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Executive summary

Theaim ofthis task is to define he demonstrator topology of thénterOPERA projectvhile at the same
time providing an overall understanding of the foreseen anfuture planned HVDC systemsThe
InterOPERA demonstrair topology shalldemonstrate that multi-vendor HVDC systencontrol and
protection functionscan reach the desiredechnology readinesdevel (TRL)of value 6-7, as stated in
the InterOPERA project grand agreemenfThat is consideredthe last step before the fulscale
industrial implementation.

The report is orgaized as follows In thefirst part, the demonstratortopologyis exhausted Advocating

on thetopologyselection insightsonmulti-terminal multi-vendorHVDCsystemsin Europeare provided
based on TS@xperience This variety of different multi-terminal HYDCsystem use caseshas been
collated in alonglist of projectsand disseminated in this reporas a basisfor initial discussion Based
on the interOPERAstakeholder perspectivesresults and lessondearned from past and currentull -

scale projects are detailed in a short list of projectswhich establisheskey commoncharacteristics of

multi-terminal HVYDC systems.The entries of the short list are evaluated based orhigh-priority

interoperability functionsidentified in InterOPERAIN the second phasef T3.1preliminary conceptual
systemdesignstudies are conductedThe studies consist oftationary, quaststationary and transient
analysisand contribute to the selection of thepreliminary main circuit parameters of thenterOPERA
demonstrator.

The InterOPERA demonstratorz Enabling meshed DC grids

The InterOPERA demonstrator enablése testing ofkey functionalities of multvendor
HVDCsystems Thefull extentof thetopology consists of fiveonverter stationsaandfive DC
switching stationswhich ensuresstep-by-step verification process developmenof control
and protection functions Moreover,it enables extended testing procedures for advanced
grid forming capabilities a key outcome of the projec¥ia this topology, prtial and full
selective fault clearing strategies including B@ult Separation DevicesDGFSD in
longitudinal couplings and on botBCline ends are covered he AConnectionof offshore
converter stationsconnecting offshore wind farms using wind turbines from different
Original Equipment Manufacturer©EM) and onshore converter statioref different HVDC
vendorsin different synchronousreasenables the testing ointeroperability of windfarms
with HVDCconverter stations andhe testing of advanced grid forming capabilitieSo
increase flexibility for offline and online testing purposéise allocation of offshore and
onshore converter stations can be adjusted accordingly leadingwo variants of the
InterOPERA demonstrator topology he first variantrepresents a meshed offshore grid for
wind export andconsists of three offshore convertestations, two onshore converter
stations and five DC switching statiof®CSS)which enablestesting scenarios for two
offshore converter stations in close electrical vicinitfyhe second variantepresents a
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meshed multipurpose hybrid interconnector anaonsists of two offshore converter
stations, three onshore converter stations and five DQdving stationswhich enables e.g.
the analysis of AGide interactions between two onshore stations in close electrical vicinity

Preliminary conceptual system design studies

In the second phase of T3dreliminary conceptual system design studiag conducted
namely stationary, quasistationary, and transient analysisThese studies outline the
approachthat resultsin the definition of a stationary, temporary and transient DC voltage
and DC currenfor the offshore and onshore converter station¥he resultontribute to
selection of thepreliminary main circuit parameter8esidesthat, general AC and DG
system data as well as systertevel concepts(e.g. protection design concepts, system
states and males of operation) are defined to characterize the demonstrator grid design
guantitatively. Moreover, the results of this task shall be considered in future activities and
detailed specifications of WP3.

OF![E]::QEA'. InterOPERA DB | 8
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1. Introduction

The goal offask 3.1 and the deliverable D3.1 is to define the demonstrator for the InterOPERA project, to
provide transparency, mutualnderstanding,and consensus of the foreseen and planned migtminal
multi-vendor (MFMV) High Voltage Direct Current (HVDG&Ystams and to provide guidance from the
asset owner Transmission System Operatof $O) perspective

Initially, ageneral assessment of plannedulti-terminal and potential mulivendor HVDC projectss
carried outand along listof multi-terminalsHVDCusecasesis establishedMoreover, internal but also
external stakeholders areonsulted,and an overview dhe stakeholder perspectives is given.

Third, highlevel selection criteria are used to establishadensedshort list ofuse casesThese critea
consider the results durther past and currentesearch projectse.g., PROMOTON [1], READY4D@?],
NSWPH [3]. The results and most importantly the lessons learned from these research pra@adts
initiatives are also considered\ext, an overview of the shoiist of multi-terminal HYDCuse casess
established and further insights to the specifics of the indlinaluse case are provided.

Finally, the entries to the short list are evaluated based on {pgbrity interoperability functions
identified in InterOPERAThe topology and specifics of the InterOPER#&monstrator is propose, also
taking the recommenddions from InterOPERAvork package2 (WP2) and general boundary conditions
of the InterOPERAe.g., in-scope/outof-scope)into account.

After proposing and aligning the topology of the InterOPERA demonstrator, the further activiti€ash
3.1 will befocusedon preliminaryconceptualsystem design studies order tofurther detail the main
characteristics of the InterOPERA demonstrator

Longllst of E Short technical
description

Use-Cases EKey facts & specifics

Shortlist of Z Detailed technical
description

OO LRI 1 ey facts & specifics

Demonstrator FIsueaans
Definition D3.1

FIGURE 1-1:
|Task 3.processdescriptionof the demonstrator definiion.
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2. Long list of HVDC
use case s

A general assessment and revigacaried out to establish moverview of the relevant MFHVDCuse

casesb O OEAAA AU OEA %0OOT PAAT 43/ & Qurrekitly fldnhe® AaflonaE T OE A
initiatives, the ENTS@8 O -YdaANetwork Development Plan (TYNDJB] and Projects of Common

Interest (PCIg]b] are screened andonsideredas well.

For each MIHVDCuse case short project description, illustrative figures and a short tabular overview is
given The main items, further background information and technical dataprovided by the indiidual
promoters to further detail the MIHVDC use case. Below is a brief explanation of the queried
characteristics:

GENERAL PROJECT CHARACTERISTIC :
1 Categoryz HVDC system tygint-to-point P2P or MT
1 Involved countrieg Countries witltonverter or switching stations
9 Promotersz Consortium partnetfat introduced the project
I Locationz Geographic location of the projegctd connection systems (GCS)
1 Planned ISy Planned irservice date

HVDC PROJECT CHARACTERISTICS

1 Numberof offshore converter stations

1 Number of onshore converter stations

1 Standalone DC switching stationg DC switching statiowithout arelated converter statiom
close vicinity

1 DGCGrid topologyz P2P MT/MTmeshed

T O!'1 OAOT AOEAG emedniettk MyP& of pmbedment into the (onshore) AC grid /
synchronous areas

1 HVDC configuratiorz Bipole / Bipole wittledicated metallic returdMR / symmetrical monopole

1 Nominal power per converter statiaprating in /GW

1 Nominal DC voltage systemvoltage in kV

PROTECTION DESIGN CHARACTERISTICS
1 DC fault clearing strategy Nonrselective / partialkgelective / fulhselective
9 Planning criteria / Loss of infeed / Loss of transmission capacity

OFFSHORE AC CHARACTERISTICS
1 AC offshore connection concegtDirect connection 86/ or 132kV/ Additional HV AC collector
bus400kV, 220kV or 15%V
1 AC offshore loadg planned AC offshore logdsg.offshoreelectrolysiplatforms

OF!IE“':QEA'. InterOPERA DB | 1C

Enabling multi-vendor HVDC grids



2.1. Use case #1: Centre Manche

Centre Manche 1 and Centre Manche 2 will consisivofsymmetrical monopoles with a rated power of
1250MW and a rated DC voltage of +320 kV using Voltage Sourced Converter technology for each link.
Centre Manche 1 will connect the offshore wirgainhs of AO4 (105MW) and part of AO8 (20MW) to

the French 400 kV substation at Menuel through an approximately 100 km DC cable. Centre Manche 2 will
connect the offshore wind farms of AO8 to the French 400 kV substation at Tourbe through an
approximately 120 km DC cabl&he offshore substations will be connected by an Inter Station Link, made

up of 3 AC-phase cables with either 86/ or132kV.

B Flatetorme en mer 3 créer

Raccordements en courant

— i
continu & créer

= ® Posstes électriques 400 kv
existants

L Stations de conversion 3 créer

\"L'l Zone Centre Manche

Raccordement
CM1 : 1250 MW

Raccordement
CM2:1250 MW

FIGURE 2-1
| OverviewUse cas€entre Manche 1 (FR)
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TABLE 2-1

|Keyfacts andspecifics ofusecase / Centre Manche (ER)

Description
Category Point-to-Point (P2P) HVDCsystem
Involved countries France
Promoters RTE
Location 2xGrid Connection Systems (GG8)FR onshore grid
Planned ISD -
Number ofoffshore converterstations 2
Number ofonshoreconverterstations 2

DCswitching station

No DC Switching StationgDCSSAC offshore
interstation link)

DCgrid topology 2x P2P (AC offshore coupled)
Partially AC embedded
2x AC embedded + 3x OWP AC interconnected
Offshore:islandednetwork / AC interconnected
ACembedment Offshore PPMs
1x 1250 MW PPM
1x 1050 MW PPM
1x 200 MW PPM
Onshore: Fully AC embedded
HVDCconfiguration Symmetricalmonopole
Nominal power per converterstation 2x 1250 MW
Nominal DCvoltage +320kV

DCfault clearingstrategy

Non-selective

Planning criteria / loss ofinfeed /loss of

transmissiorcapacity

ACoffshore connectionconcept

Direct connection 66 kV or 132 kV

ACoffshoreloads

No

W Inter
OPERA
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2.2. Use case #2: Atlantic Shore

The Atlantic Shore project connects in DC the region of Nantes and the region of Bordeaux with two DC
submarine links, each of them beirmpnnected to an offshore wind park of 1200 MWhe submarine
length is 23km, and the underground length is 130 km. On its southern end, one linKikeily be
connected to the 400 kV substation on Cubnezais and the other one to the 400 kV substaBoauof
Roughly midwayon its route, the link runs by the wind turbines park called AO7 off the coast of La
Rochelle. There is no connection with it. It is also foreseen that the two links will be used to evacuate the

electric power of another wind turbingark, on its northern side, around 2035; this will lead to the
construction of offshore converter stations.

FIGURE 2-2
|OvervieWUse casét2 Atlantic Shore (FR)
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TABLE 2-2
|Keyfactsand specificsof usecase/ Atlantic Shore (FR)

Description
Category Multiterminal HVDGsystem
Involved countries France
Promoters RTE
Location North Atlantic shore between Bordeaux and Nantes
Planned ISD 2032 and 2035

Number ofoffshore converterstations

2 (1 per link) not before 2035

Number ofonshoreconverterstations 4 (2 per link)
DCswitching station TBD

DCgrid topology -
ACembedment Onshore:fully AC embedded
HVDCconfiguration Symmetricmonopole
Nominalpower per converterstation 1200 MW

Nominal DCvoltage +320kV

DCfault clearingstrategy

Non-selective(TBD)

Planningcriteria /loss ofinfeed /loss of
transmissiorcapacity

ACoffshore connectionconcept

TBD

ACoffshoreloads

No

W Inter
OPERA

Enabling multi-vendar HVDC grids
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2.3. Use case #3: Lion Link

The Lion Link is MT-HVDC system with a totalind capacity of 1x ZW. One GCSs connected tothe
onshore grid of the Netherlandsith a submarine cablef approxmately 1560200 kmlength. The system
furtherincludes annterconnection fronthe offshore converter platform tdahe UK (approx. 15@00 km)

to enable usage of the existing GCS for energy trading purposes (Flutpose Interconnector). Due to

the offshore MT extension, the DC submarine cables can be used mowegfly during lowwind
conditions, to optimize and increase the utilization of the offshore assets and provide additional capacity

for energy trading.

FIGURE 2-3
| Overviewuse caseg#3: Lion Link I(NL-UK)

LionuinKk ;

il
A

Import & Export of power
UK-NL VDG < ) Key:
SubmarneCable ScopaotUontink (@)
HVACCAIES
HVDCCables 4

FIGURE 2-4
| Overviewuse caset3: Lion Link 2 (NEUK)
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TABLE 2-3

|Keyfactsand specificsof usecase/ Lion Link(NL-UK)

Description

Category

MT HVDGystem

Involved countries

Netherlands and UK

TenneT Holding B.V

HCIIEEE National Grid Ventures
Location 1?< GCS tdNL qnshore
& interconnection to UK
Planned ISD 2030
Number ofoffshore converterstations 1
Number ofonshoreconverterstations 2
DCswitching station 1 (Offshore)
DCgrid topology Linear MT
All separated
2x AC separated + 1xOWP
ACembedment Offshore:islandednetwork
2Xx (4x 50(MW PPM)
Onshore: AC separated
HVDCconfiguration Bipolewith DMR

Nominalpower per converterstation

2000MW (2x 10001W)

Nominal DCvoltage

+525kV

DC fault clearing strategy

Non-selective

Planning criteria / max. loss of infeed

max. loss of transmission capacity

UK max. loss of infeed 1800 MW

ACoffshore connection concept

Directconnection 66kV

AC offshore loads

No

W Inter
OPERA
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2.4. Use case #4: Hub2Hub interconnection

The Hub2Hub Interconnection is a plann€d-HVDC system with a total capacity of (min.) 1&\/, via

one interconnector betweethe NL Hub ad theDanishNorth Sea Energisland by a submarine cable of
about200km in length Thisisfor the exchange of RES (offshore wind generation) for consumption and/or
storage / sectoicoupling (e.g. P2X) and enforcing the security of supply. Furtherhubs will have one

or more connectiors to the Netherlands and Denmarkother neighboring countries and/or sector
coupling. Due to theffshore interconnector, the DC submarine cables can be used more efficiently during
low-wind conditions, to optimize and increase the utilization of the offshore assets and provide additional
capacity for energy trading.

Hub2Hub NL-DK Interconection

Hub2Hub interconnector

Connection to home country

_—
=== Connection to homecountry —tea
el 2Gw
== == Undefined number of connections conmecsanty [0 3-10GW
2GW HVDC converters 7]

K3  AC connected electrolyzers

B >ioew

1
/ (7]
A
. N “o
3
:

(1

FIGURE 2-5
|Overviewuse caset4 Hub2Hub Interconnection (NDK)
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TABLE 2-4

|Keyfactsand specificsof usecase/ Hub2Hub Interconnection (NDK)

Description

Category

MT HVDGystem

Involved countries

Netherlands and Denmark

Promoters

TenneT Holding B.V

Energinet
: 1x interconnector from NL Hub to DK North Sea Energ
Location
Island Hub
Planned ISD TBD
Number ofoffshore converterstations 2 (half bridge)
Number ofonshoreconverterstations 2 (half bridge)

DCswitching station

2 (offshore)

DCgrid topology LinearMT/meshed MT (TBD)
Offshore:islandednetwork
ACembedment 2X (4x 500MW PPM)
Onshore:partially AC separated
HVDCconfiguration Bipolewith DMR

Nominalpower per converterstation

(min.) 2000MW (2x 1000AW)

Nominal DCvoltage

+525kV

DCfault clearingstrategy

Partialy-selective ffully-selective

Planningcriteria /loss ofinfeed /loss of
transmissiorcapacity

ACoffshore connectionconcept

Directconnection 66kV or 13XV (TBD)

ACoffshoreloads

Electrolyzes or otheloads

W Inter
OPERA

Enabling multi-vendar HVDC grids
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2.5. Use case #5: HeideHub

The HeideHub is a plannddT-HVDC system with a total capacity of 2XG2V. Two GCSareconnected to

the DC substation in Heidgy two submarine cable routes about250-300 kmin lengthto feed 1x W

of RES (offshore wind generation) toconverter located in the Heidsubstaton. Besidesfeeding the
energyto the ACnetwork in the coastal regigrstorage / sectoicoupling (e.g. P2Xare additional use
cases Further interconnectiorbetween theHeide DGsubstation to KleirRogahn (approx. 250 km) to
directly transmit 1x LW from DGsubstation Heide to loadentersin north-eastern / southern parts of
Germany Due to the DE@Hub configuration, the D@nshorecable corridor can be used more eféintly

during lowwind conditions, to optimize and increase the utilization of the onshore assets and alleviate
grid constraints between the onshore grid connection points. Thus, the converter stations can be also used
to further stabilize and support thenshore AGyrid.

Diagram of HeideHub

Schleswig-
Holstein

HeideHub
(TenneT / 80Hertz) .

F o )
.

=
. NordOstLink

Inct empty conduits
(Ternel / 50Hertz)

North Sea

Brernerhaven

Lower Saxony
Surich

Ercen

GE MultiHubs
{Las. vocaled: March 2025
N L Cirsct current [DC) — subsea cable
= Direcl current [DC) - underground cable
B — Alternating cumrent (AC) - subsea cable
—  Alternating curmrent (AC) — overhead line

e polenlial power line pending conlimalion in the
Grid Dewalopment Plan NEP 2037/2045 (2023}

Gas/hydrogen pipeine
Search area for multi-terminal hub
@ A0/06 comerter station

I"“ Electrolyser

FIGURE 2-6
|Overviewuse casét5 HeideHub (DE)
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TABLE 2-5
|Keyfactsand specificsof usecase/ HeideHub (DE)

Description
Category MT HVDGCSystem
Involved countries Germany
Promoters TenneT TSQ meH

50Hertz Transmission GmbH
Location 2x GCS to Heide DC _substation (DE) & interconnection
Klein Rogahn (DE)
Planned ISD 2030/2032
Number ofoffshore converterstations 2 (half bridge)
Number ofonshoreconverterstations 2 (half bridge)
DCswitching station 1 pnshore)
DCgrid topology LinearMT
Partially AC embedded
2x AC embedded + ®WP
AL Offshore:islandednetwork
2X (4x 500MW PPM)
Onshore: Fully A@émbedded
HVDCconfiguration Bipolewith DMR
Nominal power per converterstation 2000MW (2x 10004W)
Nominal DCvoltage +525kV
DCfault clearingstrategy Partialy-selective
Planningcriteria /loss ofinfeed /loss of i
transmissiorcapacity
. Directconnection 66kV (t< 2032

ACoffshoreconnectionconcept Directconnection 13XV ((t> 2032))
ACoffshoreloads No

GSIE]::QQAr InterOPERA DB | 20
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2.6. Use case #6: NordWestHub

The NordWestHub is a plannedlT-HVDC system with a total capacity of 2xGRV. Two GCSare
connected to the DC substatioaround Rastede with two submarine caldeof about350 kmlength to

feed 1x Z5W of RES (offshore wind generation) to the coastal region for storage / seatging (e.qg.
P2X). Further interconnections from BsTibstation Rastede to Birstadt and Marxheim (approx. 550 km)
to directly transmit 2x W from DGsubstation Rastede to loadentersin western / southern parts of
Germany. Due to the DE®lub configuration, te DC land cable corridors can be used more efficiently
during lowwind conditions, to optimize and increase the utilization of the onshore assets and alleviate
grid constraints between the onshore grid connection points. Thus, the converter stations esdiesed

to further stabilize and support thAC onshoregrid.

Diagram of NorthWestHub : ' DK ‘

i
Flensburg

Schleswig-
Holstein

fizehoe

North Sea

Cuxhaven

Lower Saxony

Aurich

| o, Rastede
= -, DO switehing station
™~
‘M\C substation

MultiHubs
(Last updated: March 2023) N I_

NordWestHub

Direct current (DC) — subsea cable (TenneT / Armprion) >
e Direct current (DG) — underground cable il Gramen
— Alternating current (AC) — subsea cable B

Alternating current (AC) - overhead line HVDC lines

. . . o A

mm— polantial power line pending confirmation in the toi i)

Gridd Developmenl Plan NEP 2037/2045 (2023) Lorem ipsum

Search area for multi-terminal hub
. ¥ AC/DC canverter station

Direction Biirstadt

FIGURE 2-7
|Overviewuse casé?6: NordWestHub (DE)
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TABLE 2-6

|Keyfactsand specificsof usecase/ NordWestHub (DE)

Description
Category MT HVDGsystem
Involved countries Germany

TenneT TSO GmbH

Fromoters Amprion GmbH
Location 2x GCS to Heide DC substation (DE) & interconnection
Birstadt & Marxhein{DE)
Planned ISD 2031/2033/2037/2039
Number ofoffshore converterstations 2
Number ofonshoreconverterstations 3
DCswitching station 1 pnshore)
DCgrid topology MT
Partially AC embedded
3x AC embedded + 2xOWP
ALl 1 Offshore: Islanded Network
2X (4x 500MW PPM)
Onshore:fully ACembedded
HVDCconfiguration Bipolewith DMR

Nominal power per converterstation

2000MW (2x 1000AW)

Nominal DCvoltage

+525kV

DCfault clearingstrategy

Partialy-selective

Planningcriteria /loss ofinfeed /loss of
transmissiorcapacity

ACoffshore connectionconcept

Directconnection 66kV (t< 2032)
Directconnection 13XV (t> 2032)

ACoffshoreloads

No

W Inter
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2.7. Use case #7: Offshore grid connections in the
German EEZ

The GermanTSOs 50Hertz, Amprion, and TenneT, hawesentedOT CAOEAO xEOE ' AOI AT L
Ministry for Economic Affairs and Climate ProtectigBMWAK) the initial plans for interconnecting

offshore wind farms of 10 GW in total in the North Sea. In addition to connecting the wind farms to the

Aol AT Pl xAO COEAh OEA ET OAOATTTAAOI OO OEAIT Al Ol
neighboringcountries like Denmark and the Netherlands parallel with the planning, the BMWK has
commissioned a study to investigate the overall benefits of such an international power grid in the North

Sea. The results show that interconnection reduces greenhouse gé&siEms, increases supply security,

makes more efficient use of the availaldpace,and saves considerable costs.

The TSOs' plans for interconnecting offshore wind farms will be introduced into official Ger@réoh (
Development Plan 2037/2045 (20RandEuropean planning processes in the next step. Together with
the TSOs oheighboringcountries, this will lay the foundation for an international offshore grid in the
North Sea.The national offshore grid connection systems (GCS) will be realized&8 2 525KV HVDC
systems. Irthe first step,two times twoGCS will be connectedffshore on the DGideresulting in two
four-terminal HVYDC systems. The commission of the-8e connection is envisionddr the mid-2030s.
Moreover, the plan consideitte international offshore connection to Denmayrknd the Netherlands as
well as the extension of the initial MTDC system as showkigare2-8.

Vernetzung von deutschen Offshore-Systemen in der Nordsee
Erste internationale Vernetzungsprojekte Mitte der 2030er Jahre

Nationale Offshore-Netzanbindung

Geplante nationale Offshore-Vernetzung
Mégliche weitere nationale Offshore-Vernetzung*

Mogliche internationale Offshore-Vernetzung

Offshore-Konverter-Plattform

FIGURE 2-8
|Oﬁshoregrid connections in the German EEZ (DE)
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TABLE 2-7

|Keyfactsand specificsof usecase/ Offshoregrid connections in the German EERDE)

Description

Category

MT HVDGsystem

Involved countries

Phase 1: DE
Phase 2: NL, DK

50Hertz Transmission GmbH

Promoters Amprion GmbH

TenneT TSO GmbH
Location Germany
Planned I1SD National interconnections: 2033038

International interconnectionsnot scheduled until now

Number ofoffshore converterstations

4 (half bridge)

Number ofonshoreconverterstations

4 (half bridge)

DCswitching station TBD

DCgrid topology LinearMT
2xACembedded + 20WP

ACembedment 2x AC embedded + 20WP

HVDCconfiguration Bipolewith DMR

Nominalpower per converterstation 2000 MW

Nominal DCvoltage +525 kV

DCfault clearingstrategy TBD

Planningcriteria /loss ofinfeed /loss of
transmissiorcapacity

4 terminals with preventive separation of the systems i
case ofinfeed >3 GW(fallback to P2P)

ACoffshore connectionconcept

Directconnection 132 kV

ACoffshoreloads

No
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2.8. Use case #8: Bornholm Energy Island

The four terminal HYDC systenmwill connect the island of Bornholm to Denmark and Germany via
submarine cables witltwo converter stations on Bornholmand one in Denmark and Germany each.
Besides integrating 2 GW of offshore wind to Denmark and Germany, it will astan interconnector
between Denmark, Germanand Bornholm. It will also serve the local AC grid omBolm and connect
possible RX-facilities built there.

The MTDGystemis planned with a capacity of 1@W to Denmark and @W to Germany. A D§witching

station will be located on Bornholm and likely contain fault separation devices (FSD). Future extensions of
the MTDCsystemwith additional interconnectors from Bornholnotother Baltic statesq.g.,Poland and
Sweden) are possible.

“:—J?'-p

e 2GW

i

FIGURE 2-9
|Geographical overviewse caset8: Bornholm Energy Island (DK/DE)

DK?2 Bornholm
1.2 GW 1.2 GW
|—<3& L ~|— = Fao+— <
J 3GW
Germany
2 GW 2 GW
|—<3& L ~|— oo+ <%
FIGURE 2-10

|Electrical overvievof the use case#8: Bornholm Energy Island (DK/DE)

OPIE::QeAr InterOPERA DB | 25

Enabling multi-vendor HVDC grids



TABLE 2-8

|Keyfactsand specificsof usecase/ Bornholm Energy Island (DRE)

Description

Category MT HVDGsystem
: Denmark

Involved countries

Germany
Promoters Energinet

50Hertz Transmission GmbH
: 2x Converter stations on Bornholm andcbnverter
Location .
stationin Denmark and Germany each

Planned ISD 2030

Number ofoffshore converterstations

2 (on Bornholmhalf bridge)

Number ofonshoreconverterstations 2 (Half bridge)
DCswitching station 1 on Bornholm
DCgrid topology MT
ACall separated
2x AC separated, Zglandednetwork
ACembedment Offshore:islandednetwork (poles of thebipole systenmcan
be couplel)
Onshore: AC separated
HVDCconfiguration Bipole +Dedicated Metallic Return (DMR)

Nominalpower per converterstation

2000MW (2x 1000AW) Germany
1200 MW (2x 60MW)Denmark

Nominal DCvoltage

+525kV

DCfault clearingstrategy

Partially-selective

Planningcriteria /loss ofinfeed /loss of
transmissiorcapacity

ACoffshore connectionconcept

ACoffshoreloads

On Bornholm

W Inter
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2.9. Use case #9: Danish energy island in the North
Sea

In the North Sea Denmark is planning to install an artificial island where offshore wind farms are
connected to HVDC equipment for connections to shore in different countriethddirst phase it is
planned to have up to 4 GW wind power connected to the energy island with 66 kV array cables and a
MTDC with four terminals with one terminal located in Denmark and onBelgium (Triton link, see
description in section 4.12). It must be possileskpand the MTDC by connections of up to three 2 GW
HVDC platforms in the Danish part of the North Sea. Each platform will have one connectlundioore

and one or two connections to the artificial island or other platforms.

On the island there will also be a 400 kV switchyard between the offshore wind farms and the two
terminals, to make it possible to connect offshorgXfacilities in the future. It must be possible to operate
the two bipok converterson the energy island witla connection on theAC or the DC side. All future
terminals will only be connected on the Bf@tle. It is planned to usa partial-selective fault-clearing
strategy with most of the fault separation devicd3@G-FSD¥) installed on the artificial island.

Offshore WPP power Maorth Sea Energy Island
PR EW 525 kW
+ e cosoney | A00KV:300W Umm;axnmmEr
Bl e P /]
1000 MWY| 7
p
26w
’[\ _| £ 2GWRE
1000 MW, Eok v 400K 400k V: 300K/
_lu]:lrwv .. ‘.’ e Onshore Converter
Station

FIGURE 2-11
|Overviewuse caset9: DK energy island in the North Sea (first phase)

FIGURE 2-12
|Overviewuse caset9: DK energy island in the North Sea (expanded to 10 GW)
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TABLE 2-9

|Keyfactsandspecificsof usecase/ DK energy island in the North Sea

Description
Category MT HVDGystem
Involved countries De””_‘a”‘
Belgium
Promoters Energinet
Location 2X Convgrtgstations on an artificial isllan.d and 1 convert
station in Denmark and 1 in Belgiuffirst phase)
Planned ISD 2033 (first phase)

Number ofoffshore converterstations

2 (first phase)
5 (expanded)

Number ofonshoreconverterstations

2 (firstphase)
5 (expanded)

DCswitching station

1 pffshore)

DCgrid topology LinearMT
Offshore:separate AC grids
(Exception: In thdirst phase itwill be possible to connect
the two first HVDC links on the AC side (400 kV) in addi
ACembedment to the multiterminal HVDC)
Onshore: A@Gmbedded (first phase)
Connection to more than one sync. area (expanded)
HVDCconfiguration Bipolewith DMR

Nominal power per converterstation

2000MW (2x 1000AW)

Nominal DCvoltage

+525kV

DCfault clearingstrategy

Partially-selective

Planningcriteria /loss ofinfeed /loss of
transmissiorcapacity

ACoffshore connectionconcept

66 kV array cables, 66/400 kV transformers, 400 kV bus
converter transformers

ACoffshoreloads

Prepared for loads

W Inter
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2.10. Use case #10: Generic MT offshore wind

There are two HVDC systems connecting offshore wind farms to the existing synchronous AC grid. HVDC
systems are 525 kV HVDC bipole with DMR. Onshore converters are placed in a synchronand grid
their geographical distance is approx. 100 Krhe distancebetween two offshore converters is approx.
20km. Offshore converters will be meshed with 325 cable systemA non-selective protection concept

is planned,i.e., only intrinsic capabilitie®f bipole scheme with DMR will be used (e.g. in case of pole
outage one pole will still be in operation).

DGFSDBswere not consideredue to thefollowing reasons

1 Technology readiness @GFSDsz which could cause time delay in project
1 No clear design (different manufacturers with different approaches)

9 Limited place offshore@GFSDswill significantly increase sizejeight, and costs of the offshore
platform)

Planning resources for new equipnteiidVDC vendors right now very busy)
Deregulated US market low investment security

POI ACGrid POI
1 345 kv 2

= =4

AC= HVDConshore  |AC™
DC= stations DC=
Coast line
23 HVDC cable systems
100km| 525 kv bipole with DMR | ~150 km

DC meshing cable
(~*20 km)

1 DC= HVDC offshore DC= 2
AC = platforms AC=
AC cables 66 kv I@
osw osw

FIGURE 2-13
|Overviewuse caset10: generic MToffshorewind (US)
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TABLE 2-10
|Keyfactsand specificsof usecase/ generic MToffshorewind (US)

Description
Category MT HVDGystem
Involved countries us
Promoters WindGrid, Elia Group
Location us
Planned ISD 2032
Number ofoffshore converterstations 2 (half bridge)
Number ofonshoreconverterstations 2 (half bridge)
DCswitching station 1 pffshore)
DCgrid topology LinearMT
e o e
HVDCconfiguration Bipolewith DMR
Nominalpower per converterstation 2000MW
Nominal DCvoltage +525kV
DCfault clearingstrategy Non-selective/ partially-selective (TBD)
Planningcriteria /loss ofinfeed /loss of i
transmissiorcapacity
ACoffshore connectionconcept Directconnection 66V (in the future 132 kV)
ACoffshoreloads No
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2.11. Use case #11: Generic MT HVDC system

The proposed generic system includesoairfterminal HVDC system witkthe infeed oftwo wind parks
and onshore connections to twasynchronous AC gridS he variation emphasizeke mixing of converter
configurations betweerrigid bipole and bipolewith DMR, symmetrical monopoleand asymmetrical
monopole.The wltage level can be between 320/ and 525 kV and is up for discussibine psition of
DGFSDB (Ped squares) is based on IM®PERA's suggested demonstrator usase and is also up for
discussion.

Figure2-14shows a proposal with three bipole configurationgh DMR and one symmetrical monopole
configuration. If feasible within the scope of this project, the following modifications should be
considered:

1 Changing one onshore bipole converter with DMR to rigid bigthies option isindicated by
use ofthe grey linefor the DMRto the upper right onshore convertgr
or

9 changingthe offshorebipole converter with DMR tanasymmetrical monopole

The latter is to be able to study a system with neutral current fldvichwill happenin normal operation
in a system with amsymmetrical monopole&onnected, or in a contingency sétion where a bipole with
DMR is in monopole operation.

.

320525 kV !

47}

I
|
|
I
|
|
= 5% |
"’ -\ }
—l—‘ A
| I
|
/T\ “’ i } Onshore synchronous AC grid 1‘
[ |
m, I !
® - ‘

Off-shore PPMs, converters HH
and switching stations

FIGURE 2-14
|Overviewuse casetll:Generic MT HVDC system (NOR)
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TABLE 2-11

|Keyfactsandspecificsof usecase/ generic MT HVDC system (NOR)

Description
Category MT HVDGystem
Involved countries Generic
Promoters Statnett
Location Generic
Planned ISD N/A
Number ofoffshore converterstations 2
Number ofonshoreconverterstations 2
DCswitching station 1 or 2 (offshore)
DCgrid topology MT
2x AC embedded + ®’WP

Akl Offshore: Islanded or AC interconnected Offshore netwd

Onshore: AC embedded, separate synchronous area

Bipolewith DMR

HVDCconfiguration Symmetrical monopole

(Rigid bipole or asymmetrical monopoiiefeasible in
project scope)

Nominal power per converter station

2000MW and 1400MW
(Emphasis on having two different ratings for onshore
converterg

Nominal DCvoltage

+320KkV /£525kV

DCfault clearingstrategy

Partialy-selective fully-selectivity

Planningcriteria /loss ofinfeed /loss of

transmissiorcapacity

ACoffshore connectionconcept

Optional

ACoffshoreloads

Optional
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2.12. Use case #12: Princess Elisabeth -Nautilus -Triton

Three combined projects will lead to a mutigrminal multivendor HVDGystemin the North Sea.

Princess Elisabeth{phase 1)

The development of the Modular Offshore Grid 2 project is ongoing. The key to this project is the
AT 1 OOOOAOGEIT 1T &£ OEA OOOET AAOO wl EOAAAOE %l AOGU

ready for outfitting by the end of 2026.

On this sland 3.5GW of offshore wind will be connected (). 2.1GW will be brought onshore through
six220kV offshore cable connections whereas GW will go through a W 525V bipole system. On
the island itself the 66kV wind power will be convertetb 220kV which should lead to a seamless

exchange of power between the AC & DC part of the connections. A DC yard will allow for the further

expansion of the DC network on the island.

FIGURE 2-15
|Overviewuse caset12: Princess ElisabetiNautilus Triton 1 (BE)

Nautilus (future 1)

The Nautilus project will expand tHerincess ElisabethlVDC project to a multiterminal setp withfour
converter stations. An HVYDC connection from the Belgian Energy Island t@tlaed)K mainland with an
extra converter to accommodate UK offshore wind will be added to the exifiirgess Elisabeth Island
configuration.

Triton (future 2)

The Triton project ishe third step in the ambitious HVDC project. It will consist aiesv P2P connection
betweenBelgiumé& Denmark however,it will be connected on Princess Elisabeth Energy Islasidga
DGFSD The connection on the Danish energy island is still under dpwetmt, one of the possible
layoutshas been drawn below (reference is made to the Danish Energy Island).
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Tot 3,5 GW

B B Energie Eiland

." AC onderstation

ﬁ HVDC conversiestation

FIGURE 2-16

|Overviewuse casetl2: Princess ElisabetiNautilus-Triton 2 (BE)

FIGURE 2-17
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TABLE 2-12

| Keyfactsand specificsof usecase/ Princess ElisabetiNautilusTriton (BE)

Description
Category MT HVDGystem
Belgium
Involved countries UK
Denmark
Elia
Promoters National Grid Ventures
Energinet
North Sea (BE, UK, DK)
Location Princes Elisabeth Island (BE)
Danish Energy Island (DK)
Planned ISD N/A
Number ofoffshore converterstations 3
Number ofonshoreconverterstations 4
DCswitching station 3+(1)
DCgrid topology Meshed MT
Partially AC embedded
ACembedment 3 x AC embedded (onshore) +
3 X OWP AC (inter)connected
HVDCconfiguration Bipole (vith DMR)
Nominal power per converterstation 2000 MWV
Nominal DCvoltage +525kV

DCfault clearingstrategy

Partially-selective
(project phasedependen)

Planningcriteria /loss ofinfeed /loss of
transmissiorcapacity

ACoffshore connectionconcept

220kV busbar collector with AC interconnection to

mainland

ACoffshoreloads

No
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2.13. Use case #13: Holistic Network Design  /
Peterhead Hub 0 Project Aquila

Short Technical Description:

ThePeterhead Hubis afuture and stepwisglanned MTHVDC system with a totgdrospectivecapacity
of up to & 2 GWwhich isconnected to a central D8witching station (DCSSh PeterheadThe DCSS is
planned to be developed in stages to avoid compounding technology eskiso facilitate reatworld
demonstration ofP2P MV as well 84T MV capabilities. In additignhe Aquila Interoperability Package
(AIP)seeks to develop and establish an aligned control & protection strategy, modgHing control
systems framework in a avdinated activity between the UK stakeholders and the H\Aiz@dors The
envisioned development phases the Peterhead Hulare outlined as follows:

Phase 1z Target 2030 delivery:

1 Mixture of rigid& non-rigid / bipole with DMRP2P HVDCystems

DCSS desiged as a double busbar system with 4 bays, busbar coupler norodi
DCSS dsigredwith expansion capability tintegrate up to8 bays

DCSSquipment delivered and installeduring execution works for P2P HVDC systems
Software structured and functionallgapableto deliverMT MV functionalities

1 No requirement to enable MWV functionalities, ro requirementto integrate DG-FSDBs

= =4 4 =

Phase2 z Demonstrate MVP2Pand MTMYV Interoperability (203L+):

91 Following successful work the Aquilalnteroperability Package (AIP)
1 Enableandparameterize M MV functionaliies

1 DemonstrateP2P/ 2-terminal MVinteroperability

1 Demonstrate MTMV interoperability

Phase3 z Further Expansion(20354):

1 Following further successful work in AIP

1 Integration of adlitional terminals and Offshore Wind Generation
1 Potential integration of DGFSDsto further enable offshore connections (mid 2030s)
1 Meshed HVDC grid development

FIGURE 2-18

|OvervieWUse cas&18: HND/Peterhead Hub Project Aquila UK)
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TABLE 2-13

|Key Facts and Specifics of Use C#%8: HND/ Peterhead HubProject Aquila (UK)

Description
Category Pha§e 1. P2P
Phase 2 & T HVDGystem
Involvedcountries UK
Promoters UK stakeholders
Location Peterhead
Planned ISD Phase 1. 2030

Phase 2: 2031+ / Phase 3:2035+

Number ofoffshore converterstations

Phase 1.0/ Phase 2 & 332

Number ofonshoreconverterstations

Phase 1:4 / Phase 2385

1x Onshore DCSS

DCswitching station Phasel withoutDG-FSDs
Phase2 & Phase Bcluding DCSS extension with BESDs

DCgrid topology MT

Onshore: Fully AC embedded
AL Offshore: Islandedhetwork / OWP

. . Bipolewith DMR

HVDCconfiguration Rigidbipole
Nominal power per converterstation 2000MW
Nominal DCvoltage +525kV

DCfault clearingstrategy

Non-selective
Partialy-selective

Planningcriteria /loss ofinfeed /loss of
transmissiorcapacity

1800MW max. loss afhfeed

ACoffshore connectionconcept

Directconnection
66 kV/132kV

ACoffshoreloads

NA
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2.14. Summary of MT -HVDC use case s

This section provides an overview of the technical characteristics of the use cases intlodutgs
chapter. Thecharacteristicsare listed inTable2-14and Table2-15 The focus lies on MAVDC systems.
Point-to-point HVYDC connections are not included.

TABLE 2-14

| Overview of planned MFHVDCuse cass- part 1

Name of bc 01 conv_ertgrstatio_n > . ACoffshore
voltage | CNV | # of DCswitching stations | DCprotection :
HVDC . . connection
project conv_erter type grid archl_tectur_e strategy concept
rating HVDCconfiguration
Volta
ge
Use casé? Sour 4 onshore / Dffshore
Atlantic +320 kV ce Not applicable Preliminary: Under review
Shore 1200 MW | Conv MT HVDC system Non-selective
(FR) erter Symmetricmonopole
(vsC
)
2 onshore / bffshore .
Use casés | 55 kv 1offshore DCSS . Direct
Lion Link VSC Non-selective connection
(NL-UK) 2000 MW MT HVDQ system 66 kV
Bipole with DMR
2 onshore / Dffshore . Direct
U,iﬁ%ﬁ?:é +525 kV VSC 2 offshore DCSS l::lglcatlil\i connection
(NL-DK) 2000 MW MT HVDQ system Fully-selective 66 kV or 132 kV
Bipole with DMR (TBD)
Direct
Use casés 2 onshore / 2ffshore _ connection
HeideHub +525 kV VSC 1 Onshore DCSS Partlal_ly- 66 kV '(t< 2032)
(DE) 2000 MW MT HVDQ system selective D|rec'F
Bipole with DMR connection
132kV (t> 2032)
Direct
Use casé¢6 +595 KV 3onshore / Dffshore connection
NordWest Ex 2000 | VSC lonshore DCSS Partially 66 kV (t< 2032)
Hub MW MTHVDC system selective Direct
(DE) Bipole with DMR connection
132kV (t> 2032)
2x (2onshore / Dffshore) Preliminary: .
Ug?f;?sgz +525 kV VSC 4 offshore DCSS Non—sglective corl?rllr:(ftzon
GCS in EEZ 2000 MW MT HVDQ system Partlal.ly- 132KV
Bipole with DMR selective
Inter
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TABLE 2-15

| Overview of planned MFHVDCuse cass- part 2

Name of bc 01 conv_ertgrstatio_n > . ACoffshore
voltage | CNV | # of DCswitching stations | DCprotection :
HVDC . . connection
project conv_erter type grid archl_tectur_e strategy concept
rating HVDCconfiguration
400 kV busbar
Use casé8 +525 kV 2 onshore / 2ffshore collector,
Bornholm | 2000 MW VSC 1offshore DCS$Bornholm) Partially- connecting the
Energy Islang & 1200 MT HVDC system selective local Bornholm
MW Bipole with DMR 66 kV network
and WTGs
Use casé9 2 onshore / 2)ffsh_o_re_
Danish +595 KV 1offshorg DCSSHtificial Partially 400 kV busbar
Energy Islang 2000 MW Vse island) selective coII_e_ct_or on the
MT HVDC system artificial island
Bipole with DMR
Use casé10 2 onshore / 2ffshore Direc';
Generic MT +525 kV VSC 1offshore DCSS Nor-selective connchon
US 2000 MW MT HVD(_: system 66 kV (in future
Bipole with DMR 132 kV)
2 onshore / Dffshore
Use caséll | £525 kV 2 offshore DCSS Partially:
Generic MT| 320 kV VSC MT HVDC System selective Under review
HVDC NOR| 2000 MW Bipole with DMRYrigid Fully-selective
/1400 MW bipole, asymmetrical &,
Symmetricalmonopole
Use casé#l2
Princess Loffahore DCSS (Arfcia 220 KV busoar
Elisabeth +525 kV Partially collector with AC
Nautilus 2000 MW vse Island) selective interconnection
Triton M.T HVDQ system to mainland
Bipole with DMR
Use cas#13 4onshore Non-selective
Peterhead 525 kv VSC Lonshore DCSS (Peterheag Partially- Not applicable
Hub (UK) 2000 Mw M.T HVDQ system selective
Bipole with DMR
Inter
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3. Summary of
stakeholder
perspectives

This section provides a short summary of stakeholder interviews conducted during the demonstrator
definition of WP3Thestakeholder groupsepresented in the consortiupmamely TSOs, HVDC vendors,
offshore wind park developers/wind turbine mafiacturers & well asexternal stakeholdershave been
interviewed separatelyTheinterviewsaimedto reflecton planned MTHVDC useSelectionand decision
criteriawerediscussed and evaluated.

3.1. Wind farm developers and wind turbine vendors

From a WTGendor / OWP developer perspective the InterOPERA demonstrator should fulfil the defined
in-servicedates and shoulde inthe North Sea.Furthermore,an ACoffshore connection concept
including AC offshoreeonnectersshould be part of the demonstrator. This is usefulassesshe AC
offshore interaction between different wind farms and to prove that interoperability can be achieved
between wind farms from dfierent WTG vendors. In additionedundancyin case of @onverterfailure is
possible with an AC offshore interconnection. The HVDC configuration and the maturity of key equipment
are also crucial itemihat should be considered for the demonstrator.

Regarding possible selection criterighe proposed demonstrator should reflect the aspects of AC
interactions robustnessand redundancy. In addition, the demonstrator should be flexiQl€. offshore
interconnection which is understood as an offshore irtennection between two separate offshore
converter stationsis desirable under the assumption that the interconnections increase the availability of
offshore wind parks. Additionally, the coordination between offshore HVDC converter stations and wind
turbines under defined contingency cases can be investigated. Scenarios that keep the wind park
operational during temporary blockingand deblocking of offshore converter stationsshall be
investigated. Coordination between HVDC converter stations and wingh$ao provide synthetic inertia

to AC onshore grids from wind parks.

Regarding possible decision criteria the proposed demonstrator should be aligned with the InterOPERA
key objectivesandcover the aspects of expandability, scalabilitgliability and generation availability. A
common goal should be to find a solution that integrates as much wind power as possible into the
European electricity gridAs of now, windarms are primarily operated to maximize energy production.
Usingwind farms as reserves @ncillary services is not widely pursued wind farm developers in the
upcoming years.

Wind farm developers focus on minimizing platform sit optimize CAPEX and OPEX for the offshore
systems. However, due to individual regional constraints (e.g. issues with deep waters) in European
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countries this process leads to different optimizatioesultsand HVDC configurationsTherefore, it is
recommenced that converter stations with various HVYDC configurations (symmetrical monopoles, rigid
bipole, bipole + DMR) and ratings are considered for the final demonstrator topologyy with the
flexibility to choose multiple HVDC configurations and ratings i@ offshore system be optimized.

3.2. TSOs

From a TSOs perspective the InterOPERA demonstrator shagesenta cross TSO project and focus

on the developments in the North Sea. The number of converter stations, the type of AC embedment, the
DCgrid topology and the HVDC configuratioare identified as important items.Furthermore, the
demonstrator definition should include future proof concepts, respect the allowed lossfe¢d, and
considerexpandability aspectsFinally, it is important to de-risk the first MT-MV projects around the
North Sea Therefore possiblefallbackoptions are required. Igeneral,the demonstrator should cover a
large variety of technical solutions ands complexity should be sufficient for demonstrating
interoperability. With that being saidit is also possible to consider technologies that act established

in the European market yet (e.@GFSD.

Regarding possible selection criteria the proposed demonstrator should const lefastfour HVDC
converter stations anihclude the possibilitpf connectingto at least two differensynchronous A@rids.
This is important for the demonstration of grid forming from DC connected PPMs &mel parallel
operation of PPMs.

Regarding possible decision criterthe proposed demastrator will be aligned with the InterOPERA key
objectives. In addition, expandability and scalability aspewiltbe covered in the demonstrator.

3.3. HVDC vendors

Based on the ranking questiotise InterOPERA demonstrator should be part of a cross TSO project and
consider inservice dates of planned projects. The number of converter and DC switching stations as well
as the HVDC configuration and the Bfid topology are important items for theamonstrator from a
HVDC vendor perspectivédditionally, the demonstrator should be aligned with the InterOPERA key
objectives.

The demonstrator should serve as a generic test network for concept validation. It should reflect a large
variety of technicakolutions but also focus on the reusability of the results. The demonstrator considers
requirements from the use cases to achieve empirical results (e. g. ratings and parameters from real use
cases on both AC and DC side are utilized for the simulatidnsyeneral, the complexity of the
demonstrator shouldbe such that manageable results can still be achieved.

Offline simulationsare deemedbetter suited for complex simulation tasks. Theredpit is expected that
offline simulations are better suited tstudy control interactions and protection phenomena in a multi
terminal HVDC system. In contrast, online or Fede simulations (mostly in a hardwadie-the-loop (HIL)
setup) are best suited for validation / benchmarking purposes and for operationet&sfe.g. sequences).
Sincethree HVDQonverterstation vendors are involved in InterOPERA, the demonstrator should consist
of three converter stations in the reéime setup. This limits the number of possible topologies for the
demonstrator.However, ading more stationshould be considered as an option for offline simulations.
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As of now, softwaren-the-loop (SIL) is regardeds not mature enough for use in redime simulation
setups and should therefore nbk considered for the demonstrator.

3.4. Exter nal stakeholders

External stakeholders from the UK were interviewed to also gather their perspectivéstune MT-MV
projects inUK andEurope.During the interview session it was stated that a mixture of different HYDC
configurations (e. gbipole with DMRand rigid bipole systems) is envisioned to be connected to a central
DC switching statiory seeuse case#13. Regarding thedevelopment roadma of suchDC switching
stationsfor MT-MV HVDCsystens, the UKstakeholdersheavily focus on the technology readiness of the
requiredkey componentsand the maturity ofthe requiredcontrol & protection system$o be capable of
MT MV functionalities

Therefore, a stepby-step development roadmap is foreseen. First, P2P HVDC systems are integrated to
a DC switching station. Second, MV interoperability is demonstrdted®2PHVDCsystems. Third, MV
interoperability is demonstrated for MHVDCsystems. ThusPGFSDs are only consideredrelevantin
future development phaseandfurther expansion scenarios

DC switching statios are saidto be planned anddesigned with an adequatand sufficientexpansion
capability to enablduture developmensand transitiontowards a meshed HVDC grid. This inclu@€3SS
extensions and th@otential integration ofDG-FSDsin further development stages.

The keyinteroperability considerations from the Ustakeholdersare:

1 Real world and practical applicati@®monstration of outcomes
1 Minimum industry disruption

T POT OAAOCETT 1T &£ OAT AT 008 ) o0

1 Safe to fail

1

HVDC\VAT AT 06 AQU
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3.5. Evaluation of priorities

The results of the ranking questions are depictedrigure 3-1 Figure3-1to Figure3-4 Figure3-4. Each
stakeholder group waaskedto provide their perspective regardintharacteristicand desiresas well as
priorities for the demonstrator Characteriics are ranked from most to least relevarfor each ranking
item, possible questions related to that item are listed and used for descriptive purposes.

General overarching characteristics
The first ranking question covers general, overarching charésties such as:

1 Cross border projectWill the terminals of the demonstrator be in different countries?

1 Cross TSO project / cooperation effortAre multiple TSOs involved in the development?
91 Location/ North Sea needsDoes the demonstrator fulfil Northé&a needs or is in the North Sea?
1 Number of promoters / alignment effort: How many promoters will be involved?
1 In Service date / urgencyShould InService dates be considered for the demonstrator?
Cross TSO Project /
cooperation effort
1 .,
2 0",
3 b,
Cross border project : .. . -._. Location / North Sea
4 3 e, needs
1 ..:.s eesses TSOs
5 .'. .-"..". HVDC vendors
ceeees OWP_WTG

§*

) ‘ Number of promoters
In Service date / urgency P /

alignment effort

FIGURE 3-1
|Ranking ofgeneral,overarching characteristics
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Overarching project characteristics
The second ranking question covers overarching project characteristics such as:

1 AC offshore connection conceptWhat type of connection concept is used for the-Aftshore
side?

1 Number of converter stations:How many converter stations are considered?

1 Type of AC embedment / synchronous areasShould different synchronous AC grids be
considered for the demonstrator?

1 Number of DC switching statiors: How many DC switching stations are considered?

1 AC offshoreconnecters Are AC offshoreonnectorsincluded?

Number of converter

stations
1 “
2 3
3 3
AC offshore connection 5 %, Type of AC embedment /
concept IR AL L L LCEETRYY PF S . synchronous areas
‘,' 3 *ey s ..' ------ TSOs
- 5 ,3 "’ o HVDC vendors
F B
F .
_,‘.‘ ‘.' ...... OWP_WTG

Number of DC switching

AC offshore connectees ;
stations

FIGURE 3-2
|Ranking of overarching projecharacteristics
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DC grid characteristics
The third ranking covers characteristics of the DC grid such as:

1 DC voltage level / converter rating\What is the voltage level at the DC side? What is the rating
of the convertersBhould the demonstrator bedkible to connect differentonverter rating®

1 DC grid topology / nodes & linesWhat DC grid topology will be used for the demonstrator
(linear, MT, etc.)?

1 HVDC configuration / feasibility:What type of HVDC configuration should be considered for the
demonstrator?

1 DC fault propagation / selectivity: What selectivity concept (noselective,partially-selective,
fully-selective) will be used for the demonstrator?

1 TRL & maturity of key equipment / feasibility: Is the equipmenutilized for the demonstrator
technology ready?

DC-Grid topology / nodes

& lines
1 .,
2 - ..
3 .
DC voltage level / : S, HVDC configuration /
converter rating A feesesswevere sfarectl feasibility
: --. ". ssesss [SOs
5 4 o HVDC vendors
< S T OWP_WTG
oL *e . .::'
e
TRL & maturity of key DC fault propagation /
equipment / feasibilty selectivity

FIGURE 3-3
|Ranking of DC grid characteristics
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Project & InterOPERAtarget characteristics
The fourth ranking question covers project & InterOPERA target characteristics such as:

1 Urgency / InService date & timeline:Should a timeline and Hservice dates be considered for
the demonstrator?

1 Alignment to InterOPERA key objectivesis the demonstrator aligned with the objectives listed
in the InterOPERA demonstrator?

1 Expandability & scalability: Is expandability foreseeby the demonstrator?

9 Variety of technical solutions / complexity / practicality:Does the demonstrator show a vaty
of technical solutions?

1 Innovations / stretch-goal indicator: Is the demonstrator innovative?

Alignment to InterOPERA
key objectives

1 a,
PHEN
S Expandability &
Urgency / In-Service date N E *u, scalability / project
& Timeline N 4 3 % inspired development
- E Lo roadmap eeveee TSOs

.5‘.';_ . HVDC vendors
oot S e, OWP_WTG

Variety of technical
solutions / complexity /
practicality

Innovations / stretch-
goal indicator

FIGURE 3-4
|Ranking of projec& InterOPERA targetharacteristics
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4.Selection criteria

The subsequent matxiis used for clustering the proposed use cases of the long list and to narrow them
down to a short list of generic project descriptions of the InterOPERA demonst(séar sectiorb). The
criteria are based on the conductsthakeholdeOidterviews andto a certain extent, on theesults of the
Horizon Europe project READY4I)Z}.

COMPLIANCE TO SYSTEM OPERATIONS GUIDELINES (SOGL)

The discussiotuilt around the introduction of MMMV HVDC systems is based on the system needs of
existing AC grids. This includes among other needs how much generation capacity is allowed to be lost
and for how long, also often referred to as maximunslas$ infeed. A norexhaustive set of relevant grid

code compliance criteria based on the grid codes used in different countries and the ERBg&em
operations guidelinean be found imesearch projects such as READY4R[®r PROMOTioN1].

MULTI-TERMINAL

A multi-terminal system is understood ime first stage to consist of three or more terminals connected
at the DC side. It may be expanded in future stages. Uncertainties with regarealtoingwidespread DC
grids are highly related to the concepf having multiple HYDC terminals.

EXPANDABILITY

In the future, it is expected that HVDC systemsl be built by multiple vendors, in multiple stagess
described for example in READY4[XT. Therefore, expandability is a key characteristic of future Multi
Terminal HVYDC sysims. From a system design and protection concept perspecthve demonstrator
should at least be compatible to the first development stages towards a European meshed DC grid.

PLANNED ISD

A global objective of InterOPERA is to-dek the multivendor muli-terminal HVYDC technology and to
pave the way to the first redife projects in Europe and to enable the development of the European HVDC
grid for offshore wind energy integration. Therefore, special consideration should be given to specifics
and characeristics of HVDC use cases withearterm plannedO YGA OOE AIBD.AAOA G
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TABLE 4-1

|Overview of the selection criteria matrix

Name of HVDC Project Ct(z)mspgg'f € T;\frilitrilal Expandability | Planned ISD
Certre Mareh(eR) v X X NA
Atla';ftii Csarfcﬁf(FR) \/ \/ x 2032/2035
Liogwslﬁncl?lfligu K) \/ \/ x 2030
Huté;ﬁ S SE‘fDK) \/ \/ \/ NA
HeiaeH{DE) v | V| V| o
NoTWeshutDE) Vo V|V e
Offshoreuc;sce:g;;—g( / DENL) \/ \/ X 2035
Bornh(L)JISnf I(:s?:fEDK-DE) \/ \/ \/ 2030
NSE(DKBEDEN) v/ v V| e
Generic LI\J/IS'I? é?fssﬁicr)e wind (U \/ \/ X Gerlzr;Use
Generich:sl\j'I(':?-ls\flileRX) V V \/ Gerl:;use
Use casé&l2
Princes£lisabethNautilus V V V NA
Triton(BE)
Petgfﬁe;zsgﬁé K V V \/ 2023(())3/,;9,31
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5. Short list of MT -HVDC
use case s

The shortlist of use cas€able5-1results out of the application of the selection critet@the long list of
HVDC use casem chapter4. The shortlist entries are created on a generic basis and represent a
summarization okey characteristics reflecteith eachionglist entry. Only entriesvhich fulfill the selection
criteriaare considered leading to eight shortlist entries which are described in the following.

In addition, the HVDC vendors involved in the InterOPERA préj®C vendorshared their proposal of
atopology used forbasic sudies and verification purposedhe proposal is described in short list entry

#9.

Enlarged representatiosof the short list entriegan be foundn the appendix 1.

TABLE 5-1
| Shortlist of MTHVDCuse cass

Short _ # of conv_erte_:r statio_ns
list Name c_>f HVDC | DCprotection ACo_ffshore # of DC_:swnch_lng stations
# project strategy connectionconcept Grid architecture
HVDCconfiguration
. 2 onshore / 2 Offshore
Use case4 PartlaI_IyL Directconnection 66kV 2 Offshore DCSS
#1 Hub2Hub selective
(NL-DK) Fully-selective or 132V MT HVDC system
Bipole with DMR
4o Use casds _ Directconnection 66kV 2 onshore / 2ffshore
HeideHub Partlal.ly- . (t< 2032) lonshore DCSS
(DE) selective Directconnection 13XkV MT HVDC system
(t> 2032) Bipole with DMR
Use casé6 _ Directconnection 66kV 3onshore / Dffshore
#3 NordWestHub Partlal_lyL . (t< 2032) 1 Onshore DCSS
(DE) selective Directconnection 13XkV MT HVDC system
(t> 2032) Bipole withDMR
Use case#8 400KkV busbar collector, 2 onshore / 2ffshore
44 Bornholm Energy Partially- connecting the local | 1offshore DCSS (Bornholm
Island selective Bornholm 66kV network MT HVDC system
(DK-DE) and WTGs Bipole with DMR
Use cas&9
Danish Energy 2 onshore / 2ffshore
Island . 1offshore DCSS (Artificial
55 | Eraseriomy | TaA | 00l ol
(Phase 2: +D{OE/ MT HVDC system
+ DKNL) Bipole with DMR
Inter
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Use casetl2 4 onshore / Dffshore

Princess Partially: 220KkV busbar collector| 1offshore DCSSettificial
#6 Elisabeth selective with AC interconnection island)
Nautilus-Triton to mainland MT HVDC system
(BE) Bipole with DMR

2 onshore / Dffshore
2 offshore DCSS

Use caseéfll Partially- MT HVDGsystem
#7 Generic MT HVDC( selective Under review Bipole with DMRYrigid
(NORX) Fully-selective bipole,asymmetrical
Monopole; Symmetrical
monopole
Use cas&f13 Non-selective 4onshore

lonshore DCSS (Peterheac

#8 Peter(TJelgd Hub ISD(;':};t:;':;il\lx-a Not applicable MT HVDQ system
Bipole with DMR
5converterstations
4DCSS

6 AT AT O( Non-selective
#9 proposed Partially- NA
topology selective

MT HVDC syster(including
a meshedCgrid sectior
ring topology)

Bipole with DMR

Please noteThe following figures are indicativendbased on the information availabknd as presented
in thelonglistof HYDCQuse cases
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5.1.  Shortlist entry #1
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FIGURE 5-1

Onshore Converter
Station
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Onshore Converter
Station

Onshore Converter
Station

Synchronous
AC grid

Simplifiedoverviewz Shortlistentry #1. Synchronous areas at the onshore side are indicated with yellow

dotted boxes.

Shortlist entry #1 represents a generic Hub to Hub connection with the following topological key

characteristics:
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CHARACTERISTICS OF THE DC SWITCHING STATION TYPE 1 / STAND-ALONE
PLATFORM:

- 1x DC busbar section

- 2xDC Switching Unit@CSU)s for DCcable connections with DESDs
- 1x DCSU for DQable connections without DESDs

- 1x DCSU for converter connection without DESDs

CHARACTERI STICS OF THE DC SWITCHING STATION TYPE 2/ SAME PLATFORM:
- 1x DC busbar section

2x DGSUs for D@able connections with DESDs

- 1x DGSUs for D@able connections without DESDs

- 1x DGSUs for converter connection without DESDs

CHARACTERISTICS OF THE ONSHORE CONVERTER STATIONS:
- 1x DC SU to connecbnverterstation to DC cable system
- Half bridgeconverters
- IntegratedO$ UT AT EA " OAPESHfirequir@lU OOAT 6
CHARACTERISTICS OF THE OFFSHORE CONVERTER STATIONS:
- 1x DC SU to comrtt converter station to DC cable system omntegrated DCSS Type 2
functionalities
- Half bridgeconverters
- Directconnection
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5.2.  Short list entry #2
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FIGURE 5-2

Simplifiedoverviewz shortlistentry #2. Synchronous areas at the onshore side are indicated with yellow
dotted boxes.

Shortlist entry #2 represents a generic four terminal HYDC systemnmected to a single synchronous area
(onshore). The following topologic&ky characteristicsire identified

CHARACTERISTICS OF THE DC SWITCHING STATION :
- 3x DC busbar sections

- 2x DC SU with longitudinal coupling with EKSDs
- DGSUs for D@able connections without DESDs
- DGSUs for converter connection without DESDs
- Space provisions for futunategration of DGFSDs
- 2x DC SHfor future expansion stages

CHARACTERISTICS OF THE ONSHORE CONVERTER STATIONS:
- 1x DC SU to connect Converter Station to DC cable system
- Half bridgeconverters
- Integrated DBS (if required)

CHARACTERISTICS OF THE OFFSHORE CONVERTER STATIONS:
- 1x DC SU to connecbnverterstation to DC cable system
- (As an optionprovision of 1x additional DSU to connect additional DC cable system)
- Half bridgeconverters
- Directconnection
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5.3. Short list entry #3
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FIGURE 5-3

Simplifiedoverviewz shortlist entry #3. Synchronous areas at the onshore side are indicated with yellow
dotted boxes.

Shortlist entry #3 represents a generic five terminal HYDC systennected to a single synchronous area
(onshore). Thdollowing topological key characteristicre identified:

CHARACTERISTICS OF THE DC SWITCHING STATION :

- 3x DC busbar sections

- 2x DC SHwith longitudinal coupling with D&SDs
- DCSUs for D@able connections without DESDs
- DCSUs forconverter connection without DESDs
- Space provisions for future integration of BRSDs
- 2x DC Sifor future expansion stages

CHARACTERISTICS OF THE ONSHORE CONVERTER STATIONS:
- 1x DC SHlto connectconverterstation to DC cable system
- Half bridgeconverters
- Integrated DBSif required)

CHARACTERISTICS OF THE OFFSHORE CONVERTER STATIONS:
- 1x DC SU to connecbnverterstation to DC cable system
- (As an option: Provision of 1x additional BO to connect additional DC cable system)
- Half bridgeconverters
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5.4.  Shortlist entry #4
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FIGURE 5-4

Simplified overview z Shortlist entry #4. Synchronous areas at the onshore side are indicated with
yellow dotted boxes.

Shortlist entry #4 represents a generic four terminal HVDC system connected to a two synchronous areas
(onshore) and including an additional AC offshore collector busbar. The following topological key
characteristics are identified:

CHARACTERISTICS OF THE DC SWITCHING STATION :

- 2x DC busbar sections

- 1x DC SU with longitudinal coupling with EXSDs

- DCSUs for D@able connections without DESDs in first development stage
- DCSUs for converter connection without DESDs

- Space provisionfor future integration of DEFSDs

- 2x DC sWfor future expansion stages

CHARACTERISTICS OF THE ONSHORE CONVERTER STATIONS:
- 1x DC SU to connecbnverterstation to DC cable system
- Half bridgeconverters
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- Integrated DBS (if required)

CHARACTERISTICS OF THE OFFSHORE CONVERTER STATIONS:
- 1x DC SU to connecbnverterstation to DCbhusbar system
- Half bridgeconverters
- 400kV ACoffshore collector busbar
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5.5.  Short list entry #5
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FIGURE 5-5

Simplifiedoverviewz Shortlistentry #5. Synchronous areas at the onshore side are indicated with yellow
dotted boxes.

Shortlist entry #5 represents a generic five terminal HVDC system connected to a single synchronous area
(onshore) and including an additional AC offshore collecbmisbar. The following topological key
characteristics are identified:

CHARACTERISTICS OF THE DC SWITCHING STATION :

- 2x DC busbar sections

- 1x DC SU with longitudinal coupling with EXSDs

- DCSUs for D@able connections without DESDs in firstevelopment stage
- DCSUs for converter connection without DESDs

- Space provisions for future integration of BRSDs

- 2x DC SU for future expansion stages

CHARACTERISTICS OF THE ONSHORE CONVERTER STATIONS:
- 1x DC SU to connecbnverterstation to DC cable system
- Half bridgeconverters
- Integrated DBS (if required)

CHARACTERISTICS OF THE OFFSHORE CONVERTER STATIONS:
- 1x DC SU to connecbnverterstation to DCbusbar system
- Half bridgeconverters
- 400kV ACoffshore collector busbar
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5.6.  Short list entry #6

AC Switching Station on Synchronous AC
Artifical Island grid #1

]
I
| |
| DC Switching Station on Artifical 1
1
Island |
b s
]
! |
d |
I 1
| i
! |
| I
! |
I
I
1

.......

Offshore Converter
Station on Artifical l
| Island ‘

csu

Onshore Converter Station

DCSUwith Fault
Clearing Capability

L
?

AC Switching Station on
Artifical Island

Offshore Converter Station on Platform Synchronous AC
grid #2

Offshore DC Switching Station
on the same Platform

Legend

Gate Unit with Fault Clearing Capability
Gate Unit without Fault Clearing Capability

AC offshore interconnection

1]

Offshore Wind Park

FIGURE 5-6

Simplified overview z Shortlist entry #6. Synchronous areas at the onshore side are indicated with
yellow dotted boxes.

Shortlist entry #6 represents a generic HVYDC system connected to a two synchronous areas (onshore).
Apart from HVDC transmission, parallel HVAC transmission is considered in this entry. The following
topological key characteristics are identified:

CHARACT ERISTICS OF THE DC SWITCHING STATION :
- 2x DC busbar sections
- 1x DC SU with longitudinal coupling with EXSDs
- DCSUs for D@able connections without DESDs
- DCSUs for converter connection without BESDs
- 1x DC SU with longitudinal coupling with EXSDs fo future expansion stages
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- 2x DC SU for future expansion stages

CHARACTERISTICS OF THE ONSHORE CONVERTER STATIONS:
- 1x DC SU to connecbnverterstation to DC cable system
- Half bridgeconverters
- Integrated DBS (if required)

CHARACTERISTICS OF THE OFFSHORE CONVERTER STATIONS:
- 1x DC SU to connecbnverterstation to DC cable system
- Half bridgeconverters
- 220kV ACoffshore collector busbar
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5.7.  Short list entry #7
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Simplifiedoverviewz Shortlistentry #7. Synchronous areas at the onshore side are indicated with yellow
dotted boxes.

Shortlist entry #7 represents a generic HVDC system connected to a two synchronous areas (onshore).
Different HVDC configurations such as bipole with DMR, rigid bipole and symmetrical monopole are
considered. The following topological key characteristics are identified:

CHARACTERISTICS OF THE DCSS (BIPOLE / RIGID BIPOL E) - SAME PLATFORM:
- 1x DC busbar section
- 1Ix DCSUs for D@able connections witbut DGFSDYRBP)
- 1x DCSUs for D@able connections without DESDYBP)
- 1x DCSUs for converter connection without DESDYBP)

CHARACTERISTICS OF THE DCSS (BIPOLE - SYMMETRICAL MONOPOLE) - SAME
PLATFORM:

- 1x DC busbar section

- 1x DCSUs for D@able connections without DESDYBP)

- Ix DCSUs for D@able connections wittbGFSDYBP)

- 1x DCSUs for converter connectionithout DGFSDYSMP)
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CHARACTERISTICS OF THE ONSHORE CONVERTER STATIONS:
- 1x DC SU to connecbnverterstation to DC cable system
- Half bridgeconverters
- Integrated DBS (if required)

CHARACTERISTICS OF THE OFFSHORE CONVERTER STATIONS:
- 1x DC SU to connecbnverterstation to DC cable system
- (As an optionprovision of 1x additional DSU to connect additional DC cable system)
- Half bridgeconverters
- Directconnection
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5.8.  Short list entry #8

Onshore DC Switching Station

Legend

Gate Unit with Fault Clearing Capability [ ] =
Gate Unit without Fault Clearing Capability [ .
AC offshore interconnection [ +
Offshore Wind Park [ Onshore Synchrlonous AC
Converter Station grid #1

Onshore Converter
Station

DCSU with Fauit
earing Capability

Onshore Converter
Station

Onshore
Converter Station

)

FIGURE 5-8

Simplified overview z Shortlist entry #8. Synchronous areas at the onshore side are indicated with
yellow dotted boxes.

The following topological key characteristics are identified for shortlist entry #8:

CHARACTERISTICS OF THE DC SWITCHING STATION ( PHASE 1)
- 2x DC busbar sectiondouble busbar system
- 1xDCSU including D®us couples; Bus couplersormally-open
- DGSUs for D&Cable connections without DESDs
- DGSUs for converter connection without DIESDs
CHARACTERISTICS OF THE DC SWITCHING STATION (PHASE 2)
- 2x DC SU for future expansion stagesntegrate offshore wind power planf8P+DMR)
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- 2x DC SU for future expansion stages to integrate an additional interconnector respective an
additional grid enforcemen{RBP or DP+DMR)

CHARACTERISTICS OF THE DC SWITCHING STATION (PHASE 3)
- Space provisions for futurextension of the DCS81T AT AAT A O PAT OET C $# AC
- 1xDGSU for longitudinal coupling includingGFSDs

CHARACTERISTICS OF THE ONSHORE CONVERTER STATIONS:
- 1x DC SU to connect Converter Station to DC cable sysieDC busbar system
- Half bridgeConverters
- Integrated DBS (if required)

CHARACTERISTICS OF THE OFFSHORE CONVERTER STATIONS:
- Noinformation available

FURTHER REMARKS:

- Openring DC bus arrangement
- Double busbar
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5.9.  Shortlist entry #9

Shortlist entry #9 includes proposed topologes provided by the HVDC vendors involved in the
InterOPERA projectFigure 5-9 shows a three terminal HVDC system which represents the proposed
topology for basic studies and verification purposes. In additkigure5-10shows a five terminaHVDC
system which could be beneficial for expanded DC grid testing scenarios.

The following topological key characteristics are identified for shortlist entry #9:

TWO TYPES OF DC SWITCHING STATIONS :

DCCS type 1: DCSS to connect converter stations tdbDsbar system as well as DC lines
DCCS type ZStandaloneDCSS with various DSUs to connect DC lines andBS connected to
it

Non-selective, partialselective as well as fullselective sections of the DC grid

CHARACTERISTICS OF THE ONSHORE AND OFFSHORE CONVERTER STATIONS:

1x DC SU to connect converter station to DC busbar systems
Half bridge converters
No integrated DBS

FURTHER REMARKS:

Unspecific to onshore & offshore stations characteristics
Meshed DC grid section / ring topology

Standalone DBS

Step-by-step workflow recommended

cabies1

@
- cabie s
a

[E] Residual Current Breaker
This re Ers o the function of the device 3rd shal ot presum the
chosen Brm for reslizafion of his Linclon.

[] Type of switching device under discussion
Cosrdnatan afgrounding Fen's & be sislusted in detaled desgn!

. AC Breaker
Breakers are onfy for ilustration ofgeneral AC scanarbs and do rot
impiy that dll possible combina fons wil be demonstaed

FIGURE 5-9
| HVDCvendorsz proposedtopology forbasicstudies andverification purposes
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@ Sub-network separation zone including converters
cabier H1

@@ Overhead line with auboreclosure
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FIGURE 5-10
|HVDQ/endorsz proposedtopology forexpanded D@rid scenario
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6. Recommendations of
InterOPERA work
packages and tasks

This chapter covers recommendations from othexork packages with regard to thdefinition of the
InterOPERA demonstratoRecommendations frm T2.1, T2.4 and the HVDC vendors are described in
the subsequent sections.

In addition, to get from the shortlist entries to the final demonstrator topology,set of DC grid
characteristicavhich are clustered in three main categories (Geneggology, DC grid protection, Grid
forming functionalities) relevant for interoperability functions is identified based on the
recommendations from other work packages. Each shortlist entry is evaluated in terms of these grid
characteristics to identify giilarities and differences. The results arged to define the final demonstrator
topology in chaptef?.

6.1. WP2/T2.1: DC grid protection and DC fault
clearing strategy

The following items express recommendations for tierOPERAdemonstratorfrom T2.1 of WP2The
items are listed in prioritized order with respect to the ability to demonstrate DC grid protection and DC
fault clearing strategies

1. The denonstrator should perform primary and backup protection sequences. Primary protection
in a radialthree terminal DC grid always leads to a poiat-point configuration. Backup
protection in a radiathree terminal DC grid leads to a shdbwn of active powr in the faulty
pole of the DC grid. Therefore, from a DC grid protection perspectiveerinal topology is
recommended. If this is not possible, tkieee terminal grid should be of meshed configuration.

2. Athreeterminal DC grid would reduce the cheiof fault clearing strategies significantly.

3. The demonstrator should involve at least two DC switching stations from different vendors to
prove DC grid protection interoperability. The demonstrator should integrate at least two
different DG-FSDs tqoroveinteroperability in the fault handling process.

4. Faults detection and discrimination should be implemented to show cldseg protection
operation

5. The demonstrator should perform post fault voltage and active power recovery. In this context
energy dissiption devices should be foreseen in the demonstrator

6. Auto-reclosing functionality could be demonstrated (i.&y considering a hybrid line with one
cable section to shore and one OHL section to converter)
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LIST OF PROTECTION FUNCTIONS TO BE CONSIDER ED:

Fault types Fault handling sequence Post-fault recovery
1 Poleto-ground faults 9 Fault detection & 91 Energy dissipation
9 Busbar faults discrimination device operation
9 Converter faults 9 Fault separation 1 Voltage & active
1 Poleto-pole faults 1 Primary protection power restoration
1 DMR fauls 9 Backup protection (i.e due

to DG-FSDfailure)

Fault clearing

Optional: Autareclosing
(i.e.,in case oDOHL), energy
dissipation device

f
f

6.2. WP2/T2.4: Grid forming functionalities

The following items express recommendations for tikerOPERAdemonstratorfrom T2.4 of WP2The
items are listed in prioritized order with respect to the ability to demonstrate goidning capabilites of
PE devices, e.gHVDC converters and Débnneced PPMs

1. The demonstrator should connect two different synchronous areas through théiMDC grid

2. The demonstrator should involve at least two different HYDC vendors abffehore converter
stations

3. The demonstrator should involve at least tvdifferent wind power OEMgoriginal equipment
manufacturer)at the offshore converter stationas DC connected PPMs.

4. If the demonstrator cannot have both two wind power plants and two synchronous areas, having
two synchronous areas is preferred.

5. The abovdatemsimply at least four converter stations shall be included. If this is not possible and
only 3 converters are available for the demonstrator, it should be possible to operate them in
different variants, i.e., either representing an offshore connectiand connection to the main
grid. Havingtwo offshore stations and one onshore as well as having one offshore and two on
shorestationsshould be easily configurable.

6. The demonstrator should allow the possibility to connect the offshore converters (HVIRIC an
PPMs) on the AC side.
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6.3. WP3 / HVDC vendors

The followingsectionstatesthe consolidated view and recommendations for the demonstrator from the HVDC
vendors involved in WP3.

HVDC BUILDING BLOCKS

Table 61listsall the building blockgonsideredby each HVDC vendas in scope for InterOPER®Bhis mainly
includes desiga and modes for the offshore and onshore AC/DC converter as well as a saonie DC
switching station.The deliverable ofhe design and models of theGFSDfor a cable configuration is marked
as optional by some vendors. In addition, the building bldokgshe dynamic braking system (staralone) and
the DGFSD(OHL) could be delivered by some vendors if a scope extension is forésmehable6-2).

TABLE -6-1
|HVDC,\/endorszthe main building blocks for the InterOPERA demonstrator

s | Oty & v v X
VMO tine evn| v v (X)
siemens | e v v v/ X

S tine evn| v v (X)
Hitachi Energy| ©Onine (HIL) v v/ v/ v
offine EMT)| &/ v v v
SciBreak | Online(HIL) X X v v
Offline (EMT) X X v v
Inter
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TABLE 6-2

|HVDC,\/endorsz Additionalbuilding blocks foa potential scope extension

Online(HIL)
- X
Vernova
Offline (EMT) (X)
Online (HIL)
Siemens X
Energy

Offline (EMT)

Hitachi Energy

Online (HIL)

Offline (EMT)

SciBreak

Online (HIL)

Offline (EMT)

X XILIKC XX

v/

RECOMMENDED WORKFLOW AND STEP BY STEP PROCESS!?

From aHVDCOAT AT 006

DAOODPAAOEOA

EO -iy6tep@dhdioprhentfrocdsd A Al 1 1

which is depicted ifrigure6-1. At first, the design phasegfid planning) should be performed with a full
extenttopology which already covers the topology of the upcoming two phases described below.

After that, the basicstudies and tests arexecutedusing a topology with a reducatumberof terminals.
The proposed topology consists of three terminals and one stalothe DC switching statiorBoth offline
and online simulations are performed with this topolodlyis important to havethe same online setup in
both labs to verify and validate the results.

Finally expanded studies (e,gtability studies, grid forming, DC protection) could be carried out using
the full extenttopology from the design phase. Different stigd can be performed in the offline and online

setup as well as in the two labs.

1 This chapter gives and outlook and recommendatiofiest procedures and functionalities to be tested

are not finally defined in T3.1.
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Design holistically but validate gradually

Basic studies + tests
(Communication, sequences,
steady-state,...)

Expanded studies + tests
(Stability studies, grid forming,
DC protection,...)

Design phase

(network planning)

. Designforfull extent :: * Offline = Online :: * Offline = Online
v — * RTE=TU Delft o — * RTE #TU Delft
e * Increase complexity sl * Different offline modelling
»Mter Checklist for moving step by step Checklist for moving (depending on study needs)
OPERA lonextslep tonextstep interopera.eu

Enabling muli-wendar HVDC grids

FIGURE 6-1

HVDCvendorsz Proposed workflow and stepy-step process for the design phase, basic studies and
expandedstudies

RECOMMENDATIONS REGARDING THE DC GRID PROTECTION
Regarding D@rid protection the following approach is outlined and advised:

1 Consider requirements from Dgid protection in thedemonstrator design phasgault handling

protection zones etc.8 )
91 Deliver equipment and functions in both online and offline demonstrdéguipment simulation

model + controls OB DT OOET ¢ &£O01 AGE) 1 Oh Al ¢i1 OEOEI Oh AOAS
1 Gradually introduce D@rid protection to the demonstrator test scenarios

6.4. HVDC technology alignment

To enable multivendor HVDC grids, system compatibility is needed as basis for interoperability. To be
interoperable, the HVDC systems must be compatible in the first place. Today, heterogenous HVDC
systems, that for example do not have the sav@tage level (32@V, 525V) or do not share similar
topologies (bipole configurations vs symmetrical monopoles), are incompatible.

To satisfy this need for compatibility, the HVDC system planning must be coordinated where potential
interconnection isenvisaged now or in the future at a regional level (l.e.: around the North Sea).
Otherwise, the different HVDC systems may be unable to connect to the same HVDC grid. Today, such
coordination of system planning to ensure compatibility at regional levedtexio some extent but is not
complete. A major issue is that the techi@onomic optimum regarding HVDC system characteristics
and topologies may differ for different geophysical locations or applications (e.g.: symmetrical monopoles
may be preferred folonger distances and in deeper waters, whereas bipoles with metallic return may be
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preferred in other situations) and lead to the construction of incompatible HVYDC systems at the regional
level. InterOPERA is not about defining the future planning standaeshd this issue of coordination and
convergence should be addressed by the stakeholder community outside the project.

As much as possible, the functional framework for interoperability that is to be developed within
InterOPERA will include and addrettse diversity of HVDC systems characteristics. But due to the
constraints of the project, InterOPERA is unable to explore and test all the potential topologies: for the
Demonstrator, choices must be made. As a compromise, the collectively selected catitguis a 52%V
bipolar configuration with metallic return. This was seen as a good test bed to increase TRL of HVDC
interoperability and to prepare for future HVDC systems that can be assembled with different building
blocks supplied by different vendorsurthermore,most of the future projects in short and long list are
planning the implementation of 525 kVbipole with DMR.Another important reason for this selected
configuration, is to allow the integration and the demonstration of ridgigholed and asymmetrical
monopoles. The demonstrator shall therefore include rigighole® and asymmetrical monopoles as
operational modes of the bipolar system with metallic return. Any issues or obstacles related to the
integration of symmetrical monopoles shall be addressed mtedOPERA reports related to
interoperability issues even if they are not tested in the demonstrator.

In the future, innovative solutions may allow us to interface and/or make heterogeneous HVDC systems
mutually compatible (e.g.: use of DC/DC convertebs)t InterOPERA is building on the current state of
the art for HVDC technology. InterOPERA recommends that furtbirdies or projects should be
programmed in the future to integrate othesolutions,topologies, technologiesand operating conditions
facilitating fully integrated HVDC grids.
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6.5. Interoperability f unctions and stakeholder
recommendations for the demonstrato r topology

This sectionprovides a basis for decision makingn the InterOPERA demonstratorBased on key
characteristicsand propertiesof the short list entries(see chaptei5) and recommendations from other
InterOPERA work packages (see chapd¢a set ofDC grid characteristiceelevantfor interoperability
functions is identified. The system functionalities are clustered in three maiategories and are
summarized in tabular form:

1 General topology(Table6-3)
1 DC grid protectionTable6-4)
1 GFM functionalit(Table6-5)

The tabuar overviewsdentify the similaritiesand differencesbetweenthe shortlist entries.!  n Al AAE
and-white" checkingprocedure is applied to provide a clear overview which &bgraderistics and
functionalitiesare includedr excludedn eachshort listentries. If required, f@tnotes are addedo clarify

line items forindividualshort listentriesCl 1 &1 T O$6 j AAIT linlTébe@3ATAleG-45hd 1 O T q
Table 6-5 provides an overviewnf which interoperability functions are @tuded or excludedin the
demonstrator definition.Reasoning for the table entries is given below.

Theguiding principledor the InterOPERA demonstratodefinition are as follows:

91 Cover projectinspired key characteristicand functionalities
9 Cover tinctionalitieswith high relevance foenabing meshed offshore DC grids
91 Design the demonstrator holistically

To keep it manageable, the follang items are excludedue tominor relevance for meshed offshore DC
grids, or due to expliciadvicefrom the HVYDC vendorar other consortium partners

1 Mixed topologies includig sym.monopoles

1 Parallel AC offshore cable connections from shore

1 Overheadlines (OHL} auto-reclosing functionalities

1 Standalone Dynamic Braking Systerhs

1 AC Offshore Connection withdditionalHV AC collector bus

In contrast, the following items are includeslven thoughthe shortlist entries indicate a minor relevance
for planned projectsThey are included eithatue to a high relevance for meshed offshore DC gridduer
to explicitadvicefrom the HVYDC vendorsr other consortium partners

1 Meshed DC grid topologye.g parallel DC lines

9 Doubleended DC grid protection schemgs.g.DGFSDs at both DC line ends

1 Differenttypes ofDCswitching stations (DCSSE.g.including different types of D&SDs
"AOAA 11T AT1O6iT O%$06 OEA )1 OAO/ Ochapter 7 dbrsideting @& OA OT O
InterOPERAoundary conditions anthe in-scope defined hardwar& engineering services

2 The DBS is functionally described as mdependent subsystemDependent on the prgress of the
InterOPERA project the function of energy dissipation devices might also be realized as a standalone device at
the onshore converter station.
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TABLE 6-3

|Interoperability functionalities and characteristicsgeneraltopology

. #2 #4
Short List Entry #1 ‘ 43 ‘ 45 ‘ #6 ‘ #7 ‘ #8 #9 D
Promoter Asset Owner / TSOs Vendors| InterOPERA

General Topology

2 Converters at the sam|
DC busbar in close
electrical vicinity

DCSS with >1 DRusbar
sections including BC
FSD as bus coupler

DCSS including multiple
options to coordinate
system grounding

Standalone DCSS

LongAEOOAT AA
O0ADPOOG

Integrated DB&t the
Onshoreconverter
station®

Standalone DBS
(e.g. at DCSS)

Parallel AC Cable
Interconnection from
onshore

Including a meshed
section or ring in the D(
grid topologies

Including DEOHLs

Mixed topology Type 1
Bipole with DMR & Rigi
Bipole & Asym.
Monopolé

CIXXIXIXSIKX KX
XXX X KX S]L
CIX XL XS KX X

CIXX XX KX X

CIXLIX XS KKILTILL

Mixed topology Type 2
Bipole with DMR & Rigi
Bipole & Asym. Monopo

& Sym. Monopole

X | L X XXX L IK|IX X|X|X

X
X
X

L IX XXX XX XXX

X

X | CIKICIXKIXSKIX | XS

X

3 Dependent on the progress dlfie InterOPERAprojectthe function of energy dissipation devices mighiso
be realized as a standalone device at the onshore convetatios.
4 Dependent on the progress tfie InterOPERAprojectthe function of energy dissipation devices might also
be realized as a standalone device at the DC switching station.
5 Mixed topologies refer to the possibilitio operate the system in different configurations but not is not
indicating default modes obperation.
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TABLE 6-4

|Interoperabi|ity functionalities and characteristicg DCgrid protection

. #2 #4
Short List Entry #1 ‘ 43 ‘ 45 ‘ #6 ‘ #7 ‘ #8 #9 D |
Promoter Asset Owner / TSOs AVIDIS InterOPERAI
Vendors

DC Grid Protection

Primary & backip
protection sequence
using DE&SDs

X

Doubleended
protection sequence
using DEFSD$

Primary & backip
protectionusing DE
FSDsn meshed DC
grid configuration’s

More than 2 DCSS

Different types of
DCSS, e.g. Offshor
& Onshore DCS8s

Different types of
DGFSDs, e.g. MV fq
DGFSDs in the sam

DCSS

Auto-reclosing

functionality

X| X [ X[ X [X|<

X X XX X X X

X X XX X X<
X X [ XX X |X

X X | XK| X | XX

X X XX X X X

NI NN A NN

XI < [KKK KL

6 Double-ended: Both ends of a Dlihe protected with DEFSDs.
"Meshed configuration: DC grid topology considering, .eting structures or parallel D{nes.
8 The topology of short list entry #9 provides the capability to test different tgé DCSS.
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TABLE 6-5

|Interoperability functionalities and characteristics GFM

. #2 #4
Short List Entry #1 ‘ 43 ‘ 45 ‘ #6 ‘ #7 ‘ #8 #9 D
Promoter Asset Owner / TSOs £ WIDIE InterOPERA]
Vendors

GFM Functionality

Two different
syndronousareas

v/

HVDC M\at
Offshore converter
stationg?

WTG/PPM M¥it
Offshore converter
station

AN

AC Offshore
Connection with
additionalHV AC

collector bus

X [ | X |X X
CILL XL

CISX] <

v
X
v
X

X | X X| X

NA

AC Onshore
split busbar
requiremerg!!

NA

NA NA

NA

X (KK L

9 Future expansion stages might include a connection between two different synchronous areas.
10Refers to AC side interoperability tfio offshore converters in GFM mode in close electrical vicinity.

1Dependent on the progress tiie InterOPERAproject AC onshore split bus bar requirements should be also
investigated due to its relevance to HVDC projects. To which extent AC onshore split busbar requirements could

be assessed is subject to further alignment among the consortium partners
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7. Demonstrator definition

The definition of the demonstratowascarried oututilizing the processoutlined in Figure1-1. Based on
characteristics andpecifics ofealworld projectsprovided bythe asset ownerand recommendations by
InterOPERAwork packageskey functionalities were identified that enable offshore meshed DC grids.
Additionally, the distinct boundary conditions and generaldnope constraints of the InterOPERA project
(e.g., hardware for reatime simulationssummarizedTable-6-1and Table6-2) are consideredlable6-3,
Table 6-4 and Table 6-5 provide an overview of key characteristics and functionalities treae either
included or excludeth the demonstrator definition.

Section6 defines te full extentof the InterOPERAdemonstrator. Full extent shall be understood as the
maximum sizeand maximum number ofconverter stationgowardsthe presentedDC gridis designed.
Two variants for tke full extent of thedemonstratorare definedwhich areshown inFigure7-1andFigure
7-2Fehler! Verweisquelle konnte nicht gefunden werden. Within the project specific boundary
conditionsdescribedin chapter6, the DC grid desigmaintains flexibility for testing purposegor online
simulations (HIL)and provides extended testingcapabilities forDC gridcontrol, protection and grid
forming functionalities. That especiallyncludes the possibility to varthe placement of HVDC building
blocksbased ondesign studies otesting requirements in the InterOPERA demonstratt@ading to the
two variants of the demonstrator topologyDetailed information regarding testing procedures and
interaction study processesre given in the deliverables bfterOPERANP1 WP2and WP3 / T3.3

Section 7.2 providesan overview of susets of thefirst variant ofthe InterOPERAdemonstrator that
gradually add DC grid functionalitieend AC functionalitieto be tested The number oterminals is
increased starting with a set of a P2PHVDCgrid connection system and gradualtievelopingthe
topology of the demonstrator up téive converter stations

It should be noted that, for the demonstrator topologiesd its subsets, when it eawerns AC side
functional requirements we consider that those and their relevant parameters are given in NC HVDC and
its national implementations. In addition, the D2.2 gives recommendations which grid forming
functionalities to demonstrate. Concerning thtesting of those AC side functionalities, they should be
discussed in both Task 3334 of WP3 as well as in WP1 and WP2 relevant tBeksize figures of the
demonstratorvariants(& subsets)re included in the appendix.
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7.1. Demonstrator o full extent

Thefirst variantof the demonstrator topologyonsidered in this project depicted inFigure7-1. This first
variant representsa meshed offshore grid for wird power export including three offshore and two
onshore converter stationgConverter station #1, 8 and #5 connect an offshore wind park via a direct
connection with 13XV AC offshore cablesConverter station #1 and #5 are in close electrical vicinity a

the two stations can be coupled via the offshore AC switchyard and/or via the DC busbar system in the
DCSSConverter station #4 is connected to the staadbne DCSS #5 via a relatively long DC transmission
line. Dynamic braking systems (DBS) are coes&ll at the onshore converter stationSonverter station

#1, #2, #5 are operated as an AC offshore islanded netwwykdefaultas well.By default converter
station#2 and converter statio#4 are not in synchronous AC systeassthe MT HVDC system connects

two different synchronous areas.

The stand-alone DCSS3n the middleincludes fiveDC switching units with fault clearing capability
including oneDCswitching unit with fault clearing capabilitys a longitudinal couplingAdditionally, four
DCswitching units with fault clearing capabiligreincludedin the DCSS of converter statighl & #5.

Thefirst variantmakes it possibléo investigateinteroperability issuedetween two offshore converter
stations (#1 and #5)in grid forming control modeconnectedin close electrical vicinityo offshore DCSS
#1.

Variant 1 of the InterOPERA demonstrator will be used for the preliminary conceptual system design
studies performed in chaptes.

Please note: For more information on testing procedures or interaction study procgsieese refer to
WP1, WP2 and WP3/ T3.3.

AC Switching

Station #1 Converter

Station #1 DCSS #1 Converter  ac Grid #1

DCSS #2 Station #2

A
&

TL;_ £

Converter
Station #5

e

DCSS (stand-alone) #5

[
|
= P
S RN = i
- o
S, - ‘ L
By m\\ - i
1
|
D
Converter .
Station #3 DCSS #3 Converter "4 ACGrid #2
DCSS#4  Station #4

.

[
e
o PRI
AC Switching [ Legend
. o |
Station #3 L e Gate Unit with Fault Clearing Capability ]
Gate Unit witheut Fault Clearing Capability |
AC offshore interconnection [
Offshore Wind Park =

|5MTZ Fullextent variant 1 Meshed offshore grid for wind export
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Variant 2of the InterOPERAlemonstrator is depicted iRigure7-2 andrepresentsamulti -purpose hybrid
interconnector. Itdescribes a MFHVDC system consisting afstandalone DCSS, two offshore (#1, #3)
and three onshore converter stations (#2, #4, #5) with DC&®inected to two synchronous areas
Dynamic braking systems (DBS) are considered at the onshore converter staiibtisregards to grid
forming capabilityandits implementationin variant 2, the recommendations of the D2.2. sladply.

The offshore converter stations are connectenl an offshore wind park via a direct connection with
132kV. The two onshore converter stations that are connected to DCE&# in close electrical vicinity
and the two stations can beoupled.The converter station connected to DCS3# connected to the
stand-alone DCSS via aomparativelylong DC line.With the second variant of the demonstrator
topology, AGside interaction between two onshore converter stations in close electrical vicinity and in
the same synchronous areshallbe tested. In that case,maelectricalAC equivalent impedance shall be
defined between the two of the three onshore stations.
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FIGURE 7-2
|5MTz Full extent variant 2Meshed multipurpose hybrid interconnector
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7.2. Demonstrator o subsets

Section 7.2 describes subsets of thirst variant of demonstrator topology shown in sectioi.1 The
subsetsshow a stepby-step developmentin DCand AC gridfunctionalities. According tosection 6.3,
three canverter stations are available for onlifelIL) simulationsndicated in subset 2Subsets 3, 4 and 5
include more than three converter stations.

SUBSET 0: P2P HVDC & GRID CONNECTION SYSTEMS

SubsetO describes a P2P HVD&ECSconsisting of one offshore converter station with DCSS and a
onshore converter station with a DCS&n integrated DBS is located at the onshore converter station
The offshore wind park is connected utilizing a direct connection withkl32A fault cleaing concept is
realized with the AC circuit breakerSor subset Ottere is no fault clearing capability on the DC side.

AC Offshore Switching
Station #1

AC/DC#1

Offshore Converter DCSS #1 AC/DC #2
Station DC Switching Station DCSS 42 Onshore Converter  Synchronous AC
- DC Swi Station Station grid 1
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FIGURE 7-3
|P2P HVD@. grid connectionsystems
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SUBSET 1: P2P 0 INTEGRATION OF STAND-ALONE DCSS

Subsetl describes a P2P HVDC system consisting of one offshore converter statioa D@BS and an
onshore converter station with a DCS&n integrated DBSre located at the onshore converter station.
The offshore wind park is connectedilizing a direct connection with 13&/. A fault clearing concept is
realized with the AC circuit breakersor subset 1here is no fault clearing capability on the DC side.

Subsetl allows to assegke function ofastand-aloneDCSS using parallel Dies.
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FIGURE 7-4
| P2P- Integration of standalone DCSS
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SUBSET 2: 3 MT - BASE TOPOLOGY

Subset 2 consists of two variantgariant 1 Figure7-5) describes a MT HVDC system consisting of two
offshore converter statioswith DCSS and one onshore converter station with a DG&8ant 2 Figure

7-6) describes a MT HVDC system consisting of one offshore converter station with DCSS and two onshore
converter stations with a DCS@n integrated DBSis located ateachonshore converter stationThe
offshore converter stationsconnectthe wind park via a direct connection with 182. A fault clearing
concept is realized with AC circuit breakeFar subset 2here is no fault clearing capability on the DC
side.

Subset 2 allows to assess the basic functioof a MTHVDCsystem asthree converter statiors are
integratedwhile maintaining flexibility of thenline HIL) setup for testing purposes.
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FIGURE 7-6
| 3MT- Base topology (variant 2)
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The figures illustraténow flexibility of thelnterOPERA demonstratorould be achievedAs an example
Variant 2 is motivatedo cover specifionshore GFM requirement®.g. to consideing two different

synchronous areadVith regards to the grid forming functionality the recommendations of the D2.2. shall
be followed.
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SUBSET 3: 4 MT 6 LONG DC TAP
Subset3 describesin MT HVDC system consisting of two offshore converter stations with DCSS and two
onshore converter stations with a DCSS and an integrated DBS. Converter stdteomd# 3 connects the
offshore wind park via a direct connection with 132 Converter Statior#4 is connected to the stand
alone DCSS viaralativelylong DCline. A fault clearing concept is realized with AC circuit breakErs.
subset3 there is no fault clearing capability on the DC side.

Subset3 allows to assess further functions of a{MV HVDC system asfaurth terminal is added using
a considerable long DC cable to integrate additional onshoreonverter station Converter station# 2
and converter station#4 can eitherbe intwo different synchronou\C gridsor in the same synchronous
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SUBSET 4: 4 MT 8 DC-FSD INTEGRATION

Subset4 describes a MT HVDC system consisting of two offshore converter stations with DCSS and two

onshore converter stations with a DCSS and an integrated DBS. Converter stdteomd# 3connectsthe
offshore wind park via a direct connection with 132 Conveter Station#4 is connected to the stand

alone DCSS viarelativelylong Ddine. Insubset4, DGFSDs are introduced to the MT HVDC system. The

stand-alone DCSS#5 includes five DGwitching unitsincluding DGFSDs four DC switching unitgo
connect DGlinesandone DGswitching unitas a longitudinal couplingAdditionally,DCSS#lincludes one
DC switching uniincluding DCGFSDs taconnectthe DC lindowardsthe standalone DCSS.

Subset4 allows to assess the integrati of DGFSBsto a MT HVDC systenDGFSDs arentegrated to
the stand-alone DCS%5, as well ato the DCSS#1.
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8. Preliminary main
circuit parameters &
system design studie s

Chapter 8 elaborates onthe main characteristicsand system level conceptsf the InterOPERA

demonstratorbased on preliminary main circuit parameteSedion 7 provides generafrid system data

of the demonstratorto characterizethe demonstratorgrid designquantitatively and provide a basis for
the HVDC grid subsystem puesign and detailed fun@inal specifications The characteristics and
parameters presentedn section7 are used as input for the subsequent study packaglescribed in

section8.2to Fehler! Verweisquelle konnte nicht gefunden werden.

The preliminary system design studies performed in T3.1 consishrefe study packages a stationary
analysis (sectior8.2), a quasstationary analysis (sectioB.3) and a transient analysis (sectiéhler!
Verweisquelle komte nicht gefunden werden). The study results lead to basic requirements for the
demonstrator, which arez besides additional parameterg summarized in preliminary main circuit
parameters for tle onshore / offshore converter station and the DC switching station.

8.1.  Preliminary main circuit parameters and system
design concepts

HVDC system data is definetb characterize the demonstrator topologydepicted in Figure 8-1)
quantitively. For each grid systenDC grid system offshore AC grid system, onshore AC grid system)
topology, transmission line data, voltagangesandfrequency ranges are listed separately.
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FIGURE 8-1
|5MTz Fullextent (variant 1)
TABLE 8-1
|Basicsystem requirementsof the InterOPERAlemonstratorfor (variant 1)
Unit Value Comment
Integration of Offshore Wind GW | 4 -
Power transmission between Onshore A "
. GW I 2 -
Terminals

The main poweflow is between the offshore stations and the onshore stations as aglbetween the
two onshore stationsn variant 1 or three onshore stations in variant 2

8.1.1. HVDC system - system level design

The following grid system design concepts provide a level of detail that is required for preliminary
conceptual system studies and therefore the drafting preliminary main circuit parameters for the
demonstrator. The concepts and strategies presensedfurther detailed during the grid subsystem pre
design and the drafting of the detailed function specifications.

Modes ofoperation - system level and system splits
This section describes modes of operation and system splits on a system level. A descriptiotesf of
operation and reconfiguration sequences is given in sedidn6and sectior8.1.7

The InterOPERA demonstrator systemaisulti-vendor multiterminal system designed ashépole with
dedicated metallic return cable. Each monopole can be operated separately with a return path via the
dedicated metallic returrcable (asymmetrical monopoleperation) with half ofthe bipole active power
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transmission capabilityThe defaultoperational modeis bipole with metallic returifior the entire system
including all subsystemsEach converter station caoperate indeperdently from the system in the
operationalmodes describedbr offshore and onshore converter statioimssection8.1.6and sectiorB8.1.7
In case of a system splie.g. split in the standalone DCSS#%) partial operation of the systenfull
operational flexibility ismaintained Each possible pointo-point operation between offshore and
onshore converter stations can operate in thedes of operation described in secti@il.6and section
8.1.7 The HVDC systentan be operated in ani?2P configuration andnulti-terminal configuration
including three, four or five converter stationis the modes of operatiordescribed setion 8.1.6 and
section8.1.7

Grid control z basiccontrol modesé& conceptual functions

With the goal toderive preliminary main circuit parametetfie AC control modes andonceptual DC Grid
control functionsin subsection$.1.6and8.1.7are assumed. Further definitiomsgarding functionalities
and test scenariogspecially on statiodevel and unilevel control are made in T2.1 WS Cioobus
Control and during the subystemdesign of T2. Specific functional requirements regarding grid forming
control are given by T2.4.

All onshore and offshore HVDC converter stations shall be equipped with appropriate converter energy
controls to ensire power balance between the AC and the DC side of each HVDC converter station, as well
as balancing of the series connected submodules.

Testing scenarios and procedures are not finally defined in[&. shall be detailed in WP2 and task 2.2
Tested functionalities shall be compliant to relevant control modes and immunity requirements as they
appear in the NC HVD[B]. The VDEAR-N 4131:20193 national implementatiorj7] shall applyin the
casethat exhaustive parameters are needé€fibr example grid formingand not given detail in the NC
HVDC

The AC control modes assumed for the offshore and onshore converter ssaferndescribed in section
8.1.6and section8.1.7respectively.In the sections belowbasic concepts and functional requirements
regarding DC system control are described.

Primary DC voltage control

The pimary DC voltage control is achieved by a DC voltage droop comomording to[8] the droop is
defined as the change of active power in response to a deviation of the DC voltage referencénvtiee.
first step, a droopparameterat a system level is definecbnsideringthe maximum postcontingency
steady-state DC voltage deviationral the maximum power disturbance the systemThe system level
droop representsan aggregateddroop parameterof all converter stations being in droop control mode.
Itisconsideredas a measure for the required system reserve. Please notdéhbatystan level droop does
not equal to the station level droop factors used for the converter stations in the gt@sbnary analysis.

3w is themaximumpost-contingency steadystate DC voltage deviation, which is assumed to 10% for
the conceptual studies of this task (referring to 3F. According to the investigated contingencies in
section 8.3 30 ¢ "Ow is the maximum power disturbance which is relevant for the primary DC
voltage control.Based on these two values, the corresponding system level droop parameter is obtained
and listed inTable8-2.

) 30 p ML ¢ oTh
[ 7 — T8 C
3V ¢ TT TDTW 0w
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TABLE 8-2
|Primary voltage controparameters

Based on section 8.3
kV/IMW 0.026 -

Secondary DC voltage control

The secondary DC voltage contrnaturns local voltages to their setpoint values defindgafough the
optimal power flow algorithm of the HVDC grid controllekdditionally, it restores the security margin of
the DC voltage after a contingency to restore controllability headroom of the converter station.
TABLE 8-3

| Secondaryoltage control parameters

DCgrid protection designconcept

Figure8-2 showsfault separation zonesHS2 and faultclearing zonegFC2. Each zone is additionally
divided between the higlvoltage poles and the DMRA fault separation zone &zonein the gridwhich
is separated fronthe surroundinggrid in case of a fauliThe boundaries are defined blye availability of
fault separation functionalitiesA fault clearing zone ia zonein the gridin whicha residual current will be
interrupted after a fault andsubsequentfault current suppressionThe boundaries are defined hige
availabilityresidual current breaking functionajit SelectiveFSZ are indicated in blue. Partialgelective
FSZsare indicated in purple.

FSZ/FCZ 5

E % h “FSz/FCz 1

FSZ/FCZ 2

‘Synchronous A6
giderz

FCz9.2

Legend

Gate Unit with Fault Clearing Capability
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|
Gate Unit without Fault Clearing Capability

]

I

Offshore Wind Park

FIGURE 8-2
|Initia| zones for primary protection
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In Table8-4 a base system protection matrix is describiedluding thestates contined operation (CO)

and permanent stop (PS). Mable 8-5 an optional system protection matrix is shown thatlows the
option of converter stations to perform a temporary st6pS) Continued operation of a converter station
includes the requirement of full controllability of the converter station after any contingency or fault.
During atemporary stop a completestop of active and reactive powerfter a DC contingencguring a
short duration(< 10ms)occurs The allowed duration dependsn AC grid stability especially frequency
and voltage stability.

TABLE 8-4
|System protection matrixy basevariant
FSZ CNVS #1 CNVS #2 CNVS#3 CNVS #4 CNVS #5
1 BS
2
3
4
5
6
7
8
9
TABLE 8-5
|Protection matrixz optional including temporary stops
FSZ CNVS #1 CNVS #2 CNVS #3 CNVS #4 CNVS #5
1 TS
2 TS
3
4
5
6
7
8
9

Faulteventslead to a separation of the systeimto subsystems according to tHault separationzones
shown inFigure8-2. Sub-systems outside of the affected fault separation zastellremain inoperation.
After fault clearing the affected fault clearing zoneemains disconnected.If unaffected fault clearing
zoneswere disconnected during faulteutralisation they are reconnected after fault clearing.

Contingendes and response

Table8-6 showsthe DCcontingency lisfor the InterOPERA demonstratofhe combination ofdult types
and fault locations are categorized into ordinary contingencies (A), which carssideredfor the
preliminaryconceptuakystem design studies performed in T3ahd exceptioal contingencies (B), which
are excluded

All poleto-ground faults(DG, DC+)are considered as ordinary contingencid&s.general pole-to-pole
faults are considered exceptional contingencigmainly due to their low likelihood of occurrence or their
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low severity.An exceptioris offshoretransmissionines sinceffshore cables are assumedlte bundled.

Poleto-pole or poleto-DMR faultsare assumed tde excludedhrough structural measures.

)y O OEAI T AA 11 O0EAAA OE Aupdatk Afsdrniddxpe@nc® of H\Ouadergrbund 2 % 4 "
AT A OOAI AOET A[9)1Aha AC YL PEsuUbMmérikd cAlles at voltages higher thh kV there

wereno failuresrecorded.This is a survey for the cables installed from 2@0&5z total of 763 km.

TABLE 8-6

Fault types(rows) and fault location (columns)

System states
The following system states of the demonstrator topology are described.

Normal operation: In normal operation (normal state) the system is within operational security liamts
no transmission system element is unavailable due to the occurrence of an unplanned event.

Alert operation: In alert state the system operates within operational segulimits, but a contingency
has been detected. Under this contingency, counter measures are foreseen to bring the system back to
normal operation in order to avoid enteringn@mergency state.

Emergency Operation:Emergency statelescribes state in with one or more operational security limits
are violated.
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Energisation

Energisation of thenulti-terminal system is performed sequentiall To simplify the design of the pre
insertion resistors nly onepart of the multiterminal system is energized atiae. The sishore converter
stations, energy dissipation devicesnd connected cableare energized vighe AC preinsertion resistor

If possible,the central DC switching station #5 is energizefter the energisation of one onshore
converter station. Subsequent cables and connected converter stations are energized from the DC
switching staton #5. The dfshore converterstationsare energizedogether with theoffshore cablesvia

the DC preinsertion resistos in the DC switching statiorAdditionally, it is possible to synchronize and
connectalready energized converter stations to anergized DC cableOffshore blackstart scenarios and
capabilities as a restoration strategy are not foreseen in the conceptual system studies of T3.1.

Wind farm curtailment

After a contingency event the curtailment of wind farms might be necessary to restoeegyequilibrium
after the event In principle three technicallyfeasibleoptions for the curtailment of windfarmsn multi-
terminal grids were identied z coordinated curtailment by the DC grid controller, coordinated
curtailment at an operating zone level and uncoordinated curtailmémEigure8-3Figure5-3the steps of
the three options are shown.

Coordinated Coordinated curtailment in Uncoordinated
Curtailment zones curtailment

DC GC monitors states of sub-
systems

* Fault neutralization in FSZ
* Energy absorber activation

System owner monitors sub-
system states of sub-grid
Fault neutralization in FSZ
Energy absorber activation

Offshore converter stations locally
measure and identify overvoltage

Offshore converter stations send
curtailment order to remote PPM

DC GCidentifies energy/power
imbalance

System owner identifies

energy/power imbalance

System owner sends curtailment
order(s) to PPM(s) connected to
sub-grid

DC GC sends curtailment
order(s) to PPM(s)

FIGURE 8-3
| Options for wind farm curtailment

Sincelocal voltage measurements do nenhsure wind power curtailment in every possible situation (for
example if DBSs are activéiverting the excessive wind energy and, thlisiiting overvoltageacross the
HVDCgrid), then coordinated curtailmenimeasuresby the HVDC grid controller shalhe implemented,
based on communication signals sent to the offshoomverterstations. A curtailment matrix based on a
set of curtailment rules enables an optimized curtailment of energy. Such a matrix shall then consider
curtailment at an operating zone level (coordinated curtailment in zon@slditionally, as afallback
option, uncoordinated curtailment of PPM(s) based tmtal voltage measurementshall be ensured
which should be part of the Autonomous Adaptation Caittayer applied to the offshore converter
stations. The uncoordinated curtailment would actafter sensing local overvoltagein casethe
coordinated actionsvould fail andthe DBSsenergy limitswould beexceeded andthese devices would
no longerbe limiting overvoltage across the DC grid.
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DCsystem grounding

A harmonized grounding concept on a system level is necessary in aterafiinal mult-vendor context.
The detailed design of the grounding resistoustbe atrade-off between the required damping ghase
to-ground faults located between the converter and tin@nsformer, and thestress in the DC system after
pole-to-ground faults.Solid or low-impedancesystemgrounding show advantagesegarding voltage
stress on the DR and HV poleafter poleto-ground faults.For thepreliminary conceptual system design
studies in section8.2, 8.3and 8.4 a solid system groundinig applied

The DGCsystem is groundedt only one DC switching station attimein order to prevent earth currents
between grounding locationgexcept duringsystem reconfiguration sequencesh normal operation DC
grounding is exclusively foreseen in tligtandalone) DSS#5. Each subsection of the busbar in the
standalone DCSS hassaparategrounding point.During normal operationof the complete DC system
only one busbar section in DCSS#5 is groundedeFigure8-4). In case ofa system split both busbar
sectionsof the (standalone) DCSS#5 is groundézkeFigure 8-5). In case of pointo-point operation
between DCSS &and DCSS #, the onshore DCS$8! is grounded(seeFigure8-6). If one or multiple
converter stations are in Mode 5 (STATCOM opergtidime respective converter station grounding is
used.The figures below illustrate the described scenarios.

According to the energisation sequence described in this chapter the (standalone) DCCS #5 is energized
asearly in the sequence as possiblé.the (standalone) DCSS #5 is not yet energized DC grounding is
provided by onshore DCSS #2 or DCSS 4# (Sgere8-6) during the according energisation seejuce.
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FIGURE 8-4
|Grounding location full extent (variant 1)

2 30lid system grounding is assumed as a starting point for preliminary system studies and design. Due to
further system design considerations the grounding impedance can deviate from this in upcoming system
design iterations.
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8.1.2. DC system data

The tables irthis section8.1.2describethe DCgrid topology as well as cable length adiCcable data
Line lengthsare based on typical values out of the use cases listed in chapteable data is basesh
asset owner experience for 525 kV P2P HVDC systems.

TABLE 8-7
| DCgrid topology

5MT / DEGrid
- 2/3 )
- 2/3 *)
- 5

) Number of offshore and onshore converter stations is configurable basedasiathésee chapté)

TABLE 8-8
|DCIinetopoIogymain data

Max distance
km 400 Offshore-Onshore
km 350 O Tkaad
1:1 current sharing of
km 50 parallel cable
sections
Offshore connection
km 350 to standalone DCSS
Onshore connection
km 800 to st_andalone DCSS
Ol1T1¢c Op
TABLE 8-9
|DCpole voltage data

DC cable rating

TABLE 8-10
| DClinesmaindata 2GW ffshore)

Working assumption
- Cu Base case
mb/km 7.2 approx2500mm?2
mb/km 8.56
MF/km 0.25
mH/km 0.14
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TABLE 8-11
| DClinesmaindata 2GW pnshore)

Working assumption
- Cu Base case
mb/km 6.7 approx.3000mm2
mb/km 7.9
HF/km 0.23
mH/km 0.135

TABLE 8-12
| DCcurrentmax.data (2GW)

1000MW / 525V

A 2100

1000MW / 48kV

TABLE 8-13
|Transientovervoltage profile cables

525
kV 893 1.7 Uo
ms 4-10 73
kV 856 Ugo
ms 20-60
kV 709 Uso
ms 100-200
A Voltage
U, :
Us '
|
R/
|
|
UO T3p L|
ql
|
|
| .
y Time
to 3 ta

FIGURE 8-7
|Transient overvoltageableprofile
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TABLE 8-14
| Overcurrent profile cables
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8.1.3. AC system data onshor e

The AC system data listed in this section is based on typical v&uesC grids around the North Sea.

Short circuitlevels are shown for both a weak and a strong grid.

TABLE 8-15
| ACvoltage rangesonshore(grid 1)

TABLE 8-16
| AC s@evelsonshore(grid 1)

For rating

- 20

Assumed

MVA 4000 SCR ca. for 2GW
kA 5.77
- 10 Assumed
- TBD Assumed

TABLE 8-17
|ACvoItagerangesonshore(grid 2)

TABLE 8-18
| AC S@evelsonshore(grid 2)

For rating

- 20

Assumed

SCR cabfor 2GW

Assumed

MVA 10185
kA 14
- 10
- TBD
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8.1.4.

AC system data offshore

This sectiondescribeshe ACsystem offshore topology including a 132 iwhd park Figure8-8 shows
the AC offshore topology.The AC cable data are shown for typical cables withdross sections d630

mm?2and 400mmz.

TABLE 8-19

| ACoffshoregrid topology

Unit Value Comment

Number of strings pepole - 8

Number of WT per string - 8/9 6X 8WT + 2x OWT
Cable length distancebetween WT) km 6/3

Cable cross sections mm2 630/400

Nominal power per WT MW 15

L1
L2
L3

L1
L2
L3

FIGURE 8-8

a1l

B 5
ITTTRTET

| ACoffshoregrid topology- 132 kV windfarm

JED SN VNS VSN S VN W—", V_— .
JED SN VD VSN S VN W, W__—
D SRS SN NS NS NS SN GHUS i S
JED SN VD VSN S VN W5 S_y—" .
D SRS U NS NS SHNSS SN, S_—
<11 1 L I L 1
JED NS SN VN S SN, " S—" S— S
D SRS U NI NS SHNS SHNS S S
JED SRS GRS (NS NS SN S _——
JED SRS USD UHINS NS SN SN S_— .
D NS SN VSN S SN, S SN S_—_—
JED SRS U (NS NS SN S S
JED SRS SN UHINS SN SN SN S_—
JED SND WD NS NS SHNID SN, S_—_—
D NSNS SN VSN S SN N S S_— .
JED SRS SSD UHINS NS SHNSS S S

TABLE 8-20
| ACvoltage rangesoffshore
Unit Value Comment
Nom. voltage kVrus 132 kV
Max. continuous voltage KVrms 145 kv
Min contiruous voltage kVrus 119 kv
Max. temporary voltage KVrms 12 kV 30min
Min temporary voltage kVrms 112 kV 60 min

Inter
OPERA

Enabling multi-vendor HVDC grids

InterOPERA DB | 98




TABLE 8-21

| AC S@evelsoffshore
MVA 7316
kA 32 For rating
- 10 Assumed
+10% for SCL
MVA 022200 TBD- consnder
overplanting and
OWP specifics
kA 9.7
- 10 Assumed

TABLE 8-22

|ACoffshore /generatorblock data & rated power generationcapacity

2 GW-> 4x 500MW

TABLE 8-23
|ACoffshorecabIedata (630mmz2/ 400mm2)

- ACcable
- XLPE
- Copper
km 6/3
kV 132
kV 145
mm? 640/400
A 825/590
°C 90
mb/km 41/56
pPF/km 0.196/0165
mH/km 0.334/0369
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8.1.5. DC switching stations (#1, #2, #3, #4 and #5)

The DC switching stations can be classified into two typesfandalone DC switchingtations and
converter DC switching stations. D&itching stations #1, #2, #3 and #4 are converter DC switching
stations. DC switching station #5 is a standalone DC switching station.

The main functionalities of DC switching stations are listed below

1 Connect the DC transmission elements / DC lines to theMt€hing Units (DESU)
of the individual DGwitching stations

1 Enableall DC grid configurations considering all the individual &@ching
stations and the required grid connection modes

91 Provide a reference to ground according to tp@undingstrategy (e.g. DCSS #5)

91 Providepre-insertion resistance according to the energisation strategy

91 Provide switching functionality afesidual, load and fault currentgith the
respectiveswitching devices

Schematicoverview of aconverter DCswitching station
Fully-selective Partialy-selective Non-selective

eeeeeeeeee N DGBB DE| DGBB DC+ DGl DGBB DE| DGBB DC+ DGBB N DGBB DE |
—_— — —_—

— —_—— —_—— —_—— —_—— —_——

POGGCSUL POEDGSUL

I —— §
B : 3
38 8= @z 28
I —— §

POGDGSU3 POGDGSU4 POEDGSU3 POGDGSU4

FIGURE 8-9
|Schematiooverview of DGS#1,2,3,4(fully-selective partially-selective hon-selective

In the following the main elements of the DC switching station are stated the different DC switching
units are introduced:

1 DChbusbarsections (DCBB) 3X

1 DGSUoffshorefonshorecable (DEGSU-OFFSH) 2x

1 DGSUconverterunits (DGSU-CNV) 2x
Inter
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Schematicoverview of DCswitching station (standalone)
Fully Selective Partialy Selective Non-Selective

DGBB DC+ DGBB N DGEBB DE DGBB DC+ DGBBN DGEB DE DGBB DC+ DGBB N DGEBB DE

— — —_— — —o — —_— —_— —_—

POGSUL POGSUZ POGSUL POGSUZ POGSUL POGSUZ

POCCSUS POEDCSUS POCSUS POEDCSUS POCDCSUS PODCSUS

oc+ oc+ DC‘} + oc+ Dc‘} + oc+

—— —— —— —— — —— —_— —_— ——

FIGURE 8-10

Schematicoverview of DGswitching station #5 (standalone fully-selective / partiallyselective / non
selective

In the following the main elements of the standalone DC switching station are stated and the different
DC switching units are introduced:

- DC busbar sections (DBB) 6X
- DC SU bus coupler (B€1J-BC) 1x
- DGSU offshore cable (DSU-OFFSH) 2X
- DGSUonshore cable (DSU-ONSH) 2X

DChbusbarsystems and DCbusbar sections

A DCbusbar system for a DC grid in bipole configuration comprises at least three individual DC busbar
sections. Two H\side/pole DC busbar sections and one neutral DC busbar section
1 HV-sidepole
o DC+ busbar section
o DG busbar section
1 Neutral busbar section

HV-side/ pole DChusbar sections andbusbarredundancy

1 As a base case, the functional ¥\depole DC busbar arrangement is considered a single DC
busbar section.

1 Fault events and contingencies in the #\epole area of the transmission units, the DC
switching stations, or the converter units cause significant DC fault currents. Typically, an
immediate DC fault clearance sequence is initiated to mitigate any dasdg the converter
units or other equipment of the MT HVDC system.
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DC busbar redundancy for interoperability testing scenarios or operational needs may be considered and
is required to be evaluated on a casg-case basis. Operational and maintenanceated performance
characteristics may be affected. In general, functional redundancy for HV side DC busbar sactioois
state-of-the-art and requires a caday-case evaluation.

Neutral DC busbar sections anthusbarredundancy

As a base case, the fumahal neutral DC busbar arrangement is considered a single DC busbar sd€tion.
an operational mode with parallel returor HV return isonsidered a double busbar arrangement in the

neutral DC busbar can be considered. For pheliminary main circuit parameters parallel return and HV

return are not considered.

DCSwitching units

The DC switching stations includsvitching devicedased on the respective system level requirements.
Switching units thatare marked blue provide faulturrent neutralization andsuppression capabilities.
Other switching equipment is foreseen based on connection modes and reconfiguration sequ&hees.
capabilities and amount of switchgear in a switchingtw@iries and depends on the required system level
functionality. In Figure8-2 fault separation zones and fault clearing zones are distinguished.c8imi

units at the border of fault separation zones require fault separation functionality. Switching units with
fault separation capability are shown in blue. Switching units at the borders of fault clearing zones provide
fault clearing capability. The dice of devices and technology is left open to the DC switching station
supplier.
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8.1.6. Onshore converter stations

Schematicoverview /functional Singe Line Diagram

According to the results of Task 2.1, a functional scope splitfintational levelsof a DC grid (converter
units, transmission unitsDC switching uni) is considered. AESDsand AGPIRsare considered in the
functional overview of the onshore convertstation.

TABLE 8-24
| Onshoreconverterstation z functionaloverview

Onshore Converter Station
Functional Overview
AC PIR —_— PoCDCCx P1
ACFS — —®
ST ;
— 0 | PoGDGCxR1
PoCACCx P1 ~ Y
AC PIR _ PoCDCCx R2
AC FS[TD—I — 0
o—. M o)
L &
PoCACCx P2 —~ PoCDCCx P2
@
ACGFSD Yes
ACGPIR Yes

Modes ofoperation - onshore station
Each individual converter station (independent from other converter stations) can operate in the following
operation modes

1 Mode 1: Bipole (BP) operation with DMR

1 Mode 2: Bipole operation without DMR (Rigid Bipole)

1 Mode 3&4: Asymmetrical Monopa (MP) operation with DMR
o Initially a HV return or parallel return mode is not foreseen

1 Mode 5: STATCOM Decoupled (with 1 or with 2 converter poles)

Note: The modes of operation are defined at a converter station level taking the topology obtherter
station into account and the configuration of D&ansmissionines.

Reconfiguration sequencesbetween modes ofoperation - onshore converter station
In the following section, the possible online reconfiguration sequences are described. Fudssblp
offline reconfiguration sequences are not further described here.

1 Mode 1-> Mode 2 (Bipole operation with DMR to Rigid bipole operation)
1 Mode 2-> Mode 1 (Rigid bipole operati®a Bipole operation wittDMR)
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1 Mode 1-> Mode 3&4 (Bipole operationitht DMR to Asymmetrical Monopole (MP) operation with
DMR)

1 Mode 3&4-> Mode 1 (Asymmetrical Monopole with DMR to Bipole Operation with DMR)

Mode 2-> Mode 5 (Rigid Bipole to STATCOM Decoupled)

1 Mode 3&4-> Mode 5 (Asymmetrical Monopole with DMRntmnopoleSTATCOM Decoupled)

==

Switching sequencesz onshore converter station
Based on the system level behavior defined in sec#oh.1the onshore converter station contains
equipment for the following AC switching sequences:

9 Fault clearing on the A€ide of theconverter utilizing AGFSDs
1 Energization of the onshore converter stationan(, if applicable, adjacent cable sections
utilizing the ACPIRs

ACcontrol modesz onshore converter station

The onshore converter statiorsre capable of applying grid forming control. d®tailed description of
concepts andparameters of grid formingontrol is based on the inpyprovidedby Task 2.4includinga
given range of performance parameters.

Testing scenarios and procedures are not finally defined in T3.1. Tested functionalities shall be compliant
to relevant control modes and immunity requirements thgy appear in the NC HVD®Vith regards to

the grid forming functionality and how they shall be implemented the demonstrator, the
recommendations of the D2.2. shall be followed. More specifically, the recommendation made in chapter
7 of the D2.2The VDEAR-N 4131:20193 as anational implementationof NC HVDGhall apply in the

case that exhaustive parameters are needed.

Active power exchangerequirements

The onshore HVDC converters are considered to be optimized for operation of the demonstrator and a
modular approach is chosen in comparison to a fully integrated system apprdaneh active power
transmission capability of the onshore HVDC converter isnaef at the AGPoC.

The required active power transmission capabildf/ the onshore converter stations is stated in the
following:

1 2000 MW power, measured as the sum of all active powers at thB&; when the
onshore converter station is operated in bip mode as rectifier, during muiterminal
operation within the continuous operating conditions.

1 1000 MW power, measured as the sum of all active powers at thARdX; when the
onshore converter station is operated in asymmetrical monopole mode as iesctifuring
multi-terminal operation within the continuous operating conditions.

1 Besides the power transmission requirement from offshore to onshore, the HVYDC system
shall enable full bdirectional power transmission um its rated transmission power
capabilities, measured at PCC (A% C), when its onshore HVDC converter(s) are operated
as rectifier during the mukiterminal operation, within the continuous operating conditions.

Table8-25describeghe activepowerrating requirementsor the onshore converter stations.
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TABLE 8-25
|Onshoreconverterstation /minimum rating requirement &rating headroom

Unit Value Comment
Min. Power Transmission Requirement GW 2.0 2GW->2x 1.GW
per Pole
Rating Requirement GW 2.0 2GW->2x LIBW
per Pole
Rating Headroom ] 0% (Ratglagt?nl\élln) /
: L ’
Rating Utilization Factor 100% Min / Rating

Reactivepower exchangerequirements

The requiredeactive powerrequirements at the A@?oCarestatedin Table8-26 andarebased on the AC
voltage ranges defined in sectidhl.3 For the continuous AC voltage band (360z 420kV) a constant
inductive and capacitive reactive power provisiis assumed for the onshore converter stations.

TABLE 8-26
| Reactivepower requirementsonshore
Mode of
; ACsystem Normal Overvoltage
operation 4 Undervoltage conditions i S
) voltage at PCC conditions conditions
A
Upcc(pu) 0.85 0.9 1 105 11
Upcc(kV) 340 360 400 420 440
Qmin (MVAT) -200 -800 -800 -800 -800
Bipole
Qmax (MVAr) +700 700 +700 +700 +200
Qmin (MVAT) -200 -800 -800 -800 -800
Rigid Bipole
Qmax (MVA) +700 +700 +700 +700 +200
Asym. Qmin (MVAT) -100 -400 -400 -400 -400
Monopole | o .. (MVAr) +350 +350 +350 +350 +100
006 | AADAAEOEOAQ EIT AEAARAQefepdditdfe@AOET T 1T £ OAAAOEOA

O@inductive) indicatesonsumption of reactive powefhis is referred to a®min.

Based onTable8-26 the following QU characteristic for the onshore converters operated at rated active
power (1GW) is considered.
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QU-Characteristic @P,max / per Converter
400

300

200

100

360 380 400 420 440 460

Reactvie Power / MVAr
=)
o
w
N
o
» 5

-200 \
-300 \
-400

-500
AC System Voltage / kV

FIGURE 8-11
|Onshoreconverterstation Z QU-characteristic at ratedactive power

PQ characteristics at AGPoC
Based on the assumed active and reactive power requirements the following PQ Characteristic at the AC
PoC is considered for the onshore converters.

Figure8-12shows the PQ characteristic for the continuous steady state AC system voltage rand¢®&/ 360

to 420kV. In this voltage range the PQ characteristic is not restricted and the converter desadjn sh
consider full capacitive as well as full inductive reactive power while maintaining the required active
power.

Figure 8-13 shows the PQ characteristic during A@stem undervoltage condition of 340/ (15%
undervoltage) During this AC system voltage condition the converter design shall consider full capacitive
reactive power while maintaining the required active power. The inductive reactive power output is not
required fully during such grid conditions and is considered with reduced values accordingly.

Figure 8-14 shows the PQ characteristic during an AC system overvoltagaliton of 72.6kV (10%
overvoltage). During this AC system voltage condition the converter design shall consider full inductive
reactive power. The capacitive reactive power output is not required fully during such grid conditions and
is considered with rduced values accordingly.
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FIGURE 8-12
|Operatingdataz PQcharacteristic / peconverter(onshore)

FIGURE 8-13
|Operatingdataz PQcharacteristic / peconverter(onshore) for undervoltage conditions
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