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FOREWORD

International Electrotechnical Commission (IEC) is a worldwide organization for standardization)con
ational electrotechnical committees (IEC National Committees). The object of IEC is to promote’intern
bperation on all questions concerning standardization in the electrical and electronic fields:\To this ¢
bddition to other activities, IEC publishes permitted International Standards, Technical Specifig
hnical Reports, Publicly Available Specifications (PAS) and Guides (hereafter\(referred to a
lication(s)”). Their preparation is entrusted to technical committees; any IEC National Committee int
he subject dealt with may participate in this preparatory work. Internationak~governmental an
lernmental organizations liaising with the IEC also participate in this preparatiofi. IEC collaborates clos
International Organization for Standardization (ISO) in accordance with coriditions determined by agr
veen the two organizations.

formal decisions or agreements of IEC on technical matters expressf.ds nearly as possible, an intern

rested IEC National Committees.

Publications have the form of recommendations for international use and are accepted by IEC N
hmittees in that sense. While all reasonable efforts are made to ensure that the technical content
lications is accurate, IEC cannot be held responsible for the way in which they are used or
nterpretation by any end user.

rder to promote international uniformity, IEC National Committees undertake to apply IEC Publi
sparently to the maximum extent possible in theignational and regional publications. Any divergence b
IEC Publication and the corresponding national*or regional publication shall be clearly indicated in thd

itself does not provide any attestation .of>conformity. Independent certification bodies provide con
essment services and, in some areas, .access to IEC marks of conformity. IEC is not responsible
ices carried out by independent certification bodies.

isers should ensure that they have the latest edition of this publication.

liability shall attach to IEC orhits-directors, employees, servants or agents including individual expe|
nbers of its technical committees and IEC National Committees for any personal injury, property dan
br damage of any nature ‘whatsoever, whether direct or indirect, or for costs (including legal feqg
enses arising out of «he. publication, use of, or reliance upon, this IEC Publication or any oth
lications.

ntion is drawn to‘\the Normative references cited in this publication. Use of the referenced publica

ntion is drawn to the possibility that some of the elements of this IEC Publication may be the subject o
ts. IEC shall not be held responsible for identifying any or all such patent rights.

R 63363-1 has been prepared by IEC technical committee 115: High Voltage

prising
ational
nd and
ations,
5 “IEC
brested
d non-
bly with
pement

ational
om all

ational
of IEC
or any

cations
etween
latter.

formity
for any

rts and
age or
s) and
er IEC

ions is

patent

Direct
Power

ht\(HVDC) transmission for DC voltages above 100 kV and IEC subcommittee 22F:

electronics for electrical transmission and distribution systems. It is a Technical Report.

The text of this Technical Report is based on the following documents:

Draft Report on voting

115/281/DTR 115/298/RVDTR

Full information on the voting for its approval can be found in the report on voting indicated in
the above table.

The language used for the development of this Technical Report is English.
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A list of all parts in the IEC 63363 series, published under the general title Performance of
voltage sourced converter (VSC) based high-voltage direct current (HVDC) transmission, 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

descri

bed in greater detail at www.iec.ch/standardsdev/publications.

The committee has decided that the contents of this document will remain unchanged until the
stability date indicated on the IEC website under webstore.iec.ch in the data related to the

specififc document. At this date, the document wittbe ... |

e regonfirmed,

e withdrawn,
e replaced by a revised edition, or
e amended.
IMPQRTANT — The "colour inside" logo on the cover page of this document indicates that it

cont

pnts. Users should therefore print this document using-a colour printer.

contpins colours which are considered to be useful for.the correct understanding of its
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INTRODUCTION

High-voltage direct current (HVDC) is an established technology that has been in commercial
use for more than 60 years. With the changes in demands due to evolving environmental needs,
installation of HVDC systems has increased dramatically in the last 30 years and almost half of
the world's HVDC projects were commissioned after the year 2000. HVDC has become a
common tool in the design of future global transmission systems.

An HVDC system transmits more electrical power over longer distances than a similar
alternating current (AC) transmission system, which means fewer transmission lines are needed,
saving both money and land and simplifying approvals. In addition to significantly lowering
electr|cal losses over long distances, HVDC transmission is also very stable and €’easily

contrglled, and can stabilize and interconnect AC power networks that are_©thgrwise
incompatible. Typically, an HVDC system provides unique or superior capabilities iIn the
followjing aspects:

— lomg distance bulk power transmission;
— asglynchronous interconnections;

— long distance cable;

— controllability;

— loyer losses;

— environmental concerns;

— limitation of short-circuit currents.

The vpltage sourced converter (VSC) HVDC transmission system is a new generation of HVDC
transmission technology, which can increase thé’ reliability of power grids and provige an

alternptive to connecting wind farms or solar. farms to power grids, providing power to islands,
conngcting asynchronous grids and building direct current (DC) grids. VSC HVDC can prpvide:

— indlependent decoupled control of active and reactive power;

— pawer supply for weak or even passive networks without a need for AC network to pfovide
commutating voltage;

— simultaneous support of both active and reactive power to the AC power systems, which is
beaneficial for enhancing-system reliability and improving power quality.

Simply due to these(technical merits, the market demand for VSC HVDC transmjssion
technplogy is spreading widely over the world. VSC HVDC has been selected for a numper of
transmission projects aimed at exchanging energy between areas and connection of rémote
renewable energy-sources such as offshore wind farms to onshore.

With the fast'development of the VSC HVDC power transmission industry, IEC standardization
hents,
: ; 2747,
IEC TR 62543, IEC 62501, and the IEC TS 62751 series provide essential information for the
design and operation of VSC HVDC transmission systems.

This document provides, as a supplement to above publications, a basic guide in VSC HVDC
transmission system design and operation.

This document is part one of a series of three intended technical reports, covering steady-state
performance, while parts two and three (yet to be published) are intended to cover transient
performance and dynamic performance, respectively.
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PERFORMANCE OF VOLTAGE SOURCED CONVERTER (VSC) BASED

HIGH-VOLTAGE DIRECT CURRENT (HVDC) TRANSMISSION -

Part 1: Steady-state conditions

1 Scope

The opjective of this Technical Report is to present the "state of the art” with respect to-g¢neral
guidapce on the steady-state performance demands of VSC HVDC transmission syste
concerns the steady-state performance of two-terminal VSC HVDC transmission sy

utilizi

Differ
inclu
with

There
does

a par
perfor

Norm
HVD(
separ
such

VSC

clearl
in IEQ

Refer
VSC

in a9
monit
in this

g converters with power flow capability in both directions.

s. It
stems

ent configurations of a VSC HVDC transmission system are covered.inh this docuyment,
ing the symmetrical monopolar, asymmetrical monopolar, bipolar wittbearth return, hipolar

edicated metallic return and rigid bipolar configurations.

are many variations between different VSC HVDC transmission systems. This doc
not consider these in detail; consequently, it cannot be used directly as a specificati

iment
on for

ticular project, but rather to provide the general basis for the system steadytstate

mance demands.

blly, the performance specifications are based on a complete system including twg VSC

converter stations. However, sometimes a.V/SC HVDC transmission system can a

so be

btely specified and purchased from multiple vendors instead of single turnkey vendor. In
cases, due consideration can be given'to the coordination of each part with the qverall
HVDC system performance objectives,and the interface of each with the system clan be

defined. The major components.@f the VSC HVDC transmission system are pregented

62747.

ing to IEC 62747, an HVDC substation/converter station is defined as that part

bf the

1VDC transmission system which consists of one or more VSC converter units ingtalled

ingle location together with buildings, reactors, filters, reactive power supply, ¢

ntrol,

bring, protective, measuring and auxiliary equipment. The AC substations are not cgvered

document.

This document provides guidance and supporting information on the procedure for s
h and thieytechnical issues involved in the system design of VSC HVDC transmjssion
ts for<both owners and contractors. This document can be used as the basis for dfafting

desig
projed
a prog

urement specification and as a guide during project implementation.

ystem

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 62747:2014, Terminology for voltage-sourced converters (VSC) for high-voltage direct
current (HVDC) systems
IEC 62747:2014/AMD1:2019
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3 Terms, definitions, and abbreviated terms

For the purposes of this document, the terms, definitions and abbreviated terms given in
IEC 62747 and the following apply.

IEC and ISO maintain terminological databases for use in standardization at the following
addresses:

e |EC Electropedia: available at http://www.electropedia.org/

e |SO Online browsing platform: available at http://www.iso.org/obp

3.1 Terms and definitions

3.11
VSC phase unit
equipment used to connect the two DC terminals to one AC terminal

Note 1[to entry: In the simplest implementation, the VSC phase unit consists of two VSE€ valves, and in somg case,
it can ipclude also valve reactors. The VSC phase unit can also include control and protection equipment, and other
components.

[SOURCE: IEC 62747:2014, 7.7]

3.1.2
VSC unit
three [VSC phase units, together with VSC unit contrel equipment, essential protective and
switchiing devices, DC storage capacitors, phasexreactors and auxiliaries, if any, used for
convegrsion

[SOURCE: IEC 62747:2014, 7.6]

3.1.3
VSC ¢onverter unit
indivigible operative unit comprising all equipment between the point of connection on the AC
side gnd the point of connectier’ on the DC side, essentially one or more VSC convgrters,
together with one or more interface transformers, converter unit control equipment, esgential
protegtive and switching devices and auxiliaries, if any, used for conversion

[SOURCE: IEC 62747:2014, 7.5, modified — Addition of "VSC" to the term "converter unit" and
in the|definition replacement of "common coupling” with "connection" and "VSC units" with["VSC
converters".]

3.1.4
VSC ¢onverter station
part ofar-SCHVYBDE-systemwhich-econsistsofoneormoreSCeonverterunits—nretading DC

switchgear, 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

3.1.5

VSC HVDC system

high-voltage direct current transmission system connecting two VSC converter stations
transferring energy in the form of HVDC including related transmission lines and/or cables,
switching stations, if any, as well as other equipment and sub-systems needed for operation


http://www.iso.org/obp
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3.2 Abbreviated terms

The following abbreviated terms are used in the document.

AC alternating current

AM amplitude modulation

ASMP asymmetrical monopole

BPS bypass switch

BtB back-to-back

BES battery energy storage

C&P control and protection

CPS converter paralleling switch

DC direct current

DCqT current transformer for DC application
DCV|T voltage transformer for DC application
DG diesel generator

DMR dedicated metallic return

DMRTS dedicated metallic return transfer switch
EMG electromagnetic compatibility

ERTH earth return transfer switch

FACIS flexible AC transmission systems

FB full-bridge

GIL gas-insulated transmission ling

GIS gas-insulated metal enclosed*switchgear
HB half-bridge

HV high voltage

HVDC high-voltage direet-current

IGBT insulated-gate bipolar transistor

ITU internatiofal telecommunication union
LCC line-commutated converter

MM( maodular multi-level converter

MV medium voltage

NBS neutral bus switch

NBEPB neutral bus earthing switch

PCC point of common coupling

PLC power line carrier

p.u. per unit

RF radio frequency

RFI radio frequency interference

RMS root mean square

SCADA supervisory control and data acquisition
SCL short-circuit level

SCR short-circuit ratio

SMP symmetrical monopole
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signal-to-noise ratio

SSTI sub-synchronous torsional interaction

STATCOM static synchronous reactive power compensator

UPS
VCU
VBC
VBE
VSC

uninterruptible power system
valve control units

valve base controller

valve base electronics
voltage sourced converter
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General

ally, in studies of projects of the classifications of VSC HVDC systems; this doc
ps on the two-terminal point-to-point configuration. The economic considerations ca
ccount the capital costs, the cost of losses, cost of outages and‘6ther expected ¢
ses. The voltage and current ratings for a given power rating can-be optimized to aq

to specify the direct voltage and current ratings, unless there are specific reasons
r example, for compatibility with an already existing “station, to provide for a
5ion or for some other reasons.

SC HVDC system can be operated in differend eonfigurations such as with or w
nission lines, monopolar or bipolar configurations, etc., which are further divide

mmetrical monopolar HVDC system,
ymmetrical monopolar HVDC system;

polar HVYDC system,

h configuration above, the'VSC HVDC system can also be classified in terms of:

ries and parallel cennections of the VSC converter units,

Symmetrical monopolar HVDC system

ymmetrical monopole (SMP), the HVDC system employs one VSC converter per §
g a(symmetrical transmission line with equal line to ground voltages on the positiv
vé(poles and no low impedance ground connection. One of the advantages is th
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their design is similar to that of conventional high voltage AC transmission transformers. A
defined impedance to ground is needed at DC side or AC side in order to control the DC voltages
to ground including balancing the positive and negative pole DC voltages. Figure 1 shows a
simplified illustration of an SMP system with AC side earthing impedance.
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Figure 1 — Symmetrical monopolar VSC HVDC system

4.3 |Asymmetrical monopolar HVDC system
4.3.1 General

With an asymmetrical monopole (ASMP), the asymmetrical monopolar configuration can be the
first sfage in the development of a bipolar scheme. An ASMP HVDC systemi-typically features
one cpnverter at each end of the transmission line. Voltages of the twoDC output termirfals of
the cqnverter are asymmetrical. One end of the converter can be grounded directly on the DC
side, |through an impedance or through the electrode transmission line. The D( side
configuration of an ASMP system can be with earth return or(metallic return, as shgwn in
Figurg¢ 2 and Figure 3.

/\/ Pole \/\
s _ N QO—
jacanl

Figure 2 — Asymmetrical monopolar VSC HVDC system with earth return

IEC

Pole

v A
. N H@—

L

Figure 3 ~Asymmetrical monopolar VSC HVDC system with metallic return

IEC

4.3.2 ASMP with earth return

For ar-ASMPRwith-earth—+returr—scheme—as—illustrated-inFigure2—the-system—also—neads an
earth electrode line and continuously operable earth electrodes at the two ends of the

transmission. The presence of current through the earth involves issues such as corrosion,
magnetic field effects, etc., covered in IEC TS 62334.

4.3.3 ASMP with metallic return

For an ASMP with metallic return scheme, as illustrated in Figure 3, the metallic return
configuration can generally be used for technical and/or economical optimization such as:

a) as the first stage in the construction of a bipolar system and if long-term flow of earth current
is undesirable during the interim period. In such circumstances, the return path can be
through the other pole line, or;

b) if the transmission line length is short enough to make it uneconomical and undesirable to
build earth electrode lines and earth electrodes, or;
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c) if the earth resistivity is high enough to impose an unreasonable economic penalty, or;

d) if long-term flow of earth current is unsuitable, e.g., because of environmental and safety

re

gulations.

This metallic return configuration utilizes one pole conductor and one dedicated metallic return
conductor. The neutral is connected at one of the two HVDC substations to its station earth
either directly or via an impedance or, alternatively, to the associated earth electrode. The other
HVDC substation neutral can be connected to its station earth through a capacitor or an arrester
or both.

NOTE The metallic return conductor can be either a dedicated neutral conductor or another high voltage conductor.

4.4
4.4.1
For a

e Dbi

3.
()

e Dbi

Bipolar HVDC system
General
bipolar HVDC system, there are three configurations as given below:

polar HVDC with earth return,

did bipolar configuration,

polar HVDC with dedicated metallic return.

The main advantage of this bipolar configuration is that it retains an availability of 50 %

transn

operafes as a monopole.

of the

nission capacity in case of one converter outage. Ih" such cases the HVDC system

With fhe bipolar configuration, one pole has positive polarity to earth and the other pole has

negat
of the
the un

4.4.2

This ¢
with 6

balance current flowing in the earth path can be kept at a very low value.

Bipolar HVDC with earth return

lectrodes provided for _earth return operation, as shown in Figure 4. It is effe

equivrrlent to a double-circuit AC transmission. When combined, two monopolar earth

sche

es can give a bipolar scheme.

Pole

\/ A
— @ N

ve polarity to earth. For power flow direction’ehange, the two poles reverse the direftions
r currents rather than the polarities of their voltages. When both poles are in operation,

rrangement is used when aDC transmission line connects two HVDC converter stations

tively
return

4.4.3

,\/J L

—(O#— |
— — Vi

Pole

IEC
Figure 4 — Bipolar VSC HVDC system with earth return

Rigid bipolar configuration

A rigid bipolar HVDC system configuration is shown in Figure 5. With this scheme, operation is
limited to naturally balanced DC current, however, the installation cost can be reduced. In case
of outage of one pole line, the entire transmission capacity of the bipolar link is lost. In case of
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outage of one converter pole, 50 % of the transmission capacity can be restored after
reconfiguration by DC switchgear for bypassing DC terminals of the failed converter bridge.

Pole

Pole

Figure 5 — Rigid bipolar VSC HVDC system

4.4.4 Bipolar HVDC with dedicated metallic return

The Ripolar HVDC with dedicated metallic return (DMR) can/be constructed with g third
conddctor, as shown in Figure 6. This third conductor carries unbalanced currents during Qipolar
operation. It also serves as the return path when one transmission line pole is out of sqrvice.
This third conductor needs only reduced voltage insulation.

D ) ) @
SLaals
—(OH— £ ANy a(O=

Pole

IEC

Figure\6)— Bipolar HVDC system with dedicated metallic return

The neutral of-efe of the two HVDC substations can be earthed, while the neutral at the|other
end of the transmission can float or be tied to its station earth through an arrester, a capacitor
or bo

4.5 Back-to-back HVDC system

The back-to-back (BtB) configuration is a special case of VSC HVDC transmission. In this
arrangement, there is no DC transmission line/cable and both converters are located at one site
and connected via DC busbars. The converters can be located in one hall, or even in one
integrated structure. Similarly, many other items for the two converters, such as the control
system, cooling equipment, auxiliary system, etc., can be located in one area or even integrated
in layout into configurations common to the two converters. The circuit configurations of the BtB
can vary.

4.6 Interface transformer arrangements

Interface transformer is used for coupling of VSC HVDC system to AC network. There are a
number of commonly used design alternatives:
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e three-phase transformer, or single-phase transformer;

2022

e two-winding transformer, or three-winding transformer, e.g. tertiary winding can be used to
supply auxiliary power for the station;

e DC offset or not.

In a symmetrical monopole VSC HVDC system, theoretically, it is possible that the interface
transformer cannot be needed. However, in order to mitigate significant stresses due to the
overvoltage and the short-circuit current, most projects have employed an interface transformer.
And, in the case of a BtB scheme, for selecting optimal DC voltage, the interface transformer is
indispensable.

For a
be ne

4.7
4.71

In bip
canb
avail
This

bipolar VSC HVDC system, a high insulation level design of the interface transformg(
bded to accommodate the DC stress on the secondary windings due to DC voltage

Switching and reconfiguration
Converter station and DC yard switching

plar systems, DC switching can be provided, as shown in Figurg)7, so that any con

b used for connection to any substation pole or to neutral. This“ean increase HVDC s
bility by operating in monopole metallic return operation in thejevent of a fault in any
rrangement is useful for a scheme involving cables and where a fully insulated

cable|is available or cables are connected in parallel. If ongtsubstation pole is out of se
the cgbles can be paralleled to reduce line losses. Generally, DC buses are fixed in rela
convelrters, with two pole buses and a neutral bus. This can prevent connection of th
substation poles in parallel.

Br can
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DC|bus
Neytral bus

DC|line/cable
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Figure 7 —DC switching of line conductors

4.7.2 Transition station switching

If the HVDC transmission system includes both overhead lines and cable sections, the overhead
line and cable switching arrangement (transition) such as in Figure 8 can be used at the jupction
of the|overhead lines_and cable sections.



https://iecnorm.com/api/?name=62ea158dc39863cc3b59514845d864fd

- 18 — IEC TR 63363-1:2022 © IEC 2022

2 IEC
Key
1 DC]Joverhead lines
DC|bus
DC|switches

A~ wN

DCj|cables (two poles, one spare if needed)

Figure 8 — DC switching — Overhead‘line to cable

4.7.3 Connecting multiple converters
4.7.3.( General

On the DC side, more than two VSC converter units can be connected in parallel or in deries.
Howeyer, the increased complexity of multiple converter units needs to be evaluated with regard
to project-specific demands.

Figurg 9 gives the examples of the DC switchyard for a bipolar VSC HVDC system with two
VSC ¢onverter units in parallel\(Figure 9 a)) and series (Figure 9 b)) connections per polg.
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a) Two VSC converter units in parallel connection per pole
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b) Two VSC converter units in series connection per pole

Converter paralleling switch
Bypass switch

Earth return transfer switch
Metallic return transfer switch
Neutral bus switch

Neutral bus earthing switch

Figure 9 — Examples of VSC HVDC system with two converter units per pole
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The bipolar configuration offers a number of operating modes. Consequently, the following
demands can be considered in the specifications.

a) During an outage of one HVDC transmission line, the converter equipment of the other pole
can be capable of operation with earth return or using the DMR. Note that this option is

un

available with the rigid bipole configuration.

b) During an outage of one or more HVDC converter stations of one pole, if long-term flow of
earth current is undesirable and if the defective line pole still retains some low voltage
insulating capability, the bipolar system can be capable of operation in the monopole
metallic return mode. To switch into this emergency operating mode, the conductor of the
out-of-service pole is first connected in parallel with the earth path and then the earth path

is
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shown in Figure 9 a), the converter paralleling switch (CPS) can be used to increase the s

flexibi

service pole). Load transfer without interruption needs a metallic return transfer
RTS) at one terminal of the DC transmission. If the power flow can be interrupted’s
s possible that the MRTS is unneeded. The neutral equipment at the MRTS,end

DC transmission system can be insulated from earth for a somewhat higher voltagf
the other end of the system.

ring maintenance of the earth electrode(s) or the earth electrode line(s), operation
bolar system can be with the station neutral(s) connected to the ‘Station earth at ¢
th HVDC substations as long as the unbalance current between-the two poles en
b station earth(s) is kept at a reasonable value. In this arrangement when one transm

bipolar operation with both earth electrodes connected,the two poles of the HVDC s

eded if loss of cooling or some other unusual condition prevents the operation of on
th full current. Note that this option is unavailable Wwith the rigid bipolar configuratio

boretically be connected in parallel by using appropriate switches for polarity reve
least one station pole enabling both pelesto operate in the monopole earth return
is, however, needs that both DC terminals of both converters be insulated for the fu
Itage and that the line and the earth electrode can be thermally capable of carry
rrent higher than the nominal current.

HVDC system includes an ‘overhead line, DC filters (e.g. power line carriers, PLC
ns on the DC lines.

witch and disconnector in Figure 9 are as defined in IEC 62271-1:2017, 3.4.1 and 3
R Conyeérter paralleling switch (CPS)
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3 High speed bypass switch (BPS)

For an HVDC system with two converters connected in series in each pole, as shown in
Figure 9 b), the high speed bypass switch (BPS) can be used to decrease the pole contingency

rate a

nd increase the system availability. The switches mentioned here are optional.

In the case of a half-bridge (HB) VSC HVDC system, in order to avoid a short-circuit between
the DC terminals of the converter unit with large short-circuit current, the AC side circuit breaker
needs to be opened before closing DC BPS for DC current commutation.
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4.7.3.4 Neutral bus switch (NBS)

Within a bipolar HVDC system, to transfer between various operation configurations and
increase utilization of the whole HVDC system, the high-speed DC switches, such as a neutral
bus switch (NBS), can be used. The NBS connected in series with the neutral bus on a bipolar
HVDC scheme is designed to commutate current from the pole conductor or neutral bus to the
electrode line or dedicated metallic return conductor in the event of a pole to earth fault or
neutral bus to earth fault during bipolar operation.

4.7.3.5 Neutral bus earthing switch (NBES)

A neutral bus earthing (grounding) switch (NBES) can be installed to further increase the
reliab|lity and availability of the HVDC system.

For thie application with earth return, the NBES is installed on the neutral bus at both ends and
is opgn in normal operation. The NBES can be closed automatically if grounding‘connection is
lost infthe balanced bipolar operation mode. The NBES cannot be assumed tg-have a sign|ficant
current transfer capability, but is capable of opening during bipolar operatiomhence transferring
the unbalanced current to the earth electrode.

For thhe application with dedicated metallic return (DMR) line, the*NBES is installed at the
insulated end of the neutral circuit and is open in normal operation./During bipole operation with
balanged current, the NBES can be closed automatically when‘the DMR is out of service. (When
an edrthing fault occurs at the DMR line, especially in motiopole operation, part of the DC
current of the DMR line can flow to the fault location. In‘erder to protect insulators, the NBES
is closed within several hundred milliseconds to trapsfer the fault current from the DMR line
insulator surface path to the converter station grounding mesh. After the expected time|when
the fqult current is extinguished and deionizedythe NBES is opened to commutate the DC
current from the path of the earthing mesh to the original neutral circuit. In this application, the
NBES is assumed to have a significant currenitransfer capability.

4.7.3.6 Earth return transfer switch(ERTS)

For abipolar system with earth as return circuit, an earth return transfer switch (ERTS) dan be
installed when it is needed to transfer the configuration from a monopole metallic return|[to an
earth return without interrupting-power transfer.

4.7.3.7 Metallic return transfer switch (MRTS)

For abipolar system‘using an earth electrode or dedicated metallic return (DMR) as the feturn
path, [one of theSconverter stations can be equipped with a metallic return transfer $witch
(MRTB). In a BMR application, the MRTS is also called the dedicated metallic return transfer
switchh (DMRTS). The MRTS is used for current transfer from monopole earth return orf DMR
return to, another return circuit, i.e., a pole line without interrupting power transfer whep it is
needqd:

If the commutation current level is beyond the capability of the DC switches when switching
between configurations, the HVDC transmission power can be temporarily reduced within the
commutation capability of the switches as long as there is no significant disturbance to system
operation, and thereafter increased to the maximum as needed. In a DMR scheme, the DC fault
current can flow into the AC system and come back through neutral point of transformers
installed in the converter station. This current can lead to the malfunction of protective relays
installed in nearby stations, because of saturation due to DC current. To prevent such
malfunctions, insertion of neutral grounding resistors (small resistance) to transformers in the
converter station can be effective.
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DC gas-insulated metal enclosed switchgear (DC GIS)

Within the DC switchyard, normally air-insulated equipment is used. However, the DC gas-
insulated metal enclosed switchgear (DC GIS) can be of particular interest for space-saving
where space comes at a high premium.

The DC GIS can comprise at least the following equipment: busbars/busducts, disconnectors,
earthing switches, DCCTs (i.e. current transformers for DC application, refer to IEC 61869-14),
DCVTs (i.e. voltage transformers for DC application, refer to IEC 61869-15), bushings, and
appropriate insulation medium and enclosure. In addition, connections and sensors can be
provided to facilitate monitoring and testing of partial discharges.

The OC switchyard configurations of the VSC HVDC system are the same or similar t¢ line-
commutated converter (LCC). For further information, refer to IEC TR 63127.
5 Epvironmental information
The lpcation and the information listed in Table 1 can be supplied for@ach HVDC conyerter
statiof.
Table 1 — Information supplied for HVYDC substation
Parameter Unit Examples of use and comments
Height above sea-level m For the design of air-cooling systems
and for air clearances
Outddor air temperature °C The maximum temperatures are giyen
for rating purposes and the low
temperatures for overload capabilify
demands. If the user intends to
overload the equipment and accept a
corresponding loss-of-life expectancy,
this can be stated and the essentigl
information supplied
For low For rated If preferred, curves showing how these
temperature power parameters vary over the year, onja
capability capability monthly basis, can be provided ingtead
Maximum dry-bulb temperature °C °C Valve cooling, oil insulated transfoymer
and air-cored reactor design
Maximum wet-bulb temperature °C °C Evaporative cooling system design and
of valve hall relative humidity
Maximum averageddry-bulb °C °C Oil insulated transformer and air-cpred
tempgrature feraperiod of 24 h reactor design
Minimum dverage dry-bulb °C - Oil insulated transformer, air-cored
tempgrature for a period of 24 h reactor and disconnector switch dgsign
and building heating needs
Minimum dry-bulb temperature °C - Oil insulated transformer, air-cored
reactor and disconnector switch design
and building heating needs
Maximum and minimum indoor air °C °C Usually determined by the valve
temperatures and relative humidity o o designer for the valve hall and by the
% % control designer for the control room
Indoor air temperatures and relative °C °C Specified if indoor temperature
humidity during maintenance and o o extremes are too great for maintenance
maximum transition time after % % personnel
shutdown
Maximum incident solar radiation Building cooling, ratings of
transformers, reactors, buses, etc.
Horizontal surface W/m?2

Vertic

al surface

W/m?2
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Parameter Unit Examples of use and comments
Wind conditions
Maximum continuous velocity m/s Equipment support and building design
Maximum gust velocity m/s Equipment support and building design
Maximum velocity at a minimum m/s Conductor, strain insulator and tower
temperature ..... °C design
Ice and snow covering load
Maximum ice thickness with no wind mm Equipment and structure design, for
example, disconnector/switch,
conductor, etc.
Maximum ice thickness with a mm Equipment and structure design;)fgr
maximum wind of ..... m/s example, disconnector/switch{
conductor, etc.
Maximum snow load N/m?2 Building design
Maximum depth of snow mm Equipment height above snow for gafety
purposes
Rainfall Building and site drainage
Annual average mm
Maximum in a period of 1 h mm
Maximum in a period of 5 min mm
Fog apd contamination To determine demands for insulatipn
. ) ) ) and air-cooled equipment. An estimated
Utility| practice for insulator washing equivalent salt deposit density level can
and gfeasing be specified for equipment design
Keraynic level at the station and the Strokes/kmzlyear Station lightning protection design

first 5|km to 10 km of the line

(substation)

Strokes/100km/year(line)

Seisnjic conditions

Equipment, structure and foundati
design

=}

Maximum horizontal acceleration m/s?
freque¢ncy range of horizontal
oscillgtions Hz
Maximum vertical acceleration m/s?
frequency range of vertical osgillations H
z
Durat|on of seismic event S
Coolifg water available.at the site (if Secondary cooling water can be uged
used for secondary)cooling) either for make-up and blow-down [of
evaporative coolers or for once-through
cooling. Evaporative cooling towerg can
be a source of high humidity for the
insulators and can be carefully locgted
Sourceor water Reservorr, wett, etc. ...
If preferred, curves showing how these
parameters vary over the year on a
monthly basis can be provided instead.
For low For rated
temperature power
capability capability
Maximum continuous flow rate m3/s m3/s Needed for cooling system design
Maximum flow rate for a period of 24 h m3/s m3/s Needed for cooling system design
Minimum continuous flow rate m3/s m3/s Needed for cooling system design
Minimum flow rate for a period of 24 h m3/s m3/s Needed for cooling system design
Maximum water temperature - °C Needed for cooling system design
Minimum water temperature °C - Needed for cooling system design
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Parameter Unit Examples of use and comments

Maximum allowable water temperature °C °C Needed for cooling system design

to drain

pH level Design of water treatment plant
Parameters apply only in the case
where well water is used for
evaporative cooling

Conductivity of water u Siemens/m Design of water treatment plant

Type of dissolved solids Design of water treatment plant

Quantity of dissolved solids g/m3 Design of water treatment plant

Type pf undissolved solids Design of water treatment plant

Quanfity of undissolved solids g/m3 Design of water treatment plant

Maximum earth resistivity at the HYDC Qm Station earth design

substation

— Dppth of water table m Foundation desigh

— S|te soil conditions Bore hole information (for examplg,
rocks) andrany special conditions, [such
as maximum frost depths, foundatipn
design

— S]te accessibility To'determine installation and delivery
costs

— Weight and size limitations for kg, m Equipment design — especially

trinsportation transformers and reactors
— Lécal profile limitations on Influence on equipment, bus and
equipment and buildings building design

— Ehvironmental considerations Audible noise limits, aesthetic denjands
— architectural treatment, landscaging,
etc.

Any dpecial conditions not listed above, for instance, related regulations, transportation limitations, etc. which
influepce system performance can be given,

6 Rated power, current and voltage

6.1 Rated power

Rated power is thelactive power which the VSC HVDC transmission system is able to operate
contifquously, over the range of ambient conditions specified, with all equipment in service, but
with gr without-the need to utilize redundant components depending on the specification; the
VSC HVDC system voltage and frequency being in their steady state ranges.

Because the VST HVDCT fransmission system In general consists of three sections, that is the
two VSC HVDC substations and the transmission line, each of which produces losses, the point
and the method of determination of rated power can be specified.

Normally, the rated power of the VSC HVDC transmission system can be defined either at DC
or AC side and either at sending or receiving end. If the same power rating is need in both
directions, such as with system ties for power exchange, this can be stated. Where power flow
is primarily in one direction, such as with systems fed from remote generation, rated power can
be specified only for that direction to optimize the system cost.

6.2 Rated DC current

Rated DC current is the mean value of the direct current that the system is able to transmit
continuously for all ambient conditions specified and without time limitations.
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Rated DC voltage

Rated DC voltage is the maximum continuous mean operating direct voltage of the VSC,
excluding harmonics and ripples for which the equipment is designed.

For long distance HVDC transmission systems, the rated DC voltage is generally specified at
the sending end. If the voltage capability of the HVDC transmission line is higher than the rated
DC voltage, then this can be stated.

7 Steady-state operation

7.1

In the
indep

General

VSC HVDC system, each VSC converter station is able to control the reactive
bndently from the active power within the rated values. The exchange of reactive

between a VSC converter station and the AC system can be controlled by the ‘amplitude
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VSC HVDC system operate within reasonable limits.

p position of interface transformers equipped with an(on-load tap changer as well
bs of reactive power included in the VSC converter station, such as shunt capa

reactors, series capacitors, static synchronous reactive power compen
[COMSs) can be considered in the active and reactive power capability of the VSC

ANTCOM mode of operation, the VSC converter can only exchange reactive power
'minals and without energy transfer.en the DC lines or cables except the losses.

PQ diagram

Q diagram of the VSC HVDC system defines its possible steady-state active and re
s operating regime. The_diagram normally gives the capability at the AC interface
active output powenrP is positive, the VSC is operated as an inverter, either in capa
when Q is positive; or in inductive mode when Q is negative. When P is negativ

all four quadrants of the PQ plane.

eady-state active and reactive power capabilities of the VSC HVDC system are des

maximum and minimum reactive power exchange capabilities (inductive and capa
ding-on active power and AC voltage at the PCC. These can be specified in th
ms“for different AC voltage levels (i.e. Uy~ = const.).
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Figure 10 gives an example of the PQ diagram, showing the maximum and minimum reactive
power (inductive and capacitive) exchange capabilities of the VSC converter. In the diagram, a
number of operating points (e.g. OP1-OP8) of the VSC converter can be defined as needed.
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IAC voltage at PCC

Operating points of the VSC converter (i = 1, 2, 3, ---, 8)

Figure 10 — Example of PQ diagram of the VSC converter
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current capability of the VSC converter and with half-bridge converters, also by the DC vdltage.
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ffore, if an interface transformer is.provided, the transformer ratio can be used to op

zed to maximize the steady-stafe power capability of the VSC converter.

PQ diagram is built from:different tap positions of the interface transformer or re
supply from other devices, additional PQ diagrams can be provided to identify the
amic control.

The fundamental\PQ equations and typical power-circle diagrams of the VSC converter can be f
A.

UQ diagram

Q-diagram of the VSC HVDC system gives its possible steady-state AC voltag
Ve . power operating regime. The reactive power exchange of the VSC converter ¢

timize

(Q diagram. With an on-load tap:changer, the transformer ratio can be contindously

active
areas

und in

e and
an be

affected by both power factor and the AC voltage. The minimum demands for the exchange of
reactive power depending on the AC voltage are determined by the UQ profile as an example
shown in Figure 11.
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Key
Uy Nominal AC voltage at PCC
Py Nominal active power (i.e. maximum transmitted active power of the VSC converter)
U, Operating AC voltages (i =0, 1, 2, 3, 4, ---) at PCC
0, Exchanged reactive powers (i = 0, 1, 2, ---) at PCC
cosQ, Power factors ((i = 0, 1, 2, ---) at PCC
Figure 11 — Example of-UQ diagram of the VSC converter
The {SC converter can be capable(of reaching every operation point within its UQ dig
within] a specific time duration. The_operation point within the UQ diagram is determined

VSC rleactive power control.
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Areas of the UQ diagratm which are not part of the normal operating range can be explored by fast d
support functions.

purces of reactive power supply to meet a set of demands can include the most econg
shunt capacitors, shunt reactors, series capa

COMs thhatimeets the steady-state performance criteria.

UQ'diagram is built from different tap positions of the interface transformer or re
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supply from other devices, additional UQ diagrams can be provided to identify the

of dynamic control.

7.4

Reactive power exchange
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The reactive power exchange of the VSC HVDC system with the AC system is limited or
influenced by the characteristics of the AC grid connection, especially on the equivalent short-
circuit level (SCL) impedance at PCC of the VSC converter. The maximum and minimum SCLs
at PCC of the VSC converter station can be considered in the design of the VSC converter

capability.

Figure 12 presents an example of the reactive power exchanges of the VSC converter station
with the AC system in different short-circuit ratios (e.g. SCR = 2,0 and SCR = 5,0) at PCC.
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Figure 12 — Reactive power exchanges of the VSC converter station at PCC

The §CR is here defined as a ratio of the AC network SCL (in*\MVA) at 1,0 p.u. voltage jat the
PCC {o the HVDC substation AC bus, to the rated DC powerof the HVDC substation (in MW).

NOTE | The relationship of reactive power exchange of the VSC<onverter with the AC network SCL impedarce can
be fourjd in Annex B.

8 Overload and equipment capability.

8.1 Overload

Overlpad, which is related to an operation of the HVDC substation, usually refers to |direct
current flow above the level corrésponding to the rated value of active power transmigsion.
Overlpad demand sometimes.also includes reactive power. Overload capability can ofly be
availgble when the needed overload current is included in the equipment capability, including
the trgansmission line, for safe operation. Consideration can be given to suitable reduction|in life
expedtancy of equipment(for example, due to thermal ageing), use of redundancy, and low

result in an effectively increased rating of equipment and thus impose a greater cost or a
reduction of life expectancy. These factors can be weighed against system benefits when
specifying overload.

The frequency and time intervals between such overload cycles can be specified as well.

8.2 Equipment capability
8.2.1 General

This is defined as the ability of the HVDC substation equipment to transmit power greater than
rated, with reasonable loss of equipment life expectancy. It depends on operating conditions as
well as on the design criteria for individual components. Implications resulting from the design
criteria for individual components are discussed in subsequent subclauses with respect to their
bearing on overload specifications.
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Ambient temperature is an important factor. Power equipment is designed to perform at rated
loading under the most adverse ambient conditions specified. However, these conditions
normally prevail for only limited time periods. At low ambient temperatures, some margin can
be available for increased capability, if the constraints listed in 8.2.4 can be overcome. This
margin depends on the design chosen for the particular equipment and can differ for various
HVDC substation components. An enveloping curve of transmission capability versus ambient
temperature can be specified along with the AC system conditions to be met. This can be
specified in terms of wet-bulb and dry-bulb ambient temperatures.

8.2.2 Converter valve capability

valve
is ratHer small (several seconds up to a few minutes). Overloads following continuous opefation
at ratpd current and at maximum ambient temperatures increase the power semiconductor
junction temperature. This can be considered with respect to the designed maximum-opefrating
junction temperature of the VSC valve. Consequently, VSC valve cooling can be designed so
that shfe operating temperatures are not exceeded even during specified overload operation.

If redundancy is provided in the valve cooling circuit, the VSC valves(are normally degigned
such fhat the specified rating can be met under the most adverse ambient conditions anf loss
of power semiconductor cooling equipment redundancy. If additionalrcapability is needed|when
redundant cooling is unavailable, this can be explicitly specified.

On the other hand, with redundant cooling equipment in, sérvice, extra thermal capabilily can
be available. The resulting greater-than-normal current{capabilities depend on the thermal
desigh of the valve and on the cooling system.

In viey of the above, converter overload specifications can state the magnitude and durafion of
overldqad. The converter suppliers can comply with design calculations taking the cpoling
equipment status and ambient temperatures’into consideration.

8.2.3 Capability of oil-cooled transformers and dry type reactors

Suppljers of transformers and «reactors can confirm the thermal time constants qf the
transfprmer or reactor windings;-as well as equipment's overload capabilities and imppct of
loss-gf-life expectancy.

8.24 Capability of/other converter station equipment

All other converter station equipment, including busbar, switchgear, converter contrgl and
protegtion system’ as well as auxiliary systems, need to be designed for the specified ove¢rload
capalbility.

9 Clonverter station types and operation modes

9.1 Converter station types

Five general types (Type A, Type B, Type C, Type D and Type E) of AC/DC converter station
are defined differentiating a converter station's operating range with respect to DC voltage and
DC current, as shown in Figure 13.

NOTE The rectangular shapes of the different types are indicative only. The technical and economic aspects can
lead to different shapes.
o TypeA:

The converter station that can only operate in quadrant 1 of the U/l characteristic, e.g. like
a diode bridge.

e Type B:
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The 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/l characteristic, e.g. like a
thyristor bridge without DC current polarity reversal switches.

e TypeC:

The 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.

e TypeD:

The converter station that can operate continuously in quadrants 1 and 2 at any DC voltage

leyel. This type of converter station can extinguish DC fault currents by operating trangiently
injquadrants 3 and 4, expressed by the dash-dotted line in Figure 13, e.g. like a MMC’pased
on hybrid half-bridge (HB) and full-bridge (FB) modules.
o Type E:
THe converter station that can operate with either DC current direction or, DC voltage poplarity
i.e. in all four quadrants of the U/l characteristic, e.g. like a MMCrbased on full-bridge
modules.
g4
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Figure 13 — AC/DC converter station types in the U/l diagram
The VSC converter station can be one of three types (Type C, Type D or Type E).

For further information, refer to CLC/TS 50654-1.
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9.2
9.2.1

Operation modes

Reduced direct voltage operation

Under contamination conditions, often in combination with unfavourable weather conditions,
operation of an overhead DC transmission line cannot be at its rated voltage. However, the
HVDC converter can be designed to continue power flow at reduced transmission voltages. This
reduced DC voltage operation depends on converter types and the projects case by case.

The VSC converter types C to E have different capabilities to operate with DC voltage variation.
Type C converter has the ability to regulate DC voltage within a limited area. The type C

converter can also be designed to normally operate with a reduced modulation index. in this
case feduced voltage can be achieved by increasing the modulation index. This demand can
mean|a special valve design and thus increases valve costs and losses in normal cond|tions.
Type D can operate continuously in quadrants 1 and 2 and transiently in quadrants’3 and 4 at
differgnt DC voltage levels. Type E converter can operate in all four quadrantshand thefefore
fully gontrol the DC voltage.

It is npted that operating at reduced voltage and modulation index implies’that either the VSC
converter needs to be operated at a higher current than normal andJalso that the lossgs can
incredse (for which it can need to be designed) or the real and reactive power orders can need
to be feduced.

One gossibility for all converter types is that the transformerytap changer can be moved to the
positipn resulting in the lowest AC voltage for the converter. Other possibilities are that the tap
chander range can be increased, or where the HVDG\system is fed from an isolated power
statiop, a reduction of AC bus voltage can also be considered.

The practical value for reduced DC voltage operation is at minimum 80 % of rated vqltage,
perhaps, with reduced performance.

9.2.2 Full direct voltage operation

The USC HVDC system can operaté with full DC voltage in several different operating gtates
from "NOT ready" to be connectedto the AC and DC systems, depending on availability oflother
parts pf the HVDC system and objective of operation.

9.2.3 Operating sequénces

9.2.3.{ General

The fundamental operating sequences of the VSC HVDC system describe the transition

between the-individual operating states of the HVDC system, sub-system or installation.

It can

bevemphasized that operating states and thus also respective sequences always

relate

to a specific grid component that can be either a single device (e.g. switch) or a group of devices
(e.g. VSC converter units).

The o

- to
- to
- to
- to
- to
- to
- to

perating sequences of the VSC HVDC system are defined as below:

start (from 'NOT ready' to 'Ready to energize')

energize (from 'Ready to energize' to 'Energized’)
synchronize (from 'Energized' to 'Ready to connect')
connect (from 'Ready to connect' to 'Ready to transmit')
operate (from 'Ready to transmit' to 'In operation’, switch)
unload (from 'In operation' to 'Ready to transmit')
disconnect (from 'Ready to transmit' to 'Ready to connect')
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— to decouple (from 'Ready to connect' to 'Energized’)
— to de-energize (from 'Energized' to 'Ready to energize')

— to emergency shut-down (from any state to 'NOT ready' — can be enforced by protective
actions).

The operating sequence transitions of the VSC HVDC system can be as shown in Figure 14.

/ [ "Ready to connect" J Connect
Synchronize \

/ Decouple Disconnect \

[ "Energized" ] [ "Ready to transmit" ]

Emergency shut-down(s)

N »

Energize N N Operate
De-energize NOT ready Unload

R g \

"Rpady to energize" J - Start [ "In operation’ ]

IEC

)
Py

Figure 14 — Operating sequence transitions of the VSC HVDC system

Differgnt operation modes, such as STATCOM mode, can be achieved by selecting which part
of the|system to connect in the sequence.

For further information, refer to CLC/TS 50654-1.

9.2.3.R Energized — No-load operating state

In thel energized/no-load operating state, the VSC HVDC substation is energized when the AC
circui{ breaker is closed. A definition of the status of various equipment can be specifjed to
determine the nerload losses of the VSC HVDC substation, if operation in the no-load stand-by
state |s planngd:~The converter can be energized either as a stand-alone unit or connecfed to
the DC systemiand other converters.

The interface transformers are energized or de-energized, depending on the user's policigs with
respect to losses. In the latter case, account can be taken of the time needed for inrush currents
to decay. Oil pumps and coolers can be in operation on a minimum level, as appropriate to the
design of the transformers.

Depending on the start-up concept of the VSC transmission scheme, a circuit breaker can be
equipped with a closing resistor, or a separate pre-insertion resistor, with either a circuit breaker
or disconnector in parallel with it, can be provided in series with the main circuit breaker. The
resistor reduces the inrush current of charging VSC converters, resulting in smaller temporary
AC system disturbances and lower charging current stresses on the free-wheeling diodes during
energization. However, the power losses in the circuit breaker are normally neglected. The
resistor does not contribute to steady-state losses and need not be considered in the loss
evaluation.

Due to the anti-parallel free-wheeling diodes in the VSC half-bridge topology, there is a DC
voltage present at the DC terminals of the converter once the converter is energized. There are
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scenarios where the transformers can be left de-energized, typically if the valve is energized
from the DC side.

The no-load operating state of the VSC converter is defined in IEC 62751 (all parts).

9.2.3.3 Energized — Idling operating state

While operated in idling operating state, the VSC HVDC substation is energized and the
semiconductor devices are deblocked but with no active or reactive power output at the point
of common connection to the AC network.

The "{dling operating” and "no-load” conditions are similar but from the no-load state,-s¢veral
seconds can be needed before power can be transmitted, while from the idling operating/state,
powel transmission can be commenced almost immediately (less than a few powerfrequency
cycleg). In the idling operating state, the converter is capable of actively controlling the DC
voltage, in contrast to the no-load state, where the behaviour of the converter is esseptially
"pass|ve". Losses can generally be slightly lower in the no-load state than in.the idling ope€frating
state.

The idling operating state of the VSC converter is defined in IEC 62751 (all parts).

9.2.3.4 In operation

The SC converter station can be operated in power/ransmission mode or STATCOM, if
reactiye power support is needed by the AC system.

In power transmission operation, the VSC conyeérter station is operational and capaple of
transnitting the active power and exchange reactive power. The VSC converter station opérates
together with another end converter station to(transmit active power on the DC circuit.

In STATCOM operation, the VSC convetter station is fully operational and capable of controlling
the eXchanged reactive power of the converter. The VSC converter station operates as a gtand-
alone|converter not transmitting active power on the DC circuit. The VSC converter statign can
be copnected in the following three modes:
— without DC line or cable;

— with DC line or cableconnected;

— with the other cofiverter substation connected.
10 AC system

10.1 | General

The fotfowing can be specified for AC Systems at bothy ends for each stage of devetopment as
well as for expected future changes. Different values can be specified for performance and
rating purposes. The arrangement of the AC switchgear to which the converter units and filters
(if supplied) are connected, including AC lines, can be described. This can also be done for the
planned operating schemes of the switch yard.

Specific data can be made available for generators, converters and flexible AC transmission
systems (FACTS) devices in the close vicinity, particularly if the major load for the generators
is served through the converter. Often all data pertinent to system study items, such as load
flow and short-circuit studies are also needed.

Local grid codes need to be considered where applicable.
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10.2 AC voltage
10.2.1 Steady-state voltage range
10.2.1.1 General

The steady-state voltage range is a range over which the VSC system is capable to transmit
rated power and over which all performance demands are met, unless stated otherwise. Any
special performance demands beyond the limits of the steady-state range can be specified.
These can affect the design of main equipment such as converter valves, interface transformers,
filters (if supplied), auxiliary equipment, etc.

10.2.1.2 Short-term voltage range

Therel can be situations under which the voltage exceeds the normal steady-state_opefrating
range|but the HVDC system is needed to remain in operation. Under these conditions the VSC
SYSte'E can be designed to operate in a manner whereby no equipment can be atrisk of damage,
but thie performance limits of the system can be relaxed (for harmonics, lossés, etc., off even
powel transmission capability).

The reasonable performance limits can be specified since these canthave an effect upon the
ratingp of equipment. The VSC control system can even be specified to assist in the restgration
of the|voltage to within the normal operating range if this is appropriate.

10.2.1.3 Voltage variation during emergency

Dynarnic overvoltage can determine ratings and protection strategies.

Under extreme circumstances, the AC voltage can exceed even the short-term range, in which
case |t can be desirable to remove the VSC system from operation in order to protept the
equipment. Alternatively, it can rate the VSG converter equipment to operate within these |imits,
althoygh this can probably need higher-gést equipment and degraded performance.

10.2.2 Negative sequence voltage

The negative sequence compenent of AC voltage, calculated according to the method of
symmietrical components, is that balanced set of three-phase voltages whose maxima odcur in
the opposite order to that\of the positive sequence voltages. It is generally expressed as a
perceptage of the rated voltage.

10.3 |Frequency
10.3.1 Rated-frequency

The AC<etwork rated frequency can be 50 Hz or 60 Hz.

10.3.2 Steady-state frequency range

Steady-state frequency range is a range, in conjunction with the AC voltage steady-state range,
over which the rated power can be transmitted, and all performance demands are met.

The steady-state frequency range can be quoted from the network grid codes.

10.3.3 Short-term frequency variation

Limits and duration of short-term frequency excursions for which system performance is needed
can be specified.

The short-term frequency range can be quoted from the network grid codes.
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10.3.4 Frequency variation during emergency

During an emergency, the AC system frequency can reach extreme values for limited periods.
These values and their expected durations can be specified. In this condition, the equipment
can remain in service without damage, but the performance specified cannot to be met. For
excursions beyond the specified operating frequency limits, the equipment can be automatically
disconnected.

10.4 AC voltage and frequency operation ranges

The VSC system can be capable of operating contlnuously within the voltage and frequency

variatjon . ain in
operation in case of frequency deV|at|ons outS|de the normal operatlng limits for a spaqcified
time, And in some cases with a specific active power output.
For a|general demand, taking also into account the voltage range level at which the frequency
range| is needed, the AC voltage-frequency profiles are combined to produce the opefration
rangep, as shown in Figure 15.
SA
o Temporary operation zonés required for prolonged
g time period within the pattern boundary
Uj i I
tLmax I I
Ry AN
Us_max — -~ — 17 -—=
Continuous
operation
Uc_min———— -——=
Ut min -~ - -—=
| | | | I | | | | | | | | | >
| | | | | | | | I l I l I I l Frequency
ft min fC min fn fC max t_max
IEC
Key
Ui max Maximum temporary operation AC voltage (kV or p.u.)
Yy min Minimuni‘temporary operation AC voltage (kV or p.u.)
Ug max Maximum continuous operation AC voltage (kV or p.u.)
Us min Minimum continuous operation AC voltage (kV or p.u.)
fn Rated frnqllnnr‘\ll (n g 50 Hz or 680 |—|7)
Jt max Maximum temporary operation frequency (Hz)
5 min Minimum temporary operation frequency (Hz)
J5 max Maximum continuous operation frequency (Hz)
J% min Minimum continuous operation frequency (Hz)
T. Maximum allowed operating time within temporary operation zones (i = 1, 2, --- 8) (s)

Figure 15 — Example of the AC grid voltage and frequency operation ranges

10.5 System impedance

For the purpose of analysis of the converter harmonic performance, the system impedance at
fundamental frequency can be stated. The system impedance at harmonic frequencies
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(referring to IEC TR 62001-5) is needed for performance evaluations, harmonic stability studies
as well as AC filter design (if needed). This impedance can be calculated using the parameters
of the lines, transformers, converters, and generators up to several buses away from the
converter station. However, this impedance can change considerably under different load
conditions and extension stages of the system. Therefore, it is usually more convenient to use
resistance and reactance R-X diagrams and to plot the envelope of the loci of the system
harmonic impedance under expected system conditions. The values of minimum resistance R,
and reactance X,;, can be included in the diagram of harmonic impedance loci. In practice, this
diagram can take various forms such as a circular plot, limited by constant R/X ratio or a
combination of both. The polygon diagram is also widely used to define all possible impedances
for a single harmonic or a range of harmonics. However, these kinds of diagrams are unlikely

tO Col cbpund tU ally dbtud: IICtVVUIIr\ dlll]I alT thCIUfUIC IIUt buitab:c tU bc ubcd fUI cllly d ta'led
harmanic studies.

Due tp a lack of system inputs, some users can specify maximum and minimum harmonic
impedance based on corresponding fundamental impedance according to methods provided by
CIGRE TBs 766 and 798.

Resompances can occur because of critical contingencies as well as harmonics in the AC system.
The rgsonance scanning can be done to determine the harmonic ffequency characterisfics of
the AC system and VSC system and to investigate the risk of resonances. If such resonpnces
exist, |[mitigation methods such as AC filters, active filtering cénirols, active damping cqgntrols
and filtering inserted in the control loop can be designed and verified.

10.6 |Positive and zero-sequence surge impedance

The positive and zero-sequence surge impedancevis needed for all AC lines going injo the
station for evaluation of interference from converters in the carrier frequency band and for
desigh of appropriate filters.

10.7 | Other sources of harmonics

Other|sources of harmonics electrically close to the HVDC substation or pre-existing harmonic
on thg coupled bus can be identified. Their influences can be taken into account. Gengrated
harmgnics can be stated for the-devices, for example FACTS, battery energy storage [BES)
systens, wind turbines, etc., cohnected to the converter station bus or to nearby AC substations.

11 Rleactive power

11.1 | General

This ¢lauses# identifies the considerations relevant to reactive power.

11.2 LVSC HVDC systems

VSC HVDC systems can be operated in active power transmission or STATCOM modes. The
reactive power exchanged between the AC system and the VSC can be controlled by the VSC
independently at both ends of the HVDC system. Normally, appropriate reactive power balance
demands are provided by the grid code or the owner. If these reactive power balance demands
are not defined, the load flow studies need to be performed and the following considerations
can be taken into account:

o the power factor range to be maintained in the AC lines for all operating conditions;
e the operating voltage ranges under light and peak load conditions of the AC system;

e redundancy demands.
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The reactive power (capacitive or inductive) of the VSC can be varied according to AC system
demands by using appropriate control strategies (e.g. reactive power control and/or AC voltage
control).

VSC reactive power control is needed when other nearby controllers are acting to maintain AC
voltage. To avoid interference between the various controllers, VSCs not needed for AC voltage
can provide reactive power control.

If all VSCs in close proximity are controlling the same quantities, then it can be for each to
participate in AC voltage control through a carefully designed droop characteristic. Under these
circumstances, reactive power control can be preferable, with the settings either at zero Mvar
or otHer fixed values Siowly controltled by a joint VAR controller or by a command from the
SCADA system.

Normally, the reactive power of the VSCs can be limited by their PQ and UQ profiles; as defined
in 7.1land 7.2.

12 HVDC transmission line, earth electrode line and earth electrode

12.1 |General

This [Clause 12 identifies those characteristics of the HVYDC transmission line (including
overhpad line and cable), the earth electrode and the earth_electrode line that are releviant to
the specification of the steady-state performance of the-converter, including power line garrier
performance and design demands. It does not providé)the information that can be specified for
the dgsign of the HVDC transmission line, earth electrode lines or earth electrodes themsglves.

Key performance specification data for the HVBC transmission line, the earth electrode lirle and
earth lectrode can be determined in advance:

12.2 |Overhead line(s)
12.2.1 General

The total length of the line can be given, including details concerning any overhead line and
cable| sections. Details ecan. be provided of any right-of-way joint uses. Particulars |of all
crossings and parallelisms need to be given to enable assessment of possible elegtrical
interagtions and interference. If the exact length of the line is unknown, the expected range for
this lgngth can be stated.

When| the transmission corridor and space are limited, the multi-pole lines on the same |tower
can be an.optimal solution for the HVDC transmission using overhead lines. For the mul{i-pole
lines pn/the’ same tower, information on the spacing between poles along the complete|route
are ngeded.

12.2.2 Electrical parameters
The electrical parameters are as follows:

1) resistance — maximum positive and zero-sequence DC values at minimum current, rated
current, maximum overload current with due consideration of the ambient conditions
(temperature, radiation, wind velocity, etc.) prevailing during the load condition considered.
Curve of frequency dependence up to 49th harmonics of AC side fundamental frequency for
rated current.

2) capacitance — positive and zero-sequence capacitance (C4 and Cy).

3) inductance — positive and zero-sequence inductance (L; and Lg), curve of frequency
dependence up to two times of the fundamental frequency for rated current.
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The positive and zero sequence parameters of the DC line resistance, capacitance and
inductance are useful for studies, wherever the transient or harmonic behaviour of the DC line
is important.

If the information in 1) to 3) above is unavailable, as an alternative, the essential data to enable
its calculation can be given. To calculate these parameters, the following data can be needed:

a) conductor size, type, geometry (including the shield wire);

b) tower outlines, spacing and sag profiles;

c) soil resistivity along the route;

d) to

e) th
ef

f) cr

It is in

lightning strokes for the first 10 km from the HVDC substation and for the’HVDC transm
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ht back flashover.

hird alternative, in place of sequence components, the information can be provided
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General
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ions imposed by the cable supplier can be stated.

bles of such restrictions can include:
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The e]ectrical\parameters are the following:
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current, minimum value at minimum current:

itations on polarity reversal;

itations on discharge rate;

iting voltage and current ripple level;
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resistance of conductor, maximum value at rated current and at maximum ov¢
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b) co
c) ca

nductor resistance frequency dependence up to 5 kHz;
ble earthing, sheath resistance and frequency dependence up to 5 kHz;

d) inductance and frequency dependence up to 20 kHz;

e) ca
f) ca
g) su

pacitance of conductor to sheath;
pacitance of sheath to earth (armour);

rge impedance of cable conductor to sheath;

h) attenuation characteristics up to 50 kHz.

Alternatively, as for overhead line, geometrical data can be provided to calculate the electrical
parameters.
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12.4 Transmission line combined with overhead line and cable section

In the case of hybrid HVDC transmission systems with overhead line and cable section, a
transition station can be needed. Dedicated DC current transformers can be installed for
distinguishing between faults in overhead lines and faults in cable sections. Protective action
such as restarting the overhead line section can be needed.

12.5 Electrode line

The earth electrode line length, as well as the length of any part of it which is on the HVDC
transmission line towers can be specified. The earth electrode line resistance (maximum value
and ambient temperature assumptions) can be specified. The same parameters of the electrode
line cpn be specified as in 12.2.2 electrical parameters of the overhead line(s) and) 12.3.2
electr|cal parameters of the cable(s). For further information, refer to IEC TS 62344 ahd'QIGRE
TB 67]5.

12.6 |Earth electrode

The maximum resistance of the earth electrode relative to the remote earth can be indicated. It
is noted that this resistance can increase with time and environmental and/or load condi|tions.
More jnformation on HVDC earth electrode is available in IEC TS 62344.

12.7 |Gas insulated line

For the same reasons and with similar demands as in AC4ransmission line system applicdtions,
gas-irjsulated DC transmission lines (DC GIL) can be applied to higher voltage class and Jarger
capadity HVDC systems having relatively short distancCe transmission lines as an alternafive to
cableg. The DC GIL installation route, structure andiunsulation gases are evaluated and selected
within|the suitable design conditions and environmental demands.

The OC GIL installations can be used in afeasible layout in any direction angle change|while
carryipg high power ratings without requiring multiple circuits.

The OC GIL can be part of a gas-insulated system for HVDC. For further information, rgfer to
CIGRE TB 506.

13 Reliability

The reliability of an HVDC system is the ability to transmit a defined energy within a defined
time ynder specified system and environmental conditions.

Refergnce.is-made to IEC TR 62672 which deals with a reporting procedure of specific fdilures
and ojverallavailability of HYDC systems in operation, and to IEC TR 60919-1. Although the
scopg of fEC TR 62672 differs from that of IEC TR 60919-1, the basic reliability terms usgd and
their definitions are common to both documents.

It is noted that the reliability demands in a VSC HVDC project are subject to agreement between
purchaser and supplier.

14 HVDC control

14.1 General

This Clause 14 discusses VSC HVDC controls, whilst the protections will be described in detail
in [IEC TR 63363-2. It is a document that is under consideration (i.e. not yet published).
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14.2 Control objectives

The advantages of the VSC HVDC system very much depend on the utilization of its
controllability in ensuring maximum flexibility, reliability and adaptability for different system
demands. The objective of the VSC HVDC control system can be to provide efficient operation
and maximum flexibility of power control in magnitude, rate of change and direction without
compromising the safety of the equipment, while maintaining the maximum independence of
each pole. The control system can be suitable for high-speed control in such a way that it can
effectively respond to disturbances in the AC and VSC HVDC systems. It is recognized that
long-distance transmission needs a high-speed telecommunication system for the most
effective operation. However, the VSC HVDC system can be operable without
telecommunication, and, for this case, the performance can be maximized to the extent possible.

The cpntrol system can be adaptable for:

a) adtive power control;

b) repctive power control;

c) AC voltage control;

d) frgquency control;

e) adtive and reactive power modulation;

f) sub-synchronous torsional interaction (SSTI) damping;
g) remote operation;

h) black start;

i) emergency power control.

14.3 |Control structure
14.3.1 General

The various control functions of a MSC HVDC substation are generally structured| in a
hierarchical manner. The main controhfunctions are dispersed to a lower level as far as pogsible
to imgrove the system reliability andavailability. They normally operate fully automatically and
can bg¢ controlled from stations.either locally or remotely. An example of HVDC control hiegarchy
is shogwn in Figure 16.

The HVDC control core-functions normally include:

e HYDC bipole/station control,
e HYDC pole-gontrol,

e converter-eontrol,

e valvescontrol, including:

a) valve control level — set of valve control units (VCU),
b) valve electronics control level — set of valve base electronics (VBE),
¢) VCU and VBE can be combined in one — valve base controller (VBC).
In addition, there can be different types of supplementary controls at higher levels, either

included in the HVDC control system or external controls such as SCADA systems giving orders
to the HVDC.

Examples are:

e integrated AC/DC system control, which can be system operators in dispatch centres;

e HVDC DC grid master control or multi-terminal control, if the converter is connected to a DC
grid.
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Figure 16.—~Hierarchical structure of an HVDC control system

14.3.2 HVDC bipole/station control

The HVDC bipalé/station control is normally used in cases where there is more than on¢ pole
in the| same ‘substation. The primary purpose of the bipole/station control is to coordina

two, ¢r more, pole controls. One major design criterion for HVYDC systems is normally to
minimlize/the equipment at the substation level as much as possible, in order to minimize the
impa he-binele atiopipcase—o A evel—Referrngto-substationtevet-funttions

these control functions can also be realized within pole level hardware.

The bipole/station control functions are primarily described as below.

e The HVDC substation control can be coordinated with control external to the HVDC
substation, for example, wind farm controllers and high-level AC/DC interaction controls.

e Pole current balance control can be specified to minimize earth electrode line current (equal
to the unbalance current between two poles of a bipolar earth return HYDC system), to avoid
earth currents. The unbalance current control limit between the two poles of a bipolar system
is primarily depending on the measurement inaccuracy.

e Emergency power controls or run-back and run-up functionalities can be included to support
the AC system in case of disturbances.
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It can be specified which control strategies are intended to be used and at which priority they
can be operable under different operating and AC system conditions. The power control
tolerance is dependent upon the accuracy of the voltage divider, the current sensor and the
resolution of the power order. The output from the bipole/station control is mainly power, DC
voltage, reactive power and AC voltage orders to the pole control.

Generally, both converter stations of an HVDC system are equipped with identical control
functionality since most HVDC systems are designed to transmit power in both directions.
However, only the station control in one location can be in the lead at one time. The setting of
the station control order and rate of change are provided manually at the lead station. The
changes in order are then executed in the other substation(s) via the telecommunication.
Capabit i i : i ample,
a dispatch centre.

Change in power direction is normally initiated from the lead substation, but can alsobe orfdered
automatically, if emergency reversal is called for, for example, after a disturbance in one |of the
AC systems.

14.3.3 HVDC pole control

As shpwn in Figure 17, the analogy of an AC transmission line with generator on one side and
the ng¢twork on the other can be used with the modification that-the impedance betwegn the
netwdrk and generator is the impedance of the VSC cenverter namely transformef and
phasg/valve reactor equivalent impedance. Principally, the a@ctive and reactive power transfers
are determined by the VSC converter voltage created, by the converter arm, the AC ngtwork

voltage and the impedance between the two.
+
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reference reactive power for pole control

Figure 17 — HVDC pole control

The pole control provides the reference values per pole for all converter units, if any. Pole
control is a closed loop control and includes the basic control functions that are needed for
stable operation of the HVDC system, such as AC and DC voltage controls, active and reactive
power controls as well as tap changer control. All these control functions have a reference value
and an actual value. Some of these reference values can be provided by the pole control (for
example, the current reference value, which is calculated out of the requested transmission
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Measurement

of interest which are normally measured in a VSC HVDC system are as follows:

e DC current;

e DC voltage;

e AC current;

e CO

nverter arm current;

e AC voltage;

e ambient temperature;

e CO

olant conditions.

eded.
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The accuracy or tolerance demands can be different according to the function for which the
measurement is being made (control, protection, metering, indication, recording, etc.). As an
example, the deviation between the set current order and the actual current is dependent upon

the tol

erance of the current control system and the current sensor.

15 Telecommunication

15.1

Types of telecommunication links

When the two terminals of a HVDC system are located a considerable distance apart, it is

terminals will not always be needed. The most basic information to be exchanged relafes to

possible that havin

coord
the tw
telecd
or mo

a) op
b) te
c) pdg
d m
e) ra

For further information, refer to IEC TR 60919-1.

15.2
A list

substations and/or remote control centres_is, given below:

1) si
a)
b)
c)
d)

nation of the two terminals during start and stop sequences. Fast communicatioh be

mmunication system used for control and operation of the HVDC transmission can 4
re than one of those listed below:
tical fibre communication;
ephone;

wer line carrier (PLC);

crowave;

dio link.

Classification of data to be shared

of classes of the major types of inférmation to be transmitted between the

hjnals for continuous control
active power control;
reactive power control;
AC voltage control;
DC voltage control;
frequency control;
damping eantrol.
eration modes
change of control mode of operation;

a_telecommunication_system to exchange information between the two

ween

o terminals can be used to enhance the performance of the HVDC system. The types of

e one

HVDC

interlocking of protection;

d)

operation of switches;
block/deblock.

3) state indications

a)
b)

position of switches;
number of converters in operation.

4) alarm signals

5) online DC transmission line fault locations

15.3

Fast response telecommunication

Several types of control can need a fast telecommunication between the substations such as:
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e active power modulation;

e frequency control;

e emergency power control;

e HVDC transmission line protection.

Speed of the communication depends on the state of art of technologies as well as protocols
and functional demands used.

16 Auxiliary systems

16.1 | General

Auxiliary power supplies are needed for cooling pumps and fans, control, protection and
motorjzed drives of disconnectors, etc. and for general substation service needs.

To enpure adequate security of supply and freedom from interruption, these.supplies are usually
derivgd directly from the high voltage AC network at the substation where a separately and
indepgendently energized distribution network supply is available. This&upply can be utilized as
a backup source to give added protection against failure of medium and low voltage switchgear
and sppply transformers.

To avpid the auxiliary power interruption, batteries/uninterruptible power supplies (UPS) gdan be
installed.

A diegel generator (DG) can also be needed if thendemand for a restart from a de-enefgized
bus (gommonly called "black-start") is expected.

The 4duxiliary systems can be broadly classified in two major groups of the electricgl and
mechanical auxiliary systems.

16.2 |Electrical auxiliary system
16.2.1 General

Electrjcal auxiliary systems for an HVDC substation are feeding electrical loads in the station
mainly including valve)'cooling systems, controls, protections, data recording sydtems,
telecdmmunication systems, etc. The loads can be segregated into non-essential and esgential
categpries. The leads that are absolutely essential for operation of the HVDC and emergency
functipns can bé/classified as an essential category. All other loads can be classified as a non-
essential category. Thus, the electrical auxiliary systems can be classed into two categoties of
non-epsential auxiliary and essential.

16.2.

For the non-essential auxiliary system, the power can be supplied from the main AC power
supply for normal operation. The main AC power supply can be made redundant from at least
two independent sources. If the main AC power supply is switched off or fails, the power supply
can automatically be taken over by the reserve power supply, which is from the local substation
medium-voltage distribution network (or reserve diesel generators) of the same power size. The
emergency generator can only be used in an emergency, i.e. in case of simultaneous failure of
the main and reserve power supplies.

In the essential auxiliary system, the power can be supplied from the DC systems, batteries
and UPS. The DC system feeds electrical loads that are supplied uninterruptedly and grid-
independently for a defined backup time in case of a complete outage of the non-essential
auxiliary power supply. For each DC system, there can be at least two independent chargers
connected to individual battery banks with redundancy.
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Redundant DC/DC converter and AC/DC inverter systems can be used and installed in the DC
system for the essential DC consumers (e.g. control and protection cubicles and fibre optical
based telecommunication system) and AC supplies of important and critical AC loads.

The essential auxiliary system can accommodate a very short interruption in its power supplies.
For example, it can be supplied from station batteries or, when AC supplies are needed, from
an UPS system.

For the important AC loads (e.g. valve cooling systems), UPS systems can be considered. Since
the UPS can be always available, the power supply for the UPS systems can be fed from two
different sources and have an auto changeover system.

16.2.3 Batteries and uninterruptible power supplies (UPS)

The OC supply system can consist of two independent DC systems with separate charger,
battery bank and distribution system for:

e HYDC system control for each pole;
o other substation control and protection;

o telecommunication equipment.

Thesq batteries can usually be of different rated voltages. Thé.time for which each battefy can
supply its rated load, within the rated voltage range in the event of failure of the chargerjor its
supply, can be specified.

For batteries, it is needed to consider and specify the following:

e ndminal voltage,

e load profile and/or rated capacity,

e voltage range from charge (when boost is needed) to discharge,
o Ki

e temperature conditions,

nd of battery and/or type,

e velntilation demands.

The charging system needs to meet the demands of the battery and the load.

The UPS for AC loads can be based upon dedicated units, or a common system for the HVDC
substation. Thelatter is usually preferred because it makes the provision of adequate
redundancy more realistic. Usually, the UPS includes its own assigned battery, but the dtation
battery cantafso be utilised, in which case the station battery needs to be adequately siz¢d.

The f,lln\A/ing can be Qpnnifipd for the IUIPS:

e rated voltage, number of phases and tolerable distortion,
e voltage, frequency and tolerance,

e rated and maximum load,

e type of load,

e maximum allowable interruption for which the UPS can function.
16.2.4 Emergency supply

If a diesel generator is needed for emergency supply, then consideration can be given to the
following when preparing its specification:

e how much of the total auxiliary load can be supplied?
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e can start-up, changeover and/or shutdown be automatic?

o if automatic, care can be taken to ensure that conditions causing frequent restarting cannot
occur, otherwise the starting battery can become fully discharged,

e how much fuel can be stored on-site?

To ensure reliable operation when needed by emergency conditions, it is desirable that the
generator is started and loaded so that it reaches correct operating conditions periodically on
a systematic basis. The auxiliary system can be designed to achieve this without putting the
transmission at risk in any way by the failure of auxiliary supply equipment to make a correct
changeover.

16.3 |Mechanical auxiliary system

Mechanical auxiliary systems for HVDC substation include the following important’sydtems:
valve [cooling, compressed air, fire detection, protection and extinguishing, insulating oil, fiesel
oil, wpter supply, drainage and sewage, air conditioning, ventilation and.‘mechanical load
handl{ng facilities, etc.

The gbove mechanical auxiliary systems are normally needed sgl)that full electric power
transrpission can be maintained on the HVDC system. The valve Cecling system is impjrtant
and cfitical for the normal operation of converter valves.

The design of the converters determines the type of valve' cooling system. Generally, the
convelrter can be liquid cooled. Cooling for a valve grotip can be dimensioned to hand]e the
powel losses from each valve group. Moreover, proyision can be made for stand-by or|spare
comppnents so that the failure or shut-down of a .eooling pump, heat exchanger, etc. dgannot
cause a reduction of DC transmission capacity under any reasonably expected combinann of
load gnd ambient conditions (if it cannot utilize;the redundant cooling equipment for ov¢rload
operation).

A supervisory and alarm system can \be included to monitor the auxiliary power fungtions
essential for converter valve operation and cooling. Such functions can include (for yater-
cooled valves): deionized water temperatures from and to the valves; water level in expgnsion
vessels; water conductivity; pressure drop across the valve cooling pipes; low water flow
through a valve; water oxygen content if needed; if a cooling tower is used, water temperatures
and heat exchanger temperatures; and temperature and humidity of the valve hall air apd air
handl|ing system.

The sppervisory system can be arranged to give alarm warnings for low and high limits pf the
items|described-above, as well as for losses of pumps or fans, for low reserves of water and
the nged for refilling of storage vessels, and for water leakage in the converter valve structures,
etc.

It canlalso give an alarm signal for such excursions from normal as: high temperature pbf the
deionized water from the valves; low water flow through a valve; or loss of too many pumps, for
which a trip signal can be initiated by the supervisory system.

Fire detection, protection and extinguishing are important for protection of HVDC assets and
system availability aspects. The fire detection and protection systems at HVDC substations can
be implemented in accordance with local construction regulations and safety demands. More
information on fire prevention measures in HVDC substations is available in [IEC TR 62757.

The VSC converter halls can be protected and fitted with fire alarm systems. Interaction with
the smoke extraction system is especially relevant in the converter hall and it can be
dimensioned by the system installer. The VSC converter halls can be equipped with fire
detectors and arcing detectors. In case of a fire, the signals of the fire detectors and arcing
detectors can be sent to the HVDC control and protection (C&P) system in real time, the
converter valves can be tripped and corresponding fire protection measures can be initiated.
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17 Audible noise

17.1 General

Noise from the HVDC substation can be troublesome and incur prescriptive mandatory
sanctions which are difficult to resolve once the station is built. Therefore, limiting specifications
can be prepared at the start of the project taking into account demands of any applicable
regulations or codes of practice. The effects of noise are generally treated as those concerning
nuisance to the public outside the boundary of the HVDC substation and noise effects in the
working environment. While the latter are important, public nuisance limits are often more
difficult to specify.

The impact of HVDC substation noise on the public outside the confines of the substatiofn, and
whether or not it is seen as a nuisance, depends upon the noise level, the pre-existing|level,
and the nature of the surrounding area and the nearness of residential property;

As a first step, the reasonable noise level at the boundary can be specifiedohaving regprd to
the reLevant factors. ISO 1996-1 gives a method for determination of a suitable level. Next, the
level and spectrum of noise expected from each major source can be.defined. These canp then
be sujmmed to decide whether or not the total noise is suitable. Thedocation of equipment, that
is the| distance from the property line, is of particular importance. 'Special noise abat¢gment
measyres can be used to keep the total to a suitable value.

Other[noise-producing equipment can be installed at thessame location and, if so, can also be
considlered, for example, AC system transformers and reactive power compensators. Tlypical
HVD({ substation plant items most likely to produce significant noise are discussed below. When
very Ipw audible noise levels are specified at the boundary, the noise from other equipgment,
such @s AC filter capacitors, diesel generators, etc?, can also be significant.

For further information, refer to ISO 1996-13 ISO 1996-2, ISO 1996-3 and IEC TS 61973.

17.2 |Public nuisance
17.2.1 Valves and valve coolers

The noise associated with indoor valves can usually be disregarded so far as the public is
concerned, since in mosticases the attenuation introduced by the valve hall can adeqpately
suppress it.

The main source ©finoise can probably be from the fans of outdoor coolers. These can usually
be clgdsed-cycle\evaporative coolers or forced air coolers drawn from a standard product ffange
and, 3s such,\the cooling equipment manufacturer can supply noise spectrum and level| data.
Evapqrative coolers are generally less noisy than dry air coolers. In both types, the noisg level
can be ¢educed by using larger, lower-speed fans. Substantial noise reduction can also be

i db H Us to defl t th H d
achieve v using-screen-walls to deflec e-hoise-upwards-

17.2.2 Interface transformers
Interface transformer noise level is likely to be comparable to similarly sized AC system

transformers; the tank and cooler noise levels can be reduced by conventional means, if needed,
for example, enclosure, mufflers and lower speed fans.

More details about determination of sound levels can be found in IEC 60076-10 and
IEC/IEEE 60076-57-129.

17.2.3 Reactors

Reactors applied to VSC HVDC systems, especially DC main circuits and filters (if needed) are
air core reactors because the value of their inductance can be almost constant and unrelated
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to the value of flowing current. However, noise from reactors can be expected to have peaks at
ripple frequencies corresponding to the harmonics generated during converter operation.

Generally, three functional categories of air-cored reactors can be seen in the VSC HVDC
system: (1) DC reactors (if needed), (2) phase reactors/valve reactors and (3) filter reactors (if
needed).

The DC reactor (if applicable) can be an important source of noise. It is probably not practicable
to carry out valid factory tests of DC reactor noise. Where low noise levels are needed, special
designs including the use of additional sound absorbent shields or indoor installations can be
considered for the DC reactor.

In son
high f

be bu(LIt into the three phase units of the VSC unit, as valve reactors. Where low noise

are n

sound

For th

be us
amou
statio

More

17.3

The n
be su

equency filter. In addition, in some designs of VSC, part of or all of the phase)react

eded, a special design of phase reactors/valve reactors, including thefuse of add
absorbent shields, can be considered.

bd to reduce the amount of noise produced. Other measures”ecan be taken to redu
nt of noise propagated, such as careful consideration of thé location within the con
n, sound absorbent barrier walls, or even locating the eqliipment inside buildings.

details about air-core reactors can be found in IEC{60076-6.

Noise in working areas
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Many
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the specification as appropriate. Problems of this kind are unlikely in VSC
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substations other than during"maintenance procedures and in the immediate vicinity of certain

types

regulg
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of cooling fans or diesel generators. In most cases, it can meet the demands
tions if maintenance 'personnel wear hearing protectors as needed.

neral noise devel within the building in the working area can be determined prima

bf the

rily by

ating maghiniery such as valve cooling system, pumps and fans, etc., and transformers
wherg these are ‘partially or fully enclosed within the building. In case it is possible to enter the
high Joltage-areas during operation, equipment noise needs to be considered. Low noise
can bg specified where mental concentration is routinely expected, as in control rooms.

evels

For further information about typical performance noise limits, refer to IEC TS 61973:2012, 5.6.

18 AC side harmonics

18.1

General

The main issues associated with AC side harmonics for VSC HVDC transmission are presented
in this document. For further information, refer to IEC TR 62001-5 and CIGRE TB 754.


https://iecnorm.com/api/?name=62ea158dc39863cc3b59514845d864fd

- 50 - IEC TR 63363-1:2022 © IEC 2022

18.2 Harmonic sources
18.2.1 General

To determine the total harmonic distortion at the PCC of a VSC HVDC substation, two aspects
can be considered:

— converter-generated harmonic emission;

— pre-existing or network (background) harmonics.

In the calculation of the overall harmonic distortion, the network and converter harmonic

sources can generally be considered as independent from each other. In the following, the
netwqu is represented as an ideal harmonic voltage source along with its impedance. The|same

harmgnic impedance can be used for the calculations of both the emissions’|and the
amplification of the pre-existing AC network harmonics.

18.2.2 Converter generated harmonics

The impact of the VSC converter harmonic contribution on the overall harmonic distortionjat the
PCC ¢an be analysed by use of the model, as shown in Figure 18.

PCC

Upcc_conv ()

l
1 1 !

= IEC

Figure 18 — Harmonic contribution by the VSC converter

In Figure 18, the converter is-represented as an ideal harmonic voltage source Ugg,,(f]- In a
typicql design study, the converter impedance Zx,,,,(f) which includes both active and passive
impedances is defined by\the HVDC manufacturer and the network impedance Zyg(f) can be
provided by the netwerk-operator for the relevant frequency range. The network impedange can
have p wide range,of-possible values depending on configuration and load levels. A sditable
calculation algorithm is needed to determine the worst-case network from the specified ngtwork
impedance loci,\i.e. that impedance which maximizes the distortion at the PCC for| each
individual frequency. The harmonic voltage distortion Upcc cony(f) at PCC is then calculated

by Equation’(1).

ZNet(f') |
| ZNet(r) + Zgony ()|

U PCC_Conv(f)‘ = Uconv (1)

(1)

where,
Znet(f) is the AC network harmonic impedance;
Zconv(h is the VSC converter harmonic impedance.

18.2.3 Pre-existing network harmonics

The impact of pre-existing (background) harmonics on the total harmonic distortion at the PCC
can be analysed by using the same type of model as shown in Figure 19 below.
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