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INTERNATIONAL ELECTROTECHNICAL COMMISSION

HIGH VOLTAGE DIRECT CURRENT (HVDC) POWER TRANSMISSION -

SYSTEM REQUIREMENTS FOR DC-SIDE EQUIPMENT

Part 1: Using line-commutated converters

FOREWORD

Theg International Electrotechnical Commission (IEC) is a worldwide organization for standardization com
all [national electrotechnical committees (IEC National Committees). The object of IEC rissto Q
international co-operation on all questions concerning standardization in the electrical and electronic fig
this| end and in addition to other activities, IEC publishes International Standards, Technical Specifi

prising
romote
Ids. To
ations,

Tedhnical Reports, Publicly Available Specifications (PAS) and Guides (hereafter,referred to ap "IEC

Pullication(s)"). Their preparation is entrusted to technical committees; any IEC Natiomal Committee int
in fhe subject dealt with may participate in this preparatory work. International,’>governmental an|
governmental organizations liaising with the IEC also participate in this preparation) 1EC collaborates
with the International Organization for Standardization (ISO) in accordance, with conditions determi
agregement between the two organizations.

The formal decisions or agreements of IEC on technical matters express, as.nearly as possible, an intern]
consensus of opinion on the relevant subjects since each technical «Ccammittee has representation f
interested IEC National Committees.

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

In ¢rder to promote international uniformity, IEC National Committees undertake to apply IEC Publi
tranisparently to the maximum extent possible in their national and regional publications. Any dive
betyveen any IEC Publication and the corresponding{national or regional publication shall be clearly indidg
the|latter.

IEQ itself does not provide any attestation -of/conformity. Independent certification bodies provide cor
asspssment services and, in some areas, -access to |[EC marks of conformity. IEC is not responsible
seryices carried out by independent certification bodies.

Al

No [iability shall attach to IEC orits directors, employees, servants or agents including individual expe|
meinbers of its technical committees and IEC National Committees for any personal injury, property dan
other damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fegq
expenses arising out of the" publication, use of, or reliance upon, this IEC Publication or any oth
Pullications.

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

Attention is drawn to the Normative references cited in this publication. Use of the referenced publica
indispensable forthe correct application of this publication.

Attgntion is drawn to the possibility that some of the elements of this IEC Publication may be the su
patent right$\ MEC shall not be held responsible for identifying any or all such patent rights.

brested
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closely
hed by

ational
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ational
of IEC
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cations
rgence
ated in

formity

for any

rts and
age or
s) and
er |IEC

jons is

ject of

s. In

specification when

hnical

the required support cannot be obtained for the publication of an International Standard,

despite repeated efforts, or

the subject is still under technical development or where, for any other reason, there
future but no immediate possibility of an agreement on an International Standard.

is the

Technical specifications are subject to review within three years of publication to decide
whether they can be transformed into International Standards.

IEC TS 63014, which is a Technical Specification, has been prepared by IEC technical
committee 115: High Voltage Direct Current (HVDC) transmission for DC voltages above
100 kV.
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The text of this Technical Specification is based on the following documents:

Enquiry draft

Report on voting

115/167/DTS

115/178/RVDTS

Full information on the voting for the approval of this technical specification can be found in

the report on voting indicated in the above table.

This document has been drafted in accordance with the ISO/IEC Directives, Part 2.

The cpmmitiee has decided that the conients of this document will remain unchanged until the
y date indicated on the IEC website under "http://webstore.iec.ch" in the data rel

stabili
the sp
e re
o Wi

e e

confirmed,
hdrawn,

blaced by a revised edition, or

e amended.

A bilin

ecific document. At this date, the document will be

gual version of this publication may be issued at a later dafe.

ed to

IMPO
that

undel
colou

r printer.

for the co|

RTANT — The 'colour inside' logo on the cover page of this publication indigates
it contains colours which are considered to be useful
standing of its contents. Users should therefore print this document usi

s
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such

pollut
items
purpo!

requirements (particularly with regard to testing) for.such equipment to cover their use
condifions.

The donverter itself is excluded from this scope, being covered by IEC 60700-1 [1]

IEC 6

Although this document includes requirements for DC disconnectors and certain tyg
speciIIised DC switching devices(such as the Metallic Return Transfer Switch (MRT]

exclu

DC-si
is exc

2 N

The f
conte

SYSTEM REQUIREMENTS FOR DC-SIDE EQUIPMENT

Part 1: Using line-commutated converters

e' are used interchangeably, as are 'direct current' and 'DC current).

equipment indoors (although not in the valve hall itself) to provide protection
on. Although product standards exist for some DC-side equipment types, many
of equipment have only standards written for A€ applications and, in such case
se of this document is to provide guidancé) as to how to specify the add

N700-2 [2].

es any type of DC circuit-breaker designed to interrupt fault currents.

He equipment for HVDC systems based on voltage-sourced converter (VSC) techr
uded from this document and will be covered in a future Part 2 of IEC 63014.

lormative. references

bllowing documents are referred to in the text in such a way that some or all o
ntiConstitutes requirements of this document. For dated references, only the ¢

alves
elves.

d 'DC

onally, the largest items of such equipment, such as the DC smoothing reactor and DC
harmqnic filters, have generally been located outdoors but increasingly the trend is to

ocate
from
such
s, the
tional
in DC

1 and

es of
S)), it

ology

their
dition

cited

L ol (e ! £ 41 Lok 4 (] £pl £ (] s
dPPHTS. T"UT UTTUAlCU TTITTTTIUTS, UIT TalEcsl TUTLUNT O U1C TTITTTTILCU UUTUTTICTIU (110

any amendments) applies.

uding

IEC 60060-1, High-voltage test techniques — Part 1: General definitions and test requirements

IEC 60071-1, Insulation co-ordination — Part 1: Definitions, principles and rules

IEC 60071-5, Insulation co-ordination — Part 5: Procedures for high-voltage direct current
(HVDC) converter stations

1 Numbers in square brackets refer to the Bibliography.
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IEC 60076-6:2007, Power transformers — Part 6: Reactors

IEC 60099-9:2014, Surge arresters — Part 9: Metal-oxide surge arresters without gaps for
HVDC converter stations

IEC 60168, Tests on indoor and outdoor post insulators of ceramic material or glass for
systems with nominal voltages greater than 1000 V

IEC 60353, Line traps for a.c. power systems

IEC 60358-1, (‘nu’nling capacitors and capacitor dividers = Part 1: General rules

IEC 6p383 (all parts), Insulators for overhead lines with a nominal voltage above 1.000 V
IEC 6D437, Radio interference test on high-voltage insulators
IEC 6p633, Terminology for high-voltage direct current (HVDC) transmission

IEC T[S 60815-4, Selection and dimensioning of high-voltage insulators intended for {ise in
polluted conditions — Part 4: Insulators for d.c. systems

IEC 6p871-1:2014, Shunt capacitors for a.c. power systems having a rated voltage above
1000|V — Part 1: General

IEC 6p871-4:2014, Shunt capacitors for AC power. systems having a rated voltage above
1 000|V — Part 4: Internal fuses

IEC T[S 61245, Artificial pollution tests on, high-voltage ceramic and glass insulators |to be
used on d.c. systems

IEC 6[1462, Composite hollow insulaters — Pressurized and unpressurized insulators for use in
electrical equipment with rated-voltage greater than 1000 V - Definitions, test methods,
accepltance criteria and designtecommendations

IEC 61466 (all parts), €omposite string insulator units for overhead lines with a nqminal
voltage greater than 1'000 V

IEC 6[1850-9-2, €ommunication networks and systems for power utility automation — Paft 9-2:
Specific communication service mapping (SCSM) — Sampled values over ISO/IEC 8802-38

IEC 6[1869-9, Instrument transformers — Part 9: Digital interface for instrument transformgrs

IEC 61869-14, Instrument transformers — Part 14: Specific requirements for DC current
transformers 2

IEC 61869-15, Instrument transformers — Part 15: Specific requirements for DC voltage
transformers3

IEC TS 61936-2, Power installations exceeding 1 kV AC and 1,5 kV DC — Part 2: DC

2 Under preparation. Stage at the time of publication: IEC/FDIS 61869-14:2017.
3 Under preparation. Stage at the time of publication: IEC/FDIS 61869-15:2017.
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IEC 62217, Polymeric HV insulators for indoor and outdoor use — General definitions, test
methods and acceptance criteria

IEC 62231, Composite station post insulators for substations with a.c. voltages greater than

1000

V up to 245 kV — Definitions, test methods and acceptance criteria

IEC 62271-1, High-voltage switchgear and controlgear — Part 1: Common specifications for
alternating current switchgear and controlgear

IEC 62271-100:2008, High-voltage switchgear and controlgear — Part 100: Alternating current
circuit-breakers

IEC 6

discomnectors and earthing switches

IEC 6
series

IEC 6
greate
accep

IEC T
test n

IEC G
recom

IEC/IH

3 T

For th
follow

ISO a
addre

3.1

P271-102:2001, High-voltage switchgear and controlgear — Part 102: Alternating c

P271-109:2008, High-voltage switchgear and controlgear — Part 109: Alternating-c|
capacitor by-pass switches

D772, Composite hollow core station post insulators for substations with a.c. v
r than 1000 V and d.c. voltage greater than 1500 V — Definitions, test method
tance criteria

S 62896, Hybrid insulators for AC and DC for high-voltage applications — Defin
ethods and acceptance criteria

uide No. 111, Electrical high-voltage equipment in high-voltage substations — Co
mendations for product standards

FEE 65700-19-03:2014, Bushings forsDC application

brms and Definitions

e purposes of this document, the terms and definitions given in IEC 60633 ar
ng apply.

hd IEC maintain\terminological databases for use in standardization at the foll
5Ses:

C Electropedia: available at http://www.electropedia.org/

D Online browsing platform: available at http://www.iso.org/obp

Lirrent

Lirrent

Dltage
s and

tions,

mmon

d the

owing

DC’switching devices

3.1.1
3.1.1.

Types of DC switching device
1

high-speed DC switch
type of switching device used on an HVDC scheme, required to open or close rapidly
(<1 second), including in some cases the need to commutate load current into a parallel
conducting path, but with no requirement to interrupt fault or load current

Note 1

to entry: DC switching devices are usually based on a single-phase unit of an AC circuit-breaker,
appropriately modified for their DC applications. Their capabilities to perform faster opening and closing than
disconnect switches are used but the function of breaking short-circuit currents is not required.
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2

DC commutation switch
type of high-speed DC switch specifically designed to commutate load current into an

altern

ative parallel current path

Note 1 to entry: The metallic return transfer switch (MRTS) and the earth return transfer switch (ERTS) defined in

IEC 60

3.1.1.
mech

633 are well-known examples of DC commutation switch.

3
anical switch

mechanical switching device forming part of a high-speed DC switch

3.1.2

3.1.2.
neutr
NBS

Applications of DC switching devices

EI bus switch

DC cgmmutation switch connected in series with the neutral bus on a bipelar HVDC sc
desigped to commutate current out of the pole conductor or neutral bus.a@nd into the ele

line o

I dedicated metallic return conductor or earth in response to,a fault in a convej

neutrgl bus

3.1.2.

NBE

R

neut{I bus earthing switch

neutrpl bus ground switch

NBGS

DC cgmmutation switch connected from the neutral’bus to the station earth mat on a b
HVD({ scheme, designed to provide a temporary."earth connection in the event of an
circuif fault on the electrode line until the imbalance of current between the two poles ¢

reduc

3.1.2.

bd to a safe minimum level or the electrede line connection can be restored

B

bypass switch

BPS

high-dpeed DC switch connegcted across each converter valve group in HVDC schemes

more

than one independent-converter per pole, designed to close rapidly to byp

convejrter group that is being taken out of service and commutate the current back into a

group

3.1.2.

that is being taken'back into service

line pliralleling switch

LPS

DC ¢
allowi
while

3.1.2.

bmmutation switch placed in series with one or more high-voltage pole condu
hg«two or more lines to be connected in parallel or to revert to single-line ope

neme,
ctrode
ter or

ipolar
open-
an be

using
ASS a
valve

ctors,
ration

obductina load eurrant
S St GO a6t et

5

converter paralleling switch

CPS

high-speed DC switch connected in series with each converter at the high-voltage DC terminal
in HYDC schemes where two or more converters are connected in parallel onto a common
pole conductor, designed to allow additional converter(s) to be connected in parallel or
disconnected without affecting the load current in the other converter
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3.2 Filter components
3.21 Filter capacitors

3.2.11
main DC filter capacitor
high-voltage DC filter capacitor which is exposed to a substantial direct voltage

3.2.1.2

auxiliary capacitor
LV filter capacitor
capacitor in a DC filter not exposed to direct voltage across its terminals (such as C2 in
Figure 5)

3.21
DC neutral bus capacitor
capaditor connected between the DC neutral bus and the substation earth

3.21.4
DC syrge capacitor
capaditor connected between the DC line and the substation earth (directly or indirec}ly) to
serve| the primary function of reducing the amplitude and ,steepness of lightning qurges
applig¢d to the substation equipment

3.2.2 Filter resistors

3.2.2.
resisfor
powel resistor forming part of some types of frarmonic filter bank and connected in parallel
and/of series with the LV filter capacitors and/or filter reactors, usually at the neutral side of
the filter

3.2.2.
resistor element
single] part of resistor, which is:not possible to be divided into smaller parts (such as a grid, a
mat, g spring coil, etc. depending on the technology)

3.2.2.
bank jof resistor elements
mechanical assembly of several single elements electrically connected together, plus a
mechdnical structure, insulating parts, terminals, etc.

3.2.2.
resisfor module
part o the resistor in one enclosure (if applipahln)

3.2.3

filter reactors

power reactor forming part of a harmonic filter bank, responsible (sometimes together with the
LV filter capacitors, where used) for defining the tuned frequency(ies) of the filter bank and
usually connected at the neutral side of the filter

3.3 Surge arresters

3.31

continuous operating voltage

cov

maximum continuous voltage characterized by the voltages CCOV, PCOV, DCOV and ECOV
where applicable and that may be applied continuously between the arrester terminals
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Note 1 to entry: Operation voltages of several arrester types can vary significantly during different operation
conditions of the HVDC converters (e.g. depending on firing angles, tap position) as well as in different
configuration of the DC system (e.g. metallic return configuration). The specified requirements shall consider the
applicable operating conditions accordingly.

3.3.2

crest value of continuous operating voltage

ccov

highest continuously occurring crest value of the voltage across the arrester excluding
commutation overshoots and commutation notches and calculated with a system model valid
for up to approximately 5 kHz

3.3.3
peak value of continuous operating voltage
PCO

highes$t continuously occurring crest value of the voltage at the equipment on the,DC slide of
the cpnverter station including commutation overshoots, commutation notches and [ripple
calculpted with a model which takes into account stray capacitances/inductances of conjverter
transfprmers, valves, buswork, etc. and valid for at least 50 kHz

3.3.4
DC cgmponent of continuous operating voltage
DCO\
highest mean or average of the continuous operating voltagevacross the arrester excjuding
harmqnics and commutation overshoots

3.3.5
equivilent continuous operating voltage
ECOV
RMS yalue of the sinusoidal power-frequency.¥oltage or direct voltage at a metal-oxide [surge
arrester stressed by operating voltage of any wave shape that generates the same power
losseg in the metal-oxide material as the actual operating voltage

3.3.6
switching impulse protective level
SIPL
residal voltage of a surge ‘arrester subjected to a discharge current corresponding fo the
coord|nation switching impulse current

3.3.7
lightning-impulse'\protective level
LIPL
residdal voltage of a surge arrester subjected to a discharge current corresponding o the
coord|natien.lightning-impulse current

3.3.8
steep-front impulse protective level

SFIPL

STIPL

residual voltage of a surge arrester subjected to a discharge current corresponding to the
coordination steep-front impulse current

4 General

4.1 Overview

"DC-side equipment" is the overall name given to a collection of high-voltage equipment
located on the DC side of the HVDC converter in a converter station, excluding the converter
itself.
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In a back-to-back HVDC converter station, the DC-side equipment (Figure 1) is relatively
limited in extent, generally only comprising DC instrument transformers, valve and bridge
surge arresters (inside), DC smoothing reactor (outside) and DC wall bushings
interconnecting the DC smoothing reactor to the valve hall. Since there is no DC line that can
be subject to frequent flashovers, the main function of the DC smoothing reactor in a back-to-
back HVDC converter station is to prevent or limit the cross-modulation of harmonics from one
AC system to the other. Some back-to-back HVDC converter stations have been built without
DC smoothing reactors; in such cases, the only DC-side equipment are the DC instrument
transformers and valve and bridge surge arresters.

SO/
HE—/

DC-side equipment

@
V@0

AC sysfem 1 AC gystem 2

=)

L]

IEC

Figure 1 — Scope of DC-side equipment'\for a back-to-back HVDC
converter station with one 12-pulse bridge per end

In a converter station for a transmission HVD@ scheme (Figure 2), the DC-side equipment is
more |[extensive in scope. DC harmonic filters are usually required in order to pfrevent
interference with nearby telephone systems, especially on DC overhead line schemes. {Vhere
fitted,| DC harmonic filters generally oc¢upy the largest amount of space of all D(-side
equipment. DC smoothing reactors are'always needed, their main function being to limit the
amplifjude and rate of change of curtent in the event of either a DC line fault or commutation
failurg. DC smoothing reactors. forstransmission schemes can be very large, with inductgnces
of seVeral hundred millihenries being common.
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Figure 2 — Scope of DC-side equipment for a transmission HVDC
converter station with,.one 12-pulse bridge per pole

The QC-side equipment for a transmission HVDC scheme usually also includes several|types
of DC| switching devices, including DC disconnectors and several types of specialised ['high-
speed DC switch". The high-speed 'DC switches are normally derived from conventionfal AC
circuif-breakers, but they are nof_circuit-breakers in the conventional sense of the word|since
they gre not designed to breakyDC fault currents. Their function, instead, is typically to|divert
normgl load current from one current path into another. There are many different applicptions
of DC] switching devicestin'a transmission HVDC scheme and these are described in gfeater
detail|in Annex B.

Finally, in transmission HVDC schemes that are equipped with earth electrodes to permit
operafion with-an earth return current, the electrode line linking the converter station fo the
earth lelectrode’may require additional DC filter equipment, surge capacitors, surge arrgsters
and gquipment to permit monitoring of the electrode line and detection of faults. Sgeveral
commlon<types of high-speed DC switch (for example the metallic return transfer switch) are
assochated-withsuch—apptications:

Annex A provides more detailed descriptions of the purpose and typical characteristics of the
various types of DC-side equipment.

Insulation coordination of the DC-side equipment is an important and complex topic. Basic
principles are addressed in IEC 60071-5, but IEC TS 61936-2 also includes some common
requirements related to safety and insulation coordination, for example clearance and
creepage distances. In selecting insulation for DC systems, environmental conditions and
pollution are very important aspects because of the tendency of DC equipment to attract
airborne contamination. Pollution considerations for outdoor equipment are covered by
IEC 60815-4. The creepage requirements for DC insulation vary greatly according to the level
of atmospheric pollution. As a consequence, there can be major differences in creepage
distance requirements depending on whether an insulator is located in a clean environment
(the valve hall), a semi-clean environment (indoor DC yard, but separate from the valve hall)
or a polluted outdoor environment.


https://iecnorm.com/api/?name=6923695fd91019f7bbaf02fa595222ee

-16 - IEC TS 63014-1:2018 © IEC 2018

4.2 Environmental conditions

Information about environmental conditions for the actual installation site of the converter
station is relevant and can be vital to the design of the individual equipment. Equipment may
be installed outdoors or indoors depending on the operation and project requirements. If both
indoor and outdoor installations are applicable for the same project, the environmental
conditions shall be clearly assigned to the individual application. IEC Guide No. 111 provides
useful background information to aid in specifying environmental conditions.

The following data shall be specified as applicable:

e maximum dry bulb ambient temperature (°C);

e minimum dry bulb ambient temperature (°C);

e maximum wet bulb ambient temperature (°C);

e maximum 24-hour average dry bulb ambient temperature (°C);
e annual average ambient temperature (°C);

e minimum/maximum relative humidity;

e maximum wind speed (m/s);

e annual precipitation (mm);

e maximum precipitation in 24 hours (mm);

e maximum snow depth (cm);

e ic¢ load (mm);

e solar radiation intensity (W/m2);

o sofil resistivity(Qm);

e pdllution level / required creepage distances;

o type of pollutant (conducting/non-conducting; solid/liquid/gaseous);
. se]:smic requirements:

— | horizontal / vertical acceleration (m/s2);

— | seismic frequency spectra (if applicable);

— | relevant design standard and/or local building code.

. aJitude above sea level

e Kkeraunic level

4.3 |Choice of indoor versus outdoor DC yard

On mlost, elder HVDC schemes, up to about the year 2000, the DC-side equipmenr was
locatgd odtside and the converter valves and their closely-associated valve and bridge |surge
arresters were located indoors, in the valve hall.

However, there has been a recent trend towards putting most or all of the DC-side equipment
indoors, into an "indoor DC yard". In such cases, the DC-side equipment is usually not
mounted in the valve hall itself (since this would be unnecessarily expensive) but in a
separate annex to the converter building, usually specified with less-demanding requirements
in terms of air quality and temperature/humidity control than the valve hall.

The main motivation for putting DC-side equipment indoors is to reduce the exposure of
DC-side equipment to pollution and lightning strikes. This is much more important than with
AC equipment because of the tendency of high-voltage DC equipment to attract pollution. By
putting the DC-side equipment indoors (even in a room with relatively simple air-filtration
systems compared with the valve hall), the level of pollution deposited on equipment can be
dramatically reduced and since the insulation will not get wet, much shorter creepage


https://iecnorm.com/api/?name=6923695fd91019f7bbaf02fa595222ee

IEC TS 63014-1:2018 © IEC 2018 -17 -

distances can sometimes be used. However, maintenance intervals should be considered
since no washing by rain occurs indoors.

Indoor DC yards may therefore be preferable where there are:

e high levels of airborne pollution (coal dust is particularly troublesome, being highly
conductive), or

¢ high levels of salt pollution, for example in coastal sites,

¢ high levels of sand pollution in desert sites,

e high risk of flashovers due to ingress of wildlife,

o higl;h audible noise that may lead to complaints in public areas.

On the other hand, civil costs will be increased by specifying indoor DC yard equipment] so in
sites yith low levels of pollution but high civil costs, outdoor DC yard equipmentwill gerjerally
be mqre cost-effective. However, there is a possibility that the cost of an indoor installation is
lower|than that of an outdoor installation in the case of design conditions that rgquire
protegtion against both severe pollution and severe seismic conditions.

A secpndary benefit of using indoor DC-side equipment is that audible noise emissiong from
the DC smoothing reactor and DC harmonic filters will be substantially reduced. Howeler, if
audible noise is the only consideration, providing a noise enclosure around the DC smogthing
reactqr will normally be a more cost-effective solution.

5 DIC smoothing reactors
Requirements for DC smoothing reactors are defined in Clause 12 of IEC 60076-6:2007.

In addition, subject to agreement between‘the manufacturer and the purchaser, for dry-type
air-cofed reactors, the polarity reversal\test can be a type test instead of a routine tesft and,
as a gqonsequence, the DC withstand.routine test shall be performed twice, once with positive
polarify and once with negative polarity.

6 D|C switching devices

6.1 |High-speed DC\switches
6.1.1 General

HVD({ transmission schemes typically include two types of fast-acting DC switches| (with
operating /times generally of the order of 100 ms) on the DC side. These switchgs are
commlonly -derived from conventional AC circuit-breakers but have additional requirements
imposied hy the DC current or \/nltagp to which Thpy are quhjpr‘tpd These DC switcheés are
most commonly constructed from Air-Insulated Switchgear (AIS) but, for some applications,
Gas-Insulated Switchgear (GIS) may be used. The first type of DC switch is not designed to
break DC current but their fast switching action is required for protection, isolation and
restoration of the interconnection. The other type of DC switch is capable of transferring DC
load current into an alternative current path (for example, the metallic return transfer switch,
MRTS, described in B.2.1).

Annex B describes the various different types of high-speed DC switch that may be used on
an LCC HVDC scheme.

General requirements for AC circuit-breakers are defined in IEC 62271-100. However, no
requirements related to DC applications are given in that standard.
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The high-speed DC switches shall comply with the applicable technical standards for AC
circuit-breakers and additional requirements specific to the DC application.

The basic switching requirements are:

e su
of

bsequent to the first arc extinction, no further arc shall occur across the main contacts
the high-speed switch;

e the opening of series main contacts on the complete switch assembly shall be

Sy

nchronized sufficiently well to meet the requirements of the operating conditions;

e where the safe condition of the high-speed switch is in the closed position, the switch shall

fai

Il be

infibited when subsequently there will be insufficient energy for a successful opéntclose

op

The s
order
Takin
take ¢
neutra

shouldl be re-closed to avoid the risk of explosion.

NOTE
capacit
order t

6.1.2

The n
Table

commlentaries on the critical parameters for €ach, are given in Annex B.

eration.

bfe position of a switch is the position that should be reached in the event.of a failure in
to prevent further consequential damage to the breaker or risk of injury to perspnnel.
g the MRTS as an example, the safe position is the closed position¢since no arcing can
lace and there is no risk of explosion. So in the event that an attempt to transfer the DC
| current from the electrode line to the pole conductor does~not succeed, the MRTS

In some applications, the auxiliary components associated with\ high-speed DC switches can finclude
brs and reactors to create a resonant turn-off condition. The capacitor can, in addition, be pre-charged in
speed up the switching process.

Comparison of operating duties

nain critical parameters for various types ©f\DC switch application are summarigsed in
1. Explanations of the various types, of DC switch, along with more dqtailed
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Table 1 — Summary of main parameters affecting
specification of high-speed DC switches

Parameter MRTS? ERTS NBS NBES BPS LPS CPS
Current rating in closed position, [ X J© ( 1 @) 00 @O0 L Y Jok 000 [ X J@)
permanent
Current rating in closed position, short (L 1] ( 1 J©) ( X J©) ( 1 J©) [ 1 J©) [ 1 J©) 000
duration
Current commutating ability (X X J (X X J (X X J [ JOJ@) 000 (X X ) 000
Voltage between terminals in open [ X J© [ JoJok [ JOJ) [ _JOl®) 000 [ ] J@) 000
position
Voltage isolation to earth [ JOle] [ JOJO) [ JOJ@) [ JOJO) o000 o000 +..
Closing speed @O0 [ JOJ@) [ JOJ@) 00 000 [ JOJO) +OO
Opening speed [ JoJe; [ JOJO) [ JOJ@) [ Jole) [ Jole) 000 ‘OO
Key:
®0®8@®| = Critical
@®0®C| = Important
@ OC| = Slight impact
OOQC| = Unimportant
2 THe MRTS and ERTS are also referred to as MRTB (metallic return transfer breaker) and ERTB (earth [eturn
trgnsfer breaker) although these terms can be confusing since,these switches have no ability to intprrupt
faplt current.
b THe steady-state current rating of the bypass switch can¢bevalleviated by closing the parallel-conrlected
disconnector, if installed.
¢ Where a dedicated metallic return is used in the system;"@ @O .
6.1.3 Ratings
6.1.3.11 General
There| are no applicable international standards for high-speed switches used in HVDC
applidations and therefore noj'complete set of standard rating definitions. However,| such
switches are usually based.on AC circuit-breakers, for which IEC 62271-100 is applifable,
and IEC 62271-100 cansprovide general guidance for some aspects of HVDC applicdtions.
There| are, in addition.some ratings defined uniquely for DC switches. Table 2 summaprises
which| ratings are (covered by existing standards and which require specific definitiops for

HVD(Q.
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Table 2 — Table of standard ratings in accordance with IEC 62271-100
and their applicability to high-speed DC switches

Name Clause in Applicability to high-speed DC switches
IEC 62271- - - - -
100:2008 Applicable Applicable with | Not applicable
without modification

modification

Rated voltage (U)) 4.1

Rated insulation level 4.2

Rated frequency (f,) 4.3 v
Rated rormratcurrent(f,)amd-temperature 44 v

rise

Rated phort-time withstand current (/,) 4.5

Rated peak withstand current (lp) 4.6

Rated puration of short circuit (z,) 4.7

Rated pupply voltage of closing and opening 4.8 v

devicep and of auxiliary and control circuits

(Uy)

Rated pupply frequency of closing and 4.9 v

opening devices and auxiliary circuits

Rated pressures of compressed gas supply 4.10 v

for insyilation, operation and/or interruption

Rated phort-circuit breaking current (/) 4.101

Transig¢nt recovery voltage related to the 4.102

rated ghort-circuit breaking current

Rated phort-circuit making current 4.103

Rated pperating sequence 4.104

Charagteristics for short-line faults 4105

Rated put-of-phase making and breaking 4.106

curren

Rated fapacitive switching currents 4.107 v

Inductiye load switching 4.108 v
Openirlg time 4.109

Closing time 4.109

Numbgr of mechanicaltopérations 4.110

Classiffcation of cifouit-breakers as a 4.111 v

functioh of electfical’endurance

6.1.3.~ Modified ratings
6.1.3.2.1 General

The following ratings are modified for HVDC applications of high-speed DC switches and
therefore differ from the equivalent standard ratings defined in IEC 62271-100.

6.1.3.2.2 Equivalent (AC) rated voltage (Uequiv)

Although not recommended, where necessary in order to define other ratings of the DC switch,
the equivalent AC rated voltage may be taken to be the next applicable standard AC rated
voltage higher than the maximum operating direct voltage at the specific location of operation.
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6.1.3.2.3 Rated insulation level

Insulation levels for HVDC equipment are generally not standard levels as for AC equipment
but instead are defined by the insulation coordination study for the project.

Insulation levels shall be defined for both lightning and switching impulse wave shapes and
may be defined separately for the following two cases:
e between open terminals;

e between terminals and earth. For testing purposes, it may be necessary to define
insulation levels separately for the cases with open and closed contacts.

6.1.3.2.4 Rated normal current (1) and temperature rise

In the context of high-speed DC switches, rated normal current is defined as the maximum
continquous DC current experienced by the equipment in the closed position.

6.1.3.2.5 Rated short-time withstand current

The rpted short-time withstand current is the RMS value to which~the switching delice is
subjegted in its closed position under short-circuit conditions. It_depends on system s\p,lyecific
parameters and should be determined by system studies.

6.1.3.R.6 Rated peak withstand current

The rpted peak withstand current is the initial current crest value to which the switching
devicaa is subjected in its closed position under short circuit conditions. It depends on system-
specific parameters and should be determined by.system studies.

6.1.3.2.7 Rated duration of short circuit

The rpted duration of short circuit is the interval of time to which the switching deice is
subje¢ted in its closed position. It depends on system-specific parameters and shoyld be
determined by system studies.

6.1.3.R.8 Rated overload current (I, ,yerioad)

The rated overload current is the maximum short-duration overload current to which the DC
switch can be subjected in operation in the closed position. Between two applicatigns of
overlgad currents,,a-eooling time is needed for the DC switch to reach the standard load
condifions. This coeling time shall be specified by the manufacturer

6.1.3.2.9 Rated short-circuit making current

In the| context of high-speed DC switches, the standard values of short-circuit making clurrent
definedin TEC 6227 T-T0U do not apply. I he rated short-circuit making current tor each type of
DC switch shall be determined by studies for the HVDC project in question.

6.1.3.2.10 Rated operating sequence

As opposed to the AC circuit-breaker whose function is to break and interrupt fault current,
the function of a DC switch is to isolate the system or commutate current. In this application,
the ability of the DC switch to close or reclose is important for the protection of the device.

Switches that are required to carry or commutate DC current can have protection schemes
that will initiate an auto-reclose if the DC current is not below a predetermined level. The
reclosing cycle (dead time) shall be as short as possible to avoid the excessive arc energy
that can appear when failing to commutate DC current.
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However, DC switches generally do not require the multiple open-close-open cycles that are
typical of conventional AC circuit-breakers. The rated operating sequence should therefore be
determined on a case by case basis taking into account how the DC switch is to be used. The
total number of operations under load conditions and the dead time between two opening
operations should be given by the manufacturer of mechanical switch and surge arresters.

6.1.3.2.11 Rated capacitive switching current

The rated capacitive switching current for a DC switch is related to the capacitance that can
be discharged as a result of switch operation, and should be determined by system studies.

In thg context of high-speed DC switches, the rated opening time is the interval*of time
betwelen the instant of energising the opening release, the switch being in the closed pogition,
and the instant when the contacts have separated.

NOTE | This rating is equivalent to the opening time defined in 3.7.133 (a) of IEC 622715100:2008 except fhat the
DC switch is effectively a single-pole device and it is therefore not appropriate to define the time based|on the
opening of all poles.

6.1.3..13 Closing time

In thg context of high-speed DC switches, the rated closing time is the interval of time
betwelen energising the closing circuit, the switch being ,in(the open position, and the ipstant
when the contacts touch.

NOTE | This rating is equivalent to the closing time defined in’3.7.136 of IEC 62271-100:2008 except that fthe DC
switch |s effectively a single-pole device and it is therefore¢not appropriate to define the time based on the [closing
of all pples.

6.1.3.2.14 Number of mechanical operations

DC switches do not operate more frequently than AC circuit-breakers (no normal opgration
under| load or no-load conditions)(\Therefore two classes of mechanical endurance are
defingdd for mechanical switches:

o MO with 1 000 operation sequences, for mechanical switches designed for duties requiring
a hormal number of operations;

e M7 with 2 000 operation sequences, for mechanical switches designed for special sprvice
duties requiring enhanced numbers of operations.

The number of Operations to be expected also depends on the switch function (i.e. whefher it
is an [MRTS, (BPS or other application) and should therefore be specified by the purghaser
separptely-foreach switch type.

6.1.3.86—~ Additional ratings-specific to HVDC
6.1.3.3.1 General

The following ratings are specific to HVDC applications of high-speed DC switches and
therefore have no equivalent in IEC 62271-100.

6.1.3.3.2 Rated direct voltage (U q4.)

The rated direct voltage is defined as the maximum continuous direct operating voltage. For
DC switching devices, a rated voltage to earth as well as a rated voltage between terminals
need to be specified. Rated direct voltages for HVDC equipment are generally not standard
levels as for AC equipment, but instead are defined by the design studies for the project.
Rated direct voltages are typically a few percent higher than the nominal direct voltage in
order to allow for measurement errors and control imbalances.
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6.1.3.3.3 Rated direct voltage between open terminals (Urdcp)

Maximum direct voltage appearing between the terminals of an open DC switch in operation.

6.1.3.3.4 Rated direct voltage from terminals to earth (U,y.c)
Maximum direct voltage appearing between one or both terminals of a DC switch and earth in

operation. In some applications (for example bypass switches), this rating can differ between
the cases where the contacts are open or closed.

6.1.3.3.5 Maximum commutating current

The maximum direct current that the complete DC switch is required to commutate safelly to a
parallgl conducting path.

NOTE | The commutating current rating applies to the complete DC switch assembly including the parallel rgsonant
LC circpits and surge arresters as appropriate.

6.1.4 Tests
6.1.4.11 General

Presently, there are no international testing standards specifically developed for high-gpeed
DC switches. Where they are composed of AC circuit-breakers, the following testing
requirements are applicable.

The testing requirements and common specification for AC circuit-breakers are incluged in
parts {1, 100, 102 and 109 of the IEC 62271 series.

In geperal, all clauses of the above-referenced standards are applicable to DC swjtches
excepft where stated in the 6.1.4.2 to 6.1.5,5.

6.1.4.p Type test
6.1.4.2.1 General

All of| the applicable testing.requirements outlined in IEC 62271-100 shall be followgd. In
additipn to performing the test at power frequency, the test shall also be performgd by
applying the appropriate\direct voltage as described below.

Tablep 3 to 6 summarise the dielectric type tests to be performed on four types of high-gpeed
DC spwitch: commutation switches (such as MRTS), bypass switch, converter paralleling
switch and line_paralleling switch.

The d eIectrlc type tests shall be performed ona compIeter assembled swrtch mountec on a
suppo ' = =tts ot v hese.
Where termlnals are specrfled to be floatlng the potentlal of the floatmg terminal shall be
adjusted according to the theoretical voltage distribution across the open switch by suitable
measures.

6.1.4.2.2 Calculation of test voltages

For tests that are performed with direct voltages, test voltages shall be calculated by
multiplying the applicable rated direct voltage (UrdCp or Uegee) given in 6.1.3.3 by the test
safety factors stated in Tables 3 to 6.

NOTE Unlike AC systems, the term "rated voltage" in an HVDC system is project-specific and is related to the
maximum direct operating voltage to earth of the HVDC system.

For power-frequency voltage tests, the provisions in the existing IEC standards shall be
followed. For impulse tests, the test levels are defined from insulation coordination studies.
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Figure 3 explains the notation used in the tables in respect of where the test voltages are

applied.

A A

a 1‘_ a

F F
= =
- - IEC
Figure 3 — Key for application of test voltages

6.1.4..3 Conditions of switching device during dielectric tests
Dielegtric tests shall be made on the mechanical switch completely. assembled, as in sgrvice;
the oltside surfaces of insulating parts shall be in a clean condition. The mechanical $witch
shall |be mounted for test with minimum clearances and/height as specified by the
manufacturer.
Tests|are valid if the height above ground during the fests is less than or equal to the height
used |n service.
When| the manufacturer states that supplementary insulation such as tape or barrigrs is
required to be used in service, such supplementary insulation shall also be used during the
tests.
If arclng horns or rings are required for the purpose of system protection, they may be
removed or their spacing increased for the purpose of the test. If they are required for vpltage
grading, they shall remain in position for the test.
For mechanical switches, using compressed gas for insulation, dielectric tests shall be
perfomed at minimum.functional pressure (density) for insulation as specified by the
manufacturer. The temperature and pressure of the gas during the tests shall be noted and
recorded in the test.report.
WARNING — ln)the dielectric testing of mechanical switches incorporating vacuum swifching
devicgs, precautions should be taken to ensure that the level of possible emitted X-radiation
durin% high<voltage testing is within safe limits. National safety codes can influence the pafety

measures established

6.1.4.2.4 Direct voltage withstand test (dry and wet)

a) Test procedure:

1 hour, each polarity. Wet tests are applicable only for outdoor designs.

b) Pass criteria:

No disruptive discharge.

c) Test conditions:
As defined in Table 3.
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Table 3 — Test conditions for direct voltage test
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Switch Voltage Earthed | Floating Test Applicability to various switch types
condition | applied to | terminals | terminal | voltage ®=-Mandat O=Aoplicable if ified
=Mandatory; ©O=Applicable if specified;
O=Not applicable
Commutation| By-pass Converter Line
switch switch paralleling | paralleling
switch switch
(CPS) (LPS)
Closed Aa F 1,9 % Uyee [ ] o [ ([
A aF 1,5 x Urdep [ [ [ ] [ ]
A F a 1,5 % U yce ©) ©) (@) D
Open
a AF 1,6 x Urdep [ ] [ ] [ ] ®
a F A 1,5 % U yce ©) ©) (@) D
6.1.4..5 Partial discharge test

a) Tgst procedure:

1 hour, each polarity. No separate partial discharge test is necessary if PD measurgment
is performed during DC withstand voltage test under dry cofdition.

b) Pass criteria:

Nd

external to the test object shall be disregarded.

c) Tgst conditions:

Ag

defined in Table 4.

more than 10 pulses of partial discharge with-fhagnitude equal to or greate
2 000 pC are recorded during the last 10 min of)the test. Pulses that are proven

than
to be

If swltches are part of a DC GIS,. the requirements should be agreed betweeh the

manu

acturer and the purchaser.

Table 4 — Test conditions for partial discharge test

Swifich Voltage Earthed |Floating Test Applicability to various switch types
condition | applied to | terminals [terminal | voltage @-Mandat 0=Applicable if ified
=Mandatory; ©=Applicable if specified;
O=Not applicable
Commutation| By-pass Converter Line
switch switch paralleling | paralleling
switch swijtch
(CPS) (LPS)
Closed Aa F 1,3 ¥ Uyee [ ] o [ r
A aF 13 % U, ° ° ° »
A F a 1,3 % Upyee (©) @) ©) o
Open
a AF 1,3 x Urdep [ ] [ ] [ ] [ ]
a F A 1,3 % Uyee (@) ©) (@) O
6.1.4.2.6 Polarity reversal test
a) General

In some designs of switch, the polarity reversal test is not critical, for example live-tank
designs in which there is no highly stressed solid dielectric material in the insulating gap
of the switch. In such cases, the polarity reversal test may be omitted with the agreement
of the purchaser and the manufacturer.
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Test procedure:

90 min; change polarity; 90 min; change polarity; 45 min. Time for polarity reversal shall
be agreed between the manufacturer and the purchaser.

Pass criteria:

No more than 10 pulses of partial discharge with magnitude equal to or greater than
2 000 pC are recorded during any 10-min period of the test. Pulses that are proven to be
external to the test object shall be disregarded. The time during which polarity is being
reversed is not considered to be part of the test and data collected during this period is
not considered to be relevant.

Test conditions:
Aq defined in Table 5.

If swltches are part of a DC GIS, the requirements should be agreed betweeh the

manufacturer and the purchaser.

Table 5 — Test conditions for polarity reversal test

Swifich Voltage Earthed |Floating Test Applicability to_various switch types
condiftion | applied to | terminals [terminal | voltage @-Mandat O-Applicable if ified
=Mandatory; O=Applicable if specified;
QO=Not applicable
Commutation| “By-pass Converter Line
switch switch paralleling | paralleling
switch swjtch
(CPS) (LPS)
Closed Aa F 1,25 x U 4o ] o [ ] r
A aF 1,25 % Uygep ° ° ° »
A F a 1,25 * Uyes O ©) (@) D
Open
a AF 1,25 Urdep [ ] [ ] [ ] ®
a F A N25 % U e O ©) (@) D

6.1.4..7 Radio Interference-Voltage (RIV) test

a)

b)

c)

Teast procedure:

THe test is performed generally as described in IEC 62271-1. A voltage of 1,1 |x the
applicable rated (direct voltage (U,qge OF Urdep @s appropriate) shall be applied {o the
switch and maintained for at least 5 min. The voltage shall then be decreased by|steps
down to 0,3% the applicable rated direct voltage, raised again by steps to the initial|value
and finally"decreased by steps to 0,3 x the applicable rated direct voltage. At each step, a
ragio interference measurement shall be taken and the radio interference level, as
recorded during the last series of voltage reductions, shall be plotted versus the applied
voltage; the curve so obtained is the radio interference characteristic of the switch. The
amplitude of voltage steps shall be approximately 0,1 x the applicable rated direct voltage.

Pass criteria:

The switch shall be considered to have passed the test if the radio interference level at
1,1 x the applicable rated direct voltage does not exceed 2 500 pV.

Test conditions:
As defined in Table 6.
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Table 6 — Test conditions for RIV test

Switch Voltage | Earthed | Floating Test Applicability to various switch types
condition |applied to|terminals| terminal voltage ®=-Mandat O=Aoplicable if ified
=Mandatory; ©O=Applicable if specified;
O=Not applicable
Commutation| By-pass Converter Line
sSwitch switch paralleling | paralleling
switch switch
(CPS) (LPS)
Closed Aa F 1,1 % Uyee [ ] o ([ [ J
A aF 1,1 % Urdep [ [ [ ] [
A F a 1,1 % U e (@) o (@) D
Open
a AF 1.1 Urdep [ ] [ ] [ ] ®
a F A 1,1 % U yee (@) o (@) D

RIV tests are not applicable to switches where both terminals operate at 9100 kV with rgspect
to the|earth.

Subjeft to agreement between the purchaser and the manufacturer, RIV tests may be
perforimed using an alternating voltage source as described in</EC 62271-1, instead of|direct
voltage. In this case, the RMS value of the alternating test voltage shall be the diregt test
voltade divided by V2.

6.1.4.2.8 Lightning-impulse withstand test
a) Tast level:

THe rated lightning-impulse withstand voltage to earth (Upe) or across the open $witch
(Upp), as appropriate.

b) Test procedure:
THe test is performed generallysas’described in IEC 62271-1. 15 impulses, each polafity.
c) Pass criteria:

Ng internal disruptive dis¢harges; number of external disruptive discharges <2 The
foe1lowing test procedure B of IEC 60060-1, adapted for switching devices that| have
se|f-restoring and ~nen-self-restoring insulation, is the preferred test procedure| The
switching device has’passed the impulse tests if the following conditions are fulfilled:

e | each series-has at least 15 impulses;

¢ | the number of disruptive discharges shall not exceed two for each complete series;

e [ nodisruptive discharge on non-self-restoring insulation shall occur. This is confirmed
by 5°consecutive impulse withstands following the last disruptive discharge.

This procedure Teads o a maximum possiblé number of 25 ImpulSes per Series.

In some DC switch applications when the switch is in the open position, one terminal can
experience a direct voltage with respect to earth while the other terminal can experience a
lightning strike. This can occur, for example, on an MRTS in the open position where one
terminal will experience a direct voltage (the resistive voltage drop of the pole conductor) and
the other terminal could be subjected to lightning strikes taking place on the electrode line. In
such cases, consideration should be given to performing the impulse tests with a direct
voltage, equal to the maximum experienced in service, applied to the floating terminal.

Some insulating materials retain a charge after an impulse test, and, for these cases, care
should be taken when reversing the polarity. To allow the discharge of insulating materials,
the use of appropriate methods, such as the application of three impulses at about 80 % of
the test voltage in the reverse polarity before the test, is recommended.
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d) Test conditions:

As

defined in Table 7.

Table 7 — Test conditions for lightning-impulse withstand test

Switch Voltage Earthed Floating Test Applicability to various switch types
condition | applied to | terminals | terminal | voltage . . .
@®=Mandatory; O=Applicable if specified;
O=Not applicable
Commutation| By-Pass Converter Line
switch switch paralleling | paralleling
switch switch
(cps) (LPS)
Closed Aa F Upe ° ° ° »
A aF Upp ° ° ° »
A F a Upe ©) (@) (@) D
Open
a AF Upp [ [ ] ( ] [ ]
a F A Upe @) (©) (@) D
6.1.4.2.9 Switching impulse withstand test
a) Tast level:
THe rated switching impulse withstand voltage to earth”(Ug,) or across the open $witch

(U
b) Té
TH

c) Pass criteria:

Nd
fo
re
de

TH

Similg
applic
other

Sp), as appropriate.
st procedure:

internal disruptive discharges; ndmber of external disruptive discharges < 2|

vice has passed the impulsg tests if the following conditions are fulfilled:
each series has at least 45 impulses;

the number of disruptive discharges shall not exceed two for each complete series;

by 5 consecutive’impulse withstands following the last disruptive discharge.

is procedure-leads to a maximum possible number of 25 impulses per series.

to per

servic

e, applied to the floating terminal.

e test is performed generally as described in“IEC 62271-1. 15 impulses, each polafity.

The

lowing test procedure B of IEC 60060-1, adapted for switching devices that have self-
s5toring and non-self-restoring insulation, is the preferred test procedure. The swijching

no disruptive disecharge on non-self-restoring insulation shall occur. This is confirmed

rly to «the lightning-impulse withstand test described in 6.1.4.2.8, some DC switch
ations may experience a direct voltage with respect to earth on one terminal while the
tefminal may experience a lightning strike. In such cases, consideration should be|given

forming-the impulse tests with a direct voltage —egual to the maximum-experienced in
9 14 oo g ©

Some insulating materials retain a charge after an impulse test, and for these cases care
should be taken when reversing the polarity. To allow the discharge of insulating materials,
the use of appropriate methods, such as the application of three impulses at about 80 % of
the test voltage in the reverse polarity before the test, is recommended.

d) Test conditions:
As defined in Table 8.
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Table 8 — Test conditions for switching impulse withstand test

Switch Voltage Earthed Floating Test Applicability to various switch types
condition | applied to | terminals | terminal | voltage . . .
®=Mandatory; O=Applicable if specified;
O=Not applicable
Commutation| By-pass Converter Line
switch switch paralleling | paralleling
switch switch
(CPS) (LPS)
Closed Aa F Uge [ ] [ ] [ ] [ J
A aF Usp [ [ [ ] [ )
A F a Uge (©) @) ©) D
Open
a AF Usp [ [ [ ] ®
a F A Uge (©) @) ©) D
6.1.4.2.10 Power frequency withstand test

a) Tast level:

The test level U;,., (between terminals of the switch) or U g, (from terminals to eafth) is
ddrived from the lightning-impulse withstand level U,
frgquency test voltage should be chosen from Table 1¢or Table 2 of IEC 62271-1:2017
usfing the line with the same or next lower lightning-impulse withstand voltage and the

b) Test procedure:

ot /U,

e’

respectively. The

power

cojlumn with comparable test conditions. The same test levels Uy,e, and Upyee ar¢ also
used for the routine tests defined in 6.1.4.3.1.

1 Imin. The mechanical switch shall be ¢(subjected to short-duration power-freguency
voftage withstand tests in accordance with ' IEC 60060-1. For each test condition, the test
votage shall be raised to the test value and maintained for 1 min. The tests shgll be
performed in dry conditions and also.iA wet conditions for outdoor mechanical switches.

c) Pass criteria:

Nd

d) Tgst conditions:
defined in Table 9.

AS

disruptive discharges

Table(9,= Test conditions for power frequency withstand test

tace

Switich Voltage Earthed Floating Test Applicability to various switch types
condiftion | applied to | terminals | terminal | voltage . . .
@®=Mandatory; O=Applicable if specified;
O=Not applicable
Commutation| By-pass Converter Line
switch switch r\arnllnling para |e||ng
switch switch
(CPS) (LPS)
Closed (for Aa F Uace o o o o
metal-
enclosed
switch gear
only)
Open A aF Utacp [ J [ J [ J [ J
A F a Utace O ©) (@) O
a AF Ytacp [ ] [ ] [ ] [ J
a F A U, O ©) (@) O
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6.1.4.3 Routine test
6.1.4.3.1 Dielectric test on the main circuit

The routine dielectric test shall be performed using the test voltage defined in 6.1.4.2.10,
generally in accordance with IEC 62271-100 or 7.101 of IEC 62271-109:2008, depending on
whether the safe position of the switch is open or closed. Tests shall be performed both on a
switch in the open position with one terminal earthed, and on a switch in the closed position.
However, the test on a switch in the closed position may be omitted subject to agreement
between the purchaser and the manufacturer if it can be shown that such a test has no value.

When using an alternating voltage source during the routine test, instead of a direct voltage,
the RMS value of the alternating test voltage shall be the specified direct test voltage djvided
by V2
6.1.4.B.2 Mechanical operating test

The mechanical operating test shall be performed in accordance with _7.401 of IEC 62271-
100:2D08.

Auto-teclosing is, in general, not relevant for high-speed DC switches but for those swjtches
wherg fast closing is required (for example, the bypass switch),_the following additional test
shall be performed:

e fivie open-close operating cycles O — t— C where ¢ = Q1 s.
6.1.5 Special test on current commutation capability
6.1.5.11 General

This gpecial test is applicable to all DC switches with commutation duties, i.e. MRTS, ERTS
and NBS and shall be conducted upan agreement between the purchaser anfg the
manufacturer. If the arc voltage characteristics of the commutation switch are knowp and
previdqusly verified by physical testson a real switch of equal or greater rating, it is sufficient
to pefform calculations in relation“to the oscillation characteristics of the interrupter and
resongnt circuit.

A DC [commutation switchwtypically consists of the following arrangement:

s-filled circuit-breaker;

For D i i ; i ifred fscurrent
is the maximum direct current the DC switch is able to commutate. The commutation type test
shall be performed to prove the commutation capability of the DC switch at the specified rated
commutating current.

6.1.5.3 Test conditions

An example of one type of test circuit is shown in Figure 4. Other test circuits and procedures
can be used as long as they stress the test object in the same way.
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Figure 4 — Test circuit for commutation test

For cpnvenience of testing, the test may be performed at‘reduced direct voltage, however,
care ghould be taken that the decay of the DC test current-caused by the arc voltage ¢luring
the arcing interval of the DC switch does not significantly. change the equivalency of the test.
The inductance and the time constant of the test circdit should be chosen adequately.

The cpmmutating current is defined as the instantaneous value of the DC current through the
DC spwitch assembly at the instant of are~‘extinction within the switching units ¢f the
mechanical switch.

The cpmmutation type test shall be performed at following conditions:

e lo¢k out pressure of the switehing unit's gas filling for minimum ambient tempenature,
corresponding to the rated-filling level for operation as defined in IEC 62271-1;

e rated supply voltage of operating device;

e ngminal hydraulic pressure, if applicable.
6.1.5.4 Test duties

The fpllowing(test duties and numbers of commutating operations shall be performed ¢uring

commjutation-type test:
. cj‘nmutating current during test: 2100 % of required commutation current in service;

e number of commutating operations: 15.

6.1.5.5 Acceptance criteria
The DC switch has passed the type test if:

o the DC test current has successfully been commutated from the DC switch to the parallel
surge arrester without any restrike across the main contacts in a sequence of at least
15 operations performed. One unsuccessful commutating operation is permitted if the test
sequence is extended by another successful operation;

e visual inspection of the active parts of the interrupter units after the test do not show any
damage, undue wear or impairment of the functionality of the DC switch.
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6.2 DC disconnectors and earthing switches
6.2.1 General

Disconnectors and earthing switches used on the DC side of HVDC converter stations serve a
similar purpose to those used in AC substations. Their primary purpose is to connect and
disconnect DC filters, to isolate sections of the DC-side equipment or to provide connections
to earth. The required isolation could be for normal operating conditions or for maintenance
purposes. In fulfilling their maintenance-related roles, it is important in some applications that,
in order to provide safe conditions, the switch be able to withstand higher than normal system
voltages across the open switch.

6.2.2 Ratings
6.2.2.11 General

There|are no applicable international standards for disconnectors and earthing’switcheq used
in HVPC applications and therefore no complete set of standard rating definitions. However,
such flisconnectors and earthing switches are usually based on standard~AC equipmept, for
which| IEC 62271-102 is applicable. IEC 62271-102 can therefore protide general guifjance
for some aspects of HVDC applications. There are, in addition, someZratings defined unjquely
for D¢ applications in 6.2.2.2 to 6.2.2.3.6. Table 10 summarises-which ratings are covefed by
existing standards and which require specific definitions for HVDE-

Tlable 10 — Table of standard ratings in accordance with IEC 62271-102 and thejr
applicability to HVDC disconnectorscand earthing switches

Name Clause in Applicability to HVDC disconnectors
IEC 62271- and earthing switches
102:2001 - - . ]
Applicable Applicable with | Not applilcable
without modification
modification
Rated poltage (U,) 4.1 v
Rated |nsulation level 4.2 v
Rated frequency (f,) 4.3 v
Rated pormal current (/) and temperature 4.4 v
rise
Rated phort-time withstand current:(/,) 4.5 v
Rated peak withstand current (lp) 4.6 v
Rated puration of short circuit (7, ) 4.7 v
Rated pupply voltagetof closing and 4.8 v
opening devices ahd-of auxiliary and
control| circuits (U,)
Rated pupply frequency of closing and 4.9 v
opening déviees and auxiliary circuits
Rated bressures of compressed gas 410 v
supply for insulation, operation and/or
interruption
Rated short-circuit making current 4.101 v
Rated contact zone 4.102 v
Rated mechanical terminal load 4.103 v
Rated values of the bus-transfer current 4.104 v
switching capability of disconnectors
Rated values of the induced current 4.105 v
switching capability of earthing switches
Rated values of mechanical endurance for 4.106 v
disconnectors
Rated values of electrical endurance for 4.107 v
earthing switches
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6.2.2.2 Modified ratings
6.2.2.2.1 General

The following ratings are modified for HVDC applications and therefore differ from the
equivalent standard ratings defined in IEC 62271-102.

6.2.2.2.2 Equivalent (AC) rated voltage (Uequiv)

Where necessary in order to define other ratings of the equipment, the equivalent AC rated
voltage shall be taken to be the next standard AC rated voltage higher than the maximum
operating direct voltage of the HVDC system.

EXAMHLE For an HVDC scheme with a nominal direct voltage of 500 kV, the equivalent AC rated veltage|(where
necesspry for the purpose of defining other ratings) would be 550 kV.

6.2.2.2.3 Rated insulation level

Insulgtion levels for HYDC equipment are generally not standard levelsqas)for AC equipment
but instead are defined by the insulation coordination study for the project:

Insuldtion levels shall be defined for both lightning and switching impulse wave shapes and
may be defined separately for the following two cases:

. bjtween open terminals;

e bdtween terminals and earth. For testing purpdsgs it may be necessary to gefine
ingulation levels separately for the cases with opén and closed contacts.

6.2.2.p.4 Rated normal current (1) and temperature rise

In thg context of HVDC disconnectors, rated normal current is defined as the maxXimum
continquous DC current experienced by the-equipment in the closed position.

6.2.2.p.5 Rated overload current (I, ,yerioad)

The rated overload current is ke maximum short-duration overload current to which the DC
discomnector can be subjected in operation.

6.2.2..6 Rated overload duration (¢

overload)

The rated overloadiduration is the maximum duration of the rated overload current.

6.2.2.2.7 Rated short-time withstand current

The rpted-short-time withstand current is the RMS value to which the switching de\;l)ice is
subje¢ted’in its closed position under short-circuit conditions. It depends on system-specific
parameters and should be determined by system studies.

6.2.2.2.8 Rated peak withstand current

The rated peak withstand current is the initial current crest value to which the switching
device is subjected in its closed position under short-circuit conditions. It depends on system-
specific parameters and should be determined by system studies.

6.2.2.2.9 Rated duration of short circuit

The rated duration of short circuit is the interval of time to which the switching device is
subjected in its closed position. It depends on system-specific parameters and should be
determined by system studies.
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6.2.2.2.10 Rated values of the bus-transfer current switching capability of
disconnectors

The rated bus-transfer current requirement depends on system-specific parameters and
should be determined by system studies, if and when applicable.

6.2.2.2.11 Rated values of mechanical endurance for disconnectors

The endurance requirements should be based on the criteria placed on the device by the
system-operating parameters and maintenance programme (see IEC 62271-102:2001, 4.106).

6.2.2.2- eatthing

switches

It is unlikely that an earthing switch will be required to make during a short circuit; however
inadvertently closing into an energized line may occur. For this reason the DC earthing gwitch
shouldl be specified class E1 at a minimum (see IEC 62271-102:2001, 4.107.).

6.2.2.3 Additional ratings specific to HVDC
6.2.2.3.1 Time duration of overload current

The mjaximum time duration of the overload current defined in6.2.2.2.5.

6.2.2.3.2 Fault current

The maximum short-duration (<1 s duration) current flowing through the equipment |n the
closed position. The waveshape shall also be defined.

6.2.2.5.3 Making current

The maximum current, either continuoustor fault current, that the equipment is required|to be
able tp make safely.

6.2.2.8.4 Rated direct voltage (U, q.)

The rated direct voltage is .défined as the maximum continuous direct operating voltage. For
DC switching devices, a.rated voltage to earth as well as a rated voltage across terminals
need o be specified. Rated direct voltages for HVYDC equipment are generally not standard
levels| as for AC equipment, but instead are defined by the design studies for the pfoject.
Rated direct voltages are typically a few percent higher than the nominal direct voltage in
order [to allow formeasurement errors and control imbalances.

6.2.2.8.5 Rated direct voltage between open terminals (Upy¢p)

+ln 4+ H ] £
uare CrirmmTraro UT [=10] UptT DC

M 1 4+ P~ H 4 1 H b ot
aXI Ut CUTTUTTUUU S \C LA viv]y vuIitayc appyTdaritty VTILWTTITI

disconnector or earthing switch in operation.

6.2.2.3.6 Rated direct voltage from terminals to earth (U y.c)

Maximum continuous direct voltage appearing between one or both terminals of a DC
disconnector or earthing switch and earth in operation.
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7 DCGIS

7.1 General

Where the HVDC converter station is located in an area of high pollution, for example close to
the sea, the DC-side equipment is sometimes located inside a building — as discussed already
in 4.3. However, the resulting building is large. An alternative can be to house as much as
possible of the DC equipment inside a gas-insulated metallic enclosure (DC GIS). While the
DC smoothing reactor and DC filters cannot practicably be housed inside GIS, most of the
remaining components can (as described in 7.2). The use of DC GIS offers the potential for
considerable reduction of space.

At thel time of writing, there is limited industry experience of the use of GIS on the DC Jide of
HVD({ converter stations, but one such installation has been in service since 2000.[3].

Test fequirements for DC GIS are currently under development in CIGRE and it [s not
possible to define requirements in this document.

7.2 |DC GIS configuration (components of DC GIS)

DC G|S may consist of DC switches, DC disconnectors, external or internal fitting DC cprrent
transfprmers, DC voltage transformers, earthing switches, surge arresters, DC busef, DC
bushings and insulation cable terminations. DC GIS may bexdivided into several gas seftions
in order to manage gas quality and maintenance procedures-

For the complete assembled GIS, the following ratings/requirements shall be specified for
each switching device:

e rafed voltage/insulation level;

e rafed normal current;

e permitted temperature rise;

e required short-time withstand current and duration;

e pdlarity reversal operation (during blocking state/deblocking state);
e type of insulation gas and'rated pressure;

. tyI

e rafed pressure for_operation;

e of driving mechanism and rated control voltage;

e log¢ation (indoorfoutdoor).

8 D[ fitercomponents

8.1 General

The main purpose of DC filters is to limit harmonic currents on the DC line, thus mitigating
telephone interference on nearby open-wire telephone lines. The converter can be seen as a
voltage source for the harmonics generated on the DC side and the filtering system consists
of the smoothing reactor, providing a series impedance, and the DC filter providing a low
shunt impedance for the harmonics generated by the converter.

DC filters for HVDC systems normally comprise a high-voltage main DC filter capacitor bank
together with tuning reactor(s) and, in some cases, damping resistors and auxiliary capacitors.
DC filters are commonly arranged as double tuned or triple tuned banks according to the
specific harmonic limits of different HVDC Projects.
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Figure 5 shows a double-tuned DC filter where C1 is the main DC filter capacitor bank. The
total direct voltage, pole to neutral, is taken up by the main DC filter capacitor bank, C1. The
other filter components, L1, L2, R1, R2 and C2 will only be subjected to alternating currents
and voltages, mainly the characteristic converter harmonics 12th, 24th 36th etc. There may
also be a substantial 2nd and 6" harmonic caused by harmonics and asymmetry in the AC
system voltage. The main DC filter capacitor bank, C1, has to be designed and tested for the
combined voltage stress from the pole to neutral direct voltage and the voltage caused by the
harmonic currents in the filter. The other filter components only have to be designed and
tested for AC current and voltages and the requirements on those are very similar to
corresponding AC filter components except their terminal to earth insulation, which may be
exposed to direct voltage as a result of the direct voltage on the neutral bus.

Also, |for other commonly-used DC filter configurations, for example single-, doublg- and
triple-funed filters, the complete direct voltage stress is on the main DC filter capacito bank
and the other filter components only see AC current and voltage across their terntinals, gxcept
their terminal to earth insulation, which can be exposed to direct voltage.

Lac
o Pole line

M
l(ﬁ

—/N
SOV 2L

-

Electrode line

Neutral bus
Neutral bus

capacitor

Figure 5 = Typical arrangement of shunt DC filter

IEC

8.2 [Main DC filter capacitor
8.2.1 General

Genefal requirements for power capacitors are defined in IEC 60871-1. Howevdr, no
requirements related to DC applications are given in that standard.

The purpose of this document is to give complementary requirements and guidelirles to
IEC 6p871-1 in order to specify capacitors for high-voltage DC applications. Thg DC
capacitors are assumed to be of the same general type as in IEC 60871-1, i.e. capacitor units
that are mounted in capacitor banks to meet the required voltage rating and capacitance. This
document does not apply, for example, to capacitors of the self-healing metallized dielectric
type, or coupling capacitors.

8.2.2 Design requirements for DC capacitors

The capacitors should be equipped with grading resistors to obtain a proper direct-voltage
distribution. For internally fused and fuseless DC capacitors, these grading resistors
(internally) are mounted across each series group of elements inside the capacitor unit.

Grading resistors are designed to ensure the limits of the considered uneven voltage
distribution factor (k-factor) in combination with the estimated grading current.
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The capacitor units should be equipped with either internal fuses or without fuses. External
fuses are not suitable for DC capacitor applications because, unlike AC filter capacitors, there
are not usually a large number of parallel units and because the load current is low.

8.2.3

Rated voltage

The rated voltage for a DC capacitor bank with combined direct and alternating voltage stress
shall be defined as:

Unp =k xUpgg +~/2 xU,, ++/2 x /ZUf,max
A

\ 3

is the rated voltage of the capacitor bank;
is the rated direct voltage across the capacitor bank;
is the RMS AC voltage of harmonic order n across the capacitorbank;

is the harmonic order for the maximum AC voltage component across the cap
bank;

is the DC uneven voltage distribution factor. Typically-1,0 < £ < 1,3 and is
defined by the manufacturer.

The rated voltage of the capacitor unit is defined as:

whereg
S

8.2.4

Unb
Uy = 2
N"6,3

is the number of series connected capacitor units in the capacitor bank.

Base voltage for creepage- calculation

Creepage distance requirements for the main DC capacitor shall consider different insu
distances between different téerminals: HV terminal to earth, HV terminal to LV terminal and

LV te

minal to earth. Therespective base voltages shall be determined according

operation characteristics) i.e. direct voltage, alternating voltage or combinations of both
unevgn voltage distribution factor £ shall be considered as described above for th
terminal to LV terminal creepage requirement. The creepage distance in each case sh
calculpted basedon the maximum steady-state RMS voltage across the relevant part
DC filier capagitor:

I I I \2 N2

acitor

to be

lation

o the
. The
e HV
all be
pf the

where
U
Urdc
U,

n-max

rms

)
Urms—\/\" Yrdc) T /Y n—max
n

is the rms voltage to be used as base for creepage calculation;
is the rated direct voltage across the capacitor bank;
is the RMS AC voltage of harmonic order n across the capacitor bank.

(3)

The creepage requirement for the HV terminal to earth is defined without the k-factor and
without AC harmonic components, i.e.:

Urms = Uy (for HV to earth)

(4)
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For hanging designs, the suspended string insulator is designed based on the creepage
requirement of the HV terminal or LV terminal to earth as applicable.

The required creepage distance is determined from U,,s multiplied by the unified specific
creepage distance (USCD) as defined in IEC 60071-5.

Other requirements for insulators are given in Clause 12.

NOTE Capacitor specification in this document specifies a rated voltage for the bank (U, ) and a base voltage for
creepage calculation. The rated voltage for the bank (U, ) is used for the dielectric design of the capacitor unit; the
base voltage for creepage calculation is used for the insulation and creepage distances of the insulators and
bushings

8.2.5 Tests for DC capacitors
8.2.5.1 General

Tests|are performed on the capacitor units. The tests in I[EC 60871-1 are”in genera|l also
followed for DC capacitors where applicable. The test levels are howevenadapted to the|rated
voltage of the DC capacitors. In general, the principle is that the ratiecObetween test vpltage
and rated voltage for the AC capacitor should be the same as theratio between the| peak
value |of the test voltage and rated voltage for the DC capacitor,~This means that, in ggneral,
the tgst factor (relation between test voltage and rated voltage) is divided by V2 for DC
capaditors.

8.2.5.p Routine tests
8.2.5.p.1 Capacitance measurement

Capagitance measurement shall be performedras per IEC 60871-1:2014, Clause 7, blt the
capaditance should be measured at a voltage of:

Un
— +10% 5
J2 ° (%)

Capagitance tolerance for capacitor units shall be in accordance with IEC 60871-1]2014,
Annex B. Capacitance tolerance for banks should be agreed upon between the purchas¢r and
the manufacturer.

8.2.5.p.2 Measurement of the tangent of the loss angle (tan 8) of the capacitor

Meastirement(of ‘'tan & shall be performed in accordance with IEC 60871-1:2014, Clayse 8.
The tangentiof loss angle should be measured at a voltage of:

Un
— +10% (6)
\/5 ()

It should be noted that the losses in the grading resistors will normally dominate over the
dielectric losses. This test will therefore serve as a quality check of the capacitor and not
primarily as a measurement of dielectric losses.

8.2.5.2.3 Voltage test between terminals

The test should be performed generally as per IEC 60871-1:2014, Clause 9; however, the test
should be performed as a DC test with a test voltage of 2,6 x Uy,.
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8.2.5.2.4 AC voltage test between terminals and container

The test should be performed as per IEC 60871-1:2014, Clause 10. The test voltage should
be in accordance with the following equation:

U
Uy =2,5x—Nx n (7)
t \/5
Where
Ui is the power-frequency test voltage (RMS);
Uy s the rated voltage of the capacitor unit;
n is the number of units in series relative to the electrical potential to which the~contgainers
are connected.

8.2.5.p.5 Measurement of resistance of grading resistor

The choice of the method is left to the manufacturer. The test shall be made after the vpltage
test bptween terminals.

The manufacturer shall define the acceptance criteria that ensure a proper direct vpltage
distriqution both internally in the capacitor unit and between capacitor units in the capgacitor
bank.

The grading resistors shall also serve the purpose\of internal discharge device as per
IEC 6p871-1:2014, Clause 11.

8.2.5..6 Sealing test

The tgst shall be performed as per IEC 60871-1:2014, Clause 12.

8.2.5.p.7 Discharge test (internally fused capacitors only)

The rst should be performed,generally as per IEC 60871-4:2014, 5.1.2; howevef, the
discharge shall be made from a‘direct voltage of:

15x Uy (8)

8.2.5.3 Typetests

8.2.5.8.1 Thermal stability test

The t¢stéshould be performed generally in accordance with Clause 13 of IEC 60871-1]2014;

41 LI I 3 el A Ao
hOWeVUI, e dppiicu vultaye Cdall Do citrieclr AV O UU.

a) AC test:

An AC voltage (50 or 60 Hz) adjusted to generate losses equivalent to 1,44 times the
highest steady-state continuous losses experienced at operating conditions with combined
AC and DC voltage.

b) DC test:

A direct voltage not less than 1,2 x Uy. The generated losses shall be equivalent to
1,44 times the maximum steady-state continuous losses experienced during operating
conditions with combined AC and DC voltage.

NOTE When performing the tests using a direct voltage, dielectric losses will not be reproduced. Therefore, the
direct test voltage will need to be higher than the RMS test voltage would be in the case of AC testing, in order to
compensate for the lack of dielectric losses.
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8.2.5.3.2 AC voltage test between terminals and container.

The test shall be performed as per IEC 60871-1:2014, 15.1.

The 60-s power-frequency test voltage shall be at least:

Ui =2,5x% n

O,
V2

where

Ut
UN

n

Ui sh

voltage from Table 3 of IEC 60871-1:2014.

8.2.5.

The td

The Jest voltage shall be selected from the standatd rated lightning-impulse with
e

volta

powef

8.2.5.

The o

verify

capag
capag

purpo

8.2.5.

a) T¢
TH

te

THe test shall have a duration of not less than 1 000 h and shall be performed with a
voltage <not” less than 1,4 times the rated direct voltage (Ugy). In order to redug
current_requirements for this test, the test may be performed on similar dielectric sy
and\on elements (groups of elements) without series connection and with no g

(9)

IS the power-irequency test voltage,
is the rated voltage of the capacitor;

is the number of units in series relative to the electrical potential to which,the‘cont
are connected.

buld be rounded to the nearest higher standard short-duration power-frequenc

B.3 Lightning-impulse voltage test between terminals and container

st shall be performed in accordance with IEC 60871-1:2094, 15.2.

s in Table 3 of IEC 60871-1:2014. The lightning<impulse voltage corresponding
frequency test voltage chosen for 8.2.5.3.2 shall be used.

B.4 Overvoltage test

vervoltage test is not applicable for-DC capacitors. The main purpose of this tes

itor by an AC circuit-breaker~ Such overvoltages occur only infrequently on
itor and are not sufficient to; have an effect on the ageing of the capacitor, which
5e of the overvoltage test.

B.5 Long-duration-DC test (special test)
st procedure:

peraturesequal or higher to the maximum container temperature as defined in 8.2

hiners

y test

stand
to the

[ is to

the capability of the capacitor to\withstand the overvoltages that occur at switchipg the

a DC
is the

e long-duration” DC withstand test shall be performed with the capacitor container

.5.3.1.
direct
e DC
stems
ading

resistors in parallel.

b) Acceptance criteria:

To verify no breakdown, the capacitance measurements performed before and after the
voltage test shall differ by less than an amount corresponding to the breakdown of an
element.

c) Validity of test

The long-duration test is a test on the elements (their dielectric design and composition),
and on their processing (element winding, drying and impregnation) when assembled in a
capacitor unit. Each ageing test will also cover other capacitor designs, which are allowed
to differ from the tested design within the applicable limits stated in Annex A of
IEC 60871-2:2014.
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8.2.5.3.6 Short-circuit discharge test

The test shall be performed in accordance with IEC 60871-1:2014, Clause 17.

The test voltage shall be:

UN 25 (10)

2

8.2.5.3.7 Disconnecting test on internal fuses

This tpst is applicable for capacitors equipped with internal fuses. The test shall be petfprmed
in acdordance with 5.3 and Annex A of IEC 60871-4:2014. A direct test voltage shall beused.
The disconnection test shall be performed at the lower voltage limit of 0,7 x Uyl/and gt the
upper|voltage limit of 2,2 x Uy.

The vpltage test after opening the container shall be at a DC voltage of 2)3x Uy.

8.2.5.5.8 Voltage polarity reversal test

A dirgct voltage of 1,25 x Uy shall be applied for 90 min. Thelyoltage shall then be reversed
within| 20 ms to the same value of opposite polarity; after 90‘min a new reversal, within 40 ms,
shall be performed and the voltage is kept for 45 min. The-capacitance should be megsured
befor¢ and after the test; the capacitance change should be less than what correspofds to
one fgiled internal element.

NOTE | The short time, 20 ms, for polarity reversal is ‘required to simulate polarity reversal under pervice
conditigns.

8.3 Filter resistors
8.3.1 General

To dafe, there is no standard avaitable that is specifically applicable for the resistors of HVDC
filter gircuits. IEC TR 62001-4-{4] describes the construction of resistors used in AC harmonic
filters| As the construction ofa DC harmonic filter bank is, in many respects, quite simjlar to
that of an AC harmonic filter’'bank, the resistors will be similar as well. However, during|some
configurations, such d&sy"metallic return operation, the filter resistors can be additipnally
subjec¢ted to direct voltage stresses to earth. This needs to be considered for the rating [of the
suppdrt insulators.

Since| resistors’ applied in DC filters are usually of dry-type construction, the following
information refers to dry type resistors with air cooling by natural convection. If the registors
are n¢t@ir-insulated but use water, oil or any other insulation type, the insulation ruleq shall
be adapted-accordinghy-

Environmental conditions specified in 4.2 shall be taken into account in the design of the
resistors (mechanical and electrical).

8.3.2 Technical data

Table 11 is a checklist of data that could be used by the contractor for purchasing the
equipment or to inform the purchaser of the design parameters.
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Table 11 — Ratings for resistors

Resistor design parameters Units
Rated harmonic frequency (frequency where the highest current value is expected) Hz
Nominal resistance at nominal current and frequency (at 20 °C ambient temperature) Ohm
Rated resistance at maximum continuous current and rated frequency (at maximum ambient Ohm
temperature)
No-load resistance (at 20 °C ambient temperature) Ohm
Tolerance on nominal resistance %
Tolerance on rated resistance? %
Tolerapce on no-load resistance %o
Maximum tolerance on resistance® Y%
Maximum inductance at rated harmonic frequency mH
Current ratings
Nominpl continuous current, including harmonics A RNIS¢
Maximum continuous current, including harmonics A RNIS®
Harmdnic current spectrumd, steady state n / AARMS
Maximum temporary current(s), including harmonics A RNIS®
Tempqrary harmonic current(s) spectrum n/ AARMS
Duratipn of temporary current(s) sec
Transient current®
Amplitude, peak value kA
Time tp crest ms
Energy for maximum transient single-shot event kJ

Lightrjing-impulse withstand voltage (LIWV)

High-voltage terminal to earth kV
Low-vopltage terminal to earth kV
High-voltage terminal to low voltage-terminal kV

Switching-impulse withstand voltage (SIWV)

High-Vjoltage terminal to earth kV
Low-voltage terminal to earth kV
High-voltage terminakto low voltage terminal kV
Appliep AC test(voltage to earth (50 Hz or 60 Hz, 1 min) kV RMS
Creeppge distances

HV Tefminat to LV terminal mm

HV Terminal to earth mm

LV terminal to earth — external to housing mm

LV terminal to earth — internal to housing mm

2 The specified tolerance should include manufacturing tolerance and resistance variation with ambient and
working temperature at rated current.

The specified tolerance should include the above one plus the variation due to working temperature at
maximum continuous current.

¢ RMS in this case refers to the root-sum-of-squares of the individual harmonics.

The harmonic current spectrum is specified in terms of the order number and the RMS value of the individual
harmonic currents.

€ The resistor should endure the transient current after being permanently loaded with maximum continuous
current.
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8.3.3 Design aspects
8.3.3.1 General

A resistor can be divided into modules when its power is too high (several hundreds of kW) or
when the voltage across the resistor is too high. Figure 6 shows a typical arrangement of a
resistor composed of one module.

| |

Internal insulators HV terminal
Ty
[ Lo n s a
Mid point connection 3
\ \ S
T
-
=
. LV terminal, <
B i
Bank of elements
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>
. -
Post insulators i
\ E
-
r
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Figure 6 — Typical scheme of a resistor composed of one module

8.3.3.p Resistance and inductance values

The njominal resistance is defined at-nominal current and ambient temperature of 20 °G. The
manufacturer shall define the nominal resistance at no load depending on the tempefature
rise apd alloy of the resistor. The rated resistance is defined at rated current and maximum
ambignt temperature.

The re¢sistors should be.designed with low inductance and with low frequency-dependepcy of
resistance. Maximunr jinductance at a defined frequency (most commonly rated harmonic
frequency) or R/Lw_ratio should be specified in the resistor's specification. The maximum
variatlon of resistance versus frequency should be specified in the resistor's specificafion, if
applidable.

Since|thé ‘variation of the ohmic value with temperature (ambient and working temperatjures)
has ap ‘impact on the filter's performance, tolerance on ohmic value has to be defined and
specified. The variation of ohmic value over the working temperature range is to be specified.

Since the power dissipated by each resistor element depends on the voltage across this
element and the voltage in turn depends on the ohmic value of every element, it is important
to limit resistance difference between resistor elements, banks and modules. A common value
of 2 % is recommended. This value shall be taken into account in the insulation design of the
resistor since the voltage distribution across the resistor is linked to the ohmic value of each
resistor part.

The resistor modules shall be equipped with nameplates that include the main technical
characteristics, description, manufacturer and year of manufacturing, type and serial numbers.
Nameplates should be mounted, if possible, such that a person at ground level can
conveniently read them.
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8.3.3.3 Active parts

Depending on the resistance stability required over the working temperature range, the alloy
for the manufacturing of elements should be chosen for the stability of its electrical
characteristics as a function of temperature.

The resistor elements should be built and assembled in a way that provides a good heat
exchange between the alloy and the cooling environment (usually air, but it can be oil or
water).

In order to obtain a good lifetime of the resistor, active material should be corrosion resistant
taking f ints; f rg= i prking
tempgrature. The working temperature should be limited to the level acceptable by,its)pctive
part npaterial with regards to creep strength at elevated temperatures. Corrosion resistapce is
quant|fied by the pitting resistance equivalent (PRE); refer to ASTM G48 [5] for the’ defipition.
A PRE of 20 minimum usually gives good results; a minimum of 32 is recommendg¢d for
corrogion resistance to seawater. PRE should be defined according to ithe environmental
condifions applicable to the project and agreed between the purchaser apd.the manufacfurer.

The gystem studies for the project shall provide transient current and transient gnergy
information to the resistor manufacturer. This data shall be used by the manufacturer to check
that:

e the¢ temperature rise due to transient energy (adiabati¢)mode), on top of heating que to
maximum continuous current and respective overload<urrent, is acceptable;

e the elements and connections will withstand the‘peak current without any deformatjon or
vibpration that could lead to flashovers;

e the¢ insulation of the resistor is sufficient to withstand the peak voltage.
8.3.3.E Mechanical design
1

8.3.3.44. Degree of protection

(indogr environment) or mountéd-in an enclosure for protection against rain and solid oljects,
includiing birds and other animals (outdoor environment). Enclosures should be desigped in
accorgance with IEC 60529-[6]. Enclosures should permit sufficient air flow to provide the
required cooling to the resistor.

Depeélvding on environmental andLinstallation conditions, resistors can be without enclosure

If the resistor is composed of several modules, the modules shall be interchangeable as[far as
possibple. Further;® provision shall be made to facilitate fast and easy inspection and
maintgnance,

8.3.3.|4.2 Material

Depending on the environmental site conditions and the working temperature, it may be
advisable to make the enclosures of stainless steel, or hot dip galvanized structural steel (if
this finish is compatible with the working temperature), or corrosion-resistant structural
aluminium. The grade of material chosen for the manufacturing of the resistor shall depend on
the expected lifetime and environmental conditions.

Enclosures can also be made of composite material if permitted by working temperatures.
Composite material can reduce the size of the enclosure, especially when the voltage levels
are high.

Insulating cylindrical housing tubes can also be used.
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8.3.3.4.3 Seismic, wind and other environmental forces

Suitability of mechanical parts (insulators, enclosure, framework, etc) shall be verified for
withstanding applicable mechanical forces provided by:

e dead weight of the resistor;

e snow and/or ice loads;

e wind load;

e seismic acceleration;

e forces on terminals;

e shiort circuit current forces.
8.3.3. Insulation
Typically, the resistor insulation design shall be based on 3 parameters:

e ingulation across the resistor, between the high-voltage terminal‘and the low-vpltage
tefminal;
e ingulation between the high-voltage terminal and earth;

e ingulation between the low-voltage terminal and earth.

Severpl voltage levels shall be taken into account for each parameter. The most strijngent
level ghall be retained:

and the maximum continuous current (Ohm's.law), rms value. Power frequency vdltage,
RMS value;

e switching-impulse voltage, peak value;

o m;]aximum continuous voltage across the resistor, calculated from the resistor ohmic|value

¢ lightning-impulse voltage, peak value§

The vjoltage rating of the filter resistor shall be coordinated with the rated power and|rated
current of the resistor. Rated power is based on the RSS value (root sum square valpie) of
individual harmonic currents.

Calculation of the voltagelevel on every component of the resistor (element, bank of elements,
internpl and external(insulators, etc.) shall be made in order to determine the proper
insulators and air gaps for each component and between components. Consideration shall be
given [to the effects\of non-linear transient voltage distribution.

No conductive part of the resistor and its surrounding should be left at an undefined pofential
(floatipng).(In"this regard, electrical connections should be made between active part
suppdrting conductive parts. Some of these connections may need to be dismantl
testing_purposes. IS _impossible to remove the
connections, msulatlon tests should be made before the connectlons are installed.

If the enclosure is made of conductive material, it should be either connected to one point of
the resistor active part (for instance mid-point) or earthed. The choice of insulators (internal
and external) and calculation of clearance distances for air insulation are dependent on the
electrical potential of the enclosure. If the enclosure is not earthed, it shall be mounted on
support insulators to provide the necessary electrical insulation to earth. The insulators may
be mounted on a support structure for providing safety clearance for substation personnel to
the equipment on HV potential. Alternatively, a fence may be provided around the resistor, for
electrical safety of personnel.

Bearing in mind that the temperature rise of the resistor elements can be considerable, the
choice of the insulation within a resistor module requires great care, since the high
temperature of air will impact the insulation performance. The breakdown voltage of air at
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these high temperature levels reduces significantly compared to the value at ambient
temperature. 'Chimney effects' of vertically stacked resistors also need to be accounted for.
Insulating material shall be able to withstand the high temperature and thermal shocks.

Should the altitude be above 1 000m, a correction factor as per IEC 60071-5 and
IEC 60060-1 shall be applied on the insulation.

8.3.3.6 Creepage distances

Creepage distance for every component should be calculated according to the environmental
parameters on site. The base voltage for creepage calculation shall be the maximum
continrousRMS vuitayc omthe—said components:

The required creepage distance is determined from the maximum continuous RMS vpltage
multiplied by the unified specific creepage distance (USCD) as defined in IEC 60071-5.

NOTE | Under some circumstances, internal creepage distances may need to be larger~than external crgepage
distances because pollution is still present but the insulation does not benefit from the washing action of rain.

Insulgtors shall be chosen according to the requirements given in Clause 12.

8.3.3.f Terminals

Care phould be taken for the design and the material selection of the electrical terminals to
achieye adequate performance at high temperature. Fufther, the high temperature rise pf the
resistprs requires the internal and external electrical-cennections of the resistors to be|made
with gufficient sag so as to avoid undue mechanical stress by thermal expansion. [If not
welded, connection shall be made with bolts¢and screws with provision to avoid [loose
conngctions due to frequent temperature cycles. Recommended limits for temperaturg and
tempgrature rise of bolted and welded connections are given in Table 12. The tempefature
rise limits shall be calculated depending anithe ambient air temperature.

Table 12 — Recommended temperature and temperature
rise limits for bolted and welded connections

Contact material Maximum temperature Maximum temperature
bolted connection welded connection
(°C) (°C)

Bare ¢opper 90 80

Silver} nickel or tin-€oated copper 105 150

Stainless steel 150 500

Other|materials Material properties should be considered, notably in order to determipe

the maximum temperature rises.

The resistor terminals can be located inside or outside the enclosure. If located inside,
provision shall be made on the enclosure for cable entry, preferably from below to avoid
insulated cable being exposed to a hot environment. If located outside, bushing can be
covered with a cable box for cable connection protection.

In every case, dimensions and material of all connections shall be specified in order to avoid
bad connections with the cable or busbar to which the resistor will be connected on site.
Cantilever strength on the terminals shall also be specified.
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8.3.3.8 Corona design

Depending on the operating voltage of the resistor, provision shall be made at the resistor
enclosure to make it free of external corona. Test method is described in IEC 62271-1:2017,

6.9.

NOTE

In case of high temperatures decreasing the corona onset voltage, it might be advantageous to specify a
test at operating temperature.

8.3.3.9 Monitoring

Although such devices are not in service at the time of preparation of this document, it is
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of their components (active elements and insulation parts mainly), predict failurg
maintenance operations accordingly. For easier integration in the (subg

. Requirements should be agreed between the purchaser and the manufacturer.

tain applications where space is at a premium, resistor engleSures can include
bnents such as current transformers (CTs) and surge arresters. If such an arrang
cified, the manufacturer will have to design the system,\(resistor + accessories
Ct to electrical, thermal and mechanical design rules.

Maintenance

by the manufacturer.

Tests

8.3.5.[: Routine tests
8.3.5.11.1

The fq

8.3.5.11.2 Measurement of resistance

a) T¢

TH
no
col
ra
to

General

llowing tests are recommended to be performed on every resistor manufactured.

st Procedure:

e resistance-\(i.e. the real part of the impedance of the resistor) is measured
-load conditions and then the value is corrected to the operating tempe
rrespohding to nominal current and temperature. Resistance should be measu
ed harmonic frequency. The measurement shall be made at negligible current in

r the
s and
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ecommended intervals between internal inspections during maintenance should be
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order
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avgid heating of the resistor during measurement. The measurement should be d
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a

uring

measurement shall be recorded, and used to correct the measured resistance value to the
design temperature in accordance with the following formula:

Ry =Ry(1+a(Ty-Ty))
where
Ry is the resistance at design temperature;
R, s the resistance at measured temperature;
a is the alloy temperature coefficient at design temperature;
Ty is the design temperature;
T is the ambient temperature during measurement.

(11)
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b) Acceptance criterion:

Ry

shall be within the specified tolerance on resistance value.

8.3.5.1.3 Power frequency voltage withstand test

a) Purpose of test:

This test is performed to prove the suitability for the expected operating duties of the
insulation of the resistor elements to the enclosure (if any). For the purpose of this test,
the electrical connections between enclosure and resistor elements (if existing) are
removed and the test voltage is applied for 1 min between the resistor elements and the
enclosure. Since the high operating temperature inside the enclosure will impact the

inﬁm_wuwmww
temperature, in accordance with the design calculation in 8.3.3.5.

In
VO
m

Fdg

Fdg

the case of resistors consisting of several series-connected resistor modules, th

oct of

e test

Itage per module U,,., is reduced according to the number of series¢connected
pdules, taking into account manufacturing tolerances.
b) Calculation of test voltage:
r resistors with midpoint connected enclosure:
U
Utacm = foc x ky (12)
2n
r resistors without midpoint connected enclosure:
U
Utacm = fac x ky (13)
ere
L. is the power frequency withstand voltage for the complete resistor;
is the number of modules in“series;
is the test safety factor for consideration of possible non-linear voltage distripution
between modules, defined as the ratio of maximum module voltage to average
module voltage.
ceptance criterion;

c) Ad
TH

8.3.5.
8.3.5.

Unles

e insulation shall not suffer flashover during the test.
R Type tests
2.1 General

5 the” manufacturer is able to prove, either by a test on a similar resistor

or by

calculgtion, that the resistor is correctly designed to achieve the performance required by the
customer, the following tests are recommended to be performed on one item of each type of

resistor.

The type tests shall be done on the complete resistor where feasible; otherwise they shall be

made

on each type of modules.

8.3.5.2.2 Measurement of inductance

a) Test procedure:

The inductance should be measured at rated harmonic frequency on one module.

Calculation can be done to determine the total inductance of the modules.

b) Acceptance criterion:

The inductance of the resistor shall be within the specified limits
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8.3.5.2.3 Temperature rise test
8.3.5.2.3.1 Test settings

The test shall be done at all specified continuous loading conditions.

In general, the resistance is independent of frequency (the elements are thin and long, with
almost no skin effect). In that case, the test currents are nominal continuous currents and
maximum continuous currents specified in 8.3.2.

If the resistance is dependent on frequency (more than 1 % of resistance varlat|on between
fundapren ‘ eymally
equivalent 50 Hz or 60 Hz currents The test currents are the square root of the sumpf the
squargs of the current at fundamental and harmonic frequencies:

n=N
Iy = N I Re + Y Ifin % Run (14)
Rt n=2
wherg
I is the equivalent test current (50 Hz or 60 Hz);
Ie is the maximum continuous fundamental current;
Inn is the maximum continuous nth harmonic current;
Ry is the AC resistance at test current frequency, corrected to maximum weprking
temperature;
Rg is the AC resistance at fundamental’frequency, corrected to maximum werking
temperature;
Run is the AC resistance at n»th hatmonic frequency, corrected to maximum werking
temperature;
N is the highest specified harmaonic order.

If it is|not practically possible-te perform the test on a complete resistor, for example owling to
limitafions of test facilities and equipment, the test may be performed on one single rgsistor
module with equivalent test current.

The tgst may be performed at any convenient ambient temperature. Loading of the rgsistor
with the test current*should be maintained for at least 30 min after steady-state conditiops are
achieyed (steady state to be defined between purchaser and manufacturer in advance pf the
test). |Depending on the resistivity variation of the alloy versus the temperature, it Will be
neceslsaryto-adjust the voltage across the resistor to maintain the test current at the speqcified
value] Fhe temperature measured at the end of the test should be corrected to maximum
ambidpitemperature—and—should—not—exceedthe expescted design—temperaturel The
temperature of all resistor insulation (internal and, where relevant, external) should also be
measured to assess its voltage withstand capability and suitability for the long-term lifetime of
the resistor.

8.3.5.2.3.2 Measurements

Voltage and current shall be recorded during the tests. It is preferable to have a real-time
reading of these values during the test in order to detect thermal stability easily.

Temperature measurements shall be made on major resistor components, such as active
parts, insulators, bushings, etc. Temperature can either be recorded versus time, or a thermal
strip can be used to record the maximum temperature achieved. The manufacturer shall
define the maximum permitted temperature on the different components in advance of the test.
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The resistance values under various load conditions (when thermal stability has been reached)
shall be calculated from voltage and current measurements. Hot ohmic values shall be within
the specified tolerances. Variation between ohmic values at cold and hot conditions shall be
lower than the specified maximum tolerance. Measurement of resistance according to
8.3.5.1.2 shall be done before and after temperature rise test. The change of cold ohmic value
of the resistor before/after test should remain negligible (a few percent) to reflect the stability
of the resistor material.

Acceptance criteria:

e hot ohmic values shall be within the specified tolerances;

e vaiation between ohmic values at cold and hot conditions shall be lower than the
specified maximum tolerance;

e the change of cold ohmic value of the resistor is negligible;

e temperatures on major components shall be less than their respective permitted valugs.

8.3.5.p.4 Lightning-impulse test
a) Tgst procedure:
THhe test shall be performed in accordance with IEC 60060-1.

THis test is done preferably on a resistor that has been subjected to a temperature rise
test in order to verify that the insulation has not been damaged by temperature.

THe test should be made with both negative and positive polarity applied to the|high-
vo|tage terminal with the low-voltage terminal earthed. The waveform should be stall::dard
lightning-impulse wave 1,2/50 ys. However, if is“not possible to obtain the waveform due
to|low resistance, the best waveform possible with the test equipment will be accegtable.
In|this case, preference shall be given to retaining the front time. The time to halftvalue
shiould not be less than 5 pus.

A Bpecial resistor may be manufactured with a higher resistance value than the spgcified
one to enable the correct lightning-impulse wave shape in accordance with IEC 60060 to
be applied. However, this approach has limitations. For example, to increasg the
registance implies either:

¢ [ reducing the conductor-section, which reduces the exchange surface and therefofe the
capacity of the resistor_to dissipate heat;

e | increasing conductor length, which improves the capacity of the resistor to disgipate
heat, or increasing' the number of modules, which improves peak-voltage withstand;

¢ | modifying the alloy, which modifies resistance variation with temperature.

Where this_approach is used, the implication on the other aspects of the design shall be
agreed to by all parties.

Sipce (the high temperature of air inside the enclosure will impact the insulation's
perfofmance, the impulse voltage performance at high temperature should be verified by
smwmmmmm—mréesign
calculation as per 8.3.3.5.

In the case of resistors consisting of several series-connected resistor modules, the
impulse voltage test should preferably be performed on the complete resistor with all
modules connected in series. If this is not practicable due to laboratory limitations, the
impulse voltage test may be performed on a per-module base. In that case, the test
voltage Uy, is calculated as follows:

U
UtImZTtIXkZ (15)

where
Uy is the lightning-impulse voltage HV-LV for the complete resistor;
n is the number of modules in series;
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ko

is the test safety factor for consideration of possible non-linear voltage distribution
between modules, defined as the ratio of maximum module voltage to average
module voltage. k, will, in general, not be the same as k,; because of stray
capacitance effects.

b) Acceptance criterion:

The insulation shall not suffer flashover during the test.

8.3.5.2.5 Verification of transient current performance

The v
exists

erification shall be done by test unless a reference test on the same type of resistor
so that verification by calculation can be done. It should be verified by calculation

and/o
the sp

The ¢
stress

The e

If the
Then,
can b
transi
to hig

by testthatthe Tesistor can withstand the mechanicarand thermar Stresses mpogled by
ecified transient current.

eak value and the duration of transient current determine the maximum-‘mechpgnical
on the resistor.

hergy of transient current (/2 x ¢) determines the thermal stress on the resistor.

specified transient current is not constant, it will be difficult.to reproduce it during a test.
its maximum value shall be used as the basis for testing_(Figure 7). Testing duration
e adjusted so that transient energy is reached with thetest current. A test at ngminal
bnt energy but reduced current should not be admittedsince the mechanical stregs due
N current will not be applied to the resistor.
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Specified transient current

Test current giving the same mechanical (even higher since duration at max level is longer) and thermal
stresses than the specified transient current (same peak, same energy)

Test current giving the same thermal stress than the specified transient current only (same energy but
lower peak)

Figure 7 — Transient current performance of resistor

Filter reactors

rements for filter reactors for DC filters are defined in Clause 9 of IEC 60076-6:2007.
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8.5 Auxiliary capacitors
8.5.1 General

General requirements for auxiliary capacitors for DC filters are defined in IEC 60871-1.

8.5.2 Rated voltage of the auxiliary capacitor banks

The minimum rating for the auxiliary capacitor bank shall be based on methods a) and b)
below, whichever gives the highest value for U, ;a4

a) the arithmetic sum of the RMS voltages:

n=50
Urated = zUhn (16)

where
Udn is the nth harmonic voltage.
b) cqlculation in line with IEC 60871-1:2014, 19.2:

Utrans-max
U =" (17)
rated \/5 «2.0
where
Utlans-max 1S the maximum transient voltage.

The chpacitors shall withstand the transient and’short-time stresses.

8.5.3 Base voltage for creepage calculation for auxiliary DC filter capacitors

Desigh in accordance with 8.2.4 of this document. U, is derived without any k-factor.

The rpquired creepage distange”is determined from U,,s multiplied by the unified specific
creepfpge distance (USCD) as-defined in IEC 60071-5.

8.6 |[Series blocking filters

Some| transmissionHVDC schemes include a series blocking filter in addition to the| more
conventional shunt DC filters. This requirement typically occurs where the DC transmjission
line ryns in close proximity to AC lines and there is a risk of induced fundamental-frequency
voltage inthe HVDC connection. The fundamental-frequency current reaching the conyverter
due tq the induced voltage needs to be limited to an acceptable level, otherW|se it would lead

The blocking filter consists of a reactor in series with the DC circuit (which could either be
part of the DC smoothing reactor or a separate reactor) and a tuning capacitor connected in
parallel with it. A damping resistor may also be included in some designs. Test requirements
are generally as defined above for DC smoothing reactors and filter capacitors.

DC series blocking filters operate primarily under AC harmonics. Hence, in principle, a DC
series blocking filter capacitor bank by design is similar to an auxiliary DC filter capacitor
bank (C2 in Figure 5) and therefore, designed and tested in accordance with the guidelines of
IEC 60871-1.

For calculating the base voltage for creepage calculation for DC series blocking filter
capacitors, the design is similar to auxiliary DC filter capacitors (C2 in Figure 5) and in

accordance with 8.2.4 of this document. U,,¢ is derived without any k-factor.
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The required creepage distance is determined from U
creepage distance (USCD) as defined in IEC 60071-5.

multiplied by the unified specific

rms

8.7 DC neutral bus capacitor

Large neutral bus capacitors are normally installed to provide an in-station path for triplen
harmonics flowing to ground through the stray capacitances of the converter transformer.

In addition, in HVYDC schemes using metallic return and systems with earth electrode and
electrode lines, DC neutral bus capacitors are often used in combination with surge arresters
to protect equipment connected to the neutral circuit from overvoltage.

Such [capacitors are relatively large in capacitance (microfarads). General requiremetfjts for
powell capacitors are defined in IEC 60871-1. However, no requirements related o DC
applidations are given in that standard. Requirements for ratings and tests ane’ génerdlly as
defingd in 8.2 for the main DC filter capacitor.

9 Cloupling capacitors and line traps for power line carrier (PLC)

Telecommunication systems in power grids generally use optical communications for the
primafy communication system, but may use power line carriér (PLC) systems as a backup.
The main item of primary equipment associated with PLC“systems are the high-vpltage
coupling capacitors used for injecting the PLC signal into.the line and the line trap (peries
blocking filter), which prevents propagation of the PLC_signal into undesired zones of thg grid.

High-yoltage DC coupling capacitors may also bexfitted to the neutral bus and used fpr the
injection of carrier signals for electrode line supervision (see Clause 13).

Coupling capacitors are small in terms of .¢Gapacitance (nanofarads) in comparison with|other
filter gapacitors. Coupling capacitors arelgenerally column type. Requirements for ratinds and
testing of coupling capacitors, for both~AC and DC applications, are defined in IEC 60358-1.

IEC 6P353 covers the requirements for line traps for AC power systems. In most ¢ases,
requirements for line traps qn the DC side of HVDC converter stations are also coverned by
IEC 6p353. Additionally, some HVDC projects can include high frequency filters (e.g. Rlffilters)
on thg AC or DC side of.the converter station. Such filters are similar in concept to PLLC line
traps put may cover djfferent frequency ranges.

10 DC surgearresters

10.1 |General

Reguirementsfor gapless—metal-oxide-surgearresters for HNVDC applicationsare-described in
detail in IEC 60099-9. Additional information on the procedure of insulation coordination for

HVDC converter stations, which is relevant for the arrester design, is described in
IEC 60071-5.

10.2 Surge arrester specification
10.2.1 General

Besides the environmental conditions described in 4.2, the following information is relevant to
describe surge arresters correctly and shall be specified — if applicable — to the arrester
manufacturer.
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10.2.2 Continuous operating voltage (COV)

Depending on the specific location of the installation of the individual surge arresters within a
converter station each type is exposed to operating voltages, which can consist of:

e AC power frequency voltage,

e AC harmonic frequency voltages,

e direct voltage,

e commutation overshoots, or

combinations of the above Figure 8 illustrates the typical voltage across the DC converter
bus afrester (CB) in rectifier mode.

ccov
PCOV,

= . ]

B = Commutation overshoot JEC

Fjgure 8 — Operating voltage of a converter bus arrester (CB), rectifier operation

Differgnt definitions for operating voltages exist (see 3.3) and shall be used as applicable to
describe the individually appropriate operating voltage:

e crest value-of continuous operating voltage (CCOV),

e peakryalue of continuous operating voltage (PCOV),

e equivalent continuous operating voltage (ECOV).

NOTE In some applications, temporary operating voltages exceeding the continuous operating voltages may also
be applicable. In such cases, possible impacts on the design need to be discussed between the HVDC system
integrator and arrester manufacturer.

10.2.3 Protective characteristics

The protective characteristics of surge arresters are characterised by the residual voltage
(peak voltage that appears between the terminals of an arrester) during the passage of a
discharge current and by the energy absorbed by the surge arrester during transients. The
arrester currents for which the residual voltages are specified are called the coordination
currents. The maximum residual voltages correspond to the protective levels of an arrester for
each voltage shape.
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The following protective characteristics of the surge arresters shall be specified as applicable
for the specific arrester type (see 3.3):

e switching-impulse protective level (SIPL),

e lig

htning-impulse protective level (LIPL),

o steep-front impulse protective level (SFIPL, STIPL).

10.2.4 Insulation withstand levels of arrester housing

An appropriate insulation withstand level shall be specified to avoid flashovers across the
arrester housing. If the arrester is not connected to earth potential at one terminal, the

insul

NOTE
the eny

10.2.5

The n
given

1on withstand levels OT DO erminals to earth sha e specitied.

Some arrester housings can consist of several parts providing mechanical strength and pretection
ironment.

Energy dissipation capability

as design criteria to the arrester manufacturer. A frequency,of discharges m

speciflied to the manufacturer.

NOTE
other f3

10.3

For a
(Clau
defini

The energy dissipation requirement is not necessarily decisive for the arrester design as there
ctors leading to inherently higher energy capabilities of the arresters.

Test requirements

detailed description of test requirements, refer to IEC 60099-9. Besides type
be 9) and routine tests (10.1), IEC 60099-9:2014 defines also "acceptance tests"
ion that differs from the definition giwen in IEC 60050-151:2001, 151-16-2

"Acceptance tests" in IEC 60099-9 have the: character of sample tests and are subj

agree

11 In
11.1
Requi
11.2
Requi

11.3

ment between the manufacturer and-the purchaser.

strument transformers

DC current transformer

DC voltage transformer

Current transformers in DC filter circuits

pgainst

naximum energy dissipated in the arrester during system faults;or operation shiall be

by be

nay be

tests
vith a
B [7].
bct to

rements for DC current transformers for HVDC applications are defined in IEC 61869-14.

rements-for DC voltage transformers for HVYDC applications are defined in IEC 61869-15.

DC fil

er circuits normally include current transformers for protection purposes (for example,

to detect harmonic overload). While such applications do not require the measurement of a
DC component of current, they nevertheless have special requirements related to the high
levels of harmonic current flowing in such current transformers. Requirements for such current
transformers are defined in IEC 61869-14.

12 D

121

Requi

C insulators and bushings

Bushings

rements for bushings for HVDC applications are defined in IEC/IEEE 65700-19-03.

Additional considerations are:
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e subject to agreement between the manufacturer and the purchaser, for gas-insulated
bushings, the polarity reversal test can be a type test instead of a routine test and, as a
consequence, the DC withstand routine test shall be performed twice, once with positive
polarity and once with negative polarity;

e unless agreed between the manufacturer and the purchaser, the bushing under test
should preferably be mounted at its intended service angle and the test arrangement
should include simulated earth planes representing the floor and other walls;

o for dielectric tests, the dry power frequency voltage test with partial discharge
measurement should be preferably performed last or repeated at the end of the test
programme.

12.2 |Post insulators
12.2.1 General

Test frequirements for ceramic or glass post insulators are defined in\IEC 6016§. For
comp¢site post insulators, test methods and acceptance criteria are defined\in IEC 62231 and
IEC 6R217. However, no requirements related to DC applications arengiven in the gbove-
mentipned standards.

Artificjal pollution tests on ceramic or glass insulators exposed to~DC conditions are defiped in
IEC T[S 61245. Where insulators are designed in accordance with IEC 60815-4, no artificial
pollution test is required. Additional guidance in respect of selection of insulators for pqlluted
condifions is given in IEC 60815-4.

For hollow-core composite insulators, IEC 62772 ‘defines requirements, including fgr DC
condifions. For hybrid post or hollow-core insulaters, IEC TS 62896 defines requirements,
including for DC conditions. Aging or artificial\pollution test requirements for composite

insulaftors are still under development in CIGRE:

For DC applications, at least the testsCdefined in 12.2.2 and 12.2.3 apply. Where agreed
betwelen manufacturer and purchaser, the tests defined in 12.2.4 are also required.

12.2.2 Type tests
12.2.2.1 Power-frequency voltage withstand test

The tgst shall be perfarmed under dry conditions for indoor use or wet conditions for oytdoor
use.

The tpest level.should be derived from the LIWL and SIWL as defined by the insdlation
coord|nationstudy for the project. The power-frequency withstand level is defined accerding
to IEC 60071-1 and should be consistent with the insulation level defined by the insylation

coord|nation study. Where the level defined from the insulation coordination study is n¢t one

Of thn afondard | NAJI ~r QIAJL Iy ale Anfimad Wy, IEA anNnN74 4 o aohald ha e AaA s fo} the
cotarmuard—CIvy & UT- O1vy L ICVeTS UCTMCU— Oy 100 OOUUT 1, It onoutd— oCTrouTTa U~ opP

next higher level. For outdoor applications, the partial discharge tests may be omitted with the
agreement of the purchaser and the manufacturer. For indoor applications, creepage
distances are shorter and thus partial discharge is a more critical performance aspect.

12.2.2.2 Direct voltage withstand test

The test shall be performed under dry conditions for indoor use or wet conditions for outdoor
use.

The test level, test method and acceptance criteria are as defined for DC wall bushings in 9.4
of IEC/IEEE 65700-19-03:2014. For outdoor applications the partial discharge tests may be
omitted with the agreement of the purchaser and the manufacturer. For indoor applications,
creepage distances are shorter and thus partial discharge is a more critical performance
aspect.
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12.2.2.3 Dry lightning-impulse withstand voltage test (LIWV)

The test level should be derived from the system insulation coordination study for the project.
For ceramic post insulators, the tests shall be performed in accordance with IEC 60168. For
composite post insulators, the tests shall be performed in accordance with IEC 62231 and
IEC 62217.

12.2.2.4 Switching-impulse withstand voltage test (SIWV)

The test shall be performed under dry conditions for indoor use or wet conditions for outdoor
use.

The tgst level should be derived from the system insulation coordination study for the project.

12.2.2.5 RIV test
a) Test procedure:

THe test is performed generally as described in IEC 60437. A voltage of 1,1 |[x the
applicable rated direct voltage shall be applied to the insulator and{maintained for af least
5 min. The voltage shall then be decreased by steps down to 0,3 x the applicable|rated
difect voltage, raised again by steps to the initial value and finally decreased by stg¢ps to
0,B x the applicable rated direct voltage. At each step, a radio interference measurgment
shiall be taken and the radio interference level, as recerded during the last ser|les of
vo|tage reductions, shall be plotted versus the applied~voltage; the curve so obtaiped is
th¢ radio interference characteristic of the insulator<{The amplitude of voltage stepd shall
be approximately 0,1 x the applicable rated directoltage.

b) Agceptance criteria:

THe insulator shall be considered to have passed the test if the radio interference Idvel at
1,1 x the applicable rated direct voltage does not exceed 2 500 uV.

RIV tests are not applicable to insulators where both terminals operate at <100 kY with
regpect to earth.

Sybject to agreement between, the purchaser and the manufacturer, RIV tests mpy be
performed using an AC voltage source as described in IEC 60437, instead of |direct
vo|tage. In this case, the RMS value of the AC test voltage shall be the direct test vpltage
diyided by V2.

12.2.2.6 Mechanical failing load tests

The rlechanical load-tests shall include cantilever load, torsional load, compressive load and
tensil¢ load. All-the load tests will be carried out with the insulator installed in the vertical
orientption. The<mechanical load requirement for non-vertical installation positions shll be
agreef by the'manufacturer and the purchaser.

The mechanical falling load tests shall be performed for ceramic post insulators according to
IEC 60168 and for composite post insulators according to TEC 62217.

12.2.2.7 Thermal tests

For toughened glass insulators, thermal shock tests shall be performed in accordance with
IEC 60168.

12.2.2.8 Dimension check and creepage distance measurement

Dimension check and creepage distance measurement shall be performed as specified in the
relevant insulator product standard, where appropriate.
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12.2.3 Routine tests

Dimension check.

Bending (cantilever) mechanical test: as described in IEC 60168 (for glass or ceramic
insulators) or IEC 61462 (for composite insulators). The load shall be applied at the
insulator terminal in the two mutually perpendicular directions, in both polarities, i.e. for a
horizontally mounted insulator, left, right, up and down. The test load value is the 60 %
rated failing cantilever load and the applied time is at least 3 s in each direction.

12.2.4 Special tests (subject to agreement between the manufacturer and the

12.3 [Suspension insulators

purchaser)

S are

ined in IEC TS 61245; for composite insulators there is currently no standard,.

ing tests are mainly relevant to composite or hybrid insulators. There isceurrently no
applicable standard, but CIGRE Technical Brochure No. 442 [8] provides general guigance.

larity reversal test; the test level, test method and acceptance criteriayare as defined for
wall bushings in 9.5 of IEC/IEEE 65700-19-03. The polarityeversal test mpy be
itted if the direct voltage withstand test is done twice, ongé~for each polarity, with
rtial discharge measurement.

For slispension insulators on DC-side equipment, IEC 60383 for ceramic or glass insylators
and IEC 61466 for composite insulators for overhead lines are generally applicable. However,

no requirements related to DC applications are giveniin‘these standards.

The dglectrical test requirements specific for DCsapplications, as defined in 12.2, arg also

applicable for suspension insulators.

13 Monitoring equipment for electrode line or dedicated metallic return

Wher¢ an HVDC scheme includes:-the facility for operation in earth return mode, an ele¢trode
line i required to connect thelland or sea electrodes (which are normally located at|some

distance away from the converter station) to the converter station.

Variodyis techniques may be used for the protection and monitoring of the electrode ljine in
order |that earth faults) may be detected. Some of the more common types are describped in

Clausk A.7.

The 4gdditional“equipment needed for electrode line monitoring and protection is gerjerally
coverged by the other types of equipment mentioned in Clauses 8, 9 and 11. Typical equipment

needqd.can include the following:

DC current and voltage transformers to measure the neutral bus voltage and current in the
converter station and, in some cases, the electrode line current at the electrode station.
These are covered by 11.1 and 11.2.

DC neutral capacitors used as coupling capacitors for high-frequency or pulse injection
systems, together with line traps to contain such signals to the electrode line. These are
covered in 8.7.

AC current and voltage transformers used to inject and/or measure alternating current in
the electrode line for fault detection purposes. These are generally quite conventional in
design and are similar to instrument transformers used for filter protection (11.3). They are
covered by the IEC 61869 series.
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Annex A
(informative)

Overview of DC-side equipment

A.1 General

As stated in the scope, the term DC-side equipment covers all equipment between the
converter DC-side terminals (including DC bushing) and the DC line or cable termination (for
transmission schemes) or the DC-side terminals (including DC bushing) of the other converter
(for bfck-to-back schemes). DC-side equipment may be mounted either outdoors or; Where

pollutijon concerns are high, in a separate indoor DC yard. Figure A.1 illustrates_the-fypical
arrangement of the main items of DC-side equipment on a bipolar scheme, although [surge
arresters and DC switching devices are omitted for clarity.

DC-side equipment
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Surge grresters and switching devices are not shown.

Key

Lyc = DC smoothing reactor
TB = transformer bushing
WB = wall bushing

DCCT = DC current transformer

DCVT = DC voltage transformer

Figure A.1 — Main items of DC yard equipment for a typical HVDC transmission scheme
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Most DC-side equipment differs to an appreciable extent from conventional AC substation
equipment and many items are found only in HVDC converter stations, having no direct
equivalent in AC substations. For this reason, DC-side equipment is generally more
specialised than AC equipment and there is less industry experience to be drawn upon in
specifying it.

For this reason, this annex and Annex B are intended to provide an informative overview of
the main items of specialised DC-side equipment, to explain their roles and main
characteristics.

On transmission HVDC schemes, many different types of specialised DC switching devices
may be included. These are addressed in Annex B.

A.2 | DC smoothing reactor

The IDC smoothing reactor is one of the largest and most important items of D(C-side
equipment. It is connected in series with the converter and the DC line or.cable and thefefore
exper|ences the same current as those components. The DC smoothing-reactor plays|many
roles [n an HVDC scheme, including:

o together with the leakage reactance of the converter transformerand the inductance [of the
DC line or cable, it helps to minimise the ripple component of direct current;

e linked to the above, it assists in preventing the converterfrom entering the "intermittent
current” operating mode, which can be harmful to some(components of the thyristor yalves;

e it feduces the peak current and di/dt that flow in response to either a DC line to earth fault
or|la commutation failure;

e in|conjunction with the DC harmonic filters~(A.3.1), it reduces the adverse effefts of
converter-generated harmonics on the DC line (to avoid telephone interference);

¢ when connected on the high-voltage side“of the converter, it helps to protect the conjverter
frgm the effects of a lightning strike on;the DC line.

DC smoothing reactors have three main alternative construction methods:

e oilFimmersed iron-cored,;
e oilFimmersed, air-cored;

e dry-type, air-cored.

Oil-immersed, iron-cored reactors have a magnetic core, are installed in a steel tank and
immeigsed in oil, which provides both cooling and insulation, in much the same way as for an
oil-tyge transformer. Bushings are used to bring the power connections out to the DC line and
the rgactor_winding needs to be insulated for the full DC line voltage with respect to [earth.
This method- was once popular but is now rarely used, partly because of the difficdlty in

core), reducing the effectiveness of the reactor against limiting fault currents.

Oil-immersed air-cored reactors do not have a magnetic core and hence do not suffer from
the problem of saturation at high values of current, but are otherwise similar to oil-immersed
iron-cored reactors. Such reactors are still used on some projects.

The most common technique today is to use dry-type air-cored reactors. Such reactors have
no iron core and consist of a copper or aluminium conductor wound helically to form a
cylindrical coil which is then placed on top of support insulators, relying on natural air cooling.
Dry-type reactors are much lighter than oil-immersed reactors (although they are still heavy
components, usually weighing over 10 tonnes). With this design, the only insulation
requirements for the reactor itself are for the transient terminal to terminal voltages, which
occur during DC line faults, commutation failures or lightning strikes. The job of insulating the
reactor from earth is achieved by the support insulators, which can be of relatively
conventional design.
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There is a limit to the maximum inductance that can be provided in a single coil, so in some
cases the DC smoothing reactor comprises two or three identical coils in series. A further
advantage of this approach is that the reactor coils can be split between the high-voltage and
neutral busses. It is necessary to have at least part of the reactance on the high-voltage side
in order to protect the converter from lightning strikes, but if the majority of the reactance can
be connected on the DC neutral side, the reactor requires less insulation and is therefore less
costly.

The most onerous requirements for DC smoothing reactors are generally on overhead line
transmission schemes, where the need for protection from lightning strikes, DC line faults and
the minimisation of converter harmonics are most important. Requirements on cable
transrpissicn-schemes—and-back-to-backinstallationare-lessonerous—being-concerned-mainly
with the need to limit the peak current owing to a commutation failure, to prevent opgeration in
intermittent current mode and to minimise cross-modulation of harmonics between“the two

conngcted AC systems.

Some| back-to-back HVDC schemes have been built without DC smoothing-\reactors, thereby
eliminjating a large and costly component from the DC system and allowing the entife DC
circuifto be contained within the valve hall. However, in such cases, itds important to gnsure
that the above constraints on commutation failures, intermittent current and cross-modylation
of harmonics are adequately satisfied by the proposed solution.

A.3 | Filter equipment

A.3.1 DC harmonic filters
A.3.11 General

Line-qommutated converters for HVDC generate harmonic voltages on the DC side pf the
converter, mainly at multiples of 12n of. the fundamental frequency (the "charactpristic
harmqnics", where n = 1, 2, 3...). The first two of these harmonics, 12th and 24th, are usually
the most important, although non-characteristic harmonics and higher-order charactgristic
harmqnics can sometimes also be significant.

The Ih;armonic voltages at the"DC terminals of the converter will result in harmonic currgnts in
the DIC conductor, and if-the DC conductor runs close to open-wire telephone syptems
(espegially with overheads line transmission schemes), telephone interference can|be a
serioys problem. Hence) for overhead line transmission schemes, DC harmonic filtefs are
nearly always required in order to reduce the level of telephone interference to acceptable
limits| A comprehersive treatment of DC harmonic filters is given in CIGRE Technical
Brochure No. 92/9] which is currently being revised by CIGRE Working Group B4-68.

Back-fo-back HVDC schemes do not require DC harmonic filters and cable transmijssion

schemes{usually do not (unless a telephone line is located within a few metres of the DC
cablen%mwmmmmrmm#mpatMMW—pass

filter and the cable screen provides effective cancellation of harmonic currents.

A.3.1.2 Passive DC filters

The construction of a DC harmonic filter bank is, in many respects, quite similar to that of an
AC harmonic filter bank as described in the IEC TR 62001 series [4]. In both cases, the filter
bank is normally connected between the high-voltage AC or DC line and the neutral or earth.
It consists of a high-voltage capacitor bank (which makes up most of the cost and space of
the filter) in series with one or more tuning components on the lower voltage side. As with AC
harmonic filters, DC filter banks may be single-tuned, double-tuned or triple-tuned, with or
without damping. A considerable number of different configurations and variations are
possible; [4] describes in some detail the most important configurations while Figure A.2
shows three of the configurations most commonly used for DC filters.


https://iecnorm.com/api/?name=6923695fd91019f7bbaf02fa595222ee

- 62 - IEC TS 63014-1:2018 © IEC 2018

Sinale-tuned filt Second-order damped Double-tuned
ingie-tuned fiter (high-pass) filter damped filter
' i l
——Je c c1
;} L L R L1 R1

L2 C2 ElRZ

IEC

Figure A.2 - Some commonly used DC filter configurations

The ¢haracteristic harmonic spectra to be filtered differ between AC and DC f[filters
(chargcteristic harmonics occur at orders 12n for DC filters but-12n + 1 for AC filters). The

other main differences between a DC filter bank and its AC equivalent are as follows:

THe DC filter bank is provided purely for filtering. It Has no requirement to provide repctive
pawer. Hence, the only currents flowing through the’ bank are at harmonic frequengies —
there is not the large fundamental component.of current that characterises AC harmonic
filter banks.

Aq a result of the above, the main high-veltage DC capacitor tends to be very tajl and
njrrow in shape. In some projects, the main DC capacitor is suspended from an overhead
gantry in order to facilitate the mechanical design of such a tall capacitor bank. In principle,
a PC filter capacitor bank can be of\stacked-type or hanging-type from the gantry. When
ngeded to divide a DC filteryC1 capacitor bank into a two-tower arranggment,
unsymmetrical splitting of the banhk will lead to grading current imbalance, which shall be
taken into account in the design of the bank.

Bgcause reactive power-balance is not a consideration for DC filters, there |is no
advantage to be gained from arranging the DC filter in switched banks. As a result, unlike
case for AC filters, DC filters are often arranged in a single bank, or sometimes
sefparately switchable banks in order to allow for continued, but degraded, performapce in
th¢ event of outage of one bank.

THe high-yoltage main capacitor needs to be designed to withstand direct voltagqd. The
main consequence of this is that the individual capacitor units need to be providedl with
D€ grading resistors (either internally or externally). As the main source of uneven vpltage
distribution is the leakage current due to pollution in the unit bushings and in the insylators
between "floors™ in the stack. The pollution is Never even in these parts, an € voltage
drop in these parts will not be even. Further, the capacitance does not help in evening out
the DC voltages. The resistors take a current high enough above the leakage current to
ensure an even voltage distribution. The proper design will ensure that the current has to
be far larger than the leakage current in the polluted parts.

Because the main DC filter capacitor bank does not experience any fundamental-
frequency component of current, conventional techniques used for detecting individual
capacitor element failures on AC capacitor banks (such as unbalance protection) are not
effective on DC filter capacitors. However, it is possible that future innovations in
protection might change this. Individual element failures can be detected by capacitance
measurements in the capacitor bank when the filter is de-energized, for example at
maintenance outages. Suitable instruments and measuring procedures should be given in
the manufacturer's maintenance manual.
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DC harmonic filters are usually connected from the high-voltage DC connection to the DC
neutral. However, some converter stations also include filters connected between the high-
voltage DC connection and earth because some harmonics (mainly the characteristic
harmonics 12th, 24th 36th etc.) are filtered more effectively by pole-to-neutral filters while
others (mainly non-characteristic triplen harmonics) are filtered more effectively by pole-to-
earth filters.

In addition to the main DC capacitor, a DC filter bank includes, as a minimum, one tuning
inductor (for a single-tuned filter type). For double- or triple-tuned filters, several tuning
inductors and auxiliary capacitors are needed, and where a damped filter is required, damping
resistors are added. The tuning inductors and capacitors and damping resistors are
consigerablysmalerthanthe main-DC capacitor—also—theauxiliarr capacitors—unlike the
main PC capacitor, experience only harmonic voltages across their terminals — notCay|direct
voltage — so the constraints about direct voltage sharing do not apply for the, aukiliary
capadjitors. The tuning inductors are almost always dry-type, air-cored in construction, gimilar

to a dfy-type DC smoothing reactor but much smaller.

A.3.13 Active DC filters

Although almost all HYDC schemes built to date have used passive D€ filters, it is poss'l‘ble to
use agtive DC filters. An active DC filter relies on measuring the_current distortion on the DC
line, fleeding this signal into a control system and then controlling a small voltage-squrced
powel electronic converter (with a power rating of the order/of a few kW) to prodlce a
harmgnic current at the relevant frequency with a phase~shift such as to cancel out the
voltage distortion. The output voltage of the converterds coupled onto the high-voltage DC
line by the main DC capacitor.

Unlikg passive DC filters, active DC filters can«be self-adapting and are therefore idgal for
dealing with non-characteristic harmonics whose frequencies and amplitudes may vary|in an
unprefictable way. However, the very small’number of active DC filters currently in sprvice
suggsgsts that conventional passive filters . may be more cost-effective in most circumstanfces.

A description of various different types of active filters, both DC and AC, is gijen in
IEC TR 62544 [10].

A.3.2 Series DC blocking. filters

Although not commonsa**few transmission HVDC schemes have been built with a peries
bIockiEg filter in addjtion’ to the more conventional shunt DC filters. This requirement typically

occurg where the BC-transmission line runs in close proximity to AC lines and there is|a risk
of induced fundamental-frequency voltage in the HVDC connection. The fundamental-
frequency cunrent reaching the converter, due to the induced voltage, needs to be limited to
an adceptablelevel in order to prevent DC and second harmonic components of clrrent
appedring.on the AC side of the converter.

In contrast to conventional DC harmonic filters (which are shunt-connected and designed to
present a low impedance at particular frequencies), blocking filters are series-connected and
designed to present a high impedance at a particular frequency — usually the fundamental
frequency.

The blocking filter consists of a reactor in series with the DC circuit (which could either be
part of the DC smoothing reactor or a separate reactor) and a tuning capacitor connected in
parallel with it (Figure A.3). Where the blocking filter is designed with the smoothing reactor,
typically only a part of the smoothing reactor's inductance is equipped with a tuning capacitor.
This part is normally located in the neutral bus of each pole.

Because blocking filters are usually tuned to 50 Hz or 60 Hz, both the capacitor and the
inductor tend to be very large. As a result, a blocking filter is a costly item of equipment which
should only be specified when absolutely necessary.
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Blocking filters are equally effective whether. Ninstalled in the high-voltage or neutral
conngctions, so to minimise insulation requirements they are usually placed in the ng¢utral,
betwelen the shunt DC filters and the electrodé\line or metallic return conductor.

A.4 | DC bushings

Bushipgs are used anytime it is necessary to bring a high-voltage busbar connection through
a solid barrier. On the DC /side of the converter, this occurs in two main locations: wall
bushings to bring the DC connections out of the valve hall or DC hall, and on oil-insulat¢d DC
smoothing reactors. The latter are now relatively uncommon in new HVDC schemes, $o the
main [application of DC)bushings is for wall bushings. On HVDC schemes with two|more
independently operable converters per pole, the separate converters are usually installed in
adjacent valve halls\= which will require wall bushings between adjacent valve halls as well as
to the|DC yard.

DC bpshings are classified mainly according to the type of insulation used. Insulation of
bushings/may be divided into the insulation of the active part (capacitive grading) and the
insulattotrof-thepassivepa sernactivepartandouterinsutation):

The active part is usually oil-impregnated paper or resin-impregnated paper. The rest may be
solid, liquid (e.g. oil) or gas (e.g. SFg). Housings may be of porcelain (more common with
older, oil-filled bushings) or composite.

Oil-filled porcelain bushings were widely used on HVDC schemes up until the 1980s but are
not commonly used today. The main reason for this is that such bushings have proved
vulnerable to flashover as a result of pollution or uneven wetting — particularly at higher direct
voltages. Various techniques have been proposed to mitigate such problems, including water
spray washing and coating the external surfaces with various types of water-repellant grease
or silicone elastomer, but with only limited success. A further disadvantage of such bushings
is that the large quantity of oil they contain can create a serious fire risk in the event of a
rupture of the bushing.
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Composite-housed bushings usually comprise a glass-fibre reinforced polymer structural tube
with silicone elastomer sheds applied to the outside. The silicone sheds have proved much
more resistant to flashovers under DC conditions than porcelain housings, even under highly

pollut

ed conditions.

The internal insulation of such bushings can be either solid (epoxy-resin-impregnated paper)
or gaseous. The insulating gas is normally sulphur hexafluoride (SFg). Solid bushings are

used
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Figure A.4 — Resistive voltage divider for measurement of direct voltage

A resistive voltage divider typically comprises a large number of identical resistance elements
in series at the "top end", coupled to a single stage in the "bottom end", across which the
output signal is tapped. For voltage measurement of the high-voltage DC bus, voltage ratios
are extremely high (typically 50 000:1 or 100 000:1).
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DC voltage dividers are very rarely purely resistive because the bandwidth of such a divider
would be very poor. Each resistance stage almost always has a grading capacitor in parallel
to it, in order to improve the accuracy of the divider at harmonic frequencies and during step
responses.

The high-voltage part of the voltage divider is enclosed in a porcelain or composite insulating
housing (not unlike that of a bushing) and the internal space is usually filled with oil, epoxy
resin or an insulating gas such as SFg or dry nitrogen.

In principle, such a resistive voltage divider can step down the full DC bus voltage (typically
500 kV) to an appropriately low voltage to be fed into the control and protection equipment
(<10 W7 ; = rable
distances in the switchyard, making induced voltage pick-up a potentially serious preblegm. To
counteract this effect, DC voltage dividers with traditional analogue outputs can.'use a two-
stage| voltage division, using an intermediate voltage for transmission to the eontrgl and
protegtion equipment, which is stepped down a second time within the controlreom.

directly at the base of the voltage divider. The digital signal can then-be transmitted |either
optically or electrically with far greater immunity to interference.«<Since modern contrgl and
protegtion systems are invariably digital, any analogue signals would, in any case, need|to be
converted to digital at some stage. IEC 61850-9-2 defines<{a sampled-value transmijission
protogol suitable for substation applications and IEC 61869-9 specifies the digital interface for
instrument transformers using IEC 61850-9-2.

An aIJernative approach that is becoming more popular is to digitise the.léw-voltage DC kignal
Il

A.5.3 DC current measurement

A conjentional, iron-cored current transformer uses a primary winding (normally just a |ength
of bugbar) passing through a toroidal magnetic'cCore onto which a secondary winding is wound.
The gecondary winding is connected to, a. burden resistor whose value is known very
accurately. The voltage across the burden-resistor is proportional to the current induced |in the
secondary winding and, therefore, provided conditions leading to saturation of the cofe are
avoided, also the primary current.

Howeyer, this approach is not'suitable when the measured current contains a DC compopnent,
so an|alternative approach is\needed.

Severpl possibilities eXist*but three of the most common methods are listed below:

e zefro-flux CT;
e resistive shunt;

e optical-measurement.

A zer¢-flux CT (Figure A.5) is, in effect, an active version of a conventional CT. The diffdrence
is that instead of passively relying on the current induced in a secondary winding, the current
in the secondary winding becomes the controlled parameter and is continuously adjusted by a
suitable power amplifier such that, at all times, the secondary flux (generated by the amplifier)
cancels the primary flux and as a result the total magnetic flux in the core is zero. The primary
flux always being compensated, the flux created by the secondary winding is proportional to
the primary current. Without flux in the core, the core cannot saturate and, as a result, current
transformers of this type are capable of measuring signals ranging from pure DC to
moderately high frequencies in the range of 30 kHz.



https://iecnorm.com/api/?name=6923695fd91019f7bbaf02fa595222ee

IECT

In ze

S 63014-1:2018 © IEC 2018 - 67 -

Primary busbar 1 e
Secondary
winding at Core flux
Cdl_til IIICdbUICIIICIIt
potential
Sensor electronics B Output
X Amplifier Controller .
at earth potential signa|

IEC

Figure A.5 — Operating principle of zero-fluxX°CT (simplified)

o-flux CTs, the core and secondary winding are at earth potential. The insU

betwelen the primary busbar and the secondary is provided as for conventional CTs:

lation

e ring-type CTs can be used, either creating an‘adequate air clearance (for lower voltage),

or

e a
or

by using insulation given by other equipments (cables or bushings);

suitable HV insulation is provided by different techniques, resin, oil-impregnated
gas such as SFg, generally togetherwith an insulator for air insulation.

Another technique is to insert a low-value resistance (a "shunt") directly into the p
current path and to use the voltage‘developed across the resistor as a current measurg

Howe
poten

er, this method is not as;simple as it seems, because the shunt is always
ial that is different to that of the control and protection equipment into which the

is to he fed. So the output sighal needs to be transmitted from very high potential (up
full pqle direct voltage) to\the control and protection electronics at earth potential. This
in turn, to the problem(of how to provide power to the electronics at the busbar potential

devel
poten
photo
high-V
techn

bpments in optolelectronics, it is now possible to use a laser power source at
ial, coupled.\into an optical fibre, which is coupled at the high-voltage end
voltaic celli-With this arrangement (illustrated in Figure A.6) the interface betwesg

quecis;very easy to extend to very high voltages.

paper

imary
ment.
ot HV
signal
to the
eads,
With
earth
to a
n the

oltage-electronics and earth consists of only two optical fibres, with the result that this
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Figure A.6 — Current measurement by resistive.shunt using optical powering

nird common technique is to use optical current measurement. This makes use
lay effect", whereby the plane of polarisation of light is rotated under the influenc
btic field. With this technique (Figure /A7), a single optical fibre is passed from
ial up to the busbar whose current is‘to be measured, is wound around the bug
pr of times and then returned to, earth potential. Comparison between the polari
of the outgoing and incoming signals provides a direct measurement of primary cu

pf the
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Figure A.7 — Optical current measurement
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Like the optically powered shunt, this technique is very simple to extend to very high voltages
because of the minimal insulation requirements between primary and secondary, and has the
further advantage that no electronic equipment is required at the high-voltage side. All the
electronic equipment can be kept within the safe environment of the control room.
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A.6 Surge arresters

Surge arresters are used for overvoltage protection of key equipment within the HVDC
converter station, in much the same way as they are used for protecting AC equipment.
IEC 60071-5 provides a detailed description of the insulation coordination process for an
HVDC converter station and IEC 60099-9 includes general requirements for DC surge
arresters.

One of the defining characteristics of DC arresters is that the voltage existing between the
terminals of the arrester in steady state has a different character when compared with AC
arresters. AC arresters normally experience only sinusoidal AC voltage between their

termin

component (on the valve arresters) and notches and high-frequency transients caused
firing pnd recovery of the valves in the bridge.

Since| surge arresters are highly non-linear, a small increase in voltagé results

dispra

surge| arrester therefore depends almost entirely on the peak of the applied voltage
than |ts RMS value alone. However, in DC applications, the presence of high-freq

transi
betw

en two types of peak voltage:

THe peak values of those parts of the operating voltage:that are fed by a low-impe
source (the AC power system). Because the source impedance is very low, the

als but DT arresiers experience a combination of a DC component of voltage, an AC

by the

in a

portionate increase in current, and therefore heating. The safe werking voltagg of a

rather
pency

bnts cause by valves turning on and off means that it is\_necessary to distinguish

Hance
surge

arfester will have no mitigating effect on such voltages and the applied voltage dource
(which is essentially the AC voltage of one or more phases of the converter transformer
valve winding) can be considered as an idealk\oltage source. The peak voltage grising

frgm such low-impedance sources is referred<to as the crest continuous operating v
(CCOoV).

THe peak values of those parts of the operating voltage that are fed by a high-impe

bltage

Hance

source. This primarily refers to the camimutation transients resulting from turn-off (anld to a

legser extent, turn-on) of the valves. The high source impedance of these tran
means that the arrester exerts anappreciable "clipping" action on these transients,

Sients
which

means that the peak voltage experienced by the arrester is lower than it would have been
had the arrester not beenthere. The energy fed into the arrester as a result of] such
trgnsients is therefore less’than from a voltage of the first type with the same amgplitude
and duration. The peak voltage arising from such high-impedance sources is referred to as
the peak continuous~operating voltage (PCOV). In addition to continuous voltage strgsses,

temporary/transientovervoltages also need to be considered for the arrester design.

Typical locations)of surge arresters in an HVDC converter station are illustrated in Figurg A.8.
Not every arrester shown in Figure A.8 will necessarily be required on every project and not
all of the arresters shown in Figure A.8 are in the scope of this document, but the following
DC-sifde arrésters are always needed on transmission schemes:

Across each valve (fype V). This Is one of the most critical types of arrester, as well as
being the most numerous (since each converter station commonly contains 24, and
sometimes 48, valves). The protective level of the valve arrester is a very important
parameter and should preferably be as low as possible without risking thermal overload of

the arrester, since it has a direct influence on the number of thyristor levels in the

valve,

and hence on the cost of the valve. The valve arresters are normally mounted inside the
valve hall, close to the valves, and therefore benefit from the clean, dry environmental

conditions of the valve hall.
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e Across each 6-pulse bridge (types B and M). In schemes with a single 12-pulse bridge per
pole, an arrester is usually connected directly across the upper bridge (type B) but the
lower bridge is protected by an arrester from the DC midpoint to earth (type M). The bridge
and mid-point arresters are normally set with protective levels slightly above that of the
valve arresters, and are normally mounted inside the valve hall, close to the valve
arresters.

e From the high-voltage DC bus to earth (types CB, DL, DB, DC). The DC bus may be
protected in several different locations, including at the converter terminals (CB), the line
side of the DC smoothing reactor (DB) and at the cable or line termination (DL or DC). Not
all are necessarily required on a given project but there is always at least one such
arrester and frequently two. These arresters are located outside the valve hall.

e Fr
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CO
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In ad
conne
proted
greatl

On b4
normg
arrest

bm the DC neutral bus to earth (types E, EL, EM). Depending on the neutrd
angement, the DC neutral bus is normally protected by arresters to earth directly
nverter neutral potential, outside the valve hall (type E), on the electrode line side
RTS (type EL) and on the metallic return side of the ERTS (type EM). These arr
b located outside the valve hall.

cted surge arrester (DR). The auxiliary (tuning) components of the DC filters ar¢
ted by several surge arresters (FD) but the arrangement of these surge arrester
y according to the arrangement of the filters themselves.

ck-to-back HVDC schemes, the arrangement of DC arrésters is greatly simplifig
lly only the valve, bridge and midpoint arresters (V, B, M) are needed. As a res
ers are located within the valve hall.
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dition, the DC smoothing reactor is often (but not always) protected by a pdrallel-
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IEC
A AC bus arrester
M mid-point bridge arrester EM: metallic return arrester
E: DC neutral bus arrester, EL: electrode line arrester
\% valve arrester B: bridge arrester (6-pulse)
T transformer valve winding arrester C: converter unit arrester
DR: smoothing reactor arrester DB: DC bus arrester
DL: DC line arrester DC: DC cable arrester
FA1, FA2: AC filtérarresters FD1, FD2: DC filter arresters
T is unpecessary if the combination of M and V protects the secondary circuit of converter transformers.
DR is required depending on smoothing reactor insulation design

CB: converter bus arrester
Figure A.8 — Typical arrangement of surge arresters in a converter station
with one 12-pulse bridge per pole (only one pole shown)

Requirements for energy ratings for DC-side surge arresters should be defined by system
studies/ insulation coordination.
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