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1. Abbreviations and
definitions

AC/DC alternating current / direct current
CBC Current Breaking Capability
CcoO Continuous Operation
CS Converter Station
DCGC DC grid controller
DCR DC Reactor
DCSS DC Switchingstation
DCSU DC Switching Unit
DCVLM DC Voltage Limiting mode
DCVSM DC Voltage Sensitive mode
DMR Dedicated Metallic Return
DUT Device under test
ERTS Earth Return Transfer Switch
EMT Electromagnetic Transients
FCLD Fault Current Limiting Device
FCST Fault Current Suppression Time
FSD Fault Separation Device
Flz Fault Isolation Zone
FRR Frequency Restoration Reserve
FRT FaultRide-Through
FSz Fault Separation Zone
GSC Grid Side Converter
HV High Voltage
IM Islanded mode
KPI KeyPerformance Indicator
MMC Modular Multtlevel Converter
MV Medium Voltage
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LDCVSMO/U Limited DC Voltage Sensitive Mod@vervoltage/Undervoltage

LVRT Low Voltage Ride Through

OVRT Over Voltage Ride Through

MRTS Metallic Return Transfer Switch

MT Multi Terminal

PCS Peak Current Suppression

PLL Phaselocked loop

PLES Pole local earthing switch

PLM Power Limiting Mode

PoC Pointof Connection

PPM Power Park Modules

PtG/PtP Poleto-Ground/ Poleto-Pole

RCS Residual current Switch

(DCBU (DC)Switching Unit

TB Temporary blocking

TIV Transient Interruption Voltage

TS Temporary Stop

TSO Transmission System Operator

ZDD Zone Distinction Device
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2. Executive summary

The European target of installing more than 300GW of offshore wind power in the North Sea by 2050 urges
for an increasing need of HVDC systenhs. Europe single vendor turnkey solutions predominate.
Consideation of an expandable mukterminal HVDC grid with mukpurpose interconnectors would
significantlyimprove the power exchange flexibility, the wind power transfer and the global system cost
efficiency.

This deliverableprovides a guideline for the definition oprovisionalfunctional requirements in HVDC
systems considering a muiterminal mult-vendor context.The functional frameworksupportsfuture
expandability and interoperability of HVDC systems by specifying connection requirements at the DC
Point of Connection. Th@roposedfunctional frameworkis described in an inclusive artdchnology
agnosticway. It allovsdifferent technical solutions to cohabitate in an HVDC grid and avoid excluding any
technical solutions without justification. Thproposedfunctional requirementsare purpose oriented,
generig solutionopen and justified. They are intended toprovide a clear functional split between
subsystens tomaximiseinteroperability by design.

Section 4 provides an overview on the functional aggregation of the followsgpbsystens: AC/DC
converter station, DC switching station, energy absorber, Power Park Module (PPM) and AC switching
station. Thesubsystens are aggregated based on their primdmnctionalpurpose. The AC/DC converter
station is a power exchange devidénergystorage and energy absorption afanctions assignedto
functionally independensubsystens suchasenergy storage deviceand energy absorption devise A

DC switching station includes all relevant DC switchgear and automation functions to ensure connection
and disconnection operations for planned and unplanned eventssukystens are monitored and
coordinated with verticatommunication interfaces with a DC grid controller and AC/DC dispatch centre.
A major result of the functional aggregation is the generic daadhnology-agnostic definition of the
switching unit. The switchgear of a switching unit depends on assigned functionalities. In addition,
different switching functions (e.g. fault/load current interruption or energization) and fault detection
functions (e.g. for dierent fault types, primary/backup protection) can be assigned to the switching unit.
The aggregatiorof switchgear isa design choice ahe vendor if the functional requirements associated

to the switching unit are fulfilled.

The functional requirements at the DC side address naiticiplinary subjects. To ensure the work
progress in a structured way, the following functional groups have been formed: Sequential control,
Continuous control, DC grid protectiorAC/DC security and dispatcifhe main outcomes of each
functional group will beutlinedin the following.

Sequential control

Within a given HVDC system topology, different DC connection modes are possible. The DC connection
modes describe the connection between the individual units within the HVDC system atDBdhoC.

The sequential control describesl actionsthat allow the HVDC systerto switch from oneconnection
modeto another. The main operational modes and transitions are captured in flowchart diagrams. Such
transitions may be triggered automatically, aranuallyby an operator, or a combination of both.
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The main states of a switching unit are eith@pend or @losed. The transition sequence depends on
conditions of surrounding units which are verifiable at switching unit level based on voltage and current
quantities. A transition from®pen to &losed state may be carried out by an aggregation sequence
(connection of two discharged units), an energization sequence (connection of one charged and one
discharged unit) or a synchronization sequence (connection of two charged units). From close to open the
transition sequence is characterized by the preseoicaot of current. Depending omwhetherfault, load

or residual currents observedihe performedsequence an@pplicablerequirementsfor the switching

unit aredifferent.

Finally, a list of functional requirements is provided including the following functions: Command routing,
interlocking, aggregation, energization, synchronization, disconnection, separation, isolation, discharge,
auto-reclosing, earthing, reconfiguration.

Continuous control

HVDC systems must deliver scheduled power while ensuring their own security and reliability to guarantee
continuous operation. It is imperative to prevent power flows and DC voltages that exceguhifsical
capabilitiesof system componentsDisturbances in the systeoan disrupthe balanceof power, resulting

in fluctuationsin DC voltagesln suchinstances, the AC/D€onverterswithin the system must promptly

and collectively restore system energy equilibrium to prevent violations of syéitaits.

The functional group continuous control addresses the overarching control architecture of HVDC systems
by defining roles and responsibilities allocated to each layer. Boundary conditions from surrounding AC
grids and physical constraints are introducetihese conditionsserve as abasis for the functional
description of static and dynamic requirements for primary DC voltage control.

A deviation of DC system voltage is an indicatoanimbalancein power flow from the initial load flow,
which was originally at equilibriunThe primary DC voltage control plays a crucial role in preventing this
imbalance and reaching an equilibrium point of the systémorder to achieve improvesecuritywhile
achieving the maximum exploitatignthe multrsegment droop characteristic for primary DC voltage
controlisdefined asa distinct set of control capabilities, each with specific operationaliregments

The stability of the system is determined by the dynamic response of each AC/DC converter and their
interactions through the networkTo fully satisfyall systemlevel expectations each AC/DC converter
station mustcomply withclearly definedperformance specificationsA comprehensive set oflynamic
performancerequirements evaluation criteriaand appropriatepreliminary standalone testbenches are
proposed transparentlyThen, he ustification and effectivenessf theseframeworks are demonstrated
through comparative analysis with detailed simulat® Furthermore harmonic stability requirements for

each AC/DC converter station ar@troduced, along with aproposed standalone methodology for
compliance evaluation

Finally, alist of functional requirements is provided including the following functioBfement status
analysis, System topology analysis, Element limitation analysis, DC power flow optimization, Secondary
DC voltage control, Ramp rate coordination, Offshore power curtailment, Control mode management,
primary DC voltage controklated modes

DC grid protection

The protection of DC systems should follow the same objectives as in AC systems: Ensuring a reliable and
secure HVDC system operation during contingencies including DC faults and component failures. In a
large scale HVDC system the shutdown of the entirstem is not compliant with power system criteria
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which imposes a limited impact for a single evethis implies a need for fault separation in the HVDC
system. The fault separation zones on the DC side need to be defined such that the maximum loss of
power of surrounding AC grids is respected. AC/DC Converter stations outside of the fault separation zon
shall ensure post fault active power recovery. Th&Fault Ride Through (DERT) capability of
converters shall be specified such that any unexpected disconnection of the converters from the grid is
avoded.

The functional group DC grid protection defines the system states (normal, alert, emergency, blackout)
and associates them to ordinary and extraordinary contingencies. Requirements for fault detection and
fault current suppression are defined on DC switchistation level and a DERT profile for AC/DC
converter stations is defined with the objective of a clear functional split between AC/DC converter station
and DC switching station.

The DGFRT profile ensures that the AC/DC converter station has sufficient withstand capability to ride
through a DC fault while the primarpr backup protection operates avoiding any unplanned
disconnection. The functional group DC grid protection has investigated different ways to defifieROC
requirements, mainly distinguishing between a generic and dedigeed approach and between DC
voltage and [ current profiles. To leave freedom to the vendors for different converter design strategies,
only a DGFRT profile based on DC voltage quantities is defined, and no overcurrent capabilities are
prescribed. The actual fault current level in the converter is left unspecified and then depends on the
AAGECT OOOAOGACU 1T &£ OEA AT kvaldatod & Qteroativ® BERT jprofikes ig EA A A £
provided in the appendix sectioin thenew versionpreliminarystandalone compliance testsave been
developedfor converters with regards tthe DGFRT requirement antbr DCSS with regards tile fault
separation requirementA key investigation has been carried out to ensure that phetection related
requirementshave been defined well enough and that it is verifialaled applicable at the D@oC of the
subsystemsSystem studiesiave been carried out to verify satisfying system level behawiatlr regards

to pre-defined key performance indicator® second key investigatioallows evaluation ofhow wind

farms béhave duringtemporary blocking ofthe offshore convertersthusinvestigating islanding mode
operation

Finally,a list of functional requirements is provided including the following functionssHRT (connection
requirement, operationatequirement), Fault separation, Fault isolatiofRault current withstand Fault
detection/discrimination (fault separation & fault isolation), Telemmunication, Protective auto
reclosing, Monitoring.
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3. Introduction

This deliverable is listinigasic functional requirements for the building blocks of mukindor HVDC grids
ensuring interoperability by design.

The building blocks of HVDC grids include the following subsystems: AC/DC converter stations; DC
switching stations;coordinated DCgrid control; power park modules connected to the offshore AC
system.Functional requirements are defined for a bipolar configuration with Dedicated Metallic Return
(DMR) as a full set while considering rigid bipolar and asymmetrical monopolar configurations covered as
sub-sets. It should be noted that requirements for symtmeal monopolar configurations may not be fully
represented in this deliverable.

The main functions of a muttendor HVDC grids (continuous control, sequential contido; grid
protection) have been analysed, divided and assignetheosubsystems. This &lsto the definition of
basic functional requirements faachsubsystem. Those basic functional requirements are defined to be
verifiable at subsystem level with standalone compliance tests and dedicated simple models.

Interoperability by design is a success if the standalone compliance of individual subsystems is enough to
ensure the desired integrated DC grid system performance and behaviour.

Interoperability will be tested through the Demonstrator of InterOPERA. The integration tests and
interaction studies may lead to the discovery of interoperability issues. Solving those issues should ideally
be possible through a refinement of the subsysistbasic functional requirements. This learning process
will reinforce the basic functional requirements and their capability to ensure interoperability by design.

Some control and protection functions belong to the grid level and othersusisystemor component
level. Functions atsubsystemlevel,implementedby several different vendors, atee mostsusceptible
to cause adverse interactions. Therefome,this current version of this deliverablgpecial attention has
been paid to theformulation of functional requirements asubsystemlevel and at the DC poistof
connection.For grid ogration functions,t wasfirst assunedthat there is only one instance gfid-level
operation in the system so they are less prone to adverse interactionsThis second version ofhe
deliverablefurther elaborates on distributed architectures for this control layelin a multroperator
context.

Functional requirements shall be described in a technology agnostic and pugrasged way.The basic
functional requirements are intended to open the market for different technical solutionstarfdster
innovationwhile addressing and fulfilling the relevant requirements for a stable MT MV HVDC network
Any restrictions areto be justified by technical efficiency gaindzunctional requirements shall be
formulated in a genericnannerand as independent from a specific design or topolegypossibleThe
basic functional requirements are still subject to screening for identificatigraténts that may relate to
them. The evaluation of patent relevance or essentiality will then be organized. This may lead to revisit
the functional requirements or to include a reference to a patented item, granted that the right licensing
conditions are secured.Section 4 describesthe aggregation of the subsystens by defining the
terminology, boundaries and interfacesSectiors 5-7 define functional requirementsand provide
reasoningdfor different functioral groupsThesection5provides an overview a@flobal and local sequences

in an HVDC systemin this context statesof subsystens, transitions and rdevant communication
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interfaces are defined The section6 provides an overview offiunctional requirements related to
continuous contral In the first part a clarification on different functional levels amdsponsibilities is
provided by distinguising between operational level, converter statidevel and converter unit leveln
the second part, rain sectiors deal with static and dynamic controlconcepts and dfine relevant
functional requirementsSection7 provides an overviewan functional requirements related to DC grid
protection. In the first parta relation between systerstatesand DC grid contingencies defined lading
to DC grid protection coordination requirements. The second part focusseB@#ault Ride Through
(FRT) requiremens for converter statioaon the one hand anthult separationrequirementson the other
hand.At the end of each sectioa list offunctional requirement@ndassociated parameterare provided

Deliverable 2.1 consists of two versions. This first version describes the functional framework and basic
functional requirementsfor the HVDC system and subsystenin the second versiom functional
framework for insulation coordination in a MTDC context and system groundasgbeen added.

Additionally, n the second versiorsome central functional requirements have beemvestigatedbased

on technical studies to ensurthat they are welldefined, applicable and verifiablbased on the
methodologyshown inFIGURE 1. First, the initial list of functional requirementeasbeen assessednd
prioritized. Requirementsusceptible to lead to interoperability issussch adDGFRT or dynamic control
requirementshave beenselected for further investigationin the second step possibilities to verify the
prescribed requirements have been assessarstdefinitionsof standalonetests, DC grid equivalentnd
compliance evaluation criteriareformulatedwhich need to be respected by the device under test (DUT)
The functional requirements together with the standalone tests open up a design space for the
subsystems in which different tecloal solutions are compliant. Finally, compliant subsystems are tested
in a MTDC context based on pdefined key performance indicators (KPIEhe system level verification

is used to verify against interoperability (IOP) issuesarnngsfrom subsystem standalone compliance
tests and performance verification at HVDC system larelused to refine the functional requirements if
necessaryTABLE 1 provides a list of added or modified versions in version 2 compared to version 1 of
deliverable 2.1.
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Refine functional requirements and parameters

Select functional

requirements of Provide subsystem

4 I high priority Standalone designs
D2.aV1 .
. compliance MTDC System
Functional RS
: ¢ test level validation
reqU|remen s description Report IOP issues
FR List Subsystem * Grid equivalent definition * Define KPlIs
* Test definition * Integrate compliant
FR1 CNVS * Compliance evaluation criteria subsystems into an MTDC grid
FR2 CNVS *Evaulate system behaviour
DUT
FR3 DCSS F —‘
DC grid AC/DC grid
FRn DCSsS equivalent equivalent

FIGURE 1 Methodologyfrom version 1 to version hvestigate definition, applicability anderifiability
of functional requirements and dedicated parametdéos HVDC subsystems (i.e. DC switching station
(DCSS), converter station (CNVS))

| TABLE 1 List of modified or added subectionsin version 2Zcompared to versiorni

Section L

4.8 DC grid controller

6.5.4 Necessary ensiderationsfor dynamic requirement®f primary DC voltage control
Performance requirements and recommendation of behavioral specification
procedure
DCGFRT requirements of converters
Compliance tesfor DCfault separation
Coordination between D&RT and fault separation requirements
Insulation coordination
DC system grounding
Examplefor application and verification of dynamperformancerequirements
Examplefor application and verification of harmonic stabiliperformance
requirements
Examplefor application and verification of protection requirements
Temporaryblocking offshore
DC grid control architecture in muiSO contex{added in version 3)
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4. Functional subsystem
definition

In this sectionthe aggregation ofsubsystens in amulti-terminal HVDC systemra definedsuch that
connectionrequirementscan be assignedt the DGPoint of Connectionin an independenand verifiable
way while ensuringa clear split of interfaces andfunctional responsibilities. The followingfunctional
levelsare defined

HVDCsystem

Means an electrical power system which transfers energy in the form of-Voffage direct current
between two or more alternating current (AC) buses and comprises at least¥#@C converter stations
with DC transmission lines or cables between the HVDC converter stations

DC grid control layer(DCGC)

Represents a interface for getting information on the power flosonditionsand accessing all electrical
nodes in the HVYDC grid. It continuously receives and transmits status and command messages to and from
any highvoltage equipment necessary for HVYDC power transmission. Based on this information, the
HVDC grid control provides modifications on the dispatched converter schedules in order to properly
respond to changing external conditions according to deswptimization targets.

DC switching station(DCSS)

Part of an HVDC system with the primary purpose to establish electrical connections between functional
elements in the HVDC systerit is composed of

> Switching unit: Set of all switchgeas that ensures the connectionbetween one external unit
(transmission or convertegnd a busbar of the switching statigh]. Some switching units may also
ensure connection between busbars of the same switching stafible switching unitorrespondgo
an aggregation of all switchgedor a given pole, and a given feedérswitching unit comprises both
the primary equipment, as well as the secondary equipment needed for automation and monitoring
of the switchgeaincludingfault detection and discrimination functionSwitching unit may comprise
fault separation device (FSD) or not.

> Busbar unit: Including secondary equipmenfor busbar related fault detection and discrimination
functions.

> Grounding unit: The grounding unit iecated in the DC switching station. ltdgassiveleviceensuring
the system groundingvhich is configured bg switching unit.

> Measurement device required for the automation of the switching unit and switching station control.

AC/DCconverter station

1 Disclaimer:t should be noted that no techreconomical assessment has been made which might, for
individual functionalities and subsystem aggregations, come with a certain cost of oversizing or redundancy.
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Part of an HVDC system which consists of one or more HVDC converter units installed in a single location
together with transformers, reactors, filters, reactive power devices, control, monitoring, protective,
measuring and auxiliary equipmeniWhile system relevant switching functions are located D&
switching stations switchgear required for the seffrotection may still bepart of the converter station.

This in particular includes AC@Bd NBS

> Converter units> An AC/DC converter unit is a power exchange device with the ability to transfer
power from/to an AC network from/to a DC network. It is defined per pole on the DC side, so that a
bipolarconverter statiorcomprisestwo converter units with opposite polarity. It comprises switching,
earthing and protective devices relevant for the internal functioning of the converter. Switching
capabilities that are relevant for the entire HYDC system are however not part of theeden unit.
A Conveter unit wouldtypically comprisean AC circuit breakefor selfprotection whereas DC fault
separation devicevould be part of DCS3\dditional AC switchgeas relevant for system operation
would be part of AC switching stations, and not converter stations.

Transmission line

> Transmission units A transmission unit is passive component with the ability to transmit DC current,
assuming it is connected on both sides. The capability of a transmission unit to earthetgelfpr
maintenance purposets delegated to aneighbouringswitchingunit. Transmission units are defined
per pole(HVpoles, medium voltage pol®OMR) and may be grouped to form a transmission line.

Energyabsorber

Devices to absorb dynamically excessive energy in case of contingency scenarios to limit overvoltage
within the HVDC system. Typically, these devices are triggered by-esage conditions arising from
such contingencies.

FIGURE 2 provides an overview othe functional aggregation ofthe subsystens (primary equipment)
with a focus on DC grid componerdadrelevant AC component® direct relation with the HVDC system
such afPower Park Modules (PPM) at the AC side offstasr@ AC switchyard.
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. Power exchange DC Switching Transmission
AC devices T devices T T devices Tdevices

STATION
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Switching
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FIGURE 2: Functional ggregationof subsystens and subunitsrelated to an HVYDC systemith focus
on primary equipment

2The proposed definition follows and further specifies the one fiG@MMISSION REGULATION (EU)

2016/1448, Oi AAT 6 A OTEO AT i POEOET ¢ 1TTA 10 11T O0A AT1TOAOOAO

transformers, reactors, converter unit control equipment, essential protective and switching devices and
AOOGEI EAOEAORh EZ AT Uh OOAA £ O OEA AT 1 OAOOEIT 86
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4.1 DC switching station

The primary purposef a DC Switching Station (DCSS)tasestablish electrical connections between
functional elements in the HVDC systeniherefore, the functional aggregation is su¢hat all DC
switchgearwith system functionalitieds located in the BSSincluding fault separation devicg$SD).
Sub-units of aDC switching stationare DCbusbars(passive) earthing unit and switching unit (see
FIGURE 4).

A switching unit is the functional block that contains all switching functions associated to one point of
connection of the DC switching station. This point of connection can be for example towards a
transmission unit or towards a converter unit. In case the DC switching station comprises only tw® point
of connection per pole, a switching unit may directly link these two pafitconnection.Otherwise,the
switching unit typically connect the point of connection to a busbarswitching unitcan for instance
connect a busbar (per pole) and a transmission unit, or a converter unit (per pole) and a busbar. It is
intended that all switching functionselevant forDC system level operationsand hence akwitching

units, are hosted irDC switching stations. Note that the number and capabilities of the different
switchgears comprises inswitching unitwill vary from oneswitching unitto another, depending on the
individual functional requirements that are assignedto the specific switching unit The individual
switchgearshall be designed such thatl functionalare satisfied.

Anillustrative functionalsingle linediagram of aswitching unitconnectingtwo units (unit A and unit Bat
high voltage levelis provided ilFIGURE 3. The switchgear of awitching unitdependson the desired
functionalities. In addition different switching functions (e.g. fault/load current interruption or
energization) and fault detection functions (e.g. for different fault types, primary/backup protection)
could be embedded in a single devicéherealisation of the function and the aggregation of switchgear
is subject to the vendor as long the functional requirements associated to the switching unit are fulfilled
The possibility of theswitching unitto have access to thearthis represented (for instance to discharge
unit A or unit B)It should be noted thaa switching unit may have more than two connection points (i.e.
a third internal connection to a low voltage connection point).

Switching Unit

Unit A Unit B

_E— e e = =

FIGURE 3: Exemplaryfunctional diagranof aswitching unitconnecting two other units (e.g., converter
unit, transmission unit...)The circuit breaker symbol is indicative only as not all switching units may
have fault separation capabilitieFhe switching unit may hae access tcearth itself for maintenance
purposes, or to earth thaeighbouringunit (A or B) if they are passive ones, such as cables.

3 A disconnected convertestation may still have docal earthing point to respond tAC side statcom
requirements It should be noted thathis is an exception which is not considered as a DC system level
function.
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A switching unithaving two connection points, assuming it is not earthed, can either be in open or closed
state. An earthed state can be introducédr maintenance purposes.

The functionabehaviorof aswitching unitfor a close and open commanisfurther specifiedn sections

in flowchart diagrams While theclose/open commanslare always initiated outside thewitching unit

(e.g. by operator, DC grid controller, protection relay), the remaining of the sequence is executed based
on local information only.In fact, the switching unit consistsnot only of primary equipment (DC
switchgearand hardware components) but also of secondary equipmenit¢mation, measurements,
monitoring) in order to execute opeand closecommands based on local informatitin

DC Switching Station

Busbar unit
Busbar unit

Busbar unit

ffffffffffff

Converter Unit

Converter Unit

Earthing unit

FIGURE 4: Example of aswitching stationlayout connecting one converter station tmetransmission
line. The station includes two busbars connected by switching units (bus couplershazatareference
connected to the neutral busbar through a switching u®@ther layouts are possible such as having a
single switching unit connecting the twaeutral point of the two converter units.

41t should be noted that some secondary equipment and automation functions for coordinated switching unit
operations inside a DCSS can be located at centrahutomation level of the DCSS.
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4.2 AC/DC converter station

The primary purpose of the AC/DC converter station igxtohange power betweethe AC gridand the
DC grid Considering this, primarily control functions are assigned to &h@&DC converter stations
whereasAC andDC switching functions are assignesbpectivelyto the AC switchyard anthe DCSSwith

the exception of internal switchgearfor selfprotection and local earthingof the converter This in
particular includes ACCB and NBS.

4.3 Energy absorber

The primary purpose of the energgbsorberis to absorb dynamically excessive energy in case of
contingency scenarios to limit overvoltage within the HVDC systégpically, these devices are triggered
by overvoltage conditions arising from such contingenciée Energy absorberis consideredas a
separatesubsystembecause of its functional independencettee AC/DCconverter station or thddCSS
Due to the functional independence the physical placemisnhot limited toclose vicinity of the AC/DC
converter station.

4.4 AC switching station

All AC switching elements are placed in the AC switching staitysicallythey are part othe AC grid
However,somefunctionalitiesare also relevanfor the protection or coordinatiorof the DC grid From a
functional perspectivetiey can be activatedue to both DC an&C eventslt should be noted that in case
of activation due DC contingencies, the AC Circuit Breaker can be activatpbt®ction relayslocated
at the DC side or by AC/DC converter stations according to thé-RTdefinition. More information is
provided in sectiorY. Note that a detailedfunctionaldescription ofthe ACswitching station is not in the
scope of this deliverable.

45 Power Park Modules

The PPMs are power generating modules consisting of multiple wind turbines, which are power park units
connected to the AC offshore griddue to the directconnecion to offshore convertersthey are
functionally related to the HVYDC systeand may have direct or indirect control and communication
interfaces with the DCGC or othBxC gridsubsystens. Forinstance,in case of a DC contingendgpleting

power export reserves, wirtdirbine curtailment needs to be coordinatatiroughout offshore connection
pointsand PPMs.

4.6 DC Point of Connection ( DC-PoC)

DGPoint Of Connection (D®oC)means a point at which HVDC equipment is conneaiadhe DC side
at which technical specifications affecting the performance of the equipment can be presciibeeDG
PoCshould be accessible for convertstations and other subsystens to ensureand verify conform
operation.Voltage and current measurements shall be accessible without telecommunic&IQURE 5
provides an overview on the BRoCfor the AC/DC converter station arfdr the DCSSIt should be noted
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that the AC/DC converter station is connectdd an ACPoC and a D®oC, whereaghe DCSSis
connected toat least twoDG-PoCs®

AC/DC Converter Station DC Switching Station
: % - - |
[ DC- DC
3~ | 1
L3
— @N " ’
% | - DG DG
e - DGPoC
L.
DCPoC
DC:
N

JT_ DG

DGPoC

FIGURE 5 Indication of DE Point of Connection (D®oC)for AC/DC converter station and DC
switching station

4.7 AC-Point of connection (AC -PoC)

@onnection poind | AAT O OEA ' # E1 OAOAAAA AO AenadiigAEOT T 1
module, demand facility, distribution system or HVDC system is connected to a transmission system,
offshore network, distribution system, including closed distribution systems, or HVDC system, as
identified in the connection agreement. The connection pamalso typically referred to as the point

of connection (BC)[2].

4.8 DC grid controller

The DC grid controller refett® the layer tha handles coordinated functions across the HVDC systdm
comprises both continuous contr@duch ascomputing setpoints sequential control and monitoring
functionalities. It is interfaced with the ADC grid control layer, and with the HVYDC subsystems, in
particular the converter stations, DC switching stations, godsiblyPPM.

5The definitonof DO T # EO OOAEAAO O OEA OOAOUOOAI 860 1T x1 AOOEED:
to be defined in detail on project level by the HVDC system owner, in coordination with the relevant system
operator, subject to the relevant corction agreement.
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5. Sequential Control

Within a given HVDC system topologglifferent DC connection modes are possible. The DC connection

modes describe theonnection between the individual units within the HVDC systaintheir DG-PoC.

Those connectionomodes aredetermined by the individual states of all the switching devices within the

grid. Given the large number of such devicescaiinectionmodes may hardly be described exhaustively

ET A OUT OEAOEA xAU OOAE OE A.Qhe@dytentialicdhtbote$cibestlA OUT I A C
plannedactions that allowthe HVDC syst@ to go from oneconnectionmode to another. Such actions

may be triggered automatically, or by an operator, or a combination of b@thange of connection modes

after protection action,e.g, line disconnection, ar@ot seen as sequential contrattionsbut rather &

protection actiors.

On one hand, the handling of larggumber aggregatedconnectionmodes on a multiterminal HVDC
system level is not practical, due to the very large number of possible combinations. On the other hand,
the control of each individual switch by an operator or DC grid controllalsisunsuitable. As such, the
main purpose of thisvorkstreamis to define the appropriate granularity tiescribethe switching devices
within the grid. It is proposed that the set of switches connecting two DC unds fGr one pole) is a
relevant aggregated level, calledsavitching unit Aswitching unitmay hence connect a converter unit to

a busbar (per pole), a busbar to the ground, a HV conductor to a busbar, etc. Whileswitoténg unis

may havemanymore capabilities than others, they can all be described as a state madyeirgy open or
closed. The opening and closingsfitching unitswill induce changes in other units throughout the grid,
for instance the energization of converter or transmission unitee concepts defined in this section
significantly differ from the ones introduced j8], where an aggregation per feeder is adoptéd. already
introducedin Section4, all switchgears relevant for the HVDC system operation have also been grouped
in the switching station, whereas they may be part of converter statior{8]inThose twamodifications

are deemed to facilitate interoperability and compatibility between the differ&mctionalsub-systems,

as well as between HVDC systemish different topologies (bipolar with and without metallic return and
asymmetric monopole).

An overview of the control structure for sequential control is first presented in Sebtibhhe main units
constituting an HVDC grid and their states dhen defined in Sectiorb.2 A functional definition of a
switching unitis provided in Sectio$.3 including the transition from closed to open and from open to
closed.

5.1 Control structure for sequential control

An overview of the control hierarchy for sequential contwblan HVDC systers depicted iFFIGURE 6.

For sequential control purposes, the change of states of the units within the HVDC system or a network of
HVDC stations and switching stations connected on DC side may be directly controlled by a DC grid
controller, or similarly may be directly controtldoy a national dispatcbentrewhere software with similar

6 A state machine is a model defined by a finite number of states, its initial state, and the inputs that trigger
each transition between two states.
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functionality exists. If necessary, local control of switchgear at the switching station level shall be possible.
States of the HVDC system or a networkA&Z/DCconverter stations and switching stations may also be
controlled more locally for other purposes.§., protection). In the context of sequential control, the
functionality of the DC grid controller or relevant software being part of the TSOs national dispeitie

may be:

> To propose operational simplification of default scenarios for planned reconfiguration. While the
exhaustive description of atlonnectionmodes of the grid and the transition between them shall be
defined by the relevant TSO in coordination with adjacent T$i©applicablg the macrasequence
that allows to performplanned reconfiguration actions can still beoordinated by the DC grid
controller. Such usual actions for instance include: stggtand shuidown of the DC network,
connection or disconnectio of a transmission line, or of a converter, and change of y&em
earthing point location. The proposed maciequences can then be activated stbp-step by an
operator, or automatically. In all cases, the abortion of the sequence must be possible.
> To be able to respond to unscheduled evéntshen required. Unscheduled events such as faults are
primarily handled by protection, ensuring the security of the HVYDC system or the network of HVYDC
converters stations. Sequential control actions can then be performed to improve the reliability of the
power system. Such actions may be include®@ EA $# COEA Al 1 00111 A0 AO
as described above, or may be triggered automatically and locally if a faster action is beneficial.
Examples of unscheduled events that may benefit from automatic reconfigurations are:
> Recovery procedure after faukolationin order to reconnect the part of the fault separation zone that
is healthy. Such a reconfiguration may also be performed locally as arraatasing attempt, known
AO OPOI OAABEOADEAQOB
> Busbar reconfiguration after a busbar fauty instancein case of double busbaingle breakescheme
For any of such sequences, the commands will consist of open and close commands sent to switching
units. For convenience, such commands would be sent to the switching station automation, which will in
turn re-dispatch them to the switching units. Howevéhe switching station has not been identified as a
relevant functional level for sequentiabntrol andmay hence only pass the open and close commands to
the appropriateswitching unit. In return, the switching units report their status to the DC gridrodier,
through the switching station. In addition, a switching station may implement interlocks between
switching units to prevent noisuitable switching operatione(g, closing onto an earthed unit, or
controlling an out of service unitfhe DCSS will only issue a command to the switching unit if necessary
interlock checks arsatisfied.

As depicted inFIGURE 6, all interfaces for sequential control are deemed vertical. No horizontal
communication between different switching units, converter units, or switching stations and converter
stations are envisagedExceptions to this principleay be considered, flinctionally required!f needed,

the DCGC can act as a communication bus to provide information to the relevantHovitever, his
approach would unlikely satisfyltra-fast communication needs. In sequential control, no such
functionalities requiring fast horizontal communication have been identified yet.

Other functional devices may be present in switching stations, in particptatection relays for
protection purposes.

"In the context of sequential control, unscheduled event refers to any fault that may affect the HVDC system.
It also comprises any opening or closing of switchgeat does not follow fronthe appropriatecommand,
such as a spurious trip.
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Beyond sequential control, many reconfigurations of the grid would also involve continuous control
actions, for instance for the dispatch of new power flow references. Such actions may be part of the
planned connection / disconnection of a converter onsmissionunit or can also be used in a pefstult
recovery process.

DC GRID CONTROL / CONTROL ROOM
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FIGURE 6: Sequential control architecturef an HVDC systenthannels between the DC grid controller
and the converter or switching stations are an aggregation of the commands sent to the unit layer.
Interactions with AC sidequipment such as PPM and AC switchyaré also includedthough not
detailed in thischapter.Note that relayscanalsobe includedin switching statiors, controlling one or
multiple switching units for protection purposeseeSection7.4for further details

5.2 Interface and s tate of the main units

This section provides the main interfaces for the sequential control olithits within an HVDC system.

Based on those interfaces, state diagrams are proposed to illustratbéhaviourof the units.In[3], state

representation based on a thregole aggregation (2 HV poles and neutral) is proposkuking

OAT T TARGEIT (1 AAGS | & OERDI A% miithiidlonsd HEDitcth@ A OET T 6
station. By contrast, the functional scope split presente®ettion4 leads to a single pole (HV or neutral)

description of the connectiostateswithin the system.The proposed approachllowsa clear definition

of the behaviourof the functional units of the grid, without the complexity efatesof combined units

that would dependon specifidopologies andconfigurations.

5.2.1 Switching station
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Asdiscussed irBection5.], the switching station is not deemedralevant functional layer for sequential
control. Its main role is to transmit commands fraime upperlayer (e.g. DC Grid Control) to switching
units, and to report feedback the other way around. In additiorméy implementinterlocks between
switching units to preventinsecure switching operations, such as closing onto an earthed subsyétem.
overview of the switching station interfaces providedn TABLE 2.

TABLE 2: Interface of the DC Switching Station with DCGC and DC Switdbinits

Top layerinterface : Between DC grid control and DC switching stations

From DCGC to DCSS Commands for switching units: open, close, discharge (if applicable
auto-recloseattempt enabled(if applicable) maintenance& earthing
(if applicable)

From DCSS to DCCG - Feedback on switching unit status (open, closed, mainten&nce

- Continuous measurements (Y,

- Failure of switching unit functionalitye(g. FSD function unavailable
- Protection information: fault zone (fronprotection relay, and trip
command issued

Bottom layer interface: Between DC switching stations and switching units

From DCSS to Switching Commands for switchinginits: open, close, discharge (if applicabl
Unit auto-recloseattempt enabled(if applicablg, maintenance & earthing
(if applicable).

STl S\t eMMULTIMMN - Feedback on switching unit status (open, closed, maintenance)
DCSS - Continuous measurements (Y},

- Failure of switching unit functionality (g. FSD function unavailable
- Trip report (following trip issued fromrotection relay

5.2.2 Switching unit

A switching unit is defined as the switchgehat forms a connectiomath per pole between twounits. A
functional view of a switching unit connecting two other units is providedFIGURE 7. It may be
composed obne or more switching devices depending on ttienctionalities availablelt is controlled by
the switchingunit automationwhichis responsible for the control of each switching device within the unit.
Switching units can for instance be used

> between a HV transmission unit (cable) and a HV busbar

> between aconverter unit and a HV busbar

> between a neutral transmission unit (cable) and a neutral busbar

> between a converter unit and a neutral busbar

> betweena neutral busbaand the ground to provide the ground reference for the netwoilklectrical
componentsassociated with the ground referengsurge arresters, resistang8g are gathered in the
O0coOi 01 AET ¢ OTEOo6S

The main role of the switching unit is to open or close the connectioh.ddte corresponding close and

open commands are received from the DC Grid Contrédleplannedoperation butcan also be issued by

IEDs for protection purpose@.e. trip). Optional functionalities of a switching unibcludethe ability to
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dischargeone of the connected urst(e.g. a cable), and to attempt to aui@close after a tripln addition,
a switching unit can be earthed for maintenance purposes. In this state, all relevant earthing switches are
closed.

Switching Unit

Unit B

X

Unit A

_—— e e — — = =

FIGURE 7 Functional view of a switching unit connectingd units Thecircuit breakersymbolis
indicative only as not all switching units may have fault separation capabilities.

When connecting passive units, such as busbars or cables, a switching unit can have the duty to earth
those units for maintenance purposeghough it isthose passive units that are in a maintenance state,

the commands are given to the switching unidditional commands and statesre hence introduced to
account forsuch casesNhen connecting an active ursitich as a converter, this maintenance functionality
would typically not apply.

The interfaces of a switching unit are summarizedTiBLE 3, and a corresponding state machine is
proposed inFIGURE 8. In case of a failure of an internal component of the switching unit, the switching
unit can be stuck in an intermediate state, which is reported to the DC grid controller (see detailed
flowcharts in Section$.3.2and5.3.3for further details).

In some cases, a switching unit may have the possibility to connect more than two argta (HV
transmission unit may either be connected to a HV busbar, or to a MV busbar). In such cases, the
close/open state shall be supplemented with the relevant units, see Sest®Bfor more details.

TABLE 3: Interface of the switching unit automation for sequential control. It is assumed the switching
unit reports to the switching station the status of each action.

Switching Unit inputs Short description Mandatory/Optional

Go to maintenance The switching unit will go to a maintenance ste
. . Mandatory
where all earthing switches are closed.
Prepareto connect The switching unit will go from the maintenanc
! Mandatory
state to the operstate andis ready to close.
Open The switching unit will open. Mandatory
Close The switching unit will close. Mandatory

Auto-reclose After a trip, the switching unit will attempt tc
auto-reclose.

Optional

DIEYEICERIEWERIESl When open, the switching unit can dischar

unit A (or B) one of the neighbouring transmission units, Optional
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Switching Unit inputs Short description Mandatory/Optional

After discharging, the switching unit remair
openand theneighbouring unit (A or B) are nc
earthed

SEONIERSQIES NIl  If open, the switching unit can provide
A (or B) maintenance earthing forthe neighbouring Optional
transmission units.

FENEYEECE Gl el Removing the connection to ground from one
HERSNISS T MIGIIWAN ()Y  the neighbouringtransmission unit. Optional
B)

SWITCHING UN|T

Discharge unit A (or B)

Prepare to connect

Maintenance
earthed

Go to maintenancs

Earth / Unearth
transmission
unit A (or B)

Transmission
Unit B Earthed

Transmission
Unit A Earthed

—_——— e e ——

FIGURE 8: State diagram for the switching unit, including the discharge aatthing commands
Switching units have thability of earthingneighbouringpassive units (busbars or cables)s assumed
that earthing of bothneighbouringtransmission unitss equivalent to the switching unit being earthed
itself (dashedlines).

5.2.3 Transmission unit

A transmission unit typically refers teubsealinderground cables and overhead transmission lines. A
transmission unit consistof a single pole conductor, which may either be H\WW (for neutral path) A

busbar can also be considered as a special case of transmission unit, being particularly short and having
typically more than two connection pointVithin the HVDC Systenthe neutral pathshall be connected

to the ground to provide reference to the neutral pattr the entire grid Such reference itypically
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establishedwithin a switching station by the closing of a dedicated switching beitween theneutral
bugsbarand the ground.

Transmission units are passive components and do not include any switchgear, assuming they are earthed
through the neighbouringswitching unitswhen they are out of serviceAs such, no control interfade
associated with such unitsA state machine can still bestablished to model thebehaviour of a
transmission unit, but all transiticwill only depend orother units within the grid.Thus,states of a
transmission unit depend on the number of connected urisswell as whether DC voltage has been
estalished

>)0 EO Ai T OEAAOAA OEA OOAAAU O AilT1TAAMmdésthasOAOA A
mandatory when going fromO %1 AOCEUAAS6 O OOAAAOVERAGCOBERADEAS
command of the switching uni). TOARAU O1 Ai 11 AAOGoh Ali1l AAOOEEI C Ox

> After the closing ofa single DGwitching unit the transmission unit is connected &mother DC unit
but cannot transmit power. Depending on whether the connected unit is itself energized, the
transmission unit may either be energized, or oobnnected

> A transmissionunit connected to at least two DEwitching unis SAEOEA O O A CApGDAAMCAALD AQ\I6 |
OOAT Oi E (ngonivietdds thé\connected units are energized and also connected to other DC
systems.

> A busbar can be connected to more than tB®¢& switching unitsandOA 1 A E
stateifenergzech 1 O ET OA di@g@én@dizldA A6 OOAOA

TO ET OOAAAU Ol
The state diagram for a DC transmission unit is pictureelGURE 9.

_ON e Close’ 0
DC voltage

Preapre to connect
Maintenance
earthed .
Go to maintenance

Connected (1 SN
closed, no DC
voltage)

Aggregated (>1
closed, no DC
voltage)

___ DCClose, no DC voltage
DCopen

DC Close /
Open

DC Open, no
DC voltage

DC Open
discharge

Ready to
connect (no
DC voltage)

C Close & Vdc
established

DC Close /
Open

Energized (1 S
closed)

Ready to transmit
(>1 SU closed)

DC Close/Open

DC Close & Vdc
established

FIGURE 9: State diagram of a transmission unill transitions are induced by thactions of the
switching units (SU)connecting the unit to the rest of the gridStates are further distinguished
depending on whether DC voltage is established or foansitionsin dashed (1) and (3ye caused by
operation of remote unitsThe energization of multiple DC units already aggregated can for insthece
due to a singlaunit closing Going/ZEO0T I 02 AAAU @I 1T © AAIGSiyB O ofédiand O
discharge command should be carefully considered #® remaining closed unitshould not be
connected to a live DC griéor busbars, it is possible b® connected to more thatwo other units(4).

5.2.4 Converter station and unit

From a sequential control perspective converter station onlgonsists in one converter unit (monopole)
orthe aggregation of two converter unitsf opposite polaritybipole) Only theinterfaces of theconverter
unit arethus further detailed In addition to the inputs listed iRABLE 4, the converter unit shall report
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the corresponding statuse(g.O0 OA AA U O afteAdomp@tik df &abr@mandThose status shall be
communicated to the DC grid control or any equivalent upper layer contrshould be emphasized that
the connection of theconverter to the DC grid is determined by the closing of the relevant switching units,
which are not part of the converter station&ny converter unit may still include relevant switchgear for
protection purposes, including an Aeaker.

TABLE 4: Sequential control interfaces of the converter unih addition, the converter unit reports
wheneverthe commands have been executed.

Converter Unit inputs Short description

Go to maintenance The converter unit will go to a maintenance state where all earthi
switches are closed.he submodules are discharging.

SEEEUEEFET I The converter unit will go from the maintenance stat®i A O
AT 11 AA Olhe eddbgizddidnamay either come from the AC or
side.

CloseAC side The converter will close the AC@Bthin the converter aregadditional
ACCB can be located further on the Awitching unit)

Open AC side The converter will open the ACQ@8thin the converter area

(O [o SR eeE NN Closing of the local earthing switch to provide neutral referenc
Typically used for STATCOM operation.

(O N EICERLINGIEICNEN Opening of the local earthing switch.

The gates ofa converter unidepend on whether it is connected on the AC and/or DC side, as well as on
the presencef voltage or not (energizationA state diagram of a converter unit is provided her€igure
10.

The proposedtatescan bemodified by theconverter itseltthrough the following commands

> Prepare for energizationthis step is aprerequisite to any connection to the HVDC system, and
comprises multiple actions such apening of the maintenance switchegreparation of internal
controls,establishing &C reference to ground

> Prepare for maintenance

> AC Close and AC opeas this action controls the AC side breaker of the converter. Note that operation
of more AC breakers may be required to effectivebynect the converter to an AC bus.

By contrast, DC side connections are establisttedugh the closing and opening of DC Switching Upits
included in DC Switching Statiomsmdnot inthe converter stationAs the converter may be connected to
deadsubsysten® j O A A1 | dstéte),Ghé energzAtorn@ibiaduced by the closingf remote
unitsin the system.

4EA AT 1 OAOOAO OTEO AAT AEOEAO AA rAddAaBHE WAA - BOTITO !
Geady tobe islanded | T AAOh OAODPAAOGEOAIT U8 adEnkrgizedthelcdnvede® A A 1 1
EO OOAAAU OI OOAT Oi EOS 8

Closed loop controls concepts are intentionatigt specifiedas sequentialstates. As suchblockedor

deblocked state as well as control M&GTATCOME O1 AT db Adhdpgkar ifFIGURE 10.
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Energized from
AC («eady for
STATCOM)

AC Close /
Open

CONVERTER UN

T

Prepare for energization
(incl. DC ref to ground

, established)
Maintenance Ready to
earthed Prepare for connect
maintenance

Ready to
transmit

DC Closel/

DC Aggregated
(no DC voltage) AC Close /
Open
AC Close/
-
(«Ready for Islanded)

FIGURE 10: State diagram of a converter unit. Plain arrows indicate transitions due teswitching
units at the PoC of the converter, while dashed arrow transition may be due to reswitehing units

DC Close
Open

within the grid. The only transitios handled locally at the converter unitre A A O x /—\ AT O AET OAT £

AAOOEAAS OOAOA Adndto opad & Aldsdithe@BideAT 1 1T AA

5.3 Detailed specification of the switching unit

5.3.1 Switching unit connecting two units

A switching unit may compriseone or more switches, depending on the desired functionalitiesn
exemplary overview of a switchgear arrangement is provideBIGURE 11 of a switching unit with full
capabilities (fault separation, energizatiod E O A E A O C A It ishrAn@nOdeldE Swihirg unit may
comprise much less switchgear if less functionalitiesregeded. In additionthe arrangement presented

in FIGURE 11 is indicative onlyand the same functionality may be satisfied willifferent setups. For
instance,if it is required to bypass the entire switching unit during maintenance, all the SU switchgear
shall be within disconneots.

Those switches are further specifiedTABLE 5, from a functional point of view. It is assumed that the
residual current switch (RCS) also embeds the making current capability.
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SWITCHING UNIT

Unit A [ Unit B

[ ¢ ?u B o

|
|
PLES PLE |
PCs z
PLDS PLD
|
|
|
I
|
I

I

I

I

I

I . .

Disconnector ESD RCS Disconnector

' N

I

I

I

I

I

Switching Uni_t Earthing Switches

FIGURE 11: Detailed functional description of a switching unit with full capabilitidie number of
switches and their arrangement @ly indicativefor illustration purposesAdditional energy dissipation
devicescan be embeddeavhenever relevantin particulawithin the FSDor the PCS

TABLE 5: List of devices that can be included answitching unit.

Disconnectors Switches with no current making nor interrupting
capability. In the absence of m RCS, the disconnecto
embed the aggregation and disconnection capabilities
the switching unit.

Residual current RO Switch with ability to break small amount of current (ty
switch residual current) and with making current capability.

Fault Separation gs]»] Active device able to suppress fault current by producir
Device counter voltage. Withinswitching unis, such devices ar
typically DCCB.&3$ AAT AA faOliA dueht
suppressed) or deactivatesh@grmal onload operation). B
extension,this deviceis able to suppress load current a

denotedas FSDwith smaller capabilities

Peak Current PCS Component that limits the inrush current at the closing

Suppression the RCS, for instancapre-insertion resistor (PIRYhe PCS
can be inserted or bypassedly controlling the relevan
switches.

Pole Welezl] PLDS Switch connected to the earth with the ability to dischar

DischargeSwitch an element (typically a cable) connected to theitching

unit, after the opening of thewitching unit

Pole Local EarthingiedR=s] Switch to the earth tqpermanently earth the transmissio
Switch line for maintenance.

Switching Ohli8 SUES Internal earthing switcks for maintenance of the switchin
Earthing Switch unit itself.
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A switching unithaving two connection points, assuming it is not earthed, can either be in open or closed
state. Those two states are further specified in the table below, depending on the specific switchgear that
composeghe switching unit

TABLE 6: Definition of the closed and open states for theitching unit (*) In the specific case where
a switching unit does not include an RCS, the disconnectors should be open in the open state

Short description

Maintenance All disconnectors are open, as well as residual current switches, if
If available, fault separation devices are deactivated). DCCB are nc
tripped). All earthing switches arelosed

Open state All disconnectors arelosed (*). Residual current switch is opeif
available, fault separation devices are deactivatedy. DCCB are nc
tripped). All earthing switches are open.

Closed state All disconnectors are closed, as well as residual current switches, i
If available, fault separation device and peak current suppres
device are deactivated.

The functional behaviour of switching unitfor a close and open commands are further specified using
flowcharts. While the close/open command are always initiated outside sWwéching unit (e.g. by
operator, DC grid controller, protection relay), the remaining of the sequence is executed based on local
information only.

5.3.2 The close command

The transition sequence for switching unitgoing from open to closed state is detailedRIGURE 12.
The closing of awitching unitconnecting two DC units may involve three different functionalities:

O! CCOACAOQGEI 16 1T &£ Oxi OTEOO8 4EEO OE OfbthfidedofitheEO AEAC
switching unit(first check). The use of disconnectors is sufficient to handle this function.

Owl AOCEUAOCETTo6 1T &£ ITA OITEO OEOI OGCE OEA 1T OEAO 11 Ac¢
voltage on only one side of thevitching unit The inrush current resulting from the energization typically

requires the activation of a PCS.

O3 UT AEOI 1 EUA O E I sulisystendE TidsssituatibnisOhradteéizeaty the presence of voltage

on both sides of thewitching unit A convergence of the voltages at the two sides of gvétching unitis

typically expected before thewitching unitis closed (check® @O U §. IAaload current is scheduled

between the twosubsystems avoltagedrop between the two sides dhe switching uniwill beobserved

Someof the failure modes are considered, whenever a component may fail or if one ofdhditions

required for the proceeding of the sequence is not met (&g, «O U Y. $uch conditions are associated

to a timeout to avoid theswitching unitbeing stuck in an intermediate step. Failure modes are handled

such that, as much as possible, theitching unitgets back to a stable closed or open state. This may not

be always possible however. It may for instance happen thawitching unitis closing onto a fault, or

more generally onto an earthed unit. This will result in a persistent current after the closing of the RCS.
Depending on the availability of an FSD at tigitching unit the switching unitmay be able to get back

01 A OOAAT A T pPAT OOAOA 10 T AU AT A Obp ET A EAOGI OL
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recommended to deactivate the PCS to 1) avoid damage to the equipment, and 2) increase the current so
that the abnormalbehaviourcan be detected and handled by other protection equipment.

CLOSE SEQUENCE KFOR| PCS: Peak Current Suppression
SWITCHING UNIT RCS: Residual Current Switch

FSD: Fault Separation Device

PLDS: Pole Local Discharge Swjtc!

Close

No
Val>Vres and @
|Vb]> Vres A
No
v Eail Open RCS
Activate PCS Activate PCS M 7\
Yes
Y \ 4 Y Active FSD
Close RCS Close RCS Close RCS
I<lres Persistent FSD available>
. current
timeout
Yes
Y
Deactivate
Deactivate PCS I<lload(*) >- PCS
Yes timeout
y Closed onto
fault

Closed

FIGURE 12: Transition sequence of switching unitfor the close command*) The threshold used to
detect persistent current after the connection of two live sgbds may be lower than the load current
lload.
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5.3.3 The open command

Closed

OPEN SEQUENCE FPR
SWITCHING UNIT

Open

PCS: Peak Current Suppressiorn|
RCS: Residual Current Switch
FSD: Fault Separation Device
PLDS: Pole Local Discharge Swijtch

SD availabl -
No

Yes

Yes
I<lres

Trip FSD FSD Fail

AR Sequence

FSD Active?

Open RCS

Failure Mode]
to be defined

DISCHARGE SEQUEINCE
FOR SWITCHING UNIT

Close PLDS
with PCS

No

Status:

No ) Not possible
V<Vres Persistent Open PLDS] opened and
voltage
earthed

Yes
Yes Y

Open PLDS Status:
opened

Y
»( Open )=
—

| FIGURE 13: Transition sequence of switching unitfor the open commanénd discharge commands
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The transition sequence for @witching unitgoing from closed to open state is detailedRIGURE 13.

This transition is typically performed after the switching unit has received an open request from the

switching station control.Though protection trips ardypically issued by protection relayshey can

functionally be describedwithin the OT B AT 6  Aftarheivakkd A& for the close command, the open

command may involve two different functions:

>0&A01 Or, 1T AA OADPAOAOCEI 16 EAZAZ OEA AOOOAT O EO AAI OA ¢
required. This function may also be used to disconnect a unit with load current.

> 0& Aifplatoro ELA OEA AOOOAT O EO AAI T x OAOEAOAI AOOOAT O
with residual current only.

In a protection context, a trip command may comprise an arg¢olose request. Autgeclosing can be
performed in either an automatic way, or in a coordinated way:

> Protective autereclosing is considered as a protection action. It assumes that the fault has been cleared
in some predefined time.

> Recovery procedure relies on the DC grid control to send the reclosing command, after the fault
isolationhas been confirmed.

In addition to the open command, the ability of tlsgvitching unitto discharge the unit it is disconnected

from is also considered. If such an action is desired, the open command should be supplemented with the
discharge command, specifying which unit should be discharged (e.g., open and discharge (itie A).
discharge command does not include the permanent earthing of the unit A (owviEEh iscontrolled by

the corresponding earthing commands, sgecified inTABLE 3.

5.3.4 Main functions of a switching unit

The specification of théehaviourof the switching unitfor the close and open commands allswo
identify the main functions that can be embedded irswitching unit Those functions areefinedin
TABLE 7. Which specific functions (as well as the corresponding ratings) must be chosen for a specific
switching unitis a design choice.g, someswitching unitswill provide only aggregation and separation
functions, while others may provide synchronization asolationfunctions. Morecomplexfunctions may

imply more basic functions, for instancesaitching unitwith the synchronization ability will have the
energization ability, and similarly the energization functiotludesthe aggregation function.
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TABLE 7: Main functions that may be embedded irswitching unit associated with thepen and
close commands.

Aggregation Connection of two units without significanltage.

Energization Connection of one unit without voltage to a unit wi
established DC voltageThe inrush current during th
chargingshall be limited to acceptable level.

Synchronization  Connection of two units with significant DC voltag€he
inrush current during the discharge shall be limited
acceptable level. The current oscillation during
synchronisation shall be sufficiently damped.

Disconnection Opening of the switching unit without significant curre
nor voltage.
Separation Openingof the switching unit underfault or load current

including suppression of the fadibad current

Isolation Opening of the switching unit undeesidual current anc
isolation of the two units.

DI EIGEIVaIWN Discharge Dischargeof one of the unis connected to the switching
(or B) unit, after the opening. Thelischargecurrent during the
discharge shall be limited to acceptable level.

SET MO (e]d Earthing Earthing for maintenance purposesone of the units
B) connected to theswitching unit assumingthe unit has
already been discharged

The proposedunction names are intended to help visualize the main use cases of the functions. It does
1TT0 AT OOAOPTITA O Al AQGEAOOOEOA AAOAOEDG&didd 1 £ xEA
may be used in both the context of faisolation, or in the context of @lannedline disconnection.

5.3.5 Switching unit connecting more than two  units

It may happen that awitching unithas the ability to connect to more than twanits. In general, it is
considered that aswitching unit within a switching station, can only connect to omeit external to the
switching station(eg converter unit or transmission unitput can connect to several connection points
within the switching statior(egbusbar)

Two examples of such cases are

> Switching unitconnecting on one side a HV transmission unit with the ability to connect on the other
side either to a HV bus or toMV bus, as depicted iIFIGURE 14. Such a scheme allows the use of
the HV transmission unit as a backup or pard&f path.

> Switching unitconnecting on one side a transmission unit with the ability to connect on the other side
to two different busbars. Such a scheme allows the use of double busbar configuration.
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Unit A:
HV Cable

Unit B: Unit C:
HV Bus Neutral Bus

Switching Unit

FIGURE 14: Exemplary scheme wheresavitching unitconnect a HV cable to either a HV ovi&
busbar.

For such units, the close command rem&ualid but shall be specified with respect to which units are to
AA AT 1T OEAAOAA8 ' AITOA ATiiT AT A OEAI 1 £ Onttd OOAT AA
opposite, the open command implies an opening with respect td&lPoCor onlyone of them

The functional specification of sucbwitching unitsshould allow for different functionalities being
associated to the different current paths. A connection matrix can be used to specify such functions. An
exemplary connection matrix is provided TABLE 8. It can be interpreted as the possible specification

of aswitching unitconnecting a HV transmission cable (unit A), a HV busbar (unit B), aewlti@l busbar

(unit C). When connecting the HV path, the unit has the separation functionality, as well as the
synchronization ability. By contrast, tHdV current path is limited tasolationand aggregation functions.

The dischargaand earthingfunction, as it relates to a unit rather than tacannectionpath, is expressed

on the diagonal, when included. By construction, the matrix is symmetric.

TABLE 8: Exemplary connection matrix of@witching unitconnecting three units

Unit A (eg. HV| UnitB (e.g. HV busbar) Unit C €.9. MV busbar)
cable)

ULNVANERMENA  Discharge Separation,
cable) earthing synchronization

Unit B (e.9. HV Discharge& earthing Not allowed
busbar)

Unit C €.9. MV Discharge& earthing
busbar)

The choice of specifying an architecture using such rigltininal SUmust be compared to a specification
using multiple tweterminal SU. The latter should be preferredtheneverthe use of multterminal SU
makesthe design too complex.

isolation, Isolation, Aggregation
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5.4 Functional requirements & parameter list

This section provides summary of thefunctional requirements related teequential control as well as
associatedharameters.

TABLE 9: List of functional requirements and associated parameters for sequential control

FR

Command
routing

Interlocking

Aggregation

Energization

Synchronization

Disconnecion

Separation

Isolation

Discharge

Inter
OPERA
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Short description

A switching station shall be able i

Associated
Subsystem
parameters

receiveand redispatcltcommandsto the  N/A SW't.Chmg
. L . Station

appropriateswitching unit.
A switching station shall be able to blos Switchin
commands that lead to anon-safe N/A ching

. . Station
operation of the grid.
A switching unit shall be able to conne No-load current
two units without significant current no and neload  Switching unit
voltage. voltage.
A switching unit may be able toonnect Maximum inrush
one unit without voltage to a unit witt current. Switching unit
established DC voltagenhile limiting the Energy to be 9
inrush current dissipated.
A switching unit may be abl® connect Maximum current
two units with significant DC voltag Maximum
while limiting the inrush current vpltage Switching unit

difference

Synchronization
time.

A switching unit shall be able t
disconnect two units without significan
voltage nor current.

Disconnector
characteristics

Switching unit

A switching unit may be able tsuppress
a fault or load current.

FSD
characteristics, €
Protection WS

Switching unit

A switching unit may be able tsuppress
of residual current and isolation of th
two units.

Residual DC
current to be
interrupted (Ires).
IsolationTime.

Switching unit

Ability to discharge one of the urst
connected to the switching unit, after th
opening. The inrush current during tr
discharge shall be limited to acceptab
level.

Discharge time.
Maximum  peak
current.

Switching unit
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Auto-reclose After activation of an FSD, the switchin
unit may attempt to autereclose basec
on local information onlyassuming the
fault has been cleared.

O-C-O cycle time  Switchingunit

Earthing Ability to earth for maintenance
purposes one of the urdtconnected to N .
the switching unit, assuming the unit h¢ NIA Switching unit
already been discharged.

EENllulegM The DC Grid controller may provic

sequence operational simplificatios to perform a Reconfiguration

. . . DCGC
reconfiguration sequence othe HVDC time.
system.
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6. Continuous control

The HVDC systenshould deliver scheduled power while ensuring seeurity andeliability ofthe HVYDC
systens themselvedo guarantee their continuous operationlt is imperative to prevent power flonand
DC voltageghat exceed the physicalapabilities of system component®isturbances in the system can
disrupt the balance of powerresulting in fluctuations in DC voltagek such instances, th&AC/DC
converters within the system musgtromptly and collectivelyrestoresystem energy equilibriurto prevent
violations of systeniimits.

In order to ensure both the schedulpdwertransmissionand reliable continuous system operatigrthe
overarching control architecture of HVDC systeiisshierarchically structuredwith definedroles and
responsibilities allocated to each layand secure exchange and propagatiai essential information
between each layer

This chapterfirst delineates the physical and operational constraints that HVDC systems must
consistentlysatisfy, along with providing definitionsf systemlevel operationaDC voltageranges and
systemstatesin terms of DC voltagelt then elucidates theexpected roles and responsibilitieg each
control layerwithin the control hierarchy consideringhe delineatedconstraints and limitationsBased
onthose,the fundamental principles of DC grid voltage contrdhssified into primary and secondary DC
voltage contros analogusto the AC system frequency framework, adescribed. Finally, comprehensive
continuous control functional requirements for each subsystemsamamarized

6.1 HVDC System Physical and Operational Constraints

This section presents thpertinent physical constraints of thélVDCsystemthat shall be ensured by
continuous control. Subsequentlyit providesthe definitions of systemlevel operational DC voltage
rangesand thesystem states in terms ddC voltagdevel

6.1.1 Physical Constraints on the DC side of System Components

All components in the HVDC systems shall déesigned to operate within the definedatings and
withstand capabilities. The continuous controlof the HVDC systemshall be designedo ensure
continuous operation without violatingany physicallimits. The following outlines pertinent physical
constraints to be considered the design oftontinuous control.

> AC/DCConverters: AC/DC converters havimherent physicallimitations regarding over and under
voltages both in terms oferminal-to-groundandterminal-neutralvoltages Whilethe network code
for HVDC system$4] clearly sipulatesthe ACvoltage and frequency rangeas well asassociated
time within which theHVDCconverter stationmust remain connectedt is important to note thatit
only defines requirement®or the AC side at A@oC with no regulationcurrently in placdor the DG
PoC Building on thesetatements itis consideredppropriateto adapt themfor DC voltage irHVDC
systems.Thus, AC/DC converters shall be capable of staying connected to the DC netavatk
capable of operatingvithin the DC voltage rangefor the time periods specified by the relevant
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system operatoy in coordination with the relevant TS Therequiredoperational performancend
allowed protective measuresiust be consistent with thepecified DEFRTprofile (see Section/ for
more details) The HVDC system owner and the relevant system operator, in coordination with the
relevant TSO may agree on wider or narrower voltage ranged associatecperiod of time for
operational capabilityof individual AC/DC converter statigrin order to ensure the best use of the
technical capabilitiesf needed, especially isase ofradial andspaise DCnetwork. Additionally,
AC/DC convertersire subject torated current equivalent tanaximum current capabilitiesvithin
which their secure operationshall be ensured The maximum currentmay change over time
depending on the constraintsf the converterunit (e.g. problems with the cooling system

> High Voltage transmission lines/units: They shall bedesigned to withstandthe temporary and
continuousDC voltageprofile within the specified DC insulation capabilitiesdditionally, they shall
be designedo havesufficient thermal capability t@wontinuouslycarry the ated current Temporary
overcurrentis possible due to théhermal capacity of the conductor, it depends on tleavironment
andexternalconditions €.g.temperature), according to IE62067[5].

> Neutral transmission lines/units Neutral transmission line and units here referring to return
conductors suchas DMR, typically operateat much lowervoltages relative tothe groundandshall
be designedvith adequateDC insulation capabilities:urthermore, like high voltage conductors, they
shall be designed to possess sufficient thermal capability to continuously accommodate the rated
current.

6.1.2 Operational Constraints at AC Connection Points

In addition to the physicatonstraints HVDC systems are required to comply with the functional
requirements at each point of connection with the AC systems in accordancd4jitm other words, the
AC/DC converters that interface with AC systems must meet the specified operatemagtements They

are broadly classified into those pertaining to transmission capability and those related to functional
requirements. The following introduces the essential transmission capabilities.

> ACactive power exchangecapecity: the maximum AC active power transmission capacdgnoted
byd , shall be defined athe AC side connection poirAGPoC)for steadystate condition. 0
means the maximum continuous active power which an HVDC system can exchange wi#iCthe
network at eachAG-PoCas specified in the connection agreement or as agreed between the relevant
system operator and the HVDC system ownia the case of a bipolar AC/DC converter stations thi
must be definedseparatdy for bipolar operation and monopolar operatigrwhere one ofconverter
unitsis out ofservice. Unless otherwise specified, the AC active power transmissipacityshall be
defined for each direction of power.

> Reactive powerexchangecapacity: the AC/DC converter station or unit shall posssconstructive
ability of injecting or absorbingeactive power at the A@oCwithin the U-Q/Pmaxprofile specified
by the relevant system operatoin coordination with the relevant TS@dditionally, whenoperating
at an active power output below its maximum AC transmisgiapacity, theAC/DCconverter station

8 For instance, N@&HVDC Atrticle 18 stipulates the minimum time periods an HVDC system shall be capable of
operating for AC voltages deviating from the reference 1 p.u. value at the connection points without
disconnecting from the network.
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shallbe capable of operating in every possible operating point, as spedifjgtie relevantsystem
operator, in coordination with the relevant TSO and in accordance with the reactive power capability
set out by the UQ/Pmax profile specified

6.1.3 Functional requirements at  AC connection points

The functional requirements thahe HVDC system anegiich ofAC/DC converter station or unitithin the
systemmust satisfy are comprehensivesipulatedin [4]. For the s&e of selfcontainment, please se
Appendix9.1for a concise summary of these requirements.

6.2 Definition of System -Level DC Voltage Ranges

Thesystemlevel DC voltageanges areone of themost important parametergor achievingsecure and
reliableoperation of theHVDCsysten?. The system operatorshall aimto maintain voltages atall nodes
in the systemwithin these voltage ranges. They must becarefullyestablishedso as not to violatehe
rated designconstraints of the componentin the systemin the event ofcredible and dimensioning
disturbances!®. This ensuresthe proper operation of the DC gridnd desired power flowvhile also
respectingthe compliance with theperational requirementst eachof the AGPoCs

Thesystem operator shalkim to maintain voltages at all nodes in the
systemwithin th eseranges.
They shall serve asthebas®&l O 1 1 1T EQOT OET ¢ OEA OUOOAI 80 A
for coordination ofspecificrequirementsfor individual equipment.

It should be notedhat terminakto-neutral and terminato-ground voltages may vary depending on the
topology of the HVDC system and operating conditions. Therefore, the definition of DC valtagges
must bespecified indicatingwhich voltage theyrefer to. In the context of continuous controthe DC
voltage specificallyefersto the poleto-neutral voltage unless stated otherwis&his ishecausepole-to-
neutral voltageisrelevant formostcontrol considerationsOn the other hand,lte poleto-ground voltage

is consideredpertinent foraspects related talesign andprotection, as well as insulation coordination

Thebehaviourof DC voltage in HYDC systems can broadly be categorized into tAregeswith respect
to time: transient, dynamic, and steadyate.

9For AC systemsSOGL Article 27defines system voltage ranges as the voltage limits that each $8&I
endeavour tomaintain ateach AGPoCwithin the system during operation.

In a sparse DC grid with lofdjstance transmission lines, applying uniform voltage ranges tea@tiverter
stations may not alwaysesult inthe most economical designWhile the generabprinciple of maintaining
consistent voltage ranges across all nodes should remain valid, specific voltage ranges can be agreed upon
between HVDC system owner and the system operator, in coordination with the relevant, W@s deemed
necessaryPlease eferto Article 18(2) offor the corresponding formulation in AC systems.
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Thetransient time range is primarily characterized bfast electromagneticstress induced typically by a
fault or switching event in thesystem.The elevant voltage levels and envelopes should be determined
within the protection design, accounting for transient stress and insulatioordination,andit isthus not

part of the continuous control. The behaviour and withstand capability of the system during transient
phenomerais discussediSection7.3

The time rangedllowingthisisdefined aghe dynamictime range, where the speed at which the system
reaches a steady state is predominantly determined by the contrgilerformances To the extent
possible overshoot and undershootf the dynamic response related to an evesitall not exceed the
dynamicvoltage rangein orderto guarantee continued operation of the system and avoid triggering
unintended protective actionsAdditionally, the system should exhibit sufficient damping to achieve a
new steadystate within the desired settling time.

Inthe steady-state time range, voltage profiles are predominantly determined by the load flow &
systemresistance In this state, the DC voltage of each nodbkallfall within a specified range, ensuring
the entire system is capable of operating permanently without violating physicehpabilities It's
important to note that security margins may be different depending on -pomtingency operating
conditions. Thus,the system operatorshall strive to maximize the afety margins in steadystate
operationto be prepared forealisticincidents that might happen.

FIGURE 15 presentsthe conceptualllustrationof the systemlevel DGroltage profile, indicating alsahe
parameters essential for this definition

Udc [p u. ]
Transient Dynamic Steady-state
:% : : Steady-state time range:
'% : ' Normal state
: i i in terms of DC voltage
Ug[);;' - _:é ____________ -I‘ ; Alert state
,/ :_ _____ IS :_____ Uy%%’}ct in terms of DC voltage
:% P 1 _________ P yNor Emergency state
Ugen i% : é T max in terms of DC voltage
7 - e U
T é ____________ _:r _______________ _____ i Dynamic time range:
min ! ] :
:é : : Expected region
7 z z
. :é : : Transient time range:
Eg E E W Detailed in Section 7
7 i j
I%‘i i X : +—— t :Time after the occurrence
tlo t t, ts . of a disturbance

| FIGURE 15: General illustration of systerevel DC voltagerofile.

The parameters are defined as follows:

Voltages Y RY Maximum/MinimumdynamicDC voltage limits

Y RhY Maximum/MinimumcontinuousDC voltage limits

Y RY Maximum/Minimumnormal operatingDC voltage limits
Time o Y 0 Y here denotes the maximum time for full voltage

recovery time to dynamic voltageange(seeSection7.3.9
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Y 0 o Maximum settling time

Y 0 0 Alert-state triggering time in terms of steadgtate DC voltage

&OOOEAOQI T OA hsecity s chardotefrdd by @arious other voltage levigsluding, but not
limited to, the energy absorber uniactivationvoltage and converter blocking undervoltageTherefore,

the parameters delineating this profile should be specified by the system operator by comprehensively
considering all relevant factorayith particular emphasis on the worstase scenarioi.e. potentially
identified dimensioning incidents.

In the following, the detailed definition®f the DC voltage ranges characterized by timroduced

parameters within the respective timenges are presentedfocusingon steadystate and dynamic time
ranges alongwith their implications in terms of HVYDC system operation ahd expected functionality
of the equipment within the system.

6.2.1 Static DC voltage range in Steady -State time range

> Normal Operating DCVoltage Range Y HY : Thisrange is defined as an intervatoundthe
nominalDCvoltagebetweenspecificupper and lower voltage levels, i&. RY . Thisrangedoes
not have tobe symmetrical. It is expected that the voltage at any point within the system falls within
this range under normal operating conditionEherefore, hisrangeshall be established to encompass
all foreseeable power flow condition and network configuratiofhis means that the voltage
setpoints of any converter station or unit must fall within this range.

> Continuous Operating DC Voltage RangeY hY : Thisrange refers to a designated voltage
rangewithin which voltages shall be contained in caseafinarycontingencies, provided that such
contingencies do not exceed the overall capability of the system. All equipment shall be capable of
continuously operating within this range without compromising its security. In the event of
contingency, theDCvoltages of thenode within theHVDC systenmay deviate beyond the normal
operating DCvoltage rangebut in steady state, theyare expectedo remain within this continuous
operating DCvoltage range. Theelevant system operator ithus responsible for determining the
appropriateprimary DC voltage control parameters each converter station/unit, ensuring that the
voltages of all nodes within the system remain within this rangstaady state in the event of all
credible contingency scenarios.

> The continuous operating voltage range inherently encompasses the normal operating voltage, range
however, n cases where voltages fall within this range but outside of the normal operB@\pltage
range, it is deemed undesirable due to the reduced security margin. Therafenegdial control
action, such as secondary DC voltage contsblall betaken within the specified time frame to bring
the voltage back into the normal operatifgCvoltage range.

> Abnormal over/undervoltage ranges HhRY and Y  hHb: These rangesire defined as the
rangeoutside the continuous operating DC voltage rangiethe event of a disturbande the HVDC
systemleading to an overvoltager an undervoltageand exceeding the continuous operatiigC
voltage rangeit isimperative to promptly take appropriatdiscretecountermeasures.

Inter | | |
OP ER A Functional requirements for HVDC grid systems and subsysteim49

Enabling multi-vendor HVDC grids



6.2.2 Dynamic DC voltage range in  Dynamic time range

> Dynamic DC voltagerange Y RY  dThisrange is defined by the maximum and minimum
dynamic DC voltage levelsly RY  .Inthe event of a disturbance,is expected that the primary
DC voltage contro(See Sectior6.5) contains peak DC voltage overshoots and undershawitsin
this range to the extent possible given thphysical and operational capabilitie$he primary DC
voltage control shall be designed contain the voltagesvithin these rangsconsidering thecredible
and dimensioning disturbances

> Additionally, after any disturbance it is expected that voltage oscillations aslempedandfalls within
the continuous operating DC voltage range within the specifiedximum settling time’yY .The
system operator is responsible for ensuring those limite achieve these objectives, the system
operator, in coordination with the relevanTSGs, mustspecify the dynamidehaviourrequired for
each converter

6.2.3 Transient DC voltage range in Transient  time range

Transient voltages are highlijocation-dependent phenomena and are notconsidered asthe
representation of the system stateTheyare associated with local protective measurasd the DGFRT
requirements of AC/DC convertenits. For further details on the functional requirements pertinent to
transient timerange, please refer to DERT requirements of converters defined in sectio@

6.3 Definition of System States in terms of  Steady -State
DC Voltage

Continuous monitoring of thesystem condition through gathered measurements and relevant

information is essential for ensuring theliable operation.Followingthe AC system conventioolearly

delineated inArticle 18 of SOGL[6], tEA OUOOAT OOAOA OErbimhlo #¢o AADACT OE
G@mergenc§y OOAOAO AAAT OditériaCrhed, ifor dach Atatd\detdetet], Arédefined actions

shall be taken.

The states of the systers are typically defined bynultifaceted factors. In AC systems, these factors

include AC voltage levels, power flows, frequency deviations, andatrelability of both active and

reactive power reserves to withstarmbntingenciesn the established caingency list.

ConcerningHVDCsystems it is crucial to establish the relationship between tra@tage ranges defined
in the previoussectionand theDC voltageobsened in asteady state The followingoutlines thecriteria

for distinguishing betweenhe system statesrom the observed DC voltagelt is important to note that
thesecriteriashall becomplemented byother conditionsin adisjunctive relationshipThe applicability of
the followingdefinitions is hence limited to the observable DC voltages. For additionigfinitions related

to contingenciesplease refeto Section7.2.1

6.3.1 Normal state in terms of DC voltage:

In terms of DC voltage, the HVDC system shall be in normal state whebltb@ing conditions are
fulfilled:
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> the voltages of all the nodes in the systearewithin the normaloperatingDC voltage range
> the conditions established for the aleahd emergencystate are not fulfilled.

The normal statein terms of DC voltagés associated to the normabperating DC voltagerange. The
overall HVDGystemis expected teensuresufficient margins to keep the system within the continuous
operating DC voltage range in casd# ordinary contingengy, provided that such contingeng does not
exceed the overall capability of the systeffhe system shall strive tmaintain or always restore the
system voltages backto the normal operating rangéhroughthe secondanbCvoltagecontrol by the DC
grid controllerduring operation

6.3.2 Alert state in terms of DC voltage:
In terms of DC voltage, the HVDC system shall badert state when:

> All nodes are within the continuous operating DC voltage range, but one or more nodes are outside the
normal operating DC voltage range for a period longer than the aate triggertime.

> The alert state means that even though the voltages at all nodes in the system stay within the
continuous operating range and meet the security requirements in terms of DC voltage, the operation
in a state of reduced security margin persists. This conditimlicates a state of alert due to potential
issues with the remedial action scheme and the need for prompthgstablishing the necessary
security margins

6.3.3 Emergency state in terms of DC voltage:
In terms of DC voltage, the HVDC system shall keniergencystate when:

> Thevoltagesdo not meet the criteria foeitherthe normalor alert state defined above.

6.4 Continuous Control Architecture

IECTS 632913] presentsthe general continuous contrarchitecture which consists of four distinct
control layers. Each layer is associated with an indicative typical cycle time for actions. The purpose of this
hierarchy is to provide clarity regarding the scope of responsibility, the priority of actions (which must be
higher as the layer goes down), the availability of data, and the actuators involved.more details
regarding the IEC definitionsf the continuous control hierarchgnd the definednformation propagation
through the control layers, please reff3].

6.4.1 General Continuous Control Hierarchy

While ensuring the consistenaeyith the definitions in[3], FIGURE 16 depicts theassignmentof the
functional hierarchy to thesubsystemslefined inSection4.
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FIGURE 16: General continuous control hierarchydditional communication interfaces may be
required though not explicitly depicteth the figure, particularlyfor the coordination with PPMs.

The following sectionsutline theexpectedroles of thesubsystengs) corresponding to eackevelin the
continuous controblrchitectureas well as the generic description of each function

6.4.2 Dispatch -Level

The dispatchlevel, introducedas the highest layer in the continuous control architectimg3] and is
designatedas "Integratel AC/DC system control" in IEC 6274T, conceptuallyrepresentsa control
system thatgoverrsthe integrated operation of AC and HVDC systeima powersystem.

From the perspective odn HVDC systemthis is anexternal control systemthat serves aghe only
interface through which théC grid controllereceives all necessary spbints and instructiongssential
for ensuring the stable operatiorit is envisaged that no other interface bypassing this is in pladess
there are no communication issuealthough in future different design concepts may evolve depending
on special design need of the TSOs or HVDC project owners.

This level shall providiéne DC grid controllemwith the active power transmission order for the upcoming
dispatch cycle as well as all the other setpoints at the AC and DC connection point (such as but not limited
to reactive power sepoints, constraints, and any other operational instructions as specifigdthe
relevant TS@®). These inputs, although not strictly limited, may regularly be updated in conjunction with
the dispatch program schedule, as specified by the relevant TSO in coordination witteatje&SOs and
hence, may be updated alongside any other generation units in the grid. Therefoaecordance with

the IEC standard, these set of input values for a given time period are hereinafter referredciovaster
schedule
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6.4.3 Operational -Level

The operational level in the hierarchical continuous control architectwerresponds tothe DC grid
controller, which is a interface forobtaininginformation on the power flow conditions and accessing all
electrical nodes in the HVDC systeithe primary objective of the DC grid controller isgohievethe
converterschedulesset by the dispatcHevelwhile ensuringcompliancewith all the security constraints
within the HVDC systemas specified by the relevant TSDuring operationjnternal and external system
conditionsmay change Thusthe DC grid controlleshall be capable daking appropriatemeasureso
preventoverloading and overvoltage of any equipmeartd to achieve the Normal OperatirigC voltage
ranges as specified in Sectidh2.1, even though it may result in deviation from the initial converter
schedulesreceived The DC grid controller shall ensutieat this deviation isboth reasonable and
justifiableto all stakeholders involvedand then report tahe higher control hierarchyi.e., the dispatch
level

6.4.3.1 HVDC System state analysis

Like the state estimation commonly conducted in existing AC systems, the DC grid conshldéibe

awareof the actualconditionsof the HVDCsyster8 4 EA OUOOATI 60 OOAOA EO AAOAC
reaktime measurement The minimum set of information required for the system state analysis is

specified in3] and categorizedasstatus signabnd physicalquantities. The system state analysis can be
categorized into three main components for convenience:

> Element status analysis The DC grid controlleshall comprehend the reatime status of every
element within the HVYDGystem This involves gatheringontinuously communicatedcessential
system state variables and equipment statdefined asGOAOET 1 ) | filsh thé AGBO 1 6
converter, ACand DC switching stationgnergy absorption devicess well as PPMs

> System topology analysis Based on the element status analysis, the DC grid contrshatlidentify
the actual grid topology In general,contingenciescan resultin the outage of different grid
components such as cablesconvertersthat may leado newgrid topologies such assystemsplit.

> Element limitation analysis: A particular emphasis is given to the importance of comprehending the
actual capabilities of converter stations. While the tolerable maximum and minimum values for the
DC voltage are typically determined by the design of the component, the limitation aiggractive
power, as well as reactive power capabilities 0A&@IDC convertestation may deviate from the rated
values during operation due to the state of the cooling system and power electronic devices.

6.4.3.2 DC power flow optimization

One of the essential functialities expected fronthe DC grid controller ito establishan adequateDC
power flow bysending outappropriate setpoints to the AC/DCconverter stations. This includes a
verification of the receivedonverter scheduleand an assessment of its feasibility in accordance with the
actual state of the system.

Under changing grid conditionsncluding deviationsn offshore wind generatiofrom forecastedlevels
or limitation on the transmission capacity due to disturbances, the DC grid controller must accordingly

lnter Functional requirements for HYDC grid systems and subsysteim$:
OPERA ‘ e ’

Enabling multi-vendor HVDC grids



determine the optimal DC power flow while ensuring all the security constraints of the syd#seribed
in Section6.1 These constraints encompass theltages of alhodes,including the neutral/oltages the
physical and operational constraints of the AC/DC converter units, and the cuwapacity of conductors
includingDMRs.

The objective function for the optimal power flow calculation shalltbe operationaldiscretionof the
relevant TS@. Potential factors to be considerethough not exhaustivanclude:

> Loss minimization

> Security margin

> Minimization of deviation between preand postcontingency situation at each PeRC

> Adherence to repartition factor (prelefined power sharing ratio between control areas)

The parameters required fddC power flonwoptimization depend on the selected optimization criteria,
which shall beleft to the discretion of the system operatolt is imperative that the operator identifies
these essential parametetseforehand and adequatelyrovidesthem as inputto the DC grid controller.

6.4.3.3 Secondary DC voltage control

Analogue to the hierarchical structure of frequency control in AC systems, which is divided into primary,
secondary, and tertiary frequency control, the DC voltage control in DC grids shall also be composed of a
hierarchical manner. While the primary DCltage control is a local contrainechanismand thus
implemented at each AC/DC converter station, the secondary DC voltage contmlogezallHVDC grid
control scheme

Details of the required functions are provided in detail in the dedicated sec8ention6.7.

6.4.3.4 Ramp rate coordination

In general, an abrupt change in power cgtress andhreaten the AC system stability and, thus, should
be avoided. The power set points are usually associated with rategimits. In practice, there are various
instances where the power s@int changeshall belimited bythe specifiedramprate, and typical ramp
rate depends on the situation.

The power transmissionrder for an HYDCsystemcan potentially change significantly from one to the

next market time unit®. In order to ensurehe ET OA OAT T 1T A A O Atdbility, testriGion® &d i O &
imposed on theramp ratefor power flow change. Such ranrate limitations shallbe predeterminedoy

the relevant TSOs throughthe assessment of the frequency stability and voltagensitivity andare
normally in the order ominutes. Thereforefor each change of market time unit, an adequate rarate

must be applied to the sepoints to besent outto the AC/DC converter stations.

DC voltage and power restoration through the secondary DC voltage control following an unscheduled
event requires a substantially faster timeframe than the typical dispatch operation.

In addition, for AC ancillary servigesich asEmergencyPower Control (EPC) and automatierequency
RestorationReserve (aFRR), ramp speed specifications are determined by the relevant TSOs of both the
receiving and supplying sides for each service, respectielyinstance, in the case of EPC, an automatic
reduction or increase of power pursuant to an instruction from the applicable TSO, which may also involve

1 @Market time unidmeans the period for which the market price is established
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power reversal, the rampate limitations or requirements are typically in the order of seconds, emjto
999 MW/s.

It is alsamperative to acknowledge the distinction between onshore and offshore stations connected to
PPMs. The technical specifications on the feasible ramp speed of the connected PPMs must be
considered.

Moreover, applying the same ramprate limitation across all stationswhile power step orders differ
among them,can lead to potential power imbalancesiring the ramping processeen as a disturbance
to the HVDC systemThus it is desired that theamprate limitations are coordinatedvithin the technical
specificationsandassignedo each AC/DC converter stati@ifferently in line with the power step orders
such thatsecure transitiorof operating pointscan be ensured

Consequently, given the significant differences in expected raatpsfor dispatch, redispatch following
unscheduled events in thdVDC systemand potentially AC ancillary services, the DC grid controller shall
be capable of adequatelyoordinatingthe ramprate of individual converter stations to ensure the power
balance during the ramping process.

6.4.3.5 Offshore power curtailment

Offshore power curtailment refers here to the intentional reduction of pogenerationof offshore PPMs
below their maximunpotential production. Thisneasuremay be requiredo preventcongestionwithin
the DC gridandmust be donen accordance witlihe regulatoryagreements While sich considerations
shallbe taken into account in the DC power flow optimization processgeisiledin Section6.4.3.2 this
sectionplacesparticular emphasisnthe interface requirement of the DC grid controli@ndthe offshore
power curtailment iremergency scenarios.

In the event of a disturbance in a DC grid, the primary DC voltage contdCADC convertestations

handle the power imbalance and contains the DC voltage excursion. However, it is crucial to acknowledge
that the power limitations of converter stations inherently impose constraints on their ability to contain
such disturbances.

Consider a scenario where the incoming power fil@RMsexceeds the total export capability of th#v/DC
system due topower limitsof the onshore AC/DC converter stationsr a fault on AC side of an onshore
station or in an interconnector cabl&Vvhen the total power injedbn exceeds the maximum export
capacityof the HVDC systemit will result in a persistent increase in DC voltagéss imperative that this
surplus energy must be dissipated by immediate activation ofehergy absorber unitspon detection

of overvoltage exceeding a predefined voltage threshold. However, sincetleegy absorber unitan
dissipate energy only for lémited duration, the wind power curtailment process must be initiated before
exceeding the time constraint of thenergy absorber ung.

To achieve thisyarioustechnicaloptions are possibleOne suchoption involves adirect communication
channelbetweenthe DC grid controller and thBPMcontrollers Upon detection of the fault or activation

of energyabsorberunit, the DC grid controlledispatchesa new power limit withe specifiedamp-down

rate to each ofthe relevant PPM controllexin order to initiate thér offshore power curtailment, which

then can limit the PPM output poweaccordingly Alternatively, communication from the DC grid
controller to offshore AC/DC converter station is also a viable option. In this scenario, the offshore
converter station would take the necessary meast curtail thewind power This could be achieved
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either by communicating with the PPR&bntrollers of the connected windurbines or by modulating the
electrical signalshat are detected by the winturbines prompting them to adjust their outpui2].

Moreover, in case of an AC grid experiencing congestion, upon receipt of a request from the responsible
AC system TSO, sending a curtailment order to eMis also envisioned as a role thie DC grid
controller.

6.4.3.6 Converter control mode coordination

Prior to operation, he HVYDCsystem operatoy in coordination with the relevant TS@s responsible for
predefining the control modeand the associated parameteof eachconverter unit within the parameter
range specified Frequent modifications and update of contrgdarameters are not anticipatedexpect
perhaps on a seasonal bas@ in certain situationdike modification to anothergrid configurationor
change in network constraintsThe appropriateparameters associated with any control modealues
should beselected in accordance with the parameters and parameter ranges spedifigdg planning

and testing phasess outlined irf[8]. Prior to actual operation, those values shall be thoroughly assessed
for various load flow conditions and a set of contingenci@rough this processall pertinent
stakeholders shall agreen the criteria for selectingcontrol modes and associated parameters &ach
converter unitacross variousperational situations

The DC grid controller should be responsible for settingdbietrol modes and their associated parameter
During the operation,lie DC grid controlleshalloversee the coordinatioof the control modes and their
associated parametermaking necessary adjustmerib meet requirements all while adheringwith
predefined criteria

6.4.4 Station -Level

The stationlevel encompasshigh-level controlsystemsresponsible for thecontrol, monitoring, and
protection functionswithin an AC/DC converter statiotit shall receivethe comprehensiveconverter
schedule from the DC grid controllewhichshallincludeat leastthe valid set-points for active powerand
DC voltage for each converter unit in the station.

Furthermore given that thislevelhas access to all the informatiamithin the AC/DC converter statiolit,
shall possess the capability obntinuouslysendingthe specifiedset ofsignalsto the DC grid controller
This shall includeessentialstate variablesand equipment status signaland those defined asstation
informationin [3], as well aany additional signals specified by the relevant BSO

Additionally, n case of a bipolaconfiguration, control systemsare dividedinto bipolarandpole controls,
inalignment with IEC 62747]. Note that bipolar control is defined as a control that necessitates the state
variables from both the positive and negative converter unithereaspole controlshallrely exclusively

on thepole quantities, independent of the counterpart.

6.4.4.1 Bipol e Control
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In bipolar configuration, an AC/DC converter station comprises positive and negative AC/DC converter
units. It isessentialthat the functional requirementsit the ACPoCarefulfilled, eitherby the station as a
whole or individually by each converter unitalignment with thespecificatiorssetby the relevant TSG?.

In the case of bipolar configuration with DMRRom the perspectiveof the DC connectiompoint and DC
functional requirementsa bipolarAC/DC converter statiopossesse$wo distinct fundamentaldegrees
of freedom positive and negative AC/DC converter unig®t the physical configuratiorto which the
station is interconnectedconsists ofthree conductors positive, negative, andDMR a shown in
FIGURE 17. Therefore, this configuration inherentlgntails a degree of flexibility imrassociatingthe
control capabilitesof the two converter unitsvithin the stationwith the system variable that are subject
to the regulation.Dependingon how the control capabilities are associated with the variabéespntrol
function can be classified either as bipolar control or pole control
Igfs Pacl
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| FIGURE 17: Conceptual illustration oDCvariablesin a bipolar configuration

Oneoption is to directly correlate the operational capabilities of each converter unit with physical
quantities of its respective poleThis ensures a cledistinction of theresponsibilitiesand independent
controloverthe positive and negative poles. The DC voltage droop coffttefailed in Sectior®.5) can be
understood ascontrolling the interrelationbetween voltage and power (or curreni) each polein
accordance with the specifiecharacteristicwith no consideration for other polelt isimportant to note
that in scenarios involving changes in the system's configuratiespeciallythe loss ofthe DMR
connection the independence among theositive and negative poleariableschanges. Such changes in
the system must be detected and appropriate measures should be taken by the DC grid conliraber.
alsobe considered thatas shown irFIGURE 18, a backup function implemented localbt the station-
leve, be in place tdake the necessary action to regulate/limit neutral quantities when communication
with the DC grid controlleis lost

2Unless otherwise specified, specific features of the AC system may be implemented at the station level or at
the unit level, at the vendor's discretion.
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FIGURE 18: Conceptual illustration ofhe optionensuringindependent control over the positive and
negative polesalongsidebipolar level control reconfiguratiois mentioned. @ly the signals relevant
aredisplayed

Nonetheless, under normal operational conditiorisese controls are pole independent controls that do
not depend on the quantities of the other podgtion; and hencegcategorizd aspole control.However,

it can be notedhat this option does notinherently provide axy mechanism for controlling the quantities
associated with the neutral (or metallic return) conductor.

To addresghis concern, tvo innovative solutions have begroposed summarizedas follows

Option 1, asintroduced in[1], originatesfrom the traditional symmetrical componentdransformation
(Fortescuetransformation) used for3 phase AC systems and extenthis methodology to DC systems.
This approach involveselating the quantities of each polespecifically, polevoltages andcurrents,
through predefined coupling matricesderivingbalancedand residual mode voltages and currenBy
consideringthe derived quantities as control variables and adopting a similar appraatie setpoints

for the AQDC convertestation, the positive and negative AC/DC converter units are linearly transformed
into two decoupled subsystem# the balancedand residualcomponents FIGURE 19 shows the
conceptual illustration of this option.

Dispatch-level ! Operational-level Station-level Unit-level
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! 0 Controller Us”| DC node | Internal AV
g ! _ _ m PR voltage > :on\rTrter _
' [ (DC Grid s control control (pos) =
! Integrated | -
! AC/DCegrid | | Contrc?l R T 71 Negative pole
} control | X converter
1 h Grid —
] o Balancing L';ef Balancing Internal AV}
| |\ = Control) ——| adaption $l  converter
] H I | control control (neg) =
| i ;

| FIGURE 19: Conceptual illustration of Option lyithin which only the signals relevant are shawn

Option 2 on the other handmaintains the fundamental independenciesbetween the positive and
negative polesvhile introducing supplementd control measureover theneutral quantity Thisapproach
leverages the inherent andintuitive separation of thepoles, whileemploying the supplementalmeasure
aimed at neutral quantityto managethe issue arising fronthe asymmetrical powerflow conditions

FIGURE 20 provides a conceptual depiction of this option.
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| FIGURE 20: Conceptual illustration of Optio, within which only thesignals relevant are shown.

The comparative performancgof these solutionshave beendemonstrated bytheir respectiveentities
proposing thesolutions In addition,both have been thoroughlynvestigatedanalytically.While they are
significantly different in terms othe operating princifes and associated design space, they share a
certaincommonalityin terms ofthe regulationover the neutral quantities, which necessitates, in both,
coordination in measurement and actiofr®m both the positive and negative converter units.

As delineated in Sectiofi.1, while it is imperative to ensure all the physical and operational constraints
during operation, the bipolar control shall be capable of managing the following operational corslitfon
the station:

1. Normaloperationof the station This assumes an ideal bipolar operation with firesenceof a DMR
connection, wherethe identical functioning of the positive and negative pole unitgould be
expected

2. Operationin theevent ofdisconnection with the neutrgDMRconnectionlosy

3. Asymmetric monopolar operation due to theloss ofone of the pole converter units or a pole
conductor

4. Asymmetricoperatingset-points ofpowerbetweenpositive andnegativeunits: This situation arises
when there's aifferencein power injection between the positive and negative poles, which might
occur due to decoupled AC busbars in offshore stations connect&Ptds maintenance activities
on one of the pole converter units, or the loss of a pole conductor connecting a stBlifberent
operating setpoints between the positive and negative units aiswliesadifferencein the available
headroomcapacity between the units.

5. Asymmetric power capability: This involves scenarios where there is a problem, sudm as AC
transformer in one of the units, affectinthe AT T O A O Opower @pakilifycatdl necessitating
asymmetricoperation.

Ultimately, it falls upon thesystem operatod ®sponsibilityto clearlydefinethe functional specifications
and interface signals between operational level and station lewehsideringall relevant factors and
potential operational conditions.Nonetheless,the actual implementation of the solutionis at the

discretion of the vendor, provided @omplies withall thedefinedfunctional specifications.

6.4.4.2 Pole Control
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Pole control, as defineh accordance witlfi7], refers tothe control systendedicated to the management
of each converter pole within an AC/DC converter statibhe ple control shall bemplemented and
managed individually fothe positive and negative pole$hefunctional requirements for theole control
shallbe defined for the behaviour of thatole, independent ofthe counterpartpole.

6.4.5 Unit-level

The unit level includes thmternal converter control and the valve controf each converter unitThis
level representsthe lower mostpart in the continuous control hierarchy and is highly specific to the
technology andhe proprietary designs of each vendor.

Regarding converter control, there are two distinct control schemes: Grid Following (GFL) and Grid
Forming (GFM). These schemes diffieithe fundamentaldesignprinciples leading to differences in the
withstand capability and dynamic performance requirements that can be fulfiffed.a detailed definition

and the required performances of GFM, please r§@¢r

The converter control must be designed amdned such that all the functional requirements and
performance requirementspecified by the system operator and the relevant T&® met

6.5 Primary DC Voltage Control

This section first recalls the conventional control modes, namely fixed DC voltage control mode and fixed
active power control mode. It then focuses on primary DC voltage control based on the principle of droop.
Formal definitions of the droop and relevatg@rminology are provided.

6.5.1 Definitions of conventional control modes

The fixed DC voltage control is an extension of the conventional master/slave control method in traditional
point-to-point systems. In this setup, only one station in the grid is responsible for maintaining the DC
voltages of the system constant, while thether track therespectiveactive power sefpoints. The
following providesa brief description of the two conventional control modes.

6.5.1.1 Fixed DC voltage control mode

When operatingn fixed DC voltage control modéhe AC/DC converter station or unit shall be capatile
maintaining the DC voltageof its DGPoCat the reference specified by theystemoperator or theDC grid
controllerby adjustingactive powerinjection/absorptionaccording to the specification set by the system
operator. The adjustment of the active power response shall be limited by the maximum HVDC active
power transmission capacity of the converter or otherwise specifiedduohdirection).

6.5.1.2 Fixed active power control mode
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When operatingn fixed active power control mode, the AC/DC convegtation or unitshall be capable
of regulating its active powelaccording tothe specificationsset by the system operatoin coordination
with the relevant TSOs, according MC-HVDC Article 184].

6.5.2 Definition s of DC voltage droop

The concept of the primary DC voltage contrbbsed on DC voltage droop contrdas well recognized
today; however,existing literature presents notable discrepancieshia definitions of DC voltage droop.

IEC describedn [3] the DC voltage/DC power droop as the change of active power in response to a
deviation of the DC voltage from its reference value, while CIGRE T[Bp&tntions that the droop value

(s the inverse of the proportional controller gain used in the actual impleménhtagwgvibusresearch
initiativessuch a®ROMOTIioN and BestPaths projects, droop is introduced as the parameter defining the
characteristic of the droop control mode, determining the reference values for active pd®gor the DC
voltage[11], from implementation focused perspectivegather than providing a functional, quantifiable
definition.

In light of varying interpretations existing in tHieerature, and referring to thelefinition of droop in AC
system formulated in RfG Article 2 (432], we suggest the definition of the DC voltage droagp follows:

AEA Os$# O11 OACA AOT | deady-sefedviation o6 OEA OAOQE
DC voltage to the steadystate change in active power output.

It is noteworthy to state that this definition isniversaland solution agnosticneither excluding nor
prescribing any specific implementation methods.

In accordance with the above definition, the rati©,can bemathematically expressed as follows:

W
Q p8Os
—
i
where
Steady-state deviation of DC voltage: Y Y Y
Steady-state deviation of active power: 30 0 0
and

NominalDCvoltage

Nominal power

DC voltage setpoinat DGPoC
Power setpoint

Measurel DCvoltageat DGPoC
Measured pwer

P ® 2 2
ca < T < ea<

While the droop is formally defined as the ratietweentwo variables: the numerator being DC voltage
deviation andhe denominator as active power output, a more precise clarity in the interpretation of these

variables is required to ensure the consistency among the AC/DC converter stations owitimitsthe
system.
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Convention of power flow direction

In accordance with IEC 627@1, the power flow through the AC/DC converter flowing from h&PoC
into the converter and further on from the converter into tA€-PoCis designatedvith apositive sign.
This definition is illustratively represented FMiIGURE 21.

=
DC-PoC
AC-PoC @
- NS
Ot
=}

| FIGURE 21: Representation of the convention of power flow direction as defined in IEC §2}47

Definition of numerator an@lenominator variables

Concerning the numerator variable of the droop, the definition of DC voltage presents some ambiguity.
DC voltage could be interpreted as the pafte-ground voltage, poleto-neutral voltage, or other forms
such as balance oesidual mode DC voltages, as proposefllinAn imprecise definition dhe DC voltage
could lead to different interpretations of the numerator variable in the droop, resulting in inconsistent
behaviour among theAC/DCconverter stations within the system. It is essential that a consistent
definition is uniformly applied across the system. The system operator should ntlaikeselection with
careful consideration, as altering them at a later stage could introduce significant challefges.
compatibility with symmetrical monopolar configurations, ig recommended thathis DC voltage to be
defined as the polg¢o-neural voltageat DGPoC

Similarly, the denominator variable in the droagferred to asactive power output, is acknowledged that
it encompasses the possibility of being defined as eititer AC active poweat AGPoCor DC poweit
DGPoG as well agitherthe AT T OAOOA O GheBigbarGtatori powleThekudent preference
is to useAC active poweras italigns with the existingnetwork code ands more directly relevantto the
TSO0s$2 However, considering the futurevolution of the network code, the adoption ofDC power shall
not be excludedln principle whetherdefinedasAC active power or DC powexghieving full compliance
with the droop by contolling the other requires consideration of loskaracteristcs, which typically
remainless thanl%.

General implication of DC voltage droop

FIGURE 22 illustrates the implication of varying droop. Drawing an analogy to frequency droop in AC
systems, the value of the DC voltage droop can be understood as the change in DC abttaypG-PoC
causing the converter to change its power by 1 p.u. in steady state. For insta@d@ a.u.DC voltage
droop implies that &@.05 p.u.deviation in voltage leads to a 1 p.u. change in power output of the AC/DC
converter in steady state.

BThe decision to adopt AC active power or DC power ultimately depends on where the power for dispatch is
defined within the system.
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| FIGURE 22: Example of characteristics in different droop.

To summarize, with a larger droop, the power output is less sensitive to changes in DC voltages, leading
to a smaller contribution to DC voltage regulation. Conversely, with a smaller droop value, the power
becomes more sensitive to fluctuations in DC agk, resulting in a greater contribution to DC voltage
regulation.

6.5.2.1 DC Voltage Droop Characteristics

For an intuitive representation of the steadfate behaviour of an AC/DC converter, including facsush

asset-points and maximum power constraints, it is common practice to plot it as a continuous linear or
piecewise linear function on tavo-dimensionalplane. In this representationthe vertical and horizontal

axes correspond to the numerator and denominator variables of the DC voltage drespectively This
OAPOAOGAT OAGCET T EO EAOAET AEOAO OAEAOOAdly définedAsd O$#  (
follows:

A4EA o6%$# OI1 OACA AOii b AEAOAAOAOEOOEAG EO
station or unitas a representation of a desired static performance.

Neglecting the maximum power constraints, a typical DC voltage droop characteristic withdicative
droop of0.05 p.u.s depicted ilFIGURE 23. The dot in the figure represents the sgbint assigned to

the converter, i.e.0 RY rarEdps b8 8
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| FIGURE 23: Example ofDC voltage droop characteristic withDC voltage droop d®.05 p.u.

The DC voltage droop characteristic is derived directly from the droop. Following the definition of DC
voltage droop, a mathematical manipulation ressiih two identical equations:

Voltage form:

. L0 0 .
Y Qf)— Y Y
Power form:
.Y Y 0 .
0 ) & 0

As mentioned in CIGRE TB6f8], if the DC voltage droopharacteristics are plotted on a plane that is
different from the chosen definitions of the numerator and denominator of the droop, the resulting
characteristic will appear as a nonlinear function. This underscores the importance of adhering to the
definednumerator and denominator in subsequent discussions or analyses.

The position of the DC voltage droop characteristics on the plane is determined by the assignpezirgsf

as can be inferred from the equations aboF6GURE 24 andFIGURE 25 showthe droop characteristics
employing the same droop, witlFIGURE 24 demonstrating the effect of changing th®C voltage
setpoint and FIGURE 25 depicting the impact of modifying the powesetpoint, respectively.As
observed, djusting the DC voltage sqtoint results in a vertical shift of the characteristic, whereas
modifying the power sefpoint results in a horizontal shift in the characteristic.
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6.5.3 Static requirements  of primary DC voltage control

In order to achieve improved security while achieving thaximum exploitation of theDC grid
operation by overcoming the limitationsf the single section droopharacteristic the implementation of
multi-segment droop characteristic is essentfaB]. In the context ofmulti-vendor, multiterminal DC
grid, ensuring interoperability betweeAC/DC converter stationsupplied bydifferent vendorsrequires
the establishment of precise definitions and functional requirement for each segmentas well as
comprehensive clarification of all essential parameters necessary to be specified

The primary DC voltage contr@ defined asthe control capabilityof an AC/DC converter station or unit
in which the active power output changes proportionally to a change in DC voltage, in such a way that it
prevents power imbalance in the DC grid and supports reaching an equilibriumfpothe system.

Toachieveefficient DC voltageregulationandensure steadystate voltages remain within theontinuous
operating DC voltage range established in Sectto.], the primary DC voltage contrdd dividedinto at
least three distinct operating modes, each defined with specific operational requirements

DC Voltage Sensitive Mode or DCVSM means an operating mode that primarily focuses on the
behaviourwithin the normaloperating DC voltage range

Limited DC Voltage Sensitive ModeOvervoltaged, 1 O O/ §#6 AA1 O Al 1t@ADAOET C
activatedwhen the voltage exceeds the upper limit of the normal operatingvd{fage range up to the
maximum continuous operating DC voltage value.

Limited DC Voltage Sensitive ModeUndervoltaged, I O O56#6 4AT O Al lthathsOAOQET C
activatedwhen the voltage exceeds the lower limit of the normal operating DC votlaga to the
minimumcontinuous operating DC voltage value.
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In addition to the abovenodes,the following two supplemental operating modes anelevant to the
primary DC voltage control in order to enhance the security ofsysem.

DC Voltage Limiting Modeg, 1 O Orfiers asupplementaloperating mode that is activatedhen
the voltage is outside the continuous operating range, provided that the full active power headroom was
not yet reached".

Power Limiting Moded, 1 O nt@éns a gupplemental operating mode that airslimit the active
power output to the maximum and minimum poweapability.

FIGURE 26 provides an illustrative overvieof the operational implication of eacimode, depicted
collectivelywithin a single plane.
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FIGURE 26: Exampledepictionof typicaldroop characteristiof an AC/DC converter station or unit in
each primary D@oltagecontrol related mode

Each of these modes shall be defingith specific capability requirementsvhich ardllustratively
described in the form afiroop characteristicsandassociated parameterdetailedin the subsequent
sections,along withthe dynamicrequirementsoutlined in Sectior6.6.

The priority of thesenodesand other AC side functionalities, such as FSM and LK3M, as well as the
conditions under which blocking of these functionalities is permitted, shall be determined by the system
operator in coordination with the relevant TSOs, if applicable.

¥The DCVLM serves as a security backdgpending on other mode parameter selections (ethg LDCVSM
setting reaching the power limibeforereaching the voltage limjt If the converterdepletesall available
headroom capacitythe DCVLMcannot be activatednd, consequentlydoes not appear in the mutti
segment droop characteristid-or an alternative definition of DCVLM, please refeSection9.3.
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6.5.3.1 DC Voltage Sensitive Mode (DCVSM)

When operating in DCVSM, the AC/DC converter station or unit shall be capable of responding to DC
voltage deviation in the connecteldVDC systenas indicated ifFIGURE 27 and in accordance with the
parameters detailed iTABLE 10 and

TABLE 11. These parameters shall be specifiedtbg system operator within the ranggsredefined for
each parameter.

AUy,
Udcn
A
Overvoltage
AUdClO
APlu Udcn SlO
B 6tigera
e o
{ v > o
S 1u,:jiig"'" APy, "
AUgern B
Udcn
DCVSM

| FIGURE 27: Droopcapabilityof an AC/DC converter station or uititDCVSM.

TABLE 10: Definitions of basicparametersand variablesised for definingactive power voltage
response in DCVSM

Variables Definitions

Y nominal voltage of the DC network for which the DCV< E6
service is provided
0 nominalactive power -7
0 agreed maximum power defined for the connection -7
point of the converter station or unit
0 agreed minimum power defined for the connection poil -7
the converter station or unit
% DC voltageset-point at DGPoC E6
0 active power sepoint - 7
Y undervoltage threshold value E6
% overvoltage threshold value E6
Y0 change in active power e AC/DC converter station 30 0 0

or unitwith respect tothe present operating point
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Y'Y voltage deviation of the DC network for which the Yy v Y
DCVSM service is providéd
TABLE 11: Parameters for active power voltage response in DCVSM
Variables Definitions Unit
Y0 agreed power change at reaching the voltage threshol -7
valueY'Y
Y0 agreed power change at reaching the voltage threshol -7
valueY'Y
i droop at undervoltage 19302
i droop at overvoltage 19302
3Y undervoltage deviation threshold value 3Y Y Y
3Y overvoltage deviation threshold value 3Y Y Y
Y'Y i deadband of the power voltage response E6
Y'Y i voltage response insensitivity (permissible tolerance) %

The following provides a detailed description of the definition of each parameter.

Maximum and Minimum power limitd§ &0
The maximum and minimum power limits, denoted by0 &0 , are defined for the connection
point of each converter station or unit by the relevant system operator.

Those valueshall be the maximunand minimum continuous active power whicthe AC/DC converter
station or unitcan exchange with th&Cnetwork at eachAG-PoCasdefinedin the connection agreement
or as agreeavith the relevantTSCOH®. It shall not beobligatory for theAC/DC converter station or urtio
provide active powebeyondthese specifiedlimits. Thereforg if the active power voltage response in
DCVSM results in themaximum and minimum power limitdbeing reached, active powershall be
maintained at these limits

15In AC systems, the frequency is a global variable. This means that any frequency dexigisdiormally
defined as the deviation from the nominal frequeri€y i.e.3'Q "Q "Q In a steady state, the frequency
deviation is thesame atall local measurements throughout the syste@onversely, thesoltage in DC
system is not a universal variablmstead,in steadystate, the voltage at each node varies due to line
resistance and other factors causing voltage drofs.a resultthe DC voltage deviation measured at any
given converter unitmust be relatived T OE A fowrdDO folegels€pdity,ie.YY 7Y 7Y
Whena convertemunderdroop controlis operating without any deviation of power, i®@.0 T, it implies
acondition where the voltageleviationequals zeroX'Y 7Y 7Y .

8 Here, the adoption of AC power at the AZDC is assumedue to its direct relevance for the TSOs
However, the adoption of DC power shatit be excluded. For further details, refer to Sect@b.2
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Undervoltage/Overvoltage threshold valuég &Y

The undervoltage and overvoltage threshold values, denoted bsrm. & =-m. ,.are defined as the
system level values consistent for all AC/DC convertstations or units within the DC grid. Within the
voltage range defined by those two values, the AC/DC convertestation or unit in DCVSM must fulfil
the functional requirement in accordance with the parameters specified by the system operator.

It is recommendedto establish thesystem levelcommonunder and over DC voltage threshold values
Y &TY , which are consistent across all AC/DC converter amitido notchange depending on the
power flow conditiong’. This approacthallowsto standardize the response to voltage deviations, ensuring
a consistentand predictable operational framework for the entire grithen, the DC voltageéeviation
threshold valuesre definedwith respect to the system level DC voltage threshold valag$ollows:

> 3Y Y "Y is the upper DC voltage deviation threshold below which the AC/DC converter
station or converter unit must provide tHeCvVSMresponseaccording to the parameters specified for
ovenoltage, and

> 37Y Y "Y is the lower DC voltage deviation threshold above which the AC/DC converter
station or converter unit must provide tHeCVSMresponseaccording to the parameters specified for
undervoltage.

The implications of the above definitions in the DC voltage droop characteristic plane are illustrated in
the FIGURE 28.

From a technical standpointhose voltage threshold valuesn be established independenthf the static
DCvoltageranges defined inSection6.2.1 However it is a common practiceniAC systemso alignthe
FSM and LFSM threshold frequencies with the maximum stestdye frequency deviatiorof the
systemt®, Therefore,in accordancewith the customary practicef AC systemsit is advisable to align
those voltage thresholdsalueswith the voltage levels thatdefine the static DC voltage rangeThis
suggests thaty  AY "Y HY . Consequentlythe range of DC voltage within whiclthe
DCVSMis required toprovide specified responsescorrespond directly to the normal operating DC
voltagerange.

It shall be noted however,that in a sparse and/or radial DC grid, particularly with laligtance
transmission lines, there may be instances where the same voltage thresholds cannot be applied to all
converter stationsnecessitating the definition of specific voltage threshold levels for particular stations.

17The droop characteristic of a given converteariesverticallyin accordance witlthe designated’y

which canvary during the operation depending on the power flow conditidherefore, from theTSOs

point of view,if DCVSMhresholdsare specifiedvith respect todleviatoro h EO | AAT O OEAO
will transtion the control modesat different grid voltage levels, depending @s pre-contingency power

flow condition. To circumvent thisand ensure uniformity across the gridstablishingthe system level
common under and over DC voltage threshold vallés &Y  is recommendedsuch that it is
consistent across all AC/DC converggations orunits and do not change depending on the power flow
conditions

8 Article 15 ofSOGL specifiesthe maximum steadystate frequency deviatioof the synchronous

areas According to ENTSEE guideline documentdroop for FSM should be calculated to make sure the
reserve power capacity could be fully deployed for the synchronous area reference frequency deviation
(i.e 200mHz for CE, 500 mHz for GB)
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As the DC grid evolves and becomes more developed and meshed in the future, the need for such specific
voltage thresholds may decrease.
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FIGURE 28: lllustration of the implications of the definitions of undervoltage and overvoltage DC
voltage threshold values in the DC voltage droop characteristic.

Droopi &i
AC/DC converterstations or units should have the capability ofimplementing the droop settings for
DCVSM.

The droopi &i areparameters specifying theexpected characteristic in thBCVSM Selecting the
appropriate droop parameter is at the discretion of the systeperator. It is indispensable thaAC/DC
converter stations or unitgossessthe capability ofimplementing the droop setting for DCVSM
Neverthelessthe application of this capability can vary significantly depending onaherationalcontext

of the system as evidenced in the practice of AC systetfis The following furtherelucidatesthe

implications of these different contextand provide correspondingecommendatiors.

Neglecting the deadband, the droop for overvoltage can be expressed by:

¥ For Frequency Sensitive Mode (FSM), the AC system counterpart of the DCVSMYDBC Annex
I1.1.1.(c)stipulates that HVDC systems must possess the capability of adjusting the droop for upward and
downward upon an instruction from the relevant TSO. In practice, whether the droop for FSM is fixed over
its entire exploitation period or changed regularly mnds on the operational context, and both are
prevailing practice. For the former, the droop is determined in the initial contractual agreement and
remains fixed until this contractual agreement is renewed. In the latter case, the droop is considered as a
variable that ensures the provision &iCR(FrequencyContainment Reserve services.For a practical
example, please refer to Thus, the droop setting is regularly adjusted based on the portfolio of the
balance responsible party and the outcomes of FCR market auctions. Theoretically, this means that the
actual droop could potentially be modified every dispatch cycle.
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Here,3"Y s the overvoltage threshold valug, , is the droop for overvoltage, arel) is the agreed
power deviation at reaching the voltage threshold valddée equation indicates that only two of the
parametersaY ,{ , and30 can be independently chosen, as the remaining parameter is
determined as a consequence thie other two. FIGURE 29 illustrates the relation between the three
parameters.
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| FIGURE 29: Inherent relationship between the parameters.

Given that3"Y is determined by the system level DC voltage deviation threshold value, the different
operational contexts can be effectively reduced to prioritizing either droopor powerdeviaion 30

From the above reflection, two distinct operational contexts for the DCVSM are possible within the
functional framework, namely, basic and advanced optiohhe choice between the basic and advanced
options should be made by th&ystemoperator, considering factors such as the size of the grid and the
number of converter units within the systgras well as the impact on thieterconnected AC systems.

Basic option:In this option, priority is given to the droop. The droop for each AC/DC conwagton or

unit is fixed and is not frequently adjusted, even when operatingm@hts change. The droop values
determine the distribution of disturbance power between converters in steady state, which shall be
agreed upon and may be updated (e.g., seasonally) to reflee changing conditions of the connected
AC grids. The tradeff for this option is that the power deviation at reaching the DC voltage thosgh
values is no longer specifiable

Advanced Option:In this optionthe powerdeviation at reaching the voltage thsioldis prioritized over
droop. Herethe assigned quantity of powes considered a specifiable attribute for the overall system
management analogues to FCR service provision in AC systems. The droop settings of each unit are
adjusted to ensure the provision of the agrepdwer. The droop can be theoretically updated every
dispatch cycle.
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FIGURE 30: lllustrative representation contrasting the basic and advanced options, highlighting their
respective impacts of the change in DC voltage setpoint and active power setpoint.

FIGURE 30 illustratively depicts the relationship between droop atie power deviation at reaching the
voltage thresholdn each option, highlighting their distinct impacts those options have on the change in
DC voltage setpointln the basic option, the amount of power contribution at reaching the voltage
thresholdY is determined by the voltage setpoint and the specified droop gain, indicating that the
extent of the contribution of theAC/DC convertestation or unitto maintaining the voltage within the
normal operating rangevaries depending on the D@oltage setpoint. Conversely, in the advanced
solution, the droop settings are adjusted to ensure the provision of the agrtgmmh active power
contribution when reachingY . Ultimately, the selection between the basic and advanced options
depends on the operator's assessment of the grid's ne&ts. primary advantage of the basic option lies

in its simplicity, coupled with reduced communication and reliability issues. This benefit holds true
EOOAODPAAOQE OA whilEthedavancel Offighdndy alfd® forfa more flexible system operation,
it requires more sophisticated management and control systems capable of handling frequent droop
adjustments.

Deadband & Insensitivity

The HVDC system owner and the relevant system operator, in coordination with the relevant TSO
may agree on theimplementation of deadband for DCVSM in theAC/DC converterstations or units
and the capability of adjusting the deadband settings forDCVSM. The insensitivity of active power
voltage response forDCVSM should be less than the value specified by the system operator.

Definitions:

Deadband refers to an intervatentredaround the sefpoint. This is used intentionally to make the DC
voltage control unresponsive.

Insensitivity : refers to an inherent feature of control system specified as the minimum change in the DC
voltage or input signal that results in a change of output power or output signal.

Ifimplemented, EA AAAAAAT A OET OI' A AA AAEOOOAAIT A AAAT OAET C

technical considerations mandating the implementation of the deadband have been identified, the
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deadband may be viewed as a meda provide additional flexibility for the system operator, potentially
used to prevent undesirable interactions. It is importéot the system operator to ensure thabt every
converterstation in the systemis set to operate with a deadbdnsince it is essential thait least one
converter in the system musegulatethe DC voltage.

Concerning insensitivity, this unintentional characteristic typically arises frommteasurementaccuracy.
The system operator shall specify the reasonable upper limit for sensor accuracy requirements, while
ensuring consistency with other functional specifications.

6.5.3.2 Limited DC Voltage Sensitive Mode -Overvoltage (LDCVSM-O)

In addition to the requirements of DCVSM, the following shall apply with regard to LDGYSHMhe
AC/DC converter station or unit shall be capable of responding to DC voltage deviation in the connected
DC grid according td&-IGURE 31 and the parameters detailed imABLE 10 and TABLE 12. These
parameters shall be specified liye system operator within the ranges defined for each parameter.
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| FIGURE 31: Droopcapabilityof an AC/DC converter station or uititLDCVSMO.

TABLE 12: Parameters for active power voltage response in LDCMY3M
Variables Definitions Unit
Y0 agreed power change at reaching the voltage threshold vali -7
Y'Y
i droop at overvoltage 19305
" overvoltage threshold value thatiggers LDCVSM-O E6
" overvoltage level below which the AC/DC converter or unit E6
shall adjust the active power according to the parameters
specified forLDCVSMO
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OvervoltagelevelY

The overvoltagelevel, denoted by=m . , is defined asthe DC voltagevalue consistent for all AC/DC
converter stations or units within the DC grid. Below this level, the AC/DC convertestation or unit in
LDCVSMO must fulfil the functional requirement in accordance with the parameters specified by the
system operator.

The parameters specified for LDCVSM applies the voltagerange defined by this"Y  and the
previously established overvoltage threshold valiYe .The LDCVSMD is triggered upon detecting an
overvoltage that surpasses the threshdd  and is required to provide active power adjustment up to
30 or the specified maximum power limit. This shall be executed up to the voltage Te¥vel .

Similarly to theDCVSM thisvoltagelevelcan be established independently from those defining the static
DC voltagerangesdefined in Section6.2.1 However,following the convention inAC systemsit is
recommended thatthis voltage leveto be aligned with themaximum continuousDCvoltage limit, i.e.

Y Y . This implies that thédC/DC converter station or unit lDCVSMO shallprovidethe
specifiedresponseup tothe maximum limit of thecontinuousoperating DC viiage range.

Droopi
AC/DC convertestations or units should have the capability ofimplementing the droop settings for
LDCVSMO.

The droop for LVSMD can be mathematically expressed in a slightly different form compared to the case
with DCVSM:

3Y 3Y - ~ .
Y Y Y 0 ~
l 30 30 Y
§]
Here,Y Y s thedifferencebetween the system level overvoltage threshold vafaeLDCVSM-

O and that of DCVSM , is the droop in DCVSM-O, and30 isthe power deviation at reaching the
voltage threshold valudor the LDCVSM-O. The equation above indicates thatwing to the previously
established system level voltage threshold values, the degree of freedom in selecting parameters in the
LDCVSM-O is governed by a more stringent triangulation relationshipis relationship differffom the

case in thdDCVSM, where the influence of the voltage setpoint remains unavoidable. By the principle of
droop, only two of the parameters "Y ,i ,and30 can be independently chosen, as the
remaining parameter is determined as a consequencthefbther two.

Given that"yY  is to be determined as the system level DC voltage, and tius Y  isa fixed
valug two different operationalcontexts namely, basic, and advanced option can be considegsesd,
previously introduced

Basic option:In this option, priority is given to the droop over thewer level The droop for each AC/DC
converterstation orunit is fixed and is not frequently adjusted. The tragii for this option is that the
power deviation at reaching thevervoltage levesd , which is indeed subject to the limitation of the
availableconverter headroomcannot be considered assaecifiableparameter.

Advanced Option:In this option the power deviation at reaching the voltage threshold is prioritized over
droop. Here, the assigned quantity of powaesignated for the LDCVSND is considered as specifiable
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parameter.Subject to the constraint by the available headroom capacity of the converter stfsem
operator can adjust the desirgubwer deviation at reaching the overvoltage level) , to ensure theDC
voltage security of the HVDC systenas well as theAC system securityespecially when there is a
congestion The droop canin theory,be updatedat every dispatch cycle.

Basic option Advanced option
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| FIGURE 32: lllustrative representation contrasting the basic and advanced options in LDCGUYSM

FIGURE 32 illustratively shows the implication associated with the twptions. In the basic option,
where thedroop is fixedthere is no degree of freedom, arab long as it remains within the available
headroom capacityits droop contribution before reaching the voltage lev& is always fixed at the
value determined by thassigneddroopfor LDCVSM Therefore, the droop must be meticulously chosen
to ensure thecapability of coping with anyordinary contingencies when operating at any possible
operating power sefpoint. In contrast, in the advanced option, the droop is determined in order to adjust
the amountof contribution of the poweat reaching the voltage levéY  within the availability of the
headroomcapacity. Again, ultimately, the selection between the basic and advanced options depends on
the operator's assessment of the grid's needs.

6.5.3.3 Limited DC Voltage Sensitive Mode Undervoltage ( LDCVSM-U)

In addition to the requirements of DCVSahd LDCVSMD, the following shall applyegardingLDCVSM

U. The AC/DC converter station or unit shall be capable of responding to DC voltage deviation in the
connected DC grid according ®IGURE 33 and the parameters detailed iRABLE 10 and TABLE 13.

These parameters shall be specifiedtbg systemoperator within the ranges defined for each parameter.
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| FIGURE 33: Droopcapabilityof an AC/DC converter station or uimitLDCVSMU.

TABLE 13: Parameters for active power voltage response in LDCM$M

Variables Definitions Unit

Y0 agreed power change at reaching the voltage levaf -7
i droop at undervoltage 19302
Y undervoltage threshold value that triggerDlCVSM-U E6
Y undervoltage level above which the AC/DC converter or uni E6
shall adjust the active power according to the parameters
specified forLDCVSMU

Undervoltage levelY

The undervoltage level, denoted bym. s defined as the system level value consistent for all
AC/DC converterstations or units within the DC grid. Above this level and belovm . ,the AC/DC
converter station or unit in LDCVSMU must fulfil the functional requirement in accordance with the
parameters specified by the system operator.

The parameters specified for LDCVSM applies the voltagerange defined by this"Y  and the
previously established under threshold valie

The LDCVSMJ is triggered upon detecting an undervoltage that surpasses the threshold and is
required to provide active power adjustment downttwe specified maximum power limit.

Similarly to the LDCVSAO, it is recommended thathis voltage leveto be aligned with theminimum
continuous DC voltage limit, i.eTY % . This implies that the AC/DC converter station or unit
in LDCVSMU shall provide the specified respondewn tothe minimum limit of the continuousoperating
DCvoltagerange.
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Droopi
AC/DC convertesstation or units should have the capability ofimplementing the droop settings for
LDCVSMU.

Similarly, to LDCVSMD, the droop for LDCVSNJ can be mathematically expressed as:

Y Y . . 5
Y Y Y 0 ~
| 30 50 v BB
]
Here,”Y Y s thedifferencebetween the system level under threshold value and the LDCVSM

U undervoltage level, is the droop for LDCVSM, and30 is the power deviation at reaching the
voltage threshold valudor the LDCVSMU. Since’Y  is to be determined as the system level DC
voltage, and thusY Y , the same basic, and advanced options can also be consideasd,
previously introduced

6.5.3.4 DC Voltage Limiting Mode (DCVLM)

In addition to the requirements of DCVSM, LDC\V\&Mand LDCVSM, thefollowing shall apply with
regard to DCVLMThe AC/DC converter station or unit shall be capable of responding to DC voltage
deviation in the connected DC grid accordingRGURE 34 and the parameters detailed lABLE 10
andTABLE 14. These parameters shall be specifiedthy systemoperator within the ranges defined for
each parameter.
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| FIGURE 34: Droopcapabilityof an AC/DC converter station or uiitDCVLM.

TABLE 14: Parameters for active power voltage response in DCVLM

Variables Definitions

i droop at overvoltage

i droop at undervoltage 13303]
% overvoltage threshold value that trigge3CVLM E6
Inter
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Y undervoltage threshold value that triggei3CVLM E6

Activation of DC Voltage Limiting Mode
DC Voltage Limiting Droop Mode shall be activated when detecting the voltage exceeding the
overvoltage level™  and similarly below the undervoltage level'Y

The parameters specified for DCVLM applies the abnormal voltage range above the previously defined
overvoltage levelY  and below undervoltage levéY

The DCVLM is triggered upon detecting an overvoltage that surpasses the threS¥old or an
undervoltage belowY

Expected roles of DC Voltage Limiting Mode

This mode is activated following the full engagement of the LDCMS3Mr-U. Whether the entire reserve
capacity is depleted before exceedifg or"Y  depends on the selected parameters and te-
contingency operating conditions The DCVLM becomes relevant only the scenarios wherghe
LDCVSMO or-U of an AC/DC:onverterstation or unitdoesnot deplete all available headroorapacity
before reaching thevoltage threshold valuesmplyingthe potentialto evacuateor injectmore power.

When the excursions of theDC voltage surpass the thresholdsY or™Y |, the AC/DCconverter
stations or unitswith available capacityare expected to contribute upo their maximum or minimum
power limits In instances wheremore than one converter is capable of additional power
injection/evacuationa power sharingnechanism is needed to prevent conflicts arising from simultaneous
voltage control by multiple converteréSuch as multiple converters fixed DC voltage control mode
inadvertently work against each other.)

DCVLMis designated to address such situations. Upon activationA&/DCconverterstation or unitis
expected to contribute to the voltage containment until it exhausts its maximum or minimum capability
in accordance with the specified parameters

Droop of DC Voltage Limiting Mode &i

Given that the primary objective of this mode is to contain abnormal voltage excursion that falls outside

of the continuous operating range, thadroop ofthis mode is naturally set to Hew.

As this mode serves as an emergency measure for the system operation, it should be designed to provide
a robust and reliable response. Therefore, alterthg control configuration related to this modafter
commissioning should not be considered.

Alternative DCVLM definition

An alternative definitiorof the DCVLNMoffersa differentperspectivefor specifying the capability
requirementsof this control mode and addressdise different needsof AC/DC converter operatior-or
a detailed explanation on this alternative DCVLM definition, readers are encouraged tdoeSection
9.3

6.5.3.5 Power Limiting Mode (PLM)
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In addition to the requirements of DCVSM, LDCVVBMLDCVSMJ, and DCVLM, the following shall
apply regarding PLM. The AC/DC converter station or unit shall be capable of protecting itself from
reaching its capability limits during transient and limiting the power to thaximum andminimum power
limitsO &0  in steadystate.

Expected roles of Power Limiting Mode

0 and0d arethe maximumand minimumactive power which the AC/DC converter station or unit
can continuouslyexchange with the network at each connection point as specified in the connection
agreement or as agreed with the relevant system operat@n the other handpower capability limits are
design parameters dependent on the manufacturer.

In steady state, power should be confined witin and0 . Duringdynamictime range power
should not reach the capability limits of the converter.

The implementation of the scheme and the dynamic characteristics of this mode are subject to the
discretion of the converter manufacturer.

6.5.4 Necessary ¢ onsiderations for dynamic requirements of primary DC
voltage control

In the previous sectiorstatic requirementsfor the primary DCvoltage control relatedcontrol modes
which define their static bahavior, were presented In the event of a disturbancehe parameters
specifyingthose staticbehavioralcharacteristicsuniquely determine the postcontingencyequilibrium
state of the system However they do notdeterminethe dynamicbehaviorof the system nor do they
guarantee thesystem stability

In the context of multivendor multiterminal HVYDC systems, the applicalieethods, required inpug,
and constraints foconductingpreliminary design studies/ould be significantly different from thse of
turnkey Point-to-Point (PtoP) HVDCprojects delivered by a single venddém.sucha systemalthoughit is
ultimately imperative toassesoverall system security anensurethe absence of interoperability issues
through comprehensive systerfeveltestsin anintegrated testing environmengincorporatingall C&P
systemstogether with detailed representation of the entire HVDC system equipmant adjacent AC
systems in a redime simulationframeworkz it is equally importantto facilitate the integration process
and minimize the interoperability risks byestablisting standardizedDC sidedynamic performance
requirementsupfront. This also implies setting clear expectationsfor the performance okach AC/DC
converter station Achieving this, howeverequires addressingseverakey considerations

6.5.4.1 General System Expectations for Primary DC voltage Contro |

The consensus on the general expectaticmmong TSOsfor the primary DCvoltage control and the
corresponding definition of theystemlevel DC voltageangesare outlined below:

In the event of the identified worstase scenariqfor instance, the maximum sudden loss of infeed or
load), the DC voltage at any node within the systehallbe maintained within the predefined system
level DC voltage parameters outlined in Sect®@, whichentails:
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> Ensuringthat the postcontingency steadystate voltages at any system node remain within the
continuous operatindC voltagerange,

> Limiting the dynamic voltage oversho@xceeding thecontinuous operating DC voltagangeto
no morethan the valuespecifiedas apercentageof the nominal voltage

> Ensuring thatany oscillationgo be settled withinY , and

> Preventing the primary DC voltage control frotriggering any unintentionalprotective actions
of anyequipmentduring such events.

In addition,

> Converterswith the same droop parameterquallycontribute dynamicallyto the extent feasible
provided they are equidistant electrically from tteource of the gent and connected tcAC
networks withrespectivesimilar gridstrength.

> The primary DC voltage control shalbt render the system unstable in agiyrcumstance.

> Accessibility to all relevant parameters, deemed necessary and mutually agreed upon for
ensuring system stability and future expandability.

The relevant TSQAs responsiblgor selecting all static parameters as detailedSection 6.5.3 which
theoretically define the Static" characteristics of the systemnder agiven disturbance However,as
illustrated inSection9.4, evenwhen two stations havealentical droop settingsvariationsin droop control
implementationscan lead to significant differencgin their dynamicbehavior These differencesffect

key parameters such as response time, damping, and stability mardihgs demonstrates that droop
settings alone do nonot dictate the dynamic response of the converter, and consequently, the overall
system dynamics

This implies that the dynamic characteristicef the overall system cannot be ascertained uritie
integrated testing environment is establishethcorporatingthe actual control solution of each vendor
altogether. As a first mitigation stepit is imperative for the system operator &stablish standardized
"dynamic performance requirementsfor individual AC/DC converter stationstipfront. These
requirements must be adhered to Bach converter manufacturer in their controller design.

A viableapproach is to adhere to established formal definitions, such as those provided by IE€dor
response and ramp respongeor instance]ECIEV 35146-12Qeferencevariable response of the control
systenn [14] defines the set ofparametersthat describes thedynamic response foa system The
definition involvesthe stepresponse of a control systertriggered by the application of a step function
to one of the input variablesgs well aslynamicresponse to exogenousvents such aglisturbances

Alignment to suctformal definitionscouldoffer afundamental basis for evaluating dynamic performance
and ensuring consistency acra8€/DC converter stations multi-vendor systens.

6.5.4.2 General description of dynamic requirements for primary DC voltage related
control modes

The system operatoshallestablish a comprehensive specificatiarith whichthe dynamic response of
the AC/DC converter station or unit musbmply. In the absence of a standardized specification
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methodology for DGside control dynamics, severdifferent approactes for dynamic performance
specification can be considergithcluding but not limited to:

Step Voltage Reference Response
Step Power Disturbance Response
Step VoltageDisturbance Response
Step Power Reference Respats

vV V V V

According tolEV 35#46-12 (referencevariable response of the control syst@i4] and IEV 35%6-13
(disturbance response of the control systefhp], a set ofparametersis defined todescribethe dynamic
characteristic of a closedloop feedback controbystem Building upon thesalefinitions, thedynamic
performance requirements specification should include, but are not limitedtte following parameters
with their graphical representation provided HGURE 39 andFIGURE 41:

Steadystate deviationz-t
Overshootw

Controlrise tme™Y
Control settling time"Y
Specified blerances 3

V V. V V V

The implications of these parameters may vary depending on ibgpective specification approach
outlined above.

In addition, to ensure the overall system stability, AC/DC converters must provide sufficient damping
when interfaced with various grid configurations under different operating pgimtile meetingthe
specified dynamic performance requirements.

The following section provides an -gtepth discussion of the rationale behind these specification
approaches

6.6 Performance requirements and recommendation of
behavioral specification procedure

The dynamic behavior of an HVDC system is inherently compasexit is influenced by the dynamic
characteristics and interactions of all its subsystems.nieet the overall system stability and reliability
expectations of theoverallHVDC system, each AC/DC converter station or unit within the system must
possess specific performance capabilities. Theapabilitiesare influencedby both their physical design
parameters(e.g., inductor and capacitor sizeand control design parameterg.g., proportional and
integral gains)

However, the actual dynamic behavior also depends on the control architecture of the control scheme,
which mayvary betweermanufacturers as well asnthe connected AC system dynamicgSonsequently,

20 Article 12 of NC HVDGspecifies the active power controllability, including the control range and
ramping rate requirementsat AG-PoC In the context ofa DC grid,assessment of the behaviaf power
at DGPoC isqually important and is therefore considered here.
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the dynamic characteristics of an AC/DC converter station or unit cannot be fully defined by design
specifications alonelnstead, they must be defined as behavioral specificatiomiich aresubject to
assessment under specific environment and evaluated against specified criteria.

This approachaligns with established practice in AC systeéf®Behavioral specifications are essential
because they capture realorld interactions and dynamic responses that design specifications alone may
not predict, especially when integrating converters from multiple vendors.

This section aims tprovide a clear and transparent descriptiontloé general framework for the DC side
behavioral specificatiomnd their evaluation proceduréAlong with the various possible options and their
respective advantages and disadvantages, it provides preliminary recommendations.

6.6.1 HVDC system stability classification

In alignment with the conventions in AC systems, the dynamic expectations of an HVYDC system can be
broadly classified intolarge-disturbance stability and small-disturbance stability [16]. These
classifications are made to streamline the following discussions and are not intended to serve as rigid
standards. It is anticipated that they will be refined and adapted as experience and developments in HYDC
systems evolve.

Large-disturbance stability:

In general terms, largelisturbance stability refers to the ability of a system to maintain stable operation

Al 11T xETC OECI EXZEAAT O AEOOOOAAT AAG8 7EAT APDPI EAA
ability to maintain the voltages after relatly large disturbancessuch as DC faults, the loss of AC/DC

converter station or unit, circuit contingencies, or intentional change in power for ancillary serVices.

ensure large disturbance stability of the system, each AC/DC converter station omusit possess

adequate dynamic performance capabilities, aligned with the functional requirements, to cope with
worst-case disturbance scenario in the systénthe given converter

Small-disturbance stability:

Smaltdisturbance stability, also known as smalgjnal stability, is a common concern across all types of
OUOOAI 68 )O OAEAOO Oi OEA OUOOAI 80 AAEI EOU O1 OAI
typically related toinadequate damping of oscillations or undesired control interactidrg: analytical

purposes, linearization of the system under consideration is generally acceptable. To ensure small
disturbance stability, each AC/DC converter station or unit must provide sufficient damping when
interfaced with various grid configurations under different operating pointhis must be accomplished

without compromisingthe fulfilment of thedynamic performance requirements.

Dynamic performance requirements for largedisturbance stability:

21For example, VDRAR-N 4131specifies the functional requirement for dynamic AC voltage control by

It also provides the associated dynamic performance evaluation metrics. Additionally, it assigns the
responsibility to the system operator to predefine the network shoircuit impedance for the evaluation.
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For largedisturbance stability, thedynamic performance requirementsfor the AC/DC converters must
be specifiedThese requirements are typically aligned wibrrespondingunctional requirementsln the
context of DC systemgnsuring largedisturbance stabilityequiresafocus orperformance requirements
associated with the converter control modes, such as DC voltage droop co@oohpliance to the
specifieddynamic performance requirementshall beevaluated in an adequate environment, which
should hclude clearly defined criteria and evaluation methods.

Stability performance requirements for smaltdisturbance stability:

For smaldisturbance stability, thestability performance requirements for AC/DC converters must also

be thoroughly evaluated to ensure the absence of any undesired contribution to the -sigaél
instability. In AC systems, harmonic stability requirements are traditionally assessed through harmonic
stability studiesFor DC systemsimilarpractical stability performanceequiremenscan beestablished
tailored to accountor the absence of fundamental frequencihese ainto minimize the risk of undesired
control interactions and oscillatory behavigrensuring thatthe system remais stable under various
operating conditions.

6.6.2 Scope definition for MV -MTDC system design & testing framework

This section provides an overview of the design and testing framework foMIMAC systems. The key
stages are referred to as the specification stage, the design stage, and the integration stage

Throughout the project lifecycle, the MTDC system is developed, tested, and validated to meet the
functional and performance requirements established during 8pecification stage In traditional point
to-point HVDC projects, compliance processes are divided into distinct phBsesgization Operational
Notification (EON), Interim Operational Notification (ION), andFinal Operational Notification (FON)
These phases outline compliance checkpoints critical for system approval and integration also réevant
Multi-terminal HVDC systems.

In theDesign stage each vendor conceptualizes and designs the C&P system for each converter to meet

the dynamic and stability performance requirements specified by the relevant system operator or. TSOs

To receive arEON from the relevant system operator or TSO, the HVDC system must demonstrate
designphase compliance with specified fundamental requirements. This stage includes initial design
validations to confirm that core functional and safety criteria are met, aligninOEA OUOOAI 6 O AAE
with the grid's operational standards.

Following the design stage, the project advances to liiegration Stage. In this phase, all C&P systems

from each vendorare integrated and subjected to coordinated testing. This stage encompasses a
comprehensive assessment of all HVYDC system equipment and components, validating their collective
functionality and interoperability.All potential interactions between subsystems will be thoroughly
AOOAOGOAA xEOE EECE AACOAA 1T &£ AAOOAET OU 1T &£ AAAE 060
performs asexpected.Successful compliance in this phase allows the HVYDC system owner to obtain an

ION, authorizing subsequent system testing on site.

To achieve the finaFON, the system must demonstrate compliance in actual operational conditions
through onsite measurements and performance evaluations. This phase serves as the final compliance
checkpoint, verifying that the HVDC system meets performance requirements compéoedite
measurements and certifying the system for operational integration into the system.
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FIGURE 35 provides a conceptual overview of the general converter control system design and testing
framework for MUMTDC systems. While the flowchart remains general, it is specifically tailored to
highlight aspects related to D&ide dynamic performance studiemi@ harmonic stability studies in the
design stage. As such, it may not fully capture other aspects not directly associated withTherdashed

line represents the additional interface required for constructing the DC grid from scratch, different from
expanding the system, in alignment with the InterOPERA context.

For detailed complementary information on the specification stage, readers are encouraged to refer to
InterOPERA deliverables DJ17]and anyforthcoming related deliverables. For the integration stage,
please refer Deliverable D1B3]. and future deliverables as they become available.

SQeCI ication _nte tor's role
grator’s rol
Stage Preparaticn of technical specifications, including functional parameters and performance checking sheets

P e
= Functional requirements E

5=| = Functional parameters * Test methods
a
= Performance checking sheets | * Testenvironment

(AC & DC grid equivalent)
» Etc

Control design

‘ C&P systemdesignand updates by
eachvendor

Updated DC grid equivalent models

Designstage

Dynamic studies I

Dynamic Performance Studies
conducted and reported by each vendor

Impedance acquisition/provision

Non-compliance with

stability requirements

Non-compliance with
performance requirements

Preliminary impedance of the converter Derivation of impedance profiles at each
DC-PoC, while considering the uncertainty in
other design parameters and varying grid
configurations, power flow conditions, etc.

Harmonic stability studies

Stability studies conducted in frequency
domain and reported by eachvendor Impedance profiles at the respective DC-PoC

[xeey

Compliance-certified actual C&P system from each vendor

System integration tests

Integration , e ) ) ,
Incorporating all C&P systems together with detailed representation of the entire HVDC system equipment.
Stage Frequency domain analysis of the MIMO system using the scanned impedance of each subsystem

FIGURE 350verview of the general converter control system design and testing framework fer MV
MTDC systemd-or comprehensive details on the project phases and studies to be conducted in each
stage, please refer to InterOPERA D[L8].

Thenecessary specifications, comprehensively addressing the dynamic and stability requirements, must
be provided to the vendors upfront to enable them to proceed independently with the C&P system design
process in the design stagélhe essential inputs for the design stage are, thus, the speditiedtional
requirementsfunctional parametersand performance checking sheetshich will be detailed in the
subsequent section.

It is important to note that during this design stage, development is carried out independently. In-multi
vendor MTDC projects, different vendors may simultaneously develop othessgatems in parallel. This
parallel development introduces an inherent wmtainty, as some critical design and control parameters
of other subsystems that could have significant influence on the dynamic characteristic of the system
remain unknown. This uncertainty must be mitigated through the careful formulation of dynamic
performance specification and execution of harmonic stability studigss is a particular challengehen
constructing an MTDC grid from scratclithereas itis less criticalvhenexpandinganexisting DC grid.

Inter | | |
OPER A Functional requirements for HVDC grid systems and subsysteim§4

Enabling multi-vendor HVDC grids



The key steps within the design stage are as follows:
Control Design Step During this stage, each vendor designs aipdiates their respective C&P systems.

Dynamic Performance Studies This step involves conducting dynamic performance studies to evaluate
compliance with the prescribed dynamic performance requirementgbject to the connectionvith the
respective AC and DC grid equivalents introduced in Se@&i6r8

Harmonic Stability Studies. Harmonic stability studies are carried out to assess the harmonic stability
performance of individual AC/DC convertdihe system operator or system integrator, in coordination
with the relevant TSOs, shall provide frequerggpendent impedance profileepresentingthe DC grid

as seen from the D®@oCundera range of possible operational conditionEnecessarythese profiles are
derived using thereliminary impedance profiles of converter stations, $¢6URE 35.

The respective specifications and their assessment through the studies depend on the scope of interest
and the associated conditions on which these specificatimmd assessmerdre basedsuch as the range

of frequency of interest The detailed formulation of the dynamic performance requirements and
harmonic stability requirements, along with theecommendations for theassociated studiegor their
evaluationsare provided in the subsequent sections.

6.6.3 General workflow for compliance testing

This section outlines thgeneral workflow for compliance testing in the design stage. In alignment with
the practices in AC systems, the dynamic performance and stability requirements, along with their
compliance testing procedures are structured through the/sd 1 Pédkfdrmabice Checking Shee??.

This practice is used by TS®@ validate the grid code compliance of an HVDC system connected to the
transmission grid[19] [20]. This typically comprises the following elements: test objective, test
environment, test methods, signals to be reported, and evaluation criteria.

Test objective

The test objective is a fundamental element of the performance checking sheet. For each test, the
objective may differ depending on the specific performance aspects to be evaluated.

Test environment

For each test, it shall clearly specify what the DUT must be interfaced with at #8o8Cand D&0C,
respectively. The details of its AC and DC grid equivalents for each test shall be determined through the
coordination between the system operator, inaaination with the relevant TSOs and the HVDC system
owner. FIGURE 36 illustrates an example of a general test environment, where the Device Under Test
(DUT) considered is the positive pole converter unit of an AC/DC converter station. It should be noted that,
in some tests, the DUT may also encompass both the positive agdtive pole converter units.

22The term may vary and be referred to by another name depending on the TSO
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DC grid AC grid
Equivalent Equivalent

FIGURE 36 lllustrative depiction of test environment
where the DUT considered is the positive pole conve
unit of an AC/DC converter station

Test methods
The specific test methods should depend on the objectives of each test.

For dynamic performance studies, tirdomain simulations shall be conducted. For harmonic stability
studies, frequency domain analysis shall be conducted, and verified through time domain simulations.

Signals to be reported

The signals, as agreed upon between the vendor and TSO, must be monitored during the tests and
reported.

Evaluation criteria

The evaluation criteria for each test shall be clearly defined and based on the technical requirements
specified by the system operator and thelevant TSOs.

6.6.4 Dynamic performance requirements

This section outlines thdetailed dynamic performance requirementpecificationfor AC/DC convertey
andprovidesrecommendations for theevaluaion methodology It discusses the possible procedures and
the evaluation criteria that must be specified by the system operator in coordination with the relevant
TSOs.

6.6.4.1 Dynamic performance studies framework

Inthe specification oflynamic performanceequirements specification antheir evaluation there are
two critical aspects to considefhissectionoutlinesthese aspectand provide ajeneralizationof their
implications.

Inter | | |
OPERA Functional requirements for HVDC grid systems and subsystein§6

Enabling multi-vendor HVDC grids



Test environment for dynamic performance studies

To evaluate the functionality on the DC side, the AC grid equivalent can primarily be represented by an AC
voltage source with appropriate SCRs and X/R ratio values. These parameters should be adapted to
replicate the various AC grid conditions that the DWnay encounter during operation. The system
operator, in coordination with the relevant TSOs, should specify these values to accurately reflect the AC
grid characteristics at the A®oC.

On the other hand, unlike the wedistablished methods for representing the AC grid equivalent, there is
currently no standardized approach fonodelling the DC grid equivalent. This absence of a defined
methodology allows for a range of possibilities, which remain subject to refinement based on experience
and evolving best practices. The DC grid equivalent is expected to be sufficiently representative for
evaluating the vendor's C&P system and capable of capturing the key properties of the DC grid to which
it will connect, while also being simple and easily adjustable.

The appropriate equivalent representations may differ depending on the type of test and other relevant
factors.

Given these considerations, the generalized test environment for dynamic performance studies is
illustrated inFIGURE 37.

DC grid equivalent

AC grid equivalent

1. Source 2. Impedance DC-PoC AC-PoC

P I i 1 pos

i Current ! ! Resistor inductor  Capacitor | ———0—] V2 Xac

| soure W o = 4 —()
' (or Power { ! i oS =

i : ! 3 dec

, source) ] I Y

i 1 OR |

I
i Voltage I‘G i i . ) . 1
! source i [ requency-dependent _n_ )
E : 1 impedance model :

| FIGURE 37 Generalized test environment for dynamic performance studies.

> Source element:

One of the key aspects in defining the DC grid equivalent is the selection of the source element,
which can be either a DC voltagwurce or a DC current (or power) source. This choice
significantly impacts the observable dynamics during testing and the insights gained about DUT.
Using a DC voltage source implies putting a primary focus on the DUT's ability to regulate current
or powe in response to changes in DC voltage at the B(C. However, as the DC voltage is
imposed by the source, the dynamic behavior of the DC voltage is suppressed by the source itself.
This means that any fluctuations or variations in the DC voltages, whightnoccur under real
operational conditions, cannot be fully assessed. Alternatively, the source element of the DC grid
equivalent can be represented by a DC current or power source. This approach is useful for
evaluating how the DUT manages voltage caitresponse to changes in load, and its interaction
with current or power disturbances.

> Impedance element:
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The DC grid equivalent shall also include elements that replicate the impedance characteristics of
the actual system asbservedat the DGPoC of the DUT. As confirmed $ection9.5.1, DC grid
impedance characteristics can vary significantly depending on the grid configuration and the
design parameters of its subsystems. When constructing a grid from scratch, grid impedance
characteristics are subject to high uncertainty.this context, the findingsin Section9.5.1are
particularly relevant, as the most critical grid characteristics can be effectively capturadiby

two RLC combinations ad simple circuit, representing the highest and lowest DC gtiffness
However, thisremainssubject tofurther refinement as more experience is gained in the future
and the use ofmore sophisticated DC gri@équivalent model should not be excluded from
consideration In either casethe appropriate impedance valuesr profilesshall be specified by

the system operator, in coordination with the relevant TSOs.

Test methods for dynamic performance studies:

According to the relevant dynamic performance requirements, appropriate test methods should be
applied. Several plausible candidatesxist for dynamic performancespecificatiors and the associated
compliance assessmemethodologies These are:

1. Step voltage reference response test
2. Step power disturbance response test
3. Step voltage disturbance response test
4. Steppowerreference response te&t

Each of these methods serves #&ssess specific aspects of dynamic performanoeaddition, ramp
response, such as ramp voltage disturbance respansamp voltage reference response testeuldalso
be considered.Furthermore, dynamic performance assessment tailored f&pecific evertbased
scenarios, such as pe#ult dynamic behavior, may also be relevant (Sgection 7.3.50n postfault
active power recovery)

Thefourtest methods listed above are described in detail in the following sectiéhisoughthe dynamic
performance studieswill primarily focus onDC voltage droop control, the test methodology can be
directly applied to other control modes as walABLE 15 provides a summary of the applicability of the
tests for each control mode, with the following notationgindicates straightforward applicability, N/A
signifies unequivocal norapplicability, and (N indicates that while applicable, its relevance is
guestionable.

TABLE 15: Test applicability to each D&ide control mode.

1.Step voltage 2.Step power 3.Step voltage (4.Step power
reference response disturbance response disturbance response | reference response)
DC voltage droop mode N N N (N)
Fixed DC voltage mode N N N/A N/A
Fixed Active power mode N/A N/A (N) N

23 Steppower reference response teis notdirectly relevant to the specification and assessment of the
primary DC voltageelated mode. Article 12 of the NC HVDO®tlines the requirements for active power
controllability, including the control range and ramping raeguirements at AdPoC.However, in the context
of a DC grid, it is crucial to evaluate the behavior of power alx@d?oC Therefore, this is included here for
consideration.
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6.6.4.2 Step voltage reference response test

Test objectives:
Theobjectives of the test involve the following:

> To ensure the capability of the AC/DC converter unit to adhere to the DC voltageogstat its
DGPoC in a steady state.

> To assess the closddop dynamic behavior of the DUT undearying DC grid connection
conditions

Test environment:
The test shall be carried out for each of the AC/DC converter units in the relevant AC/DC converter station.

The schematic illustration of the test environment for the step voltage reference test is shown in
FIGURE 38.

DC grid equivalent AC arid equivalent

DC-PoC AC-PoC

DUT

pos
I dc

RAC XAF
Vo —(n)
pos =
Udc

FIGURE 38 Schematic depiction of test environment for step voltage reference response test, where
the DUT considered is the positive pole converter unit of an AC/DC converter station.

> AC grid equivalent:

The AC grid equivalent shall be specified by the system operator, in coordination with the relevant TSOs.
A conventional approach is to represent it as a Thevenin equivaiendelledby an ideal voltage source

with appropriate SCR and X/R ratios. In that case, the specific values for SCR and X/R ratios should be
determined by the relevant TSO, to accurately reflect the actual AC grid characteristics at tHro@C

When deemed necessary, the AC grid equivalent may also incorporate additional details ssinehntil
dynamics and generic primary frequency response of the AC grid, which can be particularly pertinent for
assessing the effect of GFM capabilities.

> DC grid equivalent:

The DC grid equivalent shall include a current or a flexible current source to inject/draw conotaet,

to replicate the initial power flow conditions for the study. Additionally, it must incorporate an impedance
element to represent thadequateDC gridstiffnessseenat the DC PoC. The impedance values should be
selected to replicate both the highest and lowest DC gtiffnessat the DGPoC. The system operator, in
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coordination with the relevant TSOs, is responsible for determining the appropriate impedance profiles
for the test.

Test description:

1. Initial state:
a. The initial power flowd should be set to one of the specified power flow conditions.
b. The DC voltage at the DRoC of the DUT should be detthe normal DC voltage, i.e.
Y Y pBEB
2. Without a ramp limiter on the DC voltage sgoint™Y , increas€Y of the DUT by"Y. In the
absence of data in the test sheets, the default value shatthe 181 PO
3. The test shall also be conducted with a step change it@ievoltage setpoint in the negative
direction.
4. Repeat 13 with all the initial power conditions specified in 1.

TABLE 16 summarizes the relevant parameters to be specified by the system operator for the test
scenario of the step voltage reference response test.

TABLE 16: Relevant parameters to be specified by the system operator for the scenario of the step
voltage reference response test.

Symbol Variable Default value
IFa Initial power flow condition N/A25
—am DC voltage set point N/A
Ty Magnitude of step change in DC voltage setpoint T8t P

Signals to be reported

Time domain simulations must be carried out on an industigndard EMT simulation platform. The
HVDC system vendor is responsible for performing these simulations and provide the resulting time
domain.

The HVDC system vendor shall provide thowing signals obtained by the simulations:

> Measured signals at DBoC

o Poleto-neutral DC voltage

o DC current

o DC power

0 Poleto-ground DC voltage

o Neutrakto-ground DC voltage
> Measured signals at A2oC

24 A 2% value is considered sufficient to capture the dominant DC voltage dynamics while staying within the
continuous operating range. However, this value is provided as an example and is subject to agreement

between the vendor and the relevant system opearat

25Theseinitial power flow conditiors should remain within the maximum power limits (in each direction)

required of the converter station. The specific values should be determined through agreement between the

OAT AT O AT A OEA OAI AOGAT O 43/ h AAOAA 1 leratorialkapdbilit). OAOOA OB C
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0 AC active power
0o AC voltage

Evaluation Criteria

The evaluation criteria for the test can follow the definitions outlined IEV85X ¥ O O Avadaidd T A A

OAOPT T OA T &£ ORA. AT1T 0011 OUOOAI 6
1.06 = A ‘ Ax,,:Steady-state deviation |
: A .
£ 1.04 7 | Ax,:Specified tolerance |
-QS) H H H
£ 1.02 7 T.:Control settling time ’
Z - ;
i 1.00 T,,:Control rise time ! :
0.98
0.9 1.0 1.1 1.2 1.3 1.4 1.5
Time ¢ (s)

FIGURE 39 Parameter definition for the evaluation of the step voltage reference response test (The
figure reproduced following the definition in IEV 356-X ¥ O O Ava&dahldréspoAse of the control
ouoqm o

TABLE 17 summarizeghe evaluation criteria fothe step voltage reference response test.

TABLE 17: Evaluation criteria for the step voltage reference response test.

variable Corresponding Default value
variable
L Rl Steady-state value of the controlled Y RY ofp 3726
variable
° Steady-state deviation N/A

o, Specified tolerance T8 B Y

S Overshoot ] 3 Y
MR Control response time ¢mnino
AWk v Control settling time onino

The DUT is considered compliant with the dynamic performareguirements if the reported signals
meet the evaluation criteria specified by the system operator, in coordination with the relevant TSO.

Test demonstration:

For the demonstration purpos&IGURE 40 depicts the demonstration using an exemplary DUT solution,
where a step change in the DC voltage-peint (3"Y 1@t ¢80 is applied. The initial power is set to
p Tt TE T7 in inverting mode. The impedance element in the DC grid equivalent is configured by the RLC

26 Different voltage levels may also be considered accounting for the desired operational conditions of the
DUT.
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circuit with two combinations derived in thstudies in Sectiord.5, which represents the highest and
lowest DC grigstiffnessconditions.The grey area represents the forbidden regiamaccordance witlhe
default evaluation criteria metrics for the testhe TABLE 18 summarizes the evaluation results of the

test performed.

1.03 7
5 i .
2102 - o —
=
o 1.01
apn
&
=
I}
= 1.00
8 —— DUT (Highest DC grid stiffness)
—— DUT (Lowest DC grid stiffness)
0.99 T T T
—0.1 0.0 0.1 0.2 0.3 0.4 0.5
Time ¢ (s)

| FIGURE 40 Demonstration of step voltage response test using an example DUT.

TABLE 18: Example evaluation results of the step voltage reference response test performed.

symbol Default value Highest stiffness Lowest stiffness
= p 3V Es p8L G Tt P8I G Tt
° N/A TGITTTMTTG @ TBITMTMTT X
So S ] 3Y minp Y T TT TT W
A, ¢ mino pLIWO wy O
AL vy omnino CQ)EUO (JOLI!O

6.6.4.3 Step power disturbance response test

Test objectives:
The objectives of the test involve the following:

> To evaluate the closetbop dynamics of the DUT under various possible operaticoalitions
> To assess whether the DUT possesses sufficient disturbance rejection capability to handle worst

case disturbances.

Test environment:

The test environment remains the same as those for the step voltage reference response test. However,
in this test, the power source is utilized not only to determine the initial power flow condition but also to

generate the power disturbance.
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Test description:

1. Initial state:
a. The initial power flow should be set to one of the specified power flow conditions.
b. The DC voltage at the DBoC of the DUT should be getthe specifiedvalue,e.g.,

Y P8TEE8
2. Generate a power disturbance by changing the valué @60 30 .
3. Repeat 2 with all the initial power conditions specified in 1.

TABLE 19: Relevant parameters to be specified by the system operator for the scenario of the step
power disturbance response test.

variable Default value
IFa Initial power flow condition N/A27
la Change in power injection value N/A28
=T DC voltage set point p81DEB

Signals to be reported:

The signals to beeported remain the same as those for the step voltage reference response test.

Evaluation Criteria

The evaluation criteria for the test can follow the definitions outlinedEl 3546-13 (disturbance
response of the control syste/fil5].

1.05 T T 1
T,: Control settling time | | Ax,,:Steady-state deviation
5 1.00 i SN N S —
CHE 1
2 \ ; | Ax,: Specified tol
..g 0.95 4o AW S— xs. pecified tolerance
2 7
P W ey
<< H : : ! :
T,,:Control rise time ‘ i - g"’;”
0.85 i '. i . i
1.4 1.5 1.6 1.7 1.8 1.9 2.0
Time t (s)

FIGURE 41 Parameter definition for the evaluation of the step power disturbance response test (The
figure reproduced following the definition in IEV 3%@-13 (disturbanceesponse of the control

system) [15]0

2’Similarly to the previous test, thepecific values should be determined through agreement between the
vendor and the TSO

28 The magnitude of the disturbance is defined #y hwith the default value left unspecifie@heset of valus
of 30 should be determinedased orthe agreedupon initial power flow conditions and considering the
maximum power capability of the DUT, ensuring that its operational limits are not to exceeded.
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TABLE 20 summarizeghe evaluation criteria fothe step power disturbance response test.

TABLE 20: Evaluation criteria defining variables for the step power disturbance test.
|__symbol ________ variable _______Corresponding variable ___Default value |
. Controlled variable Y N/A
L Rt Steady:state values of the Y ORY N/A
controlled variable
° Steadystate deviation 3'Y N/A
1w Desired value N/A
S-S Over/Undershoot P8t & O N8
o, Specified tolerances ™Mz O ©
L, Control rise time G T
ey Control settling time o Tidni

The DUT isconsidered compliant if the reported signals meet the evaluation criteria specified by the
system operator, in coordination with the relevant TSOs.

Test demonstration:

For demonstration purposé;IGURE 42shows the step power disturbance test using the same exemplary
DUT solution, where a step power disturbance qf 1t 1 17 (30 p8tB80 is applied. The initial
power is set top Tt TE T7 in inverting mode. The impedance element in the DC grid equivalent is
configured by the RLC circuit with two combinations deriviecthe studies in Sectiod.5. TABLE 21
summarizes the evaluation results of the test performed.

1.025 , ,

e =2 =
o o 2
ot =1 o
S o S
1 1

0.900 o H —— DUT (Highest DC grid strength) |
—— DUT (Loweat DC grid strength)

0.875 - — ; ;
01 00 0.1 0.2 0.3 0.4 0.5

Time ¢ (s)

DC voltage Uy, (p-u.)

| FIGURE 42 Demonstration of step power disturbance response test using an example DUT.

TABLE 21: Example evaluation results of the step power disturbance response test performed.

symbol Default value Highest stiffness Lowest stiffness
L N/A TBO L U O U @
o pBIEL DS T8l g o 8t o p
s » et 6 v O it O
duy omi O cuit O ptikO
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6.6.4.4 Step voltage disturbance response test

In addition to the two previously presented test methods, which are grounded onestdblished closed

loop control performance evaluation, an alternative testing approach may also be considered. As this
alternative test method fundamentally differs fronthe prior approaches, it requires additional
consideration that warrants careful attention.

Test objectives:
The objectives of the test involve the following:

> To assess the sgioint tracking capability
> To assess thepen-loop quaststatic behavior of active power response to changes in DC voltage

Test environment:

The test shall be carried out for each of the AC/DC converter units in the relevant AC/DC converter station.
While the AC grid equivalent remains the same as in the two previous tests, the current or power source
in the DC grid equivalent is replaced bydtage source. The parallel capacitor connected to the voltage
source should be removedsthe voltage is solely set by the connected voltage souildee voltage source

is utilized to generate voltage disturbance.

DCgridequivalent ACgrid equivalent
Volage source DC-PoC DUT AC-PoC

> \/\ Rac Xac
—#—o— MW —()
yros =

FIGURE 43 Schematic depiction of test environment for step voltage disturbance response test where
the DUT considered is the positive pole converter unit of an AC/DC converter station.

Test description:

1. Initial state:
a. The initial power flow injectio® should be set to one of the specified power flow
conditions.
b. The DC voltage at the DBoC of the DUT should be detthe specified valuee.g.,
Y Y pBEB8
2. Generate a voltage disturbance by changing the valug&/ab Y 3"Y. In the absence of a
specific value, the default value shall &Y 1@t &0
3. Repeat 2 with all the initial power conditions specified in 1.

Inter | | |
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TABLE 22: Relevant parameters to be specified by the system operator for the setup of the step
voltagedisturbance test.

variable Default value
e Initial power flow condition N/A
Ta Change in voltage value T8t drst ¢ P8
—am DCvoltage set point p8T DB

Signals to be reported:

The signals to be reported remain the same as those for the previous two tests.

Evaluation Criteria

The evaluation criteria for this test can be drawn on the practicesiine AGside functional specification.

For instance, te specific dynamic performance requirements for FSM can be found in NC HVDC Annex |l,
A(1), as well as Article 71(8). The requirements for AC voltage control are outlined in article 22(3) and
71(3). For both, the requirements are predominantly characterized by activation times.

Adapting this to the DC counterpart, the evaluation criteria can be formulated as a set of activation times.
The evaluation criteria defining parameters for the step voltage disturbance response test, along with its
illustrative depiction, are provided IRIGURE 44 and TABLE 23.

450 - o T DUT |
= 400 . —
g 350 - to: 5o% provision
S*B 300 T
© = 250 1
",,5 "‘: 200 ~
=S 150 1 7 !
@) 100 L | - |
i t3: go% provision
< 50 - s ? P -
0 ; et i :
—50 i — i T
—-0.1 0.0 0.1 0.2 0.3 0.4 0.5

Time ¢t (s)

FIGURE 44 Parameter definition for the evaluation of the step voltage reference response
(specifically illustrating the case where the initial power ).

TABLE 23 summarizeghe evaluation criteria fothe step voltage disturbance response test.

TABLE 23: Evaluation criteria for the step voltage disturbance response test.

variable Corresponding Default value
variable
< Activation time As fast as inherently
technically feasible
< 50% provision vt O
< 90% provision onino
Inter | | |
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The DUT is considered compliant if the reported signals meet the evaluation criteria specified by the
system operator, ircoordination with the relevant TSOs.

Test demonstration

FIGURE 45 presents the step voltage disturbance response test results using the same exemplary DUT
solution. In this test, a step DC voltage disturbancepafE §3°Y T8t &Y is generated by the
voltage source, with the initial power set fo- 7. As previously noted, the impedance element in the DC
grid equivalent is configured using the LR circuit, with values derived from the two combinations identified
in the studies in Sectiof.5.

A notable discrepancy in steagstate behavior is observed between the two casekich isattributed to

the resistance of the DC grid equivaleithis resistancafluencesthe steady-state voltage at the D&Gide
connection point observed by the DUT. The dynamics immediately following the disturbance are strongly
affected by the time constant of the LC circuit.

The relationship between observed dynamic behavior in this test and the actual behavior of grid remains
an open question. Nevertheless, this test remains valuable for evaluating -qte&i behavior and
assessing steadgtate compliance for both DCVSM ah®CVSM modes.

500 ; T ; ; 500
§ 400 § 400
2 2
o 300 a, 300 A
3 200 A / g 200 o SRR
=} 2
A~ 100 A A< 100 4
£ g
i3] 0 — * Active power | S 0 - ° Active power
< e < e
—100 T T —100 T T
—-0.1 0.0 0.1 0.2 0.3 0.4 0.5 —-0.1 0.0 0.1 0.2 0.3 0.4 0.5
Time ¢ (s) Time ¢ (s)
a) The highest DC gridtiffness b) The lowest DC gridtiffness

| FIGURE 45 Demonstration of step voltage disturbance response test using an example DUT.

TABLE 24: Example of galuation results of the step power disturbance response test.

symbol Default value Highest stiffness Lowest stiffness
<« As fast as inherently
technically feasible
< o1t O vt O od O
< oninO ¢qlpo pubO

6.6.4.5 Step power reference response test

The functional specificatiomnd evaluation of active power contdlO A UT Al EA DPARDE&EI Oi Al
are weltestablished practicesThe following provides a concise overview and a typgsample, with the
intention of extending the scope dhe existing pactice to incorporate quantities at the DRoC.

Test objectives:

Inter | | | _
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The objectives of the test involve the following:

> Toevaluatethe ability to adjust thesetpoint upon receiving an order
> To assess theet-point tracking capability
> To assess theapability of adjustinghe powerramp rate

Test description:

1. Without ramp limiter

a. increased of the DUT by .

b. Inthe absence of data in the test shedtse default value shall bed 1 B
2. With a ramp limiter

a. increased of the DUT by with maximum ramp rate prescribed

b. Inthe absence of data in the test sheets, the default value shadtlbe T P&

TABLE 25: Relevant parameters to be specified by the system operator for the setup of the step
powerreferencetest.

variable Default value
Iy Change in power set point TiH B8
) Maximum ramp rate (=]

Signals to be reported:
The HVDC system vendor shall provitie following signals obtained by the simulations:

> Measured signals at DBoC

0 Poleto-neutral DC voltage

o DC current

o DC power

0 Poleto-ground DC voltage

o Neutrakto-ground DC voltage
> Measured signals at ABoC

0 AC active power

0 AC voltage

0 AC current

Evaluation Criteria

I The steadystate error of active poweshallbe less thamat 1t . u.

No disturbanceshall beobserved on the AC voltage

In the test with ramp limigr, the prescribedramp rateshall beadhered
The DUTshallmaintain stable operation withoublocking or trip.

= =4 =

29The value shall be specified by the relevant operator.
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6.6.5 Harmonic stability performance requirements

Smaltdisturbance stability, or smaBignal stability of a system generally refers to how effectively each
AC/DC converter contributes to the damping of small oscillations within the system. Since converters are
coupled through the network, the way oseillons propagate across the system and how multiple
converters interact with these oscillations significantly impact the skd@turbance stability of the
system. Importantly, smaidsignal instability can occur at any frequency.

The dynamic performance requirements for DC voltage droop control mode or other operational modes
are primarily dictated by the expected dynamic behavior of the system that they dir@dilyence In
contrast, the stability performance requirements for an AC/DC converter should be viewed as a
comprehensive evaluation of th& T T O A é@@binédScharacteristics, including the converter's design
parameters, the inner controller, and sensor delays, all of which play equally critical roles in determining
its dability performance.

This sectiordefinesthe harmonic stability performanceequirements along with the recommendations
for the evaluation methodologwnd important consideration$or its application

6.6.5.1 Stability performance studies framework

This sectioroutlines the framework for stability performance studies. Its fundamental concept aligns
with traditional practices of harmonic stability studies in AC systems. The primary objectives of these
studies are:

> To ensure the smaBignal stability characteristic of the DUT at the {PGC under a range of
operational conditions

> 47 A1 OOOA OEA OAAAEI AOGO 1T £ OEA $5480 OOAAEI EOU

Test environment for stability performance studies

The studies shall be conducted in frequency domain. For these studies, the system operator or system
integrator, in coordination with the relevant TSOs, shall provide frequetdegendent impedance profiles

that accurately represent the DC grid as seen frtme DGPoC in a range of possible operational
conditions.The frequency range of the provided impedance shall sufficiently encompass the key dynamics
where potential interactions may aris&ince the impedance of the grid is highly dependent on the grid
configuration, power flow conditions, the other converter statioogntrol modes and other factors, the
impedance profiles to be provided shall account for sufficient variations in those factors to capture a
sufficient range of potential grid conditions.

Test methods for stability performance studies

The stability performance requirements of the Dliihdera range of possible operational conditions,
shall be evaluated based on the Nyquist stability critedom also validated in time domain simulatians
To validate the frequencgomain stability results in the time domain, a representative DC grid
equivalent is required.
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The DUT will be deemed compliant if it meets the evaluation criteria specified by the system operator, in
coordination with the relevant TSOs, across the range of operational conditions reflected in the grid
impedance profiles.

Limitations and considerations in  stability performance studies

The methodology presented includes several important considerations that require attentre
notable limitation arises when the grid is being constructed from scratch, as several subsystems may be
designed in parallel during the design stage. This is in alignment with the InterOPERA context. In such
cases, the grid impedance seen from a-BQC is dependeron the other subsystems that are still in the
processes of design. In this scenario, it is a prerequisite that each vendor provides a preliminaigriogpe
profile, asillustrated by the dashed arrow IFIGURE 35.

Additionally, the accuracy and applicability of the harmonic stability assessments rely on how well the
obtained impedancesepresentvarious grid configurations andperationalconditions observed at DC

PoC as this variability could significantly affect the overall compliance results. Additional details can be
found in Sectiord.6.

Whilethe proposed methodologyocuses exclusively orbehaviorat DG-PoG it is important to note that
actual converters are mulport systems. Therefore, the overall stability of the system cannot be
guaranteed without considering theharcteristicsof the AC grid to which each converter is going to be
connected.

Given these points, it should be emphasized that the stability performance requirements and this
assessment procedure for individual DUTs are primarily aimed at derisking and mitigation. Once the final
C&P systems oéll subsystems are provided by the respective vendors, incorporating all C&P into a
detailed environment and thoroughly assessing all potential interactions based on full certainty on each
subsystem obtained by individual impedance scanningmain crucial in ensuring the stability of the
entire system.

6.7 Secondary DC Voltage Control

Like the primary AC frequency control, the primary DC voltagatrol is concerned with containment of

DC voltage excursionsnd maintaining power balance in the DC guding proportional control.
Therefore, when a disturbance occurs in a DC grid, the primary DC voltage control will find a new
equilibrium point, but it will be different from the preontingency DC voltage profile and power flow.

Similar to how secondary frequency control in AC systems corrects the area control error and restore the
frequency to the nominal value after the primary frequency control action, the principal objectives of the
secondary DC voltage control aj21]:

> To correct and maintain the active powiaterchange over the DC grid.
> To maintain or restore the power flow and DC node voltages within the specified limits.

It is imperative to acknowledge the fundamental difference between AC and DC systems. While the
frequency serves as global variablethat reflects the generation and demand balance of the whole
system, it is not the case in a DC grid as the DC voltage at each node varies due to the voltage drop across

Inl:er Functional requirements for HVYDC grid systems and subsysteld§(
OPERA a griasy Y

Enabling multi-vendor HVDC grids



the cables and depends on the load flow conditi¢®8]. Consequently, unlike secondaAC frequency
control, which dispatches power references to generators, secondary DC voltage control must transmit
not only the appropriate power sgtoints but also the DC voltage spbints to the converter stations.

According to the optimal sepoints calculated by the dedicated optimal DC power flow calculation
algorithm, which takes into account the security constraints and objective function, the secondary DC
voltage control ensures that the converter stations effigely track these sepoints while respecting all

the constraintg13].

6.8 Continuous Control Functional Requirements of
Subsystems & Parameter Lists

TABLE 26 provides a&comprehensivesummary of the functional requirementnd associated parameters
related to the continuas controlthat subsystemsnust comply with, in addition to thse stipulated irthe

NC HVDC [4]. This set ofparameters and their range are preliminary proposal based amitial
investigations. During Phase Il of the InterOPERA project, these recommendations will undergo a
thorough validation process.

TABLE 26 Continuous Control Functional Requirements of Subsystems & Parameter Lists

Short description Associated Subsystem
parameters, if any

Element The DC grid controller shdlle capable to DC grid controller
status ascertain the realtime status of every
analysis element within the HVDC system.
System The DC grid controller shdlle capable of DC grid controller
topology accurately determining the actual
analysis configuration of thegrid topology
Element The DC grid controller shall be able DC grid controller
limitation comprehend the actual capabilities c
analysis eachconverter stationwithin the system
DC \Eld The DC gird controller shall be able DC grid controller
flow calculate the optimal DC power flow

optimization adhering to the objective function

specified by the relevant TSO.

ST=Tel e EIgYAIBI® See SectiorB.7 DC grid controller
voltage

control

Ramp (i) The DC grid controller shall be capable DC grid controller
coordination adequately coordinating the ramp rate c

individual converter stationsor unit to

ensure the power balance during th

ramping process.

Offshore See Sectior6.4.3.5 DC grid controller
power

curtailment
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Control mode
management

The DC grid controller shall oversee tl
coordination of the control modes ant
their associated parameter when there
a need, such as a change of topoloc
according to predefined criteria.

DC grid controller

Fixed
voltage
control mode

DC

See Sectior6.5.1.1

AC/DC converter
station or unit

Fixed active
power control
mode

See Sectior6.5.1.2

AC/DC converter
station or unit

See Sectior6.5.3.1

Static requirements:
TABLE 10,
TABLE 11

Dynamic requirements:

TABLE 17, TABLE
20, TABLE 23

AC/DC converter
station or unit

LDCVSMO

See Sectior6.5.3.2

Static requirements:
TABLE 10, TABLE 12

Dynamic requirements:

TABLE 17, TABLE
20, TABLE 23

AC/DC converter
station or unit

LDCVSMU

See Sectior6.5.3.3

Static requirements:
TABLE 10, TABLE 13

Dynamic requirements:

TABLE 17, TABLE
20, TABLE 23

AC/DC converter
station or unit

DCVLM

See Sectiorb.5.3.4

Static requirements:
TABLE 10, TABLE 14

AC/DC converter
station or unit

See Sectior6.5.3.5

0 &0

AC/DC converter
station or unit
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/. DC grid protection

The potection of DC systemshouldfollow the same objectives as AC systems: Ensurirggreliable and
secure HVDC system operatiduring contingencies andomponent failuresThe deployment of a muki
terminal multrvendor HVDC systerprotection presentsnew challenges compared tBoint-to-Point
HVDCsystemswhereprotection measuresare turnkey solutionst the boundary of the HVDC system

In a large scale HVDC system the shutdown of the entire system is not compliant with power system
criteria which imposes the use of EKSDs in order to limit the impact for a single contingency evena
multi-vendorcontextdifferent subsystens need to work seamlessly togethdtor instancedlifferent fault
separation concepts and deviceg DCSS level need to be compliant wilRT conceptsof AC/DC
converter stationsn order to avoid unexpected loss of pow&he functional frameworlshould provide a
guideline that allows differentechnical solutionso connect toan evolving HVDC system whigsuring

a reliable and secure DC grid protectiovith respect to constraints at both AC and O®ints of
connection.

The outline of this sectiois as followsThe first subsection7.1definesrelevant terms in the context of

DC grid protectionSub-section7.2definesoverarching protection system level requiremerasd system
statesensuing a coordinated DC grid protection design while respecting AC and DC system boundary
conditions. Sib-section 7.3 defines converter station DERT requirementsDCSS dult separation
requirementsare defined insub-section7.4 Preliminary standalone compliance tesése describedor
converters with regards to the DERT requirement and for DCSS with regards to the fault separation
requirement. Section 7.6 and 7.7discuss insulation coordination and DC system grounding in a multi
terminal multivendor context.Finally, sib-section7.8provides an overview on functional requirements
related to DC grid protection with assignment to the subsystems as defined chépter

A guideline on how to apply protection requirements is providedppendixsection9.8. This includesra

assessmenbf applicability and verifiabilityat the DGPoCas well as &erification ofsatisfying system

level behaviour with regards to preefined key performance indicators. A second key investigation
appendix sectior®.9 assesses theompliance otemporary blocking as part dhe DGFRT specifications
with regards taislanded operation oDC connected PPMs offshare

7.1 Terminology

7.1.1 DC grid protection function definition

> Protection : The provisions for detecting faults or otherdinary contingenciesn a power system for
enabling fault clearance, for terminatingrdinary contingenciesand for initialzing signals or
indications

> DC grid protection scheme The objective of a DC protection scheme iptevent damage to system
equipment, guaranteeing human safetgndto keep the power system stable by isolating only the
components under fault, whilst leaving remaining part as possible in operation and preventing the
system from blackout, it includes the DC grid main protection and the backup protection to ensure a
safe and reliable operation of the DC grid.

Inl:er Functional requirements for HVYDC grid systems and subsysteld®:
OPERA ; sy Y

Enabling multi-vendor HVDC grids



> DC grid main protection (addressing the functions of severadubsystems). The primary or main
protection is designed to immediately sense and respond to faults in order to isolate the faulty part of
the system from the healthy part. The DC grid is divided into fault separation z@eesFSZ below)
For each zone there is a specific protective scheme. When a fault occurg-Bvait is the duty of the
primary or main relays and protection components to detect the fault and take inherent action to
isolatethe faulty element.

> DC grid backup protection (addressing the functions of severalibsystems). The backup protection
provides the backup to the DC main protection whenever it fails to operate, or it is out of service for
maintenance. Different types of backup protections exist:

1. Remote backup protection: Primary and backup protection executedat differentlocations

2. Local backup protection: The backup protection is performed locally by triggering adjacent switching
units located at the same DC switching station.

3. Relay backup protection: Primary and backup protection relays are connected to the same switching
unit. Backup protection is activated when primary protection fails to detect the fault.

> Fault separation zone(FSZ) A FSZ defines a zone in which a fault current can be suppressed by
operation of FSD at thborders of the FSZ. Two different types of FSZ efdst illustration, see single
line diagram irFIGURE 46:

> Selective FSZ Comprises a single fault isolation zone which is equal to the($6&EIGURE 46, FSZ2
and FSZ3)Fault separation function and fault isolation function are within the same switching unit.
The fault discrimination functions are redundant as they cover the same Zdiar. faultisolation, no
reconfiguration is possible.

> Partially selective FSZ Comprises several fault isolation zones which are unequal to thebe$z
included within(seeFIGURE 46, FSZ1 including FIZ1.1 and 1R3ult separation function and fault
isolation function may or may not be in the same switching unit. The fault discrimination functions
are not redundant as they do not cover the same zoffter fault isolation, a reconfiguration is
possible and reclosing of the healthy part can be considered.

> Fault isolation zone (FIZ). A fault isolation zone defines a zone in which a fault cansb&ted by
operation ofanRCSat the borderof the FIZ

g
3
—_—

FIGURE 46 lllustration of selective FSZ (FSZ2, FSZ3), partiséliective FSZ1 includingree FIZ 1.1
1.2and 13 (single pole representation)
>
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> DCFault-ride-through (DGFRT) :Defining the requiredvithstand capabilityof a converter station to
remain connected during protection actions related toDC contingencies includingfaults,
disturbancesand dynamic responses

7.1.2 Protection component  definition

The followingdevices are of relevaefor protection function executionand are part ofthe switching
unit as defined in sectiob.3

> Fault separation device (FSO¥: Subsystemcomponent with fault neutralization and fault current
suppression capability

> Passive fault current limiting: Fault current limiting by passive devices, e.g. DC reactors or
Superconducting Fault Current LimiterSECL).

> Zone distinction device (ZDD)1]: Physical @vice that enables noanit fault discriminationwithin a
protection zong e.g. DC reactor.

> Residual CurrentSwitch (RCS)Switch with ability to break small amount of current (igpllyresidual
current) and withmaking current capability.

7.1.3 Switching unit protection function definition

The following protectiondinction definitionsconsider a simplifiedrSD system level representation with
ideal ON/OFF operatioas shown iFIGURE 47. Note that the FSD is part of the switching uriithe
terminology and associated times are illustrated HiGURE 48.

- Main branch

[ o > -

j Energy absorption
branch

—

FIGURE 47 FSD system level representation consisting of main branch and energy absorption branch
[23]
>
> Fault detection: Functiorality to detect a faultbased on local measurements tife protection relay
located at unit level
> Fault discrimination: Functionality todistinguish between faults inside and outside of the protection
zone (located at unit levelpased onlocal measurement®nly (nonunit based or with remote end
telecommunication(unit based)
> Fault neutralization: Fault neutralization describes the moment when the peak fault current is
reached. In case of a FSD this implies that the transient interruption voltage (TIV) is sufficiently
established.
> Fault neutralization time: The time interval between fault arrival and the instant when the fault current
starts to decrease (peak fault current). Due to the/ created by the FSD the fault is effectively
neutralized and the system voltage for the healthy part of the system can start to re¢@4grThe
fault neutralization time includes the relay time for fault discrimination aimdernal current
commutation time.

30For the first set of definitions a simple framework with focus on the nsgistemlevelfunctionality of the
FD is assumeddperating in ON/OFF mode)
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\Y

Relay time: Time intervalcomprising fault detection and fault discrimination time. The relay time starts
with the fault arrival and ends with the reception of the trip order at the ESD.

Internal current commutation time: Time interval between the reception of the trip order and the
reach of peak TIV.

Fault current suppression Fault current suppression describes the moment when a residual current is
reached.

Fault current suppression time This is the time interval between fault neutralization and the instant
when the current has been lowered to residual current level (or bdR4y)

Fault current interruption time : Time from fault arrival until reaching residual curreéevel.

Fault isolation: Physical disconnection leading to a current zero (suppression of residual current). It
should be noted that galvanic disconnection is achieved by a RCS, additional opening of disconnector
switch is optional.

\Y

\"

\"

vV V

Fault Trip Fault Faultcurrent  Fault
arrival order neutralization suppression  isolation
r

Peak fault current

Voltage across FSD

Fault

/ current

Pre-faultcurrent / System voltage

-
>

»>
Relay Internal current

time commutationtime Fault

—> — P isolation
Fault neutralizationtime Fault current suppressiontime time

\ 4

»
>

Faultcurrentinterruption time

| FIGURE 48 Fault currentinterruption process; main system functionalities of an FSD
7.2 DC system level requirements

7.2.1 Grid operating states during contingencies

Both the IEC TS 63294nd the SOGLdistinguishes betweemormal operation, alert stateemergency

state and blackoustate [3] [6]. The main difference between IEC and SOGL is the time perspediee.

IEC TS 63294tate definition is looking at the currently measured state of the system and whether
something unplanned has happenéd the past.Whereas SOGL is meant to be looking at the currently
measured state of the system and making an analysis of unplanned events threatening the system
stability in the future As states are implying needor operatoractions, this makes quite a difference in

the operating philosophyTABLE 27 provides a grid operating state description and provides high level
examples of DC grid contingency scenarios and dedicated countermeasures and remediation actions
without considering a particular notion of timeghich may be subject taufther discussions

> Countermeasuresare all planned actions which react on all contingencigish the primary objective
to keep the system within operational limits: Tvib@selinescan be distinguished:
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> Plannedlocalprotection actiors when encounteringrdinary contingency from thést of ordinary
contingencies
> Localprimary control actiongeleasingavailable reserves
> Remediation actions are additional actionswhich are activated wherountermeasurs have not
prevented thesystemto enter emergency or blackout statelf in emergency state, remediation
actions shall bringhe system back to normal state before it enters blaolt state. xkamples are
activation of energy absorber units and curtailment of PPMs

lE unctional requirements for HYDC grid systems and subs stelndd)’
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TABLE 27 Grid operating states during DC contingenciesuntermeasure andremediationactions

Normal
state

Alert state

Emergency
state

Blackout
state

Grid operating state
description

Normal state means a
situation in which the
system is within
operational security limits
(no voltages or currents
exceed operational limits)

Alert state means a
situation in which the
system is within
operational security limits,
but an ordinary
contingency has been
detectedleading tomajor
deviations compared to
the initial power flow
scheduleIn alert statethe
systemmay not have
sufficient primary reserves
to encounter a second
contingency.Remediation
actions are foreseen to
bring the system back to a
normal operating state

Emergency state means a
state in which on@®r more
operational security limits
are violated.

Blackout state means the
state where the operation
of part or all the
transmission system has
stopped.

W Inter
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DC grid contingency
scenarios

Small deviations from
scheduled load flow due tc
mismatch between
scheduled and actual winc
power productionor
ordinary contingenges
without violation of
operational limits

All DC grid ordinary
contingencyscenarios
(faults, unavailability of
devices) including
dedicated primary and
backup protection
sequencesonsidering
sufficient primary reserve

All extraordinary
contingenciesor ordinary
contingendesif available
reserves are depleted

Counter measures /
Remediation actions

Primary control provides
local actions to avoid any
violation of operational
limits.

Counter measures are
foreseen to keep the
system within operational
limits (e.g.primary control
ensures within the available
reserveghat operational
voltage limitsare not
exceeded.

Remediation actiosare
necessary taring the
system back to normal
state (e.g.send out a new
optimal operating point for
the degraded systen(see
section6.7, Secondary
control).

In emergency state,
countermeasurs are
depleted. Immediate
remediation actions may be
requiredto avoidblackout
state and to bring all
system components back
into operational limits

Coordinated protection
actionsmay be necessary
to avoid blackout state.
Coordinated
reconfiguration/restoration
towards a safe operating
state may be necessary

Start-up of remaining DC
grid
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Theclassificationof DC faults as ordinary contingencissubject to TSO investigation of likelihood and

risk assessment. The DC grid protectiand other counter measureand remediation actionshallbe
designed such that for all ordinary contingencies both AC and DC systems do not run into emergency or
blackout state Note that the association of DC contingencies to either ordinary or extraordinary is not in
the scope of this report as this is a question of power reliability impact, acceptable maximum loss of infeed
and desired availability which needs to be carefully coordinated by system oper#taisassification into
ordinary and extraordinary contingencies for the InterOPERA demonstrator topology haspresided

in[17]

Disturbances classified asxtraordinary contingenciesan causethe systemto enter emergency or
blackout state(seeTABLE 28). In small DC gridwith limited primary reservegmtermediate renediation
actions may be necessaifyprimary reserves are depleted (e.g. Energy absorber unit activatimhPPM
curtailment). Asblackout state should be avoidedoordinatedremediationactionsmay benecessary

The protection desigrshallbe coordinated in a way that it responds to the boundary conditions imposed
by the system operata@ by eliminating unsafe conditions and prevent collatedaimage in a safe and
selective way. For this purpose, individual protecti@guirementsneed to be coordinated with each
other. This concerns in particulahe DGFRT requirements of converters aritle fault separation
requirements of the DC switching station.

| TABLE 28 Systemstate afterordinary and extraordinary contingegy@nd counter measures
| Ordinary contingencies ________Extraordinary contingencies |
Mayresultsystemin a systemalert ~ May result in a systemrmergency or
state (No violation of operational  blackout state(Violation of operational
limits in postfault operation) or in  limits in postfault operation)
emergency statef

countermeasursare depleted.

Protection sequence is foreseen, No dedicated protection sequence
Counter protection equipment is rated for  foreseen Primary control actions are
measures fault separation activated (see sectiof.5).

Primary control actionsre

activated(see sectior6.5).

If primary reserves are depleted, Remediation actions may be required,
remediation actions such as energy some active network elements may
REINELIENl absorber unit activation and PPM  enter into limited mode (primary
action curtailment may beactivated. reserves exhausted) or disconnection
(individual converters may disconnect
due to DCFRT violation)

7.2.2 Boundary conditions at AC side offshore

Thesstate of the art for AC offshore grids is, that the offshore converter is operated in V/f control mode
while PPMs operate in grid following mode. case of offshore converter disconnection or blocking, both
frequency and voltage are uncontrolled and may exceed operational lasitpecifiedn [4]. In case ofn
overvoltage event, PPMs mayisconnect according t&AC OVRT specification§4]. A disconnection of
PPMs requires ime-consumingmanual restoration sequence. Therefore, disconnection of PPMs must
be considered as a permanent loss of active power. For this reason, #erRD®ehaviour of the offshore

31Thedefinition andclassification of extraordinary contingencies is not in the scope of this report.
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converter shalhot provoke a disconnection of the PPMs by exceeding the specified OVRT limits during
DC faults.Two cases must be distinguishéat DGFRT considerations

> The converteremains in continuous operation aqatovides continuously a \tfeference to the PPMs.

> The converter temporarily blocks duringCfault transientsand deblocks after DC voltage recovery
Whentemporarilyblocked, the offshore converter behaves as an uncontrolled diode rectifiérdoes
not provide a V/f reference to the PPRsAn overview of the macrsequence is provided B§IGURE
49. Fromconverter blocking to DC fault neutralizatiacghe DC voltage drop leads to a voltage drop on
the AC side. After fault neutralizatigidC voltage recovereading to an overvoltage ridéhrough
event on the AC sidehich persists until deblocking of converter

Total
converter
blocking

DC Fault DC Fault Converter

neutralization deblocking

inception

ACLVRT
AC OVRT

Uncontrolled diode rectifier — no V/f control

FIGURE 49 Perception of D&FRT by PPMs in case of temporary blocking of offshore conviertéff
control

.1 OA OEAO EIT s$wsw OEA OAOI OOAI-ERT Geiuddinents @uridgi AET Co
temporary blocking of the offshore converter. In additicaternative grid forming control conceptior
PPMs have been proposed to facilitaaeDGFRT with temporary offshore converter blockifij.

The temporary blocking of the offshore convertduring DC fault transients isompliant as long as
voltage and frequency ranges at the AC side do not lead tlisconnectiorof PPMs To ensure this, an
alignment between OVRT requirements of PPMs and IBR®T requirements of theonverter station is
needed.ApplicableAC requiremens for offshore PPMsuch as OVRT profileand frequency deviation
limits as well asther limits (e.g.lossof synchronization due tghase jump¥shall be considerednd
carefully assessed

In section9.9 an extensive investigationis carried out with focuson the compliance between the DE
FRT requirements including temporary blocking and existing AC requirements for PPMEhe overall
sequence from DC fault inception to full restoration of PPMs is investigated in a stepy-step
approach highlighting challenges and solutions for islanded mode operation and resynchronization.
The performance ofeach of the proposed solutions igvaluated based on EMT simulation$ollowed
by key conclusions and recommendations

7.2.3 Boundary conditions at AC side onshore

32 Consideringdecoupled operation of positive and negatiymle at the offshore side. Note thah case of
coupled operation during a PtG fault, the V/f control would be ensured by the healthy pole converter.
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HVDC power loss characteristics should at least comply with existing AC requirements. Any pairer los

the DC grid should be less than the maximum loss of infeethe considered AC zone. The permanent

loss of active powershallcomply with the Frequency Restoration Reserve (FRR) of the corresponding
bidding zone (see exemplary valuesTABLE 29). It should be noted that respecting those limits is a
planning issue which depends on boundary conditions and reliabilities assumed on AC and DC side (e.qg.
classification of ordinary and extraordinary contingencies according to availability dai@ sk
assessment of the relevant T3®ore explicitly,ordinary contingenciesn the OC side shallespect the
maximum loss of active powesf surrounding AC gridand existingrequirements & the AGPoC as
stipulated in[4].

TABLE 29 Boundary conditionsn surroundingACgrids

Related ACparameter Value

Maximum loss of infeed UCTE: 3 GW
Nordic grid: 14 GW

FRR per bidding zone Dependent on country

7.2.4 DC grid protection coordination

As part ofDC grid protection coordinationfault separation zones (FSZhall be defined such thall
ordinary contingenciesre isolatedwhile respecting ACboundariesas defined aboveThe FSZ shall in
particular respect the maximum loss of infeed constraints from surrounding AC gnidensure stable
DC grid operatiorafter fault separation

Theswitching units athe boundaries of FSZshallbe equipped with FS®which are capable afeparating
all ordinary contingenciewithin a maxmum fault neutralization time W max

Convertersoutside a fault separation zonill remain connected to the DC grid and are expected to
recove and operate after fault separatiéf The main purpose of thedGFRTprofile at the PoC of the
converteris toensure

> Converter connectiomuring fault separation
> Converteroperation afterfault recovery
> Safe disconnection of the convertén case oprotection failure

FIGURE 50 provides an illustrative examplon FSZdefinition and operational expectations after fault
separation Faults inFSZ1 and FSZ&re expected to beeparatedby associatedswitching units with DC

current breaking capabilityblue color) The converter stationis outsideFSZ1 and FSZ&nd is therefore

expected to be operational aftdiault separationwhich is ensured bg DGFRTprofile as introduced in

section7.3 Forfaultsin a FSZ3the fault separation sequence involves thetivationof both FSD on the

DC side and the ACCB on theC side of the convertefThe activation of the ACCBs ensured by a
dedicatedfault detectionand discriminationfunction for FSZ3 The exampleunderlines the following

points:

33Note that all elements inside a FSZ including converters are separated from the DC grid and out of operation
after fault separationin this case, thériggering of the ACCHs part of the protection sequencand shall not
be confusedwith triggering when exceeding the BERTprofile which is due to protection failure
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> Converter station inside FSZ:The DCFRT profile does not apply for ordinary contingencies in
protection zones which involve AC Circuit Breaker (ACCB) operation.

> Converter station outside FSZ:The converter stationis expected tooperate after fault separation.
Thisinvolvesto respecton the one hand the DERT requirements and on the other haredevant AC
side requiremeng

FSZ3
CNVS I
FSZ1

I—CZZ)%L DGPoC
L1L2L3| ~~~ - n FSZz2

DCSS

FIGURE 50 lllustrative example on fault separation zone definition ab@-FRTprofile applicationat
DGPoC blue and white boxes insideCSS indicateespectivelyswitching units with and withouFSD

The following section§.3and 7.4define respectively DERT requirements for AC/DC converter station
and fault separation requirements for DCF38om the example given abové,i$ clear that thenaximum
DC system recovery time for the converleG-FRT requiremeninust be at leasas long as thenaximum
fault neutralization time &,maxOf any FSD in the systertn other words, theonverter shall not trip before
expected fault neutralization timeFIGURE 51 showsthis interdependencéetween fault neutralization
time, converter overcurrent capabilitiesnd DC reactor sizeonsideing halfbridge converteraith very
limited fault current control apabilitiesduring DC faultsSupposinga limited overcurrent capabilitpf
converters the faulteither needs to be eliminated very fast arsignificantDC reactor size need to be
considered to limit the increase of fault current sufficienflyp ensure a technological agnostic definition
of functional requirements, the following points shall be considered:

> Fault neutralization timeshall be chosen such th&SDtechnologiescan be considered
> Overcurrent capabilitieshall not be preset to avoidexcludng some converter solutions
> DC reactor size shalbe chosen such thatlynamic control objectives are satisfied

In order to esure arinclusive specificatioanddesign of both converter anBSDswhile limiting the
need for large DC inductoedternativemeans to ride through DC fauliscluding temporary blocking
will be considered in the DERT descriptionSuchalternativesmay reduce the need of DC reactors
significantly.

34Requirements may be different depending on onshore or offshore grid cooe
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FIGURE 51 Interest of temporary blocking during DERT Interdependence between system level
protection parameters considering continued operation

7.3 DC-FRT requirements of converters

Disclaimer. To ensure a certain degree of technological openness, this deliverable describes all
possible ways of riding through DC faults. The relevant TSO decides whether functions such as
"temporary blocking” can be used as a protective function in the event of Dfaults. Especially as
continuous operation in the healthy protection zones has a high priority for the TSOs and the impact
on the AC grids (offshore and onshoreghall be as small as possible in order to guarantee the overall
system stability. To provide asufficient basis for such decisions, detailed information on the behavior
of the converters and the resulting effectsare provided in section 9.8 for the DC side and irsection
9.9 for the AC offshore grid. The technical investigationsprovide insights on the applicability and
MTDC system behaviourof the DGFRT requirement including temporary bocking. Further
investigations shall be focused for example on whether all phases are or only individual phases are
blocked, how long the blocking process takes, how long it take to reach the priault operating point

(or the new operating point as adjusted by tte grid controller) and in particular, how many converters
could be affected and what is the impact for the AC onand offshore grids. It shall be noted that
temporary blocking might not be readily available inall current market solutions for AC/DC convegr
stations. Beyond the simulation assumptions made in the key investigations, detailed investigations
might be required for some vendorsbefore such a functionality can be offered commercially

In the AC grid code, the FRT requirement seteedefine the capability of the converter to stay connected
during low voltage conditions. Based on this, a disconnection of generating or power exchanging units
during protection action is avoided when outside the protection zone. Tha=RC description igeneric
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in the sense that it is not topology dependent and does not consider the specific performance of the AC
switchgear. It neither distinguishes between a FRT curve for primary or backup protection nor between
individual FRT curves for each protection zonehi@ AC grid. There is one single FRT curve ensuring a
clear functional split between withstand capability of the generating / power exchanging unit and fault
clearing of AC switchged4].

Inthe IEC TS 63291, a design / topology dependent approach for the convertfeRD@efinition has been
chosen following a protection zone matrix approach. Different operational concepts for eacthRoghd

each PoC DC are defined: Continued operation)({@®mporarystop (TS) and permanent stop (PS). For
each converter in the HVDC system a protection coordination matrix is established which defines the
operational behaviour requirement for each fault separation zone and each protection sequence
(primary/backup) individually. Hence, the converter FRT requirement changes depending on the location
of the fault and the associated protection sequence. With such a design / topology dependent approach,
a DCFRT curve would need to be defined for each operationatept and each protection sequence with

a dependability between converter FRT and fault clearing. In addition, the temporary stop in the same DC
grid may lead to a different state of the AC grid depending on AC system characteristics (e.g. network
strength, clearing times, onshore or offshore connection)

FIGURE 52 shows an example following the design / topology dependent approach proposed by the
IECTS63291. A converter unit is inside FSZ3 and connected to FSZ1 and FSZ2 via a DC switching station.
The converter has an individual FRT requirement for each FSZ. It should remain in continued operation
(CO) for FSZ1, temporabfocking(TB) is allowed for FSZ2 and a permanent stop (PS) is foreseen for FSZ3.
Focusing first on FSZ1 and FSZ2, the converter FRT compliance cannot be ensured by the converter unit
itself. It rather depends on the design of the individual switching unit connedi®Al and FSZM fact,

with this approach a strong coordination between the converter design constraints (e.g. overcurrent
capabilities) and the switching unit design constraints (FSD operating time, fault current limiting device)

is unavoidable. For a busbar fault (oes FSZ3), the converter unit is in permanent stop, meaning
permanent disconnection on both AC and DC side. The definition of FSZ3 and the assignment of a
converterbehaviouris an example of how in a topology / design dependent approach fault separatibn a
converter FRT definition are interdependent. A converter FRT definition for a FSZ covering the converter
itself is obsolete since fault separation is handled by converter protection actions.

FSZ3 PS
CNVS I
FSZ1 CG

._CZZ>7%L DCGPoC DCSS

TN

-

Grid expansion

| FIGURE 52 Example of design / topology dependent BRRT description (based ¢8])
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Extending thisexample further, a future grid expansion consisting of an additional converter connection

to the same busbar as indicated by the dashed line in a design dependent approach reveals the question
of inclusive grid design. To which extent does the initial gesif the first converter unit (e.g. overcurrent
capabilities) and the switching units (e.g. fault neutralization time, fault current limiting device and current
breaking capability) restrict other subsysteswith lower performance to connect at a lateragie?

A designbased approach is tentative for small MTDC grid configurations as it potentially leads to an
optimized design for a given sudrid or node and connected converter stations and DC switching stations.

However, a desigibased approach implies a strgncoordination of key design parameters between
OOAOQUOOAI OAT AT 008 &i O ET OOAT AAnh OEA Z£AOI O AOOOAT G
coordinated between DCSS and converter station such that it corresponds to the transient withstand
cdAAEI EOEAO 1T £ OEA AT 1 OAOOAO j Ascs 1T OAOAOOOAT O 1 EI
time of the FSD and the respective current breaking capability. Any advanced FRT functionality such as
temporary blockingor energy-based control would need to be assessed individually.

Different approaches of defining DERT capabilities have been discussed within the DC grid protection
workstream. They differ mainly in terms of genericity (generic or design / topology dependent) and the
quantity they are expressed in (DC voltage or D@rent). An evaluation of different DERT profiles
based on the following criteria is provided in appen@ix. The following subsections describe the
resulting DGFRT profile and relevant parameters.

> Technological agnostic:Are the functional requirements permitting different technological solutions
or are they restricting, excluding certain technologies?

> Functional split: Are functional description and design of subsystems independent? How to split
functional responsibilities?

> Oversizing :Does the decoupling of subsystem requirements and the genericity / system independence
generate an oversizing?

> Standardization: Is the DGFRT description subsystewiependent or generic? Do several IP&T
profiles ceexist?

> Verifiability : Can the DE&-RT profile be specified at the EROC based on local measurements?

The functional requirements apply at the ERbC of the converter station. All parameters that are defined
in the following refer to verifications at the DRoC, DC voltage specifications are ptdeground voltages
(see Werrt FIGURE 53). It should be noted thathere might becurrent limiting devices such as DC
reactors installed as part of the converter station in ordectoply with theDGFRT profile at the DC
PoC.
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| FIGURE 53 AC/DC converter stationillustration of reference point for DERT definition

7.3.1 Low voltage ride -through (LVRT) requirements

Disclaimer: Different approaches of defining BERT profiles have been discussed within the DC grid
protection workstream. Appendi®.7 shall be seen as a complementary section providing background
information on alternative descriptions highlighting the main differences and outlining advantages and
drawbacks of each DERT profle4 EEO AT 1 A@ AT AOiI A1 6O OEA AOOEI 080 EI
of ongoing technical discussions with regards to-BRT.A final assessment of the presented options

must be based on technical and economical evaluations which cannot be fully concluded in the scope of
InterOPERA.

To leave freedom to the vendors to come up with different design strategies, only-BMBRI profile is

described, and no overcurrent capabilities are prescribed. The actual fault current level in the converter is

left unspecified and then depends onthe@& C1T  OOOAOACU 1T £ OEA AT 1 OAOOAOGEO
converter control or of its protection. Converter control requirements for DC grid voltage stability may

Ol i1 AET x EOAI A OEA AT 1 OAOOAOEO £AOI O farénOtechriicd AT T OO
solutions for converter protection may exist and lead to differentiated fault current contributions. The

IGBT components are highly sensitive to overcurrents, and limits may vary depending on the vendor. To

protect them, different solutios to limit the increase of converter fault current during DC faults exist:

> The limitation of current increase can be adjusted by means of fault current limiting devices such as DC
reactors.

> Some submodule topologies (e.g. fulbridge) allow to control fault currents.

> For halfbridge topology, innovative temporary blocking can further avoid damage of IGBTs by taking
them out of the circuit during transients while ensuring stable operation after DC voltage recovery.

The LVRT profile that the converter shall withstand is meant to be an outer envelope including all realistic
undervoltages related to faults in a DC system that do not depend on the converter fault current
contribution which is vendor specific and depenglion the individual technical solution. This can be at the
cost of oversizing.

Connection requirement(CR) The primary requirement of the converter station during a-BRT is to
stay connected from fault arrival to fault current suppression and to ensure stable operation after DC grid
recovery. Hence, any disconnection that leads to permaness of active power as for instance the
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triggering on an ACCB shall be avoided. The connection requirement is ensured by a DC voltage FRT
profile which defines a conservative outer envelope related to DC fault transigsgesFIGURE 53, solid

line). Characteristic valueare listed iInTABLE 30. Further reasoning on the determinatias providedin

the following subsections.

Operational requirement (OR) DC faults lead to transients with significant undervoltages at the T

of the converter. From fault arrival until DC voltage recovery, the converter station is mainly exposed to
the fault transients with limited controllability of active power. Impogicontinued operation with full
controllability would impose major design constraints on the converter even though the purpose is not
clear. Therefore, the operational requirement is limited to the definition of the converter operation

after DC voltage reovery: The converter shall continue stable operation after the power system has
recovered following fault clearance.The way the converter respects those requirements is a technical
solution, not a requiremerit. CO,TBor any other intermediate solution is authorized from fault arrival to

DC voltage recovery as long as a trip/disconnection on AC or DC side is avoided and stable operation after
voltage recovery is guaranteed.

The operational requirement is represented by the dashed linddGURE 54. Uyva1 is a blocking limit
under whichthe converteris allowed to blockf no grid serving requiremenintil fault neutralization is
prescribed(seesection7.3.10. Uuvaz is avoltage limit at which the converteshall be able to debloék
Uuva1and Wya2 shall be alignedvith the dynamicvoltage control bands that are definenh section6.2.2

and the diode rectifier voltage level after fault separationcase of small DC grids extended DC grids
Uuvaz is linked to dynamic voltage bands. The diode rectifier voltage condition applies for small DC grids
as a worsicase assumption considering temporary blocking of all converters. Note that the number of
simultaneously blocking converters can be limited agplying a firewallfunctionality to individual
switching units to ensure limited voltage drop in adjacent guridls. The maximum number of
simultaneously blocked converters depends on the grid desiggh risk assessment of the relevarQ

It is evident that the converter shall be capable of controlling voltage and current quantities inside dynamic
voltage bands and ensure stable operation with absence of blochivigenever the converter blocks

during a DEFRTwithin the CR deblocking shall be ensured after DC voltage recovery to dynamic voltage

AAT A0 xEOEET A | AQEdL®I &« AAADEAE BRA MmixEREAIAB Bulrdnt | £ 34
suppression times and converter process times for deblocking shall be considered.

Outside of dynamic voltage bands, the converter can ride through the fault by different mean§:BD,

any other intermediate solution is authorized as long as a trip/disconnection on AC or DC side is avoided

and stable operation after voltage recovery is guaranteed.

351t should be noted that the technical solution shall be compliant with requirements that apply at both AC
PoC and D&oC.

3¢t should be noted thathe blocking limit Wvs41is optional,the convertermay or may not blockluring DC
fault transients.This depends on the technical solution andahility of the individual converteiHowever, if
blockedthe deblockingaboveUuvaz is mandatorywithin 3- 4pix.
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FIGURE 54 DC undervoltage FRfrofile at DGPoC for connection requirement definition, Pelle-
Ground voltages

TABLE 30 Characteristic parameters related to ERRT

Parameter [Require- |Description Parameter definition

ment

5 CR Worst-case undervoltage related tiault arrival 5 E 56
considering traveling wave reflection at inductiv
terminations. kwis an adjustment factor.

& CR Worst-case undervoltage related to fault arrival 5 E A56
considering traveling wave reflection at inductiv
terminations for distant faults considering cable
damping by adjustment factoA .

& CR Partial instantaneous recovery voltadevel after
fault neutralization

5 CR & OR Optional undervoltage blocking limit outside 5 E 5
minimum dynamic voltage bands
considering a security margié . In the
transient region, the converter is allowed to blot
below this limit.

5 OR Deblockingthresholdafter full system voltage 5 5
recovery tominimum dynamic voltage bands
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5 .If the converter is blocketh the transient

region, the converter shall deblock above this
voltage limit. The deblocking shall be ensured
within a maximum deblocking tim¥4

5 CR Full voltage recovery toninimum static voltage 5 E 5
band$’5  considering aecurity margirg
to avoid unwanted and irreversible converter
disconnections

4 CR Maximumpartial voltage recovery timeelatedto 4 4 i 4
fault neutralization timé®4 ;  considering a
security margind (buffer time).

Note: The maximum fault neutralization time mi
include backup protection. In case of backup
protection4  would be at least two times the
maximum fault neutralization time of the FSD

4 CR Maximum full voltage recovery time to dynamic /
voltage bands

4 CR& OR Maximum full voltage recovery time to static /
voltage bands

\Z! OR Maximum deblocking time after system voltage /
DCGPoC reaches dynamic voltage bandor the
specification o4 , maximum fault current
suppression times and converter process times
deblocking shall be considered.

Exceptions

There are exceptions whethe DGFRTprofile does not applymainly when theactivation of the ACCB is
part of the protection sequence and a dedicated fault detectml discriminatiorfunction is foreseen to
immediately trigger the ACCB.

> Converter station inside FSZ:The DCFRT profile does not apply forordinary contingenciesn
protection zoneswhich involve ACCBoperation. For such faults there shall be dedicated detection
function A Immediate trip(seeillustrative examplen FIGURE 50).

> Internal converter station faults: The DGFRTprofile does not apply Immediate trip

> Backup protection sequencesvhich lead to a isolation ofthe converter unit

37Static voltage bands to be aligned witatic voltage control bandsseesection6.2.
38 Fault neutralization time includes both relay time atrdernal current commutatiortime
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7.3.2 LVRT parameter description

7.3.3 From fault arrival to fault neutralization

This subsection focusses onharacteristic parameters during transients and more precisely from fault
arrival tofault neutralization.

ﬁ"l "H'H

The maximum fault neutralization timenfmaxCharacterizes the maximum time between fault arrival and
full establishment of the Transient Interruption Voltage (TBffhe FSDincluding the relay time for fault
discrimination Tec1Shall bedefinedby the system plannein a way thathe desired system behaviour is
reached whileopening up for FSBolutionswith different performancesFor the definition of Jcithe
following points shall beonsidered

> Maximum fault neutralization time of a FSD for primamotection

> Maximum fault neutralization time of a FSD for backup protection (if applicable)

> Buffer time Securitymargin)

A &N i

The LVRT profile should represent an outer envelope including all realistic undervoltages related to faults
in a DC system that the convertshall withstand without depending on the spéfic converterfault
current contributionwhich is vendor specifeandwithout depending on thendividualtechnical solutiod®.

The DCGLVRT profile is describelbasedon undervoltages related to fault transient€onsidering aDC
fault, the most severevoltage dropis not caused by the closest fault but by a fault on a conductor due to
traveling wavereflection at the termina[25]. FIGURE 55 comparesvoltage and current evolution faa
fault at the cable termination and a distant fault on the cafllbe distant fault provokes a voltage reversal
at the cable terminatiorwhich leads to a temporarily steeper increase of fault current.

39 Connection requirement and associated withstand capabilities mean to avoid any disconnection, the
operation itselfduring fault transientds not specified. For instance, temporary blocking, fault current control
or any other mean to withstand the fault transients are allowed.
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FIGURE 55 Comparson between close fault (blue) and distant cable fault (r&bltagedrop atcable
termination (top),DC current evolution (bottom)solid line:frequency dependent cable modelashed
line: traveling wave approximatiof25]

Theoretically, the traveling wave reflection atcanductortermination may lead taseverevoltage drofs

of up to 2pu. This gives a first boundary for a conservatiuger voltage envelopeat the DGPoC® from
fault arrival to fault neutralizationlt should be noted thaa minimum impedancebetweenthe DGPoC of

the converter and the fault is not specifiethis is mainlyue to the fact thathe main requirementof the
DCSS is to separate the fairdta given time W maxbut aspecific device to limit the increase of fault current
is not imposede.g. a DC reactorAt this stage, tiwould not beappropriateto restrictthe fault current
limiting to a specific device or valug/ith this in mind the outer voltage bandlue to fault transients at
the cable terminatiorshall be considered aswithstand requirement at the converter B@oC.Theouter
voltage envelopehas been assessed lwging a simplified traveling wave generating model f@rious
fault distancesas shown irFIGURE 56 for Tnma=5ms(more information on the model is provided in
[25]). Even though the approach is simplified, and the values have pure illustrative purposes, it shows how
an outer voltage envelope for the DRoC of the converter can be defined between fault arrival and fault
neutralization independently from the converter ppg. The converter type, rating or control may or may
not have an influence on the actual voltage at the-B&C but this does not change the outer envelope
related to DC fault transients. This outer envelope related to fault transiemepiesentedn the DGFRT
profile shown iFFIGURE 57.

40 A requirementon a specifidault current limiting device (type and minimum valug)notdefinedat DCSS
level
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FIGURE 57 Outer voltage envelope defining the converter withstand capability at the PCfrom
fault arrival to Tec1

Minimum impedances oiother considerations which lead to marrower voltage band during fault
transientsfor5 and5  may be consideredby an adjustment factoe p. For5  a damping

coefficient of the cabléd shall be consideredThe adjustment factoe  shall ensure thab  and

5  provide a realistic outer envelope for DC system undervoltages before fault neutralization.

5 E 56
5 E A4 56
Inter | | | ,
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7.3.4 Maximum recovery time to dynamic and static voltage bands

DC voltage recovery starts with the full establishment of the TIV. For converters in close vicinity of the
fault the imposed TIV leads to an instantaneous increase of voltage at thBdC For distant converters

the voltage drop is likely to be less segebut the voltage recovery time is longer. TB&FRTprofile

shall provide an envelope for both cases, avoiding unnecessary disconnections of converters.

The DC voltage recovery process is specified by the following parameters:

> Uuvs (Trec1): Minimum voltage recovery level at fault neutralization. In order to keep the voltage FRT
profile as simple as possible, there is no time frame associated leading to a vertical representation.

> Uuva1: Optional undervoltage blocking limit outside dynamic voltage band@se dynamic control
bands, section5.2.2) considering a security margié . In the transient region, the converter is
allowed to block below this limit.

5 E 5

> Uuvaz (Treer): Deblocking threshold after full system voltage recovery to dynamic voltage bdses
dynamic control bands, sectioh2.2). If the converter is blocked in the transient region, the converter
shall deblock above this voltage limit. The deblocking shall be ensured within a maximum deblocking
OE | Aok tseke dynamic control bands, sectiérR.?).

5 5

> Uuvs (Tst): Voltage recovery to static voltage bands (see static voltage band ranges, secfial. A
security margin according to the static voltage band can be applied by to avoid unwanted
converter disconnections.

7.3.5 Post-fault power recovery

After DC voltage recoverjo dynamic voltage bandsa newpost-contingencyoperational setpoint is
defined bythe P-Vdc characteristiqsee sectiorn6.5).Postfault power recoveryequirements shalbe
coordinated with dynamic response requirements as describesction6.6.

7.3.6 Converter compliance testing  for DC -FRT

This sectiorisintendedto providea guidelineto test converterDGFRT compliancé a standalone test

The expectation on théC grid equivalenin the context of D&-RTis to capture the most influential
properties of DC fault transienis a generic way while nditeing restricted to a specific topology or grid
design.It isevident that any simplification of the DC grid will inevitably result in the loss of some of the
grid spedfic informationor individual subsystem desigrarameters. An analogy to AG-RT requirements
and dedicated standalone tests with A®éveninequivalent can be drawn.

The development of the DC grid equivalefior DGFRT compliance testing is based on several
assumptions whictwill be detailed in the followingFIGURE 58 showsan exemplay part of aDGgrid
consisting of a converter statiomith an equivalent DC side inductancgwwcconnected to a DCStBree
additional feedersconnecting to other parts of the gridia DC switching unitdnside the switching unit
two elements are highlighted in particulaas being relevant foprotection functions The DC reactor
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LdcSUas a mean to limit the increase of fault current ahe switchgearto connect or disconneatach
of the feeders.

Ldc DC

PoC
o}

DGPoC

dbz
DGPoC

—n—

DCGPoC
—n—

AC

@_rm_

Converter station DCSS

FIGURE 58 Assumptionsfor converter statiorstandalone test development and DC grid equivalent
definition

The numbers in green colour indicate the assumptions and simplifications which will be detailed further
below.

1 The DCGFRT profile shall be applicable for all possible grid configuratibnelowest voltage support
and the highest current increase of the converter is expected when adjacent lines are not connected
for example dudgo maintenance
2 The DCFRT test circuit of the converter is functionally decoupled from the DCSS and does not
considerany design assumptions of the DC switching station as an infhe. DC reactor inside the
DCSSis essentially designed tallow fault current interruptionwithout prescribing a fault current
limiting requirement(see sectiory.4) The worstcase assumptioffior the converter DEFRT voltage
profile isto have no DC inductangeside theDCSS for example due to verfiast FSDBs or othemeans
of fault current limitation The voltage profile directly applies at the BROC of the converterno
minimum DC impedance is considered betwebe fault and the converter.
3 DC fault transients
(&) Cable characteristicsSome parameters have an importaithpact on the dampingf the traveling
waves leading to a reduction of amplitude of fault transierithe most influential parameter is the
screen resistivity and thickness well as permeabilityThe DC voltage envelope shall be defined
consideringcable properties with the lowest damping coefficigi@6]. It should be noted that the
voltage profiles in this section are obtained based on model assumptions. They could be refined
based on cable data from manufacturers.
(b) Distant cable faultsmay provoke more severe voltageeversalscompared b solid faults at the
terminaldue to the reflection ofraveling waves athe converter terminationAn approximation of
the equivalent impedance can beade based oanRLC circuit as described[Ri7]. With increasing
DCinductance the transmission coefficient iapproaching a value of &sulting in asignificant
amplification of the incomingvoltage surge A transmission coefficient of 2 is considered as a
worst-case assumption to guarantee an outer envelope
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FIGURE 59 (a)Impact of DC inductor size amltagetransientsat cable termination after faulat
40km distance(b) Transmission coefficierspproximationat DGPoC depending on the equivalent DC
inductance of the convertecharacteristic impedance of DC cable assumed to g, Z5€) ,
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Consideringthis, apreliminary minimum test circuitfor DGFRT compliance testing can be defined
depicted inFIGURE 60. On the AC side, the system strength and shartuit ratioshall be represented
by an AC Thevenin sourc®n the DC side a controlled voltage source shall emudddC voltage stef
pre-defined amplitudeumin,avg With a durationof the DC voltage recovery time&:. The amplitude is
depending on therecovery timeasshownin FIGURE 61. It is determinedby integrating the observed
fault transients at the D&0oC ovethe DC voltage recovery tim&heminimum undervoltagediave been
obtainedsimulating various fault distances on a DC cable seléctng the lowest average voltage

P s
N v Qo
In the current test setp, the DC grid impedance is equal to zero. However, the converteFRTonly
applies for DC faults outside of tiel T OAOOA OGS O AAOI O OAPAOAOGET I
that is relevant for converter DERT, there is a fault separation device in between the respective
converter and the fault location. Depending on the fault current limitation devicehef DCSU vendor
there may be an inductance inside the DCSU which is currently not considered. Thereby both inductance
value and fault neutralization time are assumed as a worst case. If a minimum inductance can be foreseen
by the system operator for a givefault neutralization time in the future, this could be considered in the
standalone test as a DC grid impedance. This could potentially reduce the design constraints of the
converter, imposed by this superposition of both werstse assumptions.
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POC Udc,test [pu] ‘

O Umnyv
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FIGURE 60 Minimumtest circuit for converter FRT compliance testing at{PGC All electrical
components of the converters including potential DC reactors are considered in the test circuit
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Taking hypothetically an example ofefi=7ms, a voltage step with an amplitude €3.25pu of DC voltage
would be applied to the D®oC of the converter oveaa time of 7ms. The overall goal of the DCVRT
compliance test is to prove compliance with both the connection requirement and the operational
requirement, meaning no trip of ACCB and stable operation after DC voltage recovery.
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FIGURE 61 Average undervoltage amplitude for BERT compliance testing depending orcl;
example(blue dashed)Minimum average voltag@min,avg=0.25pufor Treci=7Ms

Different technical solutionsinside design spaceof functional framework

The overallgoal of the DE-RTdefinition is to describe the requirements in a mostchnology-agnostic
way. The following exampleas listed inTABLE 31 illustrate at a high level how different techoal
converter solutions (norexhaustivemeet therequirements.

Converter 1 has no temporary blocking function and no fault current control function.

The requirement of staying connected and ensuring stable operation after fault neutralization can be
achieved by proper sizing of the converter DC inductang@nc such that the overcurrent is kept below
the IGBT overcurrent capabilities (vendor specific).

Converter 2 has no temporary blocking function but can control fault currents (e.g. due to fdiridge
topology).

Due to this functionality, the requirement of remaining connected and ensuring stable operation can be
ensured without a specific fault current limiting device and AC side controllability is ensured as well.

Converter 3 has a functionality of temporary blocking, meaning fast deblocking of blocked sub
modules after fault neutralization.

The converter can ensure to continue stable operation after theHRT and fulfils requirements at AC
PoC.

TABLE 31 Example of dferent technical solutions for converter statioifisorn-exhaustive)
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Temporary blocking function No No

Fault current control function (e.g. Fifridge No No
topology)

7.3.7 Guidelines for DC reactor sizing

Disclaimer:In the presented framework,hie choice and the design of fault current limiting devices is
subject to the vendor. The following examples tend to provide a guideline for DC reactors inside a
converter without advanced functionalities to ride through DC faults is further assumed thathe
converter behaves as a constant DC voltage sourbese guidelines can only serve as an indicatibere
ahypothetical DC overcurrent limis considered, the actual arm current limit could be different

To obtainan estimation ofthe DC reactor the following equation has been uskdthis assumption the
DC voltage of the converter is assumed to be of rated vailug riding through a voltage step
characterized byy ; as described abov&he results are shown FIGURE 62.

. Uok  Oa-gio oY oo,
006 p—— -
OQ®ws Db

Y 96

> "OQ®yf is a hypothetical D@vercurrent limit of a converter
> "Y isthe DC voltage recovery time
> 0 jandQ j are system parameters representing respectively reference DC voltage and DC

current. The reference voltage shall represent the upper limit of the stesdie system voltage
range (se€Y , FIGURE 15). In this example the values are respectively 525kV and 2KA.

> 0 | 4 is the step voltage applied to the fault part DC grid equivalent. The amplitude
depends on the voltage recovery time (SEESURE 61)
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FIGURE 62 Minimum equivalent converter DC inductor siz@uvcdepending on DC voltage recovery
time"Y and maximum overcurrent capabilitpQ wy considering a rated current of 1,9kA
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7.3.8 OVRT requirements

Similar to theLVRT definition, the overvoltage ride through (OVRT) requirememésntendedto provide
a frameworkof converter withstanccapabilities An outer envelope of overvoltagevels andime frames
related toall critical but planneavents in a DC grishall be specified at the BBoCof the converter(see
FIGURE 53). The converter shall withstand th®VRT specificationsvhile remaining connectednd
ensurestable operatiorduring theOVRFevent.

All overvoltage levels are defined witleference to groundut not dl pole-to-ground overvoltages lead
to higher stresses of the convertennit itself. In fact, the actual converter unit voltages stresses are
measured with reference to the neutrdlhisis illustrated bythe following non-exhaustive list otritical
events fortransient and dynamic overvoltagevel determination.

Overvoltage on healthy pole during a PtG fault A PtG faultleadsto an inherent increase dhe fault

current in the faulty poleThe earth return currentleads to a conduction ofhe neutral-to-ground

arresters. The voltagedevel in the neutratises tothe arrester clamping voltagel he offset on the neutral
is directly reflected to the healthy polesulting inan overvoltage with an offsebf the arrester clamping
voltage.The overvoltagepersists until fault current suppressioNote that the poleto-neutral voltageof

the converter unit is noaffected by this event.

Overvoltage during fault current/load current suppression: The fault current suppression by an FSD
requires to impose a TIV whichhiggher than the ratedC voltageprovoking a decreasef fault current.

In case of load currerguppression, theonductorunder loadat the remote end of the FSDnposesan
offsetto the TIVof the FSD.The voltage acrosa fault current limiting deviceHCLD such as a DC reactor
needs to be consideredvhen assesig realistic overvoltages during current suppressidrurther
investigation will beincludedin the final version of the reportt should be noted that this event affects
both pole-to-ground and poleto neutral voltage stresses

Loss of load An unexpected loss of loddads toan inherent mismatch between power infeed agxport.
The mbalance is compensated by reservesadfacent converter stations anehergy absoption devices
if reserves are depleted’he converter stations are exposeddgnamic overvoltages during sucHass of
load event. It should be noted that this event affects both peie-ground and poleto neutral voltage
stresses.

Operation after contingency: After fault separationthe operational voltagesnay be different topre-
fault set-pointswhich is mainly due to droop adjustmentBhe converter station is expected to operate in
the specified voltage rangeantil secondary voltage control freagp the voltage reserve¢see static
voltage bands, sectioB.2).

The OVRprofile is shown irFIGURE 63 and characteristic valuearegivenin TABLE 32.
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| FIGURE 63 OVRTprofile for the AC/DC converter station dhe DGPoC(indicative)

TABLE 32 OVRT parameter descriptiofor the AC/DC converter station @ahe DGPoC(indicative)

Parameter |Description

Uowa Overvoltage withstandccapability related to static voltage bands (see section
6.2)
Uovs Overvoltage withstand capability related t&tatic continuousvoltage bands

(see sectiorb.2)

Uov2 Overvoltage withstand capability related to dynamic voltage bands
Uow1 Overvoltage withstand capability related to transieavervoltages
Tov1 Time frame related to transient overvoltags/ents
Towz Time frame related talynamicovervoltage events
Tovs Time frame related to static overvoltage ever{®rimary controlA secondary
control)
Inter | | | ¢
OP ERA Functional requirements for HVDC grid systems and subsysteid@<

Enabling multi-vendor HVDC grids



Asstated above, the@OVRTprofile is a mean to specify overvoltage withstand capabilities of the converter.
However the definition of protective actions when exceeding t8&/RTis less evident compared to/RT,
where an inherent action is to tripe ACCB tesuppress the fault currenfThe trip of the ACCB in case of
OVRTmay not be an effective action since the overvoltage on the DC side will pelrfgsice, the
overvoltageprotection shall be foreseenn the DC side

7.3.9 On-site application of DC -FRT profile

On-site, the DCFRTprofile is a meas for the converter to detecabnormalDC fault transientshat are
outside thespecified tmesand amplitudes in which the DC grid protection is supposed to opefites
sectionisintendingto clarifyonthe applicationand verificationof the DGFRTprofilein an MTDC system.

Afault or a contingencyn the DC gridesultsin a voltage deviation at th®GPoC of the converteiThis
will determinethe triggering time t. FIGURE 64 shows arllustrative undervoltage evenbdf oscillatory
behaviour where multipletransitions betweenundervoltage andnormal voltage bandwoccur. If not
specified, different interpretations for the triggering and reset of ra undervoltage evenin case of
oscillatory behaviouare possible.

> Trigger voltage level: Defined aghe voltage level at which anndervoltage event is deteed by the
converter androm which measrements at the D&PoCare verified againsthe DGFRFprofile. The
trigger voltage level shabe equal to thenighest undervoltage thresHd (in this caséJ _UV5).

> Thereset level is defined as the minimum voltagecoverylevel after a LVRT everd@ind associated
minimum timefrom whichanew DGFRT event isonsidered to occur

> Thereset time shall allow to clearly distinguish beten anew LVRT everand for instance oscillatory
behaviour. An example of possible recurrent LVRT events in a short time framéeigative of
reclosing after an overhead line faultconsidering a deéonisation time of several hundreds of
milliseconds In case of a persistent fault, the reset time shall allowdasider the suksequent LVRT
event as an independent event.

> The maximum number of recurrent ride through events shall be specifie@nd coordinatedat least
with the number of reclosing tentativesf FSDs

Reset
voltage

Trigger
voltage

Ij!’l{}'i)l
uvs
UuM-

uv3

quz

Um;l-

0, %
Reset time

FIGURE 64 lllustration of triggervoltage level,reset voltage and resetime for on-site DGFRT
verification; in this examplethe LVRT profile is shown in a discretised format
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7.3.10 Grid -serving requirements

Grid-serving requirementslescribe converter functionalitieshich support theDCgrid during a transient
eventbefore fault neutralizationIn AC,suchfunctions are specifically designed for the event of a fault
(such as reactive current injection for voltage support). &edvingrequirementsmay also exist during
the DGFRT of a converter, which woutdquirea certainlevel of controllability during aDCfault. The
need forgrid serving requirements angbssible definitionsouldbe investigated consideringhe existing
frameworkof DC grid protection related requirements

7.4 Fault separation requirements (DCSS)

7.4.1 Software requirements

Protection elays are defined pegrotected section or zonand not per feeder, they can have access to
multiple local currentand voltage measurementof multiple switching units. DC fault detectioand
discrimination functions areefined atunit level.The DC fault detectioand discriminatiorfunctions shall
cover all ordinary contingencies as specified by the relevant Fa0lt detection and discrimination shall
be ensuedvithin arelay timewhich, together with the FSD operation timeoes not exceethe maximum
fault neutralization time.If a minimum time between detection (practivation) and discrimination is
required, this needs to be specifielf.the border of a FSZ is on the AC s{dey. ACCBor at converter
level, a fault detection and discriminaticshall be foreseen to aidate the fault separation function of
such devices.

An overview on communication interfaces related to DC grid protection is providédGWRE 65. It
should be noted that this is a functional vievihich does not represent the individual system component
deployment which might be different.

Coordinated DC grid control
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SU switchgear
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FIGURE 65 Communication interfaces between functional levelsr DC grid protection fault
detection/discrimination at unit level, (TelErommunication between subsystems at station level
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Fault detection and discrimination is located at unit level (i.e. switching unit or busbar unit) whereas
(tele-) communication interfaces between stdystems are at station level (e.g. between two DCSS). In
practical application, different protection relays may require access to measurement of several devices at
field level. For example, protection relays in busbaitsiwill request tripping of the relevant switching
units. A switching unit shall be able to send status updates to the DC switching station. If remote
information or measurements are needed for the purpose of backup protection, additional fast
(tele-) communications with remote end switching stations shall be foreseen.

7.4.1.1 DC fault detection and discrimination

HV pole

The objective of fault discrimination i® distinguish between a fault inside or outsidespecified part of
an HVDC grieitherfor fault separatioror for faultisolation. A fault separation zone (FSdgfines a zone
in whicha faultcurrent can be suppressed by operatiorttod FSD athe borders of the FSZTwo different

typesof FSZ existSelective and partially selectiyseedefinitions in sectiory.]).

When defining functional requirements related to fault discrimination, tlegistence of different
protection zonesshall be considered. It shall be further distinguished between fault discrimination
requirements forfault separation and faulisolationas theyare not equally critical

Primary protectionfor fault separation shll be based on nownit** algorithms whenever technically
feasiblein order to reduce the relay timeZone distinction device (ZDD) e.g. DC reactorsshall be
designed accordingly. Neanit fault discriminationshallbe consideredas a design criterion for protection
zoning. Possible exceptions awn FSZ with severalocal measurements (e.g. DC bushaprimary
protection during maintenance (aggregation of twwimary protection zones) and faulsolation.

Backup protection sequencefr fault separation at remote ends withoutelecommunicatior®? are
technically challenging. For the time being the option of having communication is maintaingd
communication delays shall bas small as technically possitje.g.telecommunicationvia fibre optic
link). An overview is provided bJABLE 33.

Non-unit fault discrimination is not mandatory for fault isolatitvecauset is less time criticadnd may be
technically challenging. However, whenever technically feasid@-unit fault discrimination shall be
prioritized in order to limit horizontatelecommunication interfaces betweesubsystens.

The method of fault discrimination (neanit, unit) shall be specified for all relevant protection zones
according to the list of ordinary contingencies (including primary and backup protection).

TABLE 33 Authorization of telecommunication for fault discrimination; X: Not allowed, (X): if-voit
protection not technically feasible (intertripping), O: Allowed

Fault separation Fault isolation

Primary protection (local) X X)
Backup protection (X) (@)

4I'Non-unit: Single ended fault discrimination without communication; Unit: Doubleded fault
discrimination with communication

42The termtelecommunication is only used for remotnd communication, unibased algorithms at a
busbar are considered local
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DMR

The detection and discrimination @MR faults is less timeritical compared taHV pole faultsA DMR
fault mayresult in a ground return currebiut the overall system operation is ensuréderefore, the fault
detection and discrimination shall be ensured hntaless restrictive time frame compared to HV pole
faults. A unit-based principle relying on communication may be usmahsidering the fact that the
detection of DMR faults may be more challengicgmpared to HV pole faults. This is mainly duehe
limited voltagedrop in the neutral system which might result amallor even ndncrease otcurrents in
case of dault*.

7.4.1.2 Auto -reclosing

A reclosing after fault current suppressithisupposes that the faulty element has been isolated and that
parts of the FSZ are healthy. Two main reclosing sequences can be distinguishedreglasing and
coordinated reclosing (seelGURE 66). The preferred reclosing sequence shall be specified for each fault
separation zone.

The term autereclosing is defined as an autonomous reclosing sequentiedswitching unit. Dedicated
timers for protective autereclosing shall be specified and backup actions for the case ofraalosure
on a fault shall be specified. The maximum number of protective aetosing attempts shall be
specified and the energy rating of relevantcomponents (e.g. surge arresters) shall be igeed
accordngly. The FSD shalble designed fora dedicated reopening sequenaecase of persistent fault

Coordinated reclosing sequences (e.g. for partially selective FSZ) shall be specified at DC grid control level.

Cochi )

Fault current
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attempts reached) Fault isolation

status

Timeout

Coordinated
reclosing

Auto-reclose
(Voltage restoration)

— T~

Non-isolated Isolated
fault fault
L ] T~

[ Power restoration

| FIGURE 66 Example of reclosingequences after fault current suppression

7.4.1.3 Monitoring and status for DC grid protection

43 A fault on a unloaded DMRnay leadto zero fault current.
44 Note that autoreclosing is not limited to overhead line faults but could also be requiredble based grids
(e.g. in case of partiallyelective FSY
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The FSD is part of a switching unit. The FSD may be triggered due to a local request by a protection relay
or by a global request from the DC@&rresponding to an open command, as defined in Seci@3. If

the FSD trip is issued by a lopabtection relay this information is reported to the DCSS and DCGC layers.
Beside of thecloseopenandclosestatus, an intermediate stat&tatus closed FSDactivateddis defined

for protection sequencesOpen commands are distinguished from trip commands such that FSD
technologies mayapply fault current separation oload current separatiosequencegwith reduced TIV

if applicablg.

> Status closed FSD not activated

> Status closedz FSD activated: Activation of FSD is an intermediate step which lead to fault current
separationwithout galvanic isolation(RCS closed)Possibility to go back to statu@losedz FSD not
activateddif an autoreclosing is performede.qg. in case of a@pen-CloseOpen sequenceqCO).

> Status open: Achieved once tlRCShas successfully opened providing a galvanic isolation

Converter operational states to be reported to the GC

> Blocked staté®
> ACCB activation / trip
> Normal operation

7.4.2 Hardware requirements

7.4.2.1 DC fault separation

The fault current evolutiomue toa DC fault is highly transient and has various influencing factors such as
topology, converter ratings and the type of transmission line. In addition, the presence and sizing of DC
reactorsor other fault current limiting devicelsas an important impact on the evolution of fault currents.
The DC reactocan be seen as a mufturpose device ensuring both protection zone distinction and fault
current limiting. The choice diult current limiting deviceshallbe compliantwith the performance of

the FSD in terms of current breaking capability and operating time

The switching unit and more precisely the FSD shalrated such that it camterrupt all fault currents
related toordinary contingenciess specified by the relevant TS@thin the maximum timeTn max A
specific list of ordinary contingencies is subjecfadure mode analysis and dedicateidk assessmertf
the relevant TSOIn this context, Tnmax May be specified for both primary and backup protection
sequence$.

The FSD shalde equipped with aufficient energy ratingo absorb themaximum energydue tofaults.
The number ofOCO sequenceBlocoas specified by the TS€hall beconsideredfor energy absorption
rating. If Noco>1, the maximumreclosing time shall beespected.Due to the high interdependencies of
fault neutralization time, fault limiting device and current breaking capabilityis recommended to
design them in a coordinated way ensurindault current interruption for all relevant ordinary

45Note that an @eration of RCS might be required for certain FSD solutions to proceed toragtosure

46 For the reporting of a blocked state permanent blocking and temporary blocking shall be distinguished. For
temporary blocking no particular action from the DCGC is expected since the converter deblocking is based on
local measurements.

4"Note that Tn,maximposes both hardware and software requirements on t!8DFas it includes the relay time

for fault detection and discrimination. More information is providedtie relevant section.
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contingencie$®. Note that the device for fault current limiting is not specifiéd orderto ensure an
inclusive andechnology-agnosticdescription of the functional requirements according to the system
needs.From a protection perspective several combinations of protection equipment ratings are possible.
However, the impact on the DC grid controllability should be thoroughly investigated to ensure stable
operation. Relevant parameters should be specified inoardinated and compatible wayrunctional
requirementsrelated to fault separatiorshall be specifiedat switching unit level.

7.4.2.2 DC fault isolation

DC faultisolationdescribes the sequence of physical isolation of the faulty deljceperating the RCS
after fault current suppressionWith the opening of the RCS$he fault current decreases from residual
current level to zero current.

Functional requirements regarding residual current breaking capabilities in terms of amplitude and time
shallbe specified.

7.4.2.3 Auto -reclosing

Hardware requirements related tauto-reclosing shall be specified at switching unit ledle maximum
number of autereclosingattempts shall be specifiedrelevantswitchgear andre-insertion devices shall
be designedaccordingly.

7.4.2.4 Current withstand capabilities

During DC faults the DC switchgear could be exposed to very high fault cundniles the primary or
backup protection iperating The DC switchgeainside a DCSWhallhave an overcurrent withstand
capability corresponding to the expected fault current amplitudes and durati@hsing protection
sequenceslt should be noted that th&ipping of the ACCB might bpart ofa protection sequence related
to DC faults which might entalibnger durations compared to protection actions on the DC side.

7.4.3 Compliance test for DC fault separation

Disclaimer: Thistandalone test is related tthe DC fault separation requirement which could be assigned
to a DCSU. It should be noted thather requirements such as maximum current withstand requirements
in closed stateould be assigned to the sanoe adjacentDCSU whichmight require separate compliance
tests.

The obvious requirement foswitching units insidea DC switching station with fault current breaking
capability is to achieve fault current suppression for all associated DC faults considered as ordinary
contingenciesas specified by the relevant TSOhe expectation on the DC grid equivalent is to capture
the most influential properties of DC fault transients in a generic way while not being restricted to a
specific topology or grid design. It is evident that any simplification of the DC grid wiltaddy result in

the loss of some of the grid specific information or individual subsystem design paraméihes.
standalone testsshall provide a test environment which ensurés verify fault current suppression

48 This deviates froMEC TS 8291where a separate specification of fault current limiters and FSD capabilities
is proposed.

Inl:er Functional requirements for HVYDC grid systems and subsystelds$t
OPERA a griasy Y

Enabling multi-vendor HVDC grids



capability for the relevant types of faults considered as ordinary contingenciéghe following
simplifications and assumption are made.

1 The DCSS has several {PGCs. In case of a faultitside of the DCSSat least one PoC is connected
to the faulty part of the system whereas the remaining PoCs are connected to the healthy parts of
the DC gridFor faults within the DCSU all PoC are connected to the healthy systemmexpandable
DC grid the detailed characteristics of each of the feeders might not be knowen planning stage

2 The maimum increase of fault currendbccurs whenall feeders are connectedAs a worstcase
assumption in terms of fault current contributions, the healthy part of the DC grid can be represented
by an ideal DC voltage source of rated value.

3 DC fault transients

3.1 Cable characteristicSome parameters have an important impact on the damping of the traveling
waves leading to a reduction of amplitude of fault transieft6]. The most influential parameter
is the screen resistivity and thickness. The DC voltage envelope shall be defined considering cable
properties with the lowest damping coefficiei26] .

3.2 Distant cable faultamay provoke more severevoltage reversalscompared to solid faults at the
terminaldue to the reflection of traveling waves at the converter termination. An approximation of
the equivalent impedance can be made based on an RLC circuit as desciipédVith increasing
DC inductance, the transmission coefficient is approaching a value of 2 resulting in a significant
amplification of the incoming voltage surge. A transmission coefficient of 2 is considered as a
worst-case assumption to guarantee an outavelope(seeFIGURE 60).

The DUT can be either the DCSS as a whole or an individual switchingnuhi& following,standalone
test circuits for both DUTs will be definedt. should be noted that theests arelimited to primary
protection scenariosTests forfault current interruption duringoackup protectioncould be specifiedn
addition. The DUT shall bable to handle current interruption according to the defined backup protection
strategies.

7.4.3.1 Standalone test fora DC switching unit

A DC switching unit (DCSU) connects exterorainternalunits A and B(see sectiorb.3.2. Examples for
internal unitsand external units are respectivelbusbar unitsand transmissionunits. For externalfault
current interruption compliance testinthe DC grid equivalenshall represenbne ofthe connected units
under fault conditiorand the remaining unitén normal conditionTo test internal faults, both units shall
be represented under normal conditioni$.is recommended to executat least onestandalone test for
eachof the connected unitsA generic standalone test circuif a DCSUs shown irFIGURE 68 where
one sidesconnected toDC grid equivalent representing the faulty part aiheé other sidds connected to
aDC grid equivalent representing the healthy parhestepvoltage of the faulty part is charactised by
a voltage step in dependence of the fault neutralization tifi¢of the device under test as defined in
FIGURE 67. This isbecausethe average step voltage may be more sevé@efaster fault neutralization
times. Hence, the test ensures to represent the most severe current increaseg the fault
neutralization time of the individual DUT.
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Thetest objective isso demonstratefault current interruption capabilityvithin both the specifiedfault
neutralization timeTnl Tumaxand the current breaking capability,c*°. For a successful compliance test it
is expected that the DUT imposes a transient interruption voltage (TIV) at the latest. athE test shall
demonstrate successful fault current suppression to residual current.

The faulty partDC grid equivalentonsists of a&ontrolled DC voltage source which emulates the outer
envelopeof fault transientsdepending on the fault neutralization timéy of the DUT.

0 T
lllustrative example: g
01 TNJHG.Y = 5ms _\‘_‘ L. b
-0.2 . 4
-
0.3 . T
E 0.4 [ jyustrative example: T
E’-O.S 7umin,awg (TN = 211'15)' B
g .
E "
E’ 067 ~"7°7 T b
= |
-0.7 : b
" 1

0.8 } 1
1

09 ! ]
1

; | . ‘ .
0 2 4 6 8 10 12
Ty [ms]

FIGURE 67 Average undervoltage depending on the fault neutralization time of the DUT; Example
shows a step voltagesof (-0.6pu) applied to the standalone test circuit fon DUT witha fault
neutralization timeof Ty=2msconsidering a maximum fault neutralization time & ma=5ms

Note that the voltage test profilelepends on the unithe DCSU is connected to:

> If the faulty part represents a transmission uuniinavgShallrepresent an outer envelope of
traveling wave propagationsThe step voltage levelminavgShall be chosebased on
FIGURE 61 while considering .

> Ifthe faulty part represents busbar unitumin,avgiS equal to zero representing a solid fault.

The healthy part DC grid equivaleistrepresented by an ideal DC voltage sourcestérencevoltage and
an equivalent DC grid impedancEhe reference voltage shall represent the upper limit of the stesidye
system voltage range (s€& , FIGURE 15). The DC grid impedance could incorporatéfects of
different DC grounding schemesd dedicated grounding resistances minimum DC grid impedances if
applicable.In thisframework t is assumed that thevorst case in terms of fault curreitcreases covered
when considering ideal groundirjg ®.m Q

41t should be noted thafault discrimination is nopart of the fault separationest. The relay timeor fault
discrimination is consideredsan additional delay with regards tie internal current commutation time of
the DUT
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FIGURE 68 Standalone test circuit for fault current interruption considerin@@switching unit as
DUT; udc est: Voltagetest profile corresponding tmuter envelope otable fault transientwor solid fault
depending on connected unitsiy: Indicative expected transient interruption voltage profile imposed
by the DUT

7.4.3.2 Standalone test for a DC switching  station

In this setup the DC switching statias considered as the subsystem to be testétle DCSS is likely to
integrate several DCSbetweentwo points of connectionThe DCSUs may be designeither all equal
or with different performancesaccording to therequirements for each of the DCSU.is possible that
some DCSU are equipped with a FSD whereas others arel'hestandalone testshall be applied tall
DCSU inside a DCSS with fault currexterruption. Different to the individual testing, the DCSS vendor
canmake use othe fault current limiting devicein adjacent feeders as they apart of the test circuit as
shownin FIGURE 69. In g an example of a DCSS as-feéder configuration is showwherethree out of
four DCSUnhave a fault current interruption capabilitydicatedin blue colaur. If all DCSU are identical, an
aggregation to an equivalentis possible, wherethe equivalent inductance can be formulated as

0 g —B_with ¢ beingthe number of adjacent feeder§he representation of the healthy and faylt
part DC grid equivalent is identical the individual testing of a DCSWhe faultcurrent interruption shall
be demonstrated for

> Faults in external units the DCSS is connected to
> Internal faults for examplea fault on an internal busbar unit
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DC grid equivalent DC grid equivalent
(healthy part) (faulty part) To Tn

DCSS equivalent
Ldc &

Umin, avg

i

(healthy part) DCSU (DUT)

DCS$

FIGURE 69 Standalone test circuit for fault current interruption considering a DC switching station as
DUT, left side connected to healthy part DC grid equivalent, right side connected to faulty part DC grid
equivalent; a) Example of a DCSS asfaeter configuraion, b) Aggregation of healthy feeders to a
single equivalent of the DCSS considering all feeder being designed equally

7.4.3.3 Guidelines for DC reactor sizing

Disclaimer:The choice and the design of fault current limiting devicesubject to the vendar The
following examples tend to provide a guideline f&C reactorsnsidea DCSU or a DCS%nsidering
different fault neutralization times on the one hand amtifferent current breaking capabilities on the
other hand.Those guidelines can only serve asralicationand are specific to a DC reactor as fault current
limiting device.To obtain theDC reactomwith respect to a giverurrent breaking capability and fault
neutralization time,the following equation has been usethe results are shown FIGURE 70.

> "Q and4 arerespectivelythe current breaking capabilitgndfault neutralization time those
parameters are specific to theUT.

> 0 pandQ j aresystem parametersepresentingrespectivelyreferenceDC voltage and DC
current The reference voltage shall represent the upper limit of the stesidye system voltage
range (se€Y , FIGURE 15).In this example the values are respectively 525kV and 2kA.

> 6 § 4 isthetestvoltage applied to the fault part DC grid equivalent BEEJRE 67)

> ¢ is the number of adjacerfeeders equipped with equal DCSUs

Forstandalone test ofndividual DCSU (see secti@m.3.)
" 0§ 6 5 4 .
v T

For standalone test of DCSS with equally equipped DCSUs (see séctiGi)
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FIGURE 70 Definition of minimum DC reactor sizes depending on fault neutralization timend
current breaking capabilitfQ ; (a) DUT: DCSU(b) DCSS with equally designed switching unit, four
feeders

Standalone testvalidation

The followingstudy aims to validate thetandalone test definition and in particular the assumptiavigh
regards to healthy and faujtgrid representation. Thereforethe current and voltage levslfound in a
multi-feeder DCSSVill be compared to those ithe standalone test.

Theproposed modebf the multifeeder DCS$ presented ifFIGURE 71. It is composed of RCSSwith

4 feeders each feeder connected to a cable and each cable connectedh ideal sourceThe study is
assuming HCSS with all DCSU having exemplaryfault neutralization time of §ms]. Then,2 variations
as shown imABLE 34 will be tested against the standalone testasel considers equally long cables of
800km connected, whereas case 2 considers variable lengths of adjacent cables.

| TABLE 34 Cases proposed for the standalone test validation

Case L2 L3 L4 Converter

800km 800km 800km disconnected
100km 400km 800km disconnected

Switching
station

FIGURE 71 Model used to validate thstandalone testA™Y of 5[ms], and &CR per DCSU of 20@H]
are fixed(equivalent of 8O p ykA] following FIGURE 70).
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Standalone test Case 1:

66.66mH 200mH
Ldc eq DCCB  Ldc SU

A

L

V(PoC) =0 [pu]
V(5 ms) =-0.4 [pu]

FIGURE 72 Standalone testfor aconverter station withi'Y  v[ms], and V=0.4[pu]. Asanillustrative
example, the test is also performed with=0[pu] to be compared to a fault at the PoC. However, the
standalone tesused to size a DCSU should uséY 8

The standalone tesis presented iFIGURE 72. Assuming that the DCSS is provided by a single vendor
the healthy side impedance is the equivalent impedance of the known adjacent feéilers o). The
faulted side follows a voltage drogepending ori’Y. FordY v [ms], the equivalent voltage i€.4[pu]
(seeFIGURE 67). Thesehypothesesare presented inSection7.4.3.2 The standalone test setup is also
used in this example wittb  Tt[pu] to be compared to a fault at the PoC (fIRIGURE 71). Only the
standalone test for case 1 is considered.

The resultof this verificationare presented ifFIGURE 73 and FIGURE 74.
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FIGURE 73 Voltage comparison betweetie standalone test for case 1 and ttest system.(a)Voltage
at \;for fault at f1, (b) voltage ati\or a fault at f2, (c) voltage across the DCSU under tesV{)/for a

fault at f1, and (d) voltage across the DCSU under tesY/for a fault at f2.
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------------- Standal oR@Gt dst 2r

(a) (b)
FIGURE 74 Current comparison between the standalone test for case 1 and the results of the 4 cases
proposed for (a) fault at the PoC (f1), and (b) fault at 400[km] (f2)

FIGURE 73a presents the voltagat w of the DCSU under teDCSU connected thl) for cases hnd 2

and the applied voltage on the standalone teBbr this case, there is rbfference between the voltage
applied at the faulted siddw ). The voltages at the terminals of the DCSU under teste presented in
FIGURE 73c. The difference between the applied voltage on the standalone test and the test system is
evidenced.The voltage difference can beexplaired bytwo main factors:ithe simplifications of DC grid
equivalentof both, healthyand faulty sides.

Healthy DC grid equivalent In the standalone test thénealthy grid is represented bynaidealstiff DC
voltage source andhe equivalent impedancef adjacent switching unitsin the test systemthe stray
capacitance of the adjacent cables is limitéshding to a decrease of voltage over tinfehecable length
has an impact on thequivalent stray capacitancélhe decrease of voltage over tinie more important
for case 2epresentingshortercablelengths. However, regardingrFlGURE 744, there is a small difference
between thefault current measureéh the standalone test (redotted line) and theest system (blue line).
Furthermore,while changing the test system conditions (caseti2¢ current remains comparable to the
currentimposed in the standalone test

Faulty DCgrid equivalent: In the standalone test the faulty grid is represented by an equivalent voltage.
FIGURE 73b andFIGURE 73d showthe voltagesat the faulted line sided§ ) andthe voltageacross the
DCSU under tedor a faultat 400[km]. In this case, thee is a noticeabléifference between the voltage
usedin the standalone test and the voltage measuregdthe test system.This is mainly due to the
conservative assumptions made for the standalone test, which prothdeworst conditions to size the
DCSUensuring interoperability (se8ection7.4.3. Thisdifference is also noticeablehen comparing the
currents(red dotted and bluelines) in FIGURE 74b. However, for the sake of this study tlweltage and
currents gaps are consideredd be acceptable ensuring a generic standalone test definitiovithout
depending on the actual design of the DCSU under test.

7.5 Coordination between DC -FRT and fault separation
requirements
The DC voltage recovery time needs to be carefully coordinated with the maximum fault neutralization

time leading to the minimum requirement.&i ndax It is evident that the DC voltage can only recover
after relevant protection actions have effectively separated the fault from the healthy part of the system.
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In that sense, Ec.1and Ty maxare global parameters for a given HVDC grid or-guld. This means that for
all converters in a subgrid, the same {BRT profile is prescribedr convertersand the same maximum
fault neutralization time need to be respected by all DCSS vendors.

A subgrid is characterized by being connected to other syrimls with different functional specifications

at one or several connection points. Assuming an HVDC grid which consists of two subgrids connected via
one connection point as shown FIGURE 75, it is possible to have different protection requirements
defined for the upper and the lower stgvid as long as they are identical within the subgrid.

AC/DC #1 DCSS #1 ACIDC #2|
Offshore Converter StationDC Switching Station DCSS ufonshore Converter

DC Switching Station Station
e - T
I T
Subgrid1 with B

|
TN,m.’:\xland -I;ecl,l — I
I

ACIDC #5
Offshore Converter Statio

DCSS (stanalone) #5
DC Switching Station

T maaz=MiN(Ty maxas Tymaxe)
Trip forfault in slower subgrid

o

"
Lﬁv_i ACIDC #4
DCSS #4 Onshore

DC Switching StationConverter Station

AC/IDC #3 DCSS #3
Offshore Converter StatiomC Switching Station

[= 5]

2]
oo+ 8]

o [ Subgrid 2 with -
TN,maxZand -I;ecl,z =

A A

OBS

FIGURE 75 Definition of Tymaxand Tea as a global parameter of individual subgrids withygnda2 at
the connection point being the minimum out of both faxto be compliant with both voltage recovery
times Trec10f sub-grids.

In the following preliminary recommendations for additional requirements at connection points are
considered.

> All DCSUs in subgrid 1 and subgrid 2 need to neutralize the fault within a time equal or faster than
Tnmaxi @and Tumaxe respectively. In both subgrids, the minimum condition applieg:1i) 4 maxiand
Trecl,zj 4,max2-

> When connecting those two grids, the FSDs at such connection points need to ensure at least that the
lower fault neutralization time out of both subrids is respected (1).

> The DCSU at the connection point need to operate as a primary protection device to separate the
subgrids for any fault in the subgrid with high fault neutralization time (2). The DCSU could be
reclosed after after fault neutralization in the subgrid undeult. In this case, no support from
the adjacent subgrid can be expected and the subgrid shall be able to reach normal operating
conditions when separated. The dedicated protection relay shall be able to detect all faults in the
subgrid.
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> If the fault occurs in the subgrid of fast fault neutralization time, the DCSU at the connection point
does not need to operate for primary protection purpose but could be foreseen as a backup
protection.

This ensures that the DC voltage recovery time in both subgrids is respected for any fault in the
interconnected system. It should be noted that other requirements may need to be defined to ensure
the interoperability between two functionally independentilsgrids.

7.6 Insulation coordination

Insulation coordination involves the selection of insulation levels of HYDC components and the choice of
equipment (e.g. surge arresters) that minimize the impact of overvoltages resulting from switching
operations, faults and lightning impulses.

Within T2.1 a screening of the state of the art of insulation coordination and the existing standards was
carried out and is provided hereafteXo functional requirements are proposed at this sta@ngoing
challenges are pointed out and guidelines for continuing the study on the subject are proindathtion
coordination studiesnd related simulations are not scope of this section.

7.6.1 State of the art

IEC standards

IEC standard 60071[28]AA £ZET AO OEA OAOI ET O0O1 AGET 1T AT 1T OAET AOQEI
strength of equipment in relation to the operating voltages and overvoltages which can appear on the

system for which the equipment is intended and taking into account thevise environment and the
AEAOAAOAOEOOEAO 1T &£/ OEA AOAEI AAT A POAOGAT OET ¢ AT A bBC
IEC 60071 applies to high voltage threphase AC systems and it specifies the procedure for the selection

of the rated withstand voltages for the phade-earth, phaseto-phase and longitudinal insulation of the

equipment. It also gives the lists of tteandard withstand voltages from which the rated withstand

voltages should be selected.

Regarding the insulation coordination for HYDC system, the reference standasthe IEC 60075

0001 AAAOODDOI ZROAEEEGAAO AOOOAT O j(6%$#Qq AT 1 OAOOGAO

station type (VSC were excluded). Due to the increasing number of HVDC projects based on VSC

converters, inOctober 2016, IEC Technical Committee 28 (Insulatiofmbnation) established AHG 8

(Ad hoc group 8) to make the roadmap for HYDC system insulatiesrdimation standards. A new series

standard for HVDC system has been established:

> [EC6007111[29]q, OS$AZET EOET 1 Oh DOET AEPI AO AT A 001 A0 &I O (
procedures for the determination of the specified withstand voltages, creepage distance and air
clearances for the equipment and the installations of these systems.

> |EC 6007112 [30]6ADD1 EAAQET T COEAAI ETAO &£ O ,## (6%$# AITO
applies guidelines on the procedures for insulatiorordination of line commutated converter (LCC)
stations for highvoltage direct current (HVDC) project, whose aim is evihgathe overvoltage
stresses on the converter station equipment subjected to combined DC, AC power frequency,
harmonic and impulse voltages, and determining the specified withstand voltages for equipment.
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> [EC6007113], O! PPl EAAQOEI T COEAAITETAO A O 63# (6%$# AIlTO
> [EC6007114d O) 1 OBIOMERTAIOEATT &I O ' #T$# AFEI OAOO6Hh 110 UA
> [EC60071151, O) T OGIOMEHTAIOEAIT A1 O $# a@kbedi EOOEIT 1 ET Adh
IEC 600711 currently stands as the reference document regarded as the state of the art for HVYDC
insulation coordination. It is noteworthy that, despite the initiation of this new series of standards for

HVDC systems, a standard for HVDC switching statismot anticipated.

Voltagelevels

In IEC 600711 it is mentioned that the nominal voltage, nominal current and insulation levels for HVDC
systemare not yet as standardized as the AC syst&hGURE 76 shows an extract of the annex C of IEC
6007111 which proposemdicative insulations levels for DC voltages between 200 kV and 800 kV for

outdoor installation.

Table C.1 - Typical DC voltages and switching/lightning impulse withstand voltage

. F d rated switching Pr d rated li p
Typical DC voltage impulse withstand voltage withstand voltage
kv KV kv
{peak value) (peak value)
550
200 550
650
550
550
650
250
650
650
750
650
650
750
750
320 750
850
850
850
950
850
850
850
400 950
a50 1050
1175
950
as0
1050
1050
1050
500/525° 1175
1175
1175 1300
1425
1175
1175
1300
1300
600 1300
1425
1425
1425
1 550
1550
1550
18675
800 18675
1675 1800
1950
The corresponding values shall be chosen depending on the specific system configuration.
3 Either of 500 kV or 525 kV is applicable.

FIGURE 76: Extract of Table C.1 of Annex C,{&i07111, Typical DC voltages and
switching/lightning impulse withstand voltage
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General procedure for insulation coordination

The IEC600711 proposes a general procedure for the choice of voltage insulation levels for AC system
see FIGURE 77. Voltage stresses can be minimized by using surge arrester, insertion resistors in
switching devices, DBS, controlled closing, low impedance grounding, etc.

Step1

* Maximum steady-state
voltage * Determine equipment

* Temporary voltage protective level

¢ Transient voltage

Parameters :

Step 2

¢ Choice of SA, number,
location, energy
* Other protection devices

FIGURE 77: Simplified view of procedure for the determination of voltage withstand levels
coordination procedure proposed by the IEC 60071

The amplitude, shape, and duration of voltage stresses are generally determined using system transient
analyses. Transient analysis results should identify voltage stresses as depi&EalURE 78 for pole-
to-ground, poleto-pole, poleto-neutral, neutraito-ground overvoltages and longitudinal overvoltages
(voltage appearing between open switch contacts). EMT simulations will be required to quantify transient
overvoltages within the system. Due the limited experience with MTDC grids, special attention will be
required to accurately model the HVDC system equipment as well as the AC side and determine the
appropriate level of possible modelling simplification.

Table 1 — Classes and shapes of overvoltages, standard voltage shapes
and standard withstand voltage tests

Low frequency Transient
Class
Continuous Temporary Slow-front Fast-front Very-fast-front
i .
Voltage or 10z (\ﬁ W
over- ] £
V4
s | AT o
shapes T Tt [ "
F L J I T2
I, s 100 ns
T, =3600s f
Range of ' 10Hz < f=<
voltage or | 7 _ ¢ _ =350 Hz or 500 Hz Wus<Tys 01ps<T;< 03MHz <, =
over- t =41 60 Hz 5000 ps 20 ps 100 MHz
voltage 0 Hz r,23600s |002sShS| g copmg T,5300 ps
shapes | - 2500 Hz 3600 s 2 2 30 kHz < fy <
2 300 kHz
e 1, 7’ {’\
Standard | fepene o p i
voltage |ui ¥y a
shapes T
T T
t p [ R RT
Tz -
AU . =
AU o, f=S50Hz | 4BHzsfs - -
T, LY ar 60 Hz 89 He ‘Tﬂ 250 ps Iy=12us
. 73 L=g0s | T=2500us T,=50ps
t
Standard dﬁr;?c;n
withstand | DC voltage N ower Switching Lightning impulse N
vt;::?e test @ lrl:]uency impulse test test
test
2  To be specified by the relevant apparatus committees.
®  Unless otherwise specified by the relevant Technical Committees, standard voltage shapes should be in
accordance with IEC 60060-1.

| FIGURE 78: Classes and shapes of overvoltag&€able 1 of IE®G007111)

The standard IEC 60011 defines the maximum overvoltages that would be limited by the surge arresters
considering the corresponding Switching Impulse Protective Level (SIPL), lightning impulse protective
level (LIPL) and Steepront Impulse Protective el (STIPL). A margin between the maximum calculated
overvoltages to be expected (considering the protecting devices) and the equipment withstand level is
proposed by the standard. Those margins consider several aspects such as data and model limitations,
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surge arrester ageing and characteristics tolerances and are shoRIGWRE 79. It is worth to note that

the way aging of the equipment is managed (decrease of the withstand voltage versus time) is not clear in
DC.The choice of lightning impulse and switching impulse withstand level of subsystenfkIG&ERE 6,

should at the end be higher equal tathe Required Switching Impulse WithstaMdltage (RSIWVas per

IEC 600711 Required Lightning Impulse Withstand Voltage (RLIWV), Required Skeept Impulse
Withstand Voltage (RSTIWMFIGURE 80 shows an example of a solidly earthed system with correctly
dimensioned arresters for the different overvoltage regions: the arresters limit the slow front, fast front
and temporary overvoltages below the equipment withstand voltages.

Table 3 — Indicative values of ratios of required impulse
withstand voltage to impulse protective level

Indicative values of required impulse
Type of equipment withstand voltage/impulse protective level® ©
RSIWVISIPL RLIWV/LIPL RSFIWVISTIPLP

AC switchyard — b_usbars. oluldoor insulators, 1,20 125 1.25
and other conventional equipment

AC filter components 1,15 1,25 1,25
Transformers (in oil)

line side 1,20 1,25 1,25
valve side 1,15 1,20 1,25
Converter valves 1,15 1,15 1,20
DC valve hall equipment 1,15 1,15 1,25
(?l?cﬁjv;;t::gédfiﬁil:lspgghtand DC reactor) 1.15 1.20 1,25

# Indicated values are stated for general design objectives only. Appropriate final ratios (higher or lower) can

be selected according to the chosen performance criteria.

b STIPL for LCC valve arresters.

¢ Indicative ratios are on the basis that any equipment is directly protected with a surge arrester.

FIGURE 79: Table 3 IE®007111, Indicative values of ratios of required impulse withstand voltage to
impulse protective level

5 T T

Possible voltages without arresters
N L~

4
|
\ Withstand voltage of equipment

3 ™S

Withstand voltage of arresters

2
-
— —
L

Voltages limited by arresters

—— Magnitude of (over-)voltage /p.u.—»

0 |
Fast Front Overvoltages  Slow Front Overvoltages Temporary overvoltages Highest System Voltage U
N " "SFO" "ToV" Highest Voltage of
(Lightning overvoltages) ~ Switching overvoltages (Seconds) Equipment U,
(Microseconds) (Milliseconds) (Continuously)

Time duration of (over-)voltage

FIGURE 80: from IEC60099-05[31], example of a solidly earthed system with correctly dimensioned
arresters.
AcknowledgementsThe authors thank the International Electrotechnical Commission (IEC) for permission

to reproduce Information from its International Standards. All such extracts are copyright of IEC, Geneva,
Switzerland. All rights reserved. Further information on thés|B@ilable fromwvww.iec.ch IEC has no
responsibility for the placement and context in which the extracts and contents are reproduced by the author,
nor is IEC in any way responsible for the other content or accuracy therein.

Inl:er Functional requirements for HVDC grid systems and subsysteinig
OPERA |

Enabling multi-vendor HVDC grids


http://www.iec.ch/

General principles for thapplicationof surge arresters

The principle of insulation coordination for a power system is given in the standard IEGHBOJHE IEC

60099Y h Oate€egsk 0AOO Yq 3AI AAOGEIT AT A APpDPI EAAOQEIT OA
principles for the application of surge arrester coordination AC systemseeFIGURE 81. Selecting a

surge arrester for a specific application is a compromise between its protective level, TOV capability and
energy dissipation capabilitj32]. Increasing the TOV capability (e.g. higher SA rated voltage) increases

the possibility of the SA to survive temporary system overvoltages but reduces the margin of protection
provided by the SA for a given insulation level. Higher SA eneatigg reduces the risk of failure, but it

means increased cost.

Collect data relevant to:

Metwaork configuration

System Operating Conditions
Lightning, Switching, TOV Conditions
Equipment LIWY, SIWY

Establish system parameters

Mature of studies:

« Paper based estimation

Transient analysis study + Computer simulations

+ Type of analysis:
deterministic/probabilistic

« Models relevant to study case

+ Operational scenarios

Identify surge arrester requirements:

» Arrester rated voltage from maximum temporary

v overvoltages

Evaluate overvoltages + MNominal discharge current for required U, or U,

s  Repetitive charge transfer rating and thermal
energy rating for required charge transfer and
total energy including temporary overveltages

+ Required short-circuit current rating

Surge arrester logistics:
h J

Arrester selection + Locatien
» Proximity effects
& Earthing
+ Connection Leads

Optimize surge arrester performance:

hJ
Repeat study with SA selection

+ Confirm protective margins

« Adequate charge transfer and energy handling
capability

« Any effects on system are identified

IEC

FIGURE 81: IEG60099-05, Typical procedure for a surge arrester insulation coordination sdC
system.

FIGURE 81 shows the procedure for SA rating selection for AC system as proposg2py
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> Choice of Uc: the SA continuous operating voltager AC systemUc is defined as the designated
permissible rms value of powdrequency voltage that can be continuously applied between the SA
terminals®.

> Choice of Ur: the SA rated voltage, Ur, is the maximum permissible rms. value of {i@gaency
voltage between its terminals at which it is designed to operate correctly under temporary
overvoltage conditions. It is worth noting that different SA couldvie same continuous operating
voltage Uc but different rating voltage Ur if they are designed for the same system voltage but they
for different TOV amplitude and duration.

> Choice of SA protecte level: as already mentioned above, the proteetievel of the SA has to be
chosen by means of insulation coordination procedure as proposed by IEC-800He most
important parameters relevant in this process are the prospective amplitude of overvoltages, number
and position of SA, the insulation levef protected equipment, safety margin for equipment
insulation.

> Selection of energy capability: the energy stresses for temporary, slow front and fast front overvoltages
has to be calculated as a function of the arregiestective level and current durationEC 6009%
introduced two ratings regarding energy absorption capabilities from 2014 forth on. The repetitive
charge transfer rating, which defines the maximum charge transfer of a single impulse or multiple
impulses within 2 seconds the arrester can hi@adrhe thermal energy absorption, which a surge
arrester ca absorb within 3 minutes. Both ratings have to be ensured during insulation coordination
processes.

Determine highest system operating Select SA continuous operating
voltage voltage for SA

Determine TOV amplitude and

duration Select SA rated voltage

Insulation coordination selection

Procedure from IEC 60071- :
rocedure from 0071-11 of SA protecting level

Calculate energy stresses for different
overvoltages

Selection of energy capability

| FIGURE 82: Procedure for surge arrester choice, based 32j

TB CIGRE 471
AEA #)'2% 71 O0EETC 'Ol OP "18¢X O! Pl EAAOCEIT COEAA
#1 1 OAOOAO (6%$# j63# (6%$#QqQ OOAOEITO6h xEI 1T AAlI EOAO

present typical causes of overvoltages within a VSC convaittgion and will include a section regarding
surge arrester arrangement within the station. Nevertheless, the insulation coordination related to multi
terminal HYDC grids based on bipolar configuration and including DC circuit breakers is not covered.

50Note that for DC system, the relevant IEC standard is the IEC 60088taloxide surge arresters without
gaps for HVDC converter stations.
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Identified gaps
The following are a list of identified gaps of existing literature toward the definition of a methodology and
rules for insulation coordination for MTDC HVDC grids:

> The insulation coordination methodology for HVDC system proposéithin IEC 600711 is directly
derived from the AC insulation coordination. The application of this methodology for future HVDC grid
based on bipolar system need to be reevaluated considering the framework of multi terminal and multi
vendor DC grid.

> Values for switching and lightning impulses withstand levels for HYDC components are not yet
standardised. In the offshore context this is particularly important for HVYDC cable, for which
temporary overvoltages withstand levels are not yet standardised.

> There are no rules that clearly state the adequate placement of surge arresters within the grid, neither
who has the responsibility to define it.

> An exhaustive mapping of possible voltage stresses that can occur within a bipolar HVDC grid,
including switching actions for load or fault current interruption by DC circuit breakers is missing in
literature.

7.6.2 Discussions

This section covers a selection of drivers and problems that can be further investigated to help defining a
methodology for insulation coordination for MTDC grids.

Grounding

The type of grounding of neutral of the system has a direct impact on the insulation coordination for poles
and DMR. A higher grounding resistance and surge arrester protletvel at the neutral leads to higher
temporary overvoltages at the poles and DMR.

Cable OV

Cables are considered one of the weak points in HYDC subsystems when it comes to dielectric insulation
withstand. The CIGRE Technical Brochure TB 852, titled "Recommendations for Testing DC Extruded
Cable Systems for Power Transmission at a Rated Voltag® and Including 800 kV," outlines the tests

to be performed to ensure temporary overvoltages for the cables:

Switching impulse same polarity

Switching impulse opposite polarity

Lightning impulse

Very slow front Temporary Over Voltage (TOV)
Very slow front TOV with chopped tail

Zero crossing damped temporary overvoltage

V V V V V V

TB 852 primarily focuses on poitd-point HYDC symmetric monopolar systems. Therefore, additional
research is recommended for muteérminal HVYDC grids based on bipolar systems. It is important to note
that, at present, the quantification of parameters t&dmporary overvoltages are not standardized, and
different HVDC poirto-point systems may have different parameters. As an illustrative example,
FIGURE 83 shows the very slow temporary overvoltage profile and parameters proposed in TB 852.
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| FIGURE 83: Very slow temporary overvoltage profile and parameters proposed in TB 852

The overvoltages profiles proposed by the TB &8 veryspecific to pointto-point systems and cannot

be used directlyNevertheless, they coulde used astarting pointfor insulation coordination studies for
MTDC grid, and, on the other way, the insulation coordination studies can give recommendation for cable
overvoltages withstand.

Interface between insulation coordination and converter OVRT specifications

Section7.3.8outlines the OVRT requirements at the converter's-B&C. It specifies that the converter
must remain connected during the OVRT (refer to OVRT profileFIGURE 63) while remaining
connected and maintaining stable operation during the OVRT event. The OVRT profile is associated with
overvoltage profiles that may occur within the system and could, therefore, be related to the insulation
AT T OAET AGETT T &£ OOAOQUOOAI 68 YO EO EIi bl OOAT &6 Ol
dielectric strength, while OVRT concerns thenverter stable operation during overvoltage events. A
relevant question might be: what is the impact of the OVRT profile on insulation coordination, and vice
versaZFIGURE 84 presents potential options for selecting the transient overvoltage SA protection level

in relation to the transient OVRT profile. In this example SA proteddvel can have two options:

> In option 1 the SA protecte level is higher than the transient OVRT profile, which means that SA is
not activated during transient overvoltages that could impact the stable operation of the converter. In
practice, it means that the SA do not play a major role to ensure that thevoltage transients are
below the OVRT profile.

> In option 2 the SA is activated during the transient OVRT and therefore it plays a role to limit the
transients. It could be argued that if the SA limits the transient overvoltage than it could be reasonable
to set the SA protectielevel to the OVRT profile as shown in option 3.

Option 1 is the recommended choice. For transient overvoltage conditions, the SA should not interfere
with the OVRT profile. The surge arrester role is to protect the system components by handling dielectric
stress, while the OVRT profile ensures that tbenverter remains connected during these transient
events. Each function addresses different aspects of system performance and protection, and they should
operate independently of one anothelt is worth noting thatthe surge arrester should not be desagh

to be active during theUoy: overvoltage to limit unnecessary energy requirements/stresses on the
arrester. However, if the &l1is high, the arrester can conduahd this must be taken into account on the
design of the SA.
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SA protecting level (transient OV)
« Dielectric withstand of components
OVRT

R Opt 1
Opt 2
_________ Opt3

. _\_\_

Yov1

DC voltage [pu]
== 1=
9 Q
< <
e

0 TCN1 TOV2 TDVS

Timels]

FIGURE 84: Example of possible options for the choice of the transient overvoltager®tective level

versus the transient OVRT profile.
SAprotectivelevel and placement
The choice of the SA placement will impact the system overvoltages as already mentioned above. Annex
A of IEC 600711 shows a typical arrangement of SA within a bipolar converter station; however, there is
currently no common consensus on the placemengéf within multiterminal HYDC grids. Determining
who will be responsible for the choice of otective level and placement within the grid and possibly
within the subsystem is an important question that needs to be addressed. Inadequate choice of SA
protective level and placement could lead to uneven SA energy absorption and damage the equipment
(theimpact of energy sharing between arresters throughout the system is due to slow front overvoltages
The number of surge arrester within the system (and within the subsystems) should be carefully evaluated
and optimized, as the presence of each ptdeground surge arrester introduces an additional potential
weak point (risk of insulation failure), i.eaing too many surge arresters could ultimately redube
overall reliability of the system. On the other hand, IEC 66RTientions thatfor lightning and fast front
transients (usually not aconsiderationof cable and indoorsystems)surge arresters offer a limited
protection range, typically spanning from a few meters to several tens of meters, and they should be
installed as close as possible to the equipment requiring protectidre key question related to SA
protective level and placement could be formulate as well: if the vendor defines SA placemént an
protection levels based on standardized levels (withstand levels and minimum margins), can we be certain
that there will be no issues with energy sharing among the SAs?

7.6.3 List of identified scenarios that can generates overvoltages

A mapping of the overvoltage scenarios that can appear in a multi terminal DC grid in bipolar configuration
with DMR is shown iMABLE 35. Type ofovervoltage are based ofiable 1 of IE®007111, sed-IGURE
78.

TABLE 35: Proposal of mapping of overvoltage scenarios for poles and DMR. Where multiple types of
overvoltage are indicated, detailed EMT simulations are needed to determine which type is actually
seen for each event.

Type of Overvoltage Consequencs / Comments
Continuous Operating DC  Lowfrequency- Continuous This is not really an overvoltage, but it is
Voltage Range- poles dimensioning for the pole to ground SA.

Thermal ¢ressshould be lower than a certain
thresholdduring normal operation
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Continuous Operating DC
Voltage Range- neutral
Pole to ground fault

Pole to DMR fault

Pole to pole to ground
fault

Opening of more than one
DCCB during pole to
ground fault

Harmonic overvoltage
DCCB opening load
current

Single phase to ground
fault (AC valve side
transformer)

Loss of load

Converter blocking
Operation after

contingency
Lightning

Low frequency Continuous

Transient- Fastfront
Transient- Slow-front
Low frequency Temporary

Transient- Fastfront
Transient- Slow-front
Low frequency Temporary

Transient- Fastfront
Transient- Slowfront
Low frequency Temporary

Transient- Slowfront

Low frequency Temporary
Transient- Slow-front

Transient- Slowfront
Low frequency Temporary

Low frequency Temporary
Transient- Slowfront
Low frequency Temporary

Low frequency Temporary

Transient- Fastfront

Stress on neutral to ground SA during normal
operation

Pole to ground overvoltage, due to the openin
of the DCCB.

Pole to neutral overvoltage.

Healthy pole to ground overvoltages, as
consequence of possible neutral voltage shift,
depending on the value of the grounding
resistance.

Pole to ground overvoltage

Pole to neutral overvoltage

Healthy pole to ground overvoltages
Consequences are probably similar to pole to
ground fault.

Pole to neutral overvoltage. It is supposed tha
those type of fault will not produce
overvoltages on the poles, but they could
produce higher overvoltages on DMR because
of the short circuit current contribution coming
from both poles.

Pole to ground overvoltage

In this situation two DCCBs are opening at the
same time, due for example to a sympathetic
trip.

Pole to ground overvoltage

Pole to ground overvoltage

Situation in which the DCCB is activated to
open a load current and the total TIV (e.g. 1.5
pu) is imposed.

Pole to ground overvoltage

Pole to neutral overvoltage

Neutral to ground voltage.

Pole to ground overvoltage

Pole to neutral overvoltage

Pole to ground overvoltage

Pole toneutral overvoltage

Pole to ground overvoltage

Pole to neutral overvoltage

Pole to ground overvoltage

Pole to neutral overvoltage

Neutral overvoltage

Not applicable for 100% based cable system.
Investigation of LI overvoltages and related
insulation coordinatiorrequires different
models ard methodologies

The mapping is intended to be a first proposal and could be used as input for the insulation coordination
methodology, seeFIGURE 85.
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FIGURE 85: Methodology applicable for the determination of insulation coordination rules for the
subsystems.

7.6.4 Conclusions

A review of the state of the art of insulation coordination for HYDC systems has revealed that while
standards and literature exist for poktd-point HVDC systems, there remains a significant gap in the
development of rules and procedures for insulationomination in multiterminal DC grids. The
methodology for insulation coordination can be based on the procedure outlined in IEC -6Q071
however, further analysis is required to validate its applicability to HVDC grids that include DC circuit
breakers Specifically, the following critical issues must be addressed: the determination of switching and
lightning impulsewithstand voltagedor HVDC equipment, and the assigning of responsibility for defining
surge arrester protection levels and their optimal placement. This is even more challenging in a multi
vendor context. is important to note that even if a new series of standards forGi848tems has been
initiated, a standard for HYDC switching station is not foreseen. As a next step, it is proposeceitaked

a thorough identification of all potential transient overvoltage scenarios that may arise within a DC grid.

7.7 DC system grounding

Basics of neutral system grounding for HVDC dpéded on bipolar with metallic return architectunave
been reported in section 6.6 83]and main conclusions are reported hereunder

> The grounding oheutral shall provide a reference voltage for the neutral of the stations.

> Typically, only one statiorhasthe neutral grounding solidly (or through a grounding resistordrg
impedance Z{ connected to earth. Tik groundingconnectionshouldbe realised within a switching
station to be independent on the availability of connected converter stations. Only when
disconnected from the DC grid (STATCOM), a converter station may utilize a reference to ground of
its own.

> Temporarily, multiple solid grounding points can be tolerated, after a fault or during a reconfiguration
two stations can have the neutral grounding solidly connected to earth. For example, the load current
can flow through the ground for few seconds.

> Typically, the steady state current through the ground should not exceed few Amps.

> The solidly grounded station can have a grounding resistance, for example-2(-30-100 ohm to
avoid the problem of notzero current crossing at the AC side grid during a SPG fault at valve side.
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> All switchingstations need to have the neutral point grounded through a SA to limit overvoltages in
case of faultsSA installed in converter stations should be coordinated with the DCSS SA such, that
they do not impact the rating of the DCSS SAke neutral surge arrester shall be designed to ensure
limited steady state current through the earth during unbalance operation and to limit overvoltages
during faults.

> To allow redundancy, all stations can switch from solidly grounded neutral to a neutral point grounded
through a SAand viceversa

7.7.1 Impact of grounding resistance during pole to ground fault

In the event of a pokto-ground fault, the grounding resistance has a significant influence on the fault
current as well as the resulting voltage shifts and overvoltages. In this section the focus will be on the
overvoltages and shall be illustrated ugjriheexemplary DC grid shown FIGURE 86.

e

W

A 1o

FIGURE 86: Example Grid with pole to ground fault and grounding via resistor in central DC Switching
station. The fault circuit via ground and the grounding resistor is shown in orange.

The DC grid igrounded via a grounding resistor in the central DC switching station and by surge arresters
in every converter station. fAole-to-ground fault is considered at the positive pole of a remote onshore
converter connect via 300 km of cabléne value of the grounding resistance will be varied to exemplarily
show the influence on overvoltages at the points{13).

For poleto-ground-faults, the fault circuit closes through the ground via the grounding resistor, resulting
in a voltage dropgvkrenpacross the grounding resistor argvomr along the DMR cable route. These
voltage drops can influence the voltages in the whole system which will be shown exemplarily for points
(1)(4). These points focus solely on the converter and the switching station; however, voltages along the
cables maybe higher due to the superposition of traveling waves.

For point (1), the neutral bus of the onshore converter, the potential will jump initially as the positive
converter pole is pulled to ground potential and the converter is still injecting its full voltage. The voltage
at point (1) would then be determindaly the voltage drops across the grounding resistor and DMR cable

as long the fault is not cleared by DC and AC circuit breakers after ~100 ms if no arrestors were present in
the neutral. However, in the exemplary DC grid the converter neutrals are gralimidesurge arresters,

Inl:er Functional requirements for HVDC grid systems and subsysteihdst
OPERA a griasy Y

Enabling multi-vendor HVDC grids



designed to limit the voltage to 10kV. The voltage at point (1) is shownHGURE 87 a) for different
values of the grounding resistor.

0 -500 ¢
T T
> 550+
Z g ——00hm <
£ ——1 0Ohm =
3 ——50hm I -600"
> 100 ——10 Ohm >
| | | ‘—120 (I)hm 650 L | | .
0 50 100 150 200 0 50 100 150 200
tinms — tinms —
a) b)

FIGURE 87: Effect of the grounding resistor on overvoltages at the converter station during afaole
ground-fault

a) Neutratto-ground voltage at point (1) iIRIGURE 86

b) Poleto-ground voltage in the healthy negative pole (point (2FIGURE 86)

It can be seen that the arrester responds in all cases and limits the voltatyl@GdV. The arrester remains
AAOEOA O1 OEl Z£AOI O Al AAOET ¢ A O All AAOAQ8 ADBEIOAOL
the overvoltage is the same for higher values of the grounding resistor, the value grounding resistor

greatly influences the energy absorption capacity of the neutral arresters at point (1).

The poleto-ground fault in the positive pole also effects the voltage in the healthy negative pole due to
the voltage shift in the neutral bus. This leads to overvoltages as showrRIGWRE 87 b). The
overvoltages are mostly limited by the neutral arrestefius,the maximum overvoltage is roughly the
same for all values of the grounding resistor.

Overvoltages occur not only in the faulty bipole but also in the healthy parts of the DC system as all use
the same grounding point in the central DC switching stati®hus,the voltage riseqVrenpacross the
grounding resistor is manifested in the DMR throughout the entire system. This voltage rise depends on

the size of the grounding resistor as depictedrIGURE88A Q8 /11 U A O OI 1 EA cOI O1T A
of grounding system is neglected) no voltage shift occurs.

The voltage shift in the DMR also affects the puotdtages and leads to overvoltages in the negative pole
as show iFIGURE 88 b).

0 -500
! T
< —oohm | T 550f
£ -50r —— 1 Ohm c
3 ——50hm z i
> —100nm | 57000
——120 Ohm oo
-100 - : | ‘ 650 L | | !
0 100 200 300 0 100 200 200
tinms = tinms —
a) b)
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FIGURE 88: Effect of the grounding resistor on overvoltages in the healthy paftthe DC grid during
a poleto ground-fault

a) Neutratto-ground voltage in the central DC switching station (point (FIBURE 86)

b) Poleto-ground voltage in the negative pole (point (4)RIGURE 86)

The effects seen in this exemplary DC grid can be summarised as follows:

> During a poleto-ground-fault a voltage shift occurs in the neutral pole at the affected converter
station due do voltage rises over the grounding resistance and DMR cable. The voltage shift is
limited by the neutral arrester and thus the same for all ealof the grounding resistance.

> The voltage in the healthy negative pole is shifted accordingly leading to an overvoltage

> The voltages in the healthy parts of the DC network are also affected. The voltage shift and
overvoltages are directly influenced by the value of the grounding resistor

7.7.2 Summary selection of grounding system

As shown in the previous sections, several effects must be considered when selecting a value for the
grounding resistance, as shownfiGURE 89.

‘_J

| FIGURE 89: Tradeoff when selecting a value for the grounding resistanegdR

For solid grounding and small grounding resistances, missing zero crossings occur in the A€ circuit
breaker in the event of SPG fault at valve side or convénternal faults. This can be avoided with higher
grounding resistances, but for these resistances higher overvoltages occur in the DC system in the event
of pole-to-ground faults. Especially the impact on the voltage in the healthy parts of the DC grahses

with increasing grounding resistance.

The possible range of the grounding resistance for all topologies must be made known to the subsystem
designer. This can also happen by the specification of neutral voltage and current ranges and requirements
on the allowable ranges for grounding resistasadn the subsystem.
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78 DC grid protection Functional Requirements of
Subsystems & Parameter Lists

TABLE 36 provides a comprehensive summary of the functional requirements and associated
parameters related t®C grid protectiorthat subsystems must comply with

TABLE 36 Functional requirements for DC grid protection

Functional Short description Associated
Subsystem
requirement parameters

DCGFRT The AC/DC converter station shall stay FIGURE 54 AC/DC
connection connected during DC fault separation accordir TABLE 30 converter
requirement to DGLVRTprofile FIGURE 64 station
DCGFRT The converter shall continue stable operation AC/DC
; . FIGURE 54
operational after the power system has recovered followin converter
. : TABLE 30 .
requirement fault separation. station
DC.OVRT The_ AC/DC converter station th(_a converter FIGURE 63 AC/DC
requirement station shall stay connected durirmyervoltage TABLE 32 converter
q eventsdefined by the DEOVRTprofile station
The switching units at the boundaries of HV
. FSZs shall be equipped with an FSD which is
Fault separation . o .
capable ofinterrupting DC fault current related — Tn,max Switching unit
HV &neutral . . . o .
to all ordinary contingencies within a maximun
fault neutralization time K,max.
U] ESCTEIElelgl AC/DC converter stations at the boundary of & AC/DC
AC/DC FSZ shall ensurfault separation byits own
R . converter
converter means or by activation dhe adjacent ACCB .
i station
station
The switching units at the boundaries of an FI. Residual
. : shall beable toisolate all ordinary current
Fault isolation . . o ) . . . . L .
contingencies within a maximum faukolation interruption Switching unit
HV &neutral .
time. level, Fault

isolation time

Subsystems shallithstand fault currentsn Overcurrent
. . . ) . AC/DC
terms of amplitude and duratiowhile primary amplitude, converter
or backup protection is operating. overgurrent station. DCSS
duration
Eachsubsystemat the borderof a FSZhall
ensure ault discrimination for fault separation Switching
Fault based on local measurements without station /
S telecommunication, ZDDs shall be designed Tn,max (Trelay, switching unit
discrimination . . )
ES7Z7 primar accordingly. The relay time shall be coordinate Top) AC/DC
<P y with the internal commutation time of the converter
related FSD to comply witthe maximum fault station

neutralization timefor main protection
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Fault
discrimination
FSZz backup

Fault
discrimination
Flz

Fault
discrimination
neutral path

Tele-
communication

Protective auto-
reclosing

Coordinated
reclosing

Monitoring

Each subsystem at thisorderof a FSZ shall

ensure fault discriminatiomor fault separation

whichshall be based on local measurements i

technically feasible. The relay time shall be Tn,max (Trelay,
coordinated with theinternal commutation Top)

time of the related FSD to comply withe

maximum fault neutralization timdor backup

Switching
station /
switching unit

protection.
Fault discrimination for fault isolation shall be Switching
. . Tn ,max (Trelay, :
ensured telecommunication. station /
Top) o .
switching unit
Fault discrimination on th®MRpole shall be Switching
ensuredwithin the specified time station /
switching unit
In case of unibased fault discrimination, a e
R . Switching
telecommunication interface with remotend .
. . station /
subsystens shall be provided. Signals and o .
. . switching unit
communication protocol shall be coordinated.
In casehe switching unitis required tchave the
ability to re-energize thehealthy part of the
FSZ the number of OCO sequencesobband
associated maximum reclosing time shall be  Nocg Tc switching unit

respectedin case of a persistent faullThe
energy absorption rating shall be designed
accordingly.

Communication interfaces for cadinated
reclosing of several subsysterakallbe
provided.Switching units shall be able to
receivereclosing commands.

Switching
station /
switching unit

States related tgorotection sequences shall be converter

reported to the DCGC station:
Blocked state,
ACCB
activation
DCSS: FSD
activation /
deactivation

Switching
station
AC/DC
converter
station

Inter
OPERA

Enabling multi-vendor HVDC grids

Functional requirements for HYDC grid systems and subsysteids¢



8. References

[1]
[2]

[3]

[4]

[5]

[6]

[7]

[8]
[9]

[10]02/ -/ 4ET . h n$Al EOAOAAT A wsXxq ' OEA OI BIIlI

[11]" AOO PAOEOh n$i 8Qd "Remmeddatibr(s Bor Btetoperabiity Gf E 1

BEAT AT O %l AOQUB®ORA([ 6 EA O QEAI AT O wl AOCUR %(
)T OAO/ 0%2! 4 W8 i-Fognihg KdBchonahréow@rients far ENADC converter stati
and DGconnected PPMs in Mulferminal Multi6 AT AT O (6$# OUOOAI Oh(

) %# h  §3298#2023High voltage direct current (HVDC) grid systems and connected
converter stations Guideline and parameter lists for functional specificatieisA OO X d,
2023.

#/--)33)/. 2% 5,14)/. j%5qh n#/--)33)/. 2
2016 establishing a network code on requirements for grid connection of high voltage direct
current systems and directcurredit 1 T T AAOAA BT xAO PAOE 11 AOI .,

) %# h n) %# aWoaé dWwoww 01 xAO AAATI AO xEOE A
voltages above 150 kV (Um = 170 kV) up to 500 kV (Um = 550de¢)methods and
OANOGEOAI AT OOhO wowws

#/--)33)/. 2% 5,14)/. j%5qQ h n#/--)33)/.

AOOAATI EOEET ¢ A COEAATETA 11 Al AAOOEAEOU (C

(@)

) %#Eh 1) %# aWET é d WP X-sourded conmvérters (VSCELfar highitaQe didctl
AOOOAT O j(6%#QqQ OUOOAI 6RO WoXi 8

(@)

#) ' 2% 4" AQWh n' OEAA &£ O Al AAOOI i Acl ACEA
"T8YARh #)' 2% 7' h n#l1 10011 -AOETI1AITCEAO
COEAhO WoXé¢s

b

™ W0

- 01 OEOGAT AT O (6%$# 3UOOAI OO woXi 8

[12]#/ --)33)/ . 2% 5,!'4)/. j%5qh n#/--)33)/. 2

AOOAAT EOEET C A TAOGx1T OE AT AA 11 OANOEOAI Al
[13]#) ' 2% 4" aiih n#l1 10011 -AOETAT1TTCU A O $EC
2017.

[14] IEC, IEV 3546-12 referencevariable response of the control system, 2013.

Inl:er Functional requirements for HVYDC grid systems and subsysteldéC
OPERA a griasy Y

Enabling multi-vendor HVDC grids



[15]) %# h ndp-%8 AFROOOAAT AA OAODI 1 OfonihefEAV@IBLe: AT 1
https://www.electropedia.org/iev/iev.nsf/display?openform&ievref=353-13.

[6jo8 +O01 AOGO AO Ai8h n$AAET EOCEI 1T IEEEATradshclo0sDE A
Power System®d. 19, Nr. 3, pp. 138401, 2004.

[17]) T OAO/ 0%2! 408X COI OPh n$Q8x $AITTTOO0OANDIC

[18]) T OAO/ 0%2! 4X8X COI OPh n$Xx8Q $AEETEOQEIT 1
simulation inmultOAT AT O POI EAAORO WwWowi 8

[19]' OEA #1 AA 24%h n$1 AOI AT OAQET kTrambskypds Aricie &.2244
Cahier des charges des capacités constructives pour un systéme RN(DCWY ® Y ® 8

[20] VDE FNN Guideline supplementto VIMR-. 1 X Q X-Guidglige.Grid forming behaviour of
HVDC systemsandD&T 1 T AAOAA 00- OhO WoXi 8

RU#) " 2% 4" aYéh n' OEAATETAO &£ O OEA 00APAOAC
Multi-4 AOT ET A1 $# 3AEAT A0 AT A $# COEAORO WwoX

221+8 21 OUAAEE AO Al 8h n- Ol OEOAOI ET Al $ #Ref@WE
Sustain. Energy Re®d. 70, pp. 88@95, 2017.

[23]# ECOi *7' "1 X! Qh n4" nRéQd $AOECTI h OAOGO Al

[24/#ECOi *7' 1 QF"18Ql h n4"anQd 4AAET-B-AAat HOB
OxEOAEET ¢ ANOEDI AT OhO WodXé 8

[25] NSWPH, SuperGrid Institutg, . 370( -4 (6%$# &O1T AOEI T AIT 2AR

[26]#8 S$AOEAOITh noAOA&N Of AT AA OANO#ebnnbl AVDGO Al
O U O O Kigré B40nternational SC Meeting and Colloq@0g8.

271708 6 AOOA @ A-Basel fadthdentjfidéatioh bigofhinl u€ing parametric models for
i AOGEAA ( 6 ElgctriCRoEeh Sydtdins ReseaBth,185, 2020.

[28] I. 600711, Insulation Coordination Part 1: Definitions, principles, and rules, International
Electrotechnical Commission, 2019.

[29] IEC, IEC 6007111 Insulation Gordinationz Part 11: Definitions, principles, and rules for HVYDC
systems, International Electrotechnical Commission, 2005.

[30] IEC, IEC 600712: Insulation Coordinatiop Part 12: Application guidelines, International
Electrotechnical Commission, 2019.

[31] IEC, IEC 60098: Surge arresters Part 5: Selection and application recommendations,
International Electrotechnical Commission, 2013.

[32] ELT_133, Working group report on surge arresters, CIGRE Electra, no. 133, 1990.

[33]. 370(h 30PAO' OEA )1 OOEOOOAKh n.370( -4 (6%
https://northseawindpowerhub.eu/knowledge/nswpmt-hvdc-functionatrequirements, 2023.

Inl:er Functional requirements for HVYDC grid systems and subsysteld$]
OPERA a griasy Y

Enabling multi-vendor HVDC grids



[34]" 8 ' OOOAOOAT OT A 18 3AITUATh n2A0EITT Al AE
/E O OHEE Trénéactions on Power Delidy, 14, pp. 1052061, 1999.

[35]118 40 AO Al 8h n30PPOAGOESE SHADDI OREAI DEE

IEEE Transactions on Power DelihaD§p.
[36]( 8 3AAA AO Ai8h n--# #ADPAAEOI O 6lEEE Qrangaktioss A
Power Delivery2015.
[37]* 8 & OAUOAOG AO -Bignal Btahijty df BndIMO With@mpoving Snkdignal
30AAEI EOU | fEERTransactighs oh PAVErDEIN20¢8.

[38]+8 3EETTAA AO Ai 8h n6EOOOAI #ADPAAEOI O #I11

-EOECAOQEIT 1 IEEE T3atsadidns od Ropér Del\20y8.

[39]' 8 11T O1TTIPIOITO AG8 Ai8h n/1 AUTAIEAO AT A
20009.

[40]03#! $h n#E' XHOEET C CcOl Ob AAOAdidoi®AA 11T AAT (¢

https://www.pscad.com/knowledgédase/article/57[Zugriff am 22 10 2024].

41128 7EAAEAI AO Al 8h n' OEAA AIA0 1 AR OORMAD TEE
CIGRE, 2014.

[42]6 $ %h n4AAET EAAT #1171 AAOCEIT 201 A &£ O OEA A
AT TTAAOGAA OEA ( 6% #Oong]00&dldbi&h O X dQ WoXi 8
https://www.vde.com/en/fnn/topics/technicatonnectionrules/tcrhvdc.[Zugriff am 24 10 2024].

[43] Y PEAOOUR ! I PEOET T h -UNARoSitidrddapiet 20 Rdulide Ahfbugh danid 1)
Modell-AT £ OAAOOT CAT AT %l AEOOI 1 UOGAAT 1T ACAThO
https://www.netztransparenz.de/xspproxy/api/staticfiles/ntp
relaunch/dokumente/%C3%BCbefauns/studien%20und%20positionspapierefrt
anforderungen/4u%CC%88nipapier_zu_elektrolyse frt_anforderungen.pdf. [Zugriff am 24 1(
2024].

[44]6 $ wh n4 AAET EAAT OANOEOAI AT OO &£ O COEA ATl
curentAT T T AAOAA PI xAO DPAOE 11 AQI AOOS

[45]. 83 0AOEI AO Al 8h n! OAOE A xintdmhtionalfCbnferei@©®add A E
Power, Energy and COntrpp. 625629, 2013.

[46], 8 +5.*5-5(!--%% AO Al 8h -bgsedahgh &ffshBré&wind AafmA 1 L
connected to a VST 6 $ #AHED Transactions on Energy ConveBir32, Nr. 3, pp. 1166176,
2017.

[47]) 8 %O1 EAE AO Ai8h n/ OAOOI 1 OACA PEATTITATA
AT T OAGEEAONeCANd Energy Society General Megting5, 2016.

Inl:er Functional requirements for HVYDC grid systems and subsysteldéz
OPERA a griasy Y

Enabling multi-vendor HVDC grids



[48], 8 3EE AO Ai 8h nw EAT AAA Al 10011 1T & 1 ££OE
OA1 AAGEOA $# IZEE Qourfal dbEdiergirg/Atd SéldctbdTopics in POwer Electr
Bd. 9, Nr. 3, pp. 2928935, 2020.

[49]) 8 %O1 EAE AO Ai8h n.Ax AiT0011T 1T &£ xE1l £ OC
EOI AT AET C TIEEE RréhbadtionEdn@Ehe@h ConveBibr32, Nr. 3, pp. 1261271, 201

[50). 8 *1 1,1 - AO Ail8h n! #1101 POAEAT OE OA-cabnkecs A x
AT T OAOOAOOT £ OAT A Rehdwhble@ndSisihitagleJEnédy Q&R0 ONr.
14711481, 2016.

[51] ENTSG%h n & OANOAT AU 3 A1 OEGEOA -1 AAhRhO woxns

[52]#/ - -)33)/ . 2% 5,14)/ . j%5qh n#/--)33)/. 2
establishing a guideinecAADAAEOQOU Al 11T AAOGETT AT A AT 1 CAC

[53]%1 EAh n &#2 OAOOEAA AAOECI 11 OARO woXi 8

[54] J. Freytes, Smabignal stability analysis of Modular Multilevel Converters and application to M
based MultiTerminal DC grids, CENTRALE LILLE, 2017.

Inl:er Functional requirements for HVYDC grid systems and subsysteld$:
OPERA | ardsy Y

Enabling multi-vendor HVDC grids



9. Appendix

9.1 Functional Requirements at AC connection point

The functional requirements that the HVDC system and each of AC/DC converter station or unit within the
system must satisfy are comprehensively stipulated4h The following provides a concise summary of
these requirements, with references indicated.

> Active Power Controllability (Article 13): The AC/DC converter shall be capable of regulating the
active power up to the value in the active power control range in compliance with the
performance requirements specified by the relevant TSO.

> Ramping Rate of Active Power Change (Article 13): The AC/DC converter station shall be capable
of adjusting the ramping rate of active power variations within their technical capabilities
according to the instructions sent by the relevarO

> Frequency Sensitive Mode (FSM) (Article 15): HI®C systenshall be capable of responding to
frequency deviations in each connected AC network by adjusting the active power transmission
in accordance with the parameters specified by each TSO within the ranges specified.

> Limited Frequency Sensitive ModeOverfrequency (LFSAD): In addition to the requirements
specified for FSM, when operating in LFM3Mthe HVDC terminal shall be capable of adjusting
active power frequency response to the AC network or networks accordirthbe parameters
specified for LFSMJ by the relevant TSO.

> Limited Frequency Sensitive ModeUnderfrequency (LFSMU): In addition to the requirements
specified for FSM, when operating in LFM3Mthe HVDC terminal shall be capable of adjusting
active power frequency response to the AC network or networks accgrttinthe parameters
specified for LFSMD by the relevant TSO.

> Short Circuit Contribution during AC Faults (Article 19): If specified by the relevant system
operator, the AC/DC converter shall have the capability to provide fast fault current at the AC side
connection point in case of symmetrical faults in accordawié the specified requirements.

> Reactive Power Control Mode (Article 2Zhe AC/DC convertestation shall be equipped with
different reactive powercontrol modes, as specified by the relevant system operator in
coordination with the relevant TSO

> AC Voltage Droop Control Mode (Article 22¥hen operating in the AC voltage droop control
mode, the AC/DQonverterstation shall be capable of contributing to voltage control according
to the parameters specified by the relevant TSO.

> Dynamic AC voltage control (VDER-N Section 10.1.9)n case of large AC voltage deviation, the
AC/DCconverterstation must be capable of contributing to voltage control by rapidly injecting
reactive power as specified by the relevant system operator in coordination with the relevant
TSO.

> Frequency Control (Article 16): If specified by the relevant TSO, the AC/DC converter shall be
equipped with an independent control mode to modulate the active power output depending on
the frequencies in order to maintain stable system frequencies.
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> Priority to Active or Reactive Power Contribution (Article 23): The AC/DC conggateyn or unit
shall be equipped with a control function logic to prioritize either active or reactive power
contribution during low or high voltage operation and during faults for which faiagk-through
capability is required. If priority is given to active power filmution, its provision must be
established within a time from the fault inception as specified by relevant onshore TSO.

> Post fault active power recovery (Article 26): The AC/DC converter station shall be capable of
restoring active power after a fault in AC network in compliance with the allowed time and levels
of AC voltage and active power recovery specified by relev&(E).

> AC Fault Ride Through Capability (Article ZH)e AC/DC convertestation or unitshall remain
connectedand cortinue stable operatiorwhen its connection point voltage stays within the
specified voltagetime series profile.

> Priority Ranking of Protection and Control (Article 35): The control scheme of protections and
control devices consisting of different control modes, including settings of the specific
parameters, shall be organized in compliance with the following prjorianking, listed in
decreasing order of importance:

> ConnectedACnetwork system and HVDC system protection; (interpreted as this includes
DC voltage droop mode)

> active power control for emergency assistance;

> synthetic inertia, if applicable;

> automatic remedial actions, including blocking FSM, LFSMLFSMU
> LFSM;

> FSM and frequency control; and

> power gradient constraint

> Power Oscillation Damping Capability (Article 30)he HVDC system shall be capable of
contributing to the damping of power oscillations in connected AC networks. The control system
of the HVDC system shall not reduce the damping of power oscillations.

9.2 Examples of Multi -Segment Droop Characteristics
with Varying Power Setpoints

The following illustrates several muisegment droop characteristics based on thenctional
specificationsestablished inSection6.5. Note that the selection of these parameters depends on the
system and is subject to the discretion of the system operator. Thus, the values utilized in the following
demonstration are only indicative.

First, the influence of the power sgint on the multisegment droop characteristic is demonstrated. The
following figures illustrate how variation in s@int, specifically [+1.0, +0.5, €.5,-1.0] p.u, affects the
shape of the droop characteristidll associated parameters, such as the voltage levels and droops, are
summarized on top of each figure and remain consistent across all figures.
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The power sefpoint plays a crucial role in determining the available headroom capacity in each direction.
When the setpoint is close to the maximum or minimum power limit, power voltage response along the
specifieddroop may soon exceed the power transmission capability. As mentioned in the functional
requirements for each mode, namel)CVSM, IDCVSM, andDCVLM, the active power shall be
constrained by the maximum and minimum active power transmission capacity. Consequently, the droop
characteristics oftiose mode shall cease progressiguonreaching these maximum and minimum power
limits.

Main DCVSM LDCVSM DCVLM PLM
Param| Value Param| Value [Param| Value Param| Value Param| Value
Uior | 525KV [ 1.00 Useo 1.05
£, [1000MW [ 0.95 [ 0.90
Pl 10 s10 | 0.15 s2, | 005 [(sse T 001 ] | [ ~/Aa ]
uEet 0.98 Slu .15 Sau 0.05 |.«3“| 0.01 | | | N/A |
LPrax 1.0
Pinin | -10

dUp, 0
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Udr:Zo 7
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3 rSet ]

W= U

)

&

E Usrn 1
4
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FIGURE 90: Multi-Segment Droop Characteristics lllustration with Setpoiat [ ,"Y ]=[ p8t
TI80

An observation across the figures indicates that certain slopes associated with the dnaoacteristics

of specific modes may not appeadepending on the power segioint. Each droop characteristic
determines the power deviation associated with the respective section. Consequently, if these deviations
accumulate to the extent thathey reach the maximum or minimum power transmission capacity, no
remainingcapacityis available to accommodate certain modes.
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Main DCVSM LDCVSM DCVLM PLM

Param| Value Param| Value Param| Value Param| Value Param| Value
Ugen | 525kV U, 1.00 Us, 1.05
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FIGURE 91: Multi-Segment Droop Characteristics lllustration with Setpoiat [ ,"Y ]=[ ™,
T |

Main DCVSM LDCVSM DCVLM PLM
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Ugon | 525KV [ 1.00 Usy 1.05
£, |to00MwW U, | 095 Usw | 050
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| FIGURE 92: Multi-Segment Droop Characteristics lllustration with Setpoiat [ ,”Y ] = 8t 1@ §
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A noticeable difference can be observed betwdelGURE 92 and FIGURE 93. In FIGURE 92, the
maximum transmission capacity is fully exploited before the mséigment droop characteristic reaches

the overvoltage levelY . However, irFIGURE 93, the full power capacity is not exhausted ™t
where power reached . This suggests that in case where a large headroom capacity is available,
depending on the selected droops, the full power capacity may not be fully utilized before reaching Udc2o.

Given that exploiting the full power capacity is not stipulated as mandate conditionD@ISM-O and-
U, a countermeasure is necessary to immediately utilize the available capacity¥nceis exceeded.
This is the rolexpectedof DCVLM.

Main DCVSM LDCVSM DCVLM PLM
Param| Value Param| Value Param] Value Param| Value Param Value
Ugen | 525KV Uro 1.00 Us, 1.05
P, [1000MW [ 0.95 Usu 0.90
peet 0.5 S1a 0.15 S20 0.05 |s;;n| 0.01 | | | N/A |
[TEE 0.98 1w 0.15 S0, 0.05 |«1| 0.01 | | | N/A |
Praz | 1.0
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FIGURE 93: Multi-Segment Droop Characteristics lllustration with Setpoiat [ ,"Y ]=[ m®,
T80
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Main DCVSM LDCVSM DCVLM PLM
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FIGURE 94: Multi-Segment Droop Characteristics lllustration wiietpoint [0
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9.3 Alternative DCVLM definition

This section introduces an alternativaefinition of the DCVLM mode that was discussed within the
Continuous Control Workstream of InterOPERA Task12.Thisalternative definition was collectively

acknowledged as a valiption.

The following provides a detailed description of this alternative definition and associated advantages.

FIGURE 34 and TABLE 14 illustrate the DCVLM capabilityand parameter definitios underthe

alternative DCVLMlefinition.
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| FIGURE 95: Droop capability of an AC/DC converter station or uniliernative DCVLMdefinition.

TABLE 37: Parameters for active power voltage response in DCVLM.
i droop atovervoltage 19302
i droop at undervoltage 19302
" maximum ontinuousoperating DCvoltage 19302
% minimum ontinuousoperating DCvoltage 19302

Activation of DC Voltage Limiting Mode
DC Voltage Limiting Droop Modeshall be activated when the voltagereaches theslopes positioned
below =1 +ahd above=f? ;, With these slopes characterized by the droops .and v,.

In thisalternative DCVLM definition, the trigger voltages atetermined bythe intersectionpoints of the

LDC\SM characteristics andhe slopes defined for the DCVLM Thisensues OEAO OEA AT 1T OAO
operational rangeremainsconfined within the voltage banddefinedby™  and™Y . Consequently,

the triggering conditiors for DCVLM becoméunctions of the AT T O A O Glidatd th® drédps

assignedo other modes suchas DCVSMndLDCVSM

Concerns in th&urrent DCVLMDefinition

In the current formulationthe DCVLMs primarily viewed asa security backupactivatedonly whenthe
defined voltage bandare exceeded dudo unforeseen circumstancesnd whenthe converterstill has
available headroom capacithplthough deviations beyond these bounds are expectedemarginal and
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can belimited to the upperthreshold determinedby the DCVLM droop?, the actual exceeding voltage
levels are not universally fixeahd leftundefined inthe currentframework

It is important to note thafY  and™Y  should not be interpreted as the voltage levelsyond which
the converter ceases operatiorAdditional voltagewithstand capability limits above and belowthese
thresholds are necessatyg account forcertain contingency scenarios, such as DBS activatidmwever,
the current formulationdoes not clearlstipulate the relation between the droop characteristic and the
converter desigrconstraints.

Advantages of theAlternative DCVLMDefinition
Thisalternative DCVLMformulation provides several key advantages:

1. Operational Boundaries Alignment By confining the operation withilY — and™ , this
formulation establishes @lear anddirect link between the voltage bands anthe AT T OAOOA 08 O
designedoperational voltage rangewithin which the converter must be capable to operatih
its full capacity
2. Efficient utilization of voltage capability : This alternative formulatioreliminates the need for
additional voltage levelbeyond  and”™Y . This allows fofull utilization ofthe
AT 1T O Adedyhead dollage capability of a convertavhich may be undeutilized in the
current formulation

Implementation Considerations of the Alternative DCVLM Definition
Since the triggering conditionm this alternative formulatiorare not universally fixed and depend on the
set-point, which may vary during operation, ¢hfollowingadditional considerationsnay berequired:

> From the TSOPerspective TheTSOmust take into account thenore complexDCVLM
activationlogicin performing contingency analysesd determining the droop parameters.

> From the Vendor PerspectiveVendors musitmplement the activation logievithin the
controller to adapt to thevaryingnature of the triggering conditions.

9.4 Implementation options of DC voltage droop
controller and recommendations for droop selection

The stability of the system is determined by the dynamic response of each AC/DC converter and their
interactions through the network. In a multiendor and multiterminal DC grid, each converter controller
would likely be unique to each vendor, reflectimtifferent control design concepts. Moreover, the
complexity of converter controller, especially those involvingsHhsitive solutions, challenges the
application of conventional control design procedures in a single vendor system. Therefore, the
establisked static requirements for the primary DC voltage control must be complemented by appropriate
dynamic requirements such that the risk of interoperability issues in a maafidor HYDC systems can be
minimized.

SE.g., withi T® B the theoretical maximum exceeding voltagé isz ¢ DO p B8
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In this section, the implementation of DC voltage droop controller, the crucial element that characterize
the system dynamics is first discussed. Then, the principal determinant factors that shall be considered in
selectingthe droopare discussed.

9.4.1 DC Voltage Droop Controller Implementation

First, recall that the DC voltage droop is formally defined as the ratio between the stgatly DC voltage
deviation to the steadystate change in the active power of the converter, which can be mathematically
expressed by

. Y YOy
lQ 5 5 5 8
30 0 0

However, the actual implementation of droop controller is subject to arbitrary manipuldtiecausethe
governing equation isfully determined by thespecified droopQ setpointsY and0 , and local
measurement, Y and0. This gives a rise to a flexibility in the derivation of different control laws from
the same definition in the above equation.

INnFIGURE 96, the proportional action by droop acts on the mismatch between the DC voltage setpoint
and the measured DC voltage, modifying the active power reference which interfaces with the
subordinate control layer. Assuming the power reference tracking capabifithe AC power controller in
steady state, the control law of this option can be expressed by:

P
Q
In FIGURE 97, on the other hand, the proportional action of droop acts on the mismatch between the
active power setpoint and the measured value, modifying the DC voltage reference which is interfaced
with the subordinate control layer. Assuming this time the DC vodtagference tracking capability in
steady-state, the control law for this configuration can be given by

0 YooY 0 + 0

Y Qu 0 Y o+ Y

DC Node Voltage
Control

Converter control

Py — Uy droop

PSEf p :
. Ref i AC power controller :
Uges E %o S i
Uac P
| FIGURE 96: Droop implementation option 1.
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DC Node Voltage

Converter control
Control

Uy — P, droop
Set
Uac

Pai
L _ _|_ ________________
Pac Ua‘.c

| FIGURE 97: Droop implementation option 2.

The aforementioned examples theoretically demonstrate that twoplementation options can both
comply with the static behavioural requirement and will behave similarly in the static sense. However, the
underlining difference of the causeffect relation between the DC voltage and power could result in
possible discrpancies when dynamic aspects are considered.

One such example is the implication of the droop gain as both a ststatg indicator and control
parameter that impacts the dynamic response of the converl@GURE 98 illustrates a use case of a
three terminal DC system comprising the two DC voltage droop implementations described (Station 1
operating with option 1 and Station 2 operating with option 2), while Station 3 operates in constant power
mode. The response, gécted inFIGURE 99, shows that the two implementations can @xist in one

DC grid in stable manner and that both lead to the same stestdye response (with the same droop gain

for both stations, the two stations equally share the contribution to the primary DC voltagerad.
Nevertheless, due to the different implementation, the dynamic response of power for the two stations
are different.

Station 1 | Station 2

lde2
”yg-s -

<

& Ar:‘

w

<
—

1=

> o~
_— ;’Ug

FIGURE 98: An exemplary thregerminal DC grid with Station 1 in Droop control option 1, Station 2 in
Droop control option 2, and Station 3 in Constant active power control.
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FIGURE 99: DC voltage (top) and AC power (bottom) response to a disturbance of a DC system
comprising two droop implementation options.
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In different scenarios, including additional analyses not detailed here, both options have demonstrated
comparative performance. Despite the necessity for moredepth exploration, particularly concerning
different converter control schemes such as GFd &FM, the evidence gathered thus far provideal

clear rational for excluding either and rather support retention of both options until and unless further
analysis potentially reveals decisive factors.

9.4.2 Determinant factors for system dynamics

Droop gain
From the above section, it was shown that the implication of the droop gain from a dynamic perspective
is dependent on the respective controller implementation. This raises the question of the minimum and
maximum feasible droop gain. In fact, referringttee control block diagrams iIRIGURE 96 andFIGURE

97, an extremely low value of droop gain for option 1 could lead to high gain instability as the active power
reference becomes more sensitive to variations in the DC volt&gailarly, a risk of higlgain instability

for option 2 comes when a high droop gain is employed, since the DC voltage reference signal
becomes more sensitive to variations in the active power, rendering the controller incompatible
example of high gain instability for option 1 is showrnFiIGURE 101, where a four terminal DC grid
(shown inFIGURE 100) is simulated. In the MTDC grid, two stations operate in DC voltage droop mode
and the other two stations operate in constant active power contfoldisturbance from station 4 is
introduced to the system ab ¢i. A droop gain of 0.002 pu is used in the station operating with droop
control option 1 which renders the system unstable.
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| FIGURE 100: An example four terminal DC grid under study.
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| FIGURE 101: DC voltage response of a station operation with Droop option @at 0.002 pu.
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DC reactor size

The sizing of DC reactors (DCRs) in a DC grid is commonly based on fault currents limiting considerations.
However, the effect of DCRs on continuous control operation and the system response to disturbances
needs to be further analysed. MGURE 102 a comparison between the DC voltage response in the same
DC grid depicted iFIGURE 100 with respect to different DCR sizes is highlighted. It is clear that the DCR
has a negative effect on the damping of the DC voltage. This impact should be considered in the design
requirements of the DCR and the dynamic performance requirement for thegusi DC voltage control.

| FIGURE 102: DC voltage response for different DCR values.

The negative effect of the DCR on the DC voltage damping is different for different power flow conditions.
This is demonstrated iRIGURE 103, where two different initial power flow scenarios are compared with

the same disturbance and the same system parameters. The difference between PF1 and PF2 lies in the
direction of the power flow. In PF1, Fixed P control modeng@Rie) stations supply poweo the DC grid,

while DC voltage droop mode stations evacuate the injected power. This is inverted in PF2, whedeP
stations evacuate power from the DC grid.

FIGURE 103: Effect of the initial power flow on the system response to disturbances. Pfiode
stations inject power to the DC system. PF2mBde stations evacuate power from the DC system.

From the above result, the negative effect of the DCR size on the damping of the DC voltage is augmented
when Rmode stations operate in inverter mode. The-salled negative impedance instability of constant
power loads is clearly visible. Different powkaw scenarios should be included in the interaction studies

of the system as well as in the compliance testing process to determine the worst case at which an MTDC
could operate. If necessary, dedicated active damping controllers should be implemented.
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