)

Iyvbe —

configuration can then be determined following (5.7)-(5.9).

a. Wind turbine startup and shutdown

Wind turbine startup of this wind farm configuration may face challenges similar to
those reported in [100]. For the purpose of this study, it is assumed that additional
hardware and/or control algorithms are used to facilitate wind turbine startup that do
not result in further sizing constraints on the VSC.

b. Fault-ride-through and fault handling

Fault ride-through can be handled in the same way as discussed in section 5.4.6.
Similarly, it is assumed that fault handling is realized in a way similar to that discussed
in subsection 5.4.7. However, VSC switch current ratings may not already be sufficient
and may require an increased rating to withstand a 2.5pu current peak during ground
faults, as discussed in [101].
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5.6 Sizing of a Farm based on Diode-Bridge Rectifier

and Buck Converter

WT rectifier DC/DC HVDC
(.) D . P — HVDC inverter .
) : "1 | Transm. — Grid
Diode-Bridge  Buck - —

- = ()=

! Rectifier  converter .
= — |
(.) o — 12-pulse Thyristor
converter

Figure 5.7 Structure of the DCS-Buck configuration.

IQOOA/—
Vivpe - -9 -1 -9 PI - » Livpe
100kV
| —/300a

Figure 5.8 HVDC-link current scheduling scheme of [33].

Finally, the sizing of a wind farm configuration featuring diode-bridge rectifiers and
buck converters [33] is discussed in this section. This configuration is labelled as “DCS-
Buck” and shown in Figure 5.7. All components are identical to those of DCS-PPPC,
aside from the wind turbine converter. The HVDC-link current scheduling scheme of
[33] is shown in Figure 5.8. Due to the buck converter, the wind turbine output voltage
must be less than or equal to the diode-bridge rectifier’s DC-side voltage V..,

V < Viden (5.32)

out,n —
Viden a8 a function of P, has been derived in section 3.3 and is shown in Figure 3.6.
5.6.1 Full operational range sizing

Considering the wind turbine converter output voltages of a two-turbine series string

operating at extreme operating points, one can write:

_ Prated

out,1 — (533)
IHVDC’
oz Ivpe
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where V,,,, and V,,, , are the converter output voltages of wind turbines 1 and 2,
respectively, and P, ., and P, . are the wind turbine powers at rated and cut-in wind
speed. Using (5.32), (5.33) and (5.34) can be rewritten as (5.35) and (5.36) to yield

conditions for feasible values for Iy po:

P
I > rated
HvPe = VGdc,n(Prated) (535)
P in 5.36
Gdc,n min

Numerical analysis of (5.35) and (5.36) for a wind turbine design presented in section
3.6 reveals that condition (5.35) is tighter for the entire output power range. Using
(5.35), solving (5.1) for Iy pe and considering rated converter output voltage V,

out,rated

leads to:

Vout,rated > VGdc,n (Prated> (537)

For the presented wind turbine parameters, the rated output voltage would need to
be at least 5.8kV for a 5000V generator, and the required output current rating would
be 862A, neglecting fault handling related issues. The authors of [33] chose an output
voltage and current rating of 4166V and 1200A. In this design, the buck converter
semiconductors still require a voltage rating of 5.8kV to withstand the maximum V.,
value, but require a higher current rating for an average output current of 1200A.

In this thesis, an alternate operational mode is considered as second test case. In this
test case, the HVDC-link current scheduling scheme is replaced by one that minimizes
HVDC-link current while adhering to the operational limits of all active converters
(including a 5% safety margin). Allowing buck converters to operate at 100% duty cycle
during rated conditions also allows to limit the converter output and transmission system
current rating to 862A, instead of 1200A. In addition, it is likely to result in a better
overall conversion efficiency. This is examined further in section 7.3.

Since operation at rated output values represents the only feasible operating point in
this configuration to process rated power, the consideration of partial operational range
sizing is not meaningful with the DCS-Buck configuration to reduce component sizes.
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5.6.2 Wind turbine startup and shutdown

Due to the buck converter’s ability to operate with zero output voltage and power,
wind turbine startup of this wind farm configuration is expected to be similar to those
of conventional schemes and without further implications on converter ratings.

5.6.3 Fault-ride-through and fault handling

Fault ride-through can be handled in the same way as discussed in section 5.4.6. Fault
handling for this wind farm configuration has been studied in [35] and it is indicated
that a peak current rating for short durations of 2pu may be required to contain DC
link faults.

5.7 Converter Sizing Case Studies for a 450MW
Offshore Wind Farm

To demonstrate the efficacy of the sizing methodology, three case studies for the
450MW Offshore Wind Farm of section 3.6 are discussed here. Additional parameters
relating to DAB sizing and operation for the purpose of this study are given in Table
5.1. The first case study considers sizing such a wind farm with the DCS-PPPC
configuration. A second study considers the DCS-VSC, followed by a last study on the
DCS-Buck configuration.

Table 5.1 Additional DAB Parameters

DAB CONVERTER (ALL TEST CASES) RATED / BASE VALUES
Turns ratio N, 2
Switching frequency 7500Hz
Capacitor C, 540pF
Input voltage rating 6500V *
Output current rating 2864 A
Rated HVDC voltage 4+ 113kV

* This includes the required safety margin for the IGBTs.
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5.7.1 Determination of wind turbine operational states and

energy curtailment

To predict expected wind turbine and wind farm states, 7 years of 10 minute-resolution
wind measurements of the FINO3 met mast (average rotor equivalent wind speed, wind
direction and turbulence intensity) were binned into 7508 unique wind conditions and
the likelihood of occurrence for each bin was recorded. The bin sizes are 1m/s, 10 degrees,
and 1% for wind speed, direction and turbulence intensity, respectively. For each of these
7508 wind conditions, the entire wind farm was simulated using the SimWindFarm
toolbox available for MATLAB/Simulink [84]. This toolbox realizes time-transient,
dynamic simulations of aerodynamic-mechanical systems of wind turbines in a wind
farm, taking into account upwind wind speed, wind direction, turbulence intensity and
wake effects. For each of the 7508 simulation runs, the wind turbine output power,
rotational speed and rotor-equivalent wind speeds were recorded with a 1-second time
resolution for a duration of a wind field passing the wind farm twice at any given average
wind speed. These simulations were executed on heterogeneous computational clusters
(Compute Canada: Cedar, Graham; local computational nodes of the power electronics
lab) due to large computational and memory requirements of such a simulation.

It was assumed that electrical transients are significantly faster than the 1-second time
step, such that near steady-state operation can be assumed for all electrical systems
with respect to the chosen time step. The time series of wind turbine power, rotational
speed and wind speed simulation were then used to compute the operational states of
the electric wind farm components using their steady-state models as discussed in the
following paragraphs specific to each wind farm configuration.

Finally, the average amount of energy curtailed per second due to converter limits was
computed for each of the 7508 simulations. This average energy curtailment per case
was then weighed by the likelihood of occurrence of each of the 7508 cases, as recorded
by the FINO3 met mast. The final amount of energy curtailment is then obtained as:

7508
5
= X 60 x 60 x 24 x 365) — 5.38
curt ,year Z curt TL] ¢ ] ( ) a ( )
where E,,,; eqr 15 the expected amount of energy curtailed per year due to converter

limits, the index number n denoting each of the 7508 cases observed by the FINO3 met

mast, P

wrt i) the average energy curtailed per second for case n, and ¢[n] he associated

likelihood of occurrence of case n. This workflow is depicted in Figure 5.9.
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Bin 10-minute measurements from FINO3 met mast (wind speed, direction,
turbulence) into [1m/s, 10 degree, 1% turbulence intensity] bins.
Result: 7508 bins (“cases”

v

For each case (n=1,2,...,7508)

Simulate wind farm using time-transient aerodynamic-mechanic model
(SimWindFarm). Record wind turbine power and rotational speed (1-second
resolution).

v

Compute electrical states using steady-state models.

v

Compute average energy curtailment per second due to converter limits.

End

v

Weigh average energy curtailment per second for each case with associated case
likelihood.

v

Sum all likelihood-weighed energy curtailments and compute curtailment for one
year.

End

Figure 5.9 Determination of wind turbine operational states and energy curtailment

for 450MW wind farm sizing case studies.

For the DCS-PPPC configuration, electrical converter states were calculated based on
relations in section 5.4 and Chapter 3. To study different converter sizing options, eight
candidate converter ratings have been applied to the calculation of converter operating
conditions as shown in Table 5.2 and visualized in Figure 5.10. Test cases 1-7 represent
a partial operating range sizing, as there is no valid HVDC-link current to realize
unconstrained converter operation at cut-in and rated output power simultaneously. Test
case 8 represents a full operational range sizing, as an HVDC-link current of
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approximately 0.5pu allows an unconstrained operation of converters at full and cut-in

wind turbine power, as shown in Figure 5.10.

Table 5.2 DAB Converter Test Cases

TEST CASE | LEAKAGE INDUCTANCE L, OUTPUT VOLTAGE RATING INPUT CURRENT RATING
1 740pH 1247V = 0.22pu 336A = 0.39pu
2 592pH 1558V = 0.27pu 419A = 0.49pu
3 493pH 1870V = 0.32pu 503A = 0.58pu
4 423pH 2181V = 0.38pu 587A = 0.68pu
) 370pH 2493V = 0.43pu 671A = 0.77pu
6 247pH 3739V = 0.65pu 1007A = 1.17pu
7 185pH 4986V = 0.86pu 1342A = 1.56pu
8 118pH 5800V = 1.00pu 2097A = 2.43pu

Testcase: 8 7 6 54321

1 ]
-------- Min. IHVDC
0.8 | | |
@ 0.6 .
k=
=
Q_:E 0.4 .
0.2 Power at cut-in ||
wind speed
0 i3 e R PR TR ‘ ‘ ‘ ‘ ‘ ‘
0 01 02 03 04 05 06 07 08 09 1 11 12
Tvpe (PW

Figure 5.10 Possible wind turbine operating points without PPPC sizing-related
power curtailment for different HVDC-link currents and all 8 DCS-PPPC test cases.

Converter operating conditions for the DCS-VSC configuration have been calculated
based on relations given in section 5.5 and [72]. Seven test cases have been considered
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for this configuration to assess potential benefits from a partial operational range sizing,
compared to a full operational range sizing that is represented by an eighth test case.
VSC output voltage ratings are set to multiples of 9kV, up to 63kV. It is worth noting
that a VSC with a 63kV output voltage rating can be challenging to implement given
limited IGBT output voltage ratings available. Such high output voltage rating is
analyzed mainly to outline the trends on energy curtailment with sizing up to full

operational range sizing.

For the DCS-Buck configuration, diode-bridge rectifier states were derived using the
relations depicted in Figure 3.6. Remaining states were calculated using relations
discussed in section 5.6 and [35]. As partial operational range sizing has been found
infeasible for this configuration, two test cases based on full operational range sizing are
evaluated to confirm that no energy curtailment is to be expected from these sizing
choices. The first test case is based on the converter output ratings originally discussed
in [35] (4166V and 1200A), whereas the second test case examines the converter output
ratings suggested in section 5.6 (5800V and 862A).

To preserve the general trends of this analysis, component ratings have not been
matched with commonly available device ratings. In a final design iteration, these and
desired safety margins should be considered.

It has been assumed that wind turbine operation at or beyond converter limits results
in a partial or full wind power curtailment: a wind turbine converter operating at
maximum limits curtails the wind turbine power to the maximum that can be processed
with the converter at its current limit, while pitch control ensures proper speed control
of the turbine; a converter operating beyond minimum limits results in the wind turbine
coming to a stand-still, as the converter cannot reduce the (inherent) DBR’s natural
power draw at a given HVDC-link current sufficiently to restore a balance of power
between incoming wind power and electric power absorption. It is worth noting that the
minimum limit does not apply to the DCS-Buck configuration, as the buck converter is
capable of operating down to and at zero output voltage and power at any operating
condition. The HVDC-link current was scheduled in such a way to minimize the
occurrence of curtailment action as discussed in section 4.4.2.

Based on this analysis, the amount of annual energy curtailment due to the converters
operating at their limits can be predicted. This is used to inform the sizing of such

converters.
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5.7.2 Results — DCS-PPPC
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Figure 5.11 Estimated annual energy curtailment of DCS-PPPC configuration as
percentage of annual energy production due to PPPC component rating limitations.

The annual energy curtailment due to exceeding converter limitations has been
estimated using the simulations outlined in the previous section. As can be seen in Figure
5.11, there is a significant difference in annual energy curtailment due to wind turbine
converter sizing decisions. If the PPPCs are rated for 0.22pu output voltage rating (test
case 1), more than 5% of potential annual energy production is lost due to curtailment.
As PPPC ratings increase, less energy curtailment is necessary. For a PPPC output
voltage rating of 0.38pu and input current rating of 0.68pu, only 0.13% of annual energy
production potential is curtailed (test case 4). A further increase of PPPC ratings
decreases the need for curtailment only marginally. Numerical results indicate the
presence of a negligible amount of energy curtailment for test cases 5, 6 and 7 (<0.01%).
The full operational range sizing case (test case 8) results confirms that the wind farm
could operate without energy curtailment due to converter limits. However, it is expected
that the increase in switch ratings will contribute negatively to converter losses and
capital cost of wind turbines, compared to partial operational range sizing test cases
(such as test cases 4 and 5, for example). In particular, it requires 2.6 times the PPPC
output voltage and 3.6 times the PPPC input current rating compared to test case 4.

This demonstrates how the presented PPPC sizing methodology can be applied to
inform decisions about component ratings for power converters for wind farms with

single-string series-connected DC collection systems.

Based on these results, it appears reasonable to consider converter ratings similar to
those of test case 4 or 5 as there is only a negligible decrease in annual energy production
to be expected. Based on local electricity market conditions, an economic assessment
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between converter cost and value of curtailed energy due to converter rating limitations

can further solidify the choice of converter ratings.

5.7.3 Results — DCS-VSC
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Figure 5.12 Estimated annual energy curtailment of DCS-VSC configuration as
percentage of annual energy production due to converter component rating limitations.

The expected annual energy curtailment due to converter limits has also been
estimated for the DCS-VSC configuration. The results are shown in Figure 5.12. As can
be seen, a VSC with output voltage rating of 9kV (test case 1) results in approximately
3.9% of available energy to be curtailed due to converter limits. However, VSC output
voltage ratings of 18kV and higher only result in approximately 0.3% of annual energy
production to be curtailed. For test cases 3 to 7, most energy curtailment stems from
preventing excessive HVDC-link voltages. There are several design aspects in series-
connected DC wind farms to be considered, such as maximum possible insulation to
ground (i.e., maximum HVDC-link voltage) and system design for high conversion
efficiencies [102]. It may be possible to optimize the system to reduce or eliminate the
HVDC-link voltage rating-related curtailment. Ultimately, an economic assessment
might be useful to find the lowest-cost design trade-off between rated HVDC-link
voltages, wind turbine voltage levels, number of wind turbines per string and conversion
losses — all of which are factors that can relate to the amount of energy curtailment due
to excessive HVDC-link voltages or stem from measures addressing these.

5.7.4 Results — DCS-Buck

Following the methodology discussed in section 5.6, annual energy curtailment has
been estimated for the DCS-Buck configuration. Since both test cases followed the full

operational range sizing approach, no energy curtailment due to converter limits was

115



expected. The simulation of both test cases confirmed that there is no energy curtailment
due to converter limits to be expected. The second test case examining converter output
ratings suggested in section 5.6 (5800V and 862A) resulted in overall higher HVDC-link
voltages and lower HVDC-link currents. This indicates that there is a potential for
efficiency improvements in the collection and transmission systems through current
reduction on an annual average compared to the sizing initially suggested in [35].

5.8 Summary

In this chapter, a methodology for determining the component ratings of wind turbine
converters in single-string, series-connected DC wind farms has been developed. As
demonstrated in this work, the series connection of wind turbines with DC output results
in a strong interdependence of operating points among the wind turbines in a wind farm.
Consequently, traditional methods of sizing wind turbine converters are not useful for
determining all component voltage and current ratings in these kinds of wind farms.
First, this chapter presents a generic sizing framework, applicable to all single-string,
series-connected DC wind farms. A distinction between full and partial operational range
sizing approaches is made. It then applies the analytical framework to a wind farm
configurations featuring differential power processing, voltage-source converters, and
diode-bridge rectifiers and buck converters. The main design consideration in this sizing
methodology is the reduction of energy curtailment resulting from finite component
ratings while minimizing component ratings to partial operational range sizing. Finally,
a case study for a 450MW wind farm demonstrates the implementation of the proposed
sizing methodology and shows that converter output voltage rating of about 0.38pu and
input current ratings of 0.68pu are sufficient for a proper wind farm operation for the
wind farm configuration featuring differential power processing, with negligible energy
curtailment despite finite converter ratings, and avoiding extra installation costs due to
oversizing. Similarly, a voltage-source converter-based wind farm configuration may
operate with low energy curtailment using converters rated at 18kV or higher. The wind
farm configuration featuring diode-bridge rectifiers and buck converters requires full-size
converters but operates without energy curtailment.
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Chapter 6
Wind Turbine Startup and
Shutdown

In conventional wind turbines with AC voltage output, wind turbine startup usually
is facilitated using a special control region defined for the speed and pitch controllers
[103]. For example, power set point values from the speed controller of the NREL 5MW
reference wind turbine [81] are shown in Figure 6.1, recomputed from torque reference
data in [81][84]. For low generator speeds, the power reference is held at zero, such that
all wind energy is used to accelerate the rotor during startup. Additionally, the pitch
control system is adjusted to facilitate a certain rate of rotor acceleration [103][104][105].
Conventional wind turbine converters possess the ability to regulate the power
absorption from the generator from zero to rated power independently of other wind
turbines within a wind farm. This makes wind turbine startup and shutdown relatively
straightforward procedures with regards to the electrical subsystems of a conventional
wind turbine. However, this simplicity relies on the availability of full-scale converters
operating independently of one another in a wind farm. Such a configuration is not
available in the wind farm configuration proposed in this thesis, which features a
differential power processing approach. Intentionally limited converter power capacity
and state dependence on the operating points of other wind turbines in a series string
create challenges in starting a wind turbine without introducing additional or oversized
hardware requirements. Wind turbine startup and shutdown procedures for this wind
farm configuration are therefore discussed in this chapter.
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Figure 6.1 NREL 5MW speed controller power references (orange) and ideal power
reference for MPPT operation (blue).

The presented wind turbine startup procedure enables wind turbines to successfully
start under any operating condition, while avoiding increased requirements on the
component ratings of the converters of each wind turbine. Successful wind turbine
startup and shutdown for all important wind conditions are demonstrated through

simulation.

For the purpose of studying wind turbine startup and shutdown, PPPC device ratings
listed in Table 6.1 were considered. This was done to simplify the analysis compared to
previously discussed multi-converter configurations. Conclusions for those more complex

configurations and ratings are provided in section 6.2.3.

Table 6.1 PPPC device ratings for startup and shutdown study

PARAMETER SYMBOL DEFAULT
VALUE
Number of Multi Converters Ny 1
DAB Output Voltage Rating 0.86pu
DAB output capacitor C, 540pF
DAB transformer turns ratio N, 2
DAB transformer leackage inductance (referred to primary side) L, 185pH
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Figure 6.2 Viable HVDC-link currents for different wind turbine powers Py, PPPC
and wind turbine ratings listed in Table 6.1.

In section 4.2, relations were derived to predict the wind turbine operating conditions
for which a wind turbine converter operates within or outsite its component ratings.
Calculated for the component ratings discussed in 3.6 and Table 6.1, the green area in
Figure 6.2 represents the range of HVDC-link current and wind turbine output power
in which the chosen DAB device ratings will not be exceeded for one wind turbine, unlike
in the pink area. It becomes apparent, that the choice of HVDC-link current directly
influences the PPPC’s ability to follow a certain wind turbine power reference Py..s. For
example, while Py is equal to 1.0pu, an HVDC-link current in the range of 0.53 to
1.24pu is possible for the given converter ratings. As all wind turbines in a series string
experience the same HVDC-link current, there are restrictions to the maximum wind
turbine output power differences that can be handled in this string. For example, if Iyypc
was chosen 1.0pu, a low-power wind turbine would lose its ability for MPP operation at
powers below 0.45pu.

6.1 Challenges in Wind Turbine Startup

The control loops presented Chapter 4 do not directly address wind turbine startup.
This section highlights the challenges of wind turbine startup when applying those
controls. In particular, two potential approaches are examined: (1) starting the wind
turbine with its Diode-Bridge Rectifier (DBR) electrically connected, but with the PPPC
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bypassed, and (2) starting the wind turbine with the PPPC activated and operating
according to controls presented in Chapter 4.

6.1.1 Rotor acceleration with DBR connected from stand-still
(PPPC deactivated)
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Figure 6.3 Wind turbine maximum aerodynamic power available at wind turbine
generator and natural Diode-Bridge Rectifier power draw (no PPPC operation) versus

generator speed.

If the wind turbine was to be started with the DBR connected from a standstill, it is
difficult to guarantee that the aerodynamic torque 7,,; consistently supersedes the
electromechanical developed torque Tgep, referred to the rotor side of the gearbox. Figure
6.3 shows the maximum aerodynamic power available at the wind turbine generator for
different wind speeds and rotational speeds for the 5SMW NREL reference wind turbine
when using the theoretically optimal pitch setting. It also shows the amount of power,
the DBR would absorb at different rotational speeds for different HVDC-link currents
using the matching wind turbine design listed in section 3.6. As it can be seen, for a
significant proportion of operating conditions, aerodynamic power is less than what the
DBR would absorb. For a wind turbine to start up successfully, aerodynamic power
would need to be consistently larger than electric power draw, however.

Furthermore, simulation results shown in Figure 6.4 show a startup attempt from
standstill for the 5SMW wind turbine. This simulation demonstrates further challenges
during the initial acceleration of the wind turbine rotor. In this simulation, a wind
turbine is provided with a startup command at t=10s. Its PPPC is deactivated, unfolder
polarity UF = 1, and an HVDC-link current, regulated to approx. 0.5pu, flows at the
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DBR DC terminals. As it can be seen in Figure 6.4 (b), no meaningful rotor acceleration
can be achieved. The difference between generator mechanical and electromagnetic
counter torques never develops a significant offset to provide rotor acceleration. Initially
at zero generator speed, the full HVDC-link current flows through all DBR diodes
resulting in zero V4. A rise in Vg, is only possible, if generator currents exceed the
Iyvpe value in order to change the DBR diode conduction pattern to that of an operating
DBR. This can be observed in Figure 6.4: a rise in Vg4, shown in Figure 6.4 (e), only
happens when the generator currents, depicted in Figure 6.4 (f), are equal or slightly
exceed the HVDC link current which is regulated to 0.5pu, here. Following a rise in Vg4,
there is sufficient power drawn by the electrical system to bring the generator and rotor
to a halt again, as can be seen in Figure 6.4 (b). This further demonstrates that a wind
turbine startup without PPPC operation cannot be guaranteed under all operating

conditions.
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Figure 6.4 Wind turbine rotor acceleration failing when DBR is exposed to HVDC-link
current from stand still. Wind turbine startup commanded at t=10s at rated wind

speed.

6.1.2 Rotor acceleration with DBR connected from stand-still
(PPPC activated)

To avoid the previously discussed challenges, it might be possible to activate the PPPC
operation during startup. However, as indicated in Figure 6.2, the PPPC would be
operating outside its ratings for most HVDC-link currents that could be prevailing
during startup. As shown in Figure 6.2, the HVDC-link current should not exceed
approximately 0.2pu for PPPCs in startup in order to not exceed PPPC component
ratings. However, such HVDC-link current would be infeasible for any other wind
turbines in the same series string operating above an output power of approximately
0.35pu. Therefore, a wind turbine startup with PPPCs and control of Chapter 4 is
difficult to realize in certain wind conditions without affecting neighbouring wind

turbines. To widen the range of valid operation points during a wind turbine startup,
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an increase of DAB voltage and current ratings would be required. For this reason, this
procedure is not meaningful and not investigated further.

6.2 Wind Turbine Startup Procedure

In this section, the procedures available for shutdown and startup of the proposed

wind farm configuration are discussed.

6.2.1 Mechanisms for wind turbine deceleration

There are several mechanisms available for slowing a wind turbine down to a standstill.
For the wind turbine configuration considered here, the most notable deceleration
mechanisms are: (1) aerodynamic braking using the pitch system, (2) shaft-mounted disc
brake, and (3) electrical braking using the DBR.

While methods (1) and (2) are available to all pitch-controlled large-scale wind
turbines, method (3) is specific to the wind turbine design under consideration. It relies
on the uncontrolled power draw through the DBR when a wind turbine is connected to
the series-string and the PPPC is inactive. The power draw then becomes:

Pyr = Vsacluvpe (6.1)

A rotor deceleration solely based on method (3) can only be achieved if the
aerodynamic power is less than Vggclgype (neglecting losses). Therefore, it typically
requires the additional use of the aerodynamic brake. If the PPPC power was negative
before PPPC deactivation, an additional braking effect could be achieved through this
method with less reliance on aerodynamic braking, since under this condition I;4,. would
be operated at a value larger than Iyypc.

The advantages of method (3) are the avoidance of fast transients in the voltages Vg4
and Vyype in many cases that can result from a sudden disconnection of the DBR at
high-power operation, and that more energy is delivered to the transmission system
without additional hardware required.

6.2.2 Mechanism for wind turbine acceleration

In order to accelerate a wind turbine rotor from standstill under sufficient wind
conditions, the rotor torque t,,; must be larger than the generator electromagnetic
counter referred to the rotor side of the gearbox (neglecting losses). Various approaches
are available to either increase 7,4, or keep Tgep low. To maximize T,.4¢, the pitch system
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can be adjusted in order to operate the rotor with the maximum power coefficient
available for the given tip speed ratio. The following approach is aimed at keeping 7gen
low by rejecting any DBR power draw during early rotor acceleration while operating
without the PPPC’s dual-active bridge converter.

To avoid PPPC-related disadvantages and restrictions discussed in section 6.1.2, an
alternate scheme has been devised to reject any power draw through the DBR, avoiding
the PPPC to be operating at or outside its ratings.

In this scheme, the PPPC output capacitor C, in Figure 3.7 (page 37), wind turbine
bypass diode D, in Figure 3.3 (page 30) and the unfolder circuit are leveraged to divert
the HVDC-link current from the DBR and PPPC switches through bypassing them. The
related circuit configuration is shown in Figure 6.5.
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Figure 6.5 Wind turbine converters during startup in ‘DBR power rejection

1HVDC

)

scheme. Inactive components in gray; bypass path I involving Cy4. and C, in red;
bypass path II involving D,,; in blue. Bypass path I is used to forward bias D,,; of
bypass path II.

In this configuration, the AC-side DBR breakers are closed, the unfolder polarity UF is
set to —1, and PPPC switches S1-S8 are deactivated. This leads to the bypass current
igp flowing into capacitor C,, causing V,psp to rise to positive and V,pppc to fall to
negative values. The rate of voltage decrease for V,pppc is:

dVoPPPC — _IB_P

2
dt Cy 6.2)

The rectifier DC voltage V4. is determined by the voltage induced in the generator
because of its (increasing) rotational speed. As a result, the DC-link capacitor C4. is
charged slowly as the wind turbine accelerates.

To ensure zero wind turbine output power, the output voltage Viyrpine has to be zero,
such that the output-side diode D,,,; is forward biased bypassing the HVDC-link current.
This is achieved when
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—Vorrrc = Viac (6.3)

To ensure that (6.3) holds under all expected operating conditions, C, has to be sized
properly, as discussed next. From (6.3) one can derive that the rate of fall of V,pppc
must at least be equal to the rate of rise of Vgq4,:

_ dVOPPPC 2 dVGdC (6.4)
dt dt
Furthermore, due to rectifier and output diodes:
Igp < Iyypc (6.5)

(6.2)-(6.5) lead to the inequality
Iyype _ Igp _ dVGgc

> > 6.6
Co o dt (6.6)
resulting in the sizing constraint for C,:
IHVDC min
< frremin
Co = (e 6.7)
dt max

where Iyypcmin is the minimum HVDC-link current expected to be used in the wind
farm and (dVgge/dt)max is the maximum slope in Vg4, expected during wind turbine
startup. Both quantities are averaged over one fundamental period.

Once the rotor has gained sufficient speed, normal circuit configuration can be restored
and normal system operation is resumed for that wind turbine. This transition point
must be chosen such voltage values for V4. and V,pppe do not exceed the PPPC’s output
voltage rating before the transition. Yet, it is desirable to delay the transition, in order
to minimize the impact on remaining wind turbines in the series string due to limited
PPPC ratings, as illustrated in Figure 6.2.

It is worth mentioning that this scheme is superior to a scheme in which rotor speed
is increased by keeping AC breakers opened, due to the lack of inrush current that a
sudden charging of C4. would cause upon reclosing of AC breakers.

6.2.3 PPPC component voltage and current rating requirements

for wind turbine startup

In order to enable a successful wind turbine startup, minimum voltage rating
requirements on the DAB output stage components (S5-S8, S1u-S4u, S, and C,) have to
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be met. While operating during a wind turbine startup (according to section 6.2.2), the
DAB output components are exposed to voltages of magnitude V;4.. As generator speed
increases, Vg4 increases. The largest magnitude of V4. during this procedure is
experienced at the transition point towards normal operation. Here, this transition point
has been chosen to be at the generator speed that represents steady-state operation at
cut-in wind speed. At this operating point, Vg4, is equal to 0.38pu. As a result, DAB
output stage components must be rated to withstand an output voltage of at least the
voltage at the transition point (here, 0.38pu).

In addition, the initiation of a wind turbine startup is only feasible if the wind turbine’s
steady-state operating point can be maintained in its series string given the prevailing
wind conditions and component ratings. Online predictions about this can be made from
the data shown in Figure 6.2.

When the PPPC is realized in a multi-converter configuration with V,,~ larger one,
all DABs need to be operated simultaneously as described in this chapter. The sum of
output voltage ratings must adhere to the discussions in this chapter for a single-DAB
PPPC.

As wind turbine shutdown does not necessarily involve an activated PPPC, and can
solely be performed using the aerodynamic and mechanical brakes, and uncontrolled
DBR operation, there are no additional requirements on electrical component ratings in

order to ensure reliable wind turbine shutdowns.

6.3 Wind Turbine Shutdown Procedure

The wind turbine shutdown procedure is shown in Figure 6.6. The shutdown procedure
is activated by the wind turbine/farm control system, when generator speed falls below
minimum speed @pinq1 due to low-wind conditions, or when a high-wind cutout is
deemed necessary. The majority of wind turbine deceleration can be achieved by using
the aerodynamic brake in conjunction with the uncontrolled operation of the DBR, while
the PPPC is deactivated (shutdown step 2 in Figure 6.6). Once the rotor speed has come
very close to a stand-still at w2, the electrical systems are disconnected and bypassed,

and the mechanical disc brake is employed.
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Wind turbine shutdown

(1) Normal operation (2) Slow-down

® Mechanical Brake: off o Mechanical Brake: off

e Pitch: normal operation e Pitch: braking position

e PPPC (switching & control loop): on o PPPC (switching & control loop): off’
e Unfolder: normal operation e Unfolder: UF=0 O=Onmin
* DBR AC-side breakers: closed * DBR AC-side breakers: closed
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UW > UW.CLI!OL“ OR
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e S.: closed o S.: opened

® S.qc: closed ® S.qc: closed

(4) Wind turbine off (3) Shutdown to standstill

e Mechanical Brake: on e Mechanical Brake: on

e Pitch: off position e Pitch: braking position

® PPPC (switching & control loop): off’ < 0 o PPPC (switching & control loop): off’
e Unfolder: UF=0 o e Unfolder: UF=0

* DBR AC-side breakers: opened ® DBR AC-side breakers: opened

o S.: opened o S.: opened

® Sc4c: opened ® Scgc: opened

Figure 6.6 Wind turbine shutdown procedure.

6.4 Wind Turbine Startup Procedure

The wind turbine startup procedure is shown in Figure 6.7. If the wind turbine/farm
control system demands a wind turbine startup, and sufficient wind energy is available
(wind speed U, at or above cut-in speed Uy, cytin), @ startup is initiated. First, (if
previously applied) the disc brake is deactivated and the pitch angle is adjusted to
support rotor acceleration. As elaborated in section 6.1.1, the electrical system is
configured as shown in Figure 6.5 in order to reject any electrical power draw while the
DBR is connected to the generator. As a result, the wind turbine rotor can accelerate.
At rotor speed Wgtare tnres, Which usually is set to the rotor speed at operating conditions
near cut-in wind speed, normal system operation is resumed, i.e., the PPPC switching
and control loop operation is resumed. Further rotor acceleration to the new steady-
state operating point is facilitated through normal operation following the wind turbine
speed-torque controls discussed in section 4.1 (page 50).
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Wind turbine startup

(1) Wind turbine off (2) Spin-up, DBR power rejection

Mechanical Brake: on ® Mechanical Brake: off
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(3) Normal operation

Mechanical Brake: off

Pitch: normal operation

PPPC (switching & control loop): on
Unfolder: normal operation

DBR AC-side breakers: closed

S.: closed

Scac: closed

Figure 6.7 Wind turbine startup procedure.

6.5 Case Study: Wind Turbine Startup/Shutdown in
series-connected Wind Farm

To confirm the effectiveness of the discussed wind turbine shutdown and start
procedures, a series string of five 5MW wind turbines has been simulated in
MATLAB/Simulink using the Simscape Specialized Technology toolbox. Each test case
starts with all wind turbines operating at steady state, followed by a shutdown and a
startup procedure for wind turbine 1. The test cases are designed to consider all common
conditions for startup and shutdown, i.e., (1) operation at low wind conditions, (2)
operating at rated wind speeds, and (3) operation near cut-out wind conditions. In a
fourth test case, all wind turbines are commanded a shutdown, followed by staggered
startup commands. This demonstrates the wind farms capability to start from a full
shutdown. In all cases, the PPPC component ratings are not exceeded.

6.5.1 Case 1: Operation at low wind speed

In this case, all five wind turbines operate at 5m/s, near cut-in wind speed. At t=10s,
the wind speed for wind turbine 1 is set to Om/s, in order to provoke a wind turbine
shutdown. At t=105s, the wind speed for wind turbine is set back to 5m/s in order to
initiate a startup operation. Simulation results of this case are shown in Figure 6.8.
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As it can be seen in Figure 6.8 (¢), rotor speed starts to drop as available wind energy
drops at t=10s. As soon as rotor speed reaches its minimum value w4, the wind
turbine shutdown procedure is activated automatically. This entails the deactivation of
the PPPC (as can be observed in Figure 6.8 (b) and Figure 6.8 (d)), and activation of
acrodynamic brake, as seen in Figure 6.8 (e). As the speed of aerodynamic brake
activation has been limited in this design, the majority of rotor deceleration is achieved
through the DBRs power draw. Upon wind speed recovery, a wind turbine startup
procedure is initiated. As shown in Figure 6.8 (d), during startup Vgge = —V,pppc and
PPPC power (Figure 6.8 (b)) remains zero. This demonstrates the turbine startup
procedure with DBR power rejection, as described in section 6.2.2. As soon as rotor
speed has reached the transition point Wggre enres, PPPC operation is resumed. Further
rotor acceleration to the steady-state operating point is achieved using regular wind
turbine controls.
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Figure 6.8 Simulation results of test case 1: Operation at low wind speeds.
Waveforms are shown for wind turbine 1. Operation in startup and shutdown
procedures (steps (2) and (3) of Figure 6.6, and (2) of Figure 6.7) highlighted in gray.

6.5.2 Case 2: Operation at rated wind speed

In this scenario, all wind turbines operate at rated wind speed. At t=10s, a manual
shutdown command is issued to wind turbine 1. At t=85s, a manual startup command
is sent. The simulation results are shown in Figure 6.9. The shutdown and startup
procedures are executed in a very similar way to that for case 1. However, after wind
turbine startup, a short delay in PPPC operation is caused due to the large power
differences in the series string and resulting power limitations within the PPPC. As soon
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as the HVDC-link current reaches a low enough value, PPPC operation resumes and
rotor speed is increased to its rated value through regular wind turbine controls.

Figure 6.10 is based on Figure 6.2 and shows the operating points of all wind turbines
within the range of valid operating points given the chosen PPPC ratings. The transition
point from startup with DBR power rejection to regular wind turbine operating with
activated PPPC is highlighted. As it can be seen, the startup mode with DBR power
rejection successfully transitions the wind turbine from an operating point outside of
what the PPPC could handle to an operating point within the valid range of PPPC
ratings. Afterwards, the PPPC is activated and remaining wind turbine power increase
is achieved using default controls presented in Chapter 4.
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Figure 6.9 Simulation results of test case 2: Operation at rated wind speeds.
Waveforms are shown for wind turbine 1. Operation in startup and shutdown
procedures (steps (2) and (3) of Figure 6.6, and (2) of Figure 6.7) highlighted in gray.
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Figure 6.10 Simulation results of test case 2: Progression of wind turbine output
powers in the range of valid PPPC output powers (highlighted in green) during wind
turbine startup as a function of average HVDC-link current.
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6.5.3 Case 3: Operation near cut-out wind speed

The third test case is designed to verify wind turbine shutdown and startup at high-
wind conditions. Initially, all wind turbines are operated near cut-out wind speed. At
t=10s, wind turbine 1 experiences a step change to 28m/s in wind speed, which triggers
a shutdown procedure. At t=85s, wind speed is set back to 24m/s, such that this wind
turbine will start up and resume operation at rated power. The simulation results for
this case are depicted in Figure 6.11.

Both shutdown and startup are performed very similarly to those in case 2. However,
with the rate of pitch angle reduction selected here, the higher rate of rotor acceleration
is due to higher wind energy available. To reduce the acceleration rate, a slower reduction
of pitch angle or a feedback control around rotor acceleration could simply be
implemented. A small overshoot in rotor speed after wind turbine startup can be
observed which is governed by the wind turbine pitch controller design. A slower
deactivation of aerodynamic brake, or changes to the pitch controller could be used to
reduce this overshoot, if desired.
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Figure 6.11 Simulation results of test case 3: Operation near cut-out wind speeds.
Waveforms are shown for wind turbine 1. Operation in startup and shutdown

procedures (steps (2) and (3) of Figure 6.6, and (2) of Figure 6.7) highlighted in gray.
6.5.4 Case 4: Wind farm start from full shutdown

In the last case, a full farm shutdown and restart is tested. With the wind farm
operating at rated wind speed, a shutdown is commanded to all turbines at t=10s.
Starting at t=85s, the wind turbines are commanded a startup sequence one after
another. As apparent in Figure 6.12, all wind turbines can successfully transition from
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rated power operation to stand still and return to rated power operation. While no
turbine is in operation, the HVDC link has been deactivated. Prior to the first turbine’s
initiation of startup sequence, the HVDC link operation is resumed at its minimum
current value, set to 0.1pu.
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Figure 6.12 Simulation results of test case 4: Full wind farm shutdown at rated
wind speeds. Waveforms are shown for wind turbine 1, except in (c). Operation in
startup and shutdown procedures (steps (2) and (3) of Figure 6.6, and (2) of Figure
6.7) highlighted in gray.
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6.5.5 PPPC output capacitor size constraints

(6.7) describes the condition on C, for the aforementioned startup scheme to be stable
and successful. For the three presented cases, the maximum allowable PPPC output
capacitor sizes have been calculated, based on the assumption that the minimum possible
HVDC-link current is 10% of its rated value. The simulation case with the fastest rotor
acceleration causes the fastest rise in V;q4.. This is the case for simulation case 3 where
wind speeds are near cut-out levels. For this simulation case and PPPC ratings, the
maximum allowable PPPC output capacitance €, has been found to be 32mF.
Conventional design of C, resulted in the choice of 540uF. This value was found mainly
based on considerations for output voltage ripples. It becomes apparent that in practice
the additional constraint on C, (here, 32mF) does not affect the choice of C, value, as
conventional design approaches result in a C, value far lower than the maximum value
possible for startup.
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6.6 Summary

In this chapter, wind turbine startup and shutdown procedures have been introduced
that leverages unique features available in the proposed wind farm configuration. Due
to a limited differential power processing capability range available to the converters in
a wind farm, conventional wind farm startup mechanisms are not applicable to this wind
farm or would require excessive converter component ratings not utilized in normal
operation. To mitigate this challenge, an alternative wind turbine startup procedure has
been proposed that uses the converters’ capacitors to reject any electric power draw from
the turbine during initial rotor acceleration. As a result, restrictions on converter ratings
are no longer dominated by the startup procedure. Dynamic simulations and component
rating calculations of a series string of five wind turbines for all dominant startup and
shutdown scenarios prove the effectiveness of the proposed approach.
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Chapter 7
A Comparative Economic

Assessment

In this chapter, an economic assessment of a selection of wind farm configurations is
presented. In addition to the proposed wind farm configuration (“DCS-PPPC”), a
conventional AC wind farm with dedicated HVDC link (“AC+HVDC”), as well as the
additional series-connected DC wind farm configurations of Chapter 5 (“DCS-VSC” and
“DCS-Buck”) are considered. For all wind farm configurations, all systems are identical
except for those electrical systems that are defining a particular wind farm configuration.
The economic assessement considers capital expenses, maintenance cost, revenues and
decommissioning costs for a project lifetime of 27 years. In addition, it considers the
impact of conversion losses and converter ratings for all candidate wind farm
configurations, as well as multiple converter rating test cases for each of the DC wind
farm configurations. System reliability is considered based on data in [85], however
differences in reliability for DC wind farms have been assumed to be negligible. A
comprehensive study on system reliability and availability for the DC wind farm

configurations of interest is an important item for future work.

In the following, the economic model is introduced and all wind farm configurations
are revisited briefly. This is followed by a documentation of efficiency modeling
performed for all wind farm configurations and a summary of the converter sizing results
of Chapter 5. Finally, economic indicators and results are discussed to highlight the

overall economic differences between the wind farm configurations discussed, and to
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identify a candidate converter rating for the proposed wind farm configuration (DCS-
PPPC).

Due to various cost information across the globe, this chapter is written as a
comparative economic assessment to highlight structural differences between wind farm
configurations, instead of aiming to predict very reliable absolute values for levelized
cost of energy (LCOE). The base dataset for investment, maintenance and
decomissioning costs originates from the United Kingdom where many offshore wind
farms have already been commercially deployed. Hence, the economic assessment is
performed in British Pounds (GBP).

7.1 Methodology

In this section, the economic model is discussed. Largely, it has been adopted from
[85]. The economic base data for capital, financing, maintenance and decommissioning
expenses, as well as project data have been taken from [106] and are being presented in
summarized form in this section. Annual energy production (energy yield) for each wind
turbine including wake and tubulence effects, as well as any necessary curtailment due
to converter rating limits has been obtained through the computations performed in

section 5.7.

Economic base data from [106] is shown in Table 7.1, Table 7.2 and Table 7.3. This
cost data has been assembled from various companies and consultancies for a fictional
1GW wind farm located 60km from shore, using 10MW wind turbines at a 10m/s wind
site and anicipated start of operation in 2022. The anticipated lifetime is 27years.

Table 7.3 lists a cost breakdown of planning, capital, operations and maintenance,
installation, and decommissioning expenditures for the wind farm of Table 7.1. A more
detailed breakdown is available in [106]. This wind farm is based on a high-voltage AC
transmission system. Based on [107], it has been assumed that the installation cost of
an offshore HVDC converter station is 5.5 times higher compared to an offshore HVAC
substation. Furthermore, it has been assumed that the cost of a converter system in a
wind turbine nacelle (£70,000/MW) accounts for two back-to-back voltage-source
converters rated at the full wind turbine power rating. As a result, individual power
electronic converters have been costed at £35,000 per installed megawatt. For the
purpose of this study, the cost of a VSC has been assumed to be comparable to that of
a DAB at £35,000 per installed megawatt. Furthermore, based on the analysis in [85],
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a wind farm availability of 81.22% has been assumed. Also, the discount rates for capital
and maintenance expenditures, .., and energy production, 7,, have been assumed to be

6% [85]. Transmission cable costs have been assumed to scale linearly with respect to

length.
Table 7.1 Wind farm base parameters used in cost model of [106].
PARAMETER VALUE
Wind farm rating (MW) 1000
Wind turbine rating (MW) 10
Water depth at site (m) 30
Annual mean wind speed at 100m height (m/s) 10
Distance to shore, grid, port (km) 60
Date of financial investment decision to proceed (FID) 2019
First operation date 2022
Table 7.2 High-level project parameters and results of [106].
PARAMETER VALUE
Total capital expenditures (CAPEX) £2,370,000/ MW
Annual average operating expenditures (OPEX) £76,000/ MW
Lifetime 27 years
Table 7.3 Cost breakdown of wind farm components [106].
CATEGORY* ROI?;}E%,()JOST
Project development and management 120,000
Turbine 1,000,000
Nacelle 400,000
Converter system within nacelle 70,000
Other (Drivetrain, Generator, Control system, etc.) 330,000
190,000
70,000
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Other 340,000
Balance of plant (transmission system) 600,000
Cables 170,000
Export cable (AC, 60km) 130,000
Array cable (AC) 35,000
Cable protection 2,000
Turbine foundation 280,000
Offshore substation (HVAC transmission) 120,000
Onshore substation (HVAC transmission) 30,000
Operations base 3,000
Installation and commissioning 650,000
Foundation installation 100,000
Offshore substation installation 35,000
Onshore substation construction 25,000
Onshore export cable installation 5,000
Offshore cable installation 220,000
Turbine installation 50,000
Offshore logistics 3,500
Other 212,000
Operation, maintenance and service (per annum and MW) 75,000/year/ MW
Operations 25,000/ year/ MW
Maintenance and service 50,000 /year /MW
Decomissioning 330,000
Turbine 45,000
Foundation 75,000
Cable 140,000
Substation 65,000

* Individual cost categories are broken down to further sub-categories as indicated in

formatting. The sum of cost for all sub-categories equals that of the overall category.
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Given that with this information, CAPEX and OPEX can be calculated for all wind
farm configurations (assuming a system design following section 3.6), the levelized cost
of energy (LCOE) can be calculated as follows [108]:

OPEX
n
CAPEX + )1 CEEAL

n AEP X availability (7.1)
t=1 t
(1+m,)

Levelized cost of energy is defined “as the present value of all costs, divided by the

LCOE =

present value of all energy produced over the energy project’s lifetime” [108]. In (7.1),
CAPEX represents the present value of all capital expenses, OPEX the annual
operating expenses, AEP the annual energy production in kWh, n the project lifetime,
and availability the wind farm availability (assumed to be 81.22% as discussed above
and in [85]).

7.2 Candidate Wind Farm Designs

In this section, four wind farm configurations are summarized, such that a comparative
economic assessment can be conducted on them. All wind farms follow the design
presented in section 3.6 and only differences, or additional parameters required for
efficiency modeling, are discussed below.

The conventional AC Wind Farm with HVDC-link (“AC+HVDC”) consists of wind
turbines featuring a 3.3kV generator, back-to-back three-level voltage-source converters,
a step-up transformer for 33kV collection system voltage. The collection system consists
of 9 strings of 10 parallel-connected wind turbines. The wind farm HVDC transmission
system is assumed to be similar to the BorWin 1 system [109]. It connects to the offshore
collection system through a 33kV/155kV transformer and operates at £250kVdc. Both
HVDC converter stations are based on half-bridge modular multi-level converters (HB-
MMC). The offshore substation is located in the center of the wind farm. This
configuration is shown in Figure 7.1.
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Figure 7.1 Single line diagram of the conventional AC+HVDC configuration.

All remaining (DC) wind farm configurations have been discussed in Chapter 5 and

are recalled in Figure 7.2 to Figure 7.4.
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Figure 7.2 Single line diagram of the DCS-PPPC configuration.
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Figure 7.3 Single line diagram of the DCS-VSC configuration.
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Figure 7.4 Single line diagram of the DCS-Buck configuration.
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7.3 Loss Modelling

During the state estimation performed in section 5.7, converter states and losses for
all candidate wind farm configurations have been computed for all available data.
Generator copper losses were computed based on the stator resistance. Losses in
generator-side rectifiers, wind turbine converters, and HVDC MMOCs have been
calculated from datasheet information, based on the voltages and currents experienced
in all devices that were obtained from time-domain simulations in MATLAB/ Simulink.
All switch and diode losses (switching, conduction, and reverse recovery) were derived
from datasheet information, and calculated for the simulated waveforms at the respective

operating points.

PPPC losses have been calculated based on the conventional analysis presented in
[110] and [111]. PPPC medium-frequency (MF) transformer losses were calculated based
on a transformer model approximating the transformer design of [15] and [112]. High-
voltage, line-frequency (HV, LF) transformer losses were modeled based on efficiency
curves shown in [9], and medium-voltage, line-frequency (MV, LF) transformer losses
were approximated from [113]. Core losses of the wind turbine isolation transformers at
variable generator voltage and frequency have been derived from core losses at rated
conditions under the assumption that all losses are due to hysteresis losses (worst-case
scenario). All transformer efficiency curves are shown in Figure 7.5. Losses in the
thyristor-based onshore station were modeled after recommendations made in [114]
(filter, transformer, and auxiliary losses), and thyristor valve losses were calculated from
datasheet information on power losses versus DC current. Collection and transmission
cable losses were calculated based on datasheet information on the AC or DC resistances.
Losses due to any potential reactive power flow in the AC wind farm collection system
have been neglected.

140



—_
o
(=)

N ——— —
R} 98 l ! =-MV, LF transformer |
2 97t ! —HV, LF transformer ||
o= ]
qu i -+ MF transformer
06 = 1 I
0 0.2 0.4 0.6 0.8 1
Power (pu)

Figure 7.5 Transformer efficiency curves for operation at rated voltage.

For the AC+HVDC and DCS-VSC configurations, a 3.3kV generator was assumed. In
the DCS-PPPC and DCS-Buck configurations, a 5kV generator voltage is supportive of
achieving a high HVDC-link voltage, reducing overall losses, whereas for the AC wind
farm, a higher generator voltage does not provide as much of a benefit to counterbalance
the disadvantage of higher converter voltage ratings and insulation requirements. Annual
energy production and losses have been calculated analogous to the computation of
annual energy curtailment following equation (5.38). Parameters and device selections
for the purpose of efficiency modeling are given in Table 7.4.
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Table 7.4 Wind farm parameters for efficiency modeling.

COMPONENT DCS-PPPC DC?;;’]UCK DCS-VSC AC+HVDC
WT Generator 5MW, PMSG, 5kV (DCS-VSC & AC+HVDC: 3.3kV), Lq=L=0.4337pu. R,=0.012pu.
WT rectifier 3-¢ diode-bridge rectifier. Diodes: 190D. 5SMW 3-level VSC (NPC). IGBTs: H45. Diodes: H45D; n,,: 2. f,=720.3Hz. AC+HVDC:
insulation transformer. ng:2, Vpe=7kV. DCS-VSC: n: 6, Vp: see section 5.5.
DC wind farms: Nye = 1...4: (test cases as per IGBT: H45, 3-level VSC (NPC). IGBTs: H45. Diodes: H45D, n.:2, n,: 2.
DC/DC chapter 5; test cases 1-4: Ny, = 1, ng:2, m,:2. [,=1260Hz. V. =TkV, V,-=3.3kV (60Hz). Filter inductor: 5mH.
converter; incrementing after) Diode:H65D, Step-up LFT: 5MW, 3.3/33kV.
AC wind farm: Primary bridge H65. Secondary ng:2n,: 2. f= N/A.
WT inverter bridge H17. Unfolder devices: H17D 1kHz.
MFT turns ratio: 1:8. f,=7.5kHz. L=1mH,
Leackage inductance as: Table 5.2. R;=0.029.

Collection Rectifier at WT ground level, tower: 100m. Cable: 2x (DCS-VSC: | WT: NX V333x09516, 352A, 95mm?. String: NX V333x15025, 446A,

system cables 1x) Nexans A4305055, 132kV ¢, 898A, 800mm? 150mm?. Substation: NX V333x63035, 904A, 630mm?
Offshore station Not applicable. See “HVDC onshore station”, but: HV LFT: 33/155kV.
HVDC cables 2x (DCS-VSC: 1x) Nexans A4305055, 132kVac, 898A, 800mm?, ABB 330kV, 800mm?, 100km.
HVDC 12-pulse thyristor converter. Devices: M12K. n:2 x 8, n,,: 1. LFT: | HB-MMC, 144 submodules per arm (864 submodules total). Devices:
onshore station 2x250MW 103kV /230kV. A45, A45D, n:1 & n,:3 per submodule. f,=300Hz. Vp=%250kV,

Vio= 155kV. Arm filter inductors L,=31.6mH, R;,=0.238m¢. HV

LFT: 2x315MW, 155/230kV.
Abbreviations: “WT”: Wind Turbine. “n,” / “n,”: number of series / parallel connected devices per converter switch element; “NPC”: Neutral Point Clamped; “LFT”:

Low /Line frequency transformer; “MFT”: Medium frequency transformer; “MV”: Medium voltage; “HV”: High voltage. “f,”: switching frequency. “RD”: Rotor diameter.
IGBTs: “H65”= Hitachi MBN750H65E2, “H45”= Hitachi MBN800H45E2-H, “H17” = Hitachi MBN3600H17F”., “A65”= ABB 5SN0750G650300. Diodes: “H45D”=

Hitachi MDMS800H45E2-H, “H17D” = Hitachi MBDMG600H17F”., “I90D”= Infineon D2601NH, “A65D”= ABB 5SDD10F6000Thyristors: “M12K”= Mitsubishi
FT1500AU-240. “NX” = Nexans.
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7.3.1 Results

Results of modeling efficiency for all candidate wind farm configurations are shown in
Figure 7.6. The considered test cases are identical to those in section 5.7. The DCS-Buck
case replicating the design of [33] is labeled “DCS-Buck Original”, whereas the test case
featuring altered HVDC-link current control (to minimize HVDC-link current and thus
maximize HVDC-link voltage) and converter sizing as proposed in section 5.6 is labeled
“DCS-Buck Update”. In addition, the AC wind farm featuring an MMC-HVDC system
is labeled as “AC+HVDC?”.

Efficiency results have been obtained for the operation of candidate wind farms for
one year. The annual conversion efficiency shown in Figure 7.6 demonstrates that series-
connected DC wind farms have a significant potential to improve the overall electric
conversion efficiency of wind farms from wind turbine to onshore connection. Consistent
with other models, such as [53], the AC+HVDC conversion efficiency is 90-91%. The
DCS-Buck original conversion efficiency is similar. While there are no losses associated
with an offshore converter station with series-connected DC wind farms, the HVDC-link
current control law of [33] leads to relatively high HVDC-link currents and associated
transmission system losses. Simly by changing the HVDC-link current control law,
annual conversion efficiency of the DCS-Buck system can be increased by about 2.5
percent points, as demonstrated by the “DCS-Buck Update” case. Annual conversion
efficiency is above 94% for all DCS-PPPC cases with only minor variations among the
test cases. For the DCS-VSC configuration, conversion efficiency starts very high for test
case 1 (output voltage rating of 9kV), but drops sharply as VSC output voltage ratings
increase in 9kV increments. This is due to the fact that the same (or similar) VSC
voltages and currents are processed by converters with more and more switching devices,
as the VSCs are rated for higher and higher voltages. This severely reduces wind turbine
converter efficiency. Analysis of energy curtailment due to converter ratings in section
5.7.3 (and repeated below) shows that approximately 4% of available energy is curtailed
for the DCS-VSC test case 1, negating any efficiency benefits that this test case may
have.
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Figure 7.6 Annual conversion efficiency for all wind farm test cases. “TC” = test

case.

7.4 Sizing

Converter sizing and related necessary annual energy curtailment has been discussed
in Chapter 5. Section 5.7 presents results for all series-connected DC wind farm
configurations that were considered. For reference purposes, these results are shown
again in Figure 7.7. As discussed in section 5.7, the DCS-PPPC and DCS-VSC
configurations operate with some energy curtailment due to converter ratings because of
partial operational range sizing. The AC+HVDC and DCS-Buck test cases employ

conventional or full operational range sizing resulting in no sizing-related curtailment.

For the DCS-PPPC test cases, energy curtailment diminishes to low levels for test
cases 4 and above. The full operational range sizing test case (test case 8) results in no
sizing-related curtailment.

For the DCS-VSC configuration, test case 1 (9kV output voltage rating) results in
approximately 4% of available energy to be curtailed due to the limited converter output
voltage rating. For all other test cases, approximately 0.4% of available annual energy
production is curtailed due to limitations of the HVDC-link voltage ratings, even for full
operational range sizing. This indicates that from a sizing perspective, a VSC output
voltage rating of 18kV (test case 2) or higher might be preferential for the examined
wind farm system and location.
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Figure 7.7 Annual energy curtailment due to converter limits for all wind farm test
cases. “TC” = test case.

7.5 Economic indicators

In this section, basic economic indicators are discussed for all test cases, in order to
compute levelized cost of energy (LCOE) for all wind farm configurations and test cases,
following the methodology of section Figure 7.1. First, it is important to determine the
annual energy production (AEP). This is obtained from the simulations performed in
section 5.7. Conversion losses and sizing-related curtailment are subtracted. The
resulting AEP is shown in Figure 7.8. In this figure, it can be seen that AEP is lower
for the AC+HVDC and DCS-Buck (Original) test cases despite the lack of sizing-related
curtailment, which relates to lower conversion efficiency. The wind farms’ capacity
factors are in the range of 48% to 50% for the different test cases. The improvement of
conversion efficiency for the DCS-Buck (Update) test case directly improves AEP. For
the DCS-PPPC configuration, conversion efficiency was comparatively similar among all
test cases. As a result AEP is mostly sensitive to sizing-related annual energy
curtailment. For the DCS-VSC configuration, the highest AEP is achieved for test case
2. In test case 1, the high amount of curtailment overcompensates the efficiency gains
available. As VSC ratings increase (test cases 3 and above), AEP decreases due to
declining annual conversion efficiency.

Capital expenditures (CAPEX) are significantly lower for all series-connected DC wind
farm configurations, mainly due to the lack of an offshore converter station, as shown in
Figure 7.9. CAPEX variations within the series-connected DC wind farm configurations
stem from differences in wind turbine converter ratings. Most notably, test cases with
higher voltage ratings for the DCS-VSC configurations have a noticeable higher CAPEX,
while all other configurations are relatively comparable.
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Figure 7.9 Capital expenditures (CAPEX) for all wind farm test cases. “TC” = test
case.

Operating expenditures (OPEX) are shown in Figure 7.10. While the presented model
considers absolute expenditure per year and MW comparable among configurations, this
cost is distributed among a variable AEP. As a result, OPEX is higher for test cases 1
of DCS-PPPC and DCS-VSC. It is lowest for test cases 5-7 of DCS-PPPC and similar
for test case 2 of DCS-VSC and the DCS-Buck (Update) case.

With these indicators, it is possible to compute the LCOE for each wind farm
configuration and test case. The results are shown in Figure 7.11 and tabulated in Table
7.5. Here, it can be seen that the lowest LCOE is achieved in test case 5 of the DCS-
PPPC configuration. Compared to the AC+HVDC configuration, this represents a
20.9% reduction. Similar reductions can also be achieved with the DCS-Buck
configuration, if employing the updated HVDC-link current control law and converter
sizing, as proposed in section 5.6 (19.9% reduction). Test case 2 of the DCS-VSC
configuration is calculated to result in a reduction of 19.0%.

146



0.018

OPEX [GBP/kWHh]

Y o 1

O <0V <0 <eX 0”00 <0
& %ﬂgé;ﬂgégﬂgégﬂgé;ﬂgé;ﬂgﬁ
7 97 97 98T U7 oY ©

2 5

C X \
R YO0 07 07 07 <0
w PP RO RO RO RO RO 9
BRSPS NS PG PG A AP
7 GO o o o o P

& 6 N %
G701 {07
- OC%‘

Figure 7.10 Operating expenditures (OPEX) for all wind farm test cases. “TC” =
test case.

<1

RC° 4C©

C X A\ 2 > B
KA ¥ CF <07 07 <O
Cx?‘ O&\% We ?QC ??QC QQC ??QC

C
P © AW N S h
3 o g,\)gcs,% OQ% 00“3 0@“3 OQ% 0@%

PAANPRN

¢
o o o

o
Figure 7.11 Levelized cost of energy (LCOE) for all wind farm test cases. “TC” =
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Table 7.5 Levelized cost of energy (LCOE) and reductions with respect to
AC+HVDC configuration for all wind farm test cases.

0
WIND %\IRI;\/IT%(S)?FCIZ;?ATION LCOE (GBP/KWH) Yo REDUC/I?JI:II,{S]CI))MCPARED TO
AC+HVDC 0.07936 -

DCS-Buck Original 0.06527 17.8%
DCS-Buck Update 0.06360 19.9%
DCS-PPPC Test Case 1 0.06649 16.2%
DCS-PPPC Test Case 2 0.06405 19.3%
DCS-PPPC Test Case 3 0.06320 20.4%
DCS-PPPC Test Case 4 0.06287 20.8%
DCS-PPPC Test Case 5 0.06277 20.9%
DCS-PPPC Test Case 6 0.06296 20.7%
DCS-PPPC Test Case 7 0.06319 20.4%
DCS-PPPC Test Case 8 0.06372 19.7%
DCS-VSC Test Case 1 0.06537 17.6%
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DCS-VSC Test Case 2 0.06431 19.0%
DCS-VSC Test Case 3 0.06566 17.3%
DCS-VSC Test Case 4 0.06704 15.5%
DCS-VSC Test Case 5 0.06845 13.8%
DCS-VSC Test Case 6 0.06988 12.0%
DCS-VSC Test Case 7 0.07134 10.1%

As mentioned beforehand, LCOE is influenced by a multitude of factors, such as
conversion efficiency, curtailment and converter ratings, CAPEX, and OPEX.
Furthermore, it can also be influenced by reliability, wind farm site, wind farm layout,
regulatory requirements, availability of skilled labour and companies, currency
conversion effects and others. To avoid issues with currency conversion effects, this study
has been conducted using British Pounds. This is owed to the fact that the original data
set for cost information is given in British Pounds and focused on the offshore market
in the European North Sea. To minimize effects of wind farm site, layout or other local
effects, this economic assessment was conducted as a comparative assessment, in which
only parameters characterizing the unique differences of a particular wind farm
configuration are changed while others are held constant. As a result, the value in this
comparative economic assessment should rather be seen in the relative differences
between test cases, rather than in its absolute cost information, as absolute cost

information can vary widely among different markets.

7.6 Summary

This chapter presented a comparative economic assessment four wind farm

configurations:
e Wind farm with AC collection system and dedicated MMC-based HVDC-link
(“AC+HVDC”)

e Wind farm with series-connected DC collection system, and diode-bridge
rectifiers and buck converters as wind turbine converters (“DCS-Buck”, 2 test

cases)
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e Wind farm with series-connected DC collection system, and diode-bridge

rectifiers and partial power processing converters as wind turbine converters

(“DCS-PPPC?”, 8 test cases)

e Wind farm with series-connected DC collection system, and voltage-source
converters as wind turbine converters (“DCS-VSC”, 7 test cases)

This chapter also contains an efficiency modeling for all considered configurations and
test cases for a (fictional) 450 MW wind farm operating at the site of the FINO3
meteorolocial mast in the European North Sea, based on estimated annual performance.

Due to the lack of an offshore converter station for DC configurations, a significant
advantage in terms of conversion efficiency and capital expenditures is shared among
most of the considered DC wind farm test cases. Furthermore, conversion efficiency has
been found highest and least sensitive to varying converter ratings with the DCS-PPPC
configuration. An updated DCS-Buck configuration offers similar, albeit inferior
conversion efficiency, while the DCS-VSC configuration is challenged with reductions in
efficiency from the need for high output voltage ratings. Taking into account converter
ratings, CAPEX and OPEX, the most preferential wind farm configuration appears to
be DCS-PPPC, test case 5. This test case offers a 20.9% reduction in LCOE, compared
to the AC+HVDC case. However, other configurations, such as DCS-Buck (Update), or
DCS-VSC test case 2 offer economic advantages of similar amounts (19.9% and 19.0%,
respectively). The comparative economic assessment takes into account differences in
losses, converter equipment, losses, annual energy production, and operating and
maintenance expenses. It reduces the impact of external factors, such as wind farm site
and layout through its comparative nature. As such, this comparative economic
assessment allows to directly compare a range of series-connected wind farm
configurations to the conventional AC wind farm design.
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Chapter 8

Conclusion

This Chapter summarises the presented research work, highlights the contributions

made and gives directions for possible future work.

8.1 Summary

Chapter 1 introduced the motivations behind the work reported in this thesis. Based
on the motivations, a literature survey was conducted and dominant characteristics,
technical challenges and gaps in the research literature on series-connected DC wind
farms were identified. Accordingly, thesis objectives have been derived and split into

distinct working packages.

Chapter 2 presented a background review of fundamental concepts required in the
analysis of offshore wind farms. This review covered energy conversion by horizontal-
axis upwind wind turbines, the electromechanical energy conversion, characteristics of
offshore wind farms, high-voltage DC transmission systems, and partial and differential

power processing.

In Chapter 3, the wind farm configuration of this thesis was introduced. This wind
farm configuration consists of wind turbine converters featuring diode-bridge rectifiers
and partial-scale, partial power processing converters. This arrangement was used to
exploit the observation from real-world data of the Horns Rev 1 wind farm, that output
powers of wind turbines in offshore wind farms are very likely to be close to one another.
In this chapter, the steady-state model of all electrical components, and operating
principles of the PPPC were developed. Major design considerations on the wind turbine
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converters and HVDC system, such as the choice of PPPC configurtion and HVDC
voltage selection/insulation, were discussed. It has been shown that the PPPC of a wind
turbine can be realized in a multi-converter input-parallel, output-series arrangement
that further allows for reduction of conversion losses and increases available redundancy
during converter outages. To enable in-depth studies on this and comparable wind farm
configurations, a 450MW reference wind farm was developed based on 5MW wind
turbines derived from the 5MW NREL reference wind turbine.

The work presented in Chapter 4 included wind farm control and dynamic simulation
results. First, a slightly adapted wind turbine speed and pitch control loop was presented
that was derived from conventional control laws. Secondly, generic relations were derived
to allow the prediction of violation of DAB converter ratings under all possible operating
conditions. This was used to limit converter operation within the converter control loops
at real time, and to properly size wind turbine converters, as discussed later in Chapter
5. Wind turbine control loops and logic have been presented that enable MPP operation
with PPPCs. Furthermore, matching HVDC-link current scheduling algorithms have
been derived that minimize the total amount of power processed by PPPCs while
maximizing operational range for available converter ratings. A backup control law for
communication system outage periods has also been developed. Ancillary services can
be provided by this wind turbine configuration. Thus, implementations for low-voltage
ride-through, power curtailment/active power control and inertial response have been
presented. Finally, dynamic simulations have been performed for a range of operating
conditions to verify the feasibility of the presented wind farm configuration. In
particular, regular operation was examined using two artificial step change wind profiles
and one based on real-world wind speed measurements. Regular operation near converter
limits has been examined using two wind speed profiles in which one wind turbine
experiences a wind speed ramp such that the wind farm is pushed towards operation at
converter limits. Ancillary services have been confirmed to be available through
respective simulations, and it has been shown that a backup HVDC-link current
scheduling law can operate without a communication link, although the total amount of
power processed by PPPCs is not optimal in such scenario.

Chapter 5 presented a generic sizing framework for single-string series-connected DC
wind farms. From a generic formulation of electric operating points and converter limits,
specific applications of this framework were derived for the presented, as well as two
other series-connected DC wind farm configurations. Based on large-scale, high-fidelity

wind farm and wind flow simulations that are based on long-term met mast measurement
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data (FINO3 campaign), the likelyhoods of energy curtailment necessary due to finite
wind turbine converter ratings was computed on an annual basis for all three wind farm
configurations. It was shown that a ‘full operational range sizing’ could guarantee no
curtailment in two out of three wind farm configurations, while ‘partial operational range
sizing” could offer varying degrees of required curtialment. The results of this work have
been incorporated in Chapter 7, in which a comparative economic assessment has been
conducted.

In Chapter 6, it was shown that for a subset of series-connected DC wind farms, wind
turbine startup was not straight forward and could not be facilitated using conventional
control sequences. This also applies to the presented wind farm configuration. As a
result, an alternative startup scheme has been developed that allows the successful
startup of a wind turbine at any time, provided that the steady-state operating point is
feasible according to overall converter limits (as per Chapter 5). In addition, options and
control schemes for wind turbine shutdown have been explored, since additional (electric)

deceleration mechanism are available in this wind farm configuration.

Chapter 7 presented a comparative economic assessment that seeked to develop the
LCOE differences between conventional AC wind farms with HVDC link and those DC
wind farms that were examined in Chapter 5. Based on the differences in capital
expenses, conversion losses, sizing-related energy curtailment and O&M expenses, it has
been shown that series-connected DC wind farms have a significant potential to offer a
noticeably lower LCOE than AC wind farms with HVDC link. While most economic
benefit is derived from the lack of an offshore HVDC converter station, the specific
operating principles of the series-connected DC wind farm either allow to maximize
benefits, or additional losses amount to a declining LCOE advantage. In particular, a
PPPC output voltage rating of 0.43pu has been identified as the most preferable solution
in terms of LCOE among all studied wind farm configurations. This thesis also proposed
a small change to a wind farm configuration featuring diode-bridge rectifiers and buck
converters than enables LCOE advantages comparable to those identified most
preferable.
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8.2 Contributions

During this research two conference papers and three journal papers have been

published with IEEE. The list of publications is provided in Error! Reference source

not found..

The main contributions of this thesis can be summarized as follows:

Quantifying the likelihood of wind turbine output power differences within a
wind farm, based on high-fidelity measurements of the Horns Rev 1 wind farm.

Developing a series-connected DC wind farm configuration that exploits those
limited output power differences by means of differential power processing to
derive economic benefits in terms of amount of conversion equipment required,
overall conversion efficiency, and levelized cost of energy. Benefits are
maximized through an optimization of wind turbine and HVDC-link operating
points, system sizing, and application of a multi-converter configuration for
PPPCs.

Deriving a generic converter sizing framework for series-connected DC wind
farms, that recognizes unique challenges in such wind farms regarding the
determination of converter ratings. As in some cases, it can be technically or
economically infeasible to rate wind turbine converters to cover all possible
operating points, this framework uses annual energy curtailment due to
potential converter rating violations as the measure that can be used by the
designer to evaluate related design tradeoffs and ecnomic impacts.

Identification of challenges for wind turbine startup for wind farm
configurations such as the one presented in this thesis. An alternate startup
scheme was developed that does not require any additional hardware.
Furthermore, the wind turbine shutdown procedure for the presented wind farm
configuration was developed.

A comparative economic assessment has been conducted to quantify the
ecnonomic impacts of design choices for a fictional 450MW wind farm located
in the European North Sea. This comparative economic assessment
demonstrated that the presented wind farm configuration is preferable over all
other candidates in terms of LCOE. A modification proposed in this thesis to
another wind farm configuration improves its operating points and results in a

comparable economic case. All series-connected DC wind farms have been
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found to be economically preferable over the benchmark AC wind farm with
dedicated HVDC link.

8.3 Future Work

The presented work could be advanced in the following ways:

Exploration of the differential power processing approach in series-parallel DC

wind farms.

Exploration of the use of one HVDC system shared among multiple nearby
offshore wind farms, leveraging further differential power processing designs;
investigation of integration of this wind farm configuration into offshore wind
hubs, or application in offshore wind parks with many co-located farms of

similar or differing wind farm configurations.

Comprehensive study of system protection, reliability and availability of the
proposed and other series-connected DC wind farms. Development of
availability enhancements during PPPC outages.

Optimization of string assignment of wind turbines within the 3x150MW wind

farm.
Experimental verification of the proposed wind farm.

Exploration of MMCs as onshore converter station (as discussed in [86] for
similar configurations) and inclusion of black start functionality.
Exploration of the benefit of using separate HVDC-link current scheduling for

the positive and negative conductor of a bipolar HVDC link scheme.

In-depth study of offshore HVDC-link current stiffness and stability, as well as
a comprehensive scheme to determine controller gains and the sizing of the
offshore filter inductance.

e  Analysis of this wind farm for onshore applications where there is a long
distance to the grid connection point.
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