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Abstract

The offshore power transmission market continuously grows as government incentives for
Renewable Energy, and technological advancements lead to the exploitation of offshore
wind for electricity generation due to its high capadi#gtors and the abundant offshore

space. Currently, the High Voltage AC (HVAC) and High Voltage DC (HVDC) transmission
systems (TS) are the commercial options for integrating the wind power to the onshore grid.
The technical and economic efficiency of eapproach is evaluated on a casgcase basis

and is mainly dependent on the Offshore Wind Power Plant (OWPP) capacity and its distance

from shore, with HVAC TS being the most common solution for distances lower than 100km.

The Low Frequency AC (LFAEChhology can provide an attractive transmission solution for
exporting power from vast and remote OWPPs within a distance range-80@m. The

basic idea of the LFAC system is to use lower AC frequency to reduce the effective electrical
length of the egivalent HYAC subsea cable, so that its transmission capacity is increased,
and also to eliminate the need for bulk offshore HVDC platforms, so that the installation,
operation and maintenance costs are decreased. Despite the theoretical advantages ,of LFAC
the related research and its previous application in the rail and oil industries, there is no prior
operational experience in similar type and scale networks, increasing the uncertainty for
investors regarding the LFAC compliance capability and technaleadiness level for

offshore transmission purposes.

The aim of this industrial PhD Thesis is to result in robust and feasible LFAC TS options that
can be realised by common industry practices and comply with typical Transmission System
h LIS NJ ( 2 Ndd &odedrég{iiterdents. The LFAC TS is designed as a combined offshore
HVAC system utilising an onshore BaxzBack Modular Multilevel Converter (BtB MMC)
scheme for frequency conversion. PeiotPoint (PtP) and Mulierminal (MT) LFAC
topologies are gamined for various cable lengths to export the nominal capacity of the
OWPPs or interconnect different OWFs and different grids through siiadple connections

to minimise costs. The technical feasibility of the LFAC TS is assessed through comprehensive
steadystate, frequency and timedomain studies to optimise the system performance, its

transmission capability and identify probable limitations.

Initially, the main transmission equipment specifications are appropriately adapted and rated
for LFAC operan. Frequency scan studies are performed to investigate theoiaer

resonances of the LFAC TS, and suitalilgg@ harmonic filter combinations are introduced



to avoid potential harmonic stability issues. Povflerv cases are studied to calibrate the
operating conditions of the system (e.g. reactive power compensation, control strategies,
etc.) and optimise the schemes in terms of power losses and shunt cable compensation,
placed only at the onshore side. It is yielded that by utilising the AC voltageokstrategy

of the OWPP inverters together with the reactive power capability of the BtB MMCs can

maximise the power transfer through the cables.

Finally, detailed EMT models of the optimised PtP aneLMAC TS are simulated to evaluate

its dynamic performance, stability and FRT capability against faults in the offshore LFAC and
AC sides. It is concluded that if the LFAGfgriciing MMC employs a typical islanded control
scheme without Inner Current Controllers (ICCs), it should alwaysansehic filtering to

avoid low order harmonic stability issues caused by the system resonance. Even then, its FRT
response against an LFAC side fault would be unacceptable, due to its unconstrained LFAC
fault current. However, by implementing higfandwidth ICCs with appropriate current
saturation and integrator armivindup mechanisms to the island@dntrol system, the LFAC

TS rides through faults successfully and complies with the respective typical TSO limits. Also,
depending on the system rating, DiBRay need to be applied in the DC sides of the OWTGs

and the onshore BtB frequency converters.



Table of Contents

ACKNOWIEAGEMENLS. ... e i
Y 015 1 =T S il
Table Of CONENTS......cooii e e e e e e e e e e eaaaae v
S o ) T USSP iX
IS 0 1= =P Xiii
Y o] o] £ =2V = U1 o] o SR XV
Chapter 1: INtrOAUCTION ........uueiei e 1
1.1  Transmission Systems for OWP EXxploitation...............ccccevvvviimeeiieeiiiiinneennn. 1
Nt O R o Y oSSR 2

R O o VI L PP SUPPTPTTRRSPPPIIN 3

1.2 LFAC TranSmiSSION SYSIEIM.......ccuiiiiiiiiiiiiiiiieiiiiiiiiiiiiieeniniennnnree e 5
1.2.1 LFAC TS Concepts in the Literature.............ooovvriiiiieeiiiiiiiiiie s eee e eeeeeeeaanns 6
1.2.2 WF Collection Systems in LFAC TS CONCEPLS.....ccorurrieeiiiiieeeeiiiiiee e et e e 9
1.2.3  Frequency SEIECHOM. ...ttt 10
1.2.4  FrequenCy CONVEISION............coiiiiieeeeeeeeeese s e e e e e e e e e e e e e e e aaeeeeeeeaeaeraeeare s 11
1.2.5 LFAC TS BENEMLS. . uutiiiiiiiiee ettt e e e e s e ereeeeeeeeeas 14
1.2.6  LFAGIS ISSUEBS.....ooiitiiiiiititiieare s e e e e e e e e e et ettt ettt etate e e e e s e e e e e e e e eeeaaaeeeeeeeeeenes 16

1.3 SCOPE OF the TNESIS.....uuiiiiiiiiiiiiiiiiiitt e 18
1.3.1 ReSearch MOUIVALION........cccoiiiiiiiiie et e e e e e 18
1.3.2 TheSiS ODJECHIVES........coci et e e e e e e e e 20

1.4 Thesis CONtrDULIONS.......ooiiiiii e 21
15 1 dz K2 NRa t.dza.f. A QL.0A2 A e, 22
1.6 TheSIS OULINE.....ccoiiiiiiiei e e e e eeaaaaas 23
Chapter 2: LFAC TS EquIipmMeNnt OVEIVIEW.........ccoeeeeeeeiiiiiiiieeeiiiiiiiieiiiiiiiiee 24
P25 R [ 11 0T U Tod 1 o] o TSP 24
2.2 Submarine Export Cables and ReactQrs............couveiiiiiiiieciiiiiee e, 25

2.2.1 Technical Benefits of LFAC for Cahles........c..ooeveeeeeieeieeee et 25



2.2.2 Submarine LFAC Export Cable DeSIgNS..........uuuiiiiiiiiiiiaiiiiiiiiiieieee e 28

2.2.3 Cable Impact to the LFAC TS DESIGN.......cccccuiiiiieiieeeee e e e siciiineee e e e e e e e e e e s e snnenes 31
2.3 Switchgears and Circuit Breakers.........cccevviieeiiiiiiiiiee e 32
2.3.1  SWILCNOEBAIS. ... tieeee ettt e e et e e ek e e e e e e e e e e e e e 32
2.3.2  ClICUIL BrEAKEIS ...ci i i e i ittt ettt e e e e e e e e e et e e e e e e e e e e e e e nnnneseeeees 33
2.4 POWET TranSTOMMEIS ... .uuuiiiiiiiiiiiiiiiiiiitmr e e e e e et e e e e e e e e eeeees 33
2.4.1 LFAC Power Transformer Design FEAtULES........ccuvveeiieeeeeeeiiiiiciirieeeee e e e e e s 36
2.4.2 Impedance Effects on Transformer Weight...............ococciiiii e 39
2.4.3 Impedance Effects on Transformer LOSSES.......cccouiuiiiiiiiiiiiieeeiiieee e 39
2.4.4 Comparison of 16.7Hz and 50Hz Transer DeSigNS........cccvveeviiiiee i 40
2.5 Harmonic Filtering CapacitOrS.............uuuuuuuiimiiiiiiimne e 41
2.6 WIiNd TUrbing GENEIAIOIS........uuuuuiiiiiiiiiiiiiiiimr e e e e e e 41
2.7  FrequenCy CONVEITEIS......ouuuuuiii et e e 43
2.8  Summary and CONCIUSIONS.............uuuiiiiiiieiiiieee e 44
Chapter 3: Offshore LFAC TS Electrical Design and Specifications............ 46
3.1 INEFOTUCTION .. e e e e e e 46
3.2  Offshore Wird Power Plant System Layout..............coooovviiiiiiiciiiiiiieieeeee 47
3.2.1 OWTG/ OWEF System Configuration..........ccccooeieiiiiiieeiiiiieeeeeeeeeere e 50
3.2.2 Medium Voltage Collector System LayQuL............coccveeeeiiiiiieeeiniieee e 59
3.3  Offshore LFAC Transmission System LayQut............cccceeeiieeeeiiiieeieeeneeennnn, 61
TR 0 A I o Y @ I = Vg 1 o] 1 1 PR 62
3.3.2 LFAC EXPOrt Cahlle.......ccoo oo 63
3.3.3 Reative Power COMPENSALION........uuiiiiiieieiiie e eeeeieeeeeeeeeeae s e e e aaaeaaes 67
3.3.4 System Impedance DampPiNg..........oueu it seed 68
3.4  Onshore BtB FrequenCy CONVEIEE.........coueeiiieeiiiiiieeeeiiie e e e e eeeeiiie e 69
3.4.1 MMC CoNtrol ArTaNgEMENTS....couuuiiieiiieiiieeiiiiee e stiee et e e s ssnrre e e e s snbeeeeseeesd 69
3.4.2 MMC System ConfiguratiQn...........occuuuiiiiiiiiiee e 71
3.4.3 TwoLevel MMC and HaBridge SuModule (HBSM)..........cccovvieeieiieiiieniiiiiennn 2
344 PWM TECNNIGUE. ...ttt et e e e st e e e s rnneeeee e 73
3.4.5 Number of HBSMGEDC VOIAGE........uuuuiiiiiiiiiaeeii et 73
3.4.6 HBSM CaAPACITANCE. ... .eiiiiiieeieeiiiitett ettt e e e e e e e e e e ab e e e e aaaaaaaeaeas 74

G T S A N4 0 1 o [0 T (o Y = 4.1



3.4.8 Interface MMC TranSfOMMIEIS. . ...ccuuuiiiee ittt e e e e e e s e e e e e e aaas 77

3.5  Summary and CONCIUSIONS. ......ccooeiiiieieie et 77
Chapter 4: Frequency Domain ASSESSMENL.........ccoriiririraiearieee e eeeeee e 79
A1 INITOTUCTION ..ceiiieeiiittt ettt e e e e e e e e ems 79
4.1.1 FrequencyAnalysis Objectives for LFAC.TS.......ccooiiiiiiiiiieiee e 79
4.2  System Frequency Domain Modelling..........cccoooeeeiiiiiiiiicee e 80
4.2.1 Modelling of the LFAC Subsea Cable...........ccooviiiiiiiiiiie el 81
4.2.2 Cable ReactivEompensation EQUIPMENL..........cocoiiiiiiiiiiiierie e 86
4.2.3  LFAC TranSfOMMEIS......cuveiiiirieiee it e et snnnnneee s 86
4.2.4 Offshore Collector System (OCS) Representation............occveeeeevviireeeenniiieeeennnns 88
4.2.5 OWTGs and Onshore Frequency MMC Representation...........cccccceceeeeieiereeeennn. 89
4.3  Export (PtP) LFAC TS Schemes WitHalering.............ovvvvviiiiiiiiiieiiiinnnnnns 90
4.4  Harmonic Mitigation MEASUIES...........cooviiiiiiee ettt 92
4.4.1 Passive HarmoniC Filterng ........ccooi i i e e e e e e e e e e e e e e e e eeeneens 93
4.4.2 GTYPE Filter DESIGN....eiiiiiiiiiiie ittt e ettt e ettt e e e e eeeeeeaaes 94
45  Export (PtP) LFAC TS Schemes with Filtering...........c.ccoooiiiiiiciiiiinenennns 99
4.6 Meshed (MT) LFAC TS Schemes without and with Filtering.................... 101
4.6.1 MT-LFAC TS with 200kBOKM200km Cables..........cceeveeiiiiiiiiiieeee e 101
4.6.2 MT-LFAC TS with 200kBOKmM-300Kkm Cables..........ccooviiiiiiiiiiieieeeee e 102
4.7  System Impedance and Operating FreqUENCY.............uuuvvrrirrrrinneennnnenennns 103
4.8  Summary and CONCIUSIONS. ......cccoeieiiiieeeie et 105
Chapter 5: SteadyState ANAIYSIS.........covviiiiiiiiiiiiiiiimiae e 106
5.1 INrOUCTION ...ttt 106
5.1.1 SteadyState Assessment Objectives for the LFAC.TS........ccoocciiiiiieenenniinennn, 106
5.1.2 Offshore LFAC TS Grid IntegratiogUREEMENTS...........eveeeiiiiiieeeiiieee e 107
5.2  System Steady State Modelling............ccccociiiiiiioneeeee e 109
5.2.1 AC Grid REPreSENtatioN.......ccceiii ittt ittt eae ettt e e e e e e eeaaaae s 109
5.2.2 LFAC Transmission System Representation..............ooouuvieiieiieeeeeeeee i 109
5.2.3 Onshore BtB Frequency MM@/DC SYStEM.........covcuiiiiiiiiiiiee et 111

524 OWTGS REPreSENTAtiON ... ..uviiiiiiiiiiiee ittt e e nbeeee e 112



5.3 PowerFlow Studies for LFAC TS SChemMES.......covveviviiiiiieee e 113

5.3.1 SetUp of LFAC ExXport POWer FIOW CaSES........cuuevieiriiiiieeiiiiiieee e 114
5.3.2 Power Flow Cases Evaluation PrinCiples............ccoccciiiviiieeiee e eeee 115
5.4  Pointto-Point LFAC TS Schemes for OWF Integratian............c..cccceeeeees 117
5.4.1 Overall Results EVAIUALIAN...........ccciiiieieiieie e 118
5.4.2 Feasible Pointo-Point Cases EXamination...........ccccccovvviiiiieiiiiieeeeenee e 121
5.5 Multi-Terminal (Meshed) Offshore LFAC TSEBGBS...........cooeeveviiiiiiiieeiee 123
5.5.1 SetUp of Meshed LFAC TS Power FIOW CaSES..........ccuvvieiiiieeiieeiniiieee e 124
5.5.2 Full Power Export of the TWo OWEEPFSE)..........cuvviiiiieeee e 126
5.5.3 Partly OWFs Export & Grid Interconnection Power Exchange (RE5d).............. 126
56  Summary and CoNCIUSIONS.............uiiiiiiiiiiiiiei e e 129
Chapter 6: System EMT Modelling and Controller Design..............c.......... 130
S 200 R {11 0 T ¥ Tod 1T o S 130
6.2  System EMT Modelling..........oooooiiiiiiiiiii e 131
6.2.1 AC Grid RepreSentation.........cccoeeeeeeeieeeee e s s e e e e e e e e e e e e e e eeeeeeaaesnnnne 131
6.22 Cable EMT Model and EnergisatiQn.............cccoeeieiiiiieeieeiiiiiieiss s e e e e e e 132
6.2.3 Onshore BtB MMC EMT MOGEL.......cciiiiiiiiiiiieeieeeee e 134
6.2.4  OWPP EMT MOGEL.....cciiiiiiiiiieiie ettt 136
6.3 VSC Control System Structure aD@sSign.............coooeeereeiiiiiiimiiiiiieeeeeeeeeee 137
6.3.1 VSC Models Control HIerarChy.............coooviriiiiiieicccccs e 137
6.3.2  VSC SYNCHrOoNISAtIQN. .. ....cciiiiiiiiiiiiiiiiie e 138
6.3.3  Generic VSC CONrol SYSLEIML....coiuuiiiieiiiiiiee ettt e e 139
6.3.4 Nortisland Control for GridFollowing CONVErterS..........cccovvveviieveeeeeevceee e 141
6.3.5 Island Control of the GriBorming CONVErer...........ccoooeeeeeeiieieieeen, 153
6.3.6 Circulating CurrenSuppression Control (CCSC) in MMC Systems.................... 156
6.4  Converter Control System AnalysSiS..........cooooiiiiiiiiiiiimiieeeeeeeeee 156
6.4.1 Transfer FUNCLION ANGIYSIS.......cuuiiiiiiiiiie e 157
6.4.2 OWF Module EMT Implementation..............ccuvuiiieiiierieieieiiiieeee e 164
6.5 Summary and ConcClUSIONS.............uuuiiiiiiiii e 165
Chapter 7: Dynamic Performance Time Domain Evaluation...................... 166
4% S {110 T [V T3 1T o U 166

7.1.1 LFAC TS Scheme Model for EMT Simul&iodies...............ccvveeveiiiiievieieeeeeeinnnnn, 167



7.1.2 Offshore LFAC TS ENErgiSatiQn..........ceeiiiieiiiiiiiiiiiiiiiieeee e ee e 168

7.1.3 Offshore LFAC TS LVRT/FRT ReqUIr€mMeNntS..........cccoevviiieriiniiniin i, 169

7.2 EMT Studies Sdt)p andScenario Cases for LFAC TS Schemes............... 171
7.3  Pointto-Point LFAC TS Schemes for OWF Integratian............c..cccceeeeees 172
7.3.1 EMTZ1: Island Control without ICC on the LFAC Side-WIMC..........ccceovivvveeeennnnns 172
7.3.2 EMT2: Island Control with ICC on the LFAC Side-WIMC.............cooovviiiivvnnneeneen. 186
7.3.3 Evaluation of théointto-Point LFAC TS Schemes..........cccoccoiiiiiiiiiiiicie 191

7.4  Multi-Terminal (Meshed) Offshore LFAC TS Scheme...........ccccccevivvienns 195
7.4.1 EMT3: Island Control with ICC on the LFAC Side MIMICL...........ccccovvvveeeevnnnnnnn. 196
7.4.2 Performance Evaluation of the Feasible LFAC TS.CaS€S.........ceevvvvrvrvnveennnnn. 208

7.5 Summary and CoNCIUSIONS.............uiiiiiiiiiiiiiee e 210
Chapter 8: Conclusion and Future Work............cccoeiiiiiiiiiiie e 212
8.1  Summary and DiSCUSSION........ccoeeiiiiiiieeeiieiime e e e e e e s 212
8.2  Conclusions and Recommendations..............ccoooviiiiiiimiiiiiiiiiieeeeeeeeeeeeee 213
8.3 Thesis Contributing POINTS............uuriiiiiiiiiiiiiien e 217
8.4  Limitations and FUtUre WOrkK.............coovriiiiiiiiiiice e e 219
REIEIENCES. ... e 221
AP PEND DX A e ae i
APPENDIX B e ii
APPEND DX G Xiii

APPENDIX D, ..o e XVi



List of Figures

Figure 1.1: Typical HVAC vs HVDC Cost-BraakDistance for POWEransmisSion...........ccccveveeeiviivvveeneennn. 1
Figure 1.2: Typical Layout of HVAC TS for Multiple OWF Integration to the.Grid............cccceeeeeeiiiiienennn. 2
Figure 1.3: Typical layout of a PtP HVDC TS Integrating two Interconnected OWFs to the grid,.ABB.....3
Figure 1.4: Typical Schematic of a PtP HVDC TS for OWPP Integration to the AC.Grid..............ccveeee. 4
Figure 1.5: First Structure of FFTS with a Magnetic Frequency THRIEI.............coieiiiciiiiieiee e 6
Figure 1.6: Configuration of the LFAC TS utilising a-CgOMEIter..............ccooiiiiiiieeiieiiiiiiieee e 7
Figure 1.7: Hypothetical Nortea Grid LFAC 220kV at 16.7Hz, route length in.Km.............ccoeeviieveennnen. 8
Figure 1.8: Typical Diagram of a DC to THrbhase AC MMC using HBIfidge Sbh-Modules

Figure 1.9: Type 4 OWTG collection system arrangement for LFAC SyStem...........cccceeevvvveniieeeenineenns 10
Figure 1.10: Levelized Cost of Energy vs. a) Frequency for OWPP and b) Distance from Shore.for. QWP.
Figure 1.11: Single Line Diagram of a Converter Station (IGCT) for Rail Applicatian...............ccccueeennee. 12
Figure 1.12: Energy Transmission Systems for OWFs: a) HVDC, b) LFAC:.16.7HzZ.............cccceeevinnrnnne 15

Figure 2.1: HVAC Al Export Cable Losses at 50Hz, 16.7Hz and DC for-29@30kV¥, b) 345kv1400mn?. . 26
Figure 2.2: LFAC Cable System and Potential Compensation SCheme.............cccccvviee e 27

Figure 2.3: Export Cable Transmission Capacity, for various reactive compensation schemes: a) 230 kV at 50Hz

and 16.7Hz (left) and b) 345kV at 16.7HZ (RIGIL)......cooiiiiiiiiiee e 27
Figure 2.4: Export Cable Alternatively XLPE345 kV 3x1x1400 miwl, 2) XLPE230 kV 3x1x1200 mhCu.. 28
Figure 2.5: Voltage and Current Profile over length for 200n230kV, 1600mATCu, b) 345kV, 1400n#mMl.30

Figure 2.6: Arrangement of the components in the modular container concept by Alstom, for Railway application

(all components are designed for the transportation via rail and stahdzad haulage), ALSTOM.............. 34
Figure 2.7: Theoretical design of a 50Hz transformer for comparison with the corresponding 16.66tdicdheo
design of a 16.7Hz transformer: a) Wide design, b) Tall design...........cccoiiiiiiiiiniii e 35
Figure 2.8: LFAC Transformer DeSign SCREMALIC..........ccciuiiiiiiiieiiiiiiiiiie e 36

Figure 2.9: Weight vs Impedance for a Sikithiase 141MVA 66/345kV Transformer at a) 16.7Hz, b) 50H29
Figure 2.10: Losses vs Impedance for a SPigdse 141MVA 66/345kV Transformer at a) 16.7Hz, b) 5089

Figure 2.11: Comparison between 50 Hz (1p.u.) and 16.7 Hz Transformer designs................cccceeene.... 40
Figure 2.12: Capacitive Impedance anfl @zLJLX @ 2F | wmn>C Ol LI OA.G.2.NJ.L4&
Figue 2.13: Full Converter, TygdeNTG configuration, ABB...........cccocvieiiiiiiiniicc e 42
Figure 3.1: Meshed Offshore LFAC Transmission System for Offshore &giradidmt...................cccccveernnee 46
Figure 3.2: Connection POINt TEIMUINOIOGY . ... ...ciiiiuiiiiieee ettt e e e e e e e eebnneaeeaee e 49
Figure 3.3: Typd, Full Converter WTG SCheMALIC. ........cuiiiiiiiiiiiieie et 50
Figure 3.4: Generic Vector Control Arrangement for the Equivalent WTG VSI Tapalogy-...........ccuvveeee. 52
Figure 3.5: Basic VSC Circuit Topologies forAWe&Gs: a) Twhevel, b) Threkevel VSC..........ccccceeeennes 53
Figure 3.6: DBR in the Ik Side of the Type 4 WTG and its Typical Operation Characteristic............ 55
Figure 3.7: VS| LEIEr SChEMALIC........cuuviiiiiii ittt 56

Figure 3.8: Frequency Response of the LCL Filter Designahogpétagnitude (Red) and Phase (Blue)......58
Figure 3.9: Schematic Representation of the 66kV Offshore WPP Layout, incl. Detaglefariy............. 60
Figure 3.10: Simplified Representation of a PtP Scheme Integrating a 704MW OWPP Block to. the. Grigil
Figure 3.11: Offshore MOFAC System Integrating 1408MW OWF and Interconnecting different. Grids..62

Fdzy O



Figure 3.12: Twport, ABCD Network Equivalent for LFAC Cable...........coooiiiiiiieiiiiiiiiiic e 65
Figure 3.13: Twort Oriented to a CabJe-CircuitSystem in the Phasor Domain.............cccvevvvveeennnneennd 66
Figure 3.14: LFAC Cable Total Current and Power Losses vs Cable.Length............cccoeccviiiiieeinineennns 67
Figure 3.15: Approximate Reactive Compensation of LFAC Cable and Shunt Reactor Size vs Cahle L&®gth.
Figure 3.16: Export Cable Impedance vs Cable Length, for Various Operating Frequencies................. 69

Figure 3.17: Onshore Frequency MMCs in BtB Configuration and Potential Control Arrangemenits......70

Figure 3.18: MMC Structure and ConfigUIation.............cciuiiiiieiieiiiiieis e e e e e e e e e e s eanes 71
Figure 3.19: MMEHBSMOPEration MOUES...........uvviiiieiiiiiiiteee e ettt e e et e e e e s e e e e e e s stbraaeaeeaeeenes 72
Figure 3.20: PWM Patterns for Tskevel MMC using HBSM: a)-PWM and b) PSBWM............cccceveeeenns 73
Figure 4.1: Models for Cable RepreSentatiQn.............coiiiuiiiiieeeeiiiiiieii e e e et e e e e s e e e e s e siarae e e e e aeeeans 82
Figure 4.2: Frequendyependent Phase Cable Model Equivalent CirCUit.............occcveiieeeeinnieensiee e, 83
Figure 4.3: GraphiRepresentation of the Thr&hase XLPE cable in PSCAD...........cccoovviiiieieeinieec e 84

Figure 4.4Impedance ProfilBifference of FDPM \s-Circuit Model of theXLPEL400mn#-Al LFAC Cable...85
Figure 4.5: a) Impedance vs. Frequency and b) Resomaridarmonic Order Plofgr various Cable Length85
Figure 4.6: Frequency Scans of the 200km Cable Alone and ConnectedfmahBE®@ners with DifferentX87
Figure 4.7: Harmonic Order Impedance vs. Distance of LFACTEats®rmer pair for XI: a) 7% ah§i15%.. 88

Figure 4.8: Array of 8 x OWTGs for Frequency SCan SHUAIES. .......ccciiuiieiiiiiee e e sieee e 88

Figure 4.9: VSC Model for FrEQUENCY SCAMS.......coiuiieiiiiieeeiiteeiieieestieeesteeessaeeeeastbeeesnseeeesnneeeesaseeeesnns 89

Figure 4.10: Impedance vs. Frequency Variation of the PtP LFAC TS with 200km cable, for various.\VSC states.
Figure 4.11: Simplified PtP LFAC TS Schematic with the Impedance Measurement Raints.................. 91

Figure 4.12: PtP LFAC TS Impedance Profiles vs. Frequency for various Cable Lengths. Measurements at 345kV
Onshore and Offshore and at 66KV QLS............ooiiiiiiiiiie e 91

Figure 4.13: Harmonic Filters: a) Sirglened, b) SingiBamped, c) ®/pe, d) Doublamped...................... 94

Figure 4.14: Combination offype Filters rated 200MVAr at 43Hz and 100MVAr at 64Hz with.Q=2....... 96

Figure 4.15: Filters Response Characteristicsimpftdance vs. Frequency Response, Fghter Losses....96

Figure 4.16: Effect of Harmonic Filter Implementation on the PtP LFAC TS Resorz@@tarf@able........... 97

Figure 4.17: PtP LFAC TS Impedance Magnitude and Angle Profile vs. Frequency, after the Implementation of the
Harmonic Filter foROOKm EXport Cable LENGLh...........cooiiiiiiiiie e 97

Figure 4.18: Impedance vs. Frequency Profiles of-thg@€Filters to the PtP LFAC.TS..........ccccveviiieenne 98

Figure 4.19: Simplified PtP LFAC TS Schematic with Harmonic Filters and the Impedance Measurem@@t Points.
Figure 4.20: Impedance vs. Frequency Profiles of the PtP LFAC TS with Harmonic.Filters.................. 99

Figure 4.21: PtP LFAC TS Resonances for various Cable Lengths without (Left) and with-{Right).H...100

Figure 4.22: Simplified MOIFAC TS Schematic with its Impedance Measurement Raints....................... 101

Figure 4.23: Impedance vs. Frequenwfile (Onshore/Offshore) of PtP and MFAC TS f@00km Cables. 101
Figure 4.24: Impedance vs. Frequency Profile(Onshore/Offshore) of PtP -ARAMITS with Harmonic Filters for

200KM EXPOIt CaDIBS....ccoi ittt ettt et e e ettt e e e e e ot bttt eeae e e st bee e e e e e e aantbeeeeaaeeeaannn 102
Figure 4.25: Impedance vs. Frequency Profile (Onshore/Offshore) of PtP-ARARITS before (Left) and after
(Right) the Implementation of the Harmonidéeti, for200km and 300km Export Cahles.............ccvveeeee.. 102
Figure 4.26: System Frequency Scan approximations for various Operating Frequencies................... 104

Figure 4.27: System Impedance Resonance (blue) and Resonant Harmonic Order range (orange) approximation
for variousOpPErating FrEOUENCIES. ......ccui ittt e et e e e e e et e e e e e e anbee e e e e e e anrneeas 104

Figure 5.1: a) Typical P/Q Variants required by TSOs on the PCC and b) WTG PQ Capahility.Curve.108



Figure 5.2: Typical-@/Pmax Envelopes of OWPP at the PCC over 110kV, as TSO requirements........ 108

Figure 5.3: Equivalent CafleCircuit RepreSentation.............cccoiiiuiiiiiieei i e e eeee e 109
Figure 5.4: P/@apability Curves of the Gifitllowing MMC Terminals...........ccccoveviiriiene e 111
Figure 5.5: Power Capability Curves for OWTGs: a) Vdhegendent and b) P/Q Curves (WEA)............. 112
Figure 5.6: R) Capability Profile of the OWPP for 352 MW/440 MVA part of the 704MW.QWE............ 112
Figure 5.7SLD of the PtP LFAC TS Configuration.............coociuuiiiieee i e et e e 113
Figure 5.8: Top Graphs: Total Power Losses and Voltage Regulation, Bottom Graphsd Ra#abave Reactive
Compensation, fOr the PtP LFAC TS CaSES. ... u ittt iiiiiieiee e aeiitieee e e sttt eaae e s aataaeeeaaessenrbeeeaaaeaeaannes 118
Figure 5.9: Top Graphs: Cable Total and Compensated Currents | 8atiom Graphs: OWF and MM

Loading, fOr the PtP LEAC TS CaSSu ..t iuuutitiiaaiiiuttiieteeeaaatteeteaaeaaaateareeeaeassantaeeeaaeaaanseeeeeaaeeaaansaeeeaaens 119

Figure 5.10: Power Losses, Voltage RegulatiorRarzattive Power Compensation, in each Main Bustfar,the
OPLMISEA PP LEAC TS CaSES. . iiiitiieiiiiieiiieeee ittt e sttt e sieeeessse e e e atre e e snee e s sane e e s s b e e e sanneeesanneeesanreeenas 121

Figure 5.11: Current and Voltage Dilstition in the Cable, for the Optimised PtP LFAC TS Cases.......... 122
Figure 5.12: LFAC Cable Current Profile and Operating Points cfdnerfay MMC against their Real and

Reactive Counterparts, for the Optimised PtP LFAC TS.CaSeS......c.uuuiiieiiiiiiiiieieeeeeiiiiee e e eveieeeae e 122
Figure 5.13:SLD of the MIFAC TSONfIGUIAION. ......c.cuviiiiiiii ettt 123
Figure 5.14: Power Losses, Voltage Regulation and Reactive Compensation in each Main BusbarldfAle MT
TSfor Cases PF5A anNd PFAAN.........ooii it e et e e e e e e e e e e e e e eaab e e e eeeeeees 127
Figure 5.15: LFAC Cable Current Loading and Operation of the MMCs against their Real and Reactive
Cournerparts, for the MILFAC TS Cases PF5d and PESAN...........ccooiiiiiiiii e 128
Figure 6.1: Equivalent Circuit for AC Grid RepreSentation.............cooiviieieirieeniiee et 131
Figure 6.2: Equivalent Circuit for LFAC Cable Energisation.Study..............cccooviiiiiiiiiiiiieciii e 132
Figure 6.3: Cabe Energisation Graphs as they appear from Top to Bottom: Vsa, Vra, Isa, Ira and-Bi@3aree
Breaker Current, for a 200km (Left) and a 300km (Right) LFAC Subsea.Cables..........cccccovceveiiinnenne 133
Figure 6.4: HBSM Switching Circuit (Left) to Thevenin Equivalent Circuit (Right) for MMC Cell Modelli3g.
Figure 6.5: Layout of the Equivalent OWPP EMT MQdEl...........ccceiiiiiiriiiiieiiieceee e 136
Figure 6.6: Control Hierarchy of the Dynamic VSC MOAEIS.........coooiiiiiiiiiiiiiiieic e 137
Figure 6.7: General Phase Lock Loop (PLL) and Voltage Controlled Oscillator (VCO) Structures....... 138
Figue 6.8: Equivalent PWM VSC Tibay BlOCK Diagram..........cooiuiiiiiiiiiiiiiiieie e 141
Figure 6.9: General VSC Outer Controller and Current Saturation Structure...........ccccoooevieieeeeerinnnen. 141

Figure 6.10: Generic Droop Characteristics for the DC and LFAC Voltage Controller References....... 143
Figure 6.11: General ICC Block Diagram Implementation into a Grid Following VSC/MMC. System....144

Figure 6.12: General ICC Clokedp BIOCK DIiagram..........ccoiiriiiiiiieeisiiie et 146
Figure 6.13: General DCVC Cldseab BIOCK DIagram..........cc.cciiuiiiiiiieeeiiiiee e sieeee s 149
Figure 6.14: Locus demonstrating the Location of théiRbo Ay G KS [/ 2 YLI SE..t.f.L.¥58
Figure 6.15: Generic ACVC Cldseap Block Diagram for the Equivalent OWF.MSL.........cccccooiiiieennn.n. 151
Figure 6.16: Generic ACVC Cldseap Block Diagram for the Gitdllowing MMC facing the LFAC Side..151
Figure 6.17: Generic APC and RPC Clasgu BIOCK Diagrams...........cccooiiiiiiiaioeiiiiieee e e 152

Figure 6.18: General Islanded Control Block Diagram Implementation into thEdBmnithg MMC System.. 154
Figure 6.19: Enhanced Islanded Control with ICC Block Diagram Implementation into-ther@ind) MMC155
Figure 6.20: General CCSC Block Diagram Implementation into an MMC SyStem...........ccocvveeeeriuneenn. 156
Figure 6.21: ICC (Left) and DCVC (RightZeaeMaps of CLTFs and Root Loci of OLTFs for the OWE. YS9
Figure 6.22: DCY(TC (Top) and LFAQYC (Bottom) Bode Diagrams andpIeesponses for the OWF V160

T2NJ

+ |

)



Figure 6.23: ICC (Left) and ACVC (RightyZeoteMaps of CLTFs and RL of OLTFs ftM@T1 with ICC.. 162

Figure 6.24: LFACVY@CC Bode Diagram and Step Response for the-WMgith ICC..............ccoocvverrineenn. 162
Figure 6.25: ICC (Left) and DCVC (Right)ZeoteMaps of CLTFs and Root Loci of OLTFs for theTRIMC 163
Figure 6.26:: DCWJCC Bode Diagram and Step Response for the-WBM@th ICC............ccccooviiiiieeneennn. 163

Fgure 6.28: EMT Response of the OWF, showing the LFAC Voltage, Current, Active and Reactive. Péyer.
Figure 7.1: ENTSERfG Voltage Against Time Profile for PPM connected at or above 110kV............... 170
Figure 7.2: Schematic of the EMT model for OWPP IntegrationthsiffgdP LFAC Export System............. 172
Figure 7.3: EMT1ai) Study Result Graphs at the Offshore (Left) and Onshore (Right) LFB\@e€able....174
Figure 7.4: EMT1ai) Onshore 345kap: THDv and THDi [%], Bottom: Voltage Harmonic¥ifeM (15t out).175
Figure 7.5: LFAC b@ltage of the Islanded Controller in the MNIC for EMT1ai), (dreen, gpurple)......... 176
Figure 7.6: EMT1ai) Study Result Graphs at the PCC with the AC.Grid...........ccoviiieriiieeiiee e 177
Figure 7.7: EMT1aii) Study Results at the Offshore (Left) and Onshore (Right) LFAC Cable.Sides....178
Figure 7.8:EMT1aii) Onshore 345kdp: THDv and THDi [%], Bottom: Voltage Harmonie¥iisM (15t out).178

Figure 7.9: LFAC b@ltage of the Islanded Controller in MMQ for EMT1aii), (dreen, gpurple)............. 179

Figure 7.10: EMT1ai) Study Result Graphs at the PCC with the AC.Grid.........cccevviieeeiiiiieeiee e 179

Figure 7.11: EMT1b Study Results at the Onshore LFAC Cable Side (Left) and the PCC with the AC18€id (Right).
Figure 7.12: LFADQ Voltage of the Islanded Controller in MWICfor EMT1b, (dreen, gpurple).............. 181

Figure 7.13: D@ole Voltages (Twdop Graphs) and BRble Currents (TwBottom Graphs), in MMC1 and

MMGC-T2 of the BtB Frequency MMC, Respectively, for EMT1h........cccccooiiiiiiiiiiiiie e 181

Figure 7.14: EMT1ci) Results at the Onshore LFAC Cable Side (Left) and the PCC with the AC.Grid IBight).
Figure 7.15: Left: DQoltage (Top), and D¥oltage (Bottom), Right: DAL Cs in the MMT1 for EMT1ci)... 183
Figure 7.16: EMT1cii) Study Result Graphs at the Offshore (Left) and Onshore (Right) LFAC Cable.3igiés.
Figure 7.17: Equivalent B®Iltage (Top), and BDCurrent (Bottom) of the BtB VSCs in the OWF for EMTI84).
Figure 7.18: EMTIigp Study Result Graphs at the PCC with the AC.Grid...........cccccoiiiieeiiiii e 185
Figure 7.19: EMT2b) B¢pltage (Top), and DAL Cs (Bottom) of the Enhancstdihded Control in MMC1.. 187
Figure 7.20: EMT2c Study Result at: TB@C at AC Grid, Botter®CS (Left) and OnshqRight) LFAC Sid&88
Figure 7.21: D@oltage (Top), and LFAC DQitage (Bottom) of the BtB Frequency MMCs for EMT2c...189
Figure 7.22: EMT2c) Total and Saturated Current (Top), aH@O€)XBottom) of the BtB Frequency MMJS0
Figure 7.23: Schematic of the EMT model for OWPP Integration and Interconnection using_ fF&@TS.195

Figure 7.24: EMT3a Study ResultsqatTop- PCC with the AC Grid, (MMT2 and MMCZ2).................... 198
Figure 7.25: Onshore 345kV Left: MMIL], Right: MMCZ 1- THD (Top) and Voltage Harmonics (Bottori9
Figure 7.26: EMT3b Study ResultsqatTop- PCC with the AC Grid, (MMT2 and MMCZ'2).................... 201
Figure 7.27: D@ole Voltages (Twdop Graphs) and BDRble Currents (TwBottom Graphs), in MMC1 (Left) and
MMC2 (Right) BtB Frequency Converters, Respectively, for EMT3b........ccocoiiiiviiiiiii e 202
Figure 7.28: EMT3b) Bpltage (Top), and DAL Cs (Bottom) of the Enhanced Island Controller in MMQD2
Figure 7.29: EMT3c Study ResultsfafTop- PCC with the AC Grid, (MMT2 and MMCZ2)...................... 204

Figure 7.30: Onshore LFAC 345kV Left: MMC Right: MMCZ 1- EMT3c Results in the order they appear: DC
Voltage (Top), LFAC B@Itage (Left) and ACVC (Right), Total and Saturated Currert§TxFBottom)....205

Figure 7.31: Limits for RMS Value of TOVs for 400kV and 275 kV in GB Netwark..............cccceeerveenne 207



List of Tables

Table 21: LFAC Export Cable Electrical Parameters for 230kV and 348EXANS............ccccvieeiiiee i 29
Table 22: Offshore LFAC Transmission System Design Parameters & Ambient Condfiemised. ............. 29
Table 23: System values for 200ka230kV, 1600mrACu and 345kV, 1400mm2 Al......cccccvvevieeesiieeeecne 30
Table 24: Parameter Assumptions for Transformer Design CalculatiQnS...........cc..oeveiiiiimiiieeeeniiiiee e 36
Table 25: Transformer Standard Design EQUALIONS..........cvuiiieiiiiiir e sierae e e a e 37
Table 26: International Projects using MMTechnology in Similar Scale ~700MW..............ccceveiiiveeinnnee. 44
Table 31: Electrical Data of the OWF INtegration SYSteML.........ccovvviiiiiieiimrie e e 47
Table 32: FultConverter WTG Electrical Rating.........cccccviiieiiiiiiieiee e ssieinnee e esnnneee e 48
Table 33: Investigated LFAC Power EXpOrt ArrangementS.........ccuveiureeiriiimenireeesnee e sneeesinmeee s 48
Table 34: Aggregate WTG VSI Electrical Parameter Datal...........ceveiueeeiiiimieiiiiee e smeee e 51
Table 35: DC Side Parameters of the Equivalent BtB VSC Scheme..........coccciviiiciiie i 53
Table 36: DC CapacitOr PAramMELEES .........utiiiiiieiieeesieiee ettt ettt ame e e ne e e b e e st e s ns et e sasre e nanes 54
Table 37: Dynamic Braking ReSISIOr Parameters..........c.viiiiiiiiiiie ittt 55
Table 38: VSI LGEIEr PAr@mMEerS.........cueiiiiiiieiee it ettt ettt st sinr e nae e s 58
Table 39: LFAC OWIverter Transformer Parameters...........ooiviii it 59
Table 310: The 72.5kV Class Switchgeast®yn Configuration (GIS)..........cocvveiiieiiiiiie e 59
Table 311: InterArray String Cable Parameters.........ccooviviiiiie et sinree e e senee e 60
Table 312: Array 800mm”2, GXLPE Cable UtIlIZatioN..........ccueiiiiiiiiiei e 60
Table 313: Medium Voltage 66kV-Array and Sud NNJ & { dz0 YI NAY S .....[.t.9...[L. L. 61
Table 314: LFAC Stedp Transformer Electrical Parameters..........ooouvuviiiiiiiiieiie e 62
Table 315: 345kV Submarine LFAXLPEEXport Cable Electrical Parameters (NEXANS).........cccccvvennee. 63
Table 316: 200km LFAEXLPE Export Cable Characteristic Parameters............occovveiiiiniiiereee e 64
Table 317: LFAC Export CalfleCircuit Impedance and Admittance for 200Km............ccceeeeiiiiiiineeeennnins 66
Table 318: LFAC Export CalfleCircuit Parameters for Various Lengths............cccooiiiiiiciiee e 66
Table 319: LFAC Export Cable Electrical Performance basdd®@incuit Analysisfor Various Lengths........ 67
Table 320: Indicative Reactive Power Compensation of the LFAC Export @abfarious Lengths............. 68
Table 321: Back to Back MMCs AC System EIeCtriCal Data............cooveeiiiiieiiiiieeiiie e 70
Table 322: Number of HBSM and Voltage Levels in the MMC.............cccoo i 74
Table 323: HBSM Capacitance for the BtB MMC Terminals............cooueiiiiiiiiiiiiiee e 75
Table 324: MMC Transformer Specifications at both MMC TerminalS...........cccccveeiiiiieieiee i 77
Table 41: 300MVAr €Type, Single and Doubi®amped Filter Parameters for LFAC TS with 200km Cabi6
Table 42: GType Filter Parameters for PtP LFAC TS with various Cable Lengths.............ccoccvvieveiennnne 98
Table 43: Voltage DOstortion Limits for General TransSmisSion SYSEMS.........ccvveviiieiiiivecenieee e 100
Table 44: Current Distortion Limits for General Transmission Systems >161KV............ccccoevveiinineenne 100
Table 51: List of the Poweflow Cases for the PtP LEAC.TS.......ccccoiiieiiiieieee e 114
Table 52: Evaluation Criteria for the PtP LFAC TS Cases (Dark Colouring for Higher Values)............. 118
Table 53: List of the Poweflow Cases for the MIIFAC TS........cociiiiiiieiiiemeee e e 124
Table 61: Equivalent AC Grid Parameters..........ocueiiiiiiiiiiieee ettt e et e e e s sneae e e e e 131
Table 62: Base Parameters of the LFAC TS for p.u. Representation............ccccocvvveeeveeeiiiveneeeeecvneennnn 140

S

a

0B wuw



Table 63: Tuning Parameters of the Equivalent OWF VSI MOdUIES..........ccuvveiiiiiiiieii e 158
Table 64: Control System Response Characteristics of the Equivalent OWF VSL.TEs.............ccuvveee. 159
Table 65: Tuning Parameters of the Equivalent BtB MMC ModUIES.............ooviiiiiiiieciiee e 161
Table 66: Control System Responskdatacteristics of the Equivalent MMCS TES........cccovveeiiiiiiereeeceeens 161
Table 71: List of EMT Studies and Cases for PtP LFAC.TS.......ccio ittt 171
Table 72: List of EMT Studies and Cases fOrFIMIAC TS... ... ecimiee et eeieee e 171
Table 73: List 0f Cases fOr EMTL StUAY.......ccoiiiiiiieiiiiieieeiee et ee et e e e e e e e et e e e e e e natve e e e emeeenes 172
Table 74: Simulation Sequence for Case EMT LA ......ccueiieiiiiiiiiee et 173
Table 75: Simulation Sequence for Case EMTAD........ccooiiiiiiiiiiime e 180
Table 76: Simulation Sequence for Case EMTILC, i) and.ii)e......ccccveeeiiiiiiiiiioe e 182
Table 77: List of Cases fOr EMT2 StUAY.......ccoiiiiiiiiiiiiieiei e et e e st ee e e s e e e e e et e e e e e satbeseeemeeeanes 186
Table 78: Simulation Sequence for CasSe EMT2C........ccoiiiiiriiiiiimie ettt 188
Table 79: Summary and Evaluation Table for the PtP LFAC TS EMT CaS€S.......ccccvervrrernieeeneeeennnees 191
Table 710: List 0f CaSES fOr EMT3 StUAY.....cuueiiiiiieiiieeiieieeesitieeestiee sttt e seeee e sseeeeseseeesnbeeesnneesneeneeens 196

Table 711: Simulation Sequence for Case EMT3a

Table 712: Simulation Sequence for Case EMT3D........cuiiiiiiiiiieeii e 200
Table 713: Simulation Sequence for Case EMT3C......ccouii ittt 203



AC
ACVC
APCIRPC
APOD
BtB
CAPEX
CB
cC
ccsc
CLTF
DBR
DC
DCVC
DFIG
EMT
FBSM
FDPM
FFTS
FS
HBSM
HBSM
HF
HVAC
HVDC
IC

IcC
IGBT
ITAE
LCC
LFAC
LPF
LTF
MATLAB
MCPWM
MMC
MO
MT
NPC
0&M
ocs

Abbreviations

Alternating Current

AC Voltage Controller
Active/Reactive Power Controller
Alternate Phas®pposition Disposition
Backto-Back

Capital Expenditure

Circuit Breaker

Cascaded

Circulating Current Suppression Controller
Closed Loop Transfer Function
Dynamic Braking Resistor

Direct Current

DC Voltage Controller

DoublyFed Induction Generator
ElectreMagnetic Transient

Full Bridge Submodule

Frequency Dependent Phase Model
Fractional Frequency Transmission System
Frequency Scan

Half Bridge Submodule

Half Bridge SulModule

Harmonic Filter

High Voltage AC

High Voltage DC

Islanded Control

Inner Current Controller
InsulatedGate Bipolar Transistor
Integral Time Absolute Error

Line Commutated Converter

Low Frequency AC

Low-Pass Filter

Laplace Transform

Matrix Laboratory

Multi Carrier PWM

Modular MultiLevel Converter
Modulus Optimum

Multi-Terminal

Neutral Point Clamped

Operation and Maintenance
Offshore Collector System



OECD - Organisation for Economic Cooperation and Developmr

OHTL - OverHead Transmission Line
OLTF - Open Loop Transfer Function
OPEX - Operational Expenditure
OWE - Offshore Wind Energy

OWF - Offshore Wind Farm

OWP - Offshore Wind Power

OWPP - Offshore Wind Power Plant
OWTG - Offshore WindTurbine Generator
PD - Phase Disposition

PF - Power Flow

Pl - Proportional Integral

PLL - Phase Locked Loop

POD - Phase Opposition Disposition
PSCAD - Power Systems Cad

PSPWM - Phase Shifted PWM

PtP - Pointto-Point

PWM - Pulse Width Modulation

RES - Renewable Energy Sources
RL - Root Locus

RMS - Root Mean Square

SCC - Short Circuit Capacity

SFC - Static Frequency Converter
SG - Synchronous Generator

SiSo - Singlelnput-Single Output

SM - SubModule

SO - Symmetrical Optimum

T&D - Transmission and Distribution
T1,2 - Terminal 1,2

TD - TimeDomain

TF - Transfer Function

THD - Total Harmonic Distortion
TOV - Temporary OveWoltage

TS - Transmission System

VAR - Voltage Ampere Rating

VCC - Vector Current Control

VCO - Voltage Controlled Oscillator
VSC - Voltage Source Converter
VSI - Voltage Source Inverter

WTG - Wind Turbine Generator

XLPE

Crosslinked polyethylene



Chapter lintroduction

1.1 Transmission Systems for OVMRploitation

Over the past decadethe markesfor the electric power industry and by proximifgr the
Transmission and Distribution (T&D) equipment and grid solutidvasve undergone
profound transformatios as a consequence tie pace oRenewableEnergySources (RES)
penetration to the grid the concurrentretirement of carboremitting sourcesand the
fluctuation oil and gas prices. The amount of investment worldwide in the T&D sector is
estimated at $.9trillion per yearin the nextl5 years. Nearly twahirds of this investment
takes place irrmerging economies, with the focus for investment moving beyond China to
other parts of Asia, Africa and Latin America; but ageing infrastructure and climate policies

create large requirements also across the OB@hber countrie498].

Recently the exploitation ofOffshore Wind Energy(OWEYor electricity generation has been
expanding rapidly due ttechnological advancementshe abundant offshore space, the
increasedcapacity factors of tiswind resourceandgovernment incentives. However, there
are certain drawbacks associated with rem@®/Esystems whiclmayincrease the cost of
electric power generation. The intermittemtind power supplymay lead tolower capacity
credits, while the transmission of bulk amount of power ol@ng distances generally
increase thepower lossesas well aoperational and maintenance (O&Mpsts. Thus the
choice ofa technicallyefficient and economical approach fexporting the wind powerto
the ACgridis mainly determinedby the Offshore Wind Power Pla@®@WPP capacityand its
distancefrom shoreand canbe the principalexpenditureaffectingthe economics of the
system Currently, theHVAC and HVDIGGare thecommercial options for integrating OWPPs

to the gridandatypicalbreakeven distanceurveis shown irFigurel.1[101].

Station #
Cost LINES AND STATIONS
DC ‘| Break Even Distance
1
DG | AC 1
IConverter
Stations 1
|
A L go0km | 50km
Stations Overhead line | Submarine line
Transmission distance

Figurel.1: TypicalHVAC vs HVDCostBreakEven Distancéor Power Transmissian



1.1.1 HVAC

Currently, he HVAGransmission systemwith subseacabless the most commoschemefor
integrating OWP#®1to the grid[93]. The major advantage of this technologyjts simpleand
robust system desigrand protection that results inrelatively lowCapital and Operational
ExpensesGAPE & OPEXf adopted for relatively short offshore transmission distanaeg.(
less tharbOkm Figurel.1[101]).

In typical OWPParrangements, the @/TGs can beconnected to theOffshore Collector
Systen (OC$point at Medium Voltagedvel as is depicted iRigurel.2[102]. Inthe offshore
substationof an HVAQ Sthe transformerssteps-up the AC voltagéo higher levekfor power
transmission purposed.hus,wind power istransferredthrough HVAC subsea cablesan
onshore substationvhere it is interfaced to therid by power transformes that adjustthe
voltage levelusingtap changes. Depending on projeespecific characteristics of an HVAC
TS offshoreand/or onshoreshuntreactive power compensatioils employed in the form of

switched reactors, STATCObt SVCso limit voltage rise and improve efficienfy/13].

Wind turbines

Submarine Offshore  Inter-turbine
transmission line substation

Substation —( ),

GRID
OLTC
Zs¢ Offshore
@ compensation

BVC/STATCOM

—

Onshore Offshore
<compensation compensation

Figurel.2: Typical Layout of HVAC TS for Multiple OWF Integration to thel.Gri

However, the offshore HVAC TS is mainly limited by the charging current due to the high
capacitance of the submarine cables. Thus, for relatively longer distance$Qken), thee

is a reduction in transmission capacity and an increase in transmission losses. Besides, over
a certain distance, the increased capacitance of the HVAC cables may result in venydow
harmonic resonancefd 11]. Therefore additional equipment may need to be implemented

in order to enhance the stability and/or retain the overall system synchronisation under the
same frequency, since the HVAGand the onshore gd are synchronously coupled, and

faults or disturbances on one side of the network can directly affect the other



1.1.2 HVDC

The HVDC may be preferred over the HVAC transmission for integrating distant (e.g. >100km)
offshore renewable energyenerationto the grid, mainly because it is not limited by the vast
capacitive reactive power and the charging currents in submarine cgl#g§ Although the
thyristor-based LCEHVDC is a reliahlgoroven transmission system, there aretable
drawbacks associated with its use for OWP exploitation such as reactive power consumption
and loworder harmonic distortion, which requires auxiliary equipment (static syorobws

compensators, AC filters, capacitor banks, 0]

Offshore l
AC substation
fnﬂ >'4 \%‘ ’)
NS ).{ S

hpit

Onshore HVDC
converter station

S8y
PRI

Figurel.3: Typical layout of &tPHVDCT SIntegrating two Interconnected OWRs the grid, ABB

Technological advancés the current and voltage ratings eeEmiconductor switches (e.g.
IGBTs) animprovements inconvertercontrol systemsmade it possible to independently
regulate active and reactivgower exchange between the onshore grid and the offshore AC
collection point. The VS®Gave been made reliablend economicalfor integrating remote
OWEFs to the grids through HVDC linksreasing wind power penetration and leadimgny
T&Dequipmentmanufacturergo introducecommercially availabland practically regulated
VSEHVDC systeni425]. Also, developments in the converter valve technology allow higher
DC voltage levels usinthe Modular Multilevel Converters (MMCgan reduce the

transmission losses of the system and enable radial, ring or leéeiHVDGchemes

In principle, MMCs invodseverakeriesconnected haloridge submodules, based on IGBTs
that can turn on and off in a controlled manner at high switching frequency using a PWM
technique for each modul& hese converters can provide independent control of active and

reactive power, blaclktart and FRT capability. Depending on the number of modules utilised,



they can produce a nearly sinusoidal voltagied as a result, the filter size is reduced or even
eliminated. The switching frequency for each switch can be around 3 to 5 times that of the

AC line frequency, which leads to muotver switching losses.

However for the development of a meshed MTDC gtit flexible and safe operatioof the
systemmustbe guaranteed by an effective protection scheme that can isolate only specific
branches in cases of DC faults without interrupting the operation of the whole HVDC grid.
Hence, current zerarossingequivalentconditions must be created to force the inteption

of current whenevera DC fault occurs. The formation of such conditions relies on the
development of either a mature HVDC circuit breaker technology that can handle fault
situations and withstand the high voltage and current response of the netwaak efficient

MMC fault clearing control strategy through the fblidge submodules since they can
provide negative voltage. Both potential solutions can be technically challenging and
expensive, but the key contributor to the overall HYDC schemes ekpendre the offshore

HVDC platform costs.

HVDC TS
Step - Up

Transformer Offshore Onshore AC Grid
@_ converter converter
AC/DC DC/AC

Figurel.4: TypicalSchematiof a PtP HVDC TS for OWPP Integration toAl@Grid.

Thus the application othe HVDCT Sfor OWFintegration to the grid asshown inFigurel.4,
has the following conceptual and thedigal barriers and limitations:
U The need to place one V&¥DCconverter, including the corresponding sensitive
equipment on an offshor®Cplatform increase theCAPEdnd OPEX130].
i HWDCdrcuit Breakers (CB) arecomplexcomponentsand costlyto build [20].
U The space charge accumulation of the cable caused by the DC current during the
construction period and corrosion are always serious concerns for HYDC systems.
U Realsation of multi-terminal DOQMTDC)systems is principalchallenge Thus, wind
farm parkscommissioning must take place in stages; each one individually connected
to the nearest onBore substation point-to-point connections
U It is not still possible to achieve a fully-eadinated offshore DC grid. This happens
mainlybecauseDC circuit breatrs (CB) are not yet commercially applicable and extra
DC/DC converters should be used to interconnect DC links of different voltage levels

since it is not possible to change voltage levels in DC networks by transformers.



1.2 LFAC Transmission System

The lowfrequency AC is an interesting technology which has been developed and used for
several decades by the railway grid operated at frequencies of 50/3Hz, 16.7Hz, 20Hz, and
25Hz. The LFAC systems were introduced to solve a problem in finding an optimumalinivers
motor for traction applications and reducing the adverse effects of the reactance at BOHz.
recent years, though, this technology has become obsolete, thanks to advancements in the
field of power electronics which enabled compact building blocksmathtist and high power,
leading to mass production of power converters that could convert any AC frequency to DC
or even transform singlphase to multiplephases within the locomotive itself. Hence, some
railways have been converted to standard grid freacies, and onla few still follow the

path of LFAC. A possible trend in this industry might be that by the end of asset life, the
universal power supply on board of the locomotive that initially used LFAC, would be

adjusted to operate also on the regulgrid frequency.

The basic idea of the LFAC system is to use lower frequency to reduce the effective electrical
length of the AC transmission cable, thus increasing its transmission cafdwtprinciple

of LFAC can be viewed from therspective of its electrical length. Considering the electricity
transmission velocity equal to the speed of light, (300000 km/s), then the AC wavelength is
~1/3 of the corresponding LFAC wavelength. Thus, for the same range, the electrical length
shrinksthree times, increasing the transmission capacity improving system performance. By
establishing an offshore transmission system at approximately-toing@ of the grid
frequency, the charging current reduces accordingly for the same cable Ia{jBi§3][10].
Therefore, theoretically either the reach of the cable could be approximatebettimes
longer, or the capacity of the LFAC system can be as much as three times that of 50/60Hz
system[30-45] [49-53].

LFAC technology can provide an attractive solution not only for exporting power from large
and remote OWPPs but also for a potential offshore network development that could enable
the exchange of power among different grids. It could be realised as a wedbifshore
HVAC systemwith onshore frequency conversion schemasd thusremoving the need of

the bulk offshore HVDC platfosnThen,sea and landHVACcablescould beoperated at
lower frequencies, eliminating capacitive currents, reactive compensa#iod losses
compared to HVAC araercomingthe technical and operating constraints of HVDCtlfar

formation ofoffshore grig[7].



1.2.1 LFAC TS Conceptghe Literatire

1.2.1.1 LFAC for Power Transmission

LFAC was proposed as a potential power system transmission technology in 1994 by Xifan
and Xiuli Wag [54]. The authorspresenteda Fractional Frequency Transmission System
(FFTS)hat could reduce theACreactanceby operating at 50/3Hz, increasing the power
transfer capability of theAC systemand improving the operating performance of the
network. Computer simulation resulia papers [47] and[40], illustrated that the FFTS could

be apromisingtransmissiortechnology despite thelow efficiencyof the magnetic frequency

changershown inFigurel.5 whichhas becomebsolete mainly replaced by PE converters

50/3Hz 50/3Hz e e S0H
Hydro Transformer Transmission Line Frequency Utility
Generator Tripler Grid

Figurel.5: FirstSructure of FFT®ith a Magnetic Frequency Tripler

In 2000T. Funaki and. Matsuura studied the feasibility of LFA® interconnecting grids

that operate at different frequencies and voltage l&sagsing conventional AC XLPE catdes
avoid the high charging currents of HVAC or the space charge accumulation issue related to
HVD(53]. Smulation resultsshowedhigh performance opower flow control forthe LFAC
system Basedon this work,in 2002,the writers, together with R. Nakagawaassessedhe
possibility ofemployingcycloconverterdor frequency conversion bintroducinga novel
control systen [52]. However large filterswould benecessanat both ends to suppress low

order harmonics andadjust reactive powerwhile the need for improvement of its

transmission efficiency is mentioned46][49][50].

1.2.1.2 LFAC for Wind Power Integration

In 2009 the authors of45] and[41] suggestedhe useof LFAC'S forconnecting OWFs to
the grd. The differenttransmission tehnologies were comparefquivalentayoutsof, and
LFAC systeaemonstrated considerable advantagésmproved transmission capabilignd
reduced lossesompared to HVAQGwhile it decreasd Capexand maintenance costsver
HVDGCor a range of 3a.50km, extending the lifespan efibsea cables and eliminating the
need for WTG converters and offshore platforriisaddition, Xifan Wang &tl. in[44] and
[33]introduced a novel approadbr integrating remote onshor®/Fsinto the grid viea FFTS
usingthe thyristor-based cycloconverter technology, ssown Figurel.6, which hasalso

beenaddressedor OWP application many scientific papend.8][23][34][35][36][36][51].
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Figurel.6: Configuration of the LFATSutilising a Gyclo-Converter.

The majority othe relatedresearch suggeswariousLFAC systermrrangementsvhich are
connected at substations via cycloconvertersproviding economic connection and
synchronisation with the main @{6][10][12]. Cost reduction enabled witbycloconverters
can besubstantiain comparisorto HVYDC optionsut with manytechnical constraintssuch
asthe fixed frequency reductiorat 50/3Hz 060/3Hz[24]. Foroffshorepower transmission
at low frequency, subsea cables rafed50 or 60HDperationareemployedandcommercial
transformer desigrs for 50Hz or 60Hz are adoptedh systems that utilise low operaitj

frequency, typically 16 Hzor 20Hz to minimisefurther the system cosf11][13][14][18].

1.2.1.3 LFAC for Offshore Grid Formation

In 2012, W. Fischer et al. suggested the potential use of LFAC TS for the development of an
offshore grid withOWTGs generatingower straight at 16.7Hz and AC/AC cycloconverters
placedonshorefor frequency conversiofi30]. Simulationstudiesin which thecable was
modelledas 100 psections showed that the transmission distance at 16.7Hz could reach 300
to 400km. For tle same application, in 2015Hrlich et al., mentioned that lower installation
and operational costs could be achieved with LEA@smission o600MW up to a distance

of 400km by using a 245kV XPLE submarine §abMoreover, by upgrading the AC circuit
breaker technology, the required {b) reliability could be met for the offshore LFAC grid
formation. However, they implied that the onshore BtB converter configuration would need
further invegigation (full or hallbridge MMC, Matrix Converter, Cyatonverter, etc.)while

the transformers and shunt reactors operated at low frequency would be larger and heavier

Based on these studies, U. Behmann dndchiitte proposed LFAC to export wind pow
generation in the North Sea as depicted Figure 1.7 [123], for schemes with long
transmission distances in which the 50Hz AC system would not be ted¢ymiedle More
specifically, the offshore LFAC @& becreated by an onshore frequency converter,

converting the grid frequency to a low frequency, eliminating the need for offshore converter



platform which is a crucial contributor to HVDC schemes edip@re, and introducing a

competitive offshore transmission system up to a particular cable |ef&jih][7].
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Figurel.7: Hypothetical North Se&ri

Based on these studies, U. Behmann dndchitte proposed LFA@export wind power
generation in the North Seas depicted in Figure 1.7 [123], for schemes with long
transmission distanceis which the 50Hz AC system would not be technically viddte
specifically, the offshore LFAC @& becreated by an onshore frequency converter,
converting the grid frequency to a low frequency, eliminating heed for offshore converter
platform which is a crucial contributor to HVDC schemes expenditure, and introducing a

competitive offshore transmission system up to a particular cable lefajfh][7].

1.2.1.4 Advancements in Frequency Converasiml FAC Equipment

Latestadvancements in the field of power electronics halso made theVoltage Source
Gonverter (VSC) andodularMultilevel Gonverter (MMG Figurel.8 [107]) technology more
reliable and economical. Baté#-back (BtB) VSC or MMC arrangements located onshore
could be feasible for offshore wind farm (OWF) integration to the main grid using LFAC
transmission system (LFAC [2)LFAC submarine cables that are designed and optimised
for operation at low frequency and rated at 16.7Hz become available by the manufacturers
for subsea power transmission over long dista@&}[7]. Moreover, theoretical designs of
three-phase power transformersra proposed in the literature, that are intended for
operation at low frequency[5], while plenty of lowefrated singlephaseunit LFAC

transformers are commercialvailable by various manufacturers for rail applications.
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Figurel.8: TypicalDiagram of a DC tdhree-Phase AC MMC using Hafiridge SukModules.

Thus, the LFAC technology could be applied for @¥pgBrt over a specific distance range of
approximately 108100km(3], leading to efficient power transmission and interconnection
between the OWFs and the gridscould suggest an alternative pathway for cases that the
HVAC TS is not technically and economically feasible and aims at achiemioge a
straightforward technical solution than HVDC, without deploying a ftitgged offshore

HVDC converter station thadds to large platform topsides.

1.2.2 WF Collection Systems in LFAC TS Concepts

Many alternative mediurvoltage collection system technologies are proposed in the
literature forthe integration of wind power through the LFAC TS. The DC collection system
areproposed for onshore and offshore WF configuration®]f8][11][12][13][27]. The main
reason for a DC collection system with LFAC transmission is that the WTs towers would not
need larger, heavier, and costlier magnetic components (e.g-igepansformers) to output

their LFAC power. Hence, series and parallel DC WF conneatmrexaminedvhich are

integrated through either radial or meshed LFAC network arrangenjafis

In addition, a fractional frequency system (FFWPS) coneagintroduced in[38] and later

on investigated through simulation studies[B4]. This system eliminates the need of the

full-power converter in eaciVTGand can be beneficial for OWFs, due to the relatively small

wind velocity difference. The FFWPS operates\ariable frequency (VF) that is defined by

I R2edzadAy3 (GKS Oe Of 2tohe yodudd t5 tawind Rettzdity Jdrithath y NS |
more OWP could be captured. The frequency ranges from 12Hz to 19Hz in different research
papers depending othe applicaton, while in[1] a constant frequency (CF) operation is also
introduced at 50/3Hz, that simplifies the cycloconverter control. Of course, power losses are
caused bythe removal of the full converter, but the OWP can be exported with relatively

high efficiency, resulting in a potential future development that needs further research.



However, in several research works consider that the maturity level of the offshoik win
equipment could be quite satisfactory for the application of LFAC technd®EB][7][9].

Thus, individual OWTGs are interconnected to a medium voltage LFAC power collection
system in a typicaHVAC fashion e.g. at 66kV, adrigurel.9 [3]and their power is collected

at the OCS where the voltage is increased to the transmission levetdyy-apstransformer.

The power is then transferred to the grid utilising the LFAC transmission system.

Transformer
WT converter 3KV/66kV Collector grid
66 kV

AN 37 A G, S
<+
T —

8_/

Passive filter

(DD

Auxiliary system
Figurel.9: Type 4 OWT@ollection system arrangement for LFAC System

1.2.3 Frequency Selection

The selection of a specific low frequency level is a matter of immense importance for the
overall system design and operation. Most feasibility studies on LFAC transmission for
offshore wnd power systems result in the ugdition of 16.7Hz or 50/3Hz, mainly because of

the field-proven equipment that is developed by manufacturers for the rail industry. In
addition, five European countries, namely, Austria, Germany, Switzerland, Sweden and
Norway, standardS R 2y wmp | = | ypRasepACVQnI16 Octdben199%5, Austria,
{6AGT SNI YR FYR DSNXIye OKIFy3aSR FNRBRY pnanvoll
the AC grid frequency. Apparently, this has solved overheating problems of taey ro

converters used to supply some of this power from the §tizB].

A frequencysensitivity studybased on a Levelized Cost of Energy (L@&OBQerning
efficiency weightand costfor all vital wind farm components has been carried out by DNV
GL under the title ofPower Frequency Optimisation study for Offshore Wind Faftr0].
The study focuses dhe CAPEX, OPEariationsasafunction of frequency taleterminethe
optimalthat minimiseghe lifetime costf the WFs The outcomes of this studsuggest that

U A change infrequencyhasa substantial impact on theCOBf OWE Figurel.10a).

0 LFA®f10Hz20Hz provides an economically advantageous alternative to 50Hz AC and

HVDC solutions for edium/long-rangeexport distancesas shown irfrigurel.10b).

Consideringll frequency sensitivities, an optimal frequency with respect to cost is calculated

at~14Hz Asthisfrequency is marginally close to the standardised power frequency of 16.7Hz
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with an established industrial base for electric power apparatuses, a choiqeedditong at

16.7Hzcanbe the most fitfor-purpose to reduce development and qualification costs
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Figurel.10: LevelizedCost of Energys.a) Frequency for OWPand b)Distance fromShore for ONP.

Consequently, d determine a suitable lovirequency range for offshore powesystems
operation someadditionaltechnicaland operatingaspects mayeed tobe considereduch
as the power quality,technology readiness, stability aspecpwer losses,etc. [2]. For
optimal frequency selectionufther adjustmentsand limitationsmay beimposedby other
significant factorse.g. structuralsuch ashe equipment weight and sizén order to attain

the most economically and technically feasible solution

1.2.4 Frequency Conversion

Initial studies mentioned thenagnetic frequency changes the keyfrequency conversion
component in the FFI[40][42][54]. Thefrequency changesteppedup the frequency from
50/3Hz to 50Hz anfitd powerinto the grid as shown ifrigurel.5. At the time, itpresented
someadvantagesver the cycloconvertersegarding itssimpler structure, lowecost, and
more reliable operationalthough its lower efficiency and lack of flexibilityade this

technology obsoletdy technological advancements in power electronic devices

The cycloconverteris the most common system mentioned in the literatuier LFAC
conversion It convertsthree sets of thregphase AGroltagesto three sets ofsinglephase
LFACvoltagesthrough Line Commutated Converters (LC@&t work collaboratively to
generatethe three-phase LFAC outputs, eithesingthe sixpulse orthe more promisingn

terms of harmonicesponsdwelve-pulse cycloconverter configuratiqh7][38]. Its structure

is similatto a BB thyristorbased LCEIVDC systeid2][43][44][45], with the only difference
being thevarying DC bus voltage, according to a giveAGinusoidal referencgl2][34].

The cycloconvertercan regulate its voltage leveland phase anglat the output side by
adjusting itscontrol referencesHowever, the reactive power ats input side cannot be

controlled andis automatically adjusted according to the modulation index and the
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displacement factorof the output side [18][22][23]. Moreover, its output over input
frequency ratioaffects the power quality of the@roduced voltage waveform, whicmay
jeopardise the operation of aaffshore export systenthat comprisedong cables and low
order resonance$7]. Sincethe input side is theoffshore systenat 16.7Hz increasedsize
equipmentor FACTS devicesuldbe requiredto mitigate these effectseven in the case of
atwelve-pulse convertel6]. Studies of a robust model for the six pulse cycloconveder
OWF integration together with an advanced timdéomain simulation method were
presented in35][36]. The situatiorcanimproveif Thyristors are replaced Wy TOs otGCTs
for higher power ratinggstead as shown irFigurel.11[70], but the compromise between

efficiency, power qualitysophisticatedcontrol andthe overall cost should be investigated

15 MW Standard converter ABB
Typical single line diagram

20 kV, 50 Hz Container

Network side 7 Hz

16.
50 Hz 2 x 3-ph 4 x single phase

transformer
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Figurel.11: Single Line Diagram of @nverter Sation (IGCT) foRail Application.

Nowadays, such advanced frequency cycloconverters transfer electricity between national

and railway grids. Several 15MW frequency convertershasvn inFigurel.11, have been

employed to supply power to the Swiss Lotschberg tunnel railway systbaitelarger power

classesare consideredin the future, with the mostprominent planbeinga 413MW IGCT

based cycloconverter station for E.ON in GermasysatedintheAB Qa GwS @A Sgé¢ R20
[70], by using theestatic frequency convertershe interconnection of ainglephaseand a
three-phasegrid can bemore demanding thamterconnectingwo three-phase gridswhich

is the casen offshoretransmission systemé#\ principal reason is that the powes basically

constantin a threephase systemwhereas inthe singlephaserailway grid it oscillates at

twice the operating frequency with the oscillations beingdamped by tuned filters.

12



Furthernore, this static converteris able toresynchronge effectively with the rest of the
railway system following grid disturbance, whiclcould resemblethe clearance of grid-

side event during thenergisation proceduref the offshore LFAC TS.

Another innovative cycloconvertetbased technology is the Modular-Multi-Level Matrix
Gonverter (MMMX@ [25][26] that employsH-bridge submoduleso overcorre the voltage
andfrequency constraintdt can be a copact solution in terms of size and weightjt the
large number of submodules requirefibr high power functiorintroduces complexcontrol
strategies The fact that itan regulateactive and reactive power separatelypd improvethe
a @ a ( ®wWeR gualityis significant though, the lack of DC sidaggravatests LVRT and
protection capabilityexposingooth the AC and the LFAC sideslisturbancesccurringin

either of them.

The Hexverters are hexagonal AC/AC MMCssinglH-bridge submodules, which can be
used for highpower and highvoltage ratings.n [56], the hexverter is utilised for subsea
power transmission through 16Hz LFAGnwk comprising a 20MW OWF at 132kV, a 5SMW
induction motor that drives pumps and compressors for oil extraction and 5SMW general
purpose load. The converter achieves power regulation and neegrthe zeresequence
circulating currents using a novel optimi®n technique though, further investigation of

this concept is needed against system disturbances and for higher power order applications.

Backto-back(BtB)VSC or MMC arrangemesibcated onshore can be feasitfor integrating
OWPP$o the maingrid by LFAC T@@oviding independent active and reactive power control
[2][7]. Thesearrangemens can still decouple the input and output side voltages due to its
DClink and at the same timeliminate the chance of a DC bus short circuit fault, but even if
a fault like this occurs, both the Adhd LFAC side circuit breakers can isolate the faulted
terminal. For such &asein a multiterminal meshed arrangementther healthy terminals

would ke able to transfer power from the interconnected wind farms to the onshore[dtid

Finally,severalfrequency conversiomlevicesare notedin the literature which have been
used inother industries but their operation may not suitable for an LFAC Jigh as the
rotary convertes and transformeis [74][97]. The rotary converteiis a motor-generator
couplethat convertsl6.7Hz to 50Hz to feed a loadd has beemsed for powetransfer to
railways and subsea systems in thamdlustry, whilethe rotary transformeicanallow power

exchangeamongnon-synchronous gridby adjustinghe frequencyand ande [31][32].
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1.2.5 LFAC TBenefits

Potential cost benefits of using the LFAC technology for OWP exploitation are mentioned in
the literature where it is estimated that the LFAC TS could bridge the gap between short
offshore transmission distances where the 50Hz HVAC is more feasible ahdionger
distances where HVDC is the most eefféctive solutior1-4, 7] This point is also made by
economic feasibility studies, comparing CAPEX and OPEX among HVAC, LFAC and HVDC
technologies for pointo-point, radialconnections of OWFs to the giit26]. However, the
potentials of LFAC technology regarding reliability and power transfer flexibility can be
significant if meshedetwork arrangements and interconnections among offshore projects
and onshore grids are considered, where at the moment HVAC is not praatidaMTDC
technology is not mature, due to complexity and lack of reliable and-fiedgen related

protection equpment such as HVDC circuit breakigtg|.

Below, someémportant points are presentedhat constituteLFAC a potential candidate for

future power transmission in offshore wind applicatiooger the competitive HVAC and

HVDC technologies

i In an OWPPHVAC export system, theapital andoperating coss significantlyupsurge
over a certain distance ranges the charging currentsf the cablerise. The CAPEX is
affected as the reactive compensatisaquirements increase, unlikim an equivalent
LFAC T#&herethese needs can be loweue to the lower cable charging currerdasd
due to the capability of the onshore frequency convertelspendingon the type of the
adopted frequency converter technolog@PEX is affected mainby the transmission
losses irsubseacableswhere a considerable part of #sseare due to reactiveurrents
[126]. By using LFAC, the reactive power production in the transmissgaliumsislower,
and the losses caused by the skin effaceé minimised allowingmore active power
transferthroughthe samecables.

0 Inan OWPP HVDC export systemigaificantpart of its CAPEX is relatamthe offshore
HVDC platform whicim [140]isassumedive timespricierthan an HVAC equivaler8uch
a platform is absent in the LFACsIrge the frequencygonverters are placed at the same
onshore location without beingexposed toenvironmental stresses and provng easy
access folO&M. Thusthe corresponding OPEX also reducedwhich may be further
improved byfuture technologcal advancements iAC/AC multilevel convertef8].

U Cost benefits for OWP industry malsoarise if offshore projects are seen from a more

holisticperspective instead of the typicadtPOWPRonnectiorsto the grid.Obtainability
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of highpower LFACGCBsand proven protection systemsan allow fast detection and
clearance of faults and guarantee the security of the supply. As a consequence, flexibility
and reliability can ban advantagdor LFAC technology larger scale, interconnected
offshore wind projectsare consideredwhere MTDC mightmit the potentials andbe

more challenging to appl{80]. Thus, the cost and technology readiness lewaly be
sufficiently in favour ofthe LFAC technology for large OWP projects with multiple
connections. Generally, a meshddT-LFAC offshore grid, in comparison with a
correspondingTDC grid, could be a ledsatlenging and more realistic solutidhat can

be mostlyrealised byemployingcurrently availableequipment[29].

Therefore the OWPPsinitially planned and instldd as separate projectscould be
interconnected to offshore mulierminal, meshed arrangementas shown ifrigurel.12b),
similar to the onshore AC gridsFAC submarine cables can be connected with one or more
offshore LFAC platforms where tCS mediunaoltage is transformed to a suitable voltage
level forlong-distance transmissiof8][30]. Also,vastOWFsould be split into smier blocks
allowing their construction in sequences andffering high power transfer flexibility
compared toa single HVDC platfornasin Figurel.12a), where a potential single point of

failure in an HVD@nk could make the whole wind farm unavailapdé.
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However most economic analysisstudies that have been performed in the literature
regardingthe feasibility of theoffshore transmission systems do not consider the potestial
of networks broadetthan the typical radial connections for OWP export. As a rehelt, FAC
TSis evaluated in a comparison field for PtP topolodiest has been develogd for its
commercially available competitive technologies and in which HVAC has limited but well

established range, while HVDC excels in the higher range for the corresponding applications.

1.2.6 LFAC TBsues

There arestill some challenges associated with theerationof LFACQ Swithin the offshore
distance rangeof its probable application. The most obviousare the increased sizeand
weight of specific system components.g. transformes, indudors, etc, the THDdue to
converter switchingoperation orthe harmonicstabilityissuesdue tothe resonance of the
system and theybasicallydepend onthe topologyof the systemthe equipment ratingand
the adoptedconverter technology?][3][4][37].

As the core crossection area of thepower transformers and shunt reactor®r their
windings should be increasedo achieve the same flux density LFAC as inlassicAC
operation they shallget bigger in volume andnass[5]. Additionally, DFIG based wind
turbines would needa considerably larger and heavier induction generdi®][28][30],
while the adaptation of the existing fyllrated converterWTGs(Type 4)would nesd
adjustments only fothe relatedinverter componentsvhichinvolveDC capacitors, converter
reactorsand low-pass filters Theinterface transformersvould need tobe redesignedor
either of these WTG technologie§120]. Regarding the auxiliary systems, they could be
designedfor lower frequeny operation or the same 50Hz components might be used if

power could be supplied tloughan extral6.7/50Hzconverteraccording td3].

In addition, the overall system performance and its dynamic behawaur be severely
affected by thedynamicimpedanceof the system[7]. A low resonan frequency may
introduce the necessity ofery lossydampingharmonicfilters, to avoidlow-order harmonic
stability issues[2]. Such issues may arise in an LFAC TS depending on its design, the
implementedconverter technologes, the control arrangements and tuning, as well as the
effectiveness of any harmonmitigation measuresSystem disturbancegould also cause
control interactions with loworder resonance, excite harmonics andeopardise the
harmonicand dynamictability of the systenresulting in damaginthe convertervalvesor

disconnectiig from the grid
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Findingsfrom the researchconductedin [60-64] provide insights fothe impedancebased
stability ofPtP LFAC TS arrangenmshployingagrid-formingtwo-level VSE These studies
haveidentified that by analysinthe LFAC Ti&ipedance measurementpotential highorder
harmonic instabilitiescan be predicted, andesults of certain casebave beenverified
through scaled hardware experimegtion. In these cases, the system impedance is mainly
dominated by the griforming converter control system for lower frequencies and by its LCL
filter for higher frequenciesThese results indicate that there is a relationship between the
system impedance chacteristics and the designated converter technology, the type of the
applied gridforming control system, as well as the converter filter desigowever,other
arrangementsmay result in differentsystem impedance profile that would embrace
particular mitigation measuresA natural progression of this womkould beto conduct a
more detailed EMT analysis for the offshore LFA@ndMvestigate its dynamic response,

FRT ability and stability characteristics under various system operating configurations.

Sirce the main goal ahost studies in the literaturevasto determinethe techneeconomic
feasibility of the LFAC T&nd the operating characteristics of thifequency converter
arrangements, ery little research has been conducted regarding shebility aspects of the
LFAC T# [57], asixbus LFAC TS wibverHead Transmission LisgOHTLsconnected to
a cycloconverter has been assessadd its eigenalue analysis showed thdhe lower
reactance of th@OHTLslue to thelower operatingfrequency the better the system voltage
regulation improving thesystenQ stability and power transfer capabilitypn the contrary
an offshoreFFTSassessmentsinga subsea export cable connected to a cycloconverter
showed that the loweresistivedamping of the cable due tow frequency reducgstability
[58]. Finally [59] performs a fault analysia an LFAGystem thatesultsin high fault currents
asthe frequency converter and the OVéFe representedby ideal voltage sources dogas

swing buss, whilethe dynamiclimitations of the systemare notconsidered

Consideringall this evidence, it seems thadeveral questions remain to be answered
regarding the technical feasibilityoperationand compliance ofracticalPtPor MT-LFAC TS
configurations with the required operating and connection standasfisnodern power
systems There are many relatively unspecified aspects about in@lementation of
appropriate control strategies, the necessary control and protection coordinatios,
dynamic performance and stabiligf the systemthe related active/reactive power, LVRT
and RT capability of the schemes, as well asuhigue potential formation of an islanded

offshore LFAC networkjnctioningtotally among power converters.
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1.3 Scope of the Thesis

1.3.1 ResearciMotivation

The offshore market continuously grows with forecasts indiggtthat the globalOWP
capacity could reach between 154GW and 193GW by @BE0A greater initiative that could
expand the market availability for the LFAC technolmgy bring gnificant benefits for the
OWP industry shall come by the prospective meshed offshore nktdevelopments that
would enable the exchange of power among offshore projects and different. grios
concept of offshoregrids could serve the purpose of integrating distant OWPPs and
interconnecting AC grids, for balancing the power flow, enablingradteze power routes,
international trade etc Still offshore projectsshall beseen from a more holistic viewpoint,
than the radial OWF connections to the gri&ither if it is tradedriven or trade
unconstrained, the various technical challenges assediatith the formation of offshore
transmission systems should be addressed and solved. Inastmttext, the offshore LFAC
TS technology can be consideiEsla serious candidaté primary task might be to adopt an
approach of buildingnetworksthat would either evolve from currently existirgystemsor
organically grow with time from a single initial stage to fully functional integrated networks

with minimum modifications from the perspective of both control and infrastructure.

In reviewingthe literature, LFAC technology could be assumed as an attractive transmission
solution Having atheoretical competitive edge over the HVAC and HVD@rT&xporting

power from large and remote OWPPs within a specific distance rangegf80250km.

Penty of academic effort has been devoted itovestigating thedesignof alternative and
inexpensivdrequency conversiorquipmentanddevelopingoffshoreLFAC T&hemes that

would introduce amore economicalsolution with reduced footprint Up to thispoint, the

only reattime applications of LFAC system involve the supply of passive LFAC load networks
in the Rail and Oil & Gas industriéesides thepromptingsregardingthe efficiencyof the

LFAC T®r mediumdistancerangeintegration ofOWPPs no offshore power transmission

application has been commissioned or planned to utiliseltfidGechnology

Thus, there has been no prior operational experience of LFAC in other applications that would
correspond to a similascale ¢ power exchange between the LFAC and AC systems or fulfil
analogous requirements to an offshore T8&efield-provenHVAC and HVDKS solutionare

the preferred paths for the T&D vendorsg®WP industry and the investors for the whole

offshore distanceange and the differenhetwork types(e.g. radiabr meshed) mainlydue
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to their high ndustrial readinesdevel CN2Y G KS YI ydzfFl O dzNBNE Q LIS
technology for offshore transmission could be considered as "new", because there is a
shortage in testing standards and prior LFAC equipment manufacturing experience of the
expected size and ratings, even for key system components such as the power transformers,

inductors, CBs, etc.

Among the various project investors and stakeholders, taggy can be precipitated
regarding the LFAC technology readiness level for transmission purposes. Even if an
economic feasibility evaluation of the LFAC TS scheme assures its efficiency in theory, it may
be argued that certain implications could emergpon operation that would render its
practical implementation difficult. Hence, this ambiguity that the LFAC TS may encounter
some unforeseen pitfalls jeopardising its technical feasibility and compliance with the

demanding modern grid codes shall be tackthrough research and development.

Furthermore the continuous gridransformationwith increasng RE®enetration and the
concurrent displacement of Synchronous Generation (SG), decreases the available inertia,
the Short Circuit Capacity (SCC) and thesstrength of the AGystens. This leadseveral
TSQ@to employstricter integration rules for the power converter interfaced generation that
can even challenge the compliance capability of OWP prajsitgthe established HVAG
HVDCtechnology Also, sme offshore installationshave already encountereddifficulties

with, e.g.resonancessueq138][139], lack of suitable condition monitoring systems in the
market for HVYDC cablinks [137], even OWP outages due tagrid faults [136], that may

render such systems vulnerable and challenge investment confidence @WHaindustry.

From the above, itsinferredthat y& Sy @A al ISR aySgé¢ 3ANRR AydS
technology shaltlemonstrate not only technicalnd economic feasibility but also ensure safe

and efficient power transfer in compliance with the modern grid integration rubespite

the identified theoreticabdgeof a potential offshore LFAC TSgower transfer ovespecific

distance ranges anfbr variousconfigurationsthe technical benefits of this technologall

be effectively communicated throughurther investigation and analysin the presentor

future power systems framePractical salitions shall be achieved that will bbased on

realistic configurations with equipment designs aogerating approaches closer to the
established industry practic&hus interaction with the industry has been continuodisring

the course othis researctor acquiringinformation regardingsomekey LFAC components,

such as thesubmarineLFAC cables and transformers.
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1.3.2 Thesis Objectives
This industrial PhD Thesis aimsdsult inrealisticand feasible LFAC sches for PtP and MT
offshore power transmission networks, ligentifying and resolving specific technical and
operating challenges that emergedby evaluating their performance, so that they could be
materialised by the industry in a quite ordinary fashion and comply with typical TSO grid code
requirements. The base to pursuit @atonomicaloffshore transmission solutioas well,
competitiveto the HYAC and HVGr a certain distance range (1€@0km) has been:
U Toexportthe full power output ofeachOWPP through a single High Voltage LFAC cable
supplied by a manufacturer (Nexanshus, the minimum number of cables araployed,
and power is trasmitted bymaximising the power transfer throughem.
0 To implement any necessary passive mitigation and compensating equipment in the
onshore frequency converter substations and avoid if technically possible the installation
of additional components on #hoffshore LFAC platforms which would further increase

their size, weight, cost and total footprint.

Thus, brthe LFAC T&rangementsallthe main equipmenparametersare suitablyadapted

for HighVoltage LFAC operation based on industry practices and the literature. Practical and
straightforward offshore LFAC T®nfigurationsare produced and accordingly rated to
effectively export the nominal capacity of the OWPPs to the grid through PtP arramgem

or interconnect different OWFamong them and tdlifferent grids in multterminal, meshed
configurationsTheoperating performance of thdesignated schemdsassessed taentify

any probable challengesthat may emergethrough this processand implement practical

solutionstowardsthe exploitationof thisinnovativeoffshore transmissiotechnology

More specifically,tie technical feasibility dhe different LFAC TS arrangements for various

cable lengths is assessed througimprehensive engineering studies to optimise the system
performance characteristics, its transmission capabdind identify probable limitations.

Detailed LFAC T®odelsare developedn DigSilent PowerFactory and PSEADTDCwith

an accurate represerdtion of the subseaexport cables, the LFAC transformerghe power

converter modules othe OWPRequivalent systems and the onshore frequency converters

with their control systems designed and explicitly tuned according to specified requirements

for the corresponding offshore transmissicapplication Theconductedstudies comprise
steadystate, frequency and timelomain simulationgor various operating conditionand

different transient and fault eventim the AC and LFAC sidésKk S a2 aiSYQa Reyl YA

and low order harmonic stability are evaluatadainsttypical performance requirements
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1.4 Thesis Contributions

The findingf this Industrial PhD Thesmake several contributions to thetate-of-the-art
and provide a basis fondustrial exploitation of the offshore LFAC TS technoldggovelty

has been to introduce:

x The formation of realistic and feasible offshore LFAC TS schemes, rated for exporting the
nominal capacity of OWPPs and equipped vetimponentsexplicitly adapted for LFAC

operation, based on standard industry practices. The key ISaquipment comprises:
1) The LFAC submarine cableith parameters obtained by a cable manufacturer.

2) The LFAC power transformers for which certain desgfimateswere investigated
considering practical aspects like transport (size and weight) restrictions and
impedance levels, following standard industry methods and assumptions, and

introducing a tradeoff among weight and losses.

3) The BtB frequency MMCs with HBSMaeiforssizingand WTG VSCs ag for LFAC.

x The LFAC TS resonance investigation in the frequency domain, by utilising the most
accurate FDPM subsea cable representatmmevaluate the impact of its length to the
total isolated LFAC TS. Also, the efféetttthe added branches of MT schemes have on
the dynamic impedance of the LFAC TS has not bddressedbefore. Based on this
analysis, passive harmofittering combinations with minimal losses are designed to

mitigate low-order resonances.

x Optimised ofshore PtP and MLFAC TS layouts for minimum active power losses
(maximising the power transfer through the cable), and minimum shunt compensation
placed only at the onshore sid€his is achievethrougha detailedSteadyState analysis
of cases with dféerent cable lengths that may employ passive harmonic filtering, or not.

Thus, the advocated fundamental conditions docomplishthe Thesis' objectives are

established. This process alswesults in implementing suitableonverter control
strategieghat improve stability and increase the power transfer efficiency of the scheme,
such as théACVC/DCVC modier the OWTG invertersandthe APC/ACV@&ode for the
onshore LFAC side gifiollowing MMCthat isaddedin MT arrangemerg Studies assure
compliance with the equipment loading limits and the network operating standards
steadystate conditions. The feasibility of the LFAC TS, as well as its competitive edge over
the HVAC and HVDC technologies for establishing certairoodfstetworks, i<larified

throughanavailability assessmestown inAPPENDIR
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x Effective coordination of the designated control strategies, together with practical
mitigation measures and system enhancements for a PtReaed anMT-LFAQ'S so that
compliance with typical grid code requirements and equipment capability limits is

demonstrated Compliance is accomplishby:

1) Eliminating the impact of the resonance on the THD and thedmler harmonic
stability of the system. It is shown that its impact is primarily affected by the type of
islanded control mode applied on the onshoradgforming MMC terminal and its
tuning. It can be mitigated by enhancing the islanded controller with a high bandwidth

ICC or by applying passive damping filtering equipment, or a combination of both.

2) Improving the fault handling ability of th&ystem to contain the fault currents within
limits, support voltage recovery and ensure appropriate system response in the LFAC,
the DC and AC sides. The FRT capability of the feasible LFAC TS schemes is examined
against faults in the offshore LFAC and &t grids, while appropriate enhancements
are adopted, and potential risks are addressed in case of uncoordinated control and

protection operation

15 ! dZGK2NDRA& t dzoft AOF GA2Y &

C A.CanelhasS. Karamitsos, U. Axelsson and E. Olseh 6w frequency power colleor
alternative system for long cable offshore wind generationllth IET International

Conference on AC and DC Power Transmission, Birmingham, 201%.pp. 1

Abstract: This paper aims at presenting further results of engineering studies undertaken to
acess relevant aspects to design and implement Low Frequency AC Power Transmission
systems (LFAC) associated with lasgale, above 1,000 MW, offshore wind power
generation distant 200 km or more from the shoreline. This technology was proposed in 2010,
to evacuate wind power generation in the North Sea, for schemes with long transmission
distances, for which 50 Hz AC systems are not technically viable. In addition, the application
of this technology aims at achieving a simpler technical solution than deglfwly-fledged
offshore HVDC converter stations proven to lead to large platform topsides. The use of simpler
AC hubssalso proposed comprising a limited number of array cables connected to them such
that the AC LFAC cables can concentrate the pawer these AC hubs and export it to the

shore at low frequency.
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C A. CanelhasS. KaramitsosU. Axelsson and E. Olsehptv Frequency AC Transmission

on Large Scale Offshore Wind Power Plangschieving the Best from Two Worlds?ii

13th Windintegration WorkshopBerlin, pp. 17, Nov. 2014.
Abstract¢ 2 R+ & (GKS Yl 22NAXiGeé 27F f ¢180BwWandmdreédhah y R NB
100km from the onshore connection point) are planned with HVDC solutions in mind. This

paper gives a presentation thfe opportunity to use LFAC systems for these {acgéeOWFs

1.6 Thesis Outline

The Industrial PhD Thesis is organised as follows

A In Chapter 2the main equipment adopted for the offshore LFAC TS is desciedhe
necessanadaptations foroperating inLFAGystemsare discussedwhile the impact of
LFAC onth® 2 Y LJ2 ydBsifyi @an@erformancecharacteristicss alsoreviewed.

A In Chapter 3the envisaged®tP and meshed MIFAC TS topologies are designatbe
related equpment rating isestablished, andts parameters are specifieith detail

A InChapter 4 the system is assessed in frequedoymnain for harmonic impedance issues.
Frequencyscan studies are performed for various cable lengthageess thdnarmonic
impedance and potentidbw-order resonancs that could negatively affect stabilityf
the system cause converter control interactions damagethe equipment. Passive
mitigation measures are proposed ceasethe adverse harmonic impact on the system.

A InChapter 5the LFAC TS arrangements for several cable lengths are modelled in steady
state. Poweiflow cases are studied to calibrate the operating conditiohshe system
(e.g.reactive poweicompensation, control strategies, etc.) and define acceptable steady
state operation for each scenario. The availability of treduced LFAC TS cases is
assessed andompared with the other offshore TS technologie&\PPENDIR

A In Chapter 6 the LFAC TS components aneplicitly modelled in timedomain, the
requirements for thevariousconverters control systems aréefined andthe respective
regulators aretuned though general optimisationalgorithms and evaluated through
Transfer Functiomnalysis irtime and frequency domain

A In Chapter 7 detailed EMT simulation studies are conducted to evaluate the LFAC TS
dynamic performance facharacteristiccases. Adversegpformance issues are alleviated
by employing mitigation measuress addressed in the previous chaptess by control
and protectioncoordinationstrategies The stability and FRT capabitifythe systermare
demonstrated againgitynamic events anthults in the LFAC as well as in thesfdg

A InChapter 8 conclusionsind contributions are discussed, afuther-work is suggested.
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Chapter 21.FAC TS Equipment Overview

2.1 Introduction

In this chapter, some assumptions and constraints for tesigh and selection of LFAC
transmission equipment are described, based on theoretical background and industrial
practice. The related equipment should be employed with the aim to form affatiged
offshore LFAC grid solution, able to Interconnect difife grid systems and transfer power
from big and distant OWFs. Thus, the design considerations for the main system components

and the impact of the selected equipment on the offshore LFAC TS feasibility are discussed.

Currently, there is no clear diffenéiation between the LFAC and regular AC (50Hz or 60HZz)
equipment or system standards and the international electrical and mechanical standards
applicable to electrical apparatus, might also cover the LFAC systems. Hence, bodies such as
the IEC, ANSI/IEEESOstandards etc. could constitute a reference even for the LFAC

systems, while some CIGRE recommendations and guidelines could even be applicable.

In addition, most of the commercial LFAC equipment aims at the track and rail market in the
transportation segment, with the vast amount of such applications located in Europe and
North America, while few LFAC submarine power distribution systems canubd for
extracting oil and gas from the seabed. However, there is a broad industrial base that ranges
from T&D power equipment suppliers (e.g. ABB, Alstom, Bombardier, GE, Siemens, etc.) to
small system components vendors and system integrators that havelaped some LFAC

products, including transformers, frequency converters and industrial drives.

The offshore LFAC TS in this Industrial PhD Thesis is envisaged as a subset of Power
Transmission and Distribution (T&D) applications and the potential supgdhr providing

the corresponding equipment would be the T&D manufacturers. Hence, interaction with the
industry has been a continuous process throughout this research, resulting in specifying the
key LFAC components design, such as the subsea LFACarabtbe power transformers.

Design estimates of these components are produced according to general industry practices,
while other main system elements such as the WTGs the frequency converters, switchgears,
damping filter capacitors, circuit breakeesd¢. are reviewed. The approach has been to adopt
robust, feasible and straigfiorward solutions for a nominal operating system frequency of
16.7Hz based on techmreconomic feasibility assessmerit?20][126] and prior industrial

experiencg?70].
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2.2 Submarine Export Cables and Reactors

2.2.1 Technical Benefits of LFAC for Cables

The main objective in conceiving the LFAC system is to utilise cables at lower frequencies and
overcome the excessive requiremt of HVAC for reactive power compensation in case of
offshore longdistance transmission. The lower operating frequency contributes to a low
charging current that does not compromise cable thermal ratings up to a certain degree and

could make LFAC systsrfeasible for offshore londistance and bulk power transmission.

Thus, the subsea export cable is the key component for the feasibility of LFAC technology as
an offshore power transmission systeand its power transfer capability is also the principal
factor to determine the transmission voltage level of the LFAC TS. Moving to higher offshore
transmission AC voltage levels gives the advantage of higher power transfer per conductor
crosssection and enables manufacturers to assemble longer cables withceeduaost.
However, a rise in either the operating voltage or the length of a cable increases the charging
current creating a need for larger compensating reactors. The LFAC operation significantly
reduces the capacitive reactive power effect of the calylgtesm that can limit the voltage

level selection, while compensating inductors can be sized lower in comparison with HVAC.

Assuming that the transmission voltage level can be optimal when it enables maximal power
transfer capability through the cable, thehe LFAXLPE submarine export cable system
shall be rated in the region of the maximum allowable AC voltages for equipment on the
offshore platform. However, cable dimensioning shall be in line to obtain LFAC cable design
characteristics and electricgiarameters by means of industrial cable technology, already

used by the manufacturers.

Thus, the two different voltage levels of 230kV and 345kV have been considered as the
technical basis for designing the HV LFAC export cable system used in thifstediprt

has been made together with a cableanufacturer (NEXANS) to obtdle most suitable

cable solutions, also taking into account results of recent research and development in this
field. Threecore, submarine, XLPE cables are considered usingreiluminium (Al) or
Copper (Cu) conductors of relatively moderate cresstion areas of 1200mhi600mnt
adapted to 16.7Hz for offshore LFAC transmission purposes. Below the technical benefits of
the LFAC technology in comparison with HVACdiseussed in terms of power losses,
charging currents, reactive compensation and voltage levels, by examining actinee

1200mnt Cu export cable for 50Hz and 16.7Hz operating frequencies:
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2.2.1.1. Cable Losses

In steadystate, the maximum loadability of a subsea cabladstlylimited by the maimum
temperature of the insulating material§hus, thelower the losses in the cabléhe higher
its loading can beFigure2.1 shows the power lossds a 1900mm? export cableat 230kV
and a 140hm? Al cable at 345k\or 50Hz and 16.7Hz operating frequencias measured
by NEXANE]. The higher operating voltagkeads tolower cable losseswhile the losses
produced at LFA@re closer to the DC losses for the same cable tyfiés means that the

same cable can be utilised for higher power transfer following a transition from 50 to 16.7Hz.

Export Cable Losses

245 kV 1900 mm2 Al 345 kV 1400 mm2 Al
200 (Q\

E
E] Armour

W sheath
100 m Conductor
) I I
0
0.1Hz 50Hz 0.1Hz

50 Hz 16.7 Hz 16.7 Hz

Dielectric

1477 [A] 1067[A]

Figure2.1: HVACAI Export Cable Losses 50Hz, 16.7Hz anBCfor: a) 230kV-1900mn#, b) 345k\A1400mn?.

InFigure2.1, frequencydependent power losses can occur in various parts of the ¢ahle

a) In the conductorConductor losses depend on the electrical resistivity of the conductor
that consists of the DC as wels the frequencydependent resistivity due to the
proximity and skin effect. This explains the reduction of conductor losses in LFAC.

b) In the lead sheath andhé armour:Subsea cables are designed with screens and
amours that are made of magnetic materials and can experience induction effects due
to the alternating currents in the conductors. Thus, frequedependent circulating
and eddy currents are inducedtime leadsheath and the screen of the cables, causing
losses which are significantly reduced at 16.7Hz.

¢) In the insulation:Dielectric losses are also related to frequency, although their
contribution to the total cable losses is minimal.

Thus, by using BEat 16.7Hz, the total resistance is closer to the DC resistance, and the
amount of transmitted power can increase, or lower cable csEsgion could be adopted,
reducing the cost. Another important outcome thfe measurements performed othese
submarire cables by the manufacturer (NEXANS) that the cable resistance at 16.7Hz is

nearly independent on current, in contrast with 50Hz whigdightly increases with current.
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2.2.1.2 Reactive Current, Compensation and Loading

The main advantage of the LFAC powarat technology compared with HVAC is the lower
reactive power produced by the cable system at low frequencies, as the charging currents
depend both on operating frequency and cable length. This way, cables that are rated and
normally operated at converdnal AC can further increase their capacity when operated at

a lower frequency. Reactive power management is also essential for optimal utilization of
the export cable transmission capability that is achieved when the current flowing through it
is distributed as equally as possible. Theoretically, lower rated cable shunt reactors are
needed at 16.7Hz. Though, to eliminate the impact of the reactor space on the cost of the

LFAC offshore platform, dynamic MVAr from the OWTGs may be utilised if necesdary, tha

inFigure22l NB RNI gy & | aFAOQGAGA2dza¢ aKdzyd NBI Of

LFAC 16.7 Hz
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Figure2.2: LFAC Cable System and Potential Compensation Scheme.

Figure2.3a) shows a comparison in transmission capacity for the same-ttoee Cu cable

at 50Hz and 16.7Hz at 230&wcording to the manufacturer (NEXANShceboth the power

losses and charging currents are lower in LFAC operation, the transmission lengths can be
significantly extended at higher power ratingjsall cases, the reactive power becomes more
dominant over a certain length and the power curves dec@lgough, LFAC operation
improves this figure drastically, while the mpdint compensatiorhas smalleimpact on the
transmission length at 16.7Hz compared to 50Hz, which also suits offshore applications. In
Figure2.3b), the 345kV LFAC system can transfer 250MW more than the 230kV equivalent

Although losses are similar for 200km transmission ~7%, they almost double for 300km.
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Figure2.3: Export Cable Transmission Capacity, for various reactive compensation schemes: a) 230 kV at 50Hz
and 16.7Hz (left) and b) 345kV at 16.7Hz (Right).
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2.2.2 Submarine LFAC Export Cable Designs
There should be no significant difference in cable design, whether it is intended to be
operated at 50Hz or 16.7Hz and therefore one of the most-ddstng components of this
offshore transmission system can be based solely on-kmelvn and fieldproven
technology. Subsea cables rated at 50Hz or 60Hz have been used for system studies in
applications that utilise low operating frequency, typically 16.7Hz or 20Hz. However, more
realistic outcomes can be produced for the feasibility of the LFAC TS Htahleanain export
cables of the investigated schemes are represented by frequeptignised parameters. This
work employs practical submarine LFAC cables for-Voyhge offshore transmission
applications that have been providéy the manufacturer. Théwo cable designs at 16.7Hz
that have become available for this study are:

1. XLPE 230kV 3x1x1600 mhCu

2. XLPE 345kV 3x1x1400 mfAl
As shown irFigure2.4, both LFAC cables are built with multicore structures containing three
main phase conductors with a tripkxtruded XLPE insulation system, metallic screen/water
barrier, and protective polyethylene (PE) sheath. The cores are bundled with profiled
extruded High Density (HD) fillers with one, two or three submarine Fibre Optical (FO)

elements incorporated for power communication and temperature monitoring purposes.

ITEMY DESCRIFTION

1 | conoucTor, comer wikes w. waTER BLOCKING

2 | CONDUCTOR SCREEN, SEMICOND, XU7E
3 | insuLAnoN, nre

4| msuLamion sceeen, semicono, aure

5 | waTER sweLuNG TarE

6 | weap seams

7 | OUTER PE SHEATH

s | rocame
9 | exruoED AU FE
10 | sewconpuctG Tare

11 | sresL arvour wes

12 | OUTER SEKVING. FF-YARN AND BITUMEN

\ 7 7]

Figure2.4: Export Cablélternatives- 1) XLPE345 kV 3x1x1400 miAl, 2) XLPE230 kV 3x1x1200 miCu.

The dimensioning of the LFAC cables that are used in this Thesis are based on intermittent

loading, where the dynamic rating calculations are performethbycable manufactrer.
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The dimensions and electrical parameters of the LFAC export cables are |iStdaliepr-1.

Table2-1: LFAC Export Cable Electrical Parameters for 230kV and 34SEXANS.

Rated/Nominal RM{
Voltage () 230 kv 345 kv

i g
Rated Voltage Rated/Nominal RM{

Voltage between
conductor and scree 127 kv 190 kv
(W)
Highest continuous
Highest Voltage| RMS system Voltag 245 kV 362 kV
(Un)
Maximum
Maximum permissible o o
Temperature conductor 90°C 90 °C
temperature
Operational
Frequency Frequency (f) 16.7 Hz 16.7 Hz
. . Lightning Impulse
Basic Insulation Withstand Voltage 1050 KV 1175 KV
Level (BIL) (1.2/50 msec.)
Conductor | PCresistanceat20fC 1 @1 MMO [MKI{PY¥I H M H
Resistance AC resistance at 90 AnoaMpp M Kn'ICD\fI HT T

and 16.7 Hz
The capacitance

Capacitance | between conductor 0.218 mF/km 0.173 uF/km
and screen
Charging Current Chargi';?f:;ema 3.17 Alkm 3.63 Alkm
Cable Imped:zlnce(z APAMT b2 q)]10.(())3|_07+JO.04T1
Z) at 90°C MK Q(\ §
Impedance Zero Seq. Impedand
(Z) at 90°C noémnpben g ybrein
Diameter Cable OFéeS)D'amEte 272 mm 267 mm
. Cable Weight in aif]
Weight (approx.) 132 kg/m 98 kg/m

The cables that have been designed for the LFAC voltage levels of 230kV and 345kV are tested

for maximum charging currents for different degrees of cemgation. The systems are rated

at approximately 700MW to achieve the maximum power transfer through the designed
export cables, and their parameters are showiT able2-2.

Table2-2: Offshore LFAC Transmission System Desigh Parameters & Ambient CondBiealsed.

System voltage at th v o
System VOItage onshore receiving en| 230kv 345kv &
Total produced Maximum seabed
Sending Power| (installed) wind 700 MW temperature (q,) 10°C
power
Thermal resistivity 0.8 K.m/W
Operational . -5 K.m,
Frequency frequency () 16.7 Hz soil (pq)
Specific heat R
N R 4.2e6]/K-m
Route Length Export cable route 200 km capacity of soil (c;)
length Soil diffusivity (d) 2.98e7m?/s
. . 0,
Reactlve' Reagnve 50/50 % Separation
Compensation [compensation schen  (aqual flow of current to each end) [|distance (s) (if more >20m
i han one cable)*)
End Currents | The total currentin t
each cable end with 1700 A 1200 A
d 100% |
(used 100% loag perfect compensatiol Burial depth (L) 20m
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The voltage and current vary over the length of the cable asctmribution of reactive

LI26SN) OKIFyaSad | SNBX (GKS (St SANI LKSNRa Sijdz
the voltage and current of a cable over distance and time with respect to the voltage at its
sending endVsend are solved to maintain its tad current in both end$lsen=load) at 1700A

or 1200Arespectively Subsequently, the transmitted active power in the cafeng with a

characteristic impedance Z and length | can be yieldednationg2.1), (2.2)

Y Yo iG&ar fa Moto toti @y ta (2.1)
Where:! is the propagation constant of the cabfe: Y Gy t0t 0O Q) t6
0 Motso sisy sthé e (2.2)

Where:. sengis theangle betweerthe sending endroltage (Mend and current kng).

The voltage and current profiles of the 1600M@u at 230kV and the 1400l at 345kYV,
for 200km export cables, are shown kigure2.5a) and b) respectively, and calculated in

Table2-3, for a compensation scheme that keeps the total current equal at both cable ends.

1A Ukv] 1Al Ukv]
1705 242 1210 358

1700 240 || 1200 / 356
1190
354

1695

1180

352
1690 1170
234 350
1160
1685 x

1150

1140

1675 228 || 1130 344
0 20 20 60 80 100 120 140 160 180 200 4 20 40 60 80 120 140 160 180 200
Length [km]
——Current — Voltage

Figure2.5: Voltage and Current Profile over length for 200km) 230kV, 1600mihCu, b) 345kV, 1400nl.

100
Length km]
——Current — Voltage

The preliminary sizing of shunt reactors for 200km cable length provides a rating of 83MVAr
at 230kV on both onshore and offshore sides of the export cables or 177MVAr installed only
on the onshore side also at 230kV. For the 345kV system voltage, thgsaiie 210MVAr

and 425MVAr, respectively. The reactors, despite being much larger in rdt@ygdo not

increase in physical size by the same proportion, as they correspond to a higher voltage level.

Table2-3: System values for 200ka230kV, 1600mrACu and 345kV, 1400mm2 Al.

Active Power [MW] 702 704.3 670.8 680.1
Reactive Power 98 233.3 -93.1 -227.2
Voltage [kV] 240.6 <5.3°| 356.9<25° 230.0<0° 345.0 < 0°
Current [A] 1700.5 <13.21 1200.4 < 20.81 1700.0 < -7.9911200.0 < -18.5

t 268N CLOth2NT9O2 kR 6. @I5 0.99 0.95
Power Losses [MW] 31.16 24.13
\Voltage Drop [%] 4.42% 3.32%
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2.2.3 Cable Impact to the LFAC TS Design

The threecore XLPE subsea is one of the nsagtificantmain circuit elementsf an offshore
transmission systenit appears that the move to LFAC could impluibstantiabdvantages,
many of which can be the foundations for the LFAC technology to become feasible and cost
competitive alternative for vast and remote OWH&e 230kV and 345kV system voltages
that have been selected in order to compare and quantify the impact that LFAC would have
on their electrical response showed that both could be feasible and meet the requirements
for such offshore LFAC TS. Though, furtiimisation of cable system parameters could be

dictated by projectspecific details, its topology, the compensation degree, etc.

To attain the maximum poweransfer through a single subsea-tore export cable, the
LFAC transmission system capaciy be set approximately to 700MW. By operating the
designed cables close to their transmission capacity limit for distances greater than the
maximum range of a typical 50Hz HVAC export system (appred0@dn) and up to the
point that the HVDC system caaturally become the most economical solution, the range

of the offshore LFAC export system feasibility can be estimated. Moreover, the potentials of
an offshore LFAC grid system formation can be unveiled, as well as the ‘ectmamic
benefits in compdson to a much more complex and technologically challenging offshore

MTDC equivalent system.

In this Thesis,the TriCore, Croskinked Polyethylene (XLPE) LFAC cable design with
conventional aluminium conductors (XLPHE5 kV 3x1x1400 mm2 Al) for a 345gétem is
selected as the most cosfficient alternative since the long length of the export cables,
together with the number of cables to be laid underwater and the correlated installation
costs form a significant part of the capital expenditure (CAPHEX9 way, the offshore LFAC
transmission system voltage level of 345kV is determined, and the corresponding aluminium
conductor seems to be a more favourable solution in the sense of:

0 Lower losses

0 Less voltage variations

o0 Larger margin to critical conduwmttemperature at the given load cases; meaning

that it can maintain higher periods of full load
0 The much lower price due to the aluminium conductor
o0 Lighter weight

0 The relatively compact physical size of shunt reactors
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2.3 Switchgearsand Circuit Breakers

2.3.1 Swtchgears

Generally, the Gamsulated Switchgear (GIS) is preferred for offshore transmission systems
either for OWPP or Oil and Gas applications. This occurs because the GIS features long
maintenance intervals, having increased reliability under speciahditions and
environmentally challenging areas (e.g. salty, dusty, or polluted air, seismic active or offshore
areas, very low or high temperatures, etc.). Also, it benefits fewer outages at offshore
substations as well as cost savings by reducing teenjum space needed in the offshore

platforms due to its compactness.

In the industry, there is a long experience in supplying 16.7Hz GIS equipment for the rall
industry. Hermetically sealed GISs with SF6 circuit breakers for 16.7Hz have already been in
commercial operation for several years in the railway grids. Alstom Grid has also developed
hybrid switchgear specially designed for the railway energy transmission networks in
Germany, Austria and Switzerland, based on a rated frequency of 16.7Hz and eoltagd

up to 145kV. However, there can be some operational challenges in the 16.7Hz offshore
networks, as their short circuit level in comparison with the sifgdlase railway networks

may be lower, affecting the shodircuit interruption.

For the propsed offshore system configuration, GISs for the medium and high voltage levels
are needed. Adopting 66kV array cables instead of 33kV can result in less electrical losses,
increased potential connection distance and/or power transfer capacity for a specifi
conductor size and even in fewer offshore LFAC substations. Thus, for the medium voltage
level of the OCS, the class of 72.5kV GIS is selected in order to connect therriayer
connection cables at 66kV. In addition, for the reasons analys@®if the 345kV (IEC
362kV class) is selected for the LFAC transmission system. More specifically, at the offshore

connection decks:

1 The 72.5kV classwitchgear is chosen to form a 66kV GIS double LFAC busbar
configuration at 16.7Hz which must have enough bays to connect all OWF array cables,

two step-up transformer bays and one bus coupler.

1 The 362kV class switchgear is chosen to form 345kV GIS dbBEBAIE busbar
configuration at 16.7Hz with one cable bay to connect to the submarine XLPE cable,
also suitable to accommodate shunt reactor compensation if needed, twougiep

power transformer bays and one bus coupler.
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2.3.2 Circuit Breakers

Currently, there arexisting models of circuit breakers (CBs) suitable for 1@raHgmission
networks up to a voltage level of 145kV. Low frequency circuit breakers have been in use in
Europe and are part of the railway supply system in Germany, Austria and a few other
countries. For higher insulation voltages the development of the breakers should not pose
any significant technological challenge as, in principle, should be able to operate under low
frequency conditions according to the HB2271100 Standard for High VoltagAlternating

Current Circuit Breakers which gives the requirements for circuit breaker operation.

Nonetheless, the operation of circuit breakers at lower frequencies and higher voltage levels

may raise some concerns due to the longer time between twaesgive current zero

crossings, and thus the longer duration of the arc that needs to be extinguished. It should be

noted that in case of a short circuit fault in a system that operates at 16.7Hz LFAC (slower

0t 0f Savz G(KS OdzNNE ylayedup to Breetimeés NBré thak i dtipicl I & 06 S
50Hz operation. Hence, certain adjustments shall be addressed in the existing 50Hz CB

designs that could enable them to operate effectively at 16.7Hz.

Maintaining the generated arc for more time may be a @rae and could increase the

probability of current chopping. In this phenomenon, the arc may extinguish before the
OdZNNBy (G Qa ylddz2Ny¥f TSNP ONRaaAy3dIsZ gKAOK O2dz F
well as overvoltage at any inductive loads and tireuit breaker. To face this issue, some
manufacturers cut the nozzle of the CB shorter to retain a slower flow of the insulation gas

and thus to maintain the arc. An alternative might be to use CBs higgher interrupting

capability and certify the stailg voltage class in question, which for 362kV could result in

the next IEC class and the 345kV and 16.7Hz system might be based on CBs for 400kV and
50Hz rating. Finally, there might also be a need for further verification of capacitive current

switchinglimits at low frequency operation for specific offshore LFAC network applications.

2.4 Power Transformers

Power transformers are vital components for an offshore LFAC TS, as their weight and
dimensions determine the weight and volume of the OCS topsidéiselaffshore LFAC TS,

the transformers are employed to stegp the OCS 33kV or 66 kV medium voltage level to
the desired transmission voltage that optimises the cable design. As seéhrthis voltage

level can be in the IEC classes of 245kV or 362kV.
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Most of the low frequency transformers designed for the rail industry to support the
operation of frequency converters and adjust the voltagette appropriate levels, as shown

in Figure2.6. They are singlphase type converter transformers, and they are energised at
low frequency. They add up the partial voltages to a nearly sinusoidal-gihgte 16.7Hz AC
voltage and adapt ito the railway grid voltage at their higéoltage winding, with filters
connected to tertiary windings. The rating of such units is less than 50MVA and therefore far
from the intended application as power transformers. Though, the primary winding voltages

can be in the range of, e.g. 132kV in the Swedish system.

control cubicle
I\A 7710 Side view
= P H
50 Hz transformer (=]
£ 16.7 Hz
g transformer:
2 =S by
L | ()
i k [ i |
x s / \
, jirll A} Ay | 3 L
20 kv 9 | | \
cable

capacitors of
33.3 Hz filter circuits

Figure2.6: Arrangement of the components in the modular container concept by Alstom, for Railway
application (all components are designed for thansportation via rail and standard road haulageALSTOM

phase modules

In the literature, there are many scientific papers and research projects for OWP exploitation
using LFAC technology in which the power transformers that are employed to transform the
voltage at he OCS substation to a transmission voltage level in a low frequency network, are
originallydesigned for 50Hz @0Hzoperation[11, 1315]. The idea behind these designs is
that a higher frequency transformer could b#lised for operation at lower frequencies and
maintain its rated magnetic flux in the iron core, if its nominal voltage ratisgaled down

by an appropriate factotaccording tahe desiredoperating frequency of the scheme. In all
cases, the same ratl current must be kept. This way, itdsimedthat the overall costs of
power transformers for LFAC operation could be redudeyl utilising some already existing
assets where possihlewhilst hysteresis and eddy current losses in the core could be

eliminated, increasing transmission efficierj@g, 19, 20, 23, 30]

There are certain drawbacksssociated withde-rating the transformer voltages for LFAC
operation whilst sustaining the originally nominal current becausepibwer rating is also

reduced by the same factoln addition, as discussed i@.2.3 the offshore LFAC system can
benefit from increasing the transission voltage levalue to the lower losses in the subsea

cable. Thusjn a case thapowertransferof 1GW is needed ae.g. 345kV, threequivalent
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ultra-highvoltage (UHVAC transformers rated at 1200kV, 1GW would need to be installed
in anoffshore platform, probably as nine singd@ase units.

X

250 MVA a) b)
x=5.2m , y=3.5m ) 1.4x _ 16.66Hz Tall
16.66Hz Wide
50Hz
I “ “ I y | || || | 1.4y 1.8y
W=143t
3w

2w

Figure2.7: Theoretical design of a 50Hz transformer for comparison with the corresponding6tz,
Theoretical design of a 16.7Hmnsformer: a) Wide design, b) Tall design

In order toavoidsuchscenarios, theoretical designs of LFAC transformers are presented in
the literature for both WTG and coupling transformers by changing either the core width (A)
or the number of turns (N)Two extreme theoretical LFAC transformer desigvere
producedby P B Wyllie et aJ5] asshown inFigure2.7, based on the facthat the magnetic

flux density (B) remains teofcally the same with the variation of frequency (f), and

according to the transformeffquation (2.3}
O 18 OQH A D (2.3

a) The core thickness increased (A), and the number of winding turnsn@panged

b) The number of turns (N) increased to maintain the required voltage.level

It is evident that by keeping the core diameter constant and varying the number of turns
gives a lighter desigfapprox. twice the weight of the 50Hz transform&W), asthe core is
denser than the windings which means that the wide design is considerably more massive
(approx. 3W)In all cases, the lower operating frequency implies an increase in the size,
weight and footprint of the transformer with approrate 77% wei@it increase in WF

transformer, and 107% weight increase WTG transformer accordif&[8][12].

The increase in the size of the transformeray alsoimpact the design and cost of the
offshore platform as wellvhich can be expected to be bigger and more expensive than an
HVAC equivaleriiL40], but stillwithout requiringan additional/more massiveand costlier
HVDC converter platfornbastly the WT nacellestructureor tower desigrmay besomewhat
affected, adt might be challenging to fian LFAGransformer unitin aWT tower rated for

the full powe, instead of a standarthree-phaseHVAQGransformer.
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2.4.1 LFAC Power Transformer Design Features

Power transformers rated for low frequency operation can be massive and may need project

specific design to account for weight, size, location and serviceabiliesissLFAC
transformer estimates in the literature indicate that lighter designs could be realised by
increasing only the number of turns which could fit for purpose in offshore transmission
applications. However, such lightweight designs severely incié#6& (1 NJ ya F2 NY SN a
Hence, in this industrial PhD Thesis, the U.K. transportation height limit of 4.875m, with an
approximate shipping weight constraint of 300~350tonnes per transformer unit have been

designated as key factors to define the levetompromise between its weight and height.

4-Limb, 2-Winding, Single-Phase Transformer

H H Y
v 1 v
N N

Figure2.8: LFAC Transformer Design Schematic.

The increased weight and size of the 16.7Hz tipkase transformers lead to the selection
of singlephase units, beause the shipping weights of thrgdnase units exceeds transport
limitations if design heights lower than 4.8m are considefaatthermore, to allow for the
tallest possible winding within the transport height limitation, thdirib core design could
be gplicable of which two limbs are fitted with windings as depictedrigure2.8. Such

singlephase units could also serve as converter transformers, depending on converter type.

Table2-4: Parameter Assumptions for TransformBesign Calculations.

0 0 er besign A DLIo
al Paramete Units eometrical A ptio Units a aracte Units
Frequency 16.7/50 [Hz] Core Stacking Factor (SF)| 0.91 Tank End Clearance 150 [mm]
Transformer Unit -Ratin 141 [MVA] Clearance Core/LV 40 [mm] Side Clearances 800 [mm]
Primary Voltages 66 [kVv] Clearance LV/HV 94 [mm] Top & Bottom Clearances 200 [mm]
Secondary Voltages 345 [kV] LV or HV Winding SF 0.44 Total Base + Cover Thickness 80 [mm]
LVJorHVJ 4 [A/mm2]| Clearance HV to Outer Leq 150 [mm] Mean Tank Wall Thickness 25 [mm]

A series of design calculations have been perforfeed66/345kV transformes rated at
141MVA,, based on the of thassumptions ifrable2-4 and usingthe standard industrial
design formulaef Table2-5 according td128][141}{143]. A range of impedances frof%
to 15%has been selected for analysis, while@hsport heightshave been assumed around

dnoy YSOINBaszs (2 LINPRdzOS 4aYFGOKAy3I¢ RSaAdya 7
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The design stage is crucial for the fimalume weight, andlossesof the LFAC transformers.
Weight and space are critical for the offshqratform design and transport arrangements
while losses are important for the feasibility of the export systérhus, the Site Weight of

the transformer giverin Equation(2.4) can also define the total loading of the platform.
YQOQ WO £66Q1 "YE 0T N QWO ¢ £ & Qi "RAQ WO £ ¢ ¢ YR.4)
The Shipping Weight (or Dry Weight) is determined by the transport limitations that are
translated to deigyn specifications and is given by Equaii@5).
47 OA] 3 EEDOEITCAGABBEC#DOAT ZODOIAEO #1 DOADI ABECEO
47 OAl 4AICET7ARBOCEO (2.5)
The necessary weight characteristics and disiens of each transformer are calculated by

the equations offable2-5[141}[143], assuming B=1.7T induction in the core, a steel density

of 7.65g/cn2, and copper density &.89 g/cn® in the windings.

Table2-5: Transformer Standard Desigaquations.

Transformer Geometric and Weight Characteristic Equations
1 Total Core Weight [tonnes] = (Core Leg Weight [tonnes]+Yoke Weight [tonnes])

1.1 |Core Leg Weight [tonnes] = 3*Core Section Main Leg [mm2]*Core Leg Length [mm]*7650/10"12)

1.1.1 ICore Section Main Leg [mm2] = V/N*10"6/4.44/Frequency [Hz]/B [T]

1.1.2 |Core Leg Length [mm] = Winding Height [nm]+End Insulation [mm]

1.2 |Yoke Weight [tonnes] = Core Section Main Leg [nm2]*Yoke Length [mm]*7650/10"12)

1.2.1 |Yoke Length [mm] = Main Leg Centres [mm]+Outer Leg Centres [mm]+Core Dia. [mm]

1.2.1.1 |Main Leg Centres [mm] = HV OD [mm]+2*Clearance between Main Legs [mm]

YOKE 1.2.1.2 |Outer Leg Centres [mm] = HV OD [mm]+2*Clearance HV to Outer Leg [mm]

1213/ 2NB 5AF® oYYB I {vwe¢o/ 2NB {80iGA2y albAy [S53 @YYHBFnk/ 2NB
1.2.1.4 |HV OD [mm] = HV ID [mm]+2*HV Radial [mm]

CORE

2.1.1 |HV(N) = Secondary Voltages [kV]/Primary Voltages [KV]*LV(N)

2.1.2 |HV Section [mm2] = HV Leg Current [A]/HV J [A/mm2] = Transformer Unit Rating [MVA]*10"3/Primary Voltages [kV]/2/HV J [A/mm2]
2.1.3 |HVID [mm] =LV OD [mm]+2*Clearance LV/HV [mm] = LV ID [mm]+2*LV Radial [mm]+2*Clearance LV/HV [mm]

2.1.4 |HV Radial [mm] = HV Conductor Section [mm2]/HV Winding SF/Winding Height [mm] = HV(N)*HV Section [mm2]/HV Winding SF/Winding

2.2.1 |LV Section [mm2] =LV Leg Current [AJ/LV J [A/mm2]

2.2.2 |LVID [mm] = Core OD [mm]+2*Clearance TV or Core/LV [mm]

223 [ 2NB5 h5 oYY I {vweo/ 2NB {SOGA2Yy al Ay [S3I OYYHBFnk/ 2NB {Ck™ 0

2.2.4 |LV Radial [mm] = LV Conductor Section [mm2]/LV Winding SF/Winding Height [mm]

2241 ]LV Conductor Section [mm2] = LV(N) *LV Section [mm2] = Primary Voltages [kV]*1073/Prelim V/N*LV Leg Current [AJ/LV J [A/

3 Total Tank Weight [tonnes] = Cover +Base Weight [tonnes]+Tank Wall Weight [tonnes]

3.1 |Cover + Base Weight [tonnes] = Internal Tank Length [m]*Internal Tank Width [m]*Total Base + Cover Thickness [mm]*7650/10"6)

3.2 |Tank Wall Weight [tonnes] = 2*(Internal Tank Length [m]+Internal Tank Width [m])*Internal Tank Height [m]*Mean Tank Wall Thickness

QOil Weight [tonnes] = Oil Volume [litres]*0.88/10"3 = ((Internal Tank Length [m]*Internal Tank Width [m]*Internal Tank Height [m]*1.0:
-(Total Core Weight [tonnes]/7.65)-(Total Copper Weight [tonnes]/8.89))*0.88

By limiting the shipping height at 4.8 metres in every design, the-imieding clearances are
also adjusted according to the secondary voltafjeis means that if there is an increase in
the core diameter, a corresponding adjustment of théneing height is made without
restriction up to a point over which the shipping height limitation forces it down. As the

winding height decreases, its radial dimensions and core diameter increase to compensate.

In addition, the calculation of the core amdnding weights according to the equations in

Table2-5 provides information for the approximate Total Losses of the transformer design

37



which are defind by its Neload or Core Losses and its Load Losses as follows:

YE O @b G EDE WD T i@ 0 ¢& Wi i @b (2.6)
For a transformer design witbpecific shape and type of material (hysteresis) used in the
core, Neload Losses are mainly affected by the core mass and the flux density which may
vary in different parts of the core. Hence, they are a function of the magnitude, frequency,
and wavefornof the operating voltage, as these variables affect the magnetic flux waveform

in the core. Assuming that the core losses are in the range of 1.1W/kg at 50Hz, or ~0.3W/kg
at 16.7Hz for B=1.7[L42], it is:

O€0 € VA I i@ "YéE OGENIGM M0 ¢ ¢ QWO € ¢ & Q 2.7)
Finally, the Load Losses are dividl#d two parts, the Resistive’R) and the Stray Losses, as
in Equation(2.8).
0&WaE i i@ p Yo @ORQOOOOFAY Qv (2.8)
The resistive or dc power losse®R(l are giveim Equation(2.9), andthey represent the heat
when the load current flows through the winding resistance. Thus, they do not depend on

the operating frequency, but they are affected by the total copper mass, which is large in

LFAC transformetesigns.

0OY Qo & @0 @ 6Fa a  JTYE 0GHIN NEX @O € ¢ & Qi (2.9
On the other hand, for transformer designs with the same core steel laminations and
conductorstrands, both the magnetic and electric or winding skin effects that are caused by
the Stray and Eddy Current Losses increase with frequency and copper mass. Hence, in

Equation(2.9) the effectof the operating frequency on these losses is assumed byraralbi
factors which are 0.09 for 16.7Hz and 0.12 for 50Hz designs.

Based on the power transformer design considerations above, spiglee, two winding

(1ph2w) 16.7Hz and equivalent 50Hz designs are estimated that utilise the same core
construction type shown ifigure2.8. They arecompared to each other ancontrasted in

terms of their Weight characteristics and Total Losses across a range of impedances (%),
0S0FdzaS 2F GKS 6ARS QINAIGA2ya Ay (KS O2yRdz
leakage reactance of a transformer solution that could be leygd in the offshore LFAC
transmission system, considering only the transport height restrictions, would lie in lower

ohmic and petunit value (in the range of 610%) than the impedance of a corresponding

expected inductance at higher industrial frequéss, e.g. for a 50Hz or 60Hz systems.
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2.4.2 Impedance Effects on Transformer Weight

As analysed above, the Shipping Weight is especially crucial in view of transport and hence
design restrictions, while the Site Weight provides information for offshore platfiesign.
Figure2.9 shows a Site and Shipping Weight versus Impedance characteristic for an LFAC
singlephase transformer rated at 141MVA and opengtiat 16.7Hz and 50Hz, respectively.

These Weight figures can be used to identify the relative costs for each design.

TR. WEIGHT 141MVA, 345KV, 16.7HZ TR. WEIGHT 141MVA, 345KV, 50HZ
——Total Shipping Weight tonnes =~ ——Site Weight tonnes ——Total Shipping Weight tonnes = ——S5ite Weight tonnes
500 500
450 450
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O 300 O 300
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Figure2.9: Weight vs Impedance for a SingRhase 141MVA 66/345kV Transformer at a). 78z, b) 50Hz.

From Figure2.9, it is evident that the Weight curves of the transformer designs become
NEfFGdA@St & & ipédante poirf winfENg i the@r8iddaf 9% fgf 50Hz, and 11%
for 16.7Hz designs, exhibiting a steep rise in transport weight for impedance levels lower
than 7-8%. Though, even if a 5% impedance level is considered, the total Shipping Weight for
the LFAC qwer transformers is in the order of 330 tonnes which is relatively heavy but can

be accepablefor transport in the UK.

2.4.3 Impedance Effects on Transformer Losses
In Figure2.10, the potential transformer power losses versus Impedance are plotted for the

141MVA designs, operating at 16.7Hz and 50Hz, respectively.

Tr. Losses 141MVA, 345kV, 16.7Hz Tr. Losses 141MVA, 345kV, 50Hz
1000 | 1000
- / a00
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@ “ ______——————_____
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No Load Losses kW Load Losses kW Total Losses kW No Load Losses kW Load Losses kW Total Losses kW

Figure2.10: Losses vs Impedance for a@e-Phase 141MVA 66/345kV Transformer at a) 16.7Hz, b) 50Hz.

The above results show that the Total transformer Losses are primarily shaped by the Load

Losses, which are mainRRIlosses, with R representing the or the Total Copper Weight of
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the transformer. Obviously, for the same A/miand despite the lower operating frequency
of 16.7Hz compared to 50Hz designs, the increased number of windings of the LFAC
transformer has a premminant impact on its Load Losses. As expected, the transformer load

loss component also rises with increasing impedance in both designs.

On the contrary, the Ndoad transformer losses are generally low, and although they are
affected by the transformercore mass, the impact of the lower operating frequency
dominates, leading the 16.7Hz designs to have lower such losses (almost half compared to
50Hz) that only slightly reduce in higher impedance levels. This means that their contribution
to the LFAC trarisrmer Total Losses is less significant than at 50Hz, due to the selected LFAC
design process that increases the number of windings and thus, mainly the Load Losses, to

achieve lighter transformers with acceptable height.

Further outcomegouldbe yieldedrom this analysiby applyinga loss capitalisation formula

to produce a net capitalised value curve for each impedance value

2.4.4 Comparison of 16.7Hz and 50Hz Transformer Designs

Figure 2.11 shows typical ratios of weights and losses between the 16.7Hz and 50Hz
approximatetransformer designs. The ratios of Shipping Weight and Site Weight fall slightly
as the impedance rises and indications that they nségrt to rise again beyond 14%

impedance. By contrast, thatio of Total Lossedseswith %dmpedance.

Ratios of 16.7Hz to 50Hz Approximate Tr. Designs
2.50
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125 I I I
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% Impedance

o Ratio of ShippingWeichts ~ m Ratio of Ste Weights ~ mRatio of Total Losses

Figure2.11: Comparison between 50 Hzp.u.)and 16.7 Hz Transformer designs.

It can be obvious thaan acceptable LFAC transformer design be 2 2.15 times heavier

in terms ofweight and consume 4%6- 65%times more power than mequivalent50Hz AC
transformerof the same%dmpedance. Hence, fax design based on a specifransformer
impedance, there is a tradeff between transformer weight and losse$hough,in an
offshore transmission systenboth the losses and weight of the transformers shall be

reduced as much as possipblereduce operating costs and the footprint of the LFAC Topside.
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2.5 Harmonic Filtering Capacitors

Capacitor units and capacitor banks that may be used in passive damping filters do not
impose any operational or performance issues for an LFAC system. Nongtlalesiown in
Figure2.12, the capacitive reactive power drops as frequency decreases. In cases where
capacitor banks would be required to accomplished harmoniefilters at the low operating

frequency, larger installations than usual might be necessary for the same MVAr rating,

although, operation at higher voltage levels could mitigate this effect.

Capacitor Impedance and Reactive Power
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Since the offshore LFAGcan operate more efficiently at increased voltage levels ( explained

in 2.2.1) in comparison with typical AC for lofength subsea cables (>100krejther the

MVAr production of similarly sized capacitors could be areglifor smaller capacitor size
increase might be required for similar harmonic mitigation ne&tgardless, any applicable
filtering and shunt reactive compensation equipment, should be sited at the onshore LFAC
sub-station from a reliability, maintenancand cost perspective, so that their increased size

would not occupy the premium space on the topside of the offshore LFAC platforms.

2.6 Wind Turbine Generators

There are various WTG type#h the doublyfed induction generator (DFIGType 3 WaNd
the Ful Converter- Type 4 WT being the most dominant technolodi#®]. TheType 3 WT,
though, is not the preferred solution for offshore applicationsedto the increased
maintenance requirements ofs rotor slip rings and the common gearbox failutbat can

impose underlying challenges to the operation of OWFs, especially if located in a rough and
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lessaccessible marine environmeft][30]. Besides, connecty a DFIGo a 16.7Hz LFAC
system instad of a typical 50Hz or 60Hz AC grid may necessitate further design revisions,

affecting mainly the transformer, but also the alternator Ui}

The Typet WTs that are currently rated up to 12MW can be more suitable for operating in
an offshore LFAC grid, as the WTG connects to the grid throughsadiélpower converter

that optimises its power output whilst it performs independent P/Q control on the grid side.
The basic structure of a typical TypeNTG with its BtB VSC interface scheme is shown in
Figure2.13. It mainly consists of the WT arrangement with the generator, a BtB converter
system, and an interface transformer providing electrical isolation at the AG20¢leThe

most affected component within Typé WTGs by the lower operating frequency shall be
inverter transformer. However, the rest of the equipment inside the WTG, such as rotor and

drive train shall not baffected, while minor changes may be needed for the nacelle or tower.

frequency | generator side line side main circuit
converter converter converter breaker

\

— N

=

10...24 kV, f= 50 Hz

line coupling

transformer
medium voltage
switchgear

rotor bearing

pitch
drive v

—

wind turbine control

synchronous
generator

(Source ABB Motors&Drives, Finland ©)

Figure2.13: Full Converter, Typd WTG configurationABB

For the purpose othis researchthe Type4 WTGs can beated between 6 - 10MW with
reference to thecommercially availabl@nits that are employed in currenODWPprojects

[144]. It is expected thathe WTGs can adjust their reactipewer settings either to unity

L2 gSNI FIFOG2NI 2NJ a{¢! ¢/ haé¢ 2LISNIXiGAy3a Y2RS:
sending end of the XLPE cable for the entire load raBgelWTG control functiorould be

essentiaif cases of meshed offshore systems with long LFAC export cables are appraised.
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2.7 Frequency Converters

The power electronic converter technology that would be suitable for the integration of the
offshore LFAC TS to the main grids shall be ratecdoale of several MWs, assure the LFAC
network stable operation and comply with Transmission System Operators (TSOS)
requirements at the Points of Common Coupling (PCC) with the modern AC grid systems.
Hence, the power converter capability and control syss intended for power utility
applications can be considered vital features. At the same time, the technology readiness
level for this solution shall be high enough, in order to challenge the competitive and

commercially available HYAC and HVDC transmissistem solutions.

In principle, the Thyristebased cycloconverters is a robust technology and might be able to
transmit more power at a lower cost compared to BtB \WSMDC systenis][12]. However,

they do not engage all the required operating characteristics for integrating OWPPs, as they
lacka robust blackstart and LFAC grid forming capaki[it0], while it could be challenging

to connect to relatively weak grig89]or comply with modern OWPP integration ru[@80].

The absence of a DIk and probable commutation failures limit even further their fault
ride-through (FRT) capability, making them vulnerable to main power grid disturbances and
necessitating a strong onshore interconnectignid. Since the cycloconvertemlso produce
output voltage waveforms with high and complex harmonic content, their application would
require the use of large filters at both LFAC and AC sides to suppress switching harmonics
and handle reactive power. As a result, the cyadoverters might only be applied in

terminals with lowreliability and operating requirements and enough site spgdg¢e

On the other hand, the BtB MMCs baseu 6SC technology can allow the formation of an

LFAC voltage singave with minimum harmonic content and adjust the magnitude and
frequency (islanded operation mode), without a need for separate sources for-&actk

Their fourquadrant operation on thd*Qplane enables the power reversal by altering the
current direction and provides independent P/Q control. Thus, the MMCs could energise and
stay connected to an offshore island LFAC network where no SGs would be present, but only
inverter interfaced WTGs Y R a dzLJLI2 NI (G KS aeadasSyQqQa @zt dalr3as
at the connection point of the offshore LFAC netwf&].

Such an LFAC systemymaot only integrate OWFs in radial, PtP arrangements but it may
interconnect different grids or parts of the same grid, exchanging power among those points

and forming a meshed offshore LFAC network. Besides, the BtB MMCs arrangements
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eliminate the probaBbity of DC short circuit faults, distressing the respective MTDC systems
that currently lack a robust and feasible HVDC breaker technology. Hence, they may be able
to integrate the LFAC TS to weak AC grids with relatively low Short Circuit Level ($&4) suc

some modern inverter dominated grids and comply with the respective grid codes.

Finally, employing a high number of modules enables multiple discrete voltage steps that can
reach up to the highest transmission voltages while operating at low switdéreéggency per
sub-module, reducing the related switching losses and eliminating the need for harmonic
filters. Potential benefits may arise for an LFAC TS scheme if such filters are not present, as

they can significantly affect its higirder harmonicstability [62][64].

For the reasons mentioned above, the BtB MMC technology has been employed for
frequency conversion in this worRable2-6 shows the international experience of MMC

HVDC technology applications with similar power ratings, e.g. ~700MW. As can be seen,
MMCs are being used either for OWFs or Interconnector (IC) projects with commercial

solutions sipplied by the power industry.

Table2-6: International Projects using MMC Technology in Similar Scale ~700MW.

2019| GOBRAGable 700 5320 400 400 IC Semens
2014 | Skagerrak Pole4 700 5500 400 400 IC ABB
2015 Borwin2 800 5300 155 380 OWF Semens
2019 Borwin3 900 5320 155 380 OWF Semens
2015 Dolwinl 800 5320 155 380 OWF ABB
2016 DolWin2 916 5320 155 380 OWF ABB
2017 DolWin3 900 5320 155 380 OWF GE-Alstom
2015 HelWin2 690 5320 155 400 OWF Semens
2015 Sylwinl 864 5320 155 400 OWF Semens

2.8 Summaryand Conclusions

This chapter presents an overview of the main equipment thaelscted for the LFAC TS.
The impact of low frequency on the equipment design, physical and operating features, as
gStt a GKS LRGSYOGALET STFFSOULU 2F GKS 02YLRYSY

are discussed following research developmentthe literature and industrial experience.
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More specificallytechnical benefits fothree-phasesubseacables are presented in terms of
losses, charging curremitreactive compensatiomnd power transfer capabilitybased on
cable parameters explicitgdapted for LFAC TS purpobgsa cable manufactureAlso, he
LFAC TS voltage level is determined by evaludlisperformanceof differentexport cabls

at 230kV and 345kWhe power transfer capability significantly increasdsen operating at
345kVvoltage level fodistances greater than the maximum range of a typical 50Hz HVAC
export system (approx. 8000km) and up to the point that the HVYDC system can naturally
become the most economical solutiofo attain the maximum powetransfer through a
single subsea ttore export cable, theapacity of the corresponding OWREN be set

approximately tahe maximum power transfer capability of the subsea cable.

The effects of LFA@nd different voltage levels opotential harmonic fiter capacitors are
also discussedased on the export cable selectiohet362kV class switchgear is chosen to
form 345kV double LFAC busbar configuration at 16.%Hie br the medium voltage level
of the OCS, the class of 72.5kV GIS is selected h@cbihe interarray connection cables at
66kV. Certain adjustmentsare addressedo overcome he operating challenges @B at
lower frequenciesand avoidthe probability ofequipment damage ocurrent choppig due

to the longer time between twauccessive current zewrossing, while further verification

of capacitive current switching limiteay be neededor anLFAC TS

Furthermore, transformer design calculations are performed implementing practical
constraints regarding their size and weighased on standard equations. The LFAC
transformer designs are evaluated in terms of weight and losses for various impedance levels
and compared with the respective AResults show that the estimated LFAC transformers
could be 22.15 times bigger in termof size and weight and consume 1M4B5 times more
power than their 50Hz equivalents for the same p.u. impedance. Hence, for the appropriate
transformer impedance selection, there is a traolé between transformer weight and
losses, although in an offere transmission system application both the losses and weight

of the transformers shall be reduced as much as possible.

Finally, itcould beexpected that he commercially availabl&@ype 4 WTGis the range of 6
10MW and therecent BtB MMCtechnologythat is selected for the formation of offshore
LFAC network could bieasible solutionsand comply with specifienodern grid code
standards Howevertheir rating and configuration should be appropriately adjusted for the

needs ofthe LFAC T,Sand theiroperationshouldbe accordingly coordinated
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Chapter 30ffshore LFAC BfectricaDesign and Specifications

3.1 Introduction

Most of the OWP systems built so far are based on HVAC or HVDC radial connections,
delivering power through a PtP scheme from anSO© an onshore gridonnected
substation. An improvement to this usual arrangement could be the introduction of a
meshed, multterminal system design solution, e.g. by interconnecting multiple OCS. This
way, in a case of scheduled or forced unavailabilftindividual elements which would have
rendered a PtP system partially or totally roperational, power could still be distributed
through neighbouring routes. A truly integrated system could be formed by using LFAC TS
technology, where the offshore siem would be managed as a meshed grid and either
alleviate congestion issues in the 50Hz AC grid or even interconnect different AC grids as

depicted inFigure3.1.
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Figure3.1: Meshed Offshore LFAC Transmission System for Offshore Wind integration.

The main LFAC transmission system (TS) configurations investigated in this Thesis consist of:

i 1 x 704MWOffshore Wind Farm being integrated to a 50Hz grid through a PtP LFAC
transmission system for various cable lengths and
U 2 x 704MW Offshore Wind Farms that are interconnected to each other through an
offshore LFAC interconnection cable and being integraddd/o different grids or
grid points via a meshed or MIFC transmission system for various cable lengths.
As shown irFigure3.1, the LFAC TS design &xporting the power coming from remote

offshore wind resources could be envisaged as multiple interconnected OWF blocks,
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individually integrated to specific grid points in a typical PtP fashion. The electrical data that

are used for representing each blom the LFAC TS EMT models are present€dbie3-1.

Table3-1: Electrical Data of the OWIategration System.

RATIO =

TOTAL SYSTEM H ECTRICAL DATA
ACGrid Voltage 400 [kV]
ACGrid frequency 50 [HZ
Total Capacity of the Project 704 [MW]
Transmisson Type HYBRID (e.g. LFAC)
Collection Point Sep-Up TransformersTotal MVA 846 [MVA]
Nominal Voltage at the HV Trasmission Sde (ACCollection Point) 345 [kV]
Nominal Voltage at the MV ACCollection Point Sde 66 [kV]
Qollection Grid/ Transmission Frequency 16.7 [HZ]
No of HV ACTransmission Cablesleavingthe ACCollection Points 1
Desired No of Equivalent WFPower Output Models(BVT) 1
ACNode / Busto be Controlled by the WFModel 345 [kV]
Offshore Interconnection Point between WFmodelseither in 66[kV] or 345[kV]
Wind Turbine Rated Power 8 [MW]
Full Scale WTGGonverter Rated MVA 10 [MVA]

Careful consideration should be taken in the rating and design stage so that technical, as well
as economic feasibility aspects of this innovative transmission system, are satisfied. The total
LFAC transmission systemrangement for OWPP interconnection and integration consists
of three main parts that are vital for the operation of the whole scheme and should be
carefully designed and rated. These are the following:
i Offshore Wind Power Plant Systenfihis system inclues the WTGs and several strings
of cables operating at 66kV and 16.7Hz forming the LFAC OCS network. This network
terminates at 72.5kV class switchgear on the topside of the offshore LFAC platform.
i Offshore LFAC TS Layotihe LFAC TS includes the OWP#fopfas, where the voltage
is raised to the 345kV level by means of LFAGgbepansformers as well as the
submarine LFAC cables for transferring the power to the onshore converter substation.
i Onshore BtB Frequency Convertdihe onshore B#BIMC stationinks the 16.7Hz LFAC

TS with the 50Hz AC grid, and at the same time it separates their operation.

3.2 Offshore Wind Power Plant System Layout

The OWPPs are designed based on several radial strings of WTGs connected to an offshore
substation. For larger schermgthe power plant can be divided insmbsystems, structured

in a modular fashion. In this work, flbnverter WTGs are adopted, as described in Chapter

2, witha nominal power of 8MW, as presentedliable3-2. Each WT is connected to a 66kV

mediumvoltage power collector system (OCS) that is explicitly described in s8c2ién
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Table3-2: FulkConverter WTG Electrical Rating.

WTG HECTRICAL DATA
____ RPtedpower | 8 | [MW] |
Rated Apparent Power 10 [MVA]
Maximum Reactive Power Limit 0.6 [pu]
Max Reactive Power Qutput @ Full Power Operation 6 [MVar]
Min PF@ Full Power Operation 0.8
Transformer Total MVA 10 [MVA]
Base Operation Frequency 16.7 [HZ
Nominal Voltage at the MV ACCollection Point Sde 66 [kV]
Nominal Voltage at the VSCSde 8 [kV]

The 704MW OWF comprises 88 WTGs which can be considered here as one equivalent OWPP
block. Each cluster cahen supply a nominal power of ~700MW, for which one export LFAC
cable is required at 345kV, as seeCmpter 2 A maximum of two clusters has bestudied

here, with a capacity of approximately 1400MW. Tas been assumed based on the current

UK Grid Code standards (SQSS), where it is stated that the capacity for offshore power park
modules should be limited to 1500MW.

The total installed capagi of 1408MW meshed offshore LFAC TS is split into two OWPP
blocks of 704MW, per each poitii-point LFAC power export system. These blocks are
interconnected offshore on the transmission voltage side of the -sigfgransformers, at
345kV level, to improvthe security of supply and reliability of the scheme. Of course, this
configuration might have been envisaged either on one or two offshore LFAC platforms. The

corresponding arrangements are presented able3-3.

Table3-3: Investigated LFAC Power Expémrangements.

1x200 Raedial PtP
1x704 6 1 or Connection
1 x 300X tothe Grid
2x200o0r
Two
2x300+
1x50 Independen
2x704 12 2 X t, Inter-
1x200+
1x300+ connected,
X Grids
1x50

If 1408MW installed capacity can be built on one topside in such a way that installation can

be done through a single lift with ample availability of installation cranes, one superior OWPP

0t201 O2dxX R 0SS F2N¥AY3I (GKS azm0Bty» OIIKISNG ANISH

systems could be interconnected by means of cables and form an offshore meshed
configuration that could be connected to the same or different grids or grid points, in a similar

fashion as shown iRigure3.1.
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As there is no real LFAC system precedent for this application, no definition of such a system
exists withinthe grid codes. However, this system could be seen as a hybrid combination of

an OWF HVAC system integrated to the grid through an HVDC link. It is worth noting that for
offshore projects the requirements differ between the offshore point of connection that
Offshore Tr yAYA a4 aA 2y hgySNE ohCe¢hao OFff WhFFakKzl
O2yySOiGA2Y LRAYG GSNXYSR GKS WLYGSNFI OS t2Ayi
Figure3.2. For the LFAC TS, the Interface Point would be on the onshore 50Hz side of the
frequency converter while the Offshore Grid Entry Point could be offshore at 16.7Hz.

Therefore, specific requirements would need to be met in two pointheLFAC TS.

Shore Line
A A i %

W

WA
) WA
Po'mA/ % (%'r;n%:"%%gd
(interface Point) @ OFTO $ OWE
' W
v v NGET

Figure3.2: Connection Point Terminology.

b

This is particularly the case if the offshore LFAC TS is utilized to connect multiple offshore
projects and integrate them into differergrids, interconnecting AC grid systems as well.
Either new OWPP projects or separate ventures could be interconnected to an offshore grid
same as the commonly used practice in onshore grids. LFAC submarine cables can be
connected to one or more offshore AE platforms where the internal grid voltage is
transformed to a suitable voltage level for ledistance transmission. Thus, the LFAC TS
should not only be considered as a simple OWPP integration medium, but it shall be intended
as a potential solution tdorm meshed offshore networks, where specific requirements

ought to be met by every LFAC gciohnected part.

In thisThesis each 704MW OWPP block is intended to deliver its rated power output at the
offshore 345k\ sending end of the corresponding subsea export cable. It can be operated

either at unity power factor (i.e. zero reactive power exchange with the rest of thersyst

or as STATCOM regulating the 345kV LFAC transmission voltage leveB&2kié class GIS

that is placed in the offshore LFAC platform. As nectagngers (OLTCs) have been assumed

here for the LFAC steyp transformers, the function of each gridSid 2 ¢ DQ& +{ L A& VY
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to maintain the DC link voltage that varies due to the generated power being handled by the
direct-drive rectifier but also to support the LFAC voltage by appropriately regulating the

reactive power if required under certain openadgi conditions.

Since the offshore LFAC transmission system is formed and retained among converter
GSNXYAYylLFfaz Ad Aa adNpy3afte FTFSOGSR o6& (KS
connection. It can be assumed that the VSI control system of everyOhit@® a 704MW
OWPP block is identically tuned to regulate the LFAC side voltage or reactive power at the
offshore 345kV side of the stagp transformers. Hence, an equivalent OWPP module could
be implicitly rated only for the relevant EMT studies to idvine computational complexity
and big simulation times of an EMT simulation software model. For the lumped design
representation of each 704MW OWF cluster, the following parts have been considered:

U TwoLevel BtB VSCs rated at 704MW with switching elemant control systems.

i An AC voltage source in the rectifier side and inverter transformers in the LFAC side.

U The equivalent 66kV topology with all the array and iraenlay cable impedances

and any other elements at the medium voltage level side.

3.2.1 OWTGE OWF System Configuration

In this Thesis, a BtB VSC configuration is assumed to connect theoWi&GLFAC TS, as
shown inFigure3.3. The VSCs are coruted through a DC link. For both the rectifier and the
inverter schemes, twéevel VSCs are considered in a BtB arrangenigrdrectifier actsas

a direct drive adjusting the power output of the generator, while th€to-LFAC VSI
independently controls he real and reactive power by adjusting the phase angle and
magnitude the of its output LFAC voltage{fV® ¢ KA & AYRSLISYRSy (i O2y i N
separate active and reactiyygower controllers[108]. The active control loop regulag¢he

DC voltage, while the reactive control loagjustseither the reactive power or the voltage
level at the LFACd&. Since the generator is isolated from theAC system through the BTB
VSCs, the WT driteain side is not analysed here.

Wind WTG Back to Back Convetrer
Turbine
Comverter 2Coc s LFAC Convertrer
—— nverter
{Gear.BPu] Reactor : Transformer
Ry i s _ LFAC
-‘:._. System
- —— r===1
5G, PMG or IG i j LFAC ;
o 1 Filtersi
[ _I -

Figure3.3: Type4, Full Converter WTG Schematic.
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Basically, VSE@suld be considereds fastcontrollable SGswith afundamental LFAC voltage

output as follows
W 0O -a Jnv J Q&0 (3.1

Where: \¢anis the inverter output LFAC phaseltage, mis modulation indexVqcIs the rated
DClinkvoltage, A& GKS | y3dz I N FNB¢peSeshit of thdiinvarterdt | T X

output voltage.

In thiswork, the total LFAC TS is represented in an EMT software environarshtan
aggregate BtB VSC system rated at 704MW is modelled to represent the equivalent of the 88
WTGs. The BtB VSCs interface an AC voltage source instead of a permameet or
synchronous alternator system in the rectifier side. Thus, the output of the whole 8@ V
scheme can be evaluated at 66kV, as the equivalent inverter control strategies of thd Type
OWTGs are maintained, and the 66kV irderay cable impedances and the related
equipment is retained in the model. This simplification is assumed, as theirark®f this

Thesis is the offshore LFAC TS assessment and not the WTG interactions in an OWPP of the
distinct electromechanical dynamics, which remain relatively unaffected, due to the full

power electronic converter interface.

Hence, the D@-LFAC sid&'Sl is the primary focus for rating the BtB system, while the
rectifier VSC is designed accordingly. The electrical parameters of the LFAC grid interface
inverter of the aggregate OWF are presentedlable3-4, while an equivalent VSC of the
adopted BtB system is shownhigure3.4. The converter rating has been set to 880MVA to
enhance the converters reactive power capability. The comprehensive rating procedure, in
conjunction with its lowpass LCtype filter and LFA@terface transformer, is described in

the following sections.

Table3-4: Aggregate WTG VSI Electrical Parameter Data.

Wind Farm Equivalent Model Data

Full Scale WF Inverter
Converter Name WE-Inverter
Control Srategy for d axis Vdc
Control Srategy for g axis QorVac
Apparent Power 880 [MVA]
Real power 704 [MW]
Nominal ACVoltage 66 [kV]
Maximum Reactive Power Limit 0.6 [pu]
Max Reactive Power @ Full Power Operation 528 [MVar]
PF 0.8
ACQollection Point 9de Frequency 16.7 [HZ
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3.2.1.1 VSC Control System
Generally, the cascadector-current control(VCgshown inFigure3.4 is the most common
VSC control method. The equivalent VSI of the BtB system can apply both the DC Voltage and

Reactive Power or LFAC Voltage control, while the rectifier regulates the Aotiee.P

I
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Figure3.4: Generic Vector Control Arrangement for the Equivalent WTG VSI Topology.

The cascade VCC strategy is adopted in this Thesis due to its excellent dynamic characteristics
and its inherent ogr-current limitation capabilities. It consists of faster inner current
controllers (ICCs) and additional slower outer controllers which provide the reference values
for the inner controllers. The outer controllers can be active power (APC) or DC voltage
controllers (DCVC) as well as reactive power (RPC) or AC voltage controllejg18&Vide
implementation of a specific outer controller depends on the application and operating
conditions of each VSC Terminal. This flexibility in terms of the controlled quantities provides
two degrees of freedom at the inverter end, as the VCC scheme resmibnve coupling
between the real and reactive power and ensuttes independent control of each quantity,

achieving robust and stable control as described in Chapter 6.

3.2.1.2 Twolevel Voltage Source Converter (VSC)

The VSCs are the core of the equivalent BtBredrr system of the Typd WTGsThey are
divided into several circuit topologies according to the converter output AC voltage levels.
However, only two basic configurations of VSCs are mainly used -@Gohuierter WTGs; the

two-level, and thredevel faced commutated VSC bridges, which are showFigare3.5 a)
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and b), respectively. The thrdevel natural point clamp VSCs used to be favoured in the pa

due to the higher quality of output voltage waveform (e.g. lower THD), with fewer switching
events, leading to lower switching losses. Low losses were achieved, though, at the expense
of control system complexity and converter cost due to the increasauber of valves

(additional clamping diodes required) in the scheme compared to theléwel schemes.

wF 0F Ak
43} 43} 4 | 4:} ZL—H:} Jﬁ@ )f

25 w3 3 4#} ] w3 F ok f Jf
W KEF AR

(a) Two-level VSC (b) Three-level VEC

Figure3.5: Basic VSC Circuit Topologies for P&/ TGs: a) Twhevel, b) Thredevel VSC.

Many full-converter WTGs have adopted the simpler and more compactiéwel VSC, as
the evolved PWM switching techniques have made it efficient and its switching losses have
been considerably reduced. A squavave output AC voltage with only two values istied

by controlling the switches and by filtering, a qusisiusoidal voltage waveform is obtained.

3.2.1.3 DC Voltage

For the equivalent WTGs BtB module, the value of 135kV has been selected, assuming the
LFAC voltage level of 66kV in the converter output. Tealipiche maximum operating DC
voltage should be considered for the maximum steathte acceptable A€side voltage

level of 105%, as seen d@able3-5and Equatior{3.2), althoughthis could be set even higher
F2NJGKAA ¢2N] Qa O2y FAIANI A2y > a GKS ={/ a

system could be regulated to operate up to 110% voltage level.

Table3-5: DC Sid@arameters of the Equivalent BtB VSC Scheme.

vdc 135 [kV]
ldc 5.23 [KA]

Before Hltering

Phase-to-DCMidpoint Pulse Voltage Magnitude 67.4 [kV]
Line Pulse Voltage Magnitude 135 [kV]

Accordingly, the minimum DC voltage level required to awaidverter saturation while

using SPWM can be calculated from the corresponding limits sho&quation(3.2), with
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m; = 1 and a minimum steaestate acceptable LFA®Itage level of 95%, respectively.
WL B W W pmmul3— (3.2

Operating the BtB VSCs in DC voltage limits can inctieaseactive power capability of the
OWF system. Thus, by appropriatly adjusting the LFAC voltage output, this feature could help

towards handling reactive power at the cable sending end.

3.2.1.4 DCLink Capacitance

TheDC link capaaince shalact to retain theDC voltage constant within limjtevenif power
oscillations occur in the Dk during disturbances in the LFAgstem sidelts size (@) is
charactesS R 06 & Al a g defnedag tiealibdfifsistoréd energy at the rated
DC voltage (\Mc) to the nominal apparent power of the VSGss@Sas inEquation(3.3) [90]:

o

(3.3)

¢ KS OF LJ OA (2 NJ) can beSliffeteegending an thé converter application

and is typically in the range of 10ms to 50ms accordin@@} or it may correspond to30 -

40kJMVA according t§94]. In addition, the amount of energy thaeeds to be stored in the

DC side capacitors (W) is proportional to the power rating of the VSC systenzy®ut
AYOSNESE @ LINBLRNIAZ2YL § anid #he ACKsBle dpdrat iteguiericy: 3 S NA |
0 o); to cater for unbalances. Consequently, iee of the DC capacitance is then mainly

defined also by the required DC voltage, according tc&ieation (3.4) [90]:

0 55 5 (3.4

As can benferred by Equatior{3.4), the valueof an equivalent DC capacitance for the BtB
VSC scheme that is connected to a 16.7Hz LFAC system can be up to three timeébdrigher
the corresponding 50Hz value. However, due to the BtB arrangement, the capacitor size may

be compromised, considering a relatively higher DC voltage ripple tolerance.

Table3-6: DC CapacitoParameters

DCV Rpple (p2p) 20 [99
DCLink Capacitors 0.001155 [H
Energy Sored in the DCCapacitor 10.5 [MJ]
DCCapacitor Time Congtant 0.0119 [sec]

In this study, a DC capacitance value of ~1.15mF is selected that corresponds to ~20% voltage
NA LILX Suec~13MB, ad shown ifiable3-6.
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3.2.1.5 DGLink Dynamic Braking Resistor

TheDynamicBrakingResistor(DBR)s applied to protect the DC systems from oveitages.
Such ovewoltages can be caused if the inverter system is not able to export the demanded
amount of power that flows through #hrectifier, e.g. during a fault in the LFAC system to
which the inverter is connected 15]. Thus, by using DBRs in the WTGLDK, the excess
energy is dissipated, offering the advantage of eveltage protection against faults on the
collector bus, and on the LFAC transmissiasiesy between them and onshore frequency

converters. A typical DBR system with its operational characteristic is shdviguie3.6.

Vioe VSC Control System
vl < DBR  DC-Link Two- Level VS| vde / vac 3-Phase
= grid

V activation | Ic1 I g
Duty 1 |
0 1 cycle s | I I

| I'c2 } ibd

= R] I
LT T ) -

= \

LFAC ALY
Filters

Figure3.6: DBR in the DCink Side of th&'ype 4WTG and its Typical Operation Characteristic.

The braking resistor for the equivalent 704MW aggregated EMT model should be rated to
dissipate power equal to the whole OWF block. The DBR would be activated once the DC
voltage exceeds 1.15p.u. while it would be turned off once the DC voltage has rtorite
acceptable levels. These voltage thresholds prevent the braking resistor from interfering

under normal operating conditions. The related DBR parameters are giatbie3-7.

Table3-7: Dynamic Braking Resistor Parameters.

Activation DCV 1.15 [pu]
Max DCV 1.2 [pu]
DC braking resistor 46.6 [Ohm]

3.2.1.6 Converter Reactor

The phase reactors are mostly inductive elements with minimal resistance which are
connected in series witthe converter and the rest of the LFAC system. They are special types
of reactors able to withstand high intéarn voltage stress and need to be designed with a
high degree of interwinding insulation. Their size depends on the converter saturation, its

switching frequency, and the employed PWM strategy. They serve the following purposes:

U Faultcurrent reduction to the desired level within the rating of the converter. They
protect the converter from the propagation of fast front voltage transients, occgrrin

duringfaults and/or circuit breaker operations.

55



U Regulate the active and reactive power flow by adjusting the current through them.
They affect the VSC control system tuning and the dynamic behaviour AQséde.

U Decrease the higfrequency harmonic content of the AC current, caused by the
switching operation of the VSC. As in thiark, they can be parts of loywass filters

and reduce the Total Harmonic Distortion (THB)proving thepower quality

3.2.1.7 AC Filters

ACfilters are used on the LFAC side of thefw& @St Ay @SNISNI G2 NBY20S
output voltage harmonic components. The low pass filter prevents harmonics from entering

into the transformer and the connected LFAC system, leading to smoother slalUs&AC

waveforms at the point of common coupling (PCC). The most common low pass AC filter

design is the LCL filter, as presenteéigure 3.7.

R1 i RZ

Ve W_IV\/\/— Vg

g C; Dv,,,

Figure 3.7: VSI LCEilter Schematic.

Configurations of LCL filters may vary for different applications depending on filter
performance requirements. The equivalent VSI-il@r in the LFAC sideomprises of two

sets of inductors in the inverter (L1) and grid side (L2) respectively, and one set of shunt
connected capacitors {Qwith resistive damping (Rwhich are placed between them. The
capacitor of an LCL filter is essentially a +pghs filer, providing a low impedance path for

high-frequency current components.

The parameters of this filter are carefully selected in order to avoid instability that could be
caused if its resonant frequency is close to the switching frequency of the VS add
harmonics. Given the fact that the size of the WM® transformer is quite bigger and
heavier if rated for LFAC operation, its inductance is considered to form the (L2) part of the
LCEFilter. In order to limit PWM current ripple, the convertede inductors (L1) or phase
reactors, must be much bigger L1>>L2 for a practicafilt€L Additionally, many authors
recommend that the converter output current ripple should be limited to less than 10% peak
to-peak of the rated fundamental current maitpde, in order to comply with standards and

grid codes and avoid potential inductor saturation issirds.
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For the above reasons, the value of inductor L1 is independently selected to limit the ripple
of the converter output current to less than 10% of the rated current amplitude, as a common
practice, and itwvalue together with the transformer leakage indueste L2 define the filter
capacitance Qralue. Equatior{3.5) estimates the value of inductance for a given DC side

voltage and PWM switching frequengy 6f the two-level PWM VS{Z2].
Op — (3.5

wMidaQ _J00 h _ pmb
The LCilter capacitor is typically ratedbtprovide reactive power of less than 5% of the
rated power of the converter. The larger the capacitance, the smaller the inverter side
inductance which reduces the efficiency of the scheme, as more current is drawn from the
converter. Equatioii3.6) relates convertercurrent and the harmonic current injected to grid
at the switching frequency. By solving this equation for a total attenuationafk20%, L1

and L2, the value ofi€an be determined72].

o — 7 20 (36)

In addition, since the resonant frequengyis a function of the filter capd@ance and grid
impedance, it can vary under certain operating conditions. Hence, it should lie in a stable
region where supplementary damping is not required, and the fundamental frequency
converter current remains unaffectdd11]. This region can be selected to be lower than half
of the switching frequencysf and higher than 10 times the grid electrical frequengyof

avoid resonance problems. This way, Proportidngtgral (P1) based current control can be
achieved without activeor passive damping if the resonance frequengyi$ inside the

interval [&min, fomad, as defined by Equatio@.7) below

0 L

h O p M2 Q@ -Q (3.7)

Other correlated oscillations around the resonant frequency cansiygpressed by the
resistor (R that is inserted in the capacitive branch as a simple form of damping, although it
negatively affects the filter performance and causes fundamental frequency losses. The value
of this resistance should be equal to etierd of the capacitive reactance at the resonant

frequency and is given by the equation below

Y

(3.8)
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The inverter side Ldllter parameters for the equivalent 704MW system model are shown
in Table3-8, below. In this table, L1 can also be considered as the converter phase reactor,

and L2 is the equivalent converter transformer leakangkictance.

Table3-8: VSI LCEilter Parameters.

Zbase at the VCSde 4.95 [ohm]
Chase at the VCSde 0.0019253 [H
Flter Capacitance, f 0.00000665 [H
Reactive Power Supplied by the Hiter Capacitor 3.04 [Mvar]
Converter Inductance L1 0.02252 [H]
Attenuation Factor ka 0.2
Transformer Leakage Inductance L2 0.00627 [H]
10*fe <Resonant/ Qutting Frequency <fsw/ 2 881.63 [HZ]
DampingResistor Rf 9.051 [ohm]
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Figure3.8: FrequencyResponse of the L(Hilter Design: Impedance Magnitude (Red) and Phase (Blue)

Theimpedance and phase against frequency plots show its cutting frequency being at 881Hz,
providing a lowimpedance route to ground for higlnequency current components, while

for lower frequencies, its impact on the system impedance characteristics cambaah

3.2.1.8 Converter Transformer

The WT®G/SIs are connected to the LFAC system by means of converter transformers. Their
primaryfunction is to transform the MediurhFAG/oltage to a suitable level for tiéSCso
perform the AGo-DC conversionAs mentioned irChapter 2 thesetransformeis may lead

to WT nacelle or tower design modifications due to thacreasedsizeand weight The
electricalparameters for the equivaleninverter transformermodelsof the 704MW OWF
modulesused in this workare presented iTable3-9, based on the LFAfansformerdesign

characteristics estimated in secti@.
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Table3-9: LFAC OWverter Transformer Parameters.

Equivalent WTGs' Part of Total Gonverter Transformer
Transformer Total MVA 880 [MVA]
Base Operation Frequency 16.7 [HZ]
Nominal Voltage at the MV ACCollection Point Sde 66 [kV]
Nominal Voltage at the VCSde 66 [kV]
Winding Type MV ACCollection Point Sde Y
Winding Type VSCHde D
Transformer Positive Sequence Leakage Reactance 0.07 [pu]
No Load Losses 0.000156383 [pu]
Copper Losses 0.00233333 [pu]

3.2.2 Medium Voltage Collector System Layout

As suggested above, tlp@wer from the 88 WTG units of a ~700MW OWF is collected at the
topside of a compact offshore LFAC platform and connected to 72.5kV class switchgear
schemes by means of array connections at 66kV, as mentioneskdtion 2.3. The
configuration of the 72.5kV class GIS system is describEabile3-10. Besides the GISbe
platform houses the stepip transformers (bank of 3 x 141MVA, 16.7Hz sipblase units,
asreferred in Chapter 2, th862kV class GIS, all auxiliaries, control and protection, if there is

no offshore shunt compensation for the export cable.

Table3-10: The 72.5kV Class Switchgear System Configuration (GIS)

Q0 ON PO SUBSTATIO
GIS SPECSWF - SIDE, @ kV 66
GISMAXRated Voltage 72.5 [kV]
GISRated power frequency withstand voltage 140 [kV]
GISRated lightningimpulse withstand voltage (BIL) [ PEAK] 325 [kV]
Min Reted Qurrent 1.25 [KA]
Max Rated Qurrent 25 [KA]
Total No of GISsofthe WF- Sde 4
Number of WTGsper GIS 22
ACCQurrent per GIS 1.925 [KA]
ACQurrent Magnitude per GIS 2.722 [KA]

Loadingisthe Same to All GISs

The 704MW OWEF requires a total number of 4 x 72.5kV GISs to be utilized, each connected
to 22 WTGs. Thus, the total number of 88 WTGs isgletivinto twelve arrays, with eight
strings of seven WTG units each and four strings of eight units each, respe&aatyseven

or eight WTG array is shaped by two saarbay WTGstrings that are linked together and is
connected to a72.5kV class switclegr through one submarine &LPE, 800 mharray

cable operating at 16.7Hz, accordingTiable3-11.
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Table3-11: Inter-Array String Cable Parameters.

Cable Placement (Air,(Under-)Ground, Submarine) S
Cable Isulation Material XLPE

Cable Cores [Sngle-Core, Three-Core] T
Cable Conductor Material Q

Cable Operational Voltage 66 [kV]

Cable Rated Voltage Range 3C 10-90 [kV]

Maximum Cable CrossSection to be utilised 800 [mm~2]
Cable Rated Qurrent 0.775 [KA]
Cable Qurrent (multiplied with 0.9 - ubes, etc.) 0.6975 [KA]

Therefore, in each 72.5kV GIS system, there will be 1 x 8 WTGs + 2 x 7 WTGs strings connected
to it through the 800 mrCuXLPE array cable. The medium 66kV voltage offshore system
cornfiguration schematic, as described, is showkigure3.9. All the abovenentioned WTG

units form one OWPP block, providing an installed capacity of 8 x 56 MW + 4 x 64MW giving

a total of 704MW at 66kV.

Schematic representation of one array

Hypothetical layout of a 700 MW windfarm

Figure3.9: Schematic Representation of the 66kV Offshore WPP Laywcit, Detail of a Single Array.

The utilization of the submarine array cable with reference to the number of WTGs per array
is given infable3-12, where the cable rated current aftehé¢ effect of dubesisconsidered.
As can be seen for strings with 8 WTGs rated at 10MVA each, the utilization of the cable can

reach up to 100%, while for strings with 7 WTGs its utilization can be as low as 88%.

Table3-12: Array 800mm~2, GXLPE Cable Utilization.
WTGs TO EACH STRING / STRINGS TO EACH GIS FOR GIS - MAX Loading
Maximum No of WTGs per Cable
No of these Cables per GIS / No of STRINGS per GIS
Maximum No of WTGs per String

Utilization of the Cable for Max No of WTGs per String
Minimum No of WTGs per String

Utilization of the Cable for Min No of WTGs per String

Total No of Strings per GIS 3 Combined
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In each array, the WTGs are connected with 406 8mrXLPE suhrray cables. The length of
each subarray cable connecting the WTGs is assumed to be 1km, while each of the twelve
800mmnt CuXLPE array cables is assumed to be 2km lofghie3-13> (G KS OF 6f SaQ S

LI NI YSGSNB RSNAGSR FNBY (GKS ! .. Qa &dzoaSlk - [t
Table3-13: Medium Voltage- 66kV-Array and Sb-! NNJ & {dzo YI NAyS - [t9 /Il o6fSa
CABLE ELECTRICAL RESPONSE-ABB Submarine Power Cables
800 mnf Cu-XLPE 400 mnf Cu-XLPE
Insulation Capacitance per km Ccab 3.50E-07 2.60E-07 [F/km]
Meas.Cable Inductance per km Lcab 3.20E-04 3.50E-04 [H/km]
Meas. Cable Resistance per km Rcab 2.96E-02 5.14E-02 [ohm/km]

The total 704MW OWPP block is integrated to the grid through one 345kVLKIARESubsea
export cable. Several cases with various export cable lengths have been studied for up to two
of these blocks interconnected ate¢ir OCS through an LFAC cable, assuming a total installed
capacity of approximately 1,400MW. Each OWF block acts as a separate unit facing the
offshore LFAC TS side, although the 66kV medium voltage system is represented.

3.3 Offshore LFAC Transmission Systeayout

In the OWPP platforms, mentioned above, the 66kV medium voltage level is raised to a
suitable level foitransmission by means of LFAC stgptransformers. The 345kV voltage
level has been selected as the offshore LFAC transmission sysiltage with the
advantages of this choice explained in Chapter 2. The power is then transferred through the
submarine LFAC cables to the onshore frequency converter station and subsequently

converted for integration to the 50Hz AC grid.

Depending on the idtance from shore, for 704MW power transmission, one submarine
export cable can be sufficient as suggested in Chapter 2. Thus, one OCS with a single topside
can be considered at the offshore platform for a radipbintto-point transmission
arrangementln this study, the onshore frequency converter is assumed to be placed in one

single substation site too, for every 704MW OWF power block as can be deiguiie3.10.

Harmonic
Filters

WE1 345 kv 345 kV ______

66 kv
704 MW @ 66 kV 16.7 Hz LFAC Cable1 ] MMC1 AC GRID 1
' Hf:l—h’ . | - s
~ wlaa~ 1 7 A N3 1 &~ |l === ~
O_ =|= a \'I 1x 1400mm? Al XLPE C°”;'::i:tr'”z ® ==
830MVA T 850MVA
6x 141 MVA X I !

Figure3.10: Simplified Representation of a PtP Scheme Integrating a 704MW OWPP Block to the Grid.
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For the 1400MW meshed offshore LFAC system arrangement outlikéguire3.11, two of

the abovementioned Pointto-Point schemes can be interconnectedheir offshore 345kV

side though an additional, identical submarine cable. This cable, depending on its length, may
carry the full capacity from an OWPP cluster or even power coming from one grid,
transferring it to a different grid or grid point. Thisncept may be extended to include more

offshore generation sources and more grids.

Harmonic

345 kv Filters
WF1 35KV — — — — - -
66 kV H:i’:_u.l
700 MW @ 66 kV 16.7 Hz LFAC Cable1 ! ! | MMC1 AC GRID 1
[] |II
\
T lao DR N s, -~ o/l
O_ == @ ~ 1x 1400mm? AFXLPE Compensating | —l=
Reactor
880MVA T = ~ 850MVA
6x 141 MVA = I

Tie: 50km Cable

Harmonic

345 kV Filters
35KYm = = o =
WF2 66 kv THH :HT'
704 MW @ 66 kV 16.7 Hz LFAC Cable2 ! ! MMC2 AC GRID 2
b |
e DR N atst, RN
O— —_—— GD ~N 1x 1400mm? Al-XLPE Compensating @ ==
Reactor
880MVA o ~ 850MVA
6x 141 MVA = I

Figure3.11: Offshore MTLFAC System Integrating 1408MW OWF amigrconnecting different Grids.

3.3.1 LFAC Transformer
The LFAC transformesed in this analysis is based on ttesign calculations performed in
Chapter 2, wherea design with relatively increased core area amithdingnumber is

estimatedto compensate fortie low frequencyThe electrical parameters of the transformer

are presented imable3-14.

Table3-14: LFAC Stepp Transformer Electrical Parameters

COLLECTION POINT - SUBSTATION

Transformer Total MVA 423 [MVA]
Total No of Step-Up Transformers in the Project 2
Base Operation Frequency 16.7 [Hz]
Nominal Voltage at the HV AC Trasmission Side 345 [kV]
Nominal Voltage at the MV AC Collection Point Side 66 [kV]
Transformer Type 3 Single Phase Tr
No of Units per Transformer 141 [MVA]
Winding Type HV AC Transmission Side Y
Winding Type MV AC Collection Point Side Y
Delta Lags or Leads Y -
Transformer Positive Sequence Leakage Reactance 0.07 [pu]
No Load Losses 0.00016 [pu]
Copper Losses 0.00233 [pu]
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It is worth noting that an absolute change in frequency does not result in three times bigger
transformer size as various factors contribute to its overall dimensiéosordng to the
conclusions presented in the LFAC transformer design sedfidhe height restrictions
defined by transportation constraints amonsidered,the leakage reactance of an LFAC
transformer design would lie in the range 6fl6%. Thus, the leakageactanceselected is
0.07p.u., which lies in lower p.u. value than the expected impedance at higher industrial

frequencies, e.g. for a 50Hz or 60Hz.

3.3.2 LFAC Export Cable

The LFAC submarine power export cables adopted in this Thesis are babedNIEXANS
design in coordination with HYDC TECH cable performance studies. All the transmission
cables usedor the specift LFAC transmission schenas based on the 345k¥400mnt Al

@)
5

A S _ oA x

-0fS 6KAOK KI & 0SSy &St SOSusSfring@ PARExpdtEabNB I & 2 y
SaA 3y .22 e électicdl parameters of this cable are givefahle3-15.

Table3-15: 345kV Submarine LFACXXLPE Export Cable Electrical Parameters (NEXANS).

LFAC CABLE ELECTRICAL RESPONSE - NEXANS
1400mm?2 Al - XLPE

Insulation Capacitance per km Ccab 1.73E-07 [F/km]

Meas.Cable Inductance per km Lcab 4,19E-04 [H/km]

Meas. Cable Resistance per km Rcab 3.07E-02 [ohm/km]
Total Current Limit Imax 15 [kA]

¢tKS fS@St 2F RSl A électficyl chudctelisics depeids gnhe IstudpP | 6 f S
requirements, as there is always a trad between cable parameter accuracy and simplicity

of the model. Thus, models can be based on lumped or distributed parameters throughout

the cable length and on cotant or frequencydependent parameter$l10]. Asthis work

aims at thedetailed analysis of the LFAC TS, @kplicitcharacteristicof the subseacable

are examined in Chapter 4 with distributed and frequencydependent parameters

representationfor accurate investigation of itesponsen a broadfrequency spectrum

In this section, asimplified estimation of the submarine cable electrical parametsrs
intended throughout its lengthas well asthe sizingof the corresponding compensating
reactorsTK S S |j dzid®duitréprngsentation for variousablelengths is adopted, which

can be used only for steaghtate 16.7Hassessment. A simple way to deriveexqquivalent

" -circuit and consider the travelling voltage waves is by developing the cable system as a
guadrupole or a tweports network. The complete rating and appropriate planning of the
required active and passiveompensating measures can be defineitea the detailed

frequency steadystate and timedomain assessmesbf Chapters 5,6, espectively.
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Based on the 345kV submarine LFAQCPE export cable electrical parameters supplied by
the manufacturer, the total impedance and admittance of ttable system can be yielded

by the equations belo110]:

® Y QO (3.9)
) N o (3.10)
Where:. =105.93 rad/s is the operating angular frequency corresponding=t6f7Hz.

The characteristic or "surge" impedangt)is defined as:

@ _ (3.12)
¢KS 41 @S LINE LI 3lgiveh ByFqu@iar(B)i I yi 6+ 0 Aa
r O I | (3.12)
WhereY h A& GKS NBFf LINIG 2F GKS LINRLIEIFGAaAzy O
GbLXKYO FYR i A& AG&a AYIFIAYIFINE LI NI 6KAOK NBL
The Surge Impedance Loading (SIL) for the cable is:

YO — (3.13)
S S

The propagation speeddnor lossy cable can be calculated as:

0 (3.14)

Finally, the Travelling Wavelengtj (s:
_ - (3.15)

The above characteristic cable parameters are calculated and preseniedbiie3-16. They
are independent of the cable length, but they are affected by the operating frequéiney.

this reasonthese resultsare only simplifiedestimatesat the fundamental of 16.7Hz.

Table3-16: 200km LFAG XLPE Export Cable Characteristic Parameters.

1400mm2 Al - XLPE - LFACCable Characteristics

z Zcab 0.0307+0.044i [ohm/km]
y Ycab 0.000018 [Semens km]
Characterigtic Impedance Zc 52-16.3i [Ohm]
Propagation Constant 1 0.000296-+0.00094i [km~-1]
rge Impedance Loading gL 2184 [MW]
Propagation Seed ve 117408 [km/ ]
TravelingWave Length < 7030 [km]
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From Equation3.15), the travelling wavelength is inversely proportional to the operating
frequency, and thus, for the low operating frequency of 16.7Hz, the wavelength is larger in
comparison with 50Hz for the same cable length. This fact enables the initial estimation of

the cable equivalent lumped parameters through the quadrupole representation as the
travelling wave passes through it with less time delay in comparison with 50Hz operation.

Since, the quadrupole modelling depends on the length of the transmission medidithe

cables examined here can be relatively long (e.g. up to 400km) in comparison with the cable

g @St SyaidKz GKS GNI @St f(2ip)Dfthe klectomagnetic waveds I A FSy
shall not be neglected.

(3.16)

Therefore, the evolution of the travelling waves and the refraction at the cable ends should
be taken into account. In order to obtain the equations of the power cable at 16.7Hz, the

two-port (ABCD) networkquivalent is adopted as presentedfigure3.12.

lin Ioufl
TL / Cable System
‘;:;—:-.— +{j
+ A B -
Vin Vout

Figure3.12: Two-port, ABCD Networlequivalent for LFAC Cable.

The ABCD are the parameters of the Transmission Matrix asigituation(3.17) [102].
Where A, B, C and D adlefined by Equation.18-3.20), andeach parameter represents:
A) For opencircuit output: the voltage ratio between the two ports.
B) For short circuit output: th@egative transference impedance.
C) For opencircuit output: the transference admittance.

D) For short circuit output: the negative current relation.

6 0O Al ¢oBI (3.18)
6 o VET Bx (3.19
6 —DET & (3.20)

65



Three of the above terms are enough to model OTLs and cables with less than 500km,
although the first two terms are usually enough in most cases. Consequently, the equivalent
OANDdzA G F2NJ f2y3 Ol of Sa A Figureg13$hatdginPedanSey & b~ b

(2) andadmittance(Y-) can be expressed as follows:

o6 (3.21)
O ¢O— (3.22
lin Cable System lout
- L] e
At Al
Vin B B Vout
- 5 5=

Figure3.13: Two-Port Oriented to a Cablg-CircuitSystem in the Phasor Domain.

¢CKS GNIyavYAaaairzy AYLISRI yOS ~{cifukforralegthofi I yOS 2 7F
200km are projected ifable3-17, while Table3-18 shows its calculategarameters for

various cable lengths.

Table3-17: LFAC Export CalfleCircuit Impedance anédmittance for 200km.

Transmission Parameters Gable Length 200km

zZ 6.074+8.776i [ohm]
Y 2 3.4E06+0.00182i [Semens]

Table3-18: LFAC Export CahleCircuit Parameters for Various Lengths.

[c'/ [/tot$ [/ A ND T 50 100 200 300 400
[F] 8.65E-06| 1.73E-05| 3.47E-05| 5.22E-05| 6.99E-05
[H] 2.10E-02| 4.19E-02| 8.36E-02| 1.25E-01| 1.66E-01

[ohm] | 1.53E+00[ 3.06E+00| 6.07E+00| 8.99E+00| 1.18E+01]

[ohm] 2.64E-08| 2.11E-07| 1.70E-06| 5.77E-06| 1.38E-05

The reactive power consumption (@&nd generation (€ occurring in the LFAC cable is:

0 - ad h o — (3.23

Thecharging currenle) is given byEquation(3.24), while the total(lot) by Equation(3.25).

O - D (3.29)

0 — 0 (3.25)

Thus, the total cable power losséB:) can be estimatedy Equation(3.26), while Table

3-19 shows the corresponding LFAC cable electrical performance for various cable lengths.

0 cJO QoY (3.26)
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Table3-19: LFAC Export Cable Electrical Performance basdd-Gircuit Analysisfor Various Lengths.

LFAC Cable Electrical Performance

[MVATI] 2.992 6.103 12.120 18.148 24.101

[MW] 6.260 12.749 25.171 37.317 48.861

[MVAr] | 105.888 | 216.207 | 431.101 | 649.887 | 871.286
0.181 0.362 0.725 1.091 1.462
1.182 1.192 1.233 1.298 1.386
6.425 13.050 27.690 45.465 67.822
0.129 0.130 0.138 0.152 0.170

Figure3.14, below shows the LFAC cable total current and losses for increasing cable length.
It is evident that as cable length increases, the MW/kssé&s of the cable rise, as shown in

Table3-19, causing the total cable MW losses to upsurge in alim@ar manner.

Cable Losses and Total Current
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Figure3.14: LFAC Cable Total Current and Power Losses vs Cable Length.

3.3.3 Reactive Power Compensation

Appropriate reactive power compensation should also be advocated wherever it is needed
in the transmission scheme. This may be applied eithesne or both the onshore and
offshore sides of the cable. More specifically, active compensation could be applied in both
sides if necessary, by utilizing the M8RIC control arrangements at the LFAC side of the
onshore frequency converters and the réige power capability of the corresponding OWPP

blocks in order to achieve relatively evirading in the export cables operating at 16.7Hz.

However, if additional active or passive compensation equipment (e.g. by means of
STATCOM or shunt reactors) aomsidered essential, it would be more beneficial from an
economic feasibility perspective to be installed only at the onshore side of the corresponding
cables. In thisvork, the application of compensating reactors is considered only onshore for
all the proposed topologies in an attempt to alleviate the weight and free up premium space

on the offshore station topside.
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From this simplified LFAC cable analysis, an approximation of the reactive power to be
compensated and the corresponding inductance neededbeaindicated {p Equation$3.27-
3.28). The values for various cable lengths are calculatethine3-20. In Chapter 5detailed

load-flow analysis specifies an accurate reactive power compenstiiahe scheme.
0 0 0 (3.27)

O — (3.28)

Table3-20: Indicative Reactive Power Compensation of the LFAC Export @ablarious Lengths.
REACTIVE COMPENSATION

IMvAr | 105 210 419 634 849

[H] 10.804 5.399 2.694 1.790 1.336
Compensating Measures vs Cable Length
900 12
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[km]
- ReaCt ive Power t o Gompensate = (DMpensating Indactunce

Figure3.15: Approximate Reactive Compensation of LFAC Cable and Shunt Reactor Size vs Cable Length.

3.3.4 System Impedance Damping

Systeminpedance damping measures may be needed in certain cases depending on both
the loci of the low order harmonic frequencies on various spots of the respective LFAC
topology and the control system configurations of the frequency converfeigire3.16
presents the export cable impedance for operation at the fundamental frequency (16.7Hz)
up to the fifth harmonic order (83.5Hz), when the distance from shiooeeases. These
impedance curves are estimated based on the simplified equivalemddel for long cables

as the cable length is much smaller than the travelling wavelength.

In Figure3.16, it can be inferred that by increasing the cable length, the ohmic impedance
always increases and even mosbarply for higher operating frequenciesThus, when
operating athigherfrequendes, the cable resonacepoint is much closer tthe fundamental

frequencyor in much lower harmonic order level.
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Impedance vs Distance
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Figure3.16: Export Cable Impedance vs Cable Length, for Various Operating Frequencies

Althoughthis canbe another advantage of LFAC system operaiioshall be clarified that
for the appropriate evaluaton of such studies the frequencydependent parameter

representation of these cables should be consideredn &hapter 4.

3.4 Onshore BtB Frequency Coner

In this study, the onshore frequency converter station that links the 50Hz AC grid at 400kV
with the offshore 16.7Hz LFAC TS at 345kV is based ontANMC technology, as mentioned

in Chapter 2. The Binfiguration is implemented for the onshore station, which allow

the interconnection of two asynchronous networks with different frequencies. It has one
MMC Terminal at each ends showrin Figure3.17. The DCrated voltage level of 640kdr

of o ¢"@ais assumed in this work for the onshore frequency conveikermany of the
international projectsthat are rated at 700MW and use the MMC-HVDC technologyas
presentedin Chapter 2. Finallyf,several steps are assumed for the MMC voltage, the AC side
harmonic filters can be omitted, since the high number of modules allows almost sinusoidal

output AC voltage waveforms.

3.4.1 MMC Control Arragements

Real power can be transferred either from the 16.7Hz LFAC system to the 50Hz AC system or
vice versa subject to the application, e.g. OWF integration, interconnected grids through
meshed offshore LFAC transmission system, etc. In addition, thesideAtbnverter should

be capable of grid forming and grid following operation, as preseiridgigure3.17 and

explicitly describedh Chapter 6.
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Inthe islanded LFAC TS, the 345kV voltage level and the 16.7Hz frequency must be imposed.
Thus, the LFAC side MMC shall include kd&ait capability and be able to form the voltage
waveform for the LFAC TS (gfidming function). The other converters theapply grid
following control and require a voltage reference to synchronize their real and reactive
outputs [67]. On the other side, all the 50Hz grid facing MMCall sstablish the DCink

voltage of the BtB schemes and fulfil the reactive power requirements at the PCCs.

Back-to-Back Frequency MMCs

MMC-T1 MMC-T2
LFAC - e AC
System DC Ls Ls AC System
Ie Lr1 Lr2 Tr
Ve1 0 Vez( 82
Va1 LFAC Ls Ls DC Va2, 0
el el ¥ et

ACVC APC bCcvC RPC

Grid-Following Control

| o |

LFAC Voltage Frequency
Control Control

Grid-Forming Control

Figure3.17: Onshore Frequency MMCs in BtB Configuration and Potential CoAtraingements.

The reactive power generation and consumption of the MMCs may also be used for
compensating the connected LFAC network. Currently, theressamalardized requirement

for an offshore LFAC network, and each MMC Terminal has been rated lbeti® aperate

with a power factor of 0.83, even when it transfers the maximum output power of a Wind
Farm block, as can be seenBable3-21, where all petunit values are computed using the

corresponding AC side rated apparent power.

Table3-21: Back to Back MMCs AC System Electizath.

B2B MMC ELECTRICAL DATA

MMC
Control Strategy for d ax!s Islanded or P / Vad Vdc
Control Strategy for g axis Vac
Apparent Power 850 850 [MVA]
Real Power 704 704 [MW]
Maximum Reactive Power Limit 0.56 0.56 [pu]
Max Reactive Power @ Full Power Operation 476.0 476.0 [MVar]
Max Apparent Power @ Full Power Operation 850 850 [MVA]
PF 0.83 0.83
AC Side Frequency 16.7 50 [HZ]
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3.4.2 MMC System Configuration

In MMC systems, the DC and AC terminals are connected through the three converter phase
legs, each one comprising two converter multivalves, a positive and a negative, called arms.
Each arm includes a number (N) of sedegascaded submodules (SMs) respectively and a
corresponding arm reactor. The basic structure of a thpshase MMC is shown igure3.18

[66]. In this configuration, each AC or LFAC phase is divided into positive and negative arms,
while in each DC side terminal there is one positive and one negatit@ge output that

corresponds to positive and negative arms.

) MMC Structure
e -
4 I N

Larm

MMC Voltage Output

- 1
e M(:

%Vd'c

Reem Lom i

_ 3 R ic(f)

%Ud‘:
Yia-) T
* i

Phase Unit (leg) Arm

Figure3.18 MMC Structure and Configuration.

By adjusting the converter arvoltagesratio in each phase module, the required sinusoidal
voltage waveform at the AC or LFAC terminal can be attained, while the DC voltage is equal
to the overall voltage of the two converter arms in one phase unit. This means that the MMC
acts as a controllable AC voltage source that provides fundamatplency aitput voltage
waveform, adjusted by the desired active and reactive power output. Moreover, the
generation of harmonics is prevented due to the number of possible discrete voltage steps

through the switching of individual cells.

The commercially availabléiMC modules can have either full or halidge cell
arrangement. For HVDC transmission system with OTLs, tHeitige configuration may be
preferred due to its DC fault clearing capability to suppress the fault current. Thiertugé
sub-modules (HBMs), on the other hand, need the corresponding AC breaker opening, so
they are used for submarine and underground transmission systems. Yet, HBSMs can be
employed for BtB HVDC arrangements, due to the low probability of a DC fault. Also, an MMC
with two-level fultbridge submodules requires twice the number of IGBTSs of those with half

bridge submodules, which also lead to higher cost and losses.
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Consequently, the twdevel haltbridge MMC technology available from most vendors is
selected for the purposesf the onshore BtB frequency conversion in this work. In the
following sections, the operational principles of the HBSM will be described, the estimation
of the necessary HBSM number and capacitance, as well as the total arm/limb reactance and

resistancen both sides of the BtB MMBVDC frequency converter, will be discussed.

3.4.3 Twolevel MMC and Halfridge SuiModule (HBSM)

The main components of each halfidge submodule are the two IGBTs with freewheeling
diodesin antiparallel,forming a tweclevel halfbridge scheme that connects to a capacitor
unit, as shown ifrigure3.18. It also contains a bypassvitch to isolate the module from the
circuitin the event of an IGBT failure, a thyristor for overcurrent protection of the lower diode

in case of DC fault, auxijacomponents and electronics.

= R EP e e el
off ang Lower 1GET off 1G8T o7 1GBT 01
State  IGBT-T1 IGBT-T2 wsy isM Capacitor SM blocked SM switched in SN bypassed
N >0 Charging-via Diode-D1 . J ) J 8
i of e <0 Discharging-via IGBT-T | fsr | Tfem | fsw B i L
, >0 BypassedvialGBTT2 | > 0| 1] 1 T
Bypassed of On 0 <0 Bypassed via Diode-D2 -,r\ J d"r ] JLS i,s“f ] J
ve ;z:f ; ;zd Charging-via Diode-D1 ] ]
Blocked Off Off .
o sm<land g ed via Diode-D2 isu sy
vsm,. <0 isy [ | Ve T 1 == Ve Voo
- Else None and ispg = 0 <0 "’f] # J@T Uﬂﬂ # J@

Figure3.19: MMC- HBSM Operation Modes.

The table inFigure3.19 above illustrates the potential conduction modes of operation for a
half-bridge submodul¢90]. The HBSMs are twlevel devices that can be switched between

an ON state with full module voltage\(:effectively equal to the SM capacitor voltagaid

an OFF state with no module voltad®/] through gate signals to the two valves T1 and T2
respectively, for both current directions. Hence, if T1 is switched on, either the IGBT or the
freewheeling diode of the corresponding valve conducts, depending on the direction of the

current, which dehes whether the capacitor is being charged or dischafdéd].

Therefore, with this topology, each of the individual subdules can be distinctly controlled
na@ Yy SNI SN FNX¥Z FyR SFEOK aa/ Qa I NY OFy 06SKI ¢
the minimum voltage variation being equal to the HBSM capacitor voltage. Finally, in blocked

state both switches are off and depending on their voltage and currents, mr@wheeling

diodes may conduct, restricting current flow in one of the two possible directions and making

this converter unable to suppress DC side faults which necessitate the utilization of AC circuit

breakers for the development of such a fault protectischeme.
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3.4.4 PWM Technique

To date, the commoestMMCgInodulation methodsrethe Multi-Carrier PWM techniques,
which are classified based on the spatial distribution of their carrier waaasprising the
PhaseShiftedCarrier Modulation (PSBWM) and he PhaseDisposition or Levebhifted
Carrier Modulation (PIPWM) [73]. The carrier number and frequency depend on the
amount of the MMC levels. For a high numbeleafels the effective switching frequency
increases anthe THD can be very low (i.e. <2%)t the PWMmethod may result in being
cumbersomedue toalarge number of submodulefigure3.20 showsPD(a) andPSEPWM

(b) triangular carrier waveformbeing ®@mpared witha sinusoidal voltage reference

di4

7\ /\
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(b)
Figure3.20: PWM Patterns for Twéd.evel MMC using HBSM: a) ffVM and b) P6GPWM.

ThePS@WNMtechnique is adopted in this Thesis for the onshore BtB Mdshas some
distinctive features on top of suppressing the lovder harmonis. In contrast to thePD
PWM it can evenlydistribute the power among the submodulesand the semiconductor
stress enabling better capacitor voltage balancing contiidis point is critical as each sub
module has different individualharacteristicsand its switching is performed by a specific

triangular carrier waveform which can produce dynamic voltage balaissugs

In PE€-PWM, the carrier frequeng must not be integemultiple of the fundamentahsit may
cause the submodule pacitor voltages taliverge[73]. Thus nor-integer multiples othe
fundamental frequenies are choserhere for both T1 and TMMC terminals The HBSM
switching frequencys setat 155Hz converdng the total count of switching pemoduleto

less than 150Hz + 5%hile anamplitude modulationindexof Mi=0.945is selected

3.4.5 Number of HBSMsDC Voltage

In order to keep the phaskeg voltage amplitde of the MMC constant and equal to the DC
Voltage, the sum of inserted subodule cells in each phase leg shoailsbbe kept constant

S, by inserting one suimodule in one arm, one other should be bypassed in the other arm
respectively, at the same tien Additionally, to eliminate any DC offset in the AC voltage
output of each phase leg, the corresponding arm voltage amplitude may vary between zero

to the DC voltage with an average value of half the DC voltage.
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Thus, theHBSMcapacitors of each arm caare the DC voltage according to the number of
cells per arm (N) and should be rated as the IGBTS, considering that the necessary blocking
voltagefor each arm should be equal to the full DC voltagetwice the DC voltagéor the

total phase leg.Therdore, the capacitor voltage balancing éssential as unequal DC

voltages generated in any of the converter phase lagy causeirculating currents.

Table3-22: Number of HBSM and Voltage Levels in &IC.
ae a A

SV Rating

SM Number

SM Rated DCVoltage set 5 5 [kV]
IGBT Voltage rated 6.5 6.5 [kV]

N: Number of Operating MMCSMs per Arm 128 128

Total Number of Operating MMCSMs 768 768
SM Redundancy 10 10 [9%4

Total Number of MMCSMs 846 846

Total Voltage Levels (N+1) 129 129

If anestablished 6.5kV IGBT module is employed for this application, the rated HBSM voltage
can be set to 5kV, as can be seeable3-22. Atotal number of 128 operating HBSMs is
then needed to withstand the DC voltage of 640kV pole to pole accordingly, which is also the

required number of HBSMs per arm, as can be inferred by:
0 —_— (3.29

Supposing that a typical 10% policy for submodule redundancy is applied, then a total
number of 846 HBSMs would be equipped, out of which only the 768 would be in use, and

384 would be operating at every instance in each MMC of the back todraangement.

3.4.6 HBSM Capacitance

Theoretically since theBtB MMCghat link the offshore 16.7Hz systemo the 50Hz gricare
equally rated with the same number of HBSM®& passive equipment components of the
MMC interfacinghe LFAC networkhouldbe three times bigger in size and rating than those

of the 50Hzgrid sideMMC.Though, slight differences resudut of practicalcalculations.

The choice of the HBSbtApacitance value is always a traolé between the capacitor size

and its voltage ripple. A ripple in the range of £5% can be considered acceptable for MMCs,
and the required capacitance value can be estimated by specifying the deviation in the
energy ofthe converter arm, according to an analytical method suggeste Marquardt et
al.[104]. Moreover, stored energy over 30kJ per MVA of a converter rating can beaiatieq

to achieve a voltage ripple facter ~ £5%, as suggested [130]. The projected HBSM

capacitance value shown Trable3-23, is calculated by :
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8 — (3.30)

Where:8-vsis the submodule capacitance (nedundant submodules assumed)
Vuesw the desired sulmodule rated DC voltage
Wswm: the stored energy in each submodule per MVA
NWsw: Variation in SM stored enerdy oo _—
Wheren€Wam: = F NAF GA 2y Ay (GKS dzLILISNI | N¥Qa ai:
Table3-23: HBSM Capacitance for the BtB MMC Terminals.

SM Rating

SM Capacitance

nWarm: Variation in the upper arm@ stored energy 4.46 1.49 [MJ
NnWsm: Variation in SM stored energy 0.035 0.012 [MJ

Wsm 0.087 0.029 [MJ

Gm 7000 2350 [uF]

Hence, for a ripple voltage of 10%, the value for the HBSM capacitor of the LFAC side MMC
isestimatedneafl T nnn>C FyR F2NJ 6KS 1. {a OFLIOAG2NI 27

3.4.7 Arm Inductors

The arm inductors, also known as limb inductors, have two main functions:

1) They can limit the fault current rate of rise (di/dt) through the converter to suitable
levels for faults happening either in or out of the converter.
The arm fault current should not exceed the vatu& H i1 lamy xaBg130})/ This can
be used as an initial criterion for a minimum value of arm reactor. According to SIEMENS,
0KS a1l 5/ tfdzaé aal/ a@aGSYy SyLiz2ea 02y @SNI S
to tens of amps per microsecond against the most onerous conditions, such as a BC pole
to-pole shortcircuit fault. The value of limb reactance required to suppress the initial fault
current rate of-rise to less than 20456 can be derived by the Equati31), assuming
that for the time periodbetween a fault inauguration and the IGBTs taiffy the DC
voltage is kept fairly constaf®0].

FromEquation(3.31), the minimum arm inductor value is 16mH for the MMCs placed in

both AC sides of the BtB scheme. It should be mentioned that the above limit can be
considered for the LFAC side, only in the case that some minor modifications are
considered in circuitbreak&rQ RSaA 3y G2 2LISNIGS 4G [Cl/ 3z 7

e.g. to avoid the current chopping phenomenon.
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2) They can limit the higfrequency arm current components such as the peak circulating
currents.

In normal operation, the converter upper atalver total arm currents of each phaseg

comprise three current components as descrilisdthe Equatior(3.32), below.
O — — 0 (3.32

Where, licis the circulating current caused by unequal DC voltages generated among the
MMC phase legs or differences in the upper and lower arm voltages, e.g. due to different
HBSM switching times. Theclis a negativesequence current (@-b) at double the
fundamental frequency, which distorts the arm currents and increases converter losses.
They can be further suppressed through an additional Circulating Current Suppression
Control (CCSC) mechanism.

However, the minimum limb inductor value of 16mH calculatédve may still result in
unnecessarily high circulating currents even with the CCSC. Hence, the limb reactance may
be increased further as a compromise between the reactor size and the circulating current
magnitude.A general rule is that the selected pavaters should be outside a region of
potential resonances that occur in the circulating currefit07]. For theselected HBSM

capacitancethe corresponding region can be calculated by:

0 —o> > (3.33)

Where, . ingular frequency inrad/s, K NY 2y A O 2NRSNEX gAGK KIHYy |

According tg[133] this harmful region has a lower limit defined by th® Harmonic order
and a modulation index of 0.1 (h = 4 and m0.1) as well as an upper limit defined by the
highest resonant frequency which is obtairfedm Equation(3.33), above,for h = 2 and n¥

1. Hereatfter, the converter should operate above the highesbnant frequency, so that the
dependency on the arm resistancg-R/alue eliminated, which should be as low as possible
to avoid increasing losses. Hence, the following constraint is also imposed on the arm

inductor and capacitor values:

o)

0 D 5

(3.34)

Accordingto Equation(3.34), the MMC arm inductance that corresponds to the highest
resonant frequency should be 173mH on the LFAC side and 57.5mH on the 50 Hz AC side.
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The arm reactors in an MMC system could also be assumed to have the functionality-of Type
L filters and converter reaots in a twelevel VSC system by enabling independent and
continuous control of active and reactive power. Hence, the arm and converter reactors are
finally rated at 0.2p.u. corresponding to 307mH of 16.7Hz LFAC side reactors and 102.5mH
of 50Hz AC side aetors in order to avoid both the circulating current resonances and the
fault current change rate limitasthey were also found to offer a satisfactory performance

level when used in conjunction with the CCSC.

3.4.8 Interface MMC Transformers

The converter taminals are interfaced in both the AC and LFAC system sides through
converter transformers. Their primary function is to transform the voltages of the 400kV AC
and 345kV LFAC systems to a suitable level for the converters which is 370kV in both sides
and toprovide electrical isolation between AC and DC sides. The leakage impedance for the
50Hz AC system transformer is 0.15p.u. and 0.07p.u. for the 16.7Hz LFAC transformer based
on their MVA rating and they are much bigger than their corresponding resistarich may

even be neglected in some power calculations.

Table3-24: MMC Transformer Specifications at both MMC Terminals.

Sde a a

MMCTransformer
Transformer Total MVA 850 850 [MVA]
Base Operation Frequency 16.7 50 [HZ]
Nominal Voltage at the Grid Sde 345 400 [kV]
Nominal Voltage at the MMCSide 370 370 [kV]
Winding Type Grid Sde Y Y
Winding Type MMCSide D D
Delta Lags or Leads Y lags lags
Transformer Positive Sequence Leakage Reactance 0.07 0.15 [pu]

Table 3-24 shows the electrical parameters of the MMC transformers. Here, Delta
connections are adopted to both AC and LFAC convsitier transformer windings in the
case that MMCs apply a third harmonic injection technique which corresponds to zero
sequence curreis that can be blocked by a threeire connection such as a delta

transformer winding before entering the rest of the AC systems.

3.5 Summaryand Conclusions

In this Chapter, offshore PtP and MFC TS LFAC transmission schemes are designed, and
their relatedequipment is specified and rated in detail. The PtP LFAC TS integrates a 704MW

OWF to the grid through a long submarine export cable connected to frequency converters

77



located onshore, while the MIIFAC TS configuration connects two distant but similar @WF
in a meshed arrangement that also interconnects two different grids. The layout of each
704MW OWPP system is explicitly defitgdhe 8MW Type4 OWTGsthe 400mn¥ CuXLPE
sub-array andthe 800mnt CuXLPEarray cables and the medium voltage collectorteys

with 4 x72.5kV GISs.

Moreover, the electrical parameters of the high voltage components of the offshore LFAC TS
schemesare determined. Tie LFAC stepp transformersare specifiecbasedon the design

estimation of Chapter 2 with aleakage reactancef 0.07p.u as thea y' I (1 dzNJ t ¢ S| |
reactance of al.FAGransformerlies in lower p.u. value than the expected at 50Hz or 60Hz.

The LFAC export cablparameterssuppliedby the manufacturerare utilised to assesa

aAYLX ATAS ReircBitfodzand s fefgyhsind stimatethe siz of thecorresponding
compensating reactorResults showhat as cable length increases, the MW/km losses of

the cable rise, causing the total cable losses to upsurgelineatly. It is also indicated that

when operating ahigherfrequendes the cable resoracepoint could bemuch closer tahe
fundamentalfrequencyor in much lower harmonic order leveintroducingthe need for

potential mitigation measurefor the dynamic impedace of the system

Regarding the BtB VSC system of the equivalent OWTGs and the onshore BIBVIG@C
frequency converter system for integrating the LFAC TS to the grid, the following

characteristics are specified:

i Potential control system principles

0 TwoLevel configurations

i DC voltage rating and PWM techniques

U The number of modules (in onshore MMCs)
U The suitable DC capacitanaed DBR unit

U Converter reactors

i AC PWM Harmonic Filters (in the OWF VSI)

U Interface transformers

Since the MMCs arqqually ratedn the BtB arrangemeniinking a 50Hz grid with an offshore
16.7Hz systerand havingthe same number of HBSMs, the passive equipment components
of the MMCinterfacing an LFAC netwonieed to be ratedalmostthree timeshigherthan
those of he MMC interfacing a 50Hz grithis is obvious irhe rating of the DCcapacibrs

andarmor converterreactors with slight differencesn the result ofthe calculations.
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Chapter 4Frequency Domain Assessment

4.1 Introduction

The frequency response assessment of angmission system and the evaluation of the
impact that some main components have upon it can help to avoid undesired resonances
and harmonics. Harmonic resonances occur in frequencies where the impedance of a system
that contains inductors and capacitofgas a minimum or a maximum. Such resonances
should be seriously considered to avoid harmonic distortion issues that can cause a range of

instantaneous and long SNY y S3alF A GBS SFFSOGa 2y | aeadisSvyQ

The resonance frequencies arefohdamental concern especially in offshore systems which
comprise long submarine AC cables together with stpptransformers, shunt reactors,
inter-array cables,wind collector systemgetc. and their power sources are converter
interfaced WTGs that demotrate characteristic harmonic emission spectrums and power
intermittency. The resonances in such systems can also be amplified when the offshore
installations interact with a weak AC grid that has low short circuit capacity (SCC), making it

difficult for the OWFs to comply with the grid code requirements at their PCKD§

The resonance interaction issue can be crucial in the case of islanded LFAC transmission
system that is purely shaped among OWFs and HVDC converters without a straight
connection to a strongyrid [96]. There, the additional onshore batd-back frequency

converters may act as additional harmonic sources, apart from the fully converted \i6[Gs

4.1.1 Frequency Analysis Objectives for LFAC TS

The knowledge of the frequency response for the offshore LFAC TS during the system design
stage can help tavoid wider harmonic propagation problemSystem impedance may
resonate near a harmonic frequency produced by VSCs and exacerbate the harmonic voltage
or current of the circuit. Typically, a parallel resonance can cause voltage THD amplification,
and a eries resonance can lead to high current THD at the resonant frequency. Except for
the THD, a lovorder resonance in the LFAC network could produce sustained overvoltages

during transformer energisation or at fatdtearing which may damage the equipment.

Therefore, the frequency domain analysis of the system is performed to detect resonance
conditions that could excite harmonic voltages and currents and create potential system
performance or stability issueShe frequency scan studies indicate the impedaof the

system in various frequencies. They can be useful for designing the appropriate mitigation
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measures (e.g. harmonic filters, converter control systems, etc.) to damp the system
resonances and prevent interference with other componefit$l]. In this Thesis the
frequency scan analysis of the LFAC TS evaluates the equivalent system impedance at the
onshore and offshore 345kV busbars as well as at the 66kV collector bus of the WHEGs

study assesses the frequency response of the LFAC subsea cable and the transmission system
at normal operation, by varying some of the design parameters such as the cable length and

OWF power dispatch characteristics.

More specifically, static frequeey scans are performed in the LFAC transmission system by
FLILX @eAy3d GKS t{/15Q4 AYOGSNFI OS (G2 KIENY2yAO0
master library at the standpoints of the power converters which are considered as potential
harmonic sources. Thisequency scanner tool is an impedance measurement module that

Aad LW ASR 0SGeSSy GKS NBaLSOUA®S y2RS FyR i
impedance matrix in the phase domain at the corresponding points, starting from 1Hz and

up to the hamonic frequency of interest. In the produced frequency scan grafes
NBazylyd LSFE14&8 2N aLI NI ffSf NBazylyOS&aé¢ NBLN
excited by harmonic current sources such as the {udlgverted WTGs and result in
substantialharmonic voltages. On the other hand, the dips or valleys in the graphs are the
GaSNASE NBaz2ylyoOSaé |yR NBLINBaSyd || t2g¢ AYLS
In the following sections, the modelling of the system is described in frequency domain, and

its resonant frequencies are examined for different LFAC TS topologies and LFAC cable
lengths. The impact of these resonances on the system is analysed, and passive filtering
options are proposed to establish a degree of effective damping. Finally, ubskrivations

are yielded regarding the projected offshore PtP andIlNRAC TS designs.

4.2 System Frequency Domain Modelling

There is a high number of system components that shape the offshore LFAC transmission
a0KSYSQa FTNXBIdzSyOe NBgoitkeny mtSedrrayl cgbled dapaditanCedzf | NI
can create significanparallel resonance interactionvith the 66/345kV LFAC stegp
transformersin the offshore platform and the variow®nverter transformerss well as the

onshore cable shunt compensating reastdhe LCL filters of the OWTGs V8ls. In parallel

operation of two or more OWPPs located within close electrical proximity, it is also necessary

to avoid resonance conditions among these plants and the associated system equipment.
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It should be notedhat there is no specific value of system impedance magnitude that can
cause harmonic issues in the LFAC TS unless a sufficient level of background harmonic
currents and voltages near the resonant frequencies excite its resonances. However, an
offshore LF& scheme will generally have multiple such harmonic sowsdsmay only be
established among various frequency converters. In addition, the impedance at individual
harmonics can significantly change if contingencies occur such as cable and transformer
outages, or operating conditions change under routine system variations, e.g. changes in the
atl Gddza 2F NBIFOG2NI olyla 2N 2¢DaQ RA&AO02yySOi
should not be considered as a single value for each harmonic order as ¥anagpver a

range in the X plane due to the system loading condition. Hence, the extent to which the
transmission system should be explicitly modelled depends on the harmonic orders of most

interest and the required accuracy over the specified frequeaoge.

The measured harmonic impedance is characteristic of the specific system configuration and
requires detailed modellind2roper representation of the offshore LFAC TS impedance at all
harmonic frequencies of interest is essential to quantify in dethithe probable harmonic
issue. A complete harmonic analysis should be performed with manufagbuneided data
regarding the harmonic emission spectrum of the related equipment. The model of the
offshore MultiTerminal 16.7Hz part of the LFAC trangiois system (MLFAC TS)
developed in PSCAEMTDC for the passive frequency scan studiesaised as two OWF
export LFAC systems that are interconnected at their offshore platforms, anshiovenin
APPENDIX Ahe system components in the frequency domain are explicitly described in the

following sections.

4.2.1 Modelling of the LFAC Subsea Cable

Comprehensive submarine cable modelling is crucial to analyse the offshoA€ L
transmission system frequency response. The very essence of employing LFAC technology to
form offshore transmission systems is the considerably longer transmission distances that
could be achieved through the subsea cables in comparison with the fs@hsy3 his means

that the LFAC transmission cables are of major importance for these systems and their
lengths will besignificant. Modelling of such long cables as lumped circuits with constant
parameters, as seen in Chapter 3, shaudtlbe used eitherdr harmonic impedance studies

or EMT dynamic simulations. Instead, distribufggtameter models based on travelling

wave theory should be adopted.
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There are several different ways to model the electrical parameters of an LFAC cable and
selecting the most suitable model depends on the simulation study objeclihesavailable
options for modelling cables electrical parameter ah®wn inFigure4.1, according t4102].
Cablemodels are classifiehto two main categories according to the way they estimate its
electrical parameters, namely lumped and distributed. The latter can be more precise for
longer cables and can be calculated either by constant parameters that are mainly suitable
for steadystate fundamental frequency analysis or by frequedependent parameterdor
sufficiently accurate harmonic impedance analysis and EMT dynamic simulations in a wider
frequency spectrum, cable models with frequerdgpendent parameters can be used,
although more accurate cable data are needed in the modelling procedure and increased

computational effort during the simulation studies.

Cable
Models
Lumped Distributed
Parameters Parameters
Constant Constant [l;requiﬂﬂt
ependen
Parameters Parameters Parameters
Modal Phase
Domain Domain
Pi series Pi Bergeron 1. Marti Idempotent
Circuit Circuits Model Madel Model

Figure4.1: Models for Cable Representation.

As illustrated inFigure4.1, frequencydependent models can be represented either in the
modal (J. Marti or Mode model) or phase domain (Idempotent lvsgde@ model), and they

have similar fundamentals such as their voltageirce based equivalent circuits, instead of
OdzZNNBy i &2dz2NDODS& dza SR 0 8They ark dshibuté@tRvelinggae S ©3 @
models, and they can be valid for greater calglegths and a wider range of frequencies
compared to the constant parameter models. The fact that the resistance is distributed along
with its reactance across the cable length and is not lumped at the endpoints allows
modelling the distributed nature of thlosses, while botthe characteristic impedancés)

and thepropagation constang ) are dependent on the frequency.
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However, the Frequenepependent Mode model may not be as accurate for short lines or

at low frequencies, due to limitations in the tirtdmain system which assumes constant

modal transformation and can only be accurate for modelling balanced sygfei On

the other hand, the Phase model (FDPM) solves the problem of modal transformation

matrixes by calculating the propagation wave in the phase doniehus, it allows accurate

simulation of unbalanced AC/DC systems and provides a more accurate frequency

dependent representation for cables. In this Thesis, the frequelependent Phase model

is selected for modelling the subsea LFAC transmission scaBlow, this method is

evaluated, and its accuracy is discussed.

4.2.1.1 The Distributed Parameters-requencypependent Phase Model

According to PSCAD EMTIZEr guide the frequencydependent phase model provides the

most accurate cable representation methdtis based on the Universal Line Model (ULM)

theory and operates on the principle that the frequency dependeate cable can be

represented by fitting two separate matrix transfer functions, namely the characteristic

admittance ¥s) and the propagatiofunction H(s)The equivalent circuit of this cable model

(the idempotent model) is depicted Figure4.2
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Figure4.2: FrequencyDependent Phase Cable Modgtjuivalent Circuit.
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Where: 'O Q" | is the propagation function matrand’ is thepropagation constantYc

is the characteristic admittance matriy, k and \,, In are the node voltages and injected

current vectors at k and m endlsat also cause incident and reflected curreimshe scheme.
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discrete points in the frequency dorima and the resulted representation is used for the
harmonic impedance studies performed in this Chapter. Then, they are approximated using
curve fitting methods and replaced by equivalent fowder rational functions, to allow time
domain migration usingomputationally efficient recursive convolution techniques of PSCAD
EMTDC. Hence, this cable model can also be used for the dynamic EMT simulation studies of

the LFAC transmission system.

The subsea cable modelling procedure in PSCAD requires some bgsicalptand
geometrical characteristics as inputs to estimate the equivalent electrical impedance and
admittance matrixes and produce the cable FrequeDependent Phase Model. However,
the input template provided by PSCAD comprises scalable concentreiacirand
homogeneous conductorinsulation layers and its graphical representation is depicted in
Figure4.3. These may approximate but not accuratedpresent complex cable structures
that may have different layer types (e.g. semiconductors) or other physical characteristics
such as different fill between conductors, segmental or Honcentric strands, etc.
Therefore, the calculated output FDPM parders represent the input parameters but may

not reflect the actual cable electrical characteristics.

Additional Options Frequency Dependent (Phase) Model Options
Output File DisplaySettings: Travel Time Interpolation:
9 o et e o Curve Fitting Starting Frequency:

Curve Fitting End Frequency:

on
0.1 [H7]

Frequency for Calculation: 16.7 [Hz] 1.0E6 [Hz]

Display Zero Tolerance: 1.0E-19
Rated System Voltage (L-L, RMS): 345 [kv]
Rated System MVA: 704 [MVA]
Miscelaneous:
Create PI-Section Component?: Yes

DC Correction:

Total Number of Frequency Increments:
Maximum Order of Fitting for Yc:
Maximurm Fitting Error for Yo

Max. Order per Delay Grp. for Prop. Func.:
Maximum Fitting Error for Prop. Func.:

Passivity Checking:

100

20

0.2 [%]

20

0.2 [%]
Functional Form
Enabled

Underground: Direct Numerical Integration

Resistivity: 100.0 [ohm™m]
Aerigl: Analytical Approximation (Deri-Semlyen)

Mutual: Analytical Approximation (Lucca)

Pipe # 1

0.915097964 [m]

Pipe

0.140 [m]

0.0735932 [m]

Pipe Quter Insulator

Pipe Inner Insulation

Inner Coax Cable

Figure4.3: Graphic Representation of the Thréthase XLPE cable in PSCAD.
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For the reasons mentioned above, to explicitly represent a subsea cable in PSCAD, some input
parameters of the default template need to laeljusted asdemonstrated iNnAPPENDIX A

[102]. The purpose of this correction is to match the cable electrical parameter values
calculated by PSCAD with those measured by the cable manufactE&®ANE), as described

in Chapter 2 and 3rherefore, some parameters of the conductor, shield and insulation of
the LFAC cable as well as the sea (burial) depth below the ground surface are adapted for

PSCAD modelling.

4.2.1.2 Frequency Response of the LFAC Sdzdas

The analysisf the impact that eaclelementhas onthe LFAC TS impedamufile is the first
step to identify undesiredystemresonances and optirse its design. The frequency scan of
the 345kV XLRE400mnt-Al LFAC cablées performed using the harmonic impedance
solution componentof PSCADFigure 4.4 shows the ifference between thefrequency
response of thd=DPM againsa ™ -modelequivalentof the same 200km cable as calculated
by PSCAD EMTDA&though the” -modelprovides thesame impedance value athdamental

frequency, it does noaccuratelyrepresent the cable properties at other frequencies.

e===fDPM [Z+|(ohms)  ss===Pp| |2+|(chms)

1 64 127 190 253 316 379 442 505 568 631 694 757 820 883 946
F(HZ)

Figure4.4: Impedance Profil®ifference of FDPM v§$.-CircuitModel of the XLPEL400mn?-Al LFAC Cable.

Figured.5a) and b) depicts the examined FDPM LFAC cable impedance and resonance points,
respectively, against frequency for different cable lengths without any other system

elements connected to it anshows how the impedance of the cable varies with its length.

Impedance vs Freq. for various Cable Lengths Resonance Points for Cable Lengths

100km

|Z+|(ohms)
Resonances [Ohm]

1 3 5 7 9 11 13 15 17 19 21 23 25 27

F (Hz) Harmanie Order
s 100 kK e 200 km 300 km 400 km w500 km

Figure4.5: a) Impedance vs. Frequency and b) Resonance vs. Harmonic Ordefd?leésious Cable Lengths.
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It can be observed that as theable length increases, the shunt capacitance increases and
the point of the natural resonance frequency of the LFAC cable moves to a lower value.
However, cable resistance increases too, introducing more losses and damping that result in
a lower resonantmpedance of the cable. Thus, for longer cables the first resonance moves
towards lower frequenciegevery time the cable length doubles, the resonant harmonic
order drops to almost half)having lower magnitudeAt the same timehigherorder
resonant peéts occur more frequently with lower impedance magnitude in all other resonant

frequencies, due to the higher damping offered by the increasing total resistance.

As the capacitance of the export cable increases with its length, the problem of harmonic
resorances becomes more prominent for long subsea cables, which dramatically affects the
total system resonance, its operation and the other power system components. When the
cable length is increased to 300km, its resonance occurs at 130Hz, and for 400lkablthe ¢
resonant frequency appears at 94Hz which could be detrimental for typical HVAC operation
of the system at 50Hz (i.e.~2nd order harmonic resonances) even without considering the
rest of the system equipment that is inductive in nature or other phenoanetated to the
charging currentsBesides the cable itself, inductive transmission system components such
as power transformers, shunt compensation and frequency converter reactors influence the

resonant points as well, and they should also be includatié analysis.

4.2.2 Cable Reactive Compensation Equipment

Since the study concentrates on low order harmonics of the passive LFAC system, the usage
of reactive power compensation equipment and power factor correction devices should also

be accounted as they alter the system impedance. Equipment, such as shctatrse&tatic
VARCompensators (SVCs), STATCOMs, etc. introduce shunt inductance in the LFAC network
and can resonate with the capacitive elements of the system. Here, cable shunt reactors are
assumed only at the onshore side of the cable for its reactiveent compensation, and they

are represented as lumped equivalent inductors in series with a resistor having an X/R of 300,

having the values estimated in Chapter 3

4.2.3 LFAC Transformers

The above subsea cable assessment in frequency domain demonstratiespibitance to
evaluate the broader risk of potential system resonances for specific cable lengths. Since the
LFAC stepp transformers are the main inductive components in the offshore LFAC

transmission system, it is expected that inherent harmonic resoadssues could also be
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related to the transformer leakage reactance, making it the main element for the transformer
frequencydomain modelling. However, the transformer representation for harmonic
analysis includes not only resistance and inductance eciead in series but also accounts

for its maximum X/R that occurs at a particular frequency

As mentioned in Chapter 2, theer-unit leakage reactance of a 16.7Hz LFAC transformer can
be naturally lower than this of a 50Hz equivalent with the same MVAgatiue to the
dielectric gaps and core sizédgure4.6 shows the impedance vs. frequency profiles of the
200km LFAC export cable alone and when eated only to the LFAC steyp transformers

of the LFAC TS. Moreover, the impact of their leakage reactaices howcased for the

values of 0.15p.u. and 0.07p.u.

e | FAC Cable 200km === Cab+2xTr{XI=0.07pu) e====Cab+2xTr{X|=0.15pu)
1400
1200

1000

|2+ (OHMS)
g

@
8

400

200 ‘/
- - " - —

Figure4.6: Frequency Scans of ti290km Cable Alone and Connected to LFAC Transformers with Different X

It can be observed that the cable in conjunction with stgptransformers of the offshore
platform can amplify lowfrequency harmonics (inherently ttbharmonic order for a 200km

cabk), without considering the converter transformers or the rest inductive and capacitive
elements that are present in such an offshore power system. Furtherntiogelower the
transformers relative leakage inductance in pthe higher the frequency of th& @ a 1 SY Q&
first resonanceand the lower its magnitude whilst the fundamental 16.7Hz frequency
impedance magnitude responsible for the system losses is also reddictably, inFigure

4.6, for a transformer leakage reactance of 0.07p.u., the resonance is 770 Ohm and appears
at 78Hz (harmonic order of ~4.7) while for 0.15p.u.the resonance reaches 1266 Ohm at 59Hz

(harmonic order of ~3.5).

By examinindrigure4.7, the beneficial impact of the lower transformer reactance to the LFAC

system impedance harmonics is obtained for various LFAC lealgiihs.
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Impedance vs Distance Impedance vs Distance
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Figure4.7: Harmonic Order Impedance vs. Distance of LFAC Cahblesformer pair for XI: a) 7% and b) 15%.

Thus, it can be inferred that in an offshdt&EAC system configuration with specific #bs
cablelengtt. G KS &de2adGSyQa A YLSMinyOdctiGhiof tiels@pS NA & G A
G0N yaTF2NYSNRa , and thg OVTSs Hddonid Shdeotr@rSor the transformer
inrushhmagnetization current upon energisation may exciach system resonanse
Consequently, a transformer design with lowein.u. is a better choice for this system if a

reasonable tradeff with its cost can be attained.

4.2.4 Offshore Collector System (OCS) Representation

In an Offshore Collector System (OCS) the transmissamtiums are the short submarine
intra-array and array cables. The frequency scan results for a wind plant collector system shall
include these cables as they contribute to parallel resonance due to the interaction of their
shunt capacitance with the rest dhe network. The modelling of each striagray is
represented in PSCAD for the frequency domain analysis of the LFAC transmission schemes,

as shown irFigure4.8

Figure4.8: Array of 8 x OWTGs for Frequency Scan Studies.

It is sufficient to model these submarine cables having a couple of kilometreth lesit

simple™ -equivalent circuits since they can be considered relatively short and not allowing a
travellingg @S Y2RSt G | aAvydzZ FdAz2y AyGSaNIaGAzy a
longer export cables that are modelled with frequertpendeat parameters, as mentioned

in4.2.1
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4.2,5 OWTGs and Onshore Frequency MMC Representation

As the LFAC TS is formed among power converteirsyaeziance profile is highly dependent

on the converter types and their control system response and is not explicitly reflected in the
passive frequency scan assessment of this Thesis, lmpigt is evaluated through the EMT
dynamic performance studied Chapter 7 for different VSC control strategies. In this work,

the static frequency scans of the LFAC TS indicate its impedance characteristics regardless of
the implemented converter control systembut they analyse the impact of the various
passive omponents (e.g. Transformers, Cables, Filters, etc.) on the formation of the low
order resonances of the system and examine its behaviour for various configurations.
Subsequently, any passive mitigation measures that are introduced to alleviate the dynamic

impedance of the system is designated neglecting the VSC control system arrangements.

Thus, the Type 4 OWTGs being interfaced to the LFAC TS through their VSIs as well as the
onshore LFAC side MMC Terminals can be considered to have low internal impatlance
harmonic frequencies as viewed by the LFAC bustheydare modelled as harmonic voltage
sources with their equivalent converter impedance on the LFACvgiti@ut considering
converter lossesThis simplification is conservative as a voltage sasreg definition a short
circuit to ground in frequency scan studies while the actual converter harmonic impedance
may exhibit a more damped resistive behaviour with low phase angle in sttatly
operation and its losses contribute to system dynamic idgee damping as wel61].
Moreover, Type 4 WTGs are considered with their LCL harmonic filters, that are installed in
the LFAC side of their VStenceforth, the LFAC system VSCs are modelled in the frequency
domain, as shown iRigure4.9 where thepower output is represented as an impedancg (Z

in Ohmswhich is an industry practice and has been used in related studies [92].

Coverter Reactor Coverter Transformer

LFAC System Bus

Figure4.9: VSC Model for Frequency Scans.

Here, to estimate the influence that these power variations could potentially have, some
resistive values of 0 to 100 Ohm can be assumed for the onshore MMC output impedance
representation to account for probable steadtate conditions, while the OWF egaient

can be assumed to cover a range from 0 to 10 (®#h These impedance values could refer
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to cases where either the number of WTGs in service or their outpateaseFigure4.10,
demonstrates PtP LFAC TS cases with 200km LFAC cable for which the harmonic resonances

are plotted for various converter states.

LFAC Export System Impedance with 200km Cable at Onshore 16.7 Hz Side for different
VSC Ohmic Representation

12Z+1(ohms)

F(Hz)

OWF//MMC [Ohm] =~ ——0//0 ——0//1 ——0//10 ——0//100 ——1/{0 —1//1 ——1//10 1//100 ——10/f0 ——10//1 ——10//10

Figure4.10: Impedance vs. Frequency Variation of the PtP LFAC TS with 200km cable, for various VSC states.

It is evident that if £changes, it causes resonant points to change accordingly. More
specifically, the increase of the equivalent OW$ module resistance may somewhat
reduce the system dynamic impedance magnitude, but also brings the resonance points to
lower frequencies clger to 3¢ harmonic order (~60Hz). Since the LFAC transmission system
is formed exclusively among power electronic converters, it can be inferred that their
dynamic operation can dominate the legrder frequency response of the LFAC TS by
changing the freqency range and damping of its resonances. Conversely, as the operating
state of the converters affects the dynamic impedance of the system, any probabte non
passive, unstable response of the connected VSCs might even reduce the system damping

and cause istability.

4.3 Export (PtP) LFAC TS Schemes without Filtering

Frequency scan studies are performed at various LFAC export system points and the MV
collector bus to identify the points of potential harmonic issues and any need for installation
of damping filers tuned around the problematic frequencies according to the loci of the low
order harmonic frequencies. The passive LFAC system without any damping filter is

connected to the cable and the impedance variations with frequency are noticed for different
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cabe lengths as seen from the offshore and onshore 345kV busbars as well as the 66kV OCS
busbar at the 16.7Hz side. The export system under investigation with the impedance
measurement points is depicted Figure4.11, without showing the inteiarray cables for

simplicity, while the obtained results for 1BD0km cable lengths are presented in the

graphs ofFigure4.12.

345kv 345 kv

WF1 66 kv
704 MW @ 66 kV 16.7 Hz@_q @—L LFAC Cable1
~/| N\l

830MVA

MMC1  AcGRID1

e @)
1 x1400mm? AFXLPE Compensating ==
Reactor
el ~ 850MVA
I
L

6x141 MVA

Figure4.11: Simplified PtP LFAC TS Schematib the Impedance Measurement Points

From theimpedancemeasurement points shown iRigure4.11, the graphs ofFigure4.12.

are obtaned. It is evident that in the investigated LFAC export system, every resonance
measured at the offshore 345kV busbar has relatively higher magnitude than at the onshore
busbarwhile the lowest resonance levels of all cases are noticed at the 66kV Oviareal

at a perunit scale Accordingly, as the cable length increggbs resonant frequencies move
lower due to the increasing cable capacitance and inductance but with lower magnitudes as

well, because of the increasing cable ohmic resistancepgt@atuces natural damping.

NO FILTER - ONSHORE 345 kv

NO FILTER - OFFSHORE 345 kv

3500
3000

£ 2000
-+ 1500

=100 km  e====200 km =====300 km 400 km =500 km o100 km w200 km =====300 km 400 km  e====500 km

NO FILTER - OWF 66 kV

100

|Z+| (ohms)

s 100 ks 200 kM s 300 km 400 km w500 km

Figured.12: PtP LFAC TS Impedance Profiles vs. Frequency for various Cable Lengths. Measurements at 345kV
Onshore and Offshore and at 66kV OCS.
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It can be observed that the LEAexport system harmonics are inherently amplified at low
frequencies from 41Hz for 500km cable length to 90Hz for 100km cable and up t&'the 3
harmonic order for up to ~350km cables respectively. Anotlrawwback of increasing the

cable length is systemower losses which could further rise if potential passive mitigation
measures are adopted. Except for the harmonic filter losses that depend on its rating, type

and quality factor (Q), additional shunt compensation may also be required, further
increasing 2a344Sa |yR 2S2LJ NRAaAy3a (KS aeaiasSvyqQa 209¢
The resonant frequency of the passive network for 100 to 300km cable length, lies between
53-90Hz, which would have jeopardised the viability of an OWF export system operating at

50 or 60HAHVAC, while at 16.7Hz LFAC, this resonance lies still ovértigsr8onic order.

In the characteristic basease comprising a 200km subsea cable that is also analysed in EMT
AAYdZ FGA2yas GKS AyGSNI OGAz2y 2F GKS OFof SQa
the LFAC TS provokes a resonance at 65Hz with a tondgr@if 1147 Ohm (or 1365 Ohm
offshore). Depending on the operating mode of the system (e.g. energisation, full power,

etc.), its resonance at that point may appear even lower than 60Hz, as seérR.fh

rendering the frequencies around thé®2nd 4" harmonic order potentially problematic.

Since the LFAC transmission system resonances can amplify the harmonic components of the

OWPP and the onshofeequency converters, mitigation measures must be adopted.

4.4 Harmonic Mitigation Measures

In most OWPP applications with HVAC connections, the export cable lengths are generally
not as long (i.e. <100km), and in the related HVDC configurations where tA&Q\vays

feed into the HVDC platform, the AC cables that connect the OWPP collector stations (OCS)
to the rectifiers together with the intearray cables have relatively short lengths with
resonances appearing in higher harmonic orders. Neverthelesstedel&armonic
amplification and propagation issues are reported in the literature for both offshore HVAC
and HVDC transmission systewith the HVAC systems also being affected by the SCL of the
system at the point of interconnection and the HVDC systenthdogontrol settings of the

offshore rectifier [134].

In HVAC systems, these issues are tackled by employing passive or active harmonic filters or
even a combinatio of passive filtering with FACTs devices such as STATCOMSs, SVCs, etc. at

the onshore substation. In HVYDC systems, passive or active harmonic filters can be installed
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in the offshore platform or potential offshore converter control enhancements for -high
frequency harmonics could be applied. In the island offshore LFAC export system
configuration described ia.3, the loworder harmonic resonances areaily formed by the
interaction between the impedance of the step transformers and the extensive high
voltage cable system (i.e. >100 km). The resonant frequency of this system can range from
6" to 2.5 harmonic order for 10800km cable lengths, respiaely, while the LFAC system

can also be affected by the control settings of the onshore MMC terminal. Hence, to mitigate
the dynamic impedance of the system, the installation of passive or active harmonic filters

or the islandeecontrol strategy of the gd-forming converter shall be considerézi.

In the following section, passive filtering solutions are analysed as a potential mitigation
measure. They arthe most common approach for alleviating the harmonics in OWPPs and
preventing from undesirable harmonic propagation into the transmission systéicertain
system conditions are not known, or if the filtering equipment needs to be placed at the
offshore platform, then the more compact active filtering solutions employing converters
may be more suitable although more expensive, as they can be dynamically adjusted and

continuously kept in tune to system variatiofis83].

Thus, the location of loverder passive resonant filters can be critical, as it can determine the
impedance of thavhole transmission system and affect the harmonic distortion and stability
levels d the network. There are practical and techreconomic factors that affect the
harmonic filter location. From an economic perspective, offshore, it is possible to directly
connect the passive filters in the medium voltage of the OCS, in contrast to $he@side
where only high voltage is available, but the increased cost of the premium space in the
offshore platforms, and the access difficulties for maintenance purposes can make it less
feasible solution. From a practical perspective, if wider andne@4.FAC networks would

be envisaged with LFAC inteonnected branches, then any extra filteriaguipment that

might be required would inherently necessitate bigger sized or even additional offshore LFAC

platforms that could jeopardise the system flekilyiand expandability.

4.4.1 Passive Harmonic Filtering

tHAAA0S KINY2YAO FALGSNE | NB O2yySOGSR Ay
currents to their corresponding filter branches or by diverting them to ground. At these
frequencies, the filtebranches would present only the resistive part of their impedance. This

way, they can prevent harmonic propagation from affecting the LFAC TS electric connection
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infrastructure.Some of the most common passive harmonic filter designs in the industry are
the singletuned or notchfilters, the singledamped, the dype and the doublduned
damped filterd85], as shown irrigure4.13.

a) J_ b) J_

<) d)
C C Cl-l- CJJ-
. L1 R1
L C2 .
.
L i R2
R

Figure4.13: Harmonic Filters: a) Singl€uned, b) Singkbamped, c¢) &ype, d) DoubleDamped.

As the notch type filter offers small bandwidth, it can lead to sharp resonances at non
characteristic frequencies and produce undesirable resonant points that may be detrimental
for a system with low order resonances. The siftgenped and the-type aresecondorder

filters that are tuned to resonate at a single frequency, havisgnilar impedance
characteristics but offering better dampingn case there is a need for damping at two
desired frequencies, then two of the above filters or the doutiéenpedtype filter may be

used that has only one reactor subjected to full line voltdgehis study, the type filter is
usedas it can be designed to have minimum losses in fundamémtaliency operation and

shunt to ground all frequencies above a spedificmonic.

4.4.2 GCType Filter Design
The primary parameters that define the impedance characteristics of the damping filters are:
x V: The system base voltage [kV].
x for. : The system frequency [Hz] or angular frequency [rad/s].
x h: The harmonic order fdilter tuning.
x vOY /LI OAGAGS NBIOGABS LRoSNI 2F (GKS UfdGS
x  Q: The gquality factor of the filtdQ=X/R) that defines itelectivity or tuning response.
From Figure 4.13c),y S3f SOGAyYy3 (GKS OFLIOAG2NAQ RASEt SO

resistance, the type filter impedance can be expresseda2]:

3 o = o (4.3)

Thec-type filter is anticipated to provide damping of the system resonant impedance with a
minimum amount of power dissipated across the damping resistor (R) at the fundamental

frequency (f). For this reason, lguation(4.3) the inductor (L) and the smaller capacitor (C2)
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must beresonant orimpedance matchedt the fundamental frequency. (LC21=0). This
way, further system resonance damping is achieved over a wide frequency eamblewer
filter power losses during normalperation, as the filter impedance at the fundamental

frequency is determined only by C1, as follows:
™1 — o 4.4
Using the above fundamental filter characteristics (V, f, h, Qas@)puts, it is:
0 —— 4.5)

0 — (4.6)

Considering the total filter capacitance (Csd) as in a sioteyleped filter equivalenFigure

4.13b), and C1, C2 of thetgpe filter in a series connection, it is:

- — = 4.7)

Where:0 i Q——3—

By thequality factor Q)definition, the damping resistance valueyiglded in Equatioi4.8).
Y 1— (4.8)

Except for these key filter specifications, an iterative design process is adopted to specify

their suitable harmonic characteristics that includes EMT and frequency domain simulations

for a range of system operating conditior&ince the power losses of this filter in steady

state are lower than of a singllampedequivalent, Q can be set to lower levels, resulting in

better damping of the LFAC TS resonaircaddition, the tuning points (h) of the filters are
aLISOATASR oFraSR 2y (KS &aL999 DdzARS F2NJ ! LJJ
recommendation that suggests the tuning of the harmonic filters up to 15% below the
resonant frequency in order to achieve satisfactory harmonic performance across the whole

frequency spectrum, even in a case of slight filetuning[85].

A combination of two 4ype filters is utilised to mitigate the LFAC TS resonance of & base

case with 200km cable. The total size of the filtering branches is selected at 300MVAr
comprising ofa 100MVAr filter tuned at 64Hz and a 200MVAr filter at 43Hz, while a Q=2 is

used. Initially, the ®K F N¥2y A O 2NRSNJ FAf GSNI A& | LILX ASR G2

it produces a new resonance with lower amplitude, closer toharmonic order wich is
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damped by an additional™order harmonic filter. This combination oftgpe filters is

depicted inFigure4.14.

1 x C-Type: 43 Hz, 200 MVAr, Q=2 1 x C-Type: 64 Hz, 100 MVAr, Q=2
Filter Impedance vs. Frequency Filter Impedance vs. Frequency
1,500 90 1,500 20
1,400 gg 1,400 gg
1,300 1,300
1,200 0 1200 60
* 50 - 50
1,100 40 1,100 40
1,000 30 1,000 30
900 20 300 20
£ s 0o || Esee w,
© 700 ¥ © 700 =
-108 -10E
600 0% 600 207
500 -30 500 30
400 -453 400 453
300 & 300 80
200 70 200 70
100 -80 100 80
1] -90 0 90
0 2 4 6 810121416 18&0?224262 30 32 34 36 38 40 42 44 46 48 0 246 810121416 18602224152 30 32 34 36 38 40 42 44 46 48
larmonic number armeonic number

2 x C-TYPE_200km - 345kV

500 0

- 2

350 [
Eson |
£ 250 E}

200 40 =

150 -50

100

0 -80

[ -100

S=SRMg3IRIRNEES

96
03
112

ERE3

152

B2rE:R

-

(H

2

|2+](ohms)

Figure4.14: Combination of €Type Filters rated 200MVAr at 43Hz and 100MVAr at 64Hz with Q=2.

PHASE(Z+){Deg)

Equivalent 300MVAr -Cype, Single and Doubl@amped filters for the LFAC TS baase
with 200km cables are presented ihable 4-1, and their response characteristics are

compared inFigure4.15.

Table4-1: 300MVAr €Type, Single and DoublBamped Filter Parameters for LFAC TS with 200km Cable.
LFAC TS- H-FILTERS-200km - 300MVAr/345kV

H-Filter Type f[Hz] Qc[MVAr] Q /' ®>CB[mH] R[Ohm] / H ®
2.5 42 200 3 13.5 1.1 843.2
4.1 68 100 3 7.5 0.7 933.3
2.6 43 200 2 16.0 1.3 577.8 72.1
3.8 64 100 2 8.0 1.0 776.5 87.7
2.5 42 3 21 405 414
H-FILTERS_200km - 345 kV H-FILTER Losses for 200km - 345 kv
500 2.00
400 1.80 1.93
= 1.60
% 300 z 140
S = 1.20
829 £ 1w
i S om0
0 2 0.60
CARGREIANNEENRAAANARASRECE [ o
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Figure4.15: Filters Respons€haracteristics: Lefimpedance vs. Frequency Response, Righiver Losses.
It is evident that for similar design characteristics, tHgpe filters can offer better damping

at the frequencies of interest with lower losses at the fundamental frequency.
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In the above evaluation of the harmonic filter designs for the base case of 200km cable
length, the etype harmonic filters are the most practical solution in terms of the LFAC system
impedance damping and power consumption. The implementation of sudrsfilkan
improve the feasibility of the scheme compared[&] where singledamped filters were

employed, increasing the transmission system losses.

The damping effect of the applied 300MVAtype filters on the PtP LFAC TS resonance is
obvious in Figure 4.16, while the export system impedance aftehet ctype filter

implementation can be seen Figure4.17.

H-FILTER EFFECT_200km - OFFSHORE 345kV

1500
1350
1200
1050
900
750
600
450
300
150

]
QWLDQ‘NONLDQ‘NQNQE
Hnlrncrﬁ'mmhmmm‘_.

|Z+|{ohms)

112
120
128
136

g

152
160
168
176
184
192
200

{Hz,
e==No Filter ====2 x C-Type Filter

Figure4.16: Effect of Harmonic Filter Implementation on the PtP LFAC TS Resofarz@0km Cable.
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Figure4.17: PtP LFAC TS Impedance Magnitude and Angle Profile vs. Frequency, after the Implementation o
the Harmont Filter for200km Export Cable Length

Thephase angle in the above system impedance frequency scan diagram indicates the effect
of damping on the resonances that appear. The undamped resonances of the system
impedance can lead to undampexcillatory behaviour of certain harmonic voltages and
currents in the corresponding frequency rangéis is why mitigation measures must be

adopted, such as passive or active filters, or even damping through appropriate control
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tuning or other resonancesuppression control algorithms implemented in the MMC control

system of the LFAC side terminal.

From the LFAC export system impedance graphs for various cable lengths degritin
magnitude of the undamped system harmonic resonance decreases with increasing cable
length while its frequency falls to lower thari® Harmonic order for cables longer than
350km. Thus, for the 400km and 500km cable ca#es ctype filters should offer more
damping in a single frequency to avoid tuning closercharmonic order that could have
been highly impractical. All thetgpe filters tested are rated at 300MVAr aiidble4-2 gives

their parameter specifications for different cable lengths of the PtP LFAC TS schemes.

Table4-2: GType Filter Parameters for PtP LFAGNI8 various Cable Lengths.

LFAC TS - C-TYPE FILTERS - 300MVAr/345kV Steady-State Losse
h f[HzZ] Qc[MVAI Q / > C[fH] R[Ohm] / H 6 > BBVW/MVAT]

2.9 48 200 2 16.0 1.0 513.0 94.9 0.120
5.1 85 100 2 8.0 0.6 583.5 | 160.2
2.6 43 200 2 16.0 1.3 577.8 72.1 0173
3.8 64 100 2 8.0 1.0 776.5 87.7
2.3 38 185 2.0 22.8 1.2 453.9 78.3 0.206
3.1 52 115 2.0 9.2 1.4 834.7 63.4
2.3 38 300 2.0 24.0 1.1 435.0 80.7 0.223
2.1 35 300 2.0 24.0 1.4 472.3 65.5 0.254

The impedance magnitude over frequency characteristics of the filter designs for

various cable lengths of the PtP LFAC TS are shdwigure4.18, below.

C-TYPE - 345 kV
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Figure4.18: Impedance vs. Frequency Profilef the CType Filters to the PtP LFAC TS.
In theseplots, the lower the tuning frequency of thetgpe filter, the less becomes the
damping it can offer to higher frequencies for the same MVA rating and the higher its power
consumption in the fundamentdtequency can be, as presentedTiable4-2. However, as
mentioned in4.2.1.2 with increasing LFA€ble length, the resonant amplitude of the PtP
LFAC TS becomes lower due to the increased cable resistance, offering natural damping to

the system.
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4.5 Export (PtP) LFAC B8hemes with Filtering

The implementation of the-type harmonic filters is shown fhigure4.19, andtheir impact
on the LFAC export system impedancevarious cable lengths is shown in the impedance

over frequency plots ofigure4.20.

6x141 MVA

Figure4.19: Simplified PtP LFAC TS Schematic with Harmonic $-#ted thelmpedance Measurement Points

Figure4.20: Impedance vs. Frequency Profilekthe PtP LFAC TS with Harmonic Filters.

The LFAC export system impedance profile has been drastically improved, eliminating the
undamped resonances noticed in sectiér8. Although the highest amplitude impedance
points have been shifted to lower harmonic orders, they are effectively damped without
posing concerns for either the steadiate system operation or trangi¢ response.
Nevertheless, higher system losses shall be expected not only because dfeefittering

active power consumption but mainly in case larger shunt reactors are needed to
compensate for the added reactive power generation of the filteriggipment to keep the

LFAC side MMC operating within its capability range.
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