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A list of all parts in the IEC 63291 series, published under the general title High voltage direct
current (HVDC) grid systems and connected converter stations — Guideline and parameter lists
for functional specifications, can be found on the IEC website.

This document was drafted in accordance with ISO/IEC Directives, Part 2, and developed in
accordance with ISO/IEC Directives, Part 1 and ISO/IEC Directives, IEC Supplement, available
at www.iec.ch/members_experts/refdocs. The main document types developed by IEC are
described in greater detail at www.iec.ch/standardsdev/publications.

The committee has decided that the contents of this document will remain unchanged until the
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e regonfirmed,
e withdrawn,
e replaced by a revised edition, or

e amended.
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that jt contains colours which are considered to be useful for the correct understanding
of it$ contents. Users should therefore print this document using a colour printer
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INTRODUCTION

In the preparation of this document, special care has been taken to, as far as possible, describe
the requirements in a technologically independent way. In order to achieve that, a function of
interest is described by a comprehensive set of parameters. The parameters are selected based
on a systematic analysis of physical phenomena relevant to achieve the requested functionality.

Reflecting the early stage of technology, the technical parameters need comprehensive
explanations and background information. This need is reflected in the dual character of the
content, which is presented in the two corresponding parts:

o |EC TS 632971-T, Guideline containing the explanations and the background informalion in
context with the parameter lists;

e |E[C TS 63291-2, Parameter lists containing the essential lists of parameters|and yalues
dgscribing properties of the AC respectively DC system (operating conditions) and
parameters describing the performance of the newly installed compongent (performance
reqiuirements).

IEC T 63291-1 and IEC TS 63291-2 have the same structure to aid the-reader.

At the|time of writing there is no real-life multi-national, multi-vendor HVDC grid project to which
the guideline and parameter lists can be applied. Practical expefiences in the near futufe are
expegted to provide input for developing these guideline and.parameter lists further.
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HIGH VOLTAGE DIRECT CURRENT (HVDC) GRID SYSTEMS AND

2023

CONNECTED CONVERTER STATIONS — GUIDELINE AND PARAMETER

LISTS FOR FUNCTIONAL SPECIFICATIONS -

Part 1: Guideline

1 Scope

This ¢
HVD(Q
grids"
than {
mesh

While

consi:ﬂ?red applicable to all HVDC systems in general, i.e., including point-to-point

syste
used

Corre
voltag
to ear

NOTE
designi

This d

e CO
e H
e H
e H

ocument contains guidelines on planning, specification, and execution of multi-\J

are used in this document to describe HVDC systems for power transmission having
wo HVDC stations connected to a common DC circuit. The DC circuit card be of ra
pd topology or a combination thereof. In this document, the term "HVBRO grids" is u

s. Existing IEC (e.g. IEC TR 63363-1 [1]), Cigre or other, relevant documents havg
or reference as far as possible.

sponding to electric power transmission applications, this document is applicable t
e systems, i.e. those having typically nominal DEwoltages higher than 50 kV with re
th are considered in this document.

While the physical principles of DC networks are’basically voltage independent, the technical opti
hg equipment get much wider with lower DC voltage levels, e.g. in case of converters or switchgear.

ocument covers technical aspects of:

ordination of HVYDC grid and AC)systems,
DC grid characteristics,

DC grid control,

DC grid protection,

endor

grid systems also referred to as HVDC grids. The terms "HVDC grid systems"-or "HVDC

more
dial or
sed.

this document focuses on requirements specific for HVDC grids,,some requirements are

HVDC
been

b high
spect

ons for

A

e AC/DC converter¢stations,

o HYDC grid instalations, including DC switching stations and HVDC transmission line
e studies and associated models,

o testing:

Beyondihe scope of this document, the following content is proposed for future work:

e DC/DC converter stations.

2 N

ormative references

The following documents are referred to in the text in such a way that some or all of their content
constitutes requirements of this document. For dated references, only the edition cited applies.
For undated references, the latest edition of the referenced document (including any
amendments) applies.

IEC 60909 (all parts), Short-circuit currents in three-phase AC systems
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IEC 61975:2010, High-voltage direct current (HVDC) installations — System tests
IEC 61975:2010/AMD1:2016
IEC 61975:2010/AMD2:2022

IEC 62271-100, High-voltage switchgear and controlgear — Part 100: Alternating-current
circuit-breakers

IEC 62271-102, High-voltage switchgear and controlgear — Part 102: Alternating current
disconnectors and earthing switches

IEC 62747:2014, Terminology for voltage-sourced converters (VSC) for high-voltage direct
currengt (HVDC) systems
IEC 6R747:2014/AMD1:2019

IEC T 63014-1, High voltage direct current (HVDC) power transmission — Systemvequirements
for D¢-side equipment — Part 1. Using line-commutated converters

IEC TS 63291-2:2023, High voltage direct current (HVDC) grid systems-and connected
convelrter stations — Guideline and parameter lists for functional specifications — Part 2:
Parameter lists

ISO/IEC 25010:2011, Systems and software engineering —\Systems and software Quality
Requirements and Evaluation (SQuaRE) — System and software quality models

3 Terms, definitions and abbreviated terms
For thie purposes of this document, the following terms and definitions apply.

ISO apd IEC maintain terminology databases for use in standardization at the following
addrepses:

e |E[ Electropedia: available at https://www.electropedia.org/
e ISP Online browsing platform:’available at https://www.iso.org/obp

3.1 Terms and definitions

3.11
AC/DC converter unit
indivigible operative' unit comprising all equipment between the PoC-AC and the Po{-DC,
essentially one-or more converters, together with interface transformers, control and protection
equipment, __essential protective and switching devices and auxiliaries, if any, used for
convefrsiofn

Note 1 to entry: The term "converter transformer” Is also used instead of "Interface transformer-.

[SOURCE: IEC 62747:2014, 7.5, modified — "AC/DC" has been added to the term; the definition
has been neutralised with respect to technology (not only VSC converters) and uses the terms
PoC-AC and PoC-DC as defined in 3.1.3 and 3.1.4 in this document.]

3.1.2

AC/DC converter station

part of an HVDC system which consists of one or more AC/DC converter units including DC
switchgear, if any, DC fault current controlling devices, if any, installed in a single location
together with buildings, reactors, filters, reactive power supply, control, monitoring, protective,
measuring and auxiliary equipment

[SOURCE: IEC 62747:2014, 9.21, modified — "AC/DC" has been added to the term; the
definition has been made specific with respect to AC/DC converter units, differentiating from


https://webstore.iec.ch/publication/60907
https://webstore.iec.ch/publication/27712
https://www.electropedia.org/
https://www.iso.org/obp
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DC/DC converter units. Furthermore, only the term "AC/DC converter station" is used in this
document; the note to entry has been deleted.]

3.1.3

PoC-DC

point of connection-DC

electrical interface point at DC voltage as shown in Figure 1

3.1.4
PoC-AC
point of connection-AC

electr[carinterface pomtat AC vortage a5 Showm im Figure

AC/DC converter

station
. I — I
| V] |
AC side DC side
point of connection point of connection HVDC grid
(PoC-AC) (PoC-DC)

IEC

Figure 1 — Definition of the point of connection-AC and the point
of connection-DC at an AC/DC converter station

3.1.5
DC/DC converter unit
indivigible operative unit comprising all equipment between the points of connection [o the
HVD( grid having different nominal DC voltage, essentially one or more converters, together
with interface transformers, if any, contrel equipment, essential protective and swilching
devicgs and auxiliaries, if any, used for.céhversion

Note 1 o entry: The term "converter transformer" is also used instead of "interface transformer".

3.1.6
DC/DC converter station
part ¢f an HVDC grid which consists of one or more DC/DC converter units including DC
switchgear, if any, DG _fault current controlling devices, if any, installed in a single logation
together with buildings) reactors, filters, control, monitoring, protective, measuring and aukiliary
equipment, if any

3.1.7

DC line power flow controller
devicg¢«cOnnected in series with a transmission line inserting a DC voltage for the pfimary
purpo%ﬂW

Note 1 to entry: Series connected devices can also be used to insert into or absorb power from a transmission line
for the purpose of compensating the voltage drop along the line or connecting load or generation.

3.1.8
DC grid protection zone
physical part of an HVDC grid with a distinct DC fault handling sequence

3.1.9

DC switching unit

indivisible operative unit comprising all equipment between the DC busbars and the terminals
(HV poles and neutral, if any) of one point of connection on the DC side, comprising, if any, one
or more switches, control, monitoring, protective, measuring equipment and auxiliaries
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3.1.10

DC switching station

part of an HVDC grid with the primary purpose to establish electrical connections between
AC/DC converter station and HVDC grid installations, such as transmission lines, DC/DC
converter station, including connections to earth, if any, using one or more DC switches,
installed in a single location together with buildings, reactors, filters, control, monitoring,
protective, measuring and auxiliary equipment, if any

3.1.11

functional software-in-the-loop model

control and protection (C&P) model representing the relevant functionality and performance for
: . : ; . : T 8P oauioment

HVD( grid
high-Joltage direct current transmission network connecting more than tw6>AC/DC conjverter
stations transferring energy in the form of high voltage direct currents including related
transmission lines, switching stations, DC/DC converter stations, if ‘any, as well as|other
equipment and subsystems needed for operation

3.1.13
HVDQ station
substation in or connected to an HVDC grid

EXAMHLE AC/DC converter station, DC/DC converter station, B€ switching station.

3.1.14
inertig
<in ar electric power system> property of a rotating rigid body according to which it maiptains
its angular velocity in an inertial frame in the absence of an external torque

[SOURCE: IEC TS 62898-3-3:2023, 3y1.18] [2]

3.1.15
meshed HVDC grid
HVDQ grid having more than one direct current connection between at least two conjerter
statiops

3.1.16
metallic return‘conductor
insulated conductor between the DC neutral busbars of HVDC stations

3.11
NBE
neutral bus earthing switch

DC commutation switch connected from the neutral bus to the station earth mat on a bipolar
HVDC scheme, designed to provide a temporary earth connection in the event of an open-circuit
fault on the electrode line until the imbalance of current between the two poles can be reduced
to a safe minimum level or the electrode line connection can be restored

Note 1 to entry: To describe this type of switch, some standards use the term "neutral bus grounding switch
(NBGS)".

[SOURCE: IEC 60633:2019, 9.27, modified — The terms "neutral bus grounding switch" and
"NBGS" have been omitted and the note added.] [3]
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3.1.18
nominal active power
value of active power used to designate or identify a component, device, equipment, or system

Note 1 to entry: The nominal value is generally a rounded value.

3.1.19
nominal DC current
value of DC current used to designate or identify a component, device, equipment, or system

Note 1 to entry: The nominal value is generally a rounded value.

3.1.2
nominal DC voltage
value |of DC voltage used to designate or identify a component, device, equipment; or sygtem

Note 1 o entry: The nominal value is generally a rounded value.

Note 2 fto entry: In HVDC grids, the nominal DC voltage can be defined pole-to-earth or(pele-to-neutral.

[SOURCE: IEC 60050-151:2001 [4], 151-16-09, modified — The term®nominal value" hag been
replaged with "nominal DC voltage", voltage used as reference; Note 2 to entry added.]

3.1.21
rated|current
current assigned by a manufacturer or other entity te~a component, device, equipmgnt, or
system to state the maximum value for defined operating conditions

Note 1 [to entry: The definition is applicable to AC and DC*current. The characteristic of the current value ghall be
further [described, e.g.:

e conmtinuous or transient,

. peak, RMS, average.

3.1.22
rated|voltage
voltage assigned by a manufacturer or other entity to a component, device, equipmgnt, or
systen to state the maximum value for defined operating conditions

Note 1o entry: The definitign’is applicable to AC and DC voltage. The characteristic of the voltage value ghall be
further [described, e.g.:

e continuous or transient,

e pegk, RMS, average.

3.1.23
rigid pipole

rigid DCcurrent bipolar system

bipolar HVDC system without neutral connection between both converter stations

Note 1 to entry: Since only two (pole) conductors exist, no unbalance current between both poles is possible. In
case of interruption of power transfer of one converter pole, the current of the other pole has to be interrupted as
well (at least for a limited time to allow reconfiguration of the DC circuit).

Note 2 to entry: See Figure 2 for an example of a rigid bipolar HVYDC system.
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3.1.24
synth
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omittg

3.1.25
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Note 1
section|

3.1.2¢
HVDC
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Note 1
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3.1.2%
HVDC
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taps

H\/ pole 2
|l

Figure 2 — Rigid bipolar HVDC system

RCE: |IEC 60633:2019, 8.9, [3], modified — The term "rigid bipole" added and N
]

letic inertia
ility of a grid connected converter to emulate the effect _of inertia of a synchr
ator to a prescribed level of performance

RCE: IEC TS 62898-3-3:2023, 3.1.39, modified — . Démain <in an electric power sy
d.][2]

tion station
n providing the connection between different types of transmission line sections

to entry: Transition stations are used forx 'eonnecting e.g. cable and overhead line sections or sever3
S .

transmission line
f an HVDC grid providing electrical connection between the DC points of conn
d in distant HVDC.siations

to entry: A transmission line can consist of several line sections. The sections can be air insulatg
hd lines), solid.insulated (e.g. cables) or gas insulated (e.g. gas insulated lines). Different sectid
ted by transition stations.

transmission line section
h'of/an electric line bounded by two points which are either terminations of the line

IEC

lote 2

DNOUS

stem>

| cable

Bction

d (e.g.
ns are

Dr line

[SOURCE: IEC 60050-601:1985, 601-02-30, modified — "transmission" added to the term.] [5]

3.1.28

transmission line tap
tee point

point on the multi-terminal electric line where portions (leading, directly or indirectly, to three or
more terminations) are joined

Note 1 to entry: Terminations are part of a transmission line and can be connected to e.g. a transition station or the
DC point of connection of an HVDC station.

[SOURCE: IEC 60050-601:1985, 601-02-29, modified — "transmission" added to the term,
brackets added to the definition and note added.] [5]
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3.2 Abbreviated terms

AC/DC
BB

CB
CLES
Cu
C&P
DC/DC
DMR

alternating current / direct current (conversion)
bus bar

circuit breaker

converter local earthing switch

converter unit

control and protection

direct current / direct current (conversion)

DPS
DPT
ENTSIO-E
ERTS
FCR
FRR
FSD
GOOS$E
HSS
HV
HVD(
MMC
MRTS
NBES
NBS
OHL
OP
OVRYT
PoC
POD
STATCOM
SRAS
SuU

T

dedicatedmetatticretorn
dynamic performance studies
dynamic performance tests
European Network of Transmission System Operators for Electricity
earth return transfer switch
frequency containment reserve
frequency restoration reserve
fault separation device

generic object-oriented substation events
high speed switches

high voltage

high voltage direct current
modular multilevel converter
metallic return transfer switch
neutral bus earthing switch
neutral bus switch

overhead line

operating point

over voltagewride through

point of connection

powet OsCillation damping
statie’'synchronous compensator
system recovery ancillary service
DC switching unit

tormminal

THD
TSO
UVRT
VSC

ccTrrrrrratr

total harmonic distortion
transmission system operator
under voltage ride through
voltage sourced converter

4 Coordination of HVDC grid and AC systems

4.1 About HVDC grids

HVDC grids differ from HVDC systems which are designed as one integrated system.
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Integrated HVDC systems act as single controllable entities to meet the requirements at their
AC connection points (PoC-AC). As such, individual integrated HVDC systems are optimized
for their respective transmission tasks.

HVDC grids, similar to AC, will consist of HVYDC transmission lines connected via DC switching
stations through which autonomous AC/DC converter stations and/or DC/DC converter stations
are connected. The requirements of the HVDC stations and the HVDC transmission lines are
defined at their PoC-DC, PoC-AC or both.

HVDC grids will develop over time as known from the case of AC grids. Attention should be
paid to consider foreseeable system developments in the future, such as anticipated additional

circui
forecs

HVD(Q
functi

with the grid controller shall be agreed and documented between the involved parties.

Syste
CLC/

Mode

necegsary regularly during the entire life of equipment. Appropriate system equivalent n

and tgsts should be standardized for system interaction Studies.

System responsibility shall be defined for the inhdividual entities of an HVDC grid
multi-yendor environment. The split of responsibility’should be supported by the standardi
of eagh individual entity. This document is written to provide a guideline for the entity
the responsibility for the overall system integration.

4.2 |HVDC grid structure

The HVDC grid connects several AC/DC converters via their respective PoC-DC to a co
DC cifcuit as shown in Figure. :3._The HVDC grid can consist of one or more of the foll
installations:

o D switching station;

e HYDC transmissionline (OHL, cable or combinations thereof),

e DC/DC convefter station.

sting plan. The corresponding design margins shall be included.

grids shall stay operable in the event of loss of communication. Coordinating g
bns shall be performed by the HVDC grid controller. The interfaces for. communi

m planning studies are required as described in Clause 10 as well
R 50609:2014 [6].

ling and testing (Clause 10 and Clause 11) are required."Software and model updat

t and

ontrol
Cation

S in

Bs are
odels

in a
sation
aving

mmon
owing

T Numbers in square brackets refer to the Bibliography.
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PoC-AC2 PoC-DC2
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4.3
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To ex
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inforni
e A(Q
e D
e H

PoC-AC4| — PoC-DC4

H

PoC-AC3 PoC-DC3

>/ H

Figure 3 — Schematic structure of an HVDC grid

IEC

pologies of the AC/DC converter stations as well as the various installations of the
hall be coordinated and specified as described in 5.1.

the boundaries of the given topologies, each/AC/DC converter station or HVD
ation can be operated in different DC connection modes as described for AC/DC con|
s in 8.4.2.1 DC connection and for DC switching stations in 9.2.3.2.1 DC connectio
ual connection modes and their application shall be coordinated throughout the
all times when operating.

Purpose of the HVDC grid and-power network diagram

lional concept of the HVDE-grid including all HVDC stations shall be explained.

blain the AC and HVBC grid structure, a network diagram shall be specified showi
bpology including ‘the installations and their connections. This diagram shall c
ation such as the following:

L/DC converter stations,

[ switehing stations,

DC transmission lines (OHL, cable or combinations thereof),

HVDC

C grid
verter
. The
HVDC

bvide an overall understanding of the HVDC grid, the purposes, basic functions and the

ng the
bntain

o DC7DCTconverter stations,

e AC networks showing the connection of each AC/DC converter station to the synchronous areas,

e main circuit data (DC voltage level and DC voltage band),

e topology of HVDC grid and HVDC stations according to the nomenclature given in Table 1,

e DC earthing impedances at each HVDC station,
e FSDs,

e en

ergy storages,

e energy absorbers, e.g., dynamic braking devices typically used for absorbing energy that

ca

nnot be delivered to the AC grid.


https://iecnorm.com/api/?name=554a30257960e3e948145bb69153691d

IEC TS 63291-1:2023 © |IEC 2023 -19 -

4.4 AC/DC power flow optimisation

The behaviour of an HVDC grid and its AC/DC converter stations within their AC system
environment is typically described in corresponding grid codes for the respective AC systems.
Clause 4 of this document describes typical requirements from the AC system perspective with
respect to their implications on the design of HVDC grids.

An HVDC grid with more than two HVDC stations in operation requires superordinate
coordination of the power flow between the individual HVDC stations. The requirements for
such coordination are described in Clause 6.

The =
described by the active vs reactive power exchange capability charts depending on the AC
voltage (Upc) at the PoC-AC of each station as shown in Figure 4. There can_kg ‘different

boundaries representing normal and temporary conditions or different AC voltage’ levels.

The gpecification of the power flow through the AC/DC converter shall bedsuch that power
flowing from the PoC-DC into the converter and further on from the conventér into the PQC-AC
shall have positive sign as defined in IEC 62747:2014/AMD1:2019, Figure 1.

For DC/DC converter stations and DC switching stations, the curtent directions shall be glearly
defingd. The current direction shall be selected consistently thréughout the entire HVDC|grid.

oA

oP, op,

op, op,

~Y

OP; OPg

oPg op;

P Active power
0 Reactive power
orP, Steady-state OP n

NOTE The ratio of P and Q in Figure 4 is indicative only and not necessarily symmetrical with respect to the origin
of the diagram.

Figure 4 — Example of a PQ-diagram showing the active vs reactive power exchange
capability of an AC/DC converter station for a given AC voltage level

Compared to AC infrastructures, AC/DC converter stations provide the capability to set and
control active power flow going through them. The active power set points as well as the control
droop parameters have an impact on the global grid power flows (AC and DC). Optimising the
static power flow can be aimed at different objectives, e.g., minimizing the overall losses, while
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remaining below the limits of individual equipment (converters, rated current of lines, etc.) and
minimizing the consequences of contingencies such as loss of a line.

4.5 Converter operational functions
4.5.1 General

In this document a general categorization of converter operational functions into basic operation
functions during normal operation states, basic operation functions during abnormal operation
states and functions for ancillary service provision is provided. Basic operation functions both
during normal and abnormal operating state are functions which shall be parameterized since
they are basic to the coordination of an HVDC grid with AC systems. Subclause 4.5.2,
Subclpause 4.5.3 and Subclause 4.5.4 will further outline the converter operational functigns.

4.5.2 Basic operation functions — Converter normal operation state
4.5.211 General
The AC/DC converter station control has two fundamental degrees of freedom on the A(Q side:

e active power exchange,

e reactive power exchange.

In general, for active power exchange, reference values can be given for the following dontrol
objecfives:

e acftive power control,
e AC frequency control,

e DC voltage control.

The ¢orresponding control objectives sfor active power exchange cannot be repched
independently from one another.

The bpsic operating functions are\specified as follows:

e ACQ system frequency following a frequency / power droop (sp¢),

e D¢ voltage followingta:DC voltage / DC power droop (s, ) or a DC voltage / DC clrrent
drpop s,5¢ ypc)-

For refactive powerexchange, reference values can be given for the following control objegtives:

o reactivespower control.

o AC( voltage magnitude control.

e Power factor control (active power o apparent power ratio, cos ¢).

These functions are described in 4.5.4.

The corresponding control objectives for reactive power exchange cannot be reached
independently from one another. The capabilities and requirements of all AC/DC converter
stations connected to an HVDC grid have to be coordinated with the AC system needs on AC
voltage control and reactive power.

4.5.2.2 AC system frequency following a frequency / power droop

The AC system frequency following a frequency power droop (s..) describes the change of

active power in response to a deviation of the AC system frequency from its reference value. It
is defined by
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S = (Af1 fuon) | (AP 1 P

nom)

where
Af is the frequency change;
Jnom is the nominal AC system frequency;

AP is the change of the active power output of the AC/DC converter station;
Pprom is the nominal active power of an AC/DC converter station.

There are two extreme cases:

a) scheduled power, |sy|—>

In|this case, the AC/DC converter station will operate at a power reference valueland
ngt contribute to AC system frequency control.

b) constant AC system frequency s,.=0
In|this case, the AC/DC converter station will exchange the power néeded to keep t
syptem frequency constant.

Cgse b) as well as all other cases with |s,.|#= require at least’one independent sou
active power connected to the HVDC grid, such as an asynchronous AC system.

4.5.2. DC voltage / DC power droop

The D(C voltage following a DC voltage / DC power droop (s, ) describes the change of
powel in response to a deviation of the DC voltage frem its reference value.

e upc = (AUpghUpc,) [ (AP [ P,)

does

he AC

rce of

Active

Similgrly, the DC voltage following a DC)voltage / DC current droop (

change of DC current in response to.a deviation of the DC voltage from its reference v
is defined by

SIDC_UDC = (AUDC/ UDCn) / (A[DC/ [DCn)

There|are two extreme.cases:

a) scheduled power, s, ;pc=%; Sipc upc=

In|this case, the AC/DC converter station will operate at a power reference value and

Sioc_unc) describjs the

lue. It

does

nqt contribute to DC voltage control.

b) copstant DC voltage, s 5c = 0, sipc_ypc = 0

In this case, the AC/DC converter station will exchange the power needed to keep the DC

voltage at its terminals constant.

In all other cases, the contributions of an AC/DC converter station to the DC voltage con
specified by corresponding droop values s, pc, Sipc_ypc Petween these two extremes.

The above droop characteristics are the most common. However, there could be others

trol is

along

with all other control modes as defined in 6.2.3.3 where it is explained that droop constants can
be a function of active power, DC voltage, etc. Several droop constants s(P) could be used to

model dead bands, etc.
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4.5.3 Basic operation functions — Converter abnormal operation state
4.5.3.1 General

Abnormal operation states are conditions induced by faults. The specific operation requirements
of the converter shall be defined.

4.5.3.2 Network conditions and power flow requirements

In order to maintain the stability of the connected DC or AC system, respectively, the maximum
loss of power due to system outages can be defined. The maximum loss of power in MW can
differ for outages that are considered frequent events or non-frequent events.

Pre- gnd post-fault AC system strengths are defined by the minimum and maximum shart-gircuit
currents at the PoC-AC of an AC/DC converter station without considering” pofssible
contriputions by that particular station, if any.

With respect to maintaining AC and DC system stability, maximum times of,interruption of pctive
and rgactive power exchange at an AC/DC converter station shall be specified.

Permanent faults can require a reconfiguration of the AC or DC grid, respectively, resulfing in
different post-fault capabilities of the AC/DC converter stations: Fhis shall be reflected |in the
post-fault target values for active or reactive power.

During an AC fault, the AC current contribution by an AC/DC converter station shall be specified
accorgling to the corresponding AC grid code requirefments.

4.5.3.B Abnormal AC voltage conditions

The ¢perational requirements for abnormal” AC voltage conditions are specified gy AC
underpoltage ride through (UVRT) as welbas AC overvoltage ride through (OVRT).

NOTE [nstead of overvoltage ride throughyxthe deprecated term high-voltage ride through (HVRT) is also known.
Instead of undervoltage ride through, the.deprecated term low-voltage ride though (LVRT) is also known.

A gengric combined AC undef and over voltage ride through characteristic is shown in Figlure 5.
The xaxis is the time and .the y-axis is the RMS voltage at the PoC-AC. This relajes to
symmietrical faults. AC voltage profiles for asymmetrical faults shall be specified similar [to the
one fqr symmetrical faults.

A converter shall"maintain controllability of current inside the grey shaped area depicfted in
Figurg 5. Eachy*converter shall withstand a specified number of consecutive vpltage

the event of an AC under or over voltage affecting one phase for a specified period of time as
given in Figure 5. The AC voltage vs time characteristics can be different for symmetrical and
asymmetrical faults. The AC voltage profile starts from a pre-condition within the normal AC
voltage operating range.

Although Figure 5 displays a deterministic number of AC over voltage / time tuples, this number

is not subject of specification; it could be any number "»n" greater or less than the breaking
points illustrated.
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Figure 5 — Generic AC oyvér- and under voltage ride
through profile of annAC/DC converter station
4.5.4 Ancillary services
4.5.4.1 General
Ancillary services comprise operation functions which are optional, i.e. they can be activgted in
order [to improve or support the rest of the power system, but they are not mandatory fpr the
operation of the power system. An HVDC grid can provide the following ancillary serviced to an
AC system:
e frgquency control related services,
e ACQ voltage control related services,
e POD sernyvice,
o syptem restoration service.

These categories of ancillary services are further outlined in the following.

4.5.4.

4.5.4.

2 Frequency control related services

21 Synthetic inertia (differential frequency control)

In the absence of commonly agreed principles, the details of such services shall be specified
case by case based on applicable grid codes.
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4.5.4.2.2 Frequency containment reserve (primary frequency control)

An HVDC grid connecting a minimum of two asynchronous areas can be specified to provide
FCR to be transmitted from at least one asynchronous area to another one. If all AC/DC
converters of the HVDC grid are connected to the same synchronous area, an independent
source supplying or absorbing power within the HVDC grid would be needed.

The corresponding requirements for one synchronous area supported by the primary frequency
control can be distributed among all AC/DC converter stations interconnecting the supported
synchronous area and the HVDC grid. The contribution of one of the AC/DC converter stations
can be specified as shown in Figure 6.

AP
MaximumActivePowerTransmissionCapacity A Prax
(import)
AP 100  Af i - .
=—-——— x— (forO<f< Range avaitable for FSM

Prax s1[%] ( o)

Transmitted active power

(operation setpoint) AP 100 A

=~ 5 X—f(for0<fsf1)
Prax s[%]  fn

ManimumActivePowerTransmissionCapacity

(import)
-< | | | | | [ | | | | -
~ T T T T T T T T T T >

(2 =fn) (1 =71 g
fn fn fn
IEC

AP Change in Pgrpo Nt triggered by the step change in frequency (MW)
Prax Maximum HVDC active power transmission capacity (MW)
/n Target frequency in the AC network (Hz)
JoeapeAnD  Umin' fmax): Frequency response dead-band (indicative range 0 mHz + 500 mHz)
54 upward regulation ¥droop" (indicative value = 0,1 %)
Sy downward regulation "droop" (indicative value = 0,1 %)
i Over-frequency threshold (Hz)
o Under-ftequency threshold (Hz)
Frequehcy response insensitivity: < 30 mHz
[SOURLCEBased on Commission Regulation (EU) 2016/1447, 26 August 2016 [7]2]

Figure 6 — Example of an active power frequency response capability of an AC/DC
converter station in frequency sensitive mode (FSM) with zero deadband and
insensitivity with a positive active power setpoint; FSM in this figure shall be

understood as FCR

2 Reproduced (from Commission Regulation (EU) 2016/1447, 26 August 2016), with the permission of the European
Union, http://eur-lex.europa.eu © European Union, 1998-2023, Responsibility for the adaption and reuse lies
entirely with IEC/TC 115/WG 15
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Subclause 4.5.2.2 describes an option to define a relation between frequency and power of a
specific HVDC converter. To provide this capability as FCR, the following parameters have to
be defined by the affected parties for each AC/DC converter station:

e droop value s,, see 4.5.2.2,

e mi

e maximum provision time ¢

nimum step response time 7., to coordinate with inertia,

Forprovs 1O COOrdinate with FRR,

o frequency dead band f,.,peanps tO limit the activation to exceptional situations.

In order to support the FCR process of at least one synchronous area, the FCR provision by an

HVD( grid adapts the active power infeed from the HVDC grid to at least one synchronou$ area
(receiying area(s)). It further modulates the active power drawn by the HVDC grid fram,aj least
one synchronous area (sending area(s)).
The cpordination of power associated with primary frequency control shall be ‘specified by the
required variation of the output power, which is calculated by:
Alsz4 Krcr1,1 -+ Krcriy -+ KFCR 1,5 ARz 1
AI_D szi | = | Krcrit -+ KrCRij ... Kforin | | MRZ
AP,
L7 SZns KecRug1 -+ Krcrjioy™ KrcRugng | LARZm: ]
and
s
2 Kecri; =15 Kecry, < 0
=1
wherg:
KrcRj,; s the RCR-distribution coefficient (dimensionless) indicating the amount of active
powerdrawn from the sending area j and fed into the receiving area i
APRZj is.the active power fed into receiving area j
APgz7|; is the active power drawn from sending area i
nR is the number of asynchronous AT grid zones which are receiving areas
ng is the number of asynchronous AC grid zones which are sending areas.
4.5.4.2.3 Frequency restoration reserve (secondary frequency control)

The coordination of the FRR among different synchronous control areas will be done by a
dedicated superior system controller. If the HVDC grid is supposed to participate in the
corresponding load flows, there will be a corresponding change in the converter setpoints.
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4.5.4.2.4 Replacement reserves (tertiary frequency control)

The coordination of the frequency replacement reserve among different synchronous control
areas will be done by a dedicated superior system controller. If the HVDC grid is supposed to
participate in the corresponding load flows, there will be a corresponding change in the
converter setpoints.

4.5.4.3 AC voltage control related services
AC voltage control related services can be:

e AC voltage magnitude control,

e reactive power provision as a function of AC voltage magnitude, either manuglly or
automatically.

4.5.4. Power oscillation damping services
4.5.4.4.1 General
The HOD control function modulates the AC/DC converter stationpower output to pfovide

damping of low frequency power swings, typically in the range 0,%Hz to 2,0 Hz. POD dan be
made|by active and/or reactive power modulation.

4.5.4.4.2 Electromechanical oscillations
Electrpmechanical oscillations can be damped by activé ‘power:

e with a small energy storage at each AC/DC converter station,
e bylimporting and exporting power for a few seconds from a neighbouring synchronous area,
e with DC power transferred within the DC network.

A supplementary control is typically usedto provide active and/or reactive power modulation.

4.5.4.4.3 Subsynchronous torsional interactions

HVD({ control loops introdu¢e) subsynchronous frequencies in the AC network, through the
voltages applied on the stator windings of the generator. Electromagnetic torque disturbpnces
(e.g. abrupt change of the:topology of the electrical network further to fault elimination) cap also
initiate the phenomepon/of subsynchronous oscillations. The subsynchronous frequencigs can
then gxcite those of the turbine generator shaft and produce very high torsional torques.

Further information and mitigation measures can be found in [8], [9].

4.5.4.p System restoration services

4.5.4.51 General

System restoration services are ancillary services intended to re-establish system operation
and maintain operational security after blackout state or emergency state. HVDC grids can
provide several of these services. A functional specification of these systems therefore includes
a description of the provided system restoration services which are presented in 4.5.4.5.2 and
4.5.4.5.3.
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5.2 Restoration from blackout

An HVDC grid can be designed to provide AC system restoration services. The corresponding
requirements are not HVDC grid specific. This Subclause 4.5.4.5.2 provides the minimum

requir

ements that shall be specified.

AC system restoration services comprise two steps:

1) energisation of a relevant AC/DC converter station from another remote or asynchronous,
operational AC system via a DC connection. This step is also referred to as black start;

2) energisation of the black, connected AC system or parts thereof, also referred to as

S

aljle to ma’intain the AC voItaée and frequency at its PoC-AC within defined limits ford

ngtwork configurations.

The s|
intern

tart-up of an AC/DC converter station from a connected AC system, DC ‘system
| power source like a diesel generator is considered an energisation-process and

all be
pfined

or an
not a

systefn restoration service. Energisation of an AC/DC converter station” is described in

8.4.2.

b.1.The limits of the AC voltage at the PoC-AC shall be defined based on the AC v

profilg given in 4.5.3.3. The frequency limits shall be defined based ansthe requirements
AC syfstem restoration process.

The s
the A

For d
shall

C/DC converter stations:

bvide the active and reactive power demand of the /AC network and the connected
bvide the inrush currents of equipment to be energised,

bvide short-circuit currents according to the AC network protection concepts.

bsign purposes, a generic AC netwark ‘with project specific parameterized compd
e specified considering the following*aspects:

e philosophy for restoring the real AC network including all relevant scenarios until reg
thé¢ normal operating state (seé-5.3),

e relevant AC network configurations, e.g. switching states,

o AQC system earthing concept,

e equivalent impedances of all relevant AC network elements,

e trgnsient and dynamic characteristics of all relevant AC network elements,

e C

trol characteristics and mechanical data of other generators to be connected to t

network_during the restoration process.

The

eneric test network shall be sufficient to demonstrate the HVDC grid's capab

bltage
of the

pecification shall cover the following requirements to be.coordinated with the desjign of

oads,

nents

ching

he AC

lities.

Therefare it can typir‘ally include madels of:

e HVDC transmission lines,

e transformers,

o different types of loads, e.g. industrial and residential loads,

e generators.

Representative test sequences demonstrating the capabilities of the HVDC grid can typically

includ

e:

e switching the largest relevant transformer unit,

e switching the longest relevant HVDC transmission line,

e switching a representative load or test load bank.
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4.5.4.5.3 Post-AC fault active power recovery

After the clearance of a fault, the magnitude and duration of the recovery of the active power

from an AC/DC converter station can be specified using the following parameters.
o Poosrraur Post-fault active power recovery:

(example 90 % of pre-fault active power transmission)

o Time in which to recover P:

POST-FAULT

(example 0,2 s)

5 HIVDC grid characteristics

5.1 HVDC circuit topologies
5.1.1 Availability and reliability

The gvailability and reliability of the HVDC grid depends on its topology as well as g
availapility and reliability of its individual systems, subsystems andCeomponents. Redu
components, systems or subsystems have a decisive impact on availability and reliability.

The requirements for availability and reliability of the individual components, syste
subsyptems shall be specified according to overall transmisgsion system planning aspects.

5.1.2 Basic characteristics and nomenclature

The HVDC circuit topologies are differentiated fégarding attributes characterizing the

n the
ndant

ns or

HVDC

grid 3s well as attributes characterizing an (HVDC station (AC/DC converter station, DC

switching station or DC/DC converter stationy).

AttribL]Ates characterizing the HVDC grid\are:

e number of HV poles,

o DC circuit earthing.

Attriblites characterizing_ an HVDC station are:

e connection to HV(poles,
e connection tofaneutral return path,

o station eafthing.

The DC ecircuit topology has a fundamental influence on the possible operating modes an
currents Mt determines component rating and the protection system as well as the insu

j fault
lation

coordination.

The characteristics of the HVDC grid and an HVDC station are expressed by the nomenclature

of the HVDC circuit topologies given in Table 1.

The possible HVDC circuit topologies are listed in Table 2 with respect to the HVDC grid
characteristics and Table 3 with respect to an HVDC station characteristics. Figure 7 shows a
bipolar, effectively earthed HVDC grid with different AC/DC converter station topologies as an

example.
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Table 1 — Nomenclature of HVDC circuit topologies

Characteristics of the HVDC grid

Characteristics of an HVDC station

Number of HV type | DC circuit earthing | - | connection to pole | connection to station earthing
poles neutral return path
1 DC "z" not - | "" polel "O" none "O" none
effectively earthed
2 y "2" pole 2 "R" return "Z" impedance
"e" effectively . conductor ew
earthed B" both E" direct
"E" earth
electrode

Table 2 - HVDC circuit topologies — HVDC grid characteristics

poles

Number of HV

1DC
(Monopole)

2DC
(Bipole)

DC egrthing

effectively earthed

1DCe

effectively earthed

2DCe

not effective
earthed

2DCz

y
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Table 3 — HVDC circuit topologies — HVDC station characteristics at a PoC

Number of HV One Two Two
poles
Connection to HV Pole 1 or pole 2 Both poles Both poles
oles
P 1DCe-1 2DCe-B 2DCz-B
or )
1DCe-2 (Blpole)
(Asymmetric
monopole)
Neutral return path Dedicated return 1DCe-xR 2DCe-BR 2DCz-BR
A (Asymmetric (Bipole with (Bipole wifh
monopole with dedicated metallic dedicatedymetallic
dedicated metallic return) return,impedpnce
return, connected to earthed)
pole x (1 or 2))
Earth electrode 1DCe-xE 2DCe-BE %'\
(Asymmetric (Bipole, connected- |
monopole, to earth electrodés)
connected to pole x
(1 or 2), connected
to earth electrode)
None 2DCe-BO 2DCz-B(Q
(Rigid bipole) (Rigid bipgle
9 or
C symmetri¢
N Q monopole])
Station earthing Direct 1DCe-xEE 2DCe-BxE
or
1DCELRE (Bipole, directly
earthed;
(Asymmetric x: either connected
monopole, to earth electrodes,
cannected to pole x neutral return
(1 or 2), connected conductor or no
to earth electrode, neutral return path)
alternatively neutral
return conductor,
directly earthed)
Impedance 1DCe-xRZ 2DCe-BRZ 2DCz-BR¥
(Asymmetric (Bipole, connected (Bipole, conngcted
monopole, to neutral return to neutral refurn
connected to pole x conductor, conductol,
(1 or 2), connected impedance earthed) | impedance eafthed)
to return conductor,
impedance earthed) or or
2DCe-BOZ 2DCz-BO¥
(Rigid bipole, (Rigid bipol¢ or
moadan arthad) ovmmeteid
A ALl TSy SO ALLLLLA ALY
monopole,
impedance earthed)
None 1DCe-xRO 2DCe-BRO 2DCz-BRO

(Asymmetric
monopole,
connected to pole x
(1 or 2), connected
to return conductor,
no connection to
earth)

(Bipole, connected
to neutral return
conductor, no
connection to earth)

or
2DCe-BOO

(Rigid bipole, no
connection to earth)

(Bipole, connected
to neutral return
conductor, no
connection to earth)

or
2DCz-BOO

(Rigid bipole or
symmetric
monopole, no
connection to earth)
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NOTE

Converter station | A | | B

Pole 1

Udc_1

Neutral v j

Udc_2

Station A

2DCe-BOZ
Symmetric Monopole,
no return path,

no connection to earth

Station B

2DCe-1RE

Asymmetric Monopole,

connected to pole 1,

connected to the neutral return conductor,
directly earthed

Station C

2DCe-2RO

Asymmetric Monopole,

connected to pole 2,

connected to the neutral return conductor,
no connection to earth

Station D

2DCe-BRO

Bipole,

connected to the neutral return conductor,
no connection to earth

Station E

2DCe-BOZ

Bipole,

not connected to the neutral return conductor,
earthed via impedance

The DC circuit earthing can also be provided by an adjacent DC switching station.

Figure 7 — Example of an HVDC grid in 2DCe topology with
different AC/DC converter station topologies

—QD#

IEC
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5.1.3 Attributes of HVDC grids or HVDC grid subsystems
5.1.3.1 Number of HV poles

The topologies of the HVDC grids differ in terms of the number of HV pole conductors. Systems
can have:

e one HV pole, so-called monopoles,

o two HV poles, so-called bipoles or symmetric monopoles.

The number of HV poles is counted assuming all converters and connecting lines are available
as designed. A system. designed as a bipole. can also be operated with just one of the two HV
poles|in operation and one of the HV poles or the neutral return path for current returny.These
possibilities of operation are not reflected in the nomenclature of HVDC circuit topologi€es.

5.1.3.p DC circuit earthing

The OC earthing has a fundamental impact on the behaviour of the HVDC grid during faplts at
one of its HV conductors. It provides a means of maintaining the voltage between cond{ictors
and garth within stipulated limits and facilitates the isolation of faulty equipment i fault
condifion.

The OQC circuit earthing is based on the connection of the neutral point(s) in the HVDC grid or
subsyptem to the earth. In principle, two types of DC circuitcearthing exist:

o effectively earthed,

e nat effectively earthed.

The tyvo types of DC circuit earthing are charagterized by the change of the DC voltage of a
non-faulty conductor with respect to earth due\fo an undisturbed steady-state fault current, i.e.,
assuming there are no countermeasures limiting the DC fault current. The decisive parameter
is the[ratio of the non-faulty conductor's\2C voltage to earth during the fault to the nominal DC
voltage to earth of the same conductor: DC circuits having a DC voltage displacement|lower
than qr equal to a pre-defined level are defined as being effectively earthed. DC circuits Qaving
higher DC voltage displacement@are defined as being not effectively earthed.

HVD( grids that are effectively earthed are built either in 2DCe topology (so-called bipoles) or
in 1DCe, (so-called asymmetric monopoles). A DC circuit in 2DCe topology can be considered
to be gonsisting of twe\1DCe circuits having opposite DC voltage polarity to earth. 2DCe HVDC
grids ¢r parts thereof'ean be operated as 1DCe in the event that one DC pole is out of opefation.

One gpecial Case is the BOZ configuration of an AC/DC converter station, i.e., a so-falled
symmietric.monopole configuration, using one converter between both HV poles and an AC side
star ppint earthing as shown for station A in Figure 7. It should be noted that station A in Figure
7 is ponnected to an HVDC grid being effectively earthed, which is expressed hy the
corresponding nomenclature 2DCe. In this case, the DC voltage displacement during a DC
insulation fault will be dominated by the earthing of the DC circuit with respect to DC currents.
The same would apply, if a BOO AC/DC converter station were connected to a 2DCe grid.

The effectively earthed system will experience high DC fault current stresses due to the low
conductor and earth resistances.

A DC pole to earth fault in a not effectively earthed system will result in significant voltage
stresses (temporary overvoltages) during the earth fault condition. This increase in the voltage
stress on the equipment shall be considered as part of the insulation coordination.

In a system with multiple earthing paths, attention shall be given to the impact on return current
distribution within the DC system. This applies also for possible currents through conductive
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structures in the earth and above, like cable sheaths, pipelines, OHLs, transformers in AC
systems or others with respect to magnitude and time.

5.1.4 Attributes of an HVDC station
5.1.41 Connection to HV poles
An HVDC station can be connected to:

e HV pole 1 (asymmetric monopole station),

e HV pole 2, (asymmetric monopole station), or

e Bqgth HV pole 1 and HV pole 2 (symmetric monopole station or bipole station).

A bipole station comprises at least two separate CUs connected in series between both HV
poles|(i.e., Figure 7, station D or E).

A symmetric monopole station connects both HV poles by just one CU (ie.;’Figure 7, dtation
A).

An asymmetric monopole station connects to one HV Pole by one ‘CU (i.e., Figure 7, station B
or C).

In the|case of an non-effectively earthed HVDC grid, the numper of series connected CUg shall
be specified.

Convgrters with unidirectional DC current, i.e. typex1 converters as described in 8.2, can be
complemented by dedicated switchgear to connect'the terminals of the converter to either HV
pole aof the HVDC grid. This possibility is not.reflected in the nomenclature of the conjerter
topoldgies.

5.1.4.p Neutral return path
The options for the neutral return\path are:

e DMR,
e HY pole conductor used for the return path (metallic return),
e edrth electrode,

e ndreturn path.

1DCe| topologies can use dedicated metallic return conductors (1DCe-xR) or the |earth
electrpdes-(1DCe-xE) for the DC current to return.

NOTE L1DCe-xR: The x represents the connection of the respective HVDC station to the HV poles. The valiable x
can be 1 or 2.

In the case of 1DCe-xR any current through the return path will result in a corresponding DC
voltage drop at the return path impedance. This DC voltage drop leads to a steady-state DC
voltage displacement with respect to earth which has to be taken into account for the
specification of the steady-state DC voltage operating band of all poles and the neutral points
(see 5.4.3). When the DC voltage displacement exceeds tolerable limits, the operation concept
of the grid with respect to unbalanced operation and the location of the earthing point has to be
determined. Lower return path resistances or multiple earthing points can be considered.

In the case of 1DCe-xE all relevant HVDC stations have to be equipped with or connected to
appropriate earth electrodes. These electrodes are often located at some distance from the
stations or other AC substations in order to avoid negative effects due to earth potential rise.
The corresponding electrode lines are considered part of the connection between HVDC station
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neutral point and electrode and are not reflected in the nomenclature of the HVDC station
topologies.

In order to avoid uncontrolled currents through the earth path in 1DCe-xR configurations, only
one HVDC station within the DC circuit shall be earthed.

If earth path currents are permissible, multiple earthing points are an option to reduce the DC
voltage drop on the return conductor in asymmetrical operation. Provision shall be made to
keep earth return current within the given earth current limits through control actions of
converters or use of other equipment.

The DC circuit topologies described for 1DCe apply to 2DCe as well. In addition, 2DCe, dan be
built if 2DCe-BO configuration (so-called "rigid bipoles" or "symmetric monopole"), where there
is no |neutral return path. During contingencies, i.e., one of the two pole converters put of
operation in a 2DCe-BO configuration, one pole can be operated in so-called "metallic return”
using|the other HV pole conductor. Under these conditions, the HV pole conddctor has|to be
discomnected from the rest of the HVDC grid at both ends and be connected,to0 the neutra| point
of the|related HVDC stations. This possibility is not reflected in the nomenglature of the dtation

topoldgy.

514 Station earthing
The options for earthing an HVDC station are:

e difect earthing,
e imppedance earthing,

e ng connection to earth.

The neutral point of an HVDC station can<be directly connected to earth. HVDC stptions
operafed using earth electrodes are always-directly earthed.

The Igcation of the earthing point shall be selected considering conductive structures fin the
earth pnd above, such as cable sheaths, pipelines, OHLs, transformers in AC systems or ¢pthers
with respect to magnitude and:time. This can require the earthing point to be located oltside
the physical boundaries of an"HVDC station and to be connected by a dedicated HVDC
transmission line.

If mone than one HVDCE station is directly earthed in a subsystem, provision shall be made to
keep parth currents\within the given earth current limits through control actions of converters
or other equipmeént.

The ngutral point of an HVDC station can be connected to earth via impedance. The impeflance

can Pe<ehmic, inductive, capacitive or a combination thereof. Nonlinear impedances like
arresters—can-be used-as-well.

5.2 Connection modes

Within the boundaries of the given topologies, each HVDC station or HVDC transmission line
and transition stations, if any, can be operated in different DC connection modes as described
for AC/DC converter stations in 8.4.2.1 and for DC switching stations in 9.2.3.2.1 . The individual
connection modes and their application shall be coordinated throughout the HVYDC grid at all
times when operating the grid.

5.3 Grid operating states
5.3.1 General

The operating states of the grid and their relation to one another are shown in Figure 8.
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5.3.2 Normal state

Normal state means a situation in which the system is within operational security limits. In this
state, no transmission system element is unavailable due to occurrence of an unplanned event.

5.3.3 Alert state

Alert state means a situation in which the system is within operational security limits, but a
contingency has been detected. Under this contingency, countermeasures are recommended
to bring the system back to a normal operating state in order to avoid entering an emergency
state. This can include limited operation due to:

e AC system constraints,

e HYDC grid constraints.
5.3.4 Emergency state

Emergency state means a state in which one or more operational securityimits are violdted.

5.3.5 Blackout state

Blackput state means the state where the operation of part or all_ the transmission systen has
stopped.

5.3.6 Restoration

Restoration means the transition in which the objective of all activities in the transmiission
systeln is to bring the system back to normal state ‘after blackout state or emergency state.

Normal operation Alert Blackout

A*

IEC

Figure 8 — Operating states

5.4 |[DC voltages

5.4.1 General

One ¢f\he main parameters of an HVDC grid is its nominal DC voltage. Furthenqmore,
stead'rsfafe—temmw-andmemﬁeﬂmge-hmwmm—beﬂeﬁwad—’l— ; i T i ;

It should be noted that terminal-to-neutral and terminal-to-earth voltages can differ depending
on the topology of the HVYDC grid, operating conditions and the resistances of dedicated metallic
return conductors or earth electrode lines, respectively. Therefore, the definition of DC voltages
requires the reference neutral or earth to be stated.

5.4.2 Nominal DC system voltage

So far, DC voltages of HVDC pole lines are chosen with respect to the requested power
transmission capacity of the DC system versus the current carrying capability of the equipment.
Moreover, various economic factors, such as evaluation of power losses, cost of material, etc.,
influence the selection of the nominal DC system voltage. In HVDC grids additional aspects
such as load flow control and potential extension of the grid shall be considered. The nominal
DC system voltage is defined as the DC voltage between HV pole and earth.
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Steady-state DC pole voltage

2023

In no-load operation, i.e., operation without any DC current flowing, all nodes share the same
DC voltage. With increasing load, AC/DC converter stations acting as rectifier with power import
to the HVDC grid increase the DC voltage, and AC/DC converter stations acting as inverter with
power export from the HVDC grid decrease the DC voltage because of resistive voltage drops
across HVDC transmission lines and other elements connected in series.

Therefore, a steady-state operating band shall be defined. This band shall be wide enough to
cover all target OPs of the HVDC grid.

condyctors and electrode lines shall be defined. Both the DC pole voltage to earth as’W

5.4.4
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The following example of a temporary voltage profile for the DC voltage shown in Figur

based
aspec

A(
A(

de

The ti
scales

fnces of power import and export, e.g., caused by trip of AC/DC converter stations,

neutral voltage to earth shall be considered when defining the DC voltage(acfo

Temporary DC pole voltage

DC or the connected AC systems, energisation or switching-of elements of the DC s
use the DC voltage to deviate temporarily from the steady-state range.

mits for the temporary DC voltage excursions vs time are defined by the DC voltags
bwn in Figure 9. Beyond these DC voltage bandsy the HVDC grid equipment prot
be allowed to reduce the operational performance of the grid, e.g., by blocking or tr
Ibsystems or components.

on Cigre Technical Brochure 657 [10]. In order to derive a specific representation s
ts are to be considered, such as:

L and DC system power flow(changes;
and DC system harmonics;

system transients and fault scenarios, including margins for emergency voltage g
g- UDC_OVZ’ UDC_OV3' UDCmax in F|gure 9;

L system transients and fault scenarios, including margins for emergency voltage g
g- UDC_OVZ’ UDC_OVB’ UDCmax in Flgure 9;

-ionization and potential fault clearing for faults at OHLs.

return
ell as
5s the
count
tions,

faults
ystem
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e 9is
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ontrol

ontrol

me’ and DC voltage limits depend on the technology and topology of the HVDC grizf. The

invFigure 9 are used for illustration only.

Diagrams as shown in Figure 9 can be used to specify the voltage withstand capabilities of the
equipement as well as the operational performance of an HVDC station with respect to voltage.
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Figure 9-=Generic temporary DC pole to earth voltage profiles in HVDC grids

5.4.5 DC) neutral bus voltage

This Subctause 545 referstothereturmconductororetectrodetimeifany,aswettas HVDC
stations that include a neutral bus. Deciding on the neutral bus voltages, the influence of the
entire HVDC grid shall be considered.

The design of the neutral bus and any neutral bus connected equipment shall take into account
the maximum steady-state neutral bus DC voltage as well as any temporary overvoltage and
voltage distortion. The steady-state neutral bus DC voltages depend on the topology and the
concept of operation of the neutral return path as described in 5.1.4.2.

3 Reproduced (from Cigre Technical Brochure 657), with the permission of Cigre.
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As the steady-state neutral bus DC voltage is mainly driven by the current through m

etallic

return conductors or across electrode lines and through electrodes, power limitations can be

necessary in order to keep neutral bus voltages within their limits.

Owing to the considerably lower DC voltage level at the neutral bus compared to a HV pole
conductor, temporary overvoltages and voltage distortions will influence the design of the

neutral bus and connected equipment more significantly.

The voltage distortion of the neutral bus voltage at certain locations will be affected by the DC
circuit impedances and can be influenced by dedicated neutral reactors or blocking filters.

The fpllowing scenarios shall be considered when defining the temporary overvoltage
for the neutral bus:
e allrelevant fault scenarios, such as:

— | neutral bus faults,

— | pole, return or electrode line faults,

— | faults within converters,

— | faults of converter transformers and reactors;

e operation of DC switches, such as MRTS, ERTS, NBS and.NBES for all relevant DC s
configurations and reconfiguration sequences;

e temporary ground currents, if any.

Compjared to a point-to-point HVYDC system, in an HVDC grid there are more scenarios
applidation of different AC/DC converter station.types according to 8.2) that make it
complex to define the voltage profile. Moreover,.the headroom that would be required for
expansion of the HVDC grid has to be taken into account.

Neutral bus voltages shall be coordinated between the different HVDC stations
consideration of all connection modes as described in 8.4.2.1 and 9.2.3.2.1 for DC swi
stations, including transfers betweéen-the modes. Furthermore, earthing point(s) in the
grid can change to different locations.

An expmple of a voltage profile is given in Figure 10. It shows different time spans whe
voltage is defined by:

e arfester protectivedevel,

¢ the maximumipermissible voltage excursions during switching actions,

e maximunisteady-state voltage level defined by the DC voltage and peak value of v
digtortion:
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Figure 10 — Generic neutral’bus voltage profile
Further guidelines can be found in IEC 62344~[11].

To dgsign the HVDC grid equipmenttinsulation, appropriate voltage withstand levdls for
switching and lightning type overvoltages shall be defined. These levels shall be coordinated
throughout the HVDC grid.

5.5 Insulation coordination

To dgsign the HVDC( grid equipment insulation, appropriate voltage withstand levedls for
switching and lightning type overvoltages shall be defined. These levels shall be coord{nated
throughout the HVDC grid.

The vpltage profile along HVDC transmission lines during transient events or due to vpltage
and clirreft distortions shall be considered [12].

5.6  Short-circuit characteristics
5.6.1 Calculation of short-circuit currents in HVDC grids

Short-circuit currents of DC networks will expose the installed DC components to
time-dependent stresses. In general, maximum short-circuit currents have to be considered for
the assessment of mechanical and thermal stresses, whereas the minimum short-circuit current
can be relevant for the setting of the system protection. The amplitude of the minimum and
maximum currents depends on the topology and the operation of the system as well as on the
components of the short-circuit path.

The short-circuit current characteristics shall be specified at each PoC-DC.

The calculation of short-circuit currents can be performed according to the following principles:
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e calculation of defined short-circuit currents due to characteristic values for example

maximum converter current or discharge current of lines;

e calculation of the transient behaviour of the short-circuit current after fault initiation taking

into account the control and protection system of the HVDC stations as well as the d
the complete system (topology, line configuration, operational DC voltage, etc.).

The short-circuit currents at the fault location consist of four different parts:

e discharging of OHLs and cables,
e discharging of filters/capacitors,
. I .

e copntribution of parts of an HVDC grid that are connected via a short-circuit current

In general, the conditions after the initiation of short-circuit will be largely influenced by:

o type of the HVDC station, i.e., AC/DC types 1, 2, 3, 4, 5, as describedyin8.2;
e shprt-circuit current limiting devices;

e edrthing of the DC circuit in the event of line to earth short-circuits.

ata of

miting

The damping of the discharge current is influenced by the resistance of the short-circuit path

and the resistance depends on the frequency of the oscillatian.

The amplitude of the short-circuit current in the event\of line to earth faults depends ¢
earthipg of the system. The following steps have to be considered in detail for the determi
of shqrt-circuit currents:

e selection of a typical DC system (layout),\including earthing and used components
will lead to the maximum/minimum shart-circuit current;

e copnfiguration of OHLs and cables (resistance, reactance and capacitance for the calcU
of[minimum and maximum short-Circuit currents);

o ddfinition of system installations or components respectively which contribute to the
cifcuit currents (filters, capacitors, etc.);

n the
hation

which

lation

short-

e behaviour of converters during a short-circuit: short-circuit current depending on th¢ fault

timme (control of the HVDC stations);
e operating conditions (DC voltage, DC current, power flow) in the HVDC grid;
o ddfinition of fault types (single pole, pole-to-poles or intersystem faults).

The tptal short<circuit current at the short-circuit location is the result of the contribut
several different sources.

on of

Considering future system expansion during the lifetime of equipment the short-circuit ¢
level can change. Therefore, it is recommended to consider such developments i
specification of the short-circuit-current requirements.

urrent
n the
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CE: IEC 61660-1:1997, [13] Figure 2]

Figure 11 — Standard approximation function

By callculating the characteristic quantities for the time variation of the short-circuit c

accor

5.6.2

Short-circuit current design requirements

Pararaxeters defining the design of the HVDC grid with respect to short-circuit currents sH

speci
showr

5.7
5.7.1

Powe
chara

ied according to the.standard approximation function demonstrated by the wave
in Figure 11, for-each part of the HVDC grid.

Steady-state\voltage and current distortions
Emissions and impacts

electronic converters are designed to generate voltages and currents of pred
cteristics. Owing to their principles of operation, real power electronic converters, bg

urrent

ling to Figure 11, the mechanical‘and thermal short-circuit stresses can be ascertalined.

all be
shape

fined
sides

their target voltage and current wave shapes, generate unwanted content which can include
conducted as well as radiated electromagnetic emissions. In terms of the HVDC grid
characteristics, this Subclause 5.7 addresses voltage and current distortions in the frequency
range below 9 kHz. These distortions can lead to impermissible emissions, adverse interactions
between different HVDC grid installations or interference with other technical systems. To
ensure safe and undisturbed operation of the HVDC grid, tolerable limits of voltage and/or
current distortions shall be specified.

Voltage and current distortion frequencies can include the fundamental frequencies of the
connected or coupled AC networks and their harmonics which are defined as conducted low
frequency phenomena (compare e.g., IEC 61000-1-2 [14] and IEC 60050-161:2014, 161-01-26

[13]).
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Further voltage and current distortions can occur without direct correlation to the AC system
frequencies. These distortions are caused by converter operation or other technical installations
and depend on the applied technology.

Voltage and current distortions are related to each other by the effective impedances at the
particular frequency as shown in Figure 12. Voltage or current distortion limits shall be specified
at the PoC-DC as a superposition of the voltage and current distortions caused by the converter
station as well as the pre-existing distortions in the grid.

The equivalent network impedances will be different for different system configurations, e.g.
bipolar vs monopolar conditions, return path configurations, HVDC station impedances
includ : erent
systefm configurations can for distinct frequency ranges be aggregated into equiyalent
impedance sectors.

The gquivalent HVDC station impedances will be different for different configurations pf the
station including passive as well as controlled parts, e.g. different number of conyverter
units |n bipolar vs monopolar conditions, return path configurations.

NOTE | Converters with dominating current source characteristics can be re-caleulatéd into an equivalent joltage
source

PoC-DC

Zrig(N ZstatiSa()
Grid IGrid (f) IStation (f) Station
()i Ugrid() l Upgetl) Ustation(/) i()

L AN 1
IEC

Upoc(h) voltage at the PoC at frequency f
Ugiig() pre-existing voltage distortion at’frequency fin grid
Igig(: distortion current flowing inrthe grid feeder to the HVDC station at frequency f
Z g DC-grid equivalentiimpedance as seen from the PoC-DC into the grid at frequency f
Ugiationl/):  voltage generated by the converters in the station at frequency f
Igaion():  distortion eurrent flowing in the grid feeder to the grid at frequency f
Zsationl):  HVDC station equivalent impedance as seen from the PoC-DC into the HVDC station at frequengy f

Figure 12 — Equivalent circuit, defining the relationship
between voltage and current distortions

5.7.2 Rights and obligations of a connectee

An HVDC grid can develop over time, with additional HVDC stations or other network elements
being added, each possibly belonging to a different entity and possibly using different
technologies. Each connectee shall have certain rights and obligations with respect to voltage
and current distortions, in a way which is analogous to those of connectees to a normal AC grid.

In this context, the term "connectee" would apply to the owner of any source generating voltage
and current distortions, such as an AC/DC converter where the grid connects to the AC network,
but also a DC/DC converter or DC line power flow controllers embedded within the network. It
could also be extended to apply to a new passive element within the network, such as a cable,
which could be considered as a resonant element, capable of modifying the frequency
behaviour of the grid.
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ghts of a connectee, both existing and new, should include:

o the connectee's equipment, if designed according to appropriate standards, should not be

da

maged or its functionality adversely affected;

e the connectee's converter control systems should be able to function correctly and not be
adversely affected by excessive distortions in the DC side ambient current or voltage.

The o

bligations of any connectee should include:

e to limit voltage and current emissions to values defined by an appropriate standard or grid

co

de;

e to
a
or

e to
to

The a
acces

5.7.3

While
becon
limits

acce
releva

The ﬂffinition of relevant limits is between the poles of technical feasibility and comnj

concelpt described by IEC/TR 61000-1-4 and depicted in Figure 13.

Tmit the Impact of new equipment on existing DC system resonance, such ihat any

plification of pre-existing distortion is limited to values defined in an appropriate st
grid code;

limit electromagnetic emissions from converter equipment or transmission’cables o
values which will not cause unacceptable interference.

bove implies that relevant standards or grid codes will be required, ih“order to pern
s for any entity and for multi-vendor equipment.

Similarities between HVDC grids and AC networks

voltage and/or current distortion limits for AC-systems have been defined and
ne well established over the last decades (IEC/TR/61000-1-4 [16]), such definition
do not yet exist for HYDC grids.

ability while providing safe and undisturbed operation of the HVDC grid itself and
nt systems in the environment. Thus, fof HVDC grids the definition of limits can follg
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Figure 13 — Disturbance level

Regarding voltage and current distortions, an HVDC grid is similar in many ways to a normal
AC grid, and a useful starting point for considering voltage and current distortion issues is with
reference to normal practice for AC systems. The salient points with respect to harmonics in
AC networks are as follows:

1) Any connection to the network which either produces voltage and current distortions, or
affects pre-existing distortions due to resonance, or both, is subject to a regulatory code.
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2) Maximum harmonic voltage distortion levels are defined, which shall not be exceeded at
any point in the network. These are usually called "planning levels" (Figure 14).

3) "Compatibility levels" are also defined, being higher by a margin than planning levels, and
being the maximum distortion to which any equipment connected to the network should be
immune (Figure 14).

4) In AC systems, these restrictions are normally applied in terms of individual harmonic
voltage magnitude, THD, and sometimes a psophometric weighted total distortion,
applicable for limiting induced interference to audio frequency telephone systems for
onshore sections of the DC grid.

5) The overall maximum limits are divided among connectees according to certain rules, which

d| far amnng standarde hiit in ganarol tand to raflact the ralativa-siza-of tho r\r\nnnr\fijn
He—Ho+H G S—oH+R Rea+—+8hRa—+o0+6+ +—e1-8+atY £ —h 33 H .

oterrrorert

6) Where a new connectee is to be added to an existing network, the pre-existing lgvel of
digtortion on the network is measured, and the difference between this and the pldnning
leyel is called the "headroom", as shown in Figure 14. The new connectee isythen allgcated
a proportion of this headroom, leaving some remaining headroom for future connectigns.

Compatibility level

b Planning level

Permitted for new connection

"Headroom"

Pre -existing distortion

Zero
IEC

Figure 14 — Planning level and headroom

7) THe impact of voltage and current distortions from a new connectee is considered, nqt only
at|the local connection busy:but also at remote buses where amplification can occur,|using
callculated transfer impedances or "coupling factors".

8) Rastrictions can alse.be placed on the current distortion emissions as well as vpltage
digtortion.

9) THe contributions ffom different connectees to voltage and current distortions are asqumed
to|be accumitated according to certain rules, for example the general summation law of
IEC TR 61000-3-6:2018 [17], which take into account the likely phase diversity of different
solurcess

All theselpoints are, in principle, applicable to HVDC grids. The main difference betwgen a
standgdmmﬁrrmmw—mm many

harmonic-producing connectees compared to DC grids.

5.7.4 Voltage and current distortion limits

When specifying voltage distortion limits in HVDC grids, the following shall be considered:

e limiting dielectric stresses on HVDC cables; a limit on total voltage distortion is sometimes
specified by cable manufacturers for this reason;

e providing a sufficiently low-distortion DC side voltage such that any connected HVDC
converter can function as designed, without maloperation, reduction of power transmission
capability, or excessive losses;

e limiting transfer of voltage distortions to the AC sides, due to cross-modulation through the
converters.
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When specifying current distortion limits, the following shall be considered:

e limiting resistive losses in the cable core and sheath;
e limiting losses in HVDC station equipment;

e where the HVDC grid has a land route in proximity to an audio-frequency telephone cable,
limiting the psophometrically weighted induced noise on the telephone system.

Suitable numerical limits for voltage and current distortions should be developed to satisfy the
above requirements of this Subclause 5.7.4, while not placing excessive restrictions on
connectees.

ission of voltage and current distortions from a particular converter station can,fause
voltage distortion not only at the PoC to the grid, but possibly even at amplified levels,afl other
busbdrs within the grid, due to system resonances. This effect shall be taken into) account by
ifying appropriate transfer impedances (or coupling factors) between remote*huses apd the
PoC-IPC and then limiting the permitted distortion at the connection bus so'that the re|evant
limits jare not exceeded at the remote bus.

5.7.5 Allocation of limits to individual connectees

The ipdividual users of the HVDC grid, such as AC/DC converter stations, shall rgceive
appropriate headroom for electromagnetic emission by the gfid owner for their conngction
. This can consider the different characteristics of different installations and shoulfl also
ider rules for adding up contributions from different.sources (e.g., general summatign law
of IEQG TR 61000-3-6:2018 [17]).

For thie evaluation of the adherence of specified limits, measured values shall be related|to the
effectlve impedances as seen from the PoC-DG into the HVDC grid as well as into the HVDC
station considered. The limits shall either be defined as voltage and/or current limits.

The definition of limits for distortions is based on definitions given by grid codes or a ded|cated
limitinlg standard.

In IEG 61000-4-7 [18] describing-procedures for the assessment of limits a frequency sftep of
5 Hz is recommended to keep measurement time and frequency resolution within acceptable
limits | For HVDC grids, suitable steps shall be specified.

For the definition o©f,individual limits for a new installation the following approgch is
reconmmended:

e degfine a PoG-DC;
e measure'or simulate pre-existing voltage distortions at PoC-DC;

evpluate the HVDC grid impedances as seen from the PoC-DC and of the unit [to be
connected (define and consider different grid conditions/states);

o define headroom of voltage distortions for each frequency (bandwidth) and dedicate it to the
installation;

e assess magnification of pre-existing voltage distortion and additional contribution to the
disturbance by connecting the new installation.

5.7.6 Frequency-dependent DC system impedance

The frequency-dependent impedances of the HVDC grid as seen from the PoC-DC of the new
installation shall be specified for the relevant frequency range and frequency step width.

Alternatively, for small HVDC grids, the frequency-dependent impedances of the individual
elements of the HVDC grid together with the topology and potential operational configurations
of the grid can be specified. This would enable a comprehensive study of the behaviour of the
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whole grid, identifying potential with respect to voltage and current distortion issues at any point
of the grid, rather than just at the PoC-DC.

Each active device connected to the grid shall be represented as a frequency-dependent
impedance as well as a source of voltage or current distortions, taking into account the influence
of different OPs as appropriate.

The upper frequency limit of the required range of frequency-dependent impedances and
harmonic distortion shall be defined by the grid code with consideration of potential
interferences but also of the achievable accuracy of the data for higher frequencies.

5.8 |[DC system restoration
5.8.1 General

In thelevent of a fault in the HVDC grid, the affected line or grid section has to.be disconrected
from the unfaulty part of HVDC grid according to assigned DC fault separation concepts |n 7.2.
Depending on the fault separation concepts, post-DC fault recovery strategies can re¢quire
SRAY on the DC side, also referred to as SRAS-DC, by the AC/DC con\erter stations.

5.8.2 Post-DC fault recovery

In the|event of a fault in the HVDC grid, the faulted line or grid-'Section shall be removed from
the HYDC grid. The fault separation process including fault detection, fault localization ang fault
clearing follows the procedures according to the defined-BC grid protection zones as desg¢ribed
in 7.4] After this process the previously affected linesorgrid section shall be recovered,|if the
fault is non-permanent (e.g., after a short-circuit on.an OHL). This means that the prevjously
discomnected line or grid section is going to be connected again to the HVDC grid.

Depending on the capabilities of the involved‘converter(s) and the assigned protection cqncept
(7.4), lpost-DC fault recovery can containthe following options:

stations, e.g., according to 8:6.5; this applies if the involved HVDC stations were de-

. e}ergization, adaptation of DC (vpoltages and re-connection of the disconnected HVDC
energised and disconnected from the HVDC grid;

e adaptation of DC voltages’ and re-connection of the disconnected HVDC stations; this
applies if the involved HVDC stations were not blocked but just disconnected from the HVDC
grid;

e regovery of the D€/ voltage after fault separation or recovery of the full insulation capability;
this applies if;the involved HVDC station can limit and control the fault current by a cpunter
voltage (e,g.‘using proactive breakers or type 5 converter);

e reiconpéction and energisation of the faulted line.

The rgquirements for post-DC fault recovery shall be specified for each DC grid protection zone
individually.

5.8.3 Restoration from blackout

Major disturbances within the HVDC grid can result in a blackout of the entire HVDC grid. In
these cases, the post-fault recovery strategies (see 5.8.2) are not applicable. The HVDC grid
has to be restored from an AC system. The procedure is also referred to as SRAS-DC. It follows
the procedure described in 8.4.2.7. Thereby the HVYDC grid will be restored and the DC voltages
will be adapted subsequently section by section. The priority of energisation and connection to
the HVDC grid shall be agreed by the involved system operators.
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6 HVDC grid control

6.1

6.1.1

Closed-loop control functions

General

The operation of an HVDC grid requires the active power exchange with the connected AC grids
to be balanced. The active power equilibrium of the HVDC grid is represented by the stability
of the DC voltage. Temporary power unbalances are absorbed by the effective capacitance of
the DC circuit. This capacitance is decisive for the dynamic requirements on the DC voltage
controls.

The effective capacitance can be complemented by:

e dedicated energy storages,

e dddicated energy absorbers, e.g. dynamic braking devices.

Depe
functi

e CO

e CO
6.1.2

Thessd

ding on their relevance for the HVDC grid operation, the DC-side, elosed-loop g
bns are generally divided into:

re control functions,

ordinating control functions.
Core control functions

functions are essential for HVDC grid operatigh.“They are based on information |

availaple to the power controlling devices, e.g., in AC/DC converter stations and DC swi

statio

The c

o m

Thessd
to oth

6.1.3

NS.

bntrol targets are typically:

. mIeting the local control set point,.ixe”’ DC voltage, DC power or DC current respectiy

intaining the operational limits:of the respective device.

functions shall be independent of communication to the coordinating control functi
er HVDC stations in thesHVDC grid.

Coordinating control functions

Coordinating control functions typically use communication, e.g., from a central HVD
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If com

ller to HVDBC stations or to remote measuring points. Therefore, they have
nse times than the core control functions.

nmiyhication of the HVDC grid control to one part of the HVDC grid, such as an A
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ocally
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ely,

DNS or
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onger
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These functions allow for optimising the HVDC grid operation regarding various aspects, as
there are:

e optimisation of power losses,

o fast adaptation of DC power and DC voltage set points,

e coordination of ancillary services as described in 4.5.4, like POD, coordinated frequency

Su

pport, etc.

The core and coordinating control functions are structured further by different layers of control
in a hierarchical order.
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The hierarchy of the control functions is chosen according to the locus of effect, i.e., which parts
of the HVDC grid will be affected. The hierarchy has consequences on:

time range in which control actions should be effectuated,
priority of operation during normal and abnormal operations,

available data (i.e. local or global measurements),

IEC
62747

e actuator (ie local distributed or centralized device)
Figurg 15 illustrates the controller hierarchy.
Valve Converter control Pole control and HVDC system / IntegratedAC/DC
control bipole control multiterminal control system control
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§ | 2 \
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Converter control
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NOTE | The reference to [EC 62747 given at the top of the figure shows the hierarchical structure of an HVDC|control
system| It is included to.show the difference to the controller hierarchy as described here for applications if HVYDC
grids.

From

Figure 15 — General controller hierarchy with typical time ranges of operation

Figure 15 the hierarchy differentiates the four functional layers:

1) internal converter control,
2)
3)

4)

DC node voltage control,
coordinated HVDC grid control,
AC/DC grid control.

The internal converter controls and DC node voltage control define the core control functions.
The coordinated HVDC grid control and the AC/DC grid control define the coordinating control

functions.

It is important that the time ranges of the individual control layers do not overlap to ensure

stability of the control system.
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As Figure 15 relates to "layers" in terms of control functionality, the break-down to the actual
control implementations in terms of devices/locations is illustrated by three boxes with dashed
red lines. Note that this emphasizes that autonomous adaptation controls (if present) have to
be realized directly by the HVDC stations themselves, although they conceptually belong to the
coordinated HVDC grid control. For the other two boxes, the given locations are only examples,
i.e., the actual physical implementations can be located elsewhere.

6.2.2

Internal converter control

The internal converter control represents the lower-most part of this hierarchy scheme and is
typically highly specific for each converter technology and HVDC equipment vendor. From the

ctive

perspnr’rivp of the AC and DC gride these controls are pxpprtpd to rpgula’rp the resp
quant|ties at the PoCs of an HVDC station.

The operation of the internal controls shall not adversely interact with the internal.contr
other JAC and DC grid equipment. The interactions are to be addressed by appropriate s
(see 10.2.3).

6.2.3 DC node voltage control

6.2.3.11 Function

The fynctions of the DC node voltage control layer are:

e to

e to

achieve the desired power flow in the HVDC grid,
maintain the DC voltage within its operational limits throughout the HVDC grid.

This layer is continuously in operation during all normal as well as disturbed grid conditio

its ou

6.2.3.

put, it provides reference values to the internal converter control.

R Targets of control

Targefs of the DC node voltage contrel can be the following quantities:

e atfthe PoC-DC:
— | DC voltage
— | DC current
— | DC power

e atfthe PoC-AG:

NOTE

AC active-power
ACArequency.

Instead of controlling the DC voltage at the PoC-DC, the DC voltage at a remote point can be contro

ols of
udies

Ns. As

led.

The desired target of control shall be met within the steady-state and temporary operational

limits

6.2.3.

of the HVDC station.

3 Converter control modes

Depending on the desired target of control or combinations thereof, the following converter
control modes can apply. They can be identified by integer numbers (1 to 5):

1) fixed DC voltage control: complies with definition of s, ,, = 0 from 4.5.2.3;

2) fixed AC power, DC power or DC current control: complies with definition of s, ,,.—< or
Sipc_upc >, respectively, from 4.5.2.3;


https://iecnorm.com/api/?name=554a30257960e3e948145bb69153691d

- 50 - IEC TS 63291-1:2023 © |IEC 2023

3) DC voltage/AC power, DC voltage/DC power or DC voltage/DC current droop control: as
defined in 4.5.2.3 (one or more sections with constant droop & per section I or continuously
changing droop k(U,.) in the Uy.-P,e, Upe-Ppc OF Upe-Ip diagram);

4) fixed AC frequency control: complies with definition of s,. = 0 from 4.5.2.2;

5) AC frequency / power droop control: as defined in 4.5.2.2.

An illustration of a typical converter control mode characteristic is shown in Figure 16.

The control modes of all individual HVDC stations shall be coordinated such that the energy
balance in the HVYDC grid is maintained and stability is maximized (see 6.2.4.3).

=\
= Converter control mode
A

characteristic

ref

] -

UDC, max UDC [kV]

LT R e Mt

IEC

Figure 16 — Typical DC node voltage control modes
(illustration in DC voltage/power plane)

6.2.4 Coordinated HVDC'grid control
6.2.4.(1 General

The goordinated HVDPC grid control comprises two sublayers, differing in their spgded of
respophse and levelrof information about the HVDC grid. These two sublayers are:

e autonomous adaptation control,
e HYDC grid control.

6.2.4.2 Autonomous adaptation control
6.2.4.2.1 Function

The function of the autonomous adaptation control sublayer is to detect alert or emergency
states and to provide fast, locally based responses predefined by a set of rules. These rules
shall be set consistently for the whole HVDC grid and be made available in advance at each
HVDC station.

Typically, the autonomous adaptation control does not rely on communication with remote
control devices (e.g. HVDC grid controller) but will act based on local measurements available.
However, more elaborate rules can be defined when remote measurements are also available.
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6.2.4.2.2 Composition of each rule

o Detection/identification criteria

e Related countermeasure(s) to be triggered
e Priority level

6.2.4.2.3 Detection and identification

To detect alert or emergency states, defined observation variables have to be compared to
defined thresholds. These observation variables can be:

e measurement signals (local or remote)

o status signals (local or remote).

For al more elaborated identification of unscheduled events, a pattern based ion multiple
obseryation criteria shall be evaluated.

If alert or emergency states are detected or identified for a predefined "helding time", thie rule
becomes effective and its associated countermeasure(s) are triggered.

6.2.4.2.4 Countermeasures

The tliggered countermeasures will typically be applied locally (e.g. change of control mode,
set pdints of an HVDC station).

Any apitonomous countermeasure has to be reported to the upper control layers such that|it can
be acgounted for in future dispatch cycles.

6.2.4p.5 Priority

For selectivity purposes and to avoid conflicts, all rules are to be sorted by their priority.
The effective rule with highest priority’is the rule whose countermeasure(s) are considered.

6.2.4.8 HVDC grid control
6.2.4.3.1 General

The HVDC grid controlllayer represents a central interface for getting information on the power
flow cpnditions and\accessing all electrical nodes in the HVDC grid.

The HVDC.grid control layer continuously receives and transmits status and conjmand
messages, to'and from any high voltage equipment necessary for HYDC power transmigsion.
Based ‘0f/this information, the HVDC grid control provides modifications on the dispgtched
converter schedufes inmorder to property Tespond to chianging externat conditions according to
desired optimisation targets.

The position of the HVDC grid control layer within the hierarchy (see Figure 15) is characterized
by:

e receiving and executing commands from the AC/DC grid control (e.g. converter schedules);

e close interaction with autonomous adaption control layer.

The HVDC grid control layer can either be realised by a single dedicated control unit (central
controller) or several controller devices (distributed) for redundancy purposes.

6.2.4.3.2 Function

The main functions of the HVDC grid control are:
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continuous processing of initial converter schedules dispatched by the AC/DC grid;

managing the control modes of all HVDC stations in the DC node voltage control layer
ensuring a secure steady-state operation of the HVDC grid within defined safety limits (i.e.
consistency checks, set value modifications, etc.).

Additional, desirable functions of the HVDC grid control can be:

6.2.4.B.3 Inputs and outputs
Withinp the HVDC grid, the HVDC grid control requires information from:

The HVDEgrid control will output modified references to:

optimising DC network operation (e.g. after unscheduled events) and reacting to deviations
from the anticipated power exchange with new converter control mode and/or settings;

providing mitigation strategies in case of malfunctioning of individual installations or
information inconsistencies;

prpvision of operational simplifications for the HVDC grid by "default scenarios" (g-g. pre-
ddfined energisation sequences, response to usual/frequent contingencies, etc.);

sujpporting the dispatch process to set up a consistent power schedule for the”"HVD[ grid
(e|g. by pre-computed information for the AC/DC grid control);

monitoring the HVDC grid and the states of all high-voltage equipment;
coordination of ancillary services for the connected AC grid(s);

pdst-processing of DC faults (e.g. more complex analysis algorithms for fault location);
coprdination of HVDC grid earthing, e.g. NBES;

copprdination of neutral bus switches, such as MRTS, ERTS.

relevant and accessible nodes in the HVDC.grid:

— | voltage of DC nodes

— | currents of DC lines

— | status of DC switching devices

HYDC stations:

— | operational status

— | active converter control mode

— | active set poipts(DC voltage, DC current, DC power)

— | limitations/‘\remaining capabilities (active/reactive power)

— | measurements (DC voltage, DC current, DC power).

relevant and accessible nodes in the HVDC grid'

— commands to DC switching devices (open / close)
HVDC stations (relevant only if an HVDC station comprises corresponding functionalities):

orders for converter control mode

orders for set points (DC voltage, DC current, DC power)

restrictions for operational limits (due to external effects).

6.2.5 AC/DC grid control

6.2.5.1 Function

This layer represents the highest level of control due to availability of information and range of
effect (see Figure 15). The AC/DC grid control defines the interaction between the relevant
TSOs of the connected AC grids and the interconnecting HVDC grid.
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The agreement on the scheduled power transmission for the next dispatch cycle is done
according to:

e (global, mixed AC/DC power flow optimisation (minimizing losses, maximizing stability, etc.),
e local optimisation(s) for one or more TSOs (e.g. special contractual obligations),

e renewable generation forecasts,

e pricing/market conditions,

e installation constraints.

6.2.5.2 Inputs and outputs

The inputs of the AC/DC grid control layer are the desired active and reactive power reqyest of
the reJevant TSOs / operators of all HVDC stations.

The dutputs of the AC/DC grid control layer are the dispatched initial converter schgdules
containing reference values for all HVDC stations. These are valid until the-next dispatch [cycle.

Although the AC/DC grid control layer appears "open-loop" in naturg,. it should be noted that
the caqntrol loop is closed by continuous monitoring of the actual’power flow situation [in the
conngcted AC grids and the HVDC grid and subsequent corrections in the next cycle.

6.3 |[Propagation of information

Regafding the hierarchy described in 6.2, the safe_propagation of all essential information
through the control layers is crucial.

In the|top-down direction, this information is organized by means of "converter schedulgs" for
singlel HVDC stations. These schedules include:

e control modes,

e additional control-mode parameters (if any),

e active power reference values\(i.e. OP in terms of active power and DC voltage),

for thg DC node voltage contrellayer. In addition, reference values for the AC voltage set points
or realctive power supportican be incorporated here as well.

As shpwn in Figure 17initial converter schedules are periodically dispatched from the tog-level
AC/DC grid contreliMf no contingencies are detected and the initial converter scheduleg fulfil
the HYDC grid's«Operational constraints, these data are simply propagated to the respectiye DC
node yoltage.controls in the HVDC stations.

In the| event of disturbances or other unscheduled events, appropriate modifications of|these
schedutesare apptied by the coordimated H VD Cgrid controt tayer imorder to generate the final
converter schedules that meet all optimisation criteria while keeping operational margins.

It should be emphasized that the propagation of converter schedules from the HVDC grid control
implies a distribution from one instance to N instances, namely, the HVDC stations.
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The final converter schedules, on the other hand, have to be reported back to the HVD
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6.4

-level controls by the "station information".

Open-loop controls

6.4.1

Coordination of connection modes between HVDC stations and their PoC-DC

Important aspects of open-loop controls in the HVDC grid are the proper connection of HV and
neutral conductors, if any, as well as the system earthing. Considering restrictions due to HVDC
station design or operating conditions and the actual voltage levels at the respective PoC-DC,
not all connection modes can be available at each point in time.

In order to establish valid and safe connections, all corresponding switching operations shall
therefore be coordinated by the relevant controls at the involved HVDC stations. Refer to
9.2.3.2.1 for illustration of possible connection modes. Sufficient time has to be allowed and
shall be specified by the maximum overall duration of a transition sequence.
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In cases where an HVDC station loses communication with the coordinating control functions,
changes in the connection modes have to be coordinated manually (see 8.6.2 for AC/DC
converter stations).

6.4.2 Operating sequences for HVDC grid installations

The fundamental operating sequences of HVDC grids describe the transition between the
individual operating states of an HVDC grid, subsystem or installation.

It should be emphasized that operating states and thus also respective sequences always relate
to single devices (e.g. switch), units (e.g. AC/DC converter units) or installations.

Typical operating sequences are listed below:

e preparing to energise (from "NOT ready" to "ready to energise"),
e energising (from "ready to energise" to "energised"),

e adapting DC voltages (from "energised" to "ready to connect"),
e connecting (from "ready to connect" to "no-load operation"),

e loading (from "no-load operation” to "on-load operation"),

e déd-loading (from "on-load operation" to "no-load operation)

e d

g$connecting (from "no-load operation” to "ready to conhect"),

e stdpping adaptation of DC voltages (from "ready toc€onnect" to "energised"),
e dd-energising (from "energised" to "ready to energise"),

. sfllutting down (from "ready to energise" to "NOT ready"),

e emergency shutting down (from any stateto "NOT ready").

An illdstration of operating states and sequences is given in Figure 19.

Adapting DC "Ready to connect" Connecting
voltages

topping : Disconnecting
adaptation of .

DC voltages :
" ol g . "No-load operation"
Energised . Emergency

. shut-down(s)

\/

BN a .
Energising De-energising [ "NOT ready” j De-loading Loading
N

..
A ’

( w ~_ Preparing to energise
'Ready to enerqise" —

( On-10
L

Shutting down

IEC

Figure 19 — Typical operating sequences for transitions between operating
states of HVDC grid, HVDC grid subsystem or HVDC grid installation

6.4.3 Post-DC fault recovery

After DC insulation fault clearing in the HVDC grid (i.e. after a temporary stop P, see 7.4.4), the
controls shall be designed such that:

e DC voltage is properly recovered,

e active power flow restoration is enabled.
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AC/DC converter stations affected by the DC insulation fault can continue operation in
STATCOM mode (i.e. provision of reactive power), if they do not trip their connection to their
AC grids.

Regarding Figure 22, the first action of the control system requires a coordinated ramping of
the DC voltage to its pre-fault values (e.g. nominal DC system voltage). The voltage ramp-up
has to be provided by one or more HVDC stations set to either DC voltage control or DC droop
control mode (see 6.2.3). This can only be started after the DC fault current has been
extinguished.

Therefore, it can be necessary to temporarily adjust the control mode of the HVDC station
assocfatedwithrthe fautty DCine.

Assuming faults by flashovers on air-insulated OHLs, crucial parameters are givemby:

e the time required for a deionisation of the surrounding air volume after arcing,

o the ramp rate (i.e. speed) of the DC voltage restoration.

Once the target DC voltage band is reached, the active power recovery can proceed.

7 HVDC grid protection

71 General

The protection algorithms shall be selective and shall operate for a fault within an HVD[ grid
protegtion zone as well as not operate for faults outside the same protection zone.

An H\YDC grid consisting of several converters-requires greater emphasis for selectivity[in the
DC prptection than a two-terminal transmission system. The selectivity is required to alloy both
identification and subsequent removal of¢a faulty part and to permit continued operation |of the
remaipder of the HVDC grid.

Faultd and consequential protection actions could cause a change of power flow |n the
transmission system. The power flow changes are handled by the control system described in
6.4.3.|Furthermore, recovery actions are also handled by the control system.

The pfimary concern regarding protection in an HVDC grid is the response to DC side insylation
faults

All other faults,)such as HVDC station internal faults or AC side faults, are treated as [in the
case pf a.two-terminal system. Such faults can be detected and isolated by the conpyerter
protegtions.and DC switches as in the case of two-terminal transmission systems.

The amplitude of fault currents and transient voltages are dependent on the topology, circuit
impedances and earthing of the HVDC grid as well as the behaviour of the fault current breaking
devices.

Insulation faults on the DC side differentiate regarding their frequency of occurrence as well as
their duration. There are faults that are non-permanent, and the insulation properties can
restore after the fault current was interrupted, such as flashovers on OHLs, which can be caused
by thunderstorms and lightning strikes. There are faults that are permanent, such as insulation
breakdown on cables.

Non-permanent faults such as air insulation faults are typically more frequent. HVDC grids
including DC OHL could therefore be prone to pole-to-earth faults and require higher
performance with respect to system recovery of the control and protection systems.
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7.2 DC fault separation
The treatment of DC side insulation faults comprises two phases:

e time between fault inception and fault separation,

e time between fault separation and power flow recovered in the non-faulty and reconnectable
part of the system.

Fault separation is handled by the protection system. Fault separation occurs when the fault
current is extinguished, and power flow recovery can start in the unfaulty and reconnectable
part of the system.

The szcovery process is handled by the HVDC grid controls (see 6.4.3).

The tgrm "separation” can also be used to describe the situation where an HVDC,grid protection
zone pffected by a fault, e.g. an HVDC transmission line or a subsystem, gets separafed by
devicg¢s having high impedance from other HVDC grid protection zones, while the faul{ itself
still persists. The power flow in the unfaulty HVDC grid protection zonesjeah thus continue or
recover while the fault clearing is still ongoing in the faulty HVDC grid pfotection zone.

Since|the fault current extinguishing will not necessarily be performed by a device whi¢h will
provide a galvanic isolation (e.g. semiconductor DC breaker of DC/DC converter) the fadilt will
not ngcessarily be isolated until opening a mechanical isolation switch. The term "sepanation”
is used in a technology-independent way.

Fault [separation in the HVDC grid can be providedbhy DC/DC converters or DC switchgear.
DC/DC converters can have breaking capabilities;»"The DC switchgear can have eith¢r DC
break|ng capability or a disconnecting function only.

The DC fault current contribution from the AC system can be interrupted by the AC/DC conjerter
statiop.

7.3 |Protection system related,installations and equipment
7.3.1 AC/DC converter station

There| are different types.of AC/DC converter stations defined as type 1 to 5 in 8.2.

Each |of the AC/DC-converter stations connected to an HVDC grid shall have it§ own
independent set.ofprotections. In this context the AC/DC converter station is defined as having
a single PoC-PC.to the HVDC grid, similar to a PoC-AC as shown in Figure 3.

From [the ‘protection point of view, in an effectively earthed symmetric topology the individual
poles [areAreated independently from one another. r

The requirement for independent protection can also apply to AC/DC CUs connected in parallel.

The requirements on the AC/DC converter station protections can be summarized as follows:

1) They shall be able to distinguish between internal and external faults (e.g. faults within the
HVDC grid as well as faults in other HVDC stations).

2) Except for DC insulation faults within the AC/DC converter station, where fault currents are
fed from the DC side, a AC/DC converter station shall be self-protected. For the exceptional
case, additional protection has to be provided by the HVDC grid (e.g. HVDC breaker trip)
or other HVDC stations (e.g. fault current limitation) in order to stop the fault current from
the DC side.

3) The AC/DC converter station shall be self-protected against AC system faults.
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7.3.2 HVDC grid topology and equipment

The design of the protection system requires detailed information on the DC circuit topology
including the system earthing as well as the installations and their location. Additionally, as
described in 4.3, the following list shall be considered in the design of the protection concept
as applicable:

e AC/DC converter stations

e DC switching stations

e HVDC transmission lines:

— _QHI ; cables or combinations thereof

— | transition stations, e.g. between a cable and OHL
e F9Ds:

— | AC breakers

— | HVDC breakers:
e mechanical HVDC breakers
e semiconductor HVDC breakers

e hybrid HVDC breakers (combination of mechanical \anhd semiconductor brgaking
device)

— | disconnecting switches:

e HSS, i.e. mechanical breakers

e disconnectors and earthing switches

— | DC/DC converter stations:

e with DC fault current breaking capability

o without DC fault current breaking capability
e surge arresters

e regctors, e.g. to limit di/dz of BC currents

e measurement equipment

e dypnamic braking devices.

This information shall-be/provided as a single line diagram and data sheets of equipment|as far
as relevant and available.

7.4 |HVDC grid protection zones

7.4.1 General

Whendesigning an HVDCT grid protection system, one of the basic aspects Is the definition of
HVDC grid protection zones. The HVDC grid protection zones are defined differently from AC
protection zones as the selectivity is mainly not time- or impedance-dependent but more
depending on the fault separation concepts. Figure 20 shows an example network illustrating
the concept of HVDC grid protection zones.

The FSD (e.g. a breaker, a disconnector or a converter) can be located:

e in an AC/DC converter station on the AC or DC side,
e in a DC/DC converter station,

e in a DC switching station.

For faults in each of these zones the fault behaviour of the transmission system at all PoC-AC
and PoC-DC shall be specified.
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The fault behaviour shall be specified by a protection zone matrix including the zones and the
PoCs on its axis. Table 5 shows an example of a protection zone matrix. At each PoC-DC, the
voltage operating conditions during the fault and fault clearing shall be defined according to
5.4.4,

Depending on the capabilities of converters and other equipment in the grid, five concepts for
the behaviour at a PoC during faults are to be considered. The five basic concepts are shown
in Table 4.

A single PoC can be assigned to different behaviour depending on the fault location (HVDC grid
protection zone). When selecting the required fault behaviour, the system stability of the
conngcted AC SyStems shatt be considered. This appiies i cases where two or more AC/DC
converter stations are connected to the same AC system. The temporary loss of active and
reactiye power can have different effects and shall be differentiated.
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Table 4 — DC fault separation concepts of HVDC grids or parts
thereof defined at a PoC-AC or PoC-DC respectively

Fault separation concepts Definition of the concept

Continued operation The exchange of active and reactive power remains controllable at all times
during the fault and the fault separation.

Temporary stop P The exchange of active power can be temporarily interrupted while reactive
power remains controllable at all times during the fault and fault separation.
The interruption of active power is short enough to prevent the transmission
system from entering into alert, emergency or blackout state.

Temporary stop PQ The exchange of active and reactive power can be temporarily interrupted
during the fault and fault separation. The interruption is short enough t
prevent the transmission system from entering into alert, emergency-or
blackout state.

Permgnent stop P The exchange of active power can be interrupted due to the fault,"The
transmission system can enter into alert, emergency or blackout state.
Permanent stop PQ The exchange of active and reactive power can be interrupted due to the
fault. The transmission system can enter into alert, emgrgency or blacHout
state.
PoC-AC1 PoC-DC1
Zone 1
HVDC
C1 c2 sub-grid
— 1 PoC-DE2
(ﬂ ca
PoC-AC3 Zone 2 PoC-AC4
Fault separation-device
Cx | Fault.separating converter station
DC grid protection zone
C1: AC/DC fault separating converter station
C2: DC/DC fault separating converter station
C3, C4: AC/DC converter station of any type IEC

Ei 20— E le ill ing ti £ HVDC

grid protection zones in HVDC grids
The example shows primary protection only.
A similar diagram can be defined for backup protection.

In a real project, additional HVDC grid protection zones, which will normally be overlapping,
can be applied.
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Permanent stop P

7.4.2.1 Possible applications

2023

The protection concept of permanent stop of active power (permanent stop P, PS-P) at a PoC
is used when the system entering into alert, emergency or blackout state due to permanent or

tempo

rary DC faults is permissible.

Permanent stop P would typically be used at the PoC, where the benefit of fast fault separation
is limited and/or the likelihood for a DC insulation fault is considered low, but a reactive power
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rt is beneficial for the connected AC network in case of PoC-AC.
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The d
separ

P Basic characteristics

ic HYDC grid protection zone is characterized by:

tive power is interrupted due to the fault.

d fault separation process.
e transmission system enters into an alert, emergency or blackout state due to the

e stop is considered permanent from the protection pointof'view. An automatic or m
start procedure can be initiated by the control system once the fault is eliminated.

¢ Requirements on protection

SDs at the boundaries to adjacent HVDC grid protection zones.

grid protection functions are required. For example, in the case of AC/DC con|
ns the station protection functions, as in the case of a two terminal HVDC transm

bC-DC dedicated protection functions are to be provided according to the FSDs ap

ocalization is not-required for protection purposes.
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Figure 21 — Example of voltage and current traces in the event of "permanent stop”

7.4.2.5 Fault current breaking device

The fault current is extinguished by HVDC stations and this process shall be activated in all
HVDC stations feeding the DC fault current in the respective HVDC grid protection zone.

The fault current breaking device for DC side insulation faults within this kind of HVDC grid
protection zone are the type 2, 4 or 5 converter stations (see 8.2).
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7.4.2.6 Fault separation device

Fault separation can be provided by converters, HVDC breakers or switches.

If switches are used, the fault current breaking devices have to be coordinated with the switches
to perform the fault separation taking into account possible residual currents when opening the
switches.

7.4.2.7 Recovery scenario

If required, a manual or automatic control sequence can be initiated from the control scheme to

t thao haalthyvy nart ~Af LIN/NVC ~arid Tha ractaration $iraa il bha in tha ranan Af c~n~an A d
restari-the-heatthypartef H\VBDG-grid—Fhe—restorationtime-will-be-ir-the-range—ofsesends an

is not|further described in this Clause 7.

For a|timely restart, an automatic fault identification system can be used to identify the|failed
section of the HVDC grid protection zone or the possible fault location, respectively, to gnsure
selectivity of separation.

7.4.2.B Backup scenario

In the|event of a failure of the fault current breaking device, e.g-the' AC station CB, a bpckup
scenario similar to the application of a two terminal HVDC transmission system is required. This
failu%) has to be treated locally in the respective AC/DC caenverter station by tripping higher
level breakers.

7.4.3 Permanent stop PQ
7.4.31 Possible applications

The protection concept of permanent stop of active and reactive power (permanent stop PQ,
PS-PQ) at a PoC-AC is used when the system entering into alert, emergency or blackou{ state
due tq permanent or temporary DC faultsé's permissible.

Permanent stop would typically be used at the PoC-AC of smaller HVDC grids or parts|of an
extenfled HVDC grid, where the'benefit of fast fault separation is limited and/or the like|lihood
of a PC insulation fault is considered low and there are no requirements on reactive power
suppdrt.

7.4.3.R Basic characteristics

The behaviour aba'PoC assigned to permanent stop PQ with respect to an insulation faylt in a
specific HVDC grid protection zone is characterized by:

e Adtive\power is interrupted due to the fault. In case of a PoC-AC, reactive power i also
inferfupted due to the fault.

e The transmission system enters into an alert, emergency or blackout state due to the fault.

e The stop is considered permanent from the protection point of view. An automatic or manual
restart procedure can be initiated by the control system once the fault is eliminated.

7.4.3.3 Requirements on protection

The DC side insulation fault defined for permanent stop PQ will be detected by all HVDC
stations and FSDs at the boundaries to adjacent HVDC grid protection zones.

For fault detection between the fault and the PoC-AC assigned to permanent stop PQ, no
dedicated HVDC grid protection functions are required. For example, in the case of AC/DC
converter stations the station protection functions, as in the case of a two terminal HVDC
transmission system, are sufficient.
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For a PoC-DC, dedicated protection functions are to be provided according to the FSDs applied.
Fault localization is not required for protection purposes.

7.4.3.4 Principle voltage and current traces as well as timings

The decisive parameters of the fault current are found in 5.6.2. The principle timing of the fault
separation process can be found in Figure 21.

7.4.3.5 Fault current breaking device

bplied

To brg¢ak the fault current at an AC/DC converter station, the AC station CBs ofithe respgctive
AC/DC converter stations can break the fault current and separate the fault froni the respgctive
AC system.

For a[PoC-DC assigned to permanent stop, a dedicated FSD is needed.

7.4.3.p6 Fault separation device

Convgrters and HVDC grid sections are normally connected via disconnect switches. These
switchies can disconnect the faulty section after fault cl€aring in order to prepare the hpalthy
part of the HVDC grid for a possible restart.

7.4.3.7 Recovery scenario

If required, a manual or automatic control seqlience can be initiated from the control schgme to
restarf the healthy part of HVDC grid. The festoration time will be in the range of seconds and
is notffurther described in this Clause 7-

For aftimely restart, an automatic fault identification system can be used to identify the|failed
section of the HVDC grid protection zone or the possible fault location, respectively, to gnsure
selecflivity of separation.

7.4.3.8 Backup scenario

In the|levent of a failure of the fault current breaking device, e.g. the AC station CB, a bpckup
scenario similar tosthe application of a two terminal HVDC transmission system is required. This
failu%) has to/bé. treated locally in the respective AC/DC converter station by tripping higher
level breakers:

7.4.4 Temporary stop P

7441 Possible applications

The protection concept of temporary stop of active power (temporary stop P, TS-P) at a PoC
avoids the transmission system entering into alert, emergency or blackout state due to DC
insulation faults in a specific HVDC grid protection zone.

It is typically used for systems prone to temporary DC faults, e.g. OHL.

7.4.4.2 Basic characteristics

The behaviour at a PoC assigned to temporary stop P with respect to an insulation fault in a
specific HVDC grid protection zone is characterized by the following.

e Active power is interrupted due to the fault.
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e In the case of a PoC-AC, reactive power remains controllable at all times during the fault
and fault separation process.

e The active power is restored fast enough in order to prevent the transmission system from
entering into an alert, emergency or blackout state due to the fault.

7.4.4.3 Requirements on protection

The protection system for this concept requires fault localization and current breaking. The
faulty part has to be separated selectively from the rest of the transmission system.

7.4.4.4 Example voltage and current traces on the DC side as well as timings

An expmple timing of the fault separation process can be found in Figure 22.
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Figure 22 — Example voltage and current traces in the event of "temporary stop P"

7.4.45 Fault current breaking device

The fault current is extinguished by HVDC stations or HVDC breakers and this process shall be
activated in all HVDC stations feeding the DC fault current in the respective HVDC grid
protection zone.
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The fault current breaking device for DC side insulation faults within this kind of HVDC grid
protection zone is provided by the type 2, 4 or 5 converter stations (see 8.2).

7.4.4.6 Fault separation device

Fault separation can be provided by converters, HVDC breakers or switches.

If switches are used, the fault current breaking devices have to be coordinated with the switches
to perform the fault separation taking into account possible residual currents when opening the
switches.

7.4.4. Recovery scenario

After [the fault is separated by all relevant FSDs the converters can restart\DC power
transmission.

The rgstart is handled by the control system and shall be coordinated shetween the HVDC
stations. As an example, a post-fault recovery current is shown in Figure 227

The rpstart is handled by the control system and shall be coordinated between the HVDC
stations.

For full performance of the temporary stop functionality, communication between the affected
HVD( stations within the HVDC grid protection zone is required.

7.4.4.B Backup scenario

The bpckup scenario has to be defined to covertwo possible failure scenarios. A failure [of the
fault qurrent breaking device, e.g. an AC/DCceonverter station, has to be treated locally|in the
respegtive AC/DC converter station and the backup scenario can be achieved by tripping the
higheg-level AC breaker.

A losq of communication between the HVDC stations within the HVDC grid protection zone can
lead tp a backup scenario as well.

The rg¢action in respect tova failure of the FSD has to be predefined for each individual dgvice.
The bpckup scenario hasto be performed either by an adjacent switch or by a permanert stop
of the|converters.

7.4.5| Temporary stop PQ

7.4.5J! Possible applications

The protection concept of temporary stop of active and reactive power (temporary stop PQ,
TS-PQ) at a PoC-AC avoids the transmission system entering into alert, emergency or blackout
state due to DC insulation faults in a specific HYDC grid protection zone.

It is typically used for systems prone to temporary DC faults, e.g. OHL.

7.4.5.2 Basic characteristics

The behaviour at a PoC assigned to temporary stop PQ with respect to an insulation fault in a
specific HVDC grid protection zone is characterized by the following.
e Active power and reactive power are interrupted due to the fault.

e The active and reactive power is restored fast enough in order to prevent the transmission
system from entering into an alert, emergency or blackout state due to the fault.
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The requirements on protection, principle voltage and current traces on the DC side, timings,
fault current breaking devices, FSDs and backup scenarios are the same as in the case of 7.4.4.

7.4.5.3 Recovery scenario

After the fault is separated by all relevant FSDs the converters can restart DC power
transmission. The restart is handled by the control system and shall be coordinated between
the HVDC stations.

For full performance of the temporary stop functionality, communication between the HVDC
stations within the HVDC grid protection zone is required.

Deperlnding on the technology used, reactive power can be resumed independently from

powef
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Continued operation

rotection concept of continued operation (CO) at a PoC decouples this PoC from th
respective HVDC grid protection zones such that active- and reactive power r
Ilable at all times during the fault and the fault separatiod,

pically applied to extended HVDC grids or when the-AC system is sensitive to |

] Basic characteristics

ehaviour at a PoC assigned to continugus-operation with respect to an insulation f
cific HYDC grid protection zone is characterized by the following:

e exchange of active and reactive,power remains controllable at all times during th
d the fault separation.

¢ Requirements on protection

bl DC protection will be needed to provide selective and timely fault separation. For
with several breaking devices it is important that the correct device responds
ement on protection outside the faulted HVDC grid protection zone for con
ion is that no_specific actions related to the fault are needed and allowed.

Fotection system assigned to a breaking device should be coordinated to be fast e
ak thefault current before the current capability of the device is exceeded and befog
ltage_drops in the remaining HVDC grid.
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The protection concept should be based on local measurements. Typically, no communication
is involved due to speed requirements.

7.4.6.4 Example voltage and current traces as well as timings

An example timing of the fault separation process can be found in Figure 23.
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Figure 23 — Example voltage and current traces in the event of "continued operation"

7.4.6.5 Fault current breaking device

The fault current is extinguished using HVDC breakers or DC/DC converters with corresponding
functionality which will also separate the fault.

The breaking device can be placed separately from the converters as standalone equipment.

There is no or limited fault current contribution through the breaking device.
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7.4.6.6 Fault separation device

Fault separation will be performed together with the fault current breaking by the HVDC
breakers or DC/DC converters with the corresponding functionality.

7.4.6.7 Recovery scenario

The power flow at the respective PoC remains controllable at all times during the fault and the
fault separation.

7.4.6.8 Backup scenario

fault qurrent breaking device, e.g. an HVDC breaker, has to be coordinated with othet brgaking
devicgs or be treated as a temporary or permanent stop.

The lzfckup scenario has to be defined to cover two possible failure scenarios. A failufe,jof the
The rg¢action in respect to a failure of the FSD has to be predefined for eachhindividual dévice.

7.4.7 Example of a protection zone matrix

As an|example, an HVDC grid with four converters (C1 to C4) as. shown in Figure 24 sHall be

considlered with respect to the primary fault separation, i.e. not\a backup fault separatjon. A
typical backup fault separation concept can be permanent.stop or a separate table cpan be
specifiied.

It shopild be noted that the example illustrates the HVDC grid protection zone concept in HVDC
grids.|In a real project, additional HVDC grid protection zones, which are normally overlapping,
can be¢ applied.

A pospible HVDC grid protection zone matrix'is given in Table 5 as an example solution.

Table 5 — HVDC grid protection zone matrix

Faults in: PoC-AC1 PoC-AC3 PoC-AC4 PoC-DC1 PoC-Dg2
Zone 1 PS-P Cco Cco PS-P PS-P
4one 2 TS-P CcoO CcoO TS-P* TS-P
Z4one 3 TS-P Cco CcoO PS-P TS-P
Zone 4 CO PS-PQ PS-PQ CcO PS-P

PS-P Permadent stop P
PS-Q Permanent stop Q
TS-P JTemporary stop P
TS-P? Temporary stop P used for DC line fault recovery; can change to PS-P for permanent faults

TS-PQ Temporary stop PQ

(6]0) Continued operation

The requirements of Table 5 can be fulfilled by a system according to Figure 24. Station C1 is
an AC/DC converter station of type 2, 4 or 5 (fault separating converter station), station C2 is a
DC/DC converter station of type 2, 4 or 5 (fault separating converter station), stations C3 and
C4 are AC/DC converter stations of any type.

The FSD connected to PoC-DC2 is an HVDC breaker. The FSDs connected to C2 and C3 are
AC station CBs. A (fast) disconnect switch is installed between zone 1 and zone 2 without any
PoC requirement at this location.

HVDC grid protection zones 1, 3 and 4 will be cable, zone 2 will be OHL.
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PoC-AC1 PoC-DC1

\— PoC-DC2
L AC \( C4 1 AC —I

PoC-AC3 Zone 4 PoC-AC4

HVDC
sub-grid

DC | Fault separation device — DC breaker

AC | Fault separation device — AC breaker

DS | Fault separation device — (fast) disconnect switch

Cx | Fault separating converter station (including isolation device)

DC grid protection zone

C1: AC/DC fault separating converter station
C2: DC/DC fault separating converter station
C3, C4: AC/DC converter station of any type

—— Cable

—— OHL IEC

Figure 24 — Example-of an HVDC grid protection zone layout

7.5 |DC protection
7.51 General
The protection clearance and tripping of a fault has three important purposes:

a) to|minimizehazard to personnel and environment;
b) to|minimize disturbance to operation;
c) to[minimizing the risk of any damage.

The safety aspect a) will always have the highest priority.

The higher the power transfer of the system, the higher the priority for b) to minimize the
consequences to operation. The cost of outages could be significant, and this should be
evaluated based on the likelihood of faults and the expected outage times. Consequently, the
availability of spare parts in the HVDC station or close to it is important as this will impact the
outage time.

In designing and specifying the protection system the following points have to be considered in
detail:

e selection of typical HVDC grids (layout), including earthing and HVDC transmission system;
e behaviour of converters for earth faults and short-circuits;

e operating conditions of HVDC grids (voltage, current, power flow);
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7.5.3

7.5.3.1 General

By "H
faults
HVD(Q

witholit commundication.

finition of fault types (converter faults, AC faults or DC system faults);
nefits of HVDC breakers for fault clearing;
pact from communication:

delays in communication (physical signal propagation, buffering in sending/receiving
blocks),

requirements on protocols to use,

consequences due to loss of communication (to other HVDC stations or protection
devices).

— DC converter protections

stations with symmetrical or asymmetrical DC voltage to earth will have basicaJIy the
set of protections. The DC unbalance, overvoltage and undervoltage shall be-takgn into

r schemes are normally designed to have the protection systems between the poles as
pndent as possible. They will be virtually the same as in case- of two asympmetric
boles. In some cases, common equipment to both poles suchCas an electrode line can
e additional protection functions.

eral, it is expected that all faults within an HVDC station‘will be detected by two different
tions; that is, all protections have a backup protection'with a different operating pripciple
5ing different transducers as far as is practicable,

bnverter protections are divided into three subgroups:

pbse related to the HVDC grid; where_Settings primarily come from the HVDQ¢ grid
juirements and are coordinated with other HVDC stations;
pse related to individual converters;

bse coordinated with the conneeted AC system.

HVDC grid protections

VDC grid protection® the protection of the HVDC grid itself is meant. Thus, HVDC dtation
are excluded from this Subclause 7.5.3 and only line faults are considered. In ggneral,
grid protection (as considered here) can be subdivided into protection schemes with and

In the|followjng context, the term "communication" thereby refers to a bidirectional exchapge of
commands and status information between (at least) two HVDC stations or other protgction
devicés-

Basic requirements for DC fault protection are the same as for the AC grid, namely:

o fast,

e selective,

e sensitive,

e economical,

e reliable.

7.5.3.2 Fault detection based on communication

Fault
relies

detection based on communication is usually selective by nature. However, since this
on information being transmitted over a communication channel, the speed of the
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detection is limited by the delays associated with the telecommunication equipment and
medium. Communication-based detection functions can improve the performance for high
impedance, low current faults, as those faults are more difficult to detect. For low impedance,
high current faults, fault detection without communication is recommended.

Synchronisation versus working frequency of the protection and transients shall be considered
during the protection design in order to exclude unwanted trips. Also, a time related to the
propagation speed of ~200 km/ms shall be taken into account if optical fibre communication
support is considered, added to a processing time of the data.

All communication-based fault detection shall have a backup protection scheme not relying on
communication.

7.5.3.B Fault detection without communication

Fault |[detection without communication shall be based on local measurements. Selectiyity is
mainly achieved by the coordination of settings. The settings shall be determjned by consiglering
all relpvant operation conditions and scenarios such as internal and external faults regarding
protegtion zones to ensure selectivity. Furthermore, for the protection(to operate reliably, a
sufficient margin shall be ensured regarding both security and reliabitity.

This margin depends on the criterion used for the detection and/can eventually be improyed by
adding HV installations to the HVDC grid such as current limiters / inductive elementg. The
highef the margin of the criterion between internal and external faults, the higher the probpbility
of thg detection algorithm to operate selectively. However, additional installations such as
inducfive elements can increase challenges for tripping the equipment. Thus, a trade-off
betwelen positive effects for detection and negativeeffects for fault clearing shall be made.

The fgllowing paragraphs only describe examples of typical protection algorithms. Best known
AC protection functions not based on communication are overcurrent, undervoltagd, and
distance protections.

Distance protection algorithms as knoewn from AC protection are not suitable for DC gr|ds as
reactgnces are not available (w =0).

Overdurrent protection would require a threshold higher than the maximum current flowing
under|normal condition. With overcurrent protection the threshold and the current rate of change
in the| event of DC line_faults leads to a certain minimum detection time. The current rpte of
change in the event‘ef DC line faults will be influenced by converter design (e.g. phasg arm
inducfors) or inductors in the DC line.

the D line) since the DC resistance alone will generate a relatively small voltage drog only.
Only pa“\transient undervoltage protection in conjunction with inductors in the DC line|could
provide a certain level of selectivity.

The uEdervoItage protection as such has to be considered unselective even with inducfors in

Beside the protection functions known from AC protection, other algorithms can be required for
selective fault detection.

Alternative algorithms can be based on comparing the measured DC voltages or currents during
the fault with calculated or simulated dedicated characteristic waveforms/shapes or
characteristic values in real time, either separately or in combination with each other. For
example, this can be line current rate of change, a specific line current characteristic, etc.

A further detection algorithm could be a parallel modelling of the responses of DC voltages or
currents for different fault distances in real-time and matching these responses to the measured
DC voltages or currents.
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7.5.4

HVDC grid protection communication

Communication is not expected to play an important role for fault detection, fault current
limitation (either by HVDC breakers, fault current limiting HVDC stations or AC breakers) and
fault separation. The protection operating time requirement can be faster than what can be
achieved with communication. Therefore, protection that uses communication imposes special
requirements on the protection system to handle selectivity on the HVDC grid as described in
7.5.3.2. It is expected that normal fast control requirements will be sufficient also for protections.

Communication can be used in order to improve or enable identification of faulty line sections.
This is especially important for transmission systems with a combination of OHL and cable

secti

[

After flault separation and as a support function for the recovery process in 6.4.3, comimuni

can |

e essential, i.e., for the identification of the faulted HVDC grid protection

cation
zone,

synchronisation of switches and the release for restoration of the system. For coordinafion of

these

8 A

8.1

An A(
opera

Table
functi

The D
line o

A con

8.2
8.2.1

For t
differe
currer

NOTE
differer

functionalities, typically a central approach (i.e., HVDC grid control level) will be req

C/DC converter stations

Purpose

fional functions as described in 4.5.

9, Table 10 and Table 11 provide an overviewon functions changing operating {
bns of grid operation and protective functions.

C side of the AC/DC converter station.can be connected directly to an HVDC transm
to a switching station.

plete specification of each AC/DC converter station in the HVDC grid shall be proy

AC/DC converter station‘types
General

ne purpose of this document, five types of AC/DC converter stations are d
ntiating an A€/DC converter station's operating range with respect to DC voltage a
t. The AG/DE converter station types are visualized in Figure 25.

The ‘rectangular shapes of the different types are indicative only. Techno-economic aspects can
t shapes.

uired.

L/DC converter station connects an HVDC grid to an/AC system. It can provide various

tates,

ission

ided.

efined
nd DC

lead to

NOTE 2—The functions of anm mdividuat converter can be combined with other equipment, Sucn as SWItChg

extend

8.2.2

its operational capabilities.

AC/DC converter station type 1 (AC/DC type 1)

ear, to

AC/DC converter station that can only operate in a part of quadrant 1 of the U/I characteristic,
e.g. like a diode bridge.

8.2.3

AC/DC converter station type 2 (AC/DC type 2)

AC/DC converter station that can operate with both positive and negative voltage but only one
current direction, i.e., operating in quadrants 1 and 4 of the U/I characteristic, e.g. like a
Thyristor bridge without DC current reversal switches.
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8.2.4 AC/DC converter station type 3 (AC/DC type 3)

AC/DC converter station that can operate in either current direction but is restricted in the range
of DC voltage, i.e., operating in quadrants 1 and 2 of the U/l characteristic but limited to a
minimum DC voltage level, e.g. like a MMC based on half bridge modules without DC voltage
polarity reversal switches.

8.2.5 AC/DC converter station type 4 (AC/DC type 4)

AC/DC converter station that can operate continuously in quadrants 1 and 2 at any DC voltage
level. This type of converter station can extinguish DC fault currents by operating transiently in

quadrants 3 and 4. expressed by the dash-dotted line.
8.2.6 AC/DC converter station type 5 (AC/DC type 5)
AC/DC converter station that can operate with either DC current direction or DC veltage pplarity
i.e. infall four quadrants of the U/I characteristic, e.g. like an MMC based on full*bridge mogules.
+Upc A
—_ — s e
. GED GED GED GER D  GED aE» o= :
: i SNk
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P | ‘:\\ '
] | | T~ acinc
AC/DC ) | ' Type
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’ | 0
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AC/DC Type 5 -Upc ¥ AC/DC Type 2 .

Figure 25 — AC/DC converter station types in the U/l diagram

8.3 Overall requirements
8.3.1 Robustness of AC/DC converter stations

The AC/DC converter station shall be capable of keeping or reaching a stable OP after all
changes in the HVDC grid or the connected AC systems that are within the specified grid
characteristics. The planned or unplanned changes of grid conditions for which the AC/DC
converter station shall be capable of maintaining stable operation can include the following
requirements:

e Joss of communication
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to the coordinated HVDC grid control layer (see Figure 15), relevant for the excha
converter schedules and station information (see Figure 17)

to other HVDC stations, relevant for exchange of protection commands and
messages (see 7.5.3);

nge of

status

e predefined reconfigurations of the HVDC grid including response to system faults or

Cco

nverter faults (in particular in the case of so-called rigid bipole topology);

e reconfigurations of the AC systems;

e ch

anges of the load flow conditions;

e changes of control modes (e.g. AC voltage, reactive power and power factor control mode).

8.3.2
Reliak

In the|
the ar|

Availability and reliability

rangement of CUs:

e one CU connecting both HV poles (so-called symmetric monopol€);

e se
8.3.3
An A

parate CUs for each HV pole (so-called rigid bipole).
Active power reversal

C/DC converter station can be required to reverse power direction. If so, it sh

speci
Depe

The s

NOTE
through

8.4
8.4.1

ding on the converter type (see Figure 25) additional equipment can be needed.
bquence and time for the power reversal shall be specified.
out entire HVDC grid while DC current chahges can be coordinated between individual HVDC station

Main circuit design

General characteristics

8.41.1 Topology

The tdq

e CO
e th

pology of the AC/BC converter station shall be specified with respect to:

nnection toyHV poles of the DC grid (according to 5.1.4.1);

p connegtion to the neutral return path (according to 5.1.4.2);

o station earthing (according to 5.1.4.3).
8.4.1.L—kﬂiw11nﬂntﬁvrpvwvr¢hmﬁ?ﬁts

ility as well as availability calculation methods are described in IEC/TR 62672:2018 [20].

case of station topology BOZ the station topology has to be further specified regarding

gll be

ied if the power reversal has to be realized by DEoltage reversal or DC current reersal.

Typically, power reversal by current reversal is used because DC voltage reversals affect the ogeration

b .

The active power quantities shall be coordinated with the HVYDC grid as well as with the AC
system whereas reactive power quantities shall be coordinated with the local AC system.

The active and reactive power characteristics shall be specified using an active vs reactive
power chart as described in 4.4, Figure 4.

As a minimum set of requirements, the following additional information shall be specified:

e mi
e mi

e po

nimum power, if applicable,
nimum required and maximum allowed P and Q ramp rates,

wer demand overrides (power run-back and power run-up levels in MW).


https://iecnorm.com/api/?name=554a30257960e3e948145bb69153691d

- 78 — IEC TS 63291-1:2023 © |IEC 2023

If covered by its design and depending on its actual operating conditions, an AC/DC converter
station can operate in overload. The overload capability is determined by the thermal time
constants and the maximum operating temperature of all relevant components. Overload
operation is understood to start from defined pre-load conditions.

Overload capability, if any, can be evaluated for existing systems, subsystems or components
and depends primarily on:

AC/D
speci
condi

8.4.1.
The e

ambient temperature,

availability of redundant ancillary systems,

ac,

ual oneratina temperature of equinment
T ~J L 1 L

pe
du

desig

L converter stations can be designed to provide a certain overload capability.
?I]ication shall address the voltage and frequency operating conditions as well)as arn

ions applicable to this operation and shall include:

rcentage of nominal active and reactive power according to 4.4, Figure4,
ration:

permanent overload,

temporary (minutes up to hours),

dynamic (few cycles up to seconds),

transient (milliseconds up to a few cycles).
B Energisation

hergisation of the AC/DC converter station ‘ineluding the HV system has an impact
. The requirement regarding the energy.source can be:

energisation from AC side,

e

en

ergisation from DC side,

ergisation from a local power source.

Further requirements for energisation are:

re

mi

petition (number of.events),

nimum time between consecutive events.

8.4.1.4 Energy-dissipation/absorption capability

An A(Q
relevg
suppd

/IDC converter station can be required to balance a certain amount of energy to fu
nt AC;and DC grid code requirements with respect to fault ride through, AC freq
rt‘and DC voltage support. The following shall be specified as a minimum requirem

The
hbient

bn the

fil the
iency
ent:

po

wer vs time characteristic P = f(¢) (MW);

repetition (number of events);

mi

nimum time between consecutive events (min).

This function can require specific design measures and/or extra equipment in the AC/DC
converter station.
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8.4.2 DC side

8.4.2.1 DC connection

8.4.211 HV poles

The topology of the AC/DC converter station shall be specified according to 5.1 and Table 1,
Table 2 or Table 3, respectively. A given HVDC grid and station topology allows for different

DC connection modes. The DC connection modes describe the designated connections
between the individual terminals of the converter and the terminals of the PoC-DC.

The terminals of the converter are described by the following nomenclature:

CUx converter unit x

Ty terminal y

CUxT; terminal y of converter unit x
Px pole x; x being 1 or 2

The tgrminals at the PoC-DC are described by the following nomenclature:

PoC-IPCx Py station DC PoC x, x being the number of the PC-DC with HV pole Py,
being 1 or 2

PoC-DCx Ry station DC PoC x, x being the number_6f the PoC-DC with station returp path
connection point R; if there are morethan one return path connection
points, the connection points are. numbered (Ry, y being 1 or 2)

Figure 26 shows an example for a bipolar AG/DC converter station (type BRO) whfich is
conngcted to two HVDC transmission lines ia a dedicated DC switching station (type BRZ).
The AC/DC converter station is connected.between the PoC-AC and PoC-DC1 and consigts of:
e ACQ switch yard
e trgnsformers

e converter units CU1 and CU2.

NOTE | AC switch yard and transformers are not described in further detail in this document.



https://iecnorm.com/api/?name=554a30257960e3e948145bb69153691d

- 80 - IEC TS 63291-1:2023 © |IEC 2023

|
|
|
|
|
: \C CB s i :
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: FSD '
|
|
|
|
L

—_ PoC-DC1 P2
T2 < d"’

AC/DC converter station | HVDC grid |
AC/DC converter unit(s) ele :/\?;:cgggszt:tlon DC lines
AC Z\;ﬂmh Transformer Converter BBB_BP_ZN | |
| g | ! i | B8P : :
| | |CU1 FSD | | |
$) PoC-DC1 P1
3o | | 0—< 14 | |
' |
@ accs | AV, i | I :
I | |
[ I [ a ! ' I
[ I [ = NBS PoC-DC1 RI: [ |
| : : 2 ! | |
: | | CLES : : :
T———- F--—-- Fmmm e - su1 | |
| | | |
| | | |
I [
:cuz CLES | | :
| PoC-DC1 R2 I |
[ ' I
| |
| I
| I
| I
| I
| I
| I
| I
|

— IDC high voltage bus, pole 1

—— DC high voltage bus, pole 2

DC neutral bus

- IDC transfer bus for high voltage and return path configuration
— IAC high voltage bus

Not part of the AC/DC converter station

=0 PoC-DCx Yz (x being PoC sequence numbering,.if-tequired
Y being P = pole or R = return
z being Pole sequence numbering, if required)

L2 R

<> Pisconnect switch for configuration or jsolation FSD

<] Breaker or fault separation device

AC CB — AC circuit breaker
FSD } Fault separation device according to DC fault separation strategy

|
|
|
|
|
|
[
[
|
|
|
PoC-D¢2 P2 :
|
|
|
|
CLEY - Converter local earthing.switch (needed for stand alone Ly - _____d1___ —
[
|
|
|
|
|
[
|
|
|
|
[
[
|
|
|
|
[

[ .-

converter test or operation if the neutral is not connected to the
HVDC grid earthing)

CUx + CU (x being sequence numbering, if required) i
SUx + SU (x being,seqlience numbering, if required)

Tx — Converter DG, terminal (x being sequence numbering, if required)

BB-Pk — Pole busbar (x being sequence numbering, if required) L2 R

BB-N|- Neutral, busbar

@ DeVfice,according to DC connection modes (Naming according to
IEC 62747:2014 and IEC 62747:2014/AMD1:2019)

PoC-DC2 P2

NOTE In AC/DC converter stations being connected to just one DC transmission circuit, the adjacent DC switching
station can become part of the AC/DC converter station. The assembly of the DC switches is typically referred to as
the DC switchyard. In this case, the design of protection zones can be similar to those of an AC/DC converter station
being part of a point-to-point link.

Figure 26 — Example of a BRO AC/DC converter station with connected BRZ DC
switching station. The AC/DC converter station is of bipolar topology. Its adjacent DC
switching station connects two bipolar transmission circuits with DMR in this example
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In Figure 26 the PoC-DC1 comprises the HV poles P1 and P2 as well as the return path
connections R1 and R2. Since the DC switching station provides earth reference as well as the
realisation of the different DC connection modes, like bipole or monopole, the CU DC terminals
CU1T1,CU1T2aswellas CU2T1, CU2 T2 are connected to the respective PoC-DC1 terminals
P1, P2, R1 and R2 without any possible interconnections in between.

In the example given in Figure 26, each CU is equipped with an FSD in the HV path, an NBS in
the neutral path as well as necessary disconnectors. A dedicated earthing switch is foreseen at
each CU to provide earthing if the AC/DC converter station is disconnected from the HVDC grid
earthing.

To spgcify the DC connection mModes, a scheme (ke i Tabte 6 shaftbe used. Tabie 6
an expmple of DC connection modes as applicable to the AC/DC converter stationssha

Figurg

In cognection mode 1, both CUs are connected to the HVDC grid. The HVDC grid provides
nce and the connection to the neutral return path.

refer

In con
is disq

exchahnge reactive power with the AC system. In the latter case, @n earth reference is no

needsg

In con

off or exchanging reactive power with the AC system as described for connection modes
3 aboye.

The rpquired DC connection modes can also?be specified in form of single line dia
showihg the connections between the converter terminals and the PoC-DC terminals inc

the ne

The reconfiguration requirements between the individual DC connection modes includi
maximum transition times from no-load operation in the former mode to no-load opera

the ne

26.

Ehows
wn in

earth

nection modes 2 and 3, only one CU is connected to the HVDC-grid, while the othé¢r one

onnected. Under disconnected conditions, the corresponding"CU can be switched

d. In the present case this would be done by closing the €arthing switch CLES.

nection mode 4, both CUs are disconnected from the HVDC grid. They can be sw

cessary switchgear.

w mode shall be specified‘using Table 7.

Table 6 — D€ Connection modes of an AC/DC converter station

off or
rmally

tched
2 and

jrams
uding

Tg the

ion in

Connection,mode CU1MT1 CU1T2 cu2T1 cu2

r2

Mode

1 "coupled" PoC-DC1 P1 PoC-DC1 R1 PoC-DC1 R2 PoC-D(

1P2

Mode

GU2V'DC decoupled” PoC-DC1 P1 PoC-DC1 R1

Mode

1P2

Mode

2
3 CU1 "DC decoupled" PoC-DC1 R2 PoC-D(
4

CU1, CU2 "DC decoupled"
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Previous Next connection mode Sy
connection
mode S_ Mode 1 Mode 2 Mode 3 Mode 4

Mode 1 Imax12 !max13 Imax14

Mode 2 tmax21 *) tmax24

Mode 3 tmax31 *) tmax34

Mode 4 I maxa1 I max4a2 Imax43

*) no fiifect ransition

fmaxxy  time for transition between previous connection mode S and next connection mode Sy
8.4.2.11.2 Neutral point earthing
The DC neutral terminal of the AC/DC converter station, if any, can be connéected to earth. This
conngction can be provided by the adjacent DC switching station-or“via return congluctor
someyhere within the HVDC grid.
The lgcation of the earthing point shall be selected considering conductive structures fin the
earth [and above, like cable sheaths, pipelines, OHLs, transformers in AC systems or pthers
with respect to magnitude and time. This can require the earthing point being located optside
the physical boundaries of an HVDC station and being connected by a dedicated HVDC
transrission line.
The eprth connection of the AC/DC converter station, if any, as well as the switching cond|tions,
if any| shall be specified. The branch can be{switched or permanent and consist of res|stors,
reactqrs, capacitors, arresters or any comhination thereof.
The electrical characteristics of the earthing branch shall be specified.
The cpnditions for switching thé.earthing branches on or off shall be specified.

In the|special case of a sd-called symmetric monopole, no DC neutral terminal exists.
8.4.2.p DC voltage's
The re¢quirements-with respect to DC voltage for the HV poles as well as the neutral blis are
described in-5.4.
8.4.2.3 DC insulation levels

Withstand or protective levels shall be specified only at the PoC-AC or PoC-DC including the
neutral terminal, if any. The protective levels shall be coordinated within the HVDC grid,
especially with HVDC stations in close vicinity.

Effective measures shall be taken in the AC/DC converter station limiting any self-generated
DC overvoltages at the PoC DC to protective levels defined for the HVDC grid.

8.4.2.4 DC fault ride through behaviour

The DC fault ride through behaviour is driven by the fault separation concept to be supported
by the AC/DC converter station. To describe the fault separation capabilities, the behaviour at
the PoC-AC in response to an insulation fault appearing at the PoC-DC of the AC/DC converter
station shall be specified according to one of the following fault separation concepts (see
Table 4):
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e permanent stop PQ

e permanent stop P

e temporary stop PQ

e temporary stop P

e continued operation.

f continued operation is specified, the AC/DC converter station could be equipped with

appropriate energy storage or a dynamic braking device, respectively. In this case, the fault

durati

on and the required power shall be specified.

For temporary separation concepts, the corresponding timings shall be specified.

Indep

endent of the fault separation concept, the maximum number of subsequent fault ¢

including a specified number of recovery attempts within a certain time span shall be
together with the tolerable time to restore full capabilities for DC fault ride thnough.

8.4.2.
8.4.2.

8.4.2.
AC/D

3 Capability of switching and breaking DC currents

5.1 Energisation and de-energisation, connection and disconnection of D¢
circuits

5.1.1 General

C converter stations can be required to providefcertain DC current turn-on and ty

capaljilities under normal operation. Such turn-on.and turn-off capabilities can apply

entire

station, its individual poles or its individual converters and can include:

e energisation of a DC circuit,

e connecting the AC/DC converter station‘to an energised HVDC grid,

e digconnecting the AC/DC converter.station from an energised HVDC grid,

e dd-energisation of a DC circuit,

Decis

e H

ve factors determining the‘required switching capabilities include:

DC grid topology, especially the coordination with other relevant installations, il

switching stations or\DC/DC converter stations;

e concepts of HVBC grid operation including DC circuit energisation or s

re
8.4.2.
When

configurations.
b.1.2 Energisation of a DC circuit

ther HVDC grid or parts thereof are to be energised from the AC/DC converter statio

vents
stated

rn-off
o the

e DC

ystem

n, the

fo”o\u nachall ha cnacifiad Aac A4 minimiim cat Af rairamantc-
WHg-St HHAHREH egquHemets

T o T opP T o Tt—To ™ ot o

e equivalent circuit of the system to be energised including, if any, OHLs, cables and other
HVDC stations;

e equivalent impedances of all relevant components, especially its capacitances;

e any residual DC voltages prior to energisation, if any;

e target DC voltage band for energisation;

e maximum transient DC overvoltage due to energisation;

¢ maximum transient DC undervoltage due to energisation;

e minimum and maximum time to reach the target DC voltage band;

e maximum charging current (peak value);

e maximum charging energy;
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e maximum number and repetition rate of DC circuit energisation.

All components involved with the energisation process, such as converters or switches shall be
capable of withstanding the associated charging currents. Methods limiting or controlling the
charging currents include:

e additional impedances temporarily switched into the charging current path, i.e. reactors,
resistors or arresters which shall be designed to withstand the corresponding voltage,

cu

rrent and energy duties, respectively;

e AC/DC converters having full DC voltage control capability (converters type 2 or 5);
e HVDC breakers.

With
elem
desig

espect to any pre-existing insulation faults inside the DC circuit to be energise
nt providing the energisation shall have a short-circuit making capability accerding
short-circuit current as specified for the feeding AC system considering.'all re

current limiting measures of the AC/DC converter station, such as the converter DC v
contrql capabilities, transformers or pre-insertion impedances, if any.

8.4.2.5.1.3 Connecting the AC/DC converter station to an energised HVDC grid

When
adapt

connecting the AC/DC converter station to an energised HVDC grid, tolerang
ng the DC voltages between converter and HVDC grid_shall be considered. Depg

on the equivalent impedances of the circuit, such tolerances will result in transient cu

when

closing the respective switches. To limit such transient currents, additional imped

tempgrarily switched into the charging current path, i.e~réactors, resistors or arresters o
considlered.

8.4.2.5.1.4 Disconnecting the AC/DC converter station from the HVDC grid

Beforg¢ disconnecting the AC/DC converter, station from the HVDC grid, the AC/DC con|

statio

h shall be de-loaded, i.e. the DC.current through the disconnecting switch sh

contrglled to zero. However, due to measuring tolerances and the dynamic behaviour
HVD( grid the disconnecting switch shall be designed to interrupt specified residual curn

8.4.2.

When
statio

5.1.5 De-energisation-of a DC circuit

the HVDC grid or parts thereof are to be de-energised through the AC/DC con
n, the following shall*be specified as a minimum set of requirements:

e equivalent circuit of the system to be de-energised including, if any, OHLs, cables and

H

o e

DC stations;

uivalenfiimpedances of all relevant components, especially its capacitances;

e maximum DC voltage reversal, if any, due to discharging the DC circuit;

¢ minimum and maximum time to reach the target DC voltage:

H, the
to the
evant
bltage
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hnces
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verter
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other

e maximum discharging current (peak value);

e maximum discharging energy;

e maximum number and frequency of DC circuit de-energisation events per period of time.

All components involved with the de-energisation process, such as converters or resistors and
switches shall be capable of withstanding the associated discharging currents. Methods limiting
or controlling the discharging currents include:

e additional impedances temporarily switched into the discharging current path, i.e. resistors,
reactors or arresters which shall be designed to withstand the corresponding voltage,

Cu

rrent and energy duties, respectively;

e AC/DC converters having full DC voltage control capability (converters type 2, 4 or 5).
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8.4.2.5.2 Breaking DC fault currents

The requirements for the AC/DC converter station to break DC fault currents resulting from
faults in the HVDC grid shall take into account their AC system short-circuit current level, fault
separation concepts applied for main and backup protection of the HVDC grid as well as the
AC/DC converter station itself. Inside the station the relevant FSDs can be:

e AC station CB at the AC side of the converter(s),

e AC/DC converter in combination with mechanical disconnectors,

e HVDC breaker(s) at the DC side of the converter(s),

o DC—resid current-breaks a¥Ta Aoy b

The rgquirements for DC fault current breaking depend on the following factors to beconsidered

pe of DC line, i.e. OHL or cable. The type of DC line is relevant with respect [o the
ssibility of repetitive fault events as well as the recovery voltages)after fault current

e pgssible AC/DC intersystem faults, especially on parallel AC and.DC line corridors, together
with the relevant AC system data, such as AC system short-circuit current or nomirfal AC
sygtem voltage;

e equivalent circuit of the DC system;

e equivalent impedances of all relevant components;
e number of consecutive faults;

e number of recovery attempts;

e minimum time between recovery attempts,

The ekisting equipment in_ an HVDC grid is designed for a certain level of peak current and for
rmal effect of shortscircuit currents (current magnitude and current-time characteristic).
AC/DC converter station will add additional short-circuit contribution. Thereforg, the
um allowed contribution of a new AC/DC converter station to the short-circuit currgnts at
C-DC it wilkeonnect to, shall be specified in terms of current and time (e.g. peak cyrrent,
peak etcs as shown in Figure 11).

thanione converter shall connect to the same point of the HVDC grid or shall connject in
close |proximity, then the definition of individual headroom for short-circuit contribution will be
required.

The calculation of short-circuit currents at the nodes of an HVDC grid shall be carried out
according to 5.6.1.

The following fault types have to be taken into consideration for the calculation of the maximum
or minimum short-circuit currents:

e pole-to-earth fault,

e pole-to-neutral fault,

e pole-to-pole fault with and without earth connection,

e AC/DC or DC/DC intersystem faults, if any.


https://iecnorm.com/api/?name=554a30257960e3e948145bb69153691d

- 86 — IEC TS 63291-1:2023 © |IEC 2023

If required for fault localisation, a minimum fault current contribution should be specified. This
specification shall include the timings to provide the required DC fault current level.

8.4.2.6.2 Short-circuit current withstand capability

The new AC/DC converter station shall be designed for a certain short-circuit current
contribution from the HVDC grid in case of a fault inside the AC/DC converter station. That is
why:

e the pre-existing short-circuit current level (peak current and its characteristic as a function
of time as in Figure 11; or

nd its

shall be specified. Alternatively,
o allrelevant parameters of each individual grid component of the whole HYDC grid

shall be specified for the calculation of this fault case.

The spme applies to existing AC/DC converter stations (besides_other components in the DC
grid) ih case of DC grid extensions.

8.4.2.17 DC side system restoration

An AQ/DC converter station can be required to provide)services for the restoration of the HVDC
grid of parts thereof from blackout state, also refercred to as SRAS-DC. SRAS-DC means the
AC/DC converter station shall be able to maintain\the DC voltage at its PoC-DC within defined
limits [for defined network configurations. The limits of the DC voltage at the PoC-DC sHall be
defingd based on the DC voltage profile givea.in 5.4.

NOTE | The start-up of an AC/DC converter station from a connected AC system, DC system or an interna| power
source [like a diesel generator is considered an energisation process and not a system restoration service.

During SRAS-DC, the AC/DC copverter station shall provide:

e edrth reference for the DC-circuit,
e adtive power demand:qf connected loads,

e chiarging the relevant DC circuit including inrush or charging currents of equipment|to be
energised,

e shjort-circuit.€urrents according to the DC network protection concepts.

For dg¢signpurposes a generic DC network model shall be specified considering the following
aspedtss

e philosophy and procedures including sequences for restoring the real network including all
relevant scenarios until reaching the normal operating state (see 5.3);

e relevant network configurations, e.g. switching states;

e earthing concept for the HVDC grid;

o all relevant network elements or equivalents;

e transient and dynamic characteristics of all relevant network elements;

e control characteristics and relevant data of other HVDC stations to be connected to the
network during the restoration process.

The representative test network shall be sufficient to demonstrate the AC/DC converter station's
capabilities.
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Representative test sequences demonstrating the capabilities of the AC/DC converter station
can typically include:

e switching the longest relevant HVDC transmission line,

e energisation of the relevant HVDC stations.
8.4.2.8 Steady-state DC voltage and current distortions

The requirements with respect to steady-state DC voltage and current distortion are described
in 5.7.

8.4.3 ide
8.4.3. AC voltages

The AIC/DC converter station shall meet the requirements of the corresponding ‘grid code valid
for the AC grid regarding normal steady-state AC operating voltage range as-well as temporary
and transient voltages.

Simulftions shall be performed to calculate the maximum slow front ahd fast front over vo|tages
(e.g. switching operations, lightning strikes). If necessary, the maximum transient voltages at
the cqnnection point (PoC-AC) have to be reduced by appropriate/devices (surge arresters or
other measures).

8.4.3.p AC fault ride through behaviour

The AC over and undervoltage fault ride through profiles are typically defined by the AC grid
codes|. The profiles shall be specified by an AC voltage versus time characteristic as desgribed
in 4.5|3.3.

In the|case of faults in the AC system, the/AC/DC converter station shall be capable of sjaying
conngcted to the AC system and remainiin-stable operation. Fault ride through shall be specified
for symmetrical as well as asymmetrical AC faults. The behaviour shall be described for|faults
followed by AC over- and undervoltages (overvoltage ride through and undervoltage ride
through). Depending on pre-fault conditions, multiple fault ride through characteristics gan be
given] The AC/DC converter station shall be capable of staying connected in a specified peries
of faults.

AC fagult ride through~can be required from an AC/DC converter station at its PqQC-DC
independently fromiits"/PoC-AC. In order to provide such functionality, additional equipment can
be ngeded to temporarily provide additional power exchange with the HVDC grid.|Such
additipnal equipment can be, e.g. dynamic braking devices and/or energy storages. |f this
functipnality—is needed, the corresponding requirements shall be specified as descrijed in
9.2.3.2.4.

As AC fault ride through is a functionality relevant for the HVDC grid, it is recommended to
consider appropriate control coordination within the HVDC grid as described in 6.2.4.
Alternatively, corresponding equipment can be installed in other AC/DC converter stations or in
any HVDC grid installation.

8.4.3.3 AC frequency

The AC grid codes indicate the range of operating frequencies at which the AC/DC converter
station shall remain connected to the AC grid.

The AC/DC converter station shall have functions for:

e frequency sensitive mode (FSM);

¢ limited frequency sensitive mode — underfrequency (LFSM-U);
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¢ limited frequency sensitive mode — overfrequency (LFSM-O),

as described in 4.3 and 4.5.4.2.

8.4.3.4 AC side fault current contribution

The short-circuit current calculation at the AC terminals shall be performed according to the
IEC 60909 series with an appropriate representation of the short-circuit current contribution of
the particular converter station. The initial, peak and breaking short-circuit currents are

neces

AC v(
techn
short-

The d
peak
currer

sary to get the correct rating of the installed components.

bltage drop at the HVDC terminals during short-circuit condition. Depending.‘on
blogy, AC/DC converter stations can contribute to the peak, breaking, and steady
circuit current of the AC grid.

to the
their
-state

scharge of the AC filters only impacts the initial fault currents due to.the different tme to

compared to the operational frequency and the different AC voltagecondition durin
t initiation.

8.4.3.p Capability of switching and breaking AC currents

The f

bllowing IEC International Standards shall be applied for the design of the swi

devices (circuit-breakers, disconnectors and earthing switches):

e Ci
e Di

8.5
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neces

The c
neces|
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rcuit-breakers: |IEC 62271-100,
sconnectors and earthing switches: IEC 622731:102.

HVDC grid control and protection interface

bntrol and protection equipment of the’"AC/DC converter station shall be provided w
sary interfaces to the HVDC grid_and AC/DC grid control layers according to 6.3.

bntrol and protection equipment of the AC/DC converter station shall be provided w
sary interfaces to subsystems like:

ntrol equipment,

erator controls,

itching devices,

e measuring system,

e fa

LIt recorder.

y fault

ching

th the

th the

L grid

If required by the DC fault separation concept, communication interfaces to HVD(
equipmemm—m—mmmm—mm i ;

information, refer to 8.7.5.

8.6
8.6.1

Controls

General

This addresses the functions described by the 6.2.3 layer as shown in Figure 15.

8.6.2

Automated vs manual operation

urther

During normal operation, the core control functions are governed by the converter schedule as
propagated through the higher-order control layers (see Figure 17). The AC/DC converter
station receives its set values and related parameters (e.g., control mode, ramp rates, etc.) and
will effectuate these orders by its internal converter controls (see 6.2.2).
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The data required by the higher-order control layers regarding the status of the AC/DC converter

statio

n is collected in the "station information" (see 6.3).

Further to this automated operation, a manual operation shall be possible for the AC/DC
converter station, e.g., in the event of sustained loss of communication with HVDC grid control
(see Figure 17).

8.6.3

Control modes and support of coordination

The control modes of the AC/DC converter station shall be specified according to 6.2.3. In
addition, different target options can be available for the control of reactive power.

The chosen control mode can be changed over time by either manual or automaticirme

coord

Within its design limits the AC/DC converter stations shall be able to support‘the coordi

of dis

Auton

8.6.4

In thel event of set values for active and reactive power contributions exceeding the
capalility of the AC/DC converter station, the following<strategies can be applied, dep¢g
on thg AC/DC converter station type, see 8.2:

Criter

8.6.5

For al

nation with the whole HVDC grid.

ributed control functions in the HVDC grid.
omous adaptation control functions as specified in 6.2.4.2 shallCbe specified.

Limitation strategies

iting the last set value change,
iting active power while fulfilling the reguitements for reactive power (Q priority),
iting reactive power while fulfilling the requirements for active power (P priority),

iting active as well as reactive power proportionally or unproportionally.

a for setting and leaving a specific strategy shall be specified.

Operating sequences for AC/DC converter stations

| AC/DC converterstations, operating states according to Figure 27 can be differen

Adapting\DC "Ready to connect" Connecting
voltages \

NS in

hation

hctual
nding

iated.

Stopping : Disconnecting
adaptation of
DC voltages :
" e g . "No-load operation"
Energised . _Emergency
< s vshut-down(s)
a a0 '
Energising De-energising [ "NOT ready” j De-loading Loading
R <

..
A o

Lt A Preparing to energise
"Ready to energise" - - ["On-load operation"j

Shutting down

IEC

Figure 27 — Operating states and transitions for AC/DC converter stations

These states are governed by the switching configuration of the AC/DC converter station as
well as both primary and secondary equipment conditions (i.e. electrical parts and control units).
They are defined as follows:
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o "Not ready":

not operational;

converter is disconnected from all energy sources.

o "Ready to energise":

all systems and subsystems necessary to energise are ready;

internal converter communication is active, no interlocking is present.

e "Energised":

depending on mode of energisation:

eady to connect":

depending on intended side of connection:

0-load operation":

converter is able to provide activeZor reactive power; however:

energised from AC: Connecfion o (one) AC side has been made and desiréd AC
voltage of the AC busbars within the AC/DC converter station is established;

energised from DC: Connection to (one) DC side has been made and |desirgd DC
voltage of the DC transmission path is established;

energised from auxiliary power: Desired DC voltage established.and controlled from
the auxiliary power source.

connect to AC (following energisation froni/,DC or auxiliary power):
Converter AC voltages (magnitude and phase) are_synchronised with AC voltage at
PoC-AC in order to prevent transient currents when closing the AC station CB

connect to DC (following energisation/ from AC or auxiliary power):
DC voltages at converter's DC terminals.aré adapted (magnitude) with DC voltage at
PoC-DC in order to prevent transient(cufrents when closing the DC disconngctor /
breaker.

if controllable by the AC/DE€ converter station, initial set points remain at 0 M\V and
0 Mvar at PoC-AC and 0"MW at PoC-DC, otherwise, the external network cdntrols
power to a minimum:value;

depending on intended type of operation:

o ready for_en-load operation (reactive power): converter has been connecfed to
the ACgrid;

e ready-for on-load operation (active power): converter has been connected tp both
AC.and DC grid;

n-load eperation":
alllocal converter controls have been initialised for on-load operation
H 3 nteallalbl bt AC/IDC nyrartor totion $i0 g nd e $i0 g OO A LS 4 1
v mourituauIiiavilc Uy TS AUV VUTTVOETLIOUT olalivIr, dUlive difu TCautirve PUVVUI ool OIntS

(and ramp rates) can be received and will be effectuated, otherwise, the external
network determines the actual power exchange.

depending on type of operation:
— on-load operation (reactive power): converter is at least connected to the AC grid

— on-load operation (active power): converter is connected to both AC and DC grid.

For the transition between these states, the following sequences (i.e. series of required actions)
are defined. These refer to the arrows indicated in Figure 27.

e "Preparing to energise™":

initialisation of all internal converter communication;
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— enabling the control system and its interfaces to receive commands for next state
transitions.

e "Energising™
— establishing connection to one energy source;
— charging of related converter and connected equipment by this source.
e "Adapting DC voltages":
— further control of converter voltage with respect to AC or DC terminal voltage;

— keeping a permanent alignment of the voltage magnitude and phase (AC side) or voltage
level (DC) for an upcoming connection request.

e "Connecting":

— | closing of all switching equipment required to create the desired connection-between the
AC/DC converter station and the related AC and/or DC grid;

— | if controllable by the AC/DC converter station, initialisation of set values for actije and
reactive power to 0 MW and 0 Mvar, respectively.

e ‘"Lpading™
— | establishing connection to the HVDC grid control (or manualloperator entries);
— | if controllable by the AC/DC converter station, reception.of set values and ramp rates;

— | if controllable by the AC/DC converter station, routing of set values to local contfollers
and ramping towards OPs with given rate, otherwise,) the external network determines
the actual power exchange.

e "Dle-loading":

— | if controllable by the AC/DC converter station;, ramping of converter power down to|0 MW
and 0 Mvar, otherwise, the external network controls the power exchange to a minjimum
value;

— | disconnecting from the HVDC grid-control (or manual operators).
e "Djisconnecting":

— | opening of respective switching equipment between AC/DC converter station and the
related AC and/or DC grid.

e "Stopping adaptation of D€ voltages":

— | adaptation of DCXoltages is no longer performed actively (i.e. voltage alignment yill be
lost over time)-

e "De-energising™
— | disconpegting of AC/DC converter station from energy source;
— | intermal converter equipment will be discharged.

o "Sfopping":

— deactivating converter control systems and communication interfaces.
8.6.6 Dynamic behaviour
8.6.6.1 Step responses

The AC/DC converter stations shall fulfil certain requirements on sudden changes in reference
values in order to demonstrate stability and smoothness of the underlying controls.

Relating to 8.3.3, reversing the active power flow through an AC/DC converter station shall be
understood as an extreme case of a sudden change up to two times the maximum power. Such
considerable changes with respect to the dispatched active power set values can arise in the
event of severe system disturbances.
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To this end, the definition of step responses shall be specified according to the definition in
IEV 351-45-27.

Different step response parameters can apply for different physical quantities (e.g. DC voltage,
AC active power contribution, etc.) of the same AC/DC converter station.

8.6.6.2 Stability criteria

In order to confirm HVDC grid stability, an assessment by network simulations is necessary,
see 10.2.

In thi§ contexi, stability of HVDC grids has to be considered as a minimum influence of-ohe DC
node {o another. That is, the outage or sudden drop in capability of one AC/DC converter-gtation
(definpd by a certain extent) shall only affect the related physical quantities of any other AC/DC
converter station by a specified amount that is not to be exceeded. These aspects shall be
covered by the respective models and studies according to 10.2.

Together with these models, a reasonable set of HVDC grid scenarios te'be simulated shjall be
agreef so as to demonstrate stability. These scenarios are defined by-power flow conditipns at
all DQ nodes in the HVDC grid and defined events (e.g. contingencies, ihappropriate comrpands
etc.). [The system stability requirements shall be verified in accordance with 11.2.2.3.

8.7 Protection
8.7.1 General

The requirements on AC/DC converter stations protéctions are summarized in 7.3.1.

8.7.2 Configuration requirements

For tHe protection system of the AC/DC¢onverter station, the following protection zongs are
defingd: (see Figure 26)

e AC switch yard protection zone,

e converter transformer protection zone,
e CU protection zone,

e DC switching station protection zone (optional, if required by fault separation concept ¢r due
to|station layout);

e DC line protection zone (optional, if required by fault separation concept or due to gtation
layout).

efinition of the protection zones depends on the station topology. Figure 26 shows all
possibilities for the given example. Depending on a specific situation, individual protection
zones i - ; ' Tt —a DC
switchyard protection zone is not necessary. In this case the CU protection zone typically
includes the equipment up to the connection to the DC lines, respectively the HVDC grid.

For AC/DC converter stations with more than one CU, the CU protection zone is typically
provided for each individual converter or pole, respectively.

The DC switch yard protection zone is the interface to the DC lines or the HVDC grid,
respectively, and includes equipment assigned to both poles.

The DC line and the return line can be considered as part of the HVDC grid. Nevertheless, a
DC line protection zone in the DC protection of the AC/DC converter stations can be required
(depending on the fault separation concept) in order to identify faults at the DC line(s) and
contribute to the fault separation process.
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AC system protection zone and transformer protection zone include standard protections
normally used together with HVDC converters or in AC substations. Therefore, they are not
described any further in this document.

8.7.3 Function requirements
8.7.3.1 Converter unit protection zone
The following faults within the converter protection zone shall be detected:

e internal valve or submodule faults;

e =to= =to= =cirett f verter
trgnsformer valve side;

e falllts to earth at the DC circuit;

e abnormal AC system conditions (i.e., abnormal AC voltages or frequencies beyond spegcified

limits);
. inrldvertent opening of CBs feeding the AC/DC CU;
o DC side abnormal voltages.

The fgllowing faults affecting the neutral bus and the DC switches,)if any, shall be detected:

o DC switch failure, if any;
e open circuit fault of the neutral, if any;

e current at the station earth, if any.

The fgllowing protection functions are typically provided:

e differential protections;

e ovlercurrent protections (can include equipment from other protection zones);
o DC side abnormal voltages protegtion;

o AQC side abnormal voltages proetection;

e splecial equipment protection, if any;

e ndutral DC bus overvoltage protection;

e DC switch protection.

The fpllowing failures shall be detected by the overall protection system, control or specific
protegtions assocCiated to that equipment:

e eléments.inside the converter;

e converter control circuits including the identification of failed devices;

e auxiliary systems.
8.7.3.2 DC line protection zone

The need for and the requirements on protection functions for this protection zone depend on
the requirements of the DC fault separation concepts for the AC/DC converter station. The DC
fault separation concepts shall comprise a concept for main protection as well for backup
protection. The backup protection concept can require a dedicated DC line protection if a
different fault separation concept compared to the main protection is applied.

The selectivity between faults within the AC/DC converter station and faults at the HVDC grid
is a basis for fault separation concepts where the AC/DC converter station provides fault
separation or where AC/DC converter station (including services for the AC side only) shall
resume operation after fault separation.


https://iecnorm.com/api/?name=554a30257960e3e948145bb69153691d

- 94 — IEC TS 63291-1:2023 © |IEC 2023

Examples where no DC line fault protection zone is necessary, are:

e cases with exclusive use of the fault separation concept of "Permanent Stop PQ";

e cases, where the DC line protection function is provided by the HVDC grid including DC
switching station.

To identify faults in individual sections (i.e. transition between cable and OHL) of the same pole
or neutral conductor of the HVDC grid, dedicated supervision functions, e.g. a section fault
locating function, can be added. This would not be a protection function. The protection of the
conductor will be located in the corresponding DC switching stations at both ends and shall not
depend on the information from the supervision functions. The additional information from the
superyisionfunctionscan-influehce-theprotectionfunction but is rot urgently required{e.g. in

the event of loss of communication).

The individual DC fault separation concepts have different requirements on reactionvand t|ming.

Further, depending on the different fault separation concepts connecting the,PoC-DC, individual
protegtion for each HVDC grid protection zone can be necessary.

For further information, refer to 8.7.5.

When| the AC/DC converter station is required to separate\faults according to contihuous
operagion or temporary stop (see 7.4), a DC line protection’zone is necessary. The D[ line
protegtion zone shall detect the following faults:

e faults to earth or neutral (pole-to-earth fault);

o fallts between two poles (pole-to-pole fault with*and without earth connection).
For thie neutral line, if any, the DC line proteetion zone shall detect the following faults:

e open circuit fault of the neutral line;

e ngutral line to earth fault.
8.7.4 Fault separation stratégy for faults inside the AC/DC converter station

The AIC/DC converter station protection shall be coordinated with the AC/DC converter station's
contrqgl system to inhibitthe development of faults or rapidly limit the consequences of a[fault.

Consifering the variety of HVDC protection principles, the following fault clearance actions are
reconimended toymeet specific project requirements, some of which are realized by the gontrol
systemn according to the commands from the protection system:

e inhibit'de-block;
Dg-blocking of the converter will be inhibited by this order.

o trip AC station CB;
Tripping the AC station CB disconnects the AC side of the converter transformers from the
AC power source.

e converter block;
Converter blocking stops the switching pulses to the converter. Depending on the
converter type, this shut-down might not prevent the converter from further current feeding
to potential fault locations within the converter or the DC circuit.

e converter/pole isolation;
Isolating the converter from the DC yard.

e current limit;
Reducing the DC current of the pole to a predefined value with a predefined ramp rate.

e close NBES;
Closing the station's NBES as a protection action (e.g. at neutral overvoltage).
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e re-close of the DC switch or HVDC breaker;
Re-close the DC switch or HVYDC breaker in order to protect the latter if not opened
successfully (e.g. fault at current interruption).

e transfer trip to DC grid protection;
Removing the DC voltage from the CU in the event of converter/pole isolation failure.
requires communication to the coordinated HVDC grid control or HVDC stations.

8.7.5 Coordination of the DC protection with the HVDC grid

This

The protections of the AC/DC converter station shall be coordinated with those of the HVDC

grid. The DC fault separation concepts according to 7.4 presuppose a defined reactio
timing-ef-the-AGC/DC converter stationsprotectionin-theevent of faults withinthe H\D.

n and
C grid

protegtion zones. From the DC protections at the AC/DC converter station's point of Vie
will be covered by the DC switching station / DC line protection zone and/or correspd
signals from remote protection zones. The requirements are defined for the relevant Pg
or PoC-DC of the AC/DC converter station.

In the|event of pole-to-pole or pole-to-earth faults at the HV conductors of the HVDC gri
respopse by control and protections of the AC/DC converter station shall in principle
follow:

e copntinued operation: fault ride through — no tripping from protection functions;

e alllothers: safe fault detection and defined reaction.

To achieve a proper coordination, the reach of the DCAine protection of the AC/DC con
stations in respect to each individual HVDC grid protecetion zone shall be defined. For
indivigual zone (separated between main and backup)'the following detection requiremen
possible:

¢ log¢al detection of the fault by AC/DC conxerter station's DC line protection;

¢ remote detection of the fault and transferred trip (to be processed and start actions
AC/DC converter station);

e ng detection (because the separation concept is completely remote).
For fajults at the return condueter the following reactions can be required:

e pdle current balancing\for bipolar operation (adjust the DC currents of both poles to r
thé bipolar neutral bus and return conductor current);

e refurn conductar fault clearing sequence when pole current balancing is not possiblg
at|monopolar,6Gperation).

8.7.6 Example for coordination of the DC protection with the HVDC grid

w this
nding
C-AC

d, the
be as

verter
each
ts are

in the

bduce

(e.g.

For ap.éxample for coordination of the DC Protection of AC/DC converter station 1 wi
HVDO-grid—referto-Table-8-and Figure-28- ble 8 chaow ho-sebatati h
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Table 8 — Example protection coordination of AC/DC converter station 1 and HVDC grid
(for main and backup concept including the separation concept and the FSD)

Faulted PoC-AC1 PoC-DC1
zone Main Backup Main Backup
Sep. Detection Sep. Detection Sep. Detection Sep. Detection
concept reach concept reach concept reach concept reach
(FSD) | ment | (FSD) | mdt™ [ (FSD) | ment | (FSD) | ment
Zone 1 PS-P Local PS-PQ Local PS-P Local PS-PQ Local
(€1 (AC) () (AC)
Zone P TS-P Remote PS-P Local TS-P Remote PS-P Legal
(DS) (C1) (DS) (C1)
Zone B CcO No PS-P Local CcO No PS-P Logal
(DC) (C1) (DC) (C1)
Zone f CO No TS-P Remote CO No TS-P Renote
(C2) (DS) (C2) (DS)
PS-P permanent stop P
PS-PQ permanent stop PQ
TS-P temporary stop P
TS-PQ temporary stop PQ
co continued operation
Local local detection of the fault by AC/DC converter station's DC line protection

Remote remote detection of the fault and transferred trip
No no detection

C1, Cp, DS, DC, ACFSDs according to Figure 28
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AC/DC converter  DC switching

station 1 station
PoC-AC1 PoC-DC1 PoC-DC2
Zone 1 Zone 2 HVDC
AC C1 L 4 DS Cc2 sub-grid

ﬁn—e?’\/\
HVDC
~ vw

PoC-DC3

DC | Fault separation device — DC breaker

AC | Fault separation device — AC breaker

DS | Fault separation device — (fast) disconnect switch

Cx | Fault separating converter station (including (fast) isolatien-device)

C1: AC/DC fault separating converter station
C2: DC/DC fault separating converter station

Q Protective zone

—— Cable / bus / line IEC

Figure 28 — Example illustrating the coordination of the DC protection
of AC/DC converter station 1 with the HVDC grid

9 H\VDC grid installations

9.1 General

HVDQ grids can,.comprise one or more of the following installations depending on their ngtwork
topoldgy:

o DC switching station,

e HYDC transmission line (OHL, cable or combinations thereof),

e DC/DC converter station.

AC/DC converter stations are the binding element between AC system and HVDC grid and are
addressed in Clause 8.

Each HVDC grid installation comprises a set of devices and/or apparatuses associated in a
single location including all relevant auxiliaries and subsystems. Table 9, Table 10 and Table
11 provide an overview on the HVDC grid installations including a reference to AC/DC converter
stations. Read in the vertical direction, the tables show what functionalities are relevant to an
installation. Read in the horizontal direction, the tables show what installations can fulfil a
function considered.

The functions are defined in 6.4.2 and 8.6.5. They are grouped according to the following
categories:
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e functions changing the operating states (Table 9);

o functions of HVDC grid operation (Table 10);

e protective functions (Table 11).

The capabilities of an installation to fulfil the corresponding functions are described as follows:

yes": Characterizing a core function of the installation. This function shall be addressed
in the specification.

"optional™: Characterizing a function which can be specified as an optional requirement for the
mstattatiomr—Fotfitimg—the—functiom—cam—Tequire—additiomat—dedicated—gesign
measures.

NOTE | Such a function can be required depending on the system planning and design.

"N/A" Characterizing a function which is not applicable to the installation.' It shall n¢t be
specified.

Each [installation can comprise dedicated systems or subsystemsZfor providing addjtional

functipns indicated as "optional" in Table 9, Table 10 and AFable 11. Such systes or

subsyptems can include:

e dypnamic braking devices,

e energy storage devices.

Only ¢

ore functions of an installation are addressed.in this Clause 9.

Table 9 — Functions changing operating states

Function AC/DC HVDC grid installation
interface
AC/DC DC switching HVDC DC/DC
converter station transmission convelter
station line and statidn
transition
stations
Prepdration for energisation Ashut down yes yes N/A yes
Enerdisation .
/ de-efnergisation yes optional N/A yes
Adapfation of DC«0ltages .
|/ stop|adaptation of DC voltages yes optional N/A yes
Conngction
/ discpnpection yes yes N/A yes
Loadihg-AC-side
yes N/A N/A N/A
/ de-loading AC side
Loading DC side .
/ de-loading DC side yes optional N/A yes
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Table 10 — Functions of grid operation

Function AC/DC HVDC grid installation
Interface
(relevant aspects) AC/DC DC switching HVDC DC/DC
converter station transmission converter
station line and station
transition
stations
Operation on-load es es es es
(withstand voltage, current stresses) y y y y
Measuring
(DC and AT voltages and currents, yes yes optional yES|
activg and reactive power)
Energy balancing
(Maintaining the average DC grid optional optional N/A optiorjal
voltade)
Reconfiguration
(DC cjrcuit, e.g. connection of lines, optional es N/A es
bipolgr to monopolar, DMR to earth P y y
returny)
Dischprge . . .
(DC dfrcuit) optional optional N/A optiorjal
Earthing
(Providing earth reference, functional yes yes N/A yes
earthipg)
Intercpnnection (Connecting different N/A N/A N/A yes
DC vqltage levels)
Powe _f|0\_N co_ntrol (through HVDC N/A optional N/A yes
transrpission lines)
Table 11.X£Protective functions
Function AC/DC HVDC grid installation
Interface
AC/DC DC switching HVDC DC/DIC
converter station transmission convefter
station line and statidn
transition
stations
Limitgtion of transient\DC over voltages yes yes optional yes
Limitgtion of tempefrary DC over and optional obtional N/A ootiodal
under|voltages P P P
Limitgtion 6f DC fault current di/d¢ es optional N/A es
and/of magnitude y P y
Separatiomof D€ faults
(pre-condition for recharging the healthy . .
part of the HVDC grid during a DC optional yes N/A optional
insulation fault)
Limit DC inrush currents optional optional N/A optional
Limitation of emission of DC voltage and es obtional N/A os
current distortions y P y
Damping of DC voltage and current optional optional N/A optional

distortions



https://iecnorm.com/api/?name=554a30257960e3e948145bb69153691d

- 100 - IEC TS 63291-1:2023 © |IEC 2023

9.2 DC switching station
9.21 Purpose

A DC switching station shall establish electrical connections between HVDC grid installations
including connections to earth at one location, such as:

e AC/DC converter stations,

e HVDC transmission lines,

e DC/DC converter stations.

In additiomrtothefunctionstistedmTabte 9 a B Cswitchimg—statiomcamrberequiredtopyovide
optional functions as listed in Table 10 and/or protective functions as listed in Table,11[. This
requires the DC switching station to be equipped with additional passive or active\elements
capalle of exchanging power with the HVDC grid, such as:

e pre-insertion resistors,

o digscharge resistors,

e HYDC breakers,

e dypnamic braking devices,

e energy storages,
or between connected HVDC transmission lines:
e DC line power flow controllers.

Appropriate operational procedures shall ensuré that each HVDC transmission line is [either
earthed or connected to another grid element ifforder to prevent unintentional self-charding of
HVD( lines, especially HVDC cables. The required switching actions shall be performed py the
HVD({ switching stations.

9.2.2 Overall requirements
9.2.21 Coordination and ¢ommunication

Except local protection functions, all switching and reconfiguration actions at the DC swifching
station shall be coordinated with the surrounding HVDC grid and therefore rgquire
communication to the-coordinated HVDC grid controls (see Figure 15).

9.2.2.p Avaifability and reliability

Reliability as-well as availability calculation methods are described in IEC/TR 62672:2018 [20].

9.2.3 | “\Main circuit design

9.2.3.1 General characteristics
9.2.3.11 Topology
The topology of the DC switching station shall be specified with respect to:

e connection to HV poles (according to 5.1.4.1),
e connection to the neutral return path (according to 5.1.4.2),

e station earthing (according to 5.1.4.3).

The requirements on switchgear are described in 9.2.3.2.1.3 and in 9.2.3.2.5.
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9.2.3.1.2 Active power characteristics

A DC switching station can be equipped with additional components to temporarily exchange

power with the HVDC grid, such as energy storages and/or dynamic braking devices.

For steady-state or dynamic power flow control in individual HVDC transmission lines connected
to the DC switching station, DC line power flow controllers can be used to modulate the DC
voltage at a PoC-DC. DC line power flow controllers, if any, would be integrated into the

corresponding SU. The DC voltage modulation will be associated with a corresponding

power

exchange which can be balanced inside the HVDC grid by modulating the DC voltage at one or

more other SU of the DC switching station accordingly. That functionality would requi
power flow contrallers of the individual Sl to be connected for power pxr‘hnngp

re the

NOTE | DC line power flow controllers are connected to the HVDC grid having the same nominal DC v¢ltage
termingls. Devices that are designed to connect parts of the HVDC grid having different nominal DC, volta
referredl to as DC/DC converter stations.

If elements for temporary power exchange with the HVDC grid or power flow'control are
the fuhctionality for active power control shall be specified.

9.2.3.11.3 Energisation of the DC switching station

The HV pole busbars and the neutral busbar of a DC switching-station can be energis
necessary, via a pre-insertion resistor including bypass switeh:

o together with any part of the HVDC grid previously connected to the DC switching std

e bylconnecting to a DC line already energised.

Adaptation of DC voltages before closing a “switch will typically be provided by

bn both
es are

used,

ed, if

tion,

other

installations, like AC/DC converters, DC/DC.egnverter stations, if any, or energy storages, if

any.

A DC| switching station can also be-equipped with additional components to temp
exchange power with the HVDC grid:.Such elements, if any, can be used to adapt DC vo
beforg closing a switch.

9.2.3.11.4 Energy dissipation and absorption capability

In principle, a DC switChing station can in addition to its "natural" switching tasks be re
to balance a certain_amount of energy to fulfil the relevant grid code requirements

adjace¢nt AC and<DE€ grids with respect to fault ride through, frequency of the respecti
systems and DEC-Vvoltage support. However, dedicated additional, power electronic-
devicg¢s would.be needed to absorb or store the required amount of energy, such as a dy
brakirlg deviece or energy storage.

brarily
tages

uired
Df the
e AC
based
hamic

e power vs time characteristics P = f(z) (MW),
e repetition (number of events),

e minimum time between consecutive events (min).
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9.2.3.2 DC side
9.2.3.2.1 DC connection
9.2.3.21.1 HV poles

The topology of the DC switching station shall be specified according to 5.1, Table 1, Table 2
and Table 3. A given HVDC grid and station topology allows for different DC connection modes.
The DC connection modes describe the designated connections between the individual
terminals of the DC switching station per SU. They have to be coordinated with other HVDC
stations (e.g. DC switching stations, DC/DC converter stations) connected directly or connected
to the remote ends of the individual DC lines.

The busbars of the DC switching station are described by the following nomenclature:

BB-Pjy pole busbar y; y being 1 or 2
BB-N| neutral busbar

The tgrminals at the PoC-DC are described by the following nomenclature:

PoC-IDCx Py station DC PoC x, x being the number of the PoC-DCG{with HV pole Py, y bging 1
or 2

PoC-DCx Ry station DC PoC x, x being the number of the RP6C-DC with station returp path
connection point R; if there are more than ong-return path connection points, the
connection points are numbered (Ry, y beihg ™1 or 2).

Figurg¢ 29 shows an example for a dedicated DC switching station (type BRZ), consisfing of
three | SUs connecting one bipolar AC/DC converter station (type BRO) to two HVDC
transmission lines. There are numerous othersconfigurations depending on the specific
requirements (e.g. the type of converters, peofarity reversal, series connected CUs, Husbar
arrangements). Moreover, there are numerous‘intermediate configurations in the transition from
one c}nnection mode to another one. Those are neither addressed in Figure 29 nor in Taple 12
or Table 13.

Figure 29 shows switches relevant-for operation only; i.e. other equipment is not shown.
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| AC/DC converter station | HVDC grid
. DC switching station .
AC/DC converter unit(s) with DC SUs DC lines
(RO sty Transformer Converter BB-P2 | |
yard BB-N | |
! [ [ FSD '
Q PoC-DC1 P1
3o | | 0—C o1r¢ | '
; |
S accs | AV, i | I :
| | |
| | | a | | |
! [ | = NBS PoC-DC1 R1| | |
| | | | |
| ] ] 2 | | |
| | | CLCES T T |
| | | | | I
IT———— T~ T T T T T T T T T T T T T T - su1 | |
| | | | | |
[ I I | l I
I I e CLES ! [ [
! ! ! PoC-DC1 R2| : :
| Acce ! NV B : : :
'\ . : : I
| |
| : : = FDSD PoC-DC1 P2 I |
| I I T2 | I
| | | | | I
[ I I ' ' I
I I I ' ' I
L 4____________________%“ | —_
|
—— |DC high voltage bus, pole 1 : I
—— DC high voltage bus, pole 2 ] p2P1_ :
DC neutral bus : : :
- IDC transfer bus for high voltage and return path configuration | | ]
— |AC high voltage bus : : [ :
Not part of the DC switching station | | |
=0 PoC-DCx Yz (x being PoC sequence numbering,.if-tequired : : :
Y being P = pole or R = return | | |
z being pole sequence numbering, if required) | | |
| | |
<> IDisconnect switch for configuration or isotation : . FSD 1 poc-Dg2P2 |
<] Breaker or fault separation device I I :
AC CB - AC circuiit breaker | NBES®  z : |
FSD } Fault separation device accoérding to DC fault separation strategy | | I
CLE{ - Converter local earthing.switch (needed for stand alone I DR (PR R |
converter test or operation if the neutral is not connected to the : SU3 : |
HVDC grid earthing) | L :
CUx + CU (x being sequence numbering, if required) | |
SUx + SU (x being,seqlience numbering, if required) | | |
Tx — Converter DG, terminal (x being sequence numbering, if required) : : |
BB-Pk — Pole busbar (x being sequence numbering, if required) | ; L2 R :
BB-N|- Neutral busbar | | |
I | I
@ De\fice,according to DC connection modes (Naming according to ! ! :
| | |
| | |
| | |
| | |
[ |
| |
|

Figure 29 — Example of a BRZ DC switching station. The DC switching
station connects two bipolar transmission circuits with DMR
and an AC/DC converter station of bipolar topology

The first switching unit (SU1) covering PoC-DC1 as per the example in Figure 29 comprises the
HV poles P1 and P2 as well as the return path connections R1 and R2 towards the AC/DC
converter station. Since the DC switching station provides earth reference as well as the
realisation of the different DC connection modes, like bipolar or monopolar, the CU DC terminals
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U1T1, U1T2 as well as U2T1, U2T2 are connected to the respective PoC-DC1 terminals P1,
P2, R1 and R2 without any possible interconnections in between.

In the given example, the DC switching station provides two SUs for the connection of the DC
lines at PoC-DC2 and PoC-DC3 while the AC/DC converter station comprises its own SU and
is therefore directly connected to the busbars of the DC switching station. Furthermore, the DC
SUs serving the connection of DC lines contain the transfer switching elements MRTS and
ERTS for the return path. The NBES for the earth reference is assigned to one DC SU, in the
given example the DC SU for PoC-DC2 was chosen.

To specify the DC connection modes, a scheme like in Table 12 and Table 13 shall be used.
Table[T3shows anm exampte of DC connection modes for a PoC-DC connecting an. AC/DC
convelrter station as applicable to Figure 29, whereas Table 12 describes this for the connpction
to HVPC transmission lines.

In copnection mode 1, both HV poles and the return path connection of ithe PoC-DC are
conngcted to the corresponding busbars of the DC switching station. The HVDC grid or the DC
switching station provides earth reference.

In comnection mode 2, both HV poles of the PoC-DC are connéeted to the correspgnding
busbgrs of the DC switching station. The DC SU connecting to ah HVDC transmission lirje has
no copnection to the return path. The HVDC grid or the DCswitching station provides|earth
refereince.

In corlnection modes 3 and 4, only one HV pole and the return path connection of the PqC-DC
are connected to the corresponding busbars of the DC switching station, while the other HV
pole is DC decoupled. The earth reference is given by the HVDC grid or the DC swifching
statiof.

Conngction modes 5 and 6 correspond.te mode 3 and 4 from AC/DC converter stations'
perspgective. In addition, the unused HY“pole transmission line is connected to the neutral
busbgr of the DC switching station apd thus in parallel to the return line.

Connegction modes 7 and 8 cofrrespond to mode 5 and 6 from AC/DC converter stations'
perspgective. The return HVDC transmission line is DC decoupled and the HV conductor |of the
other pole is used as retutn‘conductor instead by its connection to the neutral busbar of the DC
switching station.

In connection mode. 9, all pole lines and the return line of the AC/DC converter station afe DC
decoypled. The)HVDC grid or the DC switching station provides earth reference] This
connaction mode is not relevant for the connection of the HVDC transmission lines and thus
not ligted in<Fable 12.

The required DC connection modes can also be specified in form of Qingln line diz]rams
showing the connections between the individual PoC-DC terminals including the necessary
switchgear.

The reconfiguration requirements between the individual DC connection modes of a DC SU
(corresponding to PoC-DC) including the maximum transition times from no-load operation in
the former mode to no-load operation in the new mode shall be specified using Table 14.
Table 14 indicates the times for reconfigurations used normally as per example in Figure 29. In
all reconfiguration actions, attention shall be paid to assure proper earth reference in the HVDC
grid.

The reconfiguration from mode 1 to mode 2 differentiates regarding the type of the return path
as follows:

o dedicated metallic return (-BRZ or -BRE SU),
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e earth electrodes, typically connected via an electrode line (-BEE SU).

In the case of a bipole with return path (-BRZ, -BRE or -BEE unit), the reconfiguration from
mode 1 to mode 2 will include opening the MRTS.

In the case of a bipolar SU with earth electrode (-BEE station) and a corresponding electrode
line, the reconfiguration process from mode 1 to mode 2 can — before opening the MRTS - also
include closing the NBES and thus using the station earth as the return path temporarily. This
will typically be done as part of a protection sequence in the event of an interrupted electrode
line or DMR. In this case the earthing branch shall not contain any additional impedance and
the station earthing system has to be designed accordingly. Mode 2 will eventually be achieved

by op :ning the NBES at least onone end of the link to prn\/nnf unwanted earth currents

The r¢configurations and their timing requirements shall be specified individually aceording to
the functional requirements of the HVDC grid and can include transitions otherithan [those
shown in Table 14. Some of the reconfigurations can be specified to be done,only when de-
energ|sed, some reconfigurations can require several intermediate switchingyconfiguratigns.

The durations for reconfigurations are not only defined by the switching elements of the DC
switching station (as in AC grids), but by the decay of voltage and curtent transients to aghieve
propef conditions for the next step in a sequence, furthermore by the coordination of HVDLC grid
contrgls and the performance of the connected active systemsdike’AC/DC or DC/DC conjverter
statiohs regarding control of load-flow and DC voltage. It is necessary to define the instapce of
start and end of the individual reconfiguration sequences,clearly.

Table 12 — Connection modes of the bipolar DC SU
of Figure 29 connecting a PoC-DC of:an HVDC transmission line

Connection mode Busbar
BB-P1 BB-N BB-P2

Bipolar

Mode|1 PoC-DCx P1 PoC-DCx R PoC-DCx P2
with return path
Bipolar

Mode|2 without return path ("Tigid PoC-DCx P1 PoC-DCx P2
bipolar")

Mode|3 Monopolarpole 1 PoC-DCx P1 PoC-DCx R

Mode|4 Monopolat pole 2 PoC-DCx R PoC-DCx P2
Monopolar pole 1 PoC-DCx R

Mode|5 PoC-DCx P1
with HV parallel return PoC-DCx P2
Monopolar pole 2 PoC-DCx R

Models RPeC-DCxP2
with HV parallel return PoC-DCx P1

Monopolar pole 1
Mode 7 PoC-DCx P1 PoC-DCx P2
with HV return

Monopolar pole 2
Mode 8 PoC-DCx P1 PoC-DCx P2
with HV return

Mode 9 DC decoupled pole 1 and pole 2
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Table 13 — Connection modes of the bipolar DC SU of
Figure 29 connecting a PoC-DC of an AC/DC converter station (x = 1)

Connection mode Busbar
BB-P1 BB-N BB-P2
PoC-DCx R1
Mode 1, 2 Bipolar PoC-DCx P1 PoC-DCx P2
PoC-DCx R2
Monopolar pole 1
Mode 3,5, PoC-DCx P1 PoC-DCx R1
(DC decoupled pole 2)
Monopolar pole 2
Nodel4, 6, PoC-DCx R2 PoC-DCY P2
(DC decoupled pole 1)
Mode|9 DC decoupled pole 1 and pole 2 ?\‘ ~V

Table 14 — Normally used DC circuit reconfiguration-time
requirements for the DC SU example of Figure 29 (PoC-DC)

Pr evioqs Next connection mode Sy
conpection

mgde S, Mode 1 | Mode 2 | Mode 3 | Mode 4 | Mode 5 | Mode 6 | Mode 7 | Mode 8 | Mpde 9
Mode|1 !max12 max13 max14 *) *) *) *) Thax19
Mode|2 ! max21 *) *) *) *) *) *) hax29
Mode|3 L max31 *) *) Imax3s *) *) *) Ihax39
Mode|4 L maxa1 ) ) ,&\e' ) !max46 ") ") Lhax4o
Mode|5 *) *) max53 *) *) max57 *) Ihax59
Mode|6 *) *) *) Imax64 *) *) Imaxe8 haxe9
Mode|7 *) *) ) *) !max75 *) *) hax79
Mode|8 *) ) *) *) *) !max86 *) Ihax89
Mode|9 !max91 tmax92 !max93 !max94 !max95 !max96 max97 max98

*) no girect transition

asxil: time for transition between previous connection mode S_and next connection mode SV

9.2.3.1.2 Neutral point earthing

For providing earth reference potential the DC neutral conductor or terminal. respectively, of
the HVDC grid can be connected to earth. This connection, if any, can be provided by the DC
switching station or via return conductor somewhere else within the HVDC grid.

The location of the earthing point shall be selected considering conductive structures in the
earth and above, like cable sheaths, pipelines, OHLs, transformers in AC systems or others
with respect to magnitude and time. This can require the earthing point being located outside
the physical boundaries of an HVDC station and being connected by a dedicated HVDC
transmission line.

The earth reference shall be provided throughout the entire HVDC grid. Therefore, this shall be
respected for reconfigurations considering the state of the entire HVDC grid.
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The earth connection, if any, as well as the switching conditions, if any, shall be specified. The
earthing branch can be switched by the NBES or be permanent and can include resistors,
reactors, capacitors, arresters or any combination thereof.

The electrical characteristics of the earthing branch shall be specified.
The conditions for switching the earthing branches on or off shall be specified.

9.2.3.21.3 Neutral path and earthing point transfer switches

Technical requirements and specifications of neutral path and earthing point transfer breakers
are d¢scribed in Cigre Technical Brochure 683 [21] and [EC TS 63014-1.

The eprthing point shall be coordinated throughout the HVDC grid or subsystem. Connecling or
discomnecting parts of the grid can require moving the earthing point. Moving the‘earthing point
is acdomplished by coordinated switching of the relevant transfer breakers. The coordipation
and sequence shall be provided by the HVDC grid controls.

The HVDC grid has to provide the conditions needed for the transfer ©reakers to operate| such
as:

e prpvide an alternative path for current commutation
e aspure the appropriate sequences

o linpit the currents according to the switching capabilities of the relevant switches.
9.2.3.R.2 DC voltages

The r¢quirements with respect to DC voltage afe described in 5.4. The values according [to the
parameter list apply.

9.2.3..3 DC insulation levels

The r¢quirements with respect toADC insulation levels are described in 5.4.

Withstand or protective levels-shall be specified at the PoC-DC including the neutral terminal,
if any| The protective leyéls shall be coordinated within the HVDC grid, especially with HYDC
stations in close vicinity:

Effectjve measures\shall be taken in the DC switching station limiting any overvoltages jat the
PoC IC to protective levels defined for the HVDC grid.

9.2.3..4 DC fault ride through behaviour

DC fd H. I;dU thluugh lcquilclllcnta fUI [=} PUC'DC ;II ICb'JUIIDU tU all ;IIbu:dt;Ull fau:t app.,arlng
at another PoC-DC of the DC switching station shall be specified according to one of the
following concepts as described in 7.4:

e continued operation,

e temporary stop P,

e permanent stop P.

For temporary separation concepts, the corresponding timings shall be specified.

Independently of the fault separation concept, the maximum number of subsequent fault events
including a specified number of recovery attempts within a certain time span shall be stated
together with the tolerable time to restore full capabilities for DC fault ride through.
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9.2.3.2.5 Capability of switching and breaking DC currents

9.2.3.2.5.1 Energisation and de-energisation, connection and disconnection of DC
circuits

9.2.3.2.5.1.1 General

DC switching stations can be required to provide certain DC current turn-on and turn-off
capabilities under normal operation. Such turn-on and turn-off capabilities can apply to its
individual poles and the return path and can include:

e energisation of a DC circuit,

e connecting a DC circuit to an energised HVDC grid,

e digconnecting a DC circuit from an energised HVDC grid,

e dd-energisation of a DC circuit.

Decis|ve factors determining the required switching capabilities include:

o HVYDC grid topology, especially the coordination with other relevant installations, like AC/DC
converter stations or DC/DC converter stations;

e concepts of HVDC grid operation including DC circuit energisation or slystem
regconfigurations;

o type of HVDC transmission lines and type of converters(including their operational states.
9.2.3.2.5.1.2 Energisation of a DC circuit

When| the HVDC grid or parts thereof are to be énergised via the DC switching statioph, the
followjng shall be specified as a minimum set of,requirements:

e equivalent circuit of the system to be enerdised including, if any, HV OHLs, cables and other
HYDC stations;

e equivalent impedances of all relevant components, especially its capacitances;

e any residual voltages prior to‘€énergisation, if any;

e tafget DC voltage band far energisation;

. meimum transient DG.overvoltage due to energisation;
e maximum transient\DC undervoltage due to energisation;

¢ minimum and maximum time to reach the target DC voltage band;

e maximum gharging current (peak value);

e maximum-charging energy;

e maximum number and repetition rate of DC circuit energisation.

All components involved with the energisation process shall be capable of withstanding the
associated charging currents. Methods limiting or controlling the charging currents include
additional impedances temporarily switched into the charging current path, i.e. reactors,
resistors or arresters which shall be designed to withstand the corresponding voltage, current
and energy duties, respectively.

With respect to any pre-existing insulation faults inside the DC circuit to be energised, the
element providing the energisation shall have a short-circuit making capability according to the
design short-circuit current as specified as well as appropriate protection elements.

9.2.3.2.5.1.3 Connecting a DC circuit to an energised HVDC grid

When connecting a DC circuit to an energised HVDC grid, measures by the associated DC
circuits shall be performed to gain limited voltages across the switching element. Tolerances in
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