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INTERNATIONAL ELECTROTECHNICAL COMMISSION

PERFORMANCE OF HIGH-VOLTAGE DIRECT CURRENT
(HVDC) SYSTEMS WITH LINE-COMMUTATED CONVERTERS -

Part 1: Steady-state conditions

FOREWORD

[The International Electrotechnical Commission (IEC) is a worldwide organization for standardizatien compri
all national electrotechnical committees (IEC National Committees). The object of IEC ¢is\-+to proni
international co-operation on all questions concerning standardization in the electrical and eléctronic fields
this end and in addition to other activities, IEC publishes International Standards, Technical Specificatig
[Technical Reports, Publicly Available Specifications (PAS) and Guides (hereafter ‘referred to as
Publication(s)”). Their preparation is entrusted to technical committees; any IEC National”"Committee intereg
in the subject dealt with may participate in this preparatory work. International,;\governmental and r
governmental organizations liaising with the IEC also participate in this preparation) IEC collaborates clo

ith the International Organization for Standardization (ISO) in accordance (with conditions determined
agreement between the two organizations.

[The formal decisions or agreements of IEC on technical matters express, as\nearly as possible, an internatig
consensus of opinion on the relevant subjects since each technical/Committee has representation from
interested IEC National Committees.

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

In order to promote international uniformity, IEC National Committees undertake to apply IEC Publicati
transparently to the maximum extent possible in (their national and regional publications. Any diverge
between any IEC Publication and the corresponding national or regional publication shall be clearly indicate
the latter.

IEC itself does not provide any attestation of conformity. Independent certification bodies provide confor
assessment services and, in some areas,-access to IEC marks of conformity. IEC is not responsible for
services carried out by independent certification bodies.

All users should ensure that they hayé'the latest edition of this publication.

No liability shall attach to IEC of\its directors, employees, servants or agents including individual experts
members of its technical comnjittees and IEC National Committees for any personal injury, property damag
other damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fees)
expenses arising out of the publication, use of, or reliance upon, this IEC Publication or any other
Publications.

Attention is drawn_to the Normative references cited in this publication. Use of the referenced publication
indispensable for the correct application of this publication.

Attention is drawn to the possibility that some of the elements of this IEC Publication may be the subjed
patent rightsA4EC shall not be held responsible for identifying any or all such patent rights.
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The main task of IEC technical committees is to prepare International Standards. However, a
technical committee may propose the publication of a technical report when it has collected
data of a different kind from that which is normally published as an International Standard, for
example "state of the art".

IEC TR 60919-1, which is a technical report, has been prepared by subcommittee 22F: Power
electronics for electrical transmission and distribution systems, of IEC technical committee 22:
Power electronic systems and equipment.

ublished—in—2010,
hnical revision.

Anmendment 1:2013 and Amendment 2:2017. This edition constitutes a te

This fourth adition cancels and rnplcr\ne thg third adition
oL+ GHHOR <3 + < ¥ += R HHG GHHOR

D

(@)

This edition includes the following significant technical changes with respect to the, previgus
edition:

a) |[Figure 8 and Figure 20 have been updated, a new Figure 18 "LCC/VSC-"hybrid bipglar

system" has been added;
b) |the HVDC system control objectives have been supplemented;
c) |additional explanations regarding the HVDC system control structure have been given;

d) [a new subclause 13.6 on HVDC system protection has been’added.

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

Draft TR Report on voting
22F/535/DTR 22F/549A/RVDTR

Full information on the voting for the approval”of this Technical Report can be found in the
regort on voting indicated in the above table;

Th|s document has been drafted in aceordance with the ISO/IEC Directives, Part 2.

A list of all parts of the IEC 60999 series, published under the general title Performance| of
high-voltage direct current (HVDC) systems with line-commutated converters, can be found|on
thg IEC website.

The committee has decided that the contents of this document will remain unchanged until the
stdbility date indicated on the IEC website under "http://webstore.iec.ch” in the data related to
thg specific document. At this date, the document will be
e |[reconfirmed,

e |withdrawn,

o |replaced by a revised edition, or

e amended.

IMPORTANT - The 'colour inside' logo on the cover page of this publication indicates
that it contains colours which are considered to be useful for the correct
understanding of its contents. Users should therefore print this document using a
colour printer.
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INTRODUCTION

The difference between system performance specifications and equipment design
specifications for individual components of a system is realized. Frequently, performance
specifications are prepared as a single package for the two HVDC substations in a particular
system. Alternatively, some parts of the HVDC system can be separately specified and
purchased. In such cases, due consideration-sheuld-be is given to coordination of each part
with the overall HVDC system performance objectives and to ensuring that the interface of
each with the system-should—be is clearly defined. Typical of such parts, listed in the
appropriate order of relative ease for separate treatment and interface definition, are:

a) | DC line, electrode line and earth electrode;
b) | telecommunication system;
c) | converter building, foundations and other civil engineering work;

d) | reactive power supply including AC shunt capacitor banks, shunt reactorsy synchrongus
and static reactive power (var) compensators;

e) | AC switchgear;

f) | DC switchgear;

g) | auxiliary systems;

h) | AC filters;

i) | DC filters;

j) | DC reactors;

k) | converter transformers;

[) | surge arresters;

m)| series commutation capacitors;
n) | valves and their ancillaries;

0) | control and protection systems.

NO[FE The last four items are the most-difficult to separate, and, in fact, separation of these four-may can| be
inaglvisable.

Clguse 4 to Clause 22 of\ihis document set out a complete steady-state performarnce

spgcification for an HVDC'system-should-consider Clauses-3-to-21 of this report.
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Sirice theequipment items are usually separately specified and purchased, the HVDC
trapsmissiaon line, earth electrode line and earth electrode (see Clause 11) are included oply
be¢ause of their influence on the HVDC system performance.

For the purpose of this document, an HVDC substation is assumed to consist of one or more
converter units installed in a single location together with buildings, reactors, filters, reactive
power supply, control, monitoring, protective, measuring and auxiliary equipment. While there
is no discussion of AC switching substations in this document, AC filters and reactive power
sources are included, although they-may can be connected to an AC bus separate from the
HVDC substation, as discussed in Clause 17.
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PERFORMANCE OF HIGH-VOLTAGE DIRECT CURRENT
(HVDC) SYSTEMS WITH LINE-COMMUTATED CONVERTERS -

Part 1: Steady-state conditions

1 Scope

Thls part of IEC 60919 provides general guidance on the steady-state performarce
requirements of high-voltage direct current (HVDC) systems. It concerns the steady-state
performance of two-terminal HVDC systems utilizing 12-pulse converter units comprised| of
three-phase bridge (double-way) connections (see Figure 1), but it dog€s,“not coyer
multi-terminal HVDC transmission systems. Both terminals are assumed foruse thyrigtor
valves as the main semiconductor valves and to have power flow capability in*both directiops.
Digde valves are not considered in this document.

I I~ A

&

K & B
&~ & B

IEC

Key

1 [Transformer valve Windings

Figure 1 — Twelve-pulse converter unit

Onlly Jline-commutated converters are covered in this document, which includes capacitor
commutated converter circuit configurations. General—requirements—for aspects | of
se - -T=T1, -1-2
and IEC 60146-1-3. Voltage-sourced converters are not considered.

The-difference distinction is made between system performance specifications and equipment
design specifications for individual components of a system-should-be-realized. Equipment
specifications and testing requirements are not defined in this document. Also excluded from
this document are detailed seismic performance requirements. In addition, because there are
many variations between different possible HVDC systems, this document does not consider
these in detail; consequently, itshould is not—be used directly as a specification for a
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particular project, but rather to provide the basis for an appropriate specification tailored to fit
actual system requirements.

This document, which covers steady-state performance,

is followed by the additional

documents of IEC TR 60919-2 on faults and switching as well as IEC TR 60919-3 on dynamic
conditions. All three aspects are considered when preparing two-terminal HVDC system
specifications.

2 Normative references

The following documents are referred to in the text in such a way that some or all of-their
comtent constitutes requirements of this document. For dated references, only thé-edit|on
cited applies. For undated references, the latest edition of the referenced document*(includ|ng
any amendments) applies.

IEC 60146-1-1—Semiconductor—converters Generalrequirements—andline—commutated
col 5 s Fioati ; . .

IEC/TR 680146-1-2,-Semiconductor-convertors —General-requirements—and-line—commutaled
IEC 60146-1-3—Semiconductor—convertors Generalregquirements—andline—commutated
comvertors —Part 1-3- Transformers-and-reactors

IE(

int
dis

Fo

1S(
ad

[ 60633, FerminotogyFfor-High-voltage direct curfent (HVDC) transmission — Vocabulary

SRE Technical Brochure (TB) No. 391:2009)" Guide for measurement of radio frequel
prference from HV and MV substatiops.” Disturbance propagation, characteristics
turbance sources, measurement techmgues, conversion methodologies and limits

Terms and definitions
" the purposes of this document, the terms and definitions given in IEC 60633 apply.

D and IEC maintaingterminological databases for use in standardization at the follow
iresses:

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

ISO Onling-browsing platform: available at http://www.iso.org/obp

Types of HVDC systems

icy
of

ng

4,

General

This part of the specification should include the following basic data:

a)

b)
c)
d)

Ge

general information on the location of the HVDC substations and the purpose of the

project;
type of system needed, including a simple one-line diagram;
number of 12-pulse converter units;

pertinent information derived from the discussion in Clause 4.

nerally, in studies of projects of the types discussed in this document, economic
considerations should take into account the capital costs, the cost of losses, cost of outages
and other expected annual expenses.
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In terms of the type of system, the—relativelyrew development—of "capacitor-commutated

converter (CCC)" and "controlled series capacitor converter (CSCC)" technology may be
suitable alternatives to a conventional HVDC scheme. These are described in 4.10.

4.2 HVDC back-to-back system

In this arrangement there is no DC transmission line and both converters are located at one
site. The valves for both converters may be located in one valve hall, or even in one
integrated structure or separately as outdoor valves. Similarly, many other items for the two
converters, such as the control system, cooling equipment, auxiliary system, etc., may be

A B O1€ ea v evenr EOTrate B < R'AV tC coh v - o1 comm L € HwW O
comverters. Circuit configurations may vary. Examples are given in Figure 2. The performarnce
angl economics of these configurations differ and-must should be evaluated. DC filters)are pot
neg¢ded.

The voltage and current ratings for a given power rating should be optimized t6” achieve the
lowest system cost, including the evaluated cost of losses. Ordinarily, the user does not nged
to gpecify the direct voltage and current ratings, unless there are specifie)reasons to do po,
forlexample, for compatibility with an already existing station, to providefor a future extens|on
or ffor some other reason. Economics dictate that each converter wilPusually be a 12-pujse
comverter unit, however it is not mandatory. Where operating criteria require that the loss| of
ong converter unit will not cause loss of full power capability, 1arge HVDC substations colpld
be|comprised of two or more back-to-back systems. For this, ;jsome of the equipment of the
bagk-to-back systems can, for economic reasons, be loeated in the same area or eyen
physically integrated, but events which could cause a_failure of equipment required by |all
bagk-to-back systems need to be carefully considered, and preventive measures taken where
appropriate.

4.3 Monopolar HVDC system with earth return HVDC system

Copt considerations often lead to the adaption of a monopolar HVDC system with earth retirn
sygtem (Figure 3), particularly for cable transmission which may be expensive.
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Figure 2 — Examples of back-to-back HVDC systems
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Figure 3 — Monopolar HVDC system with earth return

The monopolar earth return configuration might also be the first stage in the development df a
bipolar scheme. Monopolar arrangements may include one.6r'more 12-pulse units in series| or
in jparallel at the ends of the HVDC transmission (Figure 4 and Figure 5). More than gne
12ipulse unit-might can be used for the following purposes:
a) | to ensure partial transmission capacity during‘eonverter unit outages;
b) | to complete the project in stages;
c) | because of the physical limitations of transformer transport.
Th|s arrangement requires one or more.'DC reactors at each end of the HVDC overhead l|ne
or cable; these are usually located_on’the high-voltage side.-Hewever—the-d-c—reactorsmay
bogetbddodinte b nonie ond loortoe cn the Rleborelioon olde cnel the nodth oide oo onathgoly
if the racultina nerformance ic acrantahle ecsneciallvy for o larae cseale 1ltra hiah valtaae dirbet
thoooultine soriermonen o neconiable coonclallr o o losan conlo nlien Blen volioes cinhel
slfron i LR ID s comntos foes nesmaonl
If the line is overheadsDC filters are likely to be needed at each end (see Clause 18). It aJso
requires an earth electrode line and a continuously operable earth electrode at the two ends
of the transmission;which involves consideration of issues such as corrosion, magnetic figld

bcts, etc.
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2 |DC filter

Figure 4 — Two 12-pulse‘units in series
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a)

b)
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DC reactor

DC filter

current is_hot desirable during the interim period, or

build earth electrode lines and earth electrodes, or

c)

IEC

Figure 5 — Two 12-pulse units in parallel

Monopolar HVDC. system with metallic return-HVDC-system

b configuration agillustrated in Figure 6 will generally be used for the following purposes

if the transmission line length is short enough to make it uneconomic and undesirable

iflthie earth resistivity is high enough to impose an unacceptable economic penalty, or

d)

as the first 'stage in the construction of a bipolar system and if long-term flow of earth

to

if long-term flow of earth current is unacceptable because of environmental and safety

requirements.

This configuration utilizes one high-voltage and one low-voltage conductor. The neutral is
connected at one of the two HVDC substations to its station earth or, alternatively, to the
associated earth electrode. The other HVDC substation neutral is connected to its station
earth through a capacitor or an arrester or both.

DC reactors are needed at both ends of the high-voltage conductor. However, the DC reactor
may be located on the earth side if the resulting performance is acceptable. However, the DC
reactors may be divided into two parts and located on the high-voltage side and the earth side
respectively if the resulting performance is acceptable, especially for a large scale ultra-high-
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voltage direct-current (UHVDC) converter arrangement. DC filters may be needed if the HVDC
transmission line is overhead.

If this configuration is the first stage of a bipolar system, its neutral conductor could be
insulated for the high voltage at this stage of development.

For a metallic return scheme, DC fault current will flow into the AC system and come back
through neutral point of transformers installed in the converter station. This current may lead
to the malfunction of protective relays installed in nearby stations, caused by the saturation of
cores due to DC current. To prevent such malfunctions, insertion of neutral grounding resistor
(small resistance) to transformers in the converter station will be effective.

Y Y\ — o _____ e YY"\
1 1

— IEC

Key
1 |DC reactor
DC filter

Station earth

A W N

Arrester

Figure 6 — Monopolar HVDC system with metallic return-system

4.4 Bipolar earth return HVDC system

This\is” the most commonly used arrangement when a DC transmission line connects two
HVDC substations and electrodes for earth return operation are provided (Figure 7 (a)). Itis
effectively equivalent to a double-circuit AC transmission. It reduces harmonic interference
from the DC line as compared with monopolar operation and it keeps earth current flow down
to a low value. When combined, two monopolar earth return schemes can give a bipolar
scheme.

For power flow in one direction, one pole has positive polarity to earth and the other pole has
negative polarity to earth. For power flow in the other direction, the two poles reverse their
polarities. When both poles are in operation, the unbalance current flowing in the earth path
can be kept at a very low value.
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Figure 7 b) — Rigid bipolar HVDC system

Figure 7 — Bipolar system
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This configuration offers a number of emergency operating modes. Consequently, the
requirements in the following list a) to f) should be considered in the specifications.

a)

b)

During an outage of one HVDC transmission line pole 11 in Figure 8 (rectifier DC
switches 3 and inverter DC switches 9 have been switched off), the converter equipment
of the other pole 12 should be capable of continuous operation with earth return (rectifier
DC switches 4, inverter DC switches 10, earth return transfer switch (ERTS) 7 and
metallic return transfer breaker (MRTB) 8 have been switched on).

If long-term flow of earth current is undesirable and if the defective line pole still retains
some low-voltage insulating capability, the bipolar system should be capable of operation

. ing
mode the conductor of the out-of-service pole 11 is first connected in parallel with\the
earth path by switching on pole-to-neutral switches 5 and then the earth path is interrGpfed
to transfer the current to the metallic path (through the conductor of the out-of-service pple)
by switching off MRTB 8. Load transfer without interruption requires a metallic retlirn
transfer breaker (MRTB) at one terminal of the DC transmission. If a short)interruption| of
power flow is permitted, MRTB would not be necessary. The neutral equipment at the
MRTB end of the HVDC transmission system should be insulatedyfrom earth fon a
somewhat higher voltage than at the other end of the system. Figure)8; with DC switchep 3
and 4 (named as ERTS and MRTB), is usually valid for a rectifier-station. The MRTB is phot
necessary for the inverter station.

3 — 9

m'_/—"_ _____ _._\_.HNTV\_'
i

e ; U

et L/ ] ]

Key

3,4
5,6

c)

IEC

DC reactor 7 Earth return transfer switch (ERTS)

DC filter 8 Metallic return transfer breaker (MRTB)
Rectifier DC switches 9,10 Inverter DC switches

Pole-to-neutral switches 11,12 HVDC power transmission poles

Figure 8 — Metallic return operation of the unfaulted pole in a bipolar system

During maintenance of the earth electrode(s) or the earth electrode line(s), operation of
the bipolar system should be possible with the station neutral(s) connected to the station
earth at one or both HVDC substations as long as the unbalance current between the two
poles entering the station earth(s) is kept at a very low value. The unbalance current
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d)

e)

should be kept low to avoid saturation effects in the converter transformers from the flow
of part of the unbalance current through the transformer neutrals. In this arrangement
when one transmission line of substation pole is lost, both poles should be blocked
automatically.

In bipolar operation with both earth electrodes connected, the two poles of the HVDC
system should be capable of operation with substantially different currents in each pole.
This may be necessary if loss of cooling or some other unusual condition prevents the
operation of one pole with full current.

If continuation of operation is required in the case of poor weather conditions or where the
line insulation has been partially damaged, the converters should be designed for

On
log
log
ac

arr
ne
or

Mg
cu
fag
as

cam be reduced.

4.6

continuous operation at reduced voltage, so that either pole can be operated at reduged
voltage (see 8.3).

In the event of the loss of one transmission line pole, the two substation poles can*also|be
connected in parallel by using appropriate switches for polarity reversal in.at least qne
station pole enabling both poles to operate in the monopolar earth return-mode. This,
however, requires that the DC terminals of each 12-pulse group be instlated for the full
pole voltage and the line and the earth electrode shall be thermally capable of carrying a
current higher than the normal current.

e or more DC reactors is needed at each end of the system in each pole, these are usually
ated on the high-voltage side. However, the DC reactors maybe divided into two parts gnd
ated on the high-voltage side and the earth side respectively, if the resulting performance is
eptable, especially for a large scale ultra-high-voltage{direct-current (UHVDC) converter
angement. If the HVDC system includes an overheaddline, DC filters would most likely |be
bded. One 12-pulse unit per pole is most commonly used; however, large capacity systems
staged expansion may require 12-pulse units in series or in parallel (Figure 4 and Figurg 5).

st HVDC systems utilise ground return or a dedicated metallic return conductor for the pC
rent path. However, when balanced bipdlar operation can always be ensured, thgse
ilities can be eliminated. This scheme.jis¢¢alled "rigid bipole HVDC system" configuratipn,
shown in Figure 7 b). With this scheme, operation modes are limited but installation cpst

Bipolar HVDC system with’metallic return-HVBC-system

If 6
H

arth currents are not tolerable (as mentioned in 4.4, item d)) or if the distance between the
DC system terminals is.short, or if an earth electrode is not feasible because of high earth

reqgistivity, then the transmission line may be constructed with a third conductor to give a

bipolar HVDC system:*with metallic return—HVBC—system (Figure 9). The third condug
cafries unbalance currents during bipolar operation. It also serves as the return path wh
ong¢ transmissign.line pole is out of service. This third conductor requires only redud
voltage insulation and, in this case, may also serve as a shield wire if the line is overhe
However, if it'is fully insulated, it can serve as a spare conductor. In this case, a separ
shield wiresis required.

tor
en
ed
ad.
hte

other end of the transmission would float or be tied to its station earth through an arrester, a
capacitor or both.

With this design, the system can still be operated in the bipolar mode if one conduc

tor

becomes unavailable and the third conductor is fully insulated. Then, the neutrals at both
terminals should be connected to their local station earths, and care should be taken to hold
the unbalanced current flow to very low values. Loss of one pole will require blocking of the
other pole until the necessary switching has taken place for operation of the remaining sound

portions of the HVDC transmission system.
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Figure 9 — Bipolar-mretallic return HVDC system with metallic return

If pne—substation pole beécomes unavailable, the system can be operated in monopdlar
metallic return mode by- utilizing the other substation pole. This configuration is also called
"metallic return mode&(MRM).

Fof a metallic return scheme, DC fault current will flow into the AC system and partly come
ba¢k through-neutral point of transformers installed in the converter station. This current may
lead to therMmalfunction of protective relays installed in nearby stations, because of saturatfon
dug to DE&xCurrent. To prevent such malfunctions, insertion of neutral grounding resistor (small
reqistance) to transformers in converter station will be effective.

4.7 Two 12-pulse groups per pole

For a high-power ultra-high-voltage direct-current (UHVDC) converter arrangement, two
12-pulse units per pole may be a better solution to achieve required rating, because the
dimension and weight of converter equipment (especially converter transformer) would
become too large if only one 12-pulse unit per pole were used.

Two 12-pulse converters can be connected in series (Figure 10) or in parallel (Figure 11), and
the selection of converter arrangement depends on the specific requirements of the project.
On the other hand, if a project requires reduced voltage operation, for instance, due to
occasional salt contamination, then the series option-sheuld may be-selected preferred.
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The series and parallel
options are equivalent in terms of loss of transmitting power when a forced or scheduled
outage of a 12-pulse converter occurs. In both cases, only 25 % of the capacity will be lost,
assuming all converters have the same power rating—cenverters—are—employed. If sufficient
overload capability is available, full power or almost full power can be restored. For the series
option, the two poles can still operate with balanced current (without earth current) after a
forced or scheduled outage of a 12-pulse converter occurs. However, note that a by-pass
switch is required for each 12-pulse converter in series connected option. For the parallel
option, the two poles can still operate with unbalanced current when a forced or scheduled
outage of a 12-pulse converter occurs, while there is large current flowing through earth.
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Figure 10 — Bipolar system with two 12-pulse units in series per pole
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The cost of the two 12-pulse group per-pole arrangement, compared to one 12-pulse group
per pole for the same total rating, would be expected to be greater, and the control system
will become more complicated.
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Figure 11 — Bipolar system with two 12-pulse units in parallel per pole

4.8 Converter transformer arrangements

Each 12-pulse converter requires two three-phase transformer valve windings, one
star-connected and the other delta-connected. These are provided by—either one of the

following:
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a)
b)
c)

d)
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one three-phase transformer with two valve windings, or
two three-phase transformers, one connected star-star and the other star-delta, or

three single-phase transformers each with two valve windings, one for star connection and
the other for delta connection, or

six single-phase transformers, connected in two three-phase banks, one connected
star-star and the other star-delta.

Depending on the HVDC system availability requirements, spare transformers may be needed

at one or both ends. If one three-phase transformer with two valve windings is used, only one
spare—thit-wottdbe—reauired—Since—the—star—and—de a-coffrectet
woluld be of different designs, spares considerations ach design.

ly one spare would be required for the single-phase, double-valve winding transformers

sinice all three would be identical. The last of the above options would suggest~two spare

trapsformers, one each for the star- and the delta-valve winding single-phase transformers.

spare transformers are not employed, alternatives b) and d) above allew for six-pulse

operation at half-power in case of a transformer outage, if the HVDC system is designed [for

Si®-pulse operation is not possible with alternatives a) and c).

5 mode of operation and the AC and DC harmonic conditions—weGld-be are acceptafle.

s not always needed to split the DC reactors, especially for parallel connection. The
mber and arrangement of DC reactors depend on the resultsof system studies and desigh.

=]

Converter transformers with a tertiary winding for reactive power and AC harmonic filter

€q

4.9 DC switching considerations

lipment may also be used.

There are a number of possible DC swijtehing arrangements intended to increase HVPC

sy

Manopolar metallic return operation.of a bipolar system is discussed in 4.5.

gtem availability.

Fof bipolar systems, DC switching may be provided (Figure 12) so as to allow the use of gny

co
sC
co
pa
tw
in

eme involving cables and where a fully insulated spare cable is available or cables are
nected in parallel\\If' one substation pole is out of service, then the cables can |be
alleled to reduce line losses. Generally, DC buses are fixed in relation to converters, with
¢ pole buses andja neutral bus. This would preclude connection of the two substation pojes
barallel.

ructor for connection te“any substation pole or to neutral. This arrangement is useful for a
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Figure 12 — DC switching of line conductors
However," if flexibility of connecting the two substation poles in parallel is needed, th
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vision for polarity reversal of at least one substation pole could be made and the neut
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Figure 13 — DC switching of converter poles
If an HVDC transmission system includes both overhead line and cable sections, a

SW

tching arrangement such as in Figure 14 may be used at the junction of the overhead 3

calble.Sections

20

DC
nd
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Figure 14 — DC switching — Overhead line to cable

Fof more than one bipolar line, paralleling of converter poles may be considered, in order to
allpw restoration of transmission capability (Figure 15) for transmission line outages.

Fof long bipolar lines in parallel, intermediate switching such as in Figure 16 may be provided.

4.10 Series-capacitor-compensated’ HVDC systems

—

Although the conventional line-commutated converter (LCC) technology has reached maturijty,
su¢h converters still have two-weaknesses:

a) | a large amount of reactive power consumption, roughly 50 % of its active power;

b) | susceptibility to A€\side disturbance, commonly observed as commutation failures.

To| overcome these weaknesses, further developments have been made using serigs-
capacitor compensation.

Practicallys.there are two types of series-capacitor compensated HVDC schemes.

e |Cdpacitor-commutated converter (CCC), in which series capacitors are included betwgen
e converter transrormer and tne vdlves.

e Controlled series capacitor converter (CSCC) is also suggested. In this scheme, the basic
topology of the converter is the same as the conventional topology; however, series
capacitors are inserted between the AC filter bus and the AC network. Occurrence of
ferroresonance with the CSCC option is eliminated by controlling the amount of series
compensation.
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Figure 15 — DC switching — Two bipolar converters and lines
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Figure 16 — DC switching — Intermediate

The CCC circuit shown schematiCally in Figure 17 a) is based on a topology in which ser

es

capacitors are included between the converter transformer and the valves. The CS{CC
cir¢uit has the series capacitors inserted at the connection of the filter bus to the AC system
as|shown in Figure 17 b)\This provides similar performance to the CCC, with the additiohal

adyantage of controllability of the reactive power exchange with the AC network.

Both alternatives( offer improved immunity from commutation failure, lower load reject

are lower than for the CCC configuration. On the other hand, the CCC in rectifier operati

on

¢rvoltages and-increased stability margins in power control mode, over the conventiohal

ng
he

1on

on

exhibits a smaller valve short-circuit current. The previously identified problem with
ferroresonance in the CSCC is eliminated through the application of controlled series

capacitors.
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a) Capacitor commutated converter (CCC)
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b) Controlled series capacitor converter (CSCC)

AC system e.m.f. 6 Overvoltage limiter
AC system impedance 7 Capacitor

AC system bus 8 Thyristors

AC filters 9 Converters
Converter transformer 10 DC reactor

Figure17 — Capacitor commutated converter configurations

e advantagés\of using CCC in comparison with conventional converter may be summarized
follows:

significantly less reactive power consumption, which, in combination with sharply turled
filter branches, eliminates the need for switching filter and shunt capacitor banks dur|ng

DO LA LA ADS.
PoOWwWTTT Tt oS;

immunity to commutation failure during AC side disturbance, which is beneficial with long
lines or cables feeding weak AC networks;

stable operation in lower short-circuit capacity systems;

lower overall installation cost in some cases, due to elimination of switchable filter and
shunt capacitor banks or synchronous compensators, in applications associated with weak
AC network connections;

robustness in situations of converter-arm short-circuit fault due to lower fault current;

less variation of reactive power during disturbances, which results in improved power
quality and reduced load rejection.
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The disadvantages are:

e increased harmonic current;
o slightly increased converter losses;

e requirement for detailed study of transient stresses on equipment;

e reduced inherent overload capability, due to the capacitor connected in series with the

converter;

e requirement for shielding against lightning and radio interference between the valve

windina the canacitor and the vvalve:
7 g T

slightly increased valve voltage stress.

en CCC or CSCC is being considered as an HVDC topology for a particutar ‘projsg
hould be emphasized that the selection of optimal system rating is different fr
copventional HVDC. Therefore, in order to make a selection between conventional HV
schemes and these alternatives, a detailed analysis is required with respect te economics 3
tedhnical performance, taking into account losses, installation costs, etc.

4.11 LCC/VSC hybrid bipolar system

In gase one pole of the LCC is combined with a VSC pole, a hybrid bipolar system of LCC &
will be formed. For an LCC/VSC hybrid bipolar system,special consideration should
taken because power reversal of the VSC system requirg§scurrent reversal, whereas L
changes voltage polarity. The combined operation of Joth systems will lead to excess
cufrent on electrode line or return line for one of the gower directions. In order to prevent t
prgblem, switches for polarity reversal should be installed on the VSC converter, as depic
in Figure 18.

The other possibility of LCC/VSC hybrid system is the case that consists of LCC for d
terminal and VSC for the other terminal.,This configuration can be applied to the DC syst
thgt transmits power to a weak AC system.

Adppted VSC for hybrid systems should be in asymmetrical monopole configuration.

ct,
bm
DC
nd

nd
be
CC
ve
his
ed

ne

1%
3
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Figure 18 — LCC/VYSC hybrid bipolar system

5 | Environment information

The location and the information listed in Table 1 should be supplied for each HV

sulbstation.
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Table 1 — Information supplied for HVDC substation

Parameter Unit Examples of use and comments
Height above sea-level m For the design of air-cooling systems and for
air clearances
Outdoor air temperature °C The maximum temperatures are given for
rating purposes and the low temperatures for
overload capability requirements. If the user
intends to overload the equipment and
accept a corresponding loss-of-life
expectancy this should be stated and the
necessary information supplied
For low For rated If preferred, curves showing how-these
temperature power parameters vary over the year, o6 a monthly
capability capability basis, may be provided instead
Maxiium dry-bulb temperature °C °C Valve cooling, transformer_and reactor
design, AC and DC filter design
Maximum wet-bulb temperature °C °C Evaporative cooling, system design and|of
valve hall relative humidity
Maximum average dry-bulb °C °C Oil insulated Aransformer and-eH-nsulated
tempgrature for a period of 24 h reactor design
Minimum average dry-bulb °C - Transfofmer, reactor and disconnector
tempgrature for a period of 24 h switch'design and building heating needs
Minimum dry-bulb temperature °C - Transformer, reactor and disconnector
switch design and building heating needs,
AC and DC filter design
Maxinmjum and minimum indoor air °C °C Usually determined by the valve designpr for
tempgratures and relative humidity % A the valve hall and by the control designgr for
the control room
Indoof air temperatures and relative °C °C Specified if indoor temperature extremegs are
humidity during maintenance and % % too great for maintenance personnel
maxinmium transition time after
shutdpwn
Maximum incident solar radiation Building cooling, ratings of transformerg,
reactors, buses, etc.
Horizgntal surface W/m?
Verticpl surface W/m?
Wind ponditions
Maximpum continuous velocity m/s Equipment support and building design
Maximum gust velocity m/s Equipment support and building design
Maximum velocity at a minimum m/s Conductor, strain insulator and tower d¢sign
tempgrature ..... °C
Ice ar]d snow covering\oad
Maxinmum ice thickness with no wind mm Equipment and structure design, for
example, disconnector/switch, conductqr,
etc.
Maximunr ice/thickness with a mm Equipment and structure design, for
maximumwind speed of ..... m/s example, disconnector/switch, conductqr,
Maximum snow load N/m? Building design
Maximum depth of snow mm Equipment height above snow for safety
purposes
Rainfall Building and site drainage
Annual average mm
Maximum in a period of 1 h mm
Maximum in a period of 5 min mm

Fog and contamination

Utility practice for insulator washing
and greasing

To determine requirements for insulation and
air-cooling system filter design. An estimated
equivalent salt deposit density level should
be specified for insulator design

Keraunic level at the station and the
first 5 km to 10 km of the line

Strokes/km?/year (substation)
Strokes/100 km/year

Station lightning protection design



https://iecnorm.com/api/?name=66502182ac01fed57119d13dfb151dc6

— 36 —

IEC TR 60919-1:2020 RLV © 2020

Parameter Unit Examples of use and comments

Seismic conditions Equipment, structure and foundation design

Maximum horizontal acceleration m/s?

frequency range of horizontal Hz

oscillations

Maximum vertical acceleration m/s?

frequency range of vertical Hz

oscillations

Duration of seismic event Cycles

Cooling water available at the site (if Secondary cooling water may be used either

USed Or secoriddry L,(J(Jlillg) 10T TMdRe-up 4drna PDIiow-aowll Ol evdapOld iVe
coolers or for once-through cooling:
Evaporative cooling towers can bé\a source
of high humidity for the insulators™and ghould
be carefully located

Sourde of water Reservoir, well, etc.
If preferred, curves showing how these
parameters vary over, the year on a monthly
basis may be provided instead.

For low For rated
temperature power
capability capability

Maximium continuous flow rate m3/s m3/s Required+for cooling system design

Maximum flow rate for a period of m3/s m3/s Required for cooling system design

24 h

Minimjum continuous flow rate m3/s m3/s Required for cooling system design

Minimum flow rate for a period of m3/s m3/s Required for cooling system design

24 h

Maximum water temperature - °C Required for cooling system design

Minimjum water temperature °C - Required for cooling system design

Maximum allowable-dump water °C °C Required for cooling system design

tempgrature to drain

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

Condyictivity of water p Siemens/m Design of water treatment plant

Type pf dissolved solids Design of water treatment plant

Quantity of dissolved solids g/m?3 Design of water treatment plant

Type pf undissolved solids Design of water treatment plant

Quantity of undissolved salids g/m?3 Design of water treatment plant

Maximum earth resistivity at the om Station earth design

HVD( substation

— Depth of water table m Foundation design

— Site sojl~conditions Bore hole information (for example, rocks)
and any special conditions, such as
maximum frost depths, foundation design

— Site accessibility To determine installation and delivery costs

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

transportation

and DC reactors

— Local profile limitations on
equipment and buildings

— Environmental considerations

Influence on equipment, bus and building

design

Audible noise limits, aesthetic requirements
— architectural treatment, landscaping, etc.

be given.

Any special conditions not listed above, for instance, related regulations, which influence system performance should
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6 Rated power, current and voltage

6.1 Rated power
6.1.1 General

Rated power is the active power which the HVDC system shall be able to transmit
continuously, over the range of ambient conditions specified, with all equipment in service,
but without the need to utilize redundant components; the HVDC system voltage and
frequency as well as the converter firing angle and the extinction angle being in their

steady-state—range-

Befause an HVDC transmission system in general consists of three sections, i.e{thé fwo
HVDC substations and the transmission line, each of which produces losses, the point| of
measurement of rated power should be specified.

6.1.2 Rated power of an HVDC system with transmission line

The rated power of an HVDC transmission system on a per-pole hbasis is defined as fhe
prqduct of rated direct voltage times rated direct current.

Fof a given direct current, transmission line losses vary with ambient conditions, which can|be
non-uniform along the length of the line. Therefore, it is custoemary to specify rated power at
thg rectifier DC bus. If the required transmission capability.is defined at some other locatipn,
i.e] the sending-end AC bus, receiving-end AC bus)* or somewhere along the HVPC
trapsmission line, then the rated DC voltage should‘be defined and the rated direct current
should be chosen through design optimization of the HVDC system.

Rated power and voltage at the inverter DC ‘bus are derived values from rectifier quantities,
ang line losses are usually based on definéd conductor parameters and uniform condugtor
temperature assumptions along the line.

Long distance HVDC systems may-be monopolar or bipolar. Rated power should be specif|ed
on|a per-pole basis stating the number of poles.

6.1.3 Rated power of annHVDC back-to-back system

With system ties in a_back-to-back configuration, there is no transmission line. Therefore, the
rated DC voltage and\current are chosen through design optimization of the HVDC systgm.
Mdareover, the recfifier and inverter are solidly connected at the DC side, operating as one ynit.
Raﬁed power of\such a system can, therefore, be defined as the product of rated dirpct
voltage timesg the rated direct current.

6.1.4 Direction of power flow

If the.same power rating is required in each direction. such as with system ties for power
exchange, this should be stated.

Where power flow is primarily in one direction, such as with systems fed from remote
generation, rated power may be specified only for that direction to minimize the inverter cost.
Then a lower inherent transmission capability should be accepted for reversal of power flow.

6.2 Rated current

Rated direct current is the mean value of the direct current that the system should be able to
transmit continuously for all ambient conditions specified and without time limitations. The
rated current should not be specified for back-to-back systems as detailed in-5-4+-3-abeove 4.2,
unless there are specific reasons for doing so.
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6.3 Rated voltage

The rated voltage is the mean value of the required direct voltage to transmit rated power at
rated direct current. It is measured between the high-voltage bus at the line side of the DC
reactor and the low-voltage bus at the HVDC substation, excluding the earth electrode line.
The rated voltage is defined at nominal AC system voltage and nominal converter firing angle
while operating at rated direct current.

For long distance HVDC transmission systems, the rated voltage should be specified at the
sending end. If the voltage capability of the transmission line is higher than the rated voltage,
th L th;o aha” bC otatcd ThU |atcd VU:tGyU IICCd IIUt bC OVUU;f;Ud fUI bau:\ tU ba\;k OyOtCIIIO aS

defailed in 6.1.3, unless there are specific reasons for doing so.

7 | Overload and equipment capability

7.1 Overload

Overload in an HVDC substation usually refers to direct current flow aboye its rated value. fFor
thig, consideration may be given to acceptable reduction in life expectancy of equipment (for
example, due to thermal ageing), use of redundancy, and low ambient'temperatures.

Overload may be specified in terms of power. Voltage regulation in the converter including the
trapsformer normally causes a reduction of DC voltage undér overload conditions and herjce
an|increase in current somewhat more than an amount pfoportional to the increase in power.
If fated voltage is to be maintained under overload conditions, then the following measures
may be adopted, at additional cost.

a) | The converter should be designed for a higher no-load voltage. This results in a higher
MVA rating if overload is required over the\fdll range of AC bus voltage.

NOTE This-may-net cannot be necessary if overload is required only for the upper range of the steady-state
AC system voltage.

b) | The voltage rating of the converter-valves, which is based on transformer no-load voltage,
should be increased.

c) | The on-load tap changer range should be increased if the converter firing angle is to|be
maintained at its nominakvalue. Alternatively, the converter may be designed for a higher
nominal firing angle ‘at rated power. This will increase reactive power consumptipn,
harmonics and losses; as well as the internal stresses on valve components.

As| a consequence,-if rated direct voltage is to be maintained under overload conditiops,
oversizing of equipment will be necessary.

For a more economical design, an overcurrent rating may be specified, without regard [for
direct noltage regulation. Basic converter equations then permit determination of fthe
maximum current, beyond which further increase would be offset by excessive voltdge
requlations

When the converter is operated in overload it will absorb more reactive power. Unless this
increased reactive power absorption can be compensated by filters/shunt capacitors, for
example, from another pole, then the AC busbar voltage will reduce. When the AC system
short-circuit level is low, this effect may limit the achievable overload.

The required duration of HVDC substation overloading is most often determined by AC system
needs, especially following contingencies in either the AC or HVDC system.

However, some constraints should be observed for the HVDC substation equipment. Thermal
time constants range from 1 s to some hours, as detailed in 7.2. Longer duration overload
requirements of high magnitude may, therefore, result in an effectively increased rating of
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equipment and thus impose a greater cost or a reduction of life expectancy. These factors
should be weighed against system benefits when specifying overload.

EXAMPLE A practical value—may can be a 1,2 per unit overload for 1 h which does not result in loss of life
expectancy of oil-cooled transformers and reactors but-may it is possible that it will have to be designed into
thyristor valves. Also depending on the particular design, it is possible that the 1 h overload-may will be converted
to continuous if cooling redundancy is utilized. Other examples include oscillatory overloads at a frequency of up to
1 Hz for durations of several seconds, for example for power oscillation damping, and 5 s overloads to counteract
temporary overvoltage or frequency changes.

The frequency and the time intervals between such overload cycles should be specified.

7.2 Equipment capability
7.2.1 General

This is defined as the ability of the HVDC substation equipment to permit transmission| of
grdater than rated power, without loss of equipment life expectancy. It depends on operatjng
conditions as well as on the design criteria for individual components. Implications result|ng
from the latter are discussed in subsequent subclauses with respect™to their bearing |on
overload specifications.

Anbient temperature is an important factor. Power equipment is.designed to perform at rated
logding under the most adverse ambient conditions specified. However, these conditigns
normally prevail for only limited time periods. At low ambient temperatures, some margin is
available for increased capability if the constraints listed*in 7.2.4 can be overcome. This
margin depends on the design chosen for the particular equipment and would differ [for
vaflious HVDC substation components. An enveloping“curve of transmission capability vergus
ambient temperature can be specified along with the AC system conditions to be met. This
should be specified in terms of wet-bulb and dry<bulb ambient temperatures.

7.4.2 Converter valve capability

The thermal time constant of the thyristor heat sink combination in a thyristor valve is rather
smiall (several seconds up to a few minutes). Overloads following continuous operation| at
rated current and at maximum) ambient temperatures increase the thyristor junctjon
temperature. This should be.considered with respect to the specified fault suppressjon
capability of the valve. Conséquently, thyristor valve cooling should be designed so that safe
operating temperatures are not exceeded even during specified overload operation.

Redundancy is provided as a general practice in the valve cooling circuit. Valves are desigried
su¢h that the specCified rating will be met under the most adverse ambient conditions and Igss
of thyristor cooling equipment redundancy. If additional capability is needed when redundant
cooling is nof available, this should be explicitly specified.

On[ thesother hand, with all redundant cooling equipment in service, extra thermal capability is

available. The resulting greater-than-normal current capabilities depend on the thermal desj|gn
of L—v-a#e—a-nd—e-n—t-he—eee-lmg—sys&em— -

In view of the above, converter overload specifications should state the magnitude and
duration of overload, frequency of oscillatory overloads for modulation purposes, as well as
the cooling equipment status to be assumed at maximum ambient temperatures.

7.2.3 Capability of oil-cooled transformers and reactors

The thermal time constant of the transformer or reactor windings is approximately 15 min and
ranges from one to several hours for their oil circuits (if any), depending on the design.

Consequently, for short time overloads in the 5s range, oil-cooled equipment is not the
limiting factor on HVDC substation overloads. For overloads lasting longer than 1 h, it should
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be specified whether loss-of-life expectancy is permitted. The expected frequency of
occurrence of such overloads should be specified.

7.2.4 AC harmonic filter and reactive power compensation equipment capability

HVDC substation overloads will usually generate increased harmonic currents. These in turn
increase harmonic loading, losses in filters and harmonic interference levels. The
specifications should state whether the interference performance under rated conditions
should be met under overload conditions or to what extent degradation of performance is
permitted.

Alqo, since overload increases the converter reactive power consumption, the specificatigns
should state how this is to be taken into account when designing reactive’~power
compensation equipment. If additional reactive power is drawn from the system ufider HVPC
sulbstation overload conditions, excessive AC bus voltage regulation and a\ econsequent
reduction in power flow may take place. For this reason, the expected AC bus|voltage under
ovérload conditions should be specified. Air-cored equipment such as_ air-cored reactprs
should be specified especially for their overload capability.

7.4.5 Switchgear and buswork capability

Swlitchgear and buswork normally do not impose limits on HVDC.substation overloads unlgss
paralleling of converters is planned. However, special attention)should be paid to the overlgad
capabilities of current transformers and bushings.

8 | Minimum power transfer and no-load stand-by state

8.1 General

With HVDC substations there exists a minimum steady-state direct current limit. This is dug to
thg fact that at some low level the current becomes discontinuous and is the principal criter|on
forJa minimum power limit.

8.2 Minimum current

Sirjce the direct voltage output of an HVDC converter is made of sections of the sinusoifal
bus voltage, direct current-would not be a smooth or constant quantity by itself. Rather, it is
made continuous by _the” DC reactor connected in series with the converter. Assuming a
comstant average difect voltage, the direct current would become discontinuous, at low power,
depending on the(commutating reactance of the converters, the inductance of the DC reacfor,
thg number of ‘valve groups in service, where series connection of groups is used, gnd
converter firing' angle, as well as the negative sequence component of the AC system
voEEages. Discontinuous current should be avoided in steady-state operation, unless the
converterequipment is designed for this mode of operation.

Sinee-the-BG—reacterindustance—is—usually—determined-by—ethereriteria—and—thefiring—anyle
can be of any value, a minimum current limited shall be specified. A value of 5 % to 10 % of
rated current is commonly used. This minimum direct current can further be reduced by

choosing a larger value of DC reactor inductance.

8.3 Reduced direct voltage operation

Under contamination conditions, often in combination with unfavourable weather conditions,
operation of an overhead DC transmission line may not be possible at its rated voltage.
However, the control system of the HVDC substation offers various means to achieve
continuation of power flow at reduced transmission voltages.
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One possibility is to move the transformer tap changer to the position resulting in the lowest
AC voltage for the valves. In addition, a further decrease of transmission voltage can be
achieved through operation at an increased firing angle.

This requirement could mean a special valve design and thus increase valve costs.
Furthermore, since operation at large firing angles causes an increased harmonic generation
and reactive power consumption, operation at reduced direct voltage then requires a
reduction of the direct current if the filtering and compensation equipment is not rated for
these conditions.

Otler possibilities are to increase the tap changer range, or where the HVDC system is fed
from an isolated power station, a reduction of AC bus voltage can also be considered.

Practical values for reduced direct voltage operation are at 70 % to 80 % of rated voltage,
perhaps at reduced current. It is reasonable to expect continuous operating._capability| at
approximately rated current at 75 % voltage with use of redundant cooling,"provided that
somewhat higher harmonic interference level is acceptable; this in turn depends on expecfed
freguency and duration of such operations.

Where two series-connected 12-pulse converter units are used jn each pole, one unit-might
caf be switched out, resulting for example in a 50 % voltage reduction when both have the
same rating, thus eliminating the necessity to operate at ingreased converter firing angle| or
requced direct current.

Tol|arrive at an economic design of the equipment, the AC voltage levels should be specifled
forlexpected direct voltage operations.

8.4 No-load stand-by state
8.4.1 General

In this mode, the HVDC substation isfeady for immediate pick-up of load without the need [for
a lengthy start-up procedure. A definition of the status of various pieces of equipment shall|be
spgcified to determine the no-load)losses of the HVDC substation, if operation in the no-Iqad
stand-by state is planned.

8.4.2 Converter transformers — No-load stand-by

The converter transformers may remain energized or de-energized, depending on the usar's
policies with respéctto losses. In the latter case, account should be taken of the time requifed
for|inrush currents to decay. Oil pumps and coolers should be in operation on a minimum lejel,
as [appropriate-to the design of the transformers.

8.4.3 Converter valves — No-load stand-by

The_econverter valves should be in the blocked condition. There will be small losses in the
voltage grading circuits if the converter transformers are energized. Primary, secondary and
valve hall cooling should be in operation at a sufficient level to permit immediate pick-up of
load.

8.4.4 AC filters and reactive compensation — No-load stand-by

The AC filters and reactive compensation may be connected or disconnected depending on
reactive power control strategy within the AC system. However, for the sake of no-load loss
determinations, they should be considered disconnected.
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8.4.5 DC reactors and DC filters — No-load stand-by

The DC reactors and DC filters should be connected.-DC-+reacters; Pumps and coolers for DC
reactors (where fitted) should be in operation on a minimum level, as appropriate to the
design of the reactors.

8.4.6 Auxiliary power system — No-load stand-by

The auxiliary power system should be fully operative and ready to pick-up rated load, for
example, all station service transformers energized, battery chargers in operation—ete.

8.J.7 Control and protection — No-load stand-by
A

llcontrol and protection circuits should be operative.

9 [ AC system

9.1 General

The following information in Clause 9 should be specified for AG systems at both ends |[for
eath stage of development as well as for expected future changes. Different values may |be
specified for performance and rating purposes.

The arrangement of the AC switchgear to which the cenverter units and filters are to |be
comnected, including AC lines, should be described. This'should also be done for the planrjed
operating schemes of the switchyard.

Specific data should be made available for generators in the close vicinity, particularly if the
major load for the generators is served through the rectifier. Often all data pertinent to Iqad
floy and short-circuit studies are also needed.

9.4 AC voltage
9.4.1 Rated AC voltage

Rafed AC voltage is the RMS phase-to-phase fundamental frequency voltage for which the
sygtem is designed and to*which certain characteristics of the AC equipment are related, such
as|AC switchgear, AC\{ilters, reactive power compensation equipment, primary windings| of
converter transformers, etc.

Rated voltage‘may be used to define the rated power of such AC equipment.

9.4.2 Steady-state voltage range
9.2.24 General

The steady-state voltage range is the range over which the HVDC system should be able to
transmit rated power and over which all performance requirements are to be met, unless
stated otherwise.

Any special performance requirements beyond the limits of the steady-state range should be
specified. These may affect the design of main equipment, converter transformers, filters,
auxiliary equipment, etc.

9.2.2.2 Short-term voltage range

There may be situations under which the voltage exceeds the normal steady-state operating
range but the HVDC system may be required to remain in operation. Under these conditions
the HVDC system may be designed to operate in a manner whereby no equipment should be
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at risk of damage, but the performance limits of the system may be acceptably degraded (for
harmonics, losses, etc.).

The acceptable degraded performance limits should be specified since these will have an
effect upon the ratings of equipment.

The HVDC control system may even be specified to assist in the restoration of the voltage to
within the normal operating range (through either HVDC control action or addition/removal of
filters and reactors) if this is appropriate.

9.2.2.3 Voltage variation during emergency

Dyhamic overvoltages could determine ratings and protection strategies.

Under extreme circumstances, the AC voltage may exceed even the shortsterm range,| in
whjch case it may be desirable to remove the HVDC system from operation in ofder to protpct
thg equipment. Alternatively, it may be possible to rate the HVDC convefter equipment| to
operate within these limits, although this will probably require higher, cost equipment gnd
degraded performance.

The HVDC control system may even be specified to assist in thie restoration of the voltagg to
within the normal operating range (through either HVDC contral action or addition/removal of
filtgrs and reactors), if this is appropriate.

9.4.3 Negative sequence voltage

The negative sequence component of AC voltage calculated according to the method| of
syimmetrical components is that balanced set, of three-phase voltages whose maxima occuf in
thg opposite order to that of the positive sequence voltages. It is generally expressed as a
percentage of the rated voltage.

Although it is difficult to obtain an actual value for this parameter, the maximum to be used in
defermination of non-characteristic'* harmonics of the current on the AC side and the
nop-characteristic harmonic voltages on the DC side should be specified. These harmopic
cufrents and voltages are respectively used for the design of the AC filter, DC filter and PC
regctor (see Clauses -46; A7~18, and 21).

9.3 Frequency
9.3.1 Rated frequency

The frequency-of an AC system should be specified to give the basis of rating of the AC
eqliipmenti.converter transformer, etc., as well as converter bridges and control.

The.design of the DC filters is also influenced by the AC system frequency.

9.3.2 Steady-state frequency range

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

9.3.3 Short-term frequency variation

Limits and duration of short-term frequency excursions for which system performance is
required should be specified. This can be a sensitive parameter for AC and DC filter design.
Filtering performance during such variations may be specified.
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9.34 Frequency variation during emergency

During an emergency the AC system frequency may reach extreme values for limited periods.
These values and their expected durations should be specified. In this condition, the
equipment should remain in service without damage, but should not be required to meet the
performance specified. For excursions beyond the specified operating frequency limits, it may
be permissible to automatically disconnect the equipment.

9.4 System impedance at fundamental frequency

impedance at fundamental frequency should be stated MaX|mum and mlnlmum values of he
subbtransient impedance at the AC bus, without any filter or compensating equipment, are
negded for such analysis.

Suptransient impedance is the positive sequence impedance of the AC system )as determirned
by|the subtransient reactance of synchronous machines, leakage reactance of induct|on
machines and positive sequence impedance of connecting lines.

Adfitionally, a detailed AC system impedance or a suitable equivalént-should be specified| in
order to optimize the DC control.

9. System impedance at harmonic frequencies

System impedance at all harmonic frequencies from the-2nd up to the 50th is needed for AC
filter design and performance calculations.

Th|s impedance may be calculated using the)parameters of the lines, transformers gnd
geperators up to five to eight HVDC substatién.buses. However, this impedance may charge
comsiderably under different load conditions’;and extension stages of the system. Therefgre,
it i$ usually more convenient to use an R-X diagram and to plot the envelope of the locusg| of
thg system harmonic impedance underiexpected system conditions. The values of R, gnd

Xmin should be included in the diagram/

In practice, this diagram may-take various forms such as a circular plot, limited by constant
R/X ratio or—the—combinatiehrofbeoth a series of polygons defining ranges of harmohpic
impedance for each frequéncy. Further guidance can be found in IEC TR 62001 (all parts).

9.6 Positive andzero-sequence surge impedance

The positive and Zero-sequence surge impedance is needed for all AC lines going into the
stdtion for eyaluation of interference from converters in the carrier frequency band and [for
desgign of appropriate filters.

9.7 Other sources of harmonics

Other sources of harmonics electrically close to the HVDC substation should be identified.
Their influence should be taken into account in AC filter and capacitor bank ratings.
Generated harmonic currents should be stated for the static reactive power compensators
connected to the converter substation bus or to nearby AC substations.

9.8 Subsynchronous torsional interaction (SSTI)

If subsynchronous torsional interaction (SSTI) problems are expected, all related information
from the pertinent studies should be provided (see also-Clause-9 13.2.4).
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10

Reactive power

10.1 General

Cla

use 10 identifies the considerations relevant to reactive power.

10.2 Conventional HVDC systems

Line commutation of converter bridges, as used in conventional HVDC systems, requires a
consumption of reactive power in both rectifier and inverter operation. At full load, this

cofisumption represenis 50 % 10 6O % Of rated power for commonly used values
trapsformer impedance and firing angle or extinction angle.

A
reg

—

adppted is to maintain the delay angle a in the rectifier, or the extinction angle y in
invierter, within narrow limits by means of the tap changer of the converter-transformer. Un
this strategy, the variation of reactive power versus real power is shown in ‘Figure 19, curve

for

may be obtained, as shown on Figure 19, curve 2, which involVeés maintaining const

no

exfinction angle yin the inverter, when the load is reduced.

If the direct current is kept constant and partial load is achieved by increasing the delay an
angl thus reducing the direct voltage, reactive power consumption is increased at partial Id

ac

implemented to meet specific AC system requirements.

partial load reactive power consumption can be varied according to ~AC syst
uirements by using an appropriate control strategy. A control strategy Whjch is of

constant direct voltage and constant extinction angle y. As an alternative, a linear variat

load direct voltage Uyy by means of an increase of the delay<angle a in the rectifier g

ording to curve 3 in Figure 19. Any characteristic between curves 1 and 3 can
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IEC

Key
1 |Constant DC voltage — Constant y

2 |Constant DC voltage — Constant Uy
3 |Constant DC current

Figure 19 — Variations of reactive power Q with
active power P of an HVDC converter

Combined changes of the valve firing angle and the load tap changer of the converter
trapsformer may be used to control the reactive power demand of an HVDC substatipn.
However, since this requires an increase of the firing angle, it leads to an increaged
generation‘of harmonic currents and voltages and increased losses in the damping circuity of
thg valyes.

LoGked=atamnotirerway; fitterimgof- A€ Turrentisobtaimedthrougtrtrarmomicfitters;wiichalso
generate reactive power. However, the fundamental frequency reactive power generated by
the filters as determined by the AC filtering requirements at full load is generally less than the
reactive power consumption of the converter bridges. Therefore, additional capacitor banks
are usually provided to meet the total reactive power demand of the converter.

The net reactive power of the converters and filters, taking into account filtering consideration,
may be controlled within certain limits, by switching of capacitor banks and also part of the
filter banks, if needed.

To define a suitable strategy of reactive power control, the aspects described in 10.4 to 10.7
should be specified.
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10.

3 Series capacitor compensated HVDC schemes

Reactive power requirements of conventional HYDC schemes are addressed by adding shunt
devices such as shunt capacitors and filters.

Conversely, both CCC and CSCC treat this differently, as instead of connecting capacitor
banks in parallel to the converter bus, they are inserted between the transformers and valves
(CCC) or between the transformers and the AC network (CSCC). By these configurations, the
voltage across the series capacitor adds to the commutation voltage resulting in a wide range
of trigger delay angle (o) and extinction angle (y). This brings about less overlap angle (n) a

th

an
Un
sw

10

Th
for
of

Th
ret

specified range of steady-state AC bus voltage.

AlS
theg

minimize the reactive power flow to the AC systems.

10

To
ha
ne

should be given to the following:

ike the conventional case, neither the CCC nor CSCC configuration requires filter<ba
tching for variations in the load over the full range of operation.

4 Converter reactive power consumption

b reactive power consumption should be determined for the different, operating conditid
the rectifier and inverter under partial load, full load and overload_conditions. The meth
calculation and the parameters used in the calculations should also:be specified.

b operating conditions to be considered include: direction of ‘power flow, monopolar eg
Lirn, monopolar metallic return, bipolar and reduced dire¢t voltage operation over

o at minimum power transfer with a minimum numbler of AC filters connected, the ability
converter valves to operate with increased fiting/angle/extinction angle can be utilized

5 Reactive power balance with the AC’system

5 to be known. To determine the appropriate reactive power, balance load flow studies m
bd to be performed. Apart from\the reactive power needs of the converters, considerat

the power factor rangeto-be maintained in the AC lines for all operating conditions;
the operating voltage ranges under light and peak load conditions of the AC system;
reactive power d@vailable from nearby generators;

redundancy fequirements.

he rectifief is directly connected to a power station, the following points should also
sidered:

génerator capability over the maximum and minimum permissible operating voltage rang

nd

. jon
not for reactive power support. This reduces the MVAr rating of the filter to small valugs.

nk

ns
od

rth
he

of

determine the reactive power sourcés to be installed, an overall balance of reactive power

ay
on

be

€;

tap changer range available in the step-up fransformer, and the tap fo be used for each

development stage;

reactive power requirement of other loads;

minimum permissible active power for the generators;
self-excitation limit of the generators;

minimum number of generators to be connected.

10.6 Reactive power supply

The sources of reactive power supply to meet the set of requirements should include the most
economical combination of filters, shunt capacitors, shunt reactors, series capacitors,
synchronous and static reactive power compensators that meets the performance criteria.
Much of the reactive power should be supplied in the form of filters to meet the harmonic
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performance. Under light load conditions, the minimum size of the available filter bank
connected-may can lead to surplus reactive power and consequently excessive steady-state
voltage. This—may can require provision of shunt reactors or use of converter capability to
consume greater reactive power.

Shunt capacitor banks are the most economical source for the required remaining reactive
power. Synchronous and static reactive power compensators should be considered only if
there is a dynamic voltage and/or stability problem (see Clause 9). There—may can be
additional requirements associated with the adjacent AC systems.

10J7 Maximum size of switchable VAR banks

Filers and capacitor banks may be divided into small switchable banks. The{/size| of
sw|tchable banks depends on:

a) | voltage control requirements over the whole operating range from no load‘to-full load gnd
overload;

b) | acceptable regulation step per switching operation. It should be notéd-that the regulat|ng
effect from switching reactive power banks can be modulated withZthe help of converter
control;

c) |frequency of switching.

WHhen considering combinations of filters and shunt -capacitors with synchrongus
compensators, the filters and shunt capacitors should be dimited in size to avoid self-excitatjon
of the synchronous machines.

11| HVDC transmission line, earth electrode-line and earth electrode

111 General

Clause 11 identifies those characteristics of the HVDC transmission line, the earth electrqde
ang the earth electrode line thati.afe relevant to the specification of the steady-state
performance of the converter, including power line carrier performance and des|gn
requirements. It does not providéthe information that should be specified for the design of the
HVDC transmission line, earth glectrode lines or earth electrodes themselves.

Kely performance specification data for the HVDC transmission line, the earth electrode Ilne
and the earth electrode'should be determined in advance.

11]2 Overhead line(s)
11121 General

The total length of the line should be given, including details concerning any overhead gnd
calEIe sections. Details should be provided of any right-of-way joint uses. Particulars of|all
crossings and parallelisms need (o be given 10 enable assessment of possible electrical
interactions and interference. If the exact length is not known, the expected range for this
length should be stated.

For bipole and multi-pole lines, information on the spacings between poles and bipoles along
the complete route will be needed.

11.2.2 Electrical parameters
The electrical parameters are the following:

1) resistance — maximum positive and zero-sequence DC values at minimum current, rated
current, maximum overload current with due consideration of the ambient conditions
(temperature, radiation, wind velocity, etc.) prevailing during the load condition considered.
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2)
3)

Curve of frequency dependence up to—400-Hz the 49t" harmonic of the fundamental

frequency for rated current;
capacitance — positive and zero-sequence capacitance (C4 and C);

inductance — positive and zero-sequence inductance (L4 and Lg), curve of frequency

dependence up to-+00-kHz the 49th harmonic of the fundamental frequency for these.

If the information in 1) to 3) above is not available, as an alternative, the necessary data to
enable its calculation could be given. To calculate these parameters, the following data will be
required:

a)
b)
c)
d)

1
11

Le
se
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X

a
b
c)
d

~ ~

~

1
Th

conductor size, type, geometry (including the shield wire);
tower outlines, spacing and sag profiles;

soil resistivity along the route;

tower footing resistance;

the worst-case maximum conductor surface gradients to permit calculation of corg
effects, for example, if a carrier is to be used,;

critical impulse flashover level of insulation.

5 strongly recommended that the HVDC transmission line b€-adequately shielded fr
bct lightning strokes for the first 10 km from the HVDC substation and for the HV
hsmission line tower footing resistance to be sufficiently) low, for example, less th
Q up to 25 Q.

form of self- and mutual impedance between conductors and earth.

3 Cable line(s)
3.1 General

hgth of sections or total length should be specified as appropriate. Any restrictions
vice conditions imposed by the.cable supplier should be stated.

bmples of such restrictions(might include:

limitations on polarity reversal;
limitations on diseharge rate;
limiting voltage_and current ripple level,

limitationsyon overvoltages and overcurrents.
3.2 _Electrical parameters

b.electrical parameters are the following:

a third alternative, in place of sequence componegnts, the information could be provide( i

na

bm
DC
an

on

1)

2)
3)
4)
5)
6)
7)
8)

DC resistance of conductor, maximum value at rated current and at maximum overload

current, minimum value at minimum current;

conductor resistance frequency dependence up to 5 kHz;

cable sheath resistance and frequency dependence up to 5 kHz;
inductance and frequency dependence up to 20 kHz;
capacitance of conductor to sheath;

capacitance of sheath to earth (armour);

surge impedance of cable conductor to sheath;

attenuation characteristics up to 50 kHz.
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11.4 Earth electrode line

To evaluate possible transformer saturation effects due to direct current flowing via the station
earthing system and earthed neutrals, the earth electrode line length, as well as the length of
any part of it which is on the HVDC transmission line towers should be specified.

The earth electrode line resistance — maximum value and ambient temperature assumptions —
should be stated.

11.5 Earth electrode

The maximum resistance of the earth electrode relative to the remote earth should |be
indicated. It should be noted that this resistance may increase with time and envirohiental
and/or load conditions.

12| Reliability

12|11 General

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

The purpose and scope of Clause 12 is for writing specifications and evaluating reliabiljty.
Clause 12 defines reliability calculations during the acceptance period of an HVDC systgm.
Plgase refer to Annex A for more information on factQrs affecting reliability and availability] of
comverter stations. Reference is made to-the- CIGRE Brochure-346 IEC TR 62672 which depls
with a reporting procedure of specific failures.and overall availability of HVDC systems| in
operation. Although the scope of-the CIGRE Brechure 346-isdifferent IEC TR 62672 differs
from that of this document, the basic terms used and their definitions are common to bpth
dotuments.

Tefrms and definitions applicable to thesreliability of HVYDC systems are given below.

12)2 Outage
12]2.1 General

An|outage of the HVDGC. system is an event when the transmission capability falls to a leyel
below the maximum hated power. This may be caused by defects of components of parts| of
thgd equipment, human errors, switching-out of equipment for maintenance and repair,
swltching-out cauised by an operation of protection equipment, external fault, etc. (see 12.3.3).
Copsideration“should be given to defining which of these or other causes should be included
in the availability and annual number of forced outages. An outage will be included in the
calculations either as a scheduled outage or a forced outage (12.2.2 and 12.2.3, respectivgly).

12.2-2—Schedutedoutage

A scheduled outage is an outage where the transmission capability falls below the rated
power level, and is planned in advance to allow part or all of the HVYDC system to be taken out
of service for a scheduled maintenance period or for equipment repair.

12.2.3 Forced outage

A forced outage is an unscheduled outage, which is initiated either by automated protection
equipment action or through operator intervention (i.e. taking a decision to shut down all or
part of the HVDC system in a situation where continued operation may cause damage to
personnel or equipment and the shutdown cannot be deferred until the next scheduled
outage).
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12.3 Capacity
12.3.1 General

The capacity terms defined below are normally defined at one point in the HVDC system
(such as the sending-end AC terminals, the receiving-end AC terminals, or the sending-end
DC terminals). In cases where each of the HVDC converter terminals are under separate
ownership, it may be appropriate to define the rating of each station individually.

12.3.2 Maximum continuous capacity P,

This is defined as the maximum power value (in MW) for which the HVDC system is rated [for
comtinuous operation, excluding any additional capacity available through the presénce| of
requndant equipment.

12{3.3 Outage capacity P,

Fof the duration of the outage, the power available is reduced from the maximum rating by|an
amount (in MW) called the outage capacity P,,.

12)3.4 Outage derating factor (ODF)

The outage derating factor is defined as the ratio of the outage capacity P, to the maximpm
capacity P,:

P
Erfor! Bookmark not defined. ODF = P—° (1)

12)4 Outage duration terms
12)4.1 Actual outage duration (AOD)

The actual outage duration is defined as the time elapsed in decimal hours between the sfart
angdl the end of the outage. The outage is typically started when a switching event takes place
to |nterrupt the main circuit .power flow, or to initiate the reduction to the outage power leyel.
The outage is typically (completed when a switching event takes place to restore the
eqlipment to a state where itis ready for operation, although not necessarily put into
operation, i.e. the equipment is made available for service operation.

The actual outage“durations may be segregated into forced and scheduled, such that the
figlre value of SAOD for each outage becomes either actual forced outage duration (AFOD) or
acfual scheduled outage duration (ASOD).

12)4.2,_Equivalent outage duration (EOD)

To take into account the partial Toss of capacity, the equivalent outage duration is defined as
the actual outage duration multiplied by the outage derating factor

EOD = AOD x ODF (2)

Similarly to the creation of forced and scheduled actual outage durations, itis possible to
segregate the equivalent outage durations into forced and scheduled to give equivalent forced
outage duration (EFOD) and equivalent scheduled outage duration (ESOD).

12.4.3 Period hours (PH)

The period hours is the total number of hours in the period covered by the analysis and is
typically one year or 8 760 h.
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4.4 Actual outage hours (AOH)

The actual outage hours are the sum of the individual actual outage durations for the period of
the analysis.

AOH =" 40D

(3)

It is possible to subdivide the AOH-figure value into forced and scheduled outage hours, by
summing the AFOD and ASOD values rather than the summation of the AOD values.

12
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summing the EFOD and ESOD values, rather than the summation- of the EOD values.
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4.5 Equivalent outage hours (EOH)

s is defined as the sum of the individual equivalent outage durations within the’period
analysis.

EOH =Y EOD

5 possible to subdivide the EOH-figure value into forced and{seheduled outage hours

5 Energy unavailability (EU)
5.1 General

s is a measure of energy which could not have been transmitted due to outages.

ergy unavailability is determined from theCequivalent outage hours-figure value, as follow

EO—H}AOO

EU % =
PH

5 usually expressed as a‘percentage-values.

reliability studies,\\it is essential to distinguish between the effects of line faults
nopolar and on_multipolar (bipolar) transmission systems.

a monopolarisystem, a line fault causes a complete collapse of the transmission. In
olar system, for most cases, a line fault only affects one pole of the transmission syste
that line~faults would, in general, reduce energy transmission by 50 %. However, if
haining transmission line pole is designed for some degree of overcurrent capability an

converter groups on the HVDC substation can be connected in parallel, then more th

of
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In the case of a fault in a converter unit, the affected unit may have to be switched out. The
percentage loss of transmission capacity is given by the number of converter groups taken out
of service related to the total number of converter units.

There may be other contingencies, such as partial loss of filters, faulted earth electrode line,
etc. Their impact on availability should be defined.
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12.5.2 Forced energy unavailability (FEU)

There is a measure of the energy which could not have been transmitted due to forced
outages:

EFOH

FEU%:( Jx100 (6)

where EPOH means equivalent forced outage hours.

12)5.3 Scheduled energy unavailability (SEU)

Thls is a measure of the energy which could not have been transmitted due te\scheduled
oufages:

SEU%=(MJX1OO (7)
PH

where ESOH means equivalent scheduled outage hours.

12)6 Energy availability (EA)

This is a measure of the energy which could have been transmitted by an HVDC system:

EA % = 100—EU % (8)

12]7 Maximum permitted number of forced outages

Not all the forced outages are to be counted. The maximum permitted number of such forged
oufages for the period hours PH should be defined.

12)8 Statistical probability of outages
12)8.1 Component faults

In |addition to theavailability of the overall system, the reliability of some individpal
commponents may alse be considered.

Every component in the system can be characterized by its failure rate A. Itis well|to
distinguish\_between statistical failures (random outages) and failures at the end of the
compopent lifetime (for example, outages of luminescent diodes because of ageing). To stack
spare parts, good practice differentiates between these two kinds of failures, since at the gnd
of their lifetime all of the concerned components should be replaced

12.8.2 External faults

The expected number of AC system faults and their duration, which may detrimentally
influence the behaviour of an HVDC system, should be stated. The probability of the
occurrence of such faults should be considered when stating the permitted number of HVDC
system forced outages.
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13 HVDC control

13.1 Control objectives

The advantages of an HVDC system very much depend on the utilization of its controllability
in ensuring maximum flexibility, reliability and adaptability for different system requirements.

The control system should be able to maintain stable operation of converters and normal
power transmission of the HVDC system within the specified range of AC voltage and
frequency. The objective of an HVDC control system should be to provide efficient operation
angd maximum flexibility of power control in magnitude, rate of change and direction withput
compromising the safety of the equipment, while maintaining the maximum independencg| of
eagh pole. The control system should be suitable for high-speed control in such a<way that
it gan effectively respond to disturbances in the AC and HVDC systems. It is recoghized that
long-distance transmission requires a high-speed telecommunication system(for the mpst
effective  operation. However, the HVDC system should be operable withput
telecommunication, and, for this case, the performance should be maximized to the extent
possible.

The control system should be adaptable for:

1

~

control of the reactive power exchange with the AC system ineluding reduced or increaded
reactive power consumption;

2) | AC voltage control;

3) | frequency control;

4) | active power modulation;

5) | combined active and reactive power modulation;

6) | subsynchronous torsional interaction damping;

7) | remote operation;

8) | coordinated control of converters among two terminals.

13]2 Control structure
13]2.1 General

The various control circuits of an HVDC substation are generally structured in a hierarchical
manner. The main cControl functions are dispersed to a lower level as far as possible| to
improve the systemireliability and availability. They normally operate fully automatically. For
long-distance HYDC transmission systems, a telecommunication link is needed to coordinate
befween the rectifier and the inverter. The various levels are described subsequently, startjng
with the lowest level (Figure 20).

13]2.2,"Converter unit firing control

The converter unit firing control is essentially an open loop control. lts outputs are the firing
pulses to the individual valves in a 12-pulse converter unit. These are synchronized to the AC

system voltage. The input is the delay angle a or the trigger advance angle S, as provided by
the next higher level.

There are mainly two types of converter unit firing control principles which have been used for
HVDC:

— equal delay angle control;
— equidistant firing control.
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Equal delay angle control is a method of timing the valve control pulses so that the delay
angles of the valves in the converter unit are essentially equal, regardless of unbalances in
the AC system voltage.

Equidistant firing control is a method of timing the valve control pulses in such a way that they
are essentially equidistant in time, regardless of unbalances or distortion in the AC system
voltage.

The function requirements of the converter unit firing control are:

a) [operation down to Tlow values (i.e. fewer than 3) of the ratio between, the
short-circuit capacity of the AC network and the transmitted DC power;

b) |that the permitted deviation from equidistant firing should be +A°, i.e. each firing durjng
conditions specified shall occur 30 £ A° after the preceding firing (for a 12-pulse-convernter
unit). It should be noted that the conditions are different with regard to a reasonable value
for A° for different converter modes of operation, i.e. operation with minimum «a, current
control or minimum extinction angle control.

De)iation from equidistant firing gives rise to non-characteristic harmenics transferred to the
AQ network as well as to the HVDC transmission line. A typical permitted maximum value| of
A°Js 0,2°, assuming that the AC system voltage and impedances@are balanced.

13]2.3 Pole control

The pole control provides the reference values per pale for all series-connected convefter
units, if any.

Pole control is a closed loop control and includes.the basic control functions that are requifed
for| stable operation of the HVDC system, such”’as current control, voltage control, extinctjon
angle control, power control, tap changer.céntrol. All these control functions have a refererce
value and an actual value. Some of these reference values may be provided by the pple
conmtrol (for example, the current referénce value, which is calculated out of the requesfed
trahsmission power), others can be\provided by the operator (for example, DC voltage, DC
poyer).

Generally, each substation pole is provided with a pole control (Figure 20) that controls the
DJ voltage output of the'converter by determining the firing instant of the valves. The pple
conmtrol senses the difference between the order and the response and adjusts the conveiter
DQ output voltage aecordingly. If the current order in the rectifier is larger than the currgnt
regponse, the firing-control increases the direct voltage by decreasing the delay angle, thus
increasing the direct current. The direct voltage is increased until the current response equpls
thg current erder or the maximum voltage is reached when firing at minimum delay angle,
(m|nimum_yoltage-across between the terminals of the valve-eapable-to at which the valve ill
firg-it carrectly). On the other hand, if the current response is larger than the current order, the
direct voltage is correspondingly decreased. The decreasing action is limited when the
converter operation has been transferred from rectification to inversion and firing given the
least permitted extinction angle (to ensure safe valve recovery).

The typical voltage current characteristics of a rectifier and an inverter are shown in
Figure 21 a) and Figure 21 b).

Normally, the maximum voltage limit in the inverter is lower than that of the rectifier, and the
current will be controlled by the rectifier. That is, the inverter will maintain the voltage, and the
rectifier will adjust its voltage until the current becomes equal to the order input, and a stable
working point A is established (Figure 21 a).

If the inverter voltage limit is larger than the rectifier voltage limit, the inverter controls the
current and the rectifier maintains a maximum voltage. As Figure 21 a) and Figure 21 b) show
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the control characteristic
characteristics are shown in Figure 21 c).

in a simplified form,

IEC TR 60919-1:2020 RLV © 2020

typical examples of more detailed
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Hierarchical structure of an HVDC control system
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Figure 20 — Control hierarchy for HYDC/UHVDC system

As noted, the rectifier usually controls the current and the inverter determines the voltage.
The inverter current order equals the rectifier current order less the "current margin" (Al = I —
I)) (Figure 21 a). The inverter is forced to fire at the lowest allowed trigger advance angle
keeping the extinction angle constant at y,,,, and, accordingly, the inverter establishes the
voltage on the HVDC transmission line.
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For long-distance transmission, the DC voltage at the inverter is usually kept constant by
appropriate control of the inverter transformer tap changers. Alternatively, the inverter
establishes constant DC voltage by controlling the extinction angle.

For converters connected in series, voltage balance control of valve groups should be applied.

In other systems, the inverter is controlled in such a way as to keep the HVDC transmission
line voltage constant. In this case, the transformer tap changer is used to keep the extinction
angle y within a certain range.

The delay angle in the rectifier is kept within a narrow band (nominal o + Aa) by means| of
adjustment of the tap changers of the converter transformers. DC voltage variation |by
chjmging the delay angle by Aa normally corresponds to one tap-changer step. Alternativgly,
thg converter no-load direct voltage may be kept constant by means of adjustment-of the fap
changers.

Reduced DC voltage may be needed, for example, at times of reduced)voltage withstgnd
capability of the HVDC transmission line. This can be accomplished in(thé rectifier as well|as
in the inverter by tap change in the converter transformer, by adjustment of the delay angle| or
by |switching off one series connected converter groups, if any.

13]2.4 HVDC substation control

The HVDC substation control is normally implemented as.a closed loop control system. Qne
major design criterion for HVDC systems is normally4o minimize the equipment at the stat|on
leviel as much as possible, in order to minimize the impact on the bipole in case of a faulf at
thgt level. Referring to station level functions, these could also be realized within pole lepel
hardware, and may include:

a) | coordination of current orders between-the two ends via the telecommunication link, mpst
likely on a per-pole basis;

b) | power control;

c) | coordination between the poles, of an HVDC substation (if there is more than one pole);

d) | additional controls such as-frequency control, run up/runback control, power oscillatlon
damping, etc.;

e) | more sophisticated_control strategies.

E

x

amples of the madre sophisticated control strategies are described below.

The reactive power consumption of an HVDC substation is dependent upon the firing angle
ang the direct current flowing. Thus the DC link can be used for control of reactive power| or
for|voltage.control in the AC network.

The"HVDC substation control can be coordinated with control external to the HVDC substat|on,
for example, the turbine governor of a generator station. The HVDC substation can also be
provided with controls to avoid subsynchronous torsional interaction (SSTI) of a turbine-
generator.

Pole current balance control can be specified to minimize earth electrode line current (equal
to the unbalance current between two poles of a bipolar earth return HVDC system), to avoid
corrosion problems from earth current flow through underground structures. A typical
unbalance current limit between the two poles of a bipolar system without balance control
might be 3 % of rated current.
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Figure 21 — Converter voltage-current characteristic
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It should be specified which control strategies are intended to be used and at which priority
they should be operable under different operating and AC system conditions.

Th

e power control tolerance is dependent upon the accuracy of the voltage divider, the

current sensor and the resolution of the power order. A typical tolerance value is about 1,5 %

at

13

rated power.

.2.5 Master control

Master control is usually integrated into the HVDC station control. However, if two or more
HVDC substations are connected to the same AT bus, the master control would be a separjte
leviel above the station control and include more sophisticated control strategies. It wolld

int
be

shall be provided from the dispatch centre to the HVDC substation.

13

brface with the AC system and coordinate the various substations. Master control{gan a|so
provided remotely, for example, at a dispatch centre. In this case, telecommuni€ation-mpst

3 Control order settings

Gelnerally, both converters of an HVDC system are equipped with identical control equipment

since most HVDC systems are designed to transmit power in both difections.

Onlly the station control in one location can be in the lead at.one time. Generally, the sett|ng

of

Ca
ex

In

chEnges in order are then executed in the other substation(s) via the telecommunicatipn.

he station control order and rate of change are provided’ manually at the lead station. The

ability of the lead station for setting can also be {ransferred to a remote location, [for
mple, a dispatch centre.

he current control mode the current order can.be set manually in both substations, if vojce

communication is available for coordination purposes. Current control can also be provided

remotely, for example, at a dispatch centre.

Swlitching from power to current confrol"mode may be ordered automatically after failure of the

tel

Th
of
an

Ch

pcommunication channel or by cemmand from the station control.

e resolution in the power order setting may be specified (typically 10 MW at a rated power
1 000 MW). Its rate of ehange may be specified as well (for example, between 1 MW/min
i 99 MW/min in steps .of*1 MW/min).

pnge in power_ direction is normally initiated from the lead substation, but could also [be

ordered automatically, if emergency reversal is called for, for example, after a disturbancg in

ong¢ of the AC systems.

13{4 Current limits

Varigds limits can be applied to the current order. The main objective of these is to optimjze
the—permissibtfe—Turrent—withTespect—to Taim ciTcuit Tomponents —and —cootimg_conditions.

Examples of such limits are:

a)
b)
c)

d)

e)

overload of limited duration — permits overload for a fixed duration per 24 h period, for
example, to take account of transformer temperature-rise limits;

winter overload — permits overload when valve cooling conditions are favourable during
low ambient temperature periods;

dynamic overload — permits overload for short times based on transient thermal properties
of thyristors and their coolers;

other current limitation — because of loading limits for generators connected to the rectifier
substation or for operation with reduced DC voltage or other system dynamic performance
requirements;

minimum current limitation — normally 0,05 to 0,1 per unit.
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The limited current order can be transmitted between the two substations and synchronizing
equipment ensures that the two substations at any particular time will be given identical
current orders.

13.

5 Control circuit redundancy

The user requirements for availability of the HVDC scheme may form the basis for specifying
the reliability of the control system. Typically, to achieve a minimum possible bipolar outage
rate, the control system incorporates redundancy or main and backup subsystems.

13
Th

etd.

Th
org
IEQ

Th

overlapping protective zones and operated quickly and accurately:

Th
to
cle
ac

13

Ite

6 Protection system

e HVDC control and protection system should coordinate in terms of strategies, pafamet

L 60919-2.

e HVDC protection systems are based on a fully redundantOconcept, arranged i

b HVDC protection system sends the order to the contrgl/system to produce the trip sig
he converter AC breaker or directly trips the convertek AC breaker, if it is required for f3
aring. Additionally, the HVDC protection system sheuld send an order to the control syst
ording to the severity of fault, such as:

block converter (firing);

forced retard;

block bypass pair firing;

converter / pole isolation;

DC line fault clearing sequence;

current limit;

pole current balancing,
7 Measurements
ms of interest whieh are normally measured in an HVDC system are as follows:

DC current;
DC voltage and polarity;
reacCtive power consumed by the converters;

b HVDC protection system is used to detect and clear faults, isolate faulty, equipment i
er to recover the steady state of system (if possible). The protected zones are given| i

nto

nal
ult
Em

netreactive power including VAR banks and filters;

AC current;

AC voltage;

AC power;

energy;

earth current;

delay angle;
extinction angle;
tap-changer positions.

A decision should be made on which of these measurements is required, and whether they
should be made on a per-pole basis, and at what accuracy.
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The accuracy or tolerance requirements will be different according to the function for which
the measurement is being made (control, protection, metering, indication, recording, etc.). As
an example, the deviation between the set current order and the actual current is dependent
upon the tolerance of the current control system and the current sensor. In this case, a typical
tolerance requirement is less than 1 % at rated current.

14 Telecommunication

14.1 Types of telecommunication links

WHen the two terminals of an HVDC system are located a considerable distance apart,\if is
neg¢essary to have a telecommunication system to exchange information between-he two
terminals. The most basic information to be exchanged relates to coordination ,of‘the two
terminals during start and stop sequences. Fast communication between the two-terminpls
canm be used to enhance the performance of the HVDC system.

Alternative types of telecommunication can be used for control and opération of an HVPC
trapsmission:

a) | telephone;

b) | power line carrier (PLC);

c) | microwave;

d) | radio link;

e) | optical fibre communication.

Mgre than one system may be used.

14|2 Telephone

A public telephone network is one alternative communication link for HVDC transmissjon
comtrol. The basic need for voice comimunication between the stations for the correct timing of
m%sures to be taken in the stations at operational changes can be satisfied by a dialjup
comnection. For the operation®of the HVDC transmission from a dispatch centre with
unmanned HVDC substationsitand to make use of the inherent HVDC system speed| of
regponse for control of transmitted power, a permanent telephone line is needed.

1413 Power line carrier (PLC)

PLC is one means.of communication for an HVDC transmission with overhead lines; howeVer,
its |capabilitiessmay be insufficient to meet the requirements of high-speed modulation contrpl.

For an HV/DC cable system, the transmission capacity of a PLC will be reduced for longer
ca$le distances. A cable distance of about 150 km is the approximate limit for one duplex PLC
channel.

When allocating frequencies for a PLC system which utilizes the HVDC transmission line for
its carrier signal transmission, consideration should be given to the frequency coordination
with other PLC systems of interconnected AC networks to avoid interference.

PLC over the HVDC transmission line-might-well can use a higher carrier frequency close to
the HVDC substations to achieve a satisfactory signal-to-noise ratio with respect to possible
converter interference. Lower carrier frequencies may be used at some distance from the
HVDC substations because the lower frequencies have lower attenuation. Due consideration
should also be given to possible interference at crossings between the HVDC and AC
transmission lines.
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14.4 Microwave

While not necessarily essential for control of HVDC transmission, a microwave link may be
the correct alternative for fast transmission of the large amounts of information needed to
complement a more sophisticated control and protection of HVDC systems.

However, the signal levels of microwave telecommunication can be affected by weather
conditions, such as heavy rain and fog since they absorb or scatter the microwave signal.

Proper selection of the microwave channel route is necessary for reliable and economical
insffallation. Because of its line-of-sighi characterisiic, the sysiem requires several reflecijon
towers depending on geographical situation and repeater station(s) for intermediate_sighal
bopst to compensate for this attenuation.

Sajellite telecommunication may be another choice for very long distance HVDC transmiss|on
schhemes although it inevitably has communication delay time.

14{5 Radio link

A fladio link may be considered at long sea crossings with HVDC_cable transmissions, when
PLLC does not provide sufficient speed.

14/6 Optical fibre telecommunication

A flbre-optic communication link may be used for control.and protection of HVDC systems gnd
mgy be an economic alternative for fast transmissioh of large amounts of information with
high immunity from interference.

Thls communication system is very fast (comparable to microwave systems) and reliahle.
Therefore, in addition to the basic requireménts for operation of the HVDC system, sufficient
additional bandwidth may exist to allow, enhanced performance of the control and protectjon
sygtems. Also, information capacity is-sufficiently high that a variety of detailed operatiopal
dafa can be transmitted almost instantaneously. The data channels usually incorporate
multiplexer technology for efficientyutilization of the system.

Optical fibre can be laid for\sea crossings; however, careful route selection is important since
thgy are easily damaged by mechanical stress. Using composite DC power cables, in whjch
oplical fibres are enclosed, is another choice. If these cables are used, the reliability of the
fibre optic communication in terms of mechanical stress can be compatible with conventiopal
poyer cable and the total laying cost can be reduced. Use of OPGW (optical ground wire)|as
ong¢ of shieldingtwire is another typical arrangement used in many overhead lines schemes.

1417 Classification of data to be transmitted

A list of'classes of the different types of information to be transmitted between the HVPC
sulbstations is given below. For each of these classes, the different requirements shouldlbe
identified such as speed, resolution and reliability:

a) order signals for continuous control:
— power order;
— current order;
— frequency control;
— damping control;
b) operation orders:
— change of control mode of operation;
— interlocking of protection;
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— operation of switches;
— block/deblock;
— power system security control;
c) state indications:
— position of switches;
— number of converters in operation;

d) measured value;

e) ratarm-signals;

f) |voice communication;
g) | DC line fault location.
Uspally, these signals are transmitted in accordance with certain data formats, such as cy¢lic
digital telemeter data format. Each data item is assigned to a group of bits sized according to

thg data format. In some cases, it may be undesirable to resend olddata if an error| is
delected, for example, when sending power orders during swing damping:

14/8 Fast response telecommunication

Seperal types of control may require a fast telecommunication such as microwave or optical
fibre channel (greater than 1 200 bit per second (bps), (for example, 64 kbps)), for example
a) | damping control of AC systems;

b) | frequency control of AC systems;

c) | fast power control of AC and HVDC systems;

d) [ HVDC transmission line fault location;

e) | HVDC transmission line protection;

f) | power system security control.

The performance requirements of-the telecommunications system(s) will depend on the
spé¢cific demands placed on it*y the HVDC control system, remote control facilities, gtc.

Sirjce these vary widely /Mbetween HVDC schemes, the telecommunications system
spécification shall be determiried through detailed analysis of the particular HYDC system.

14{9 Reliability

Generally, a telecommunication system can be provided with an automatic self-check|ng
sygtem.

If p redundant (stand-by) telecommunication system is available, automatic switch-oyer
should(be provided, thus maintaining the full degree of control of the HVDC system. If a
requndant system is not available, then, after loss of communication, the operation of
H . ; . .
telecommunication.

For microwave channels, signal fading is inevitable; however, the interruption period of a
typical communication channel is around 10 ms. It is normally possible for the HVDC system
to maintain the control signal data during the interruption, so it should be able to recover
without interruption of the power flow.

Further high reliability can be achieved if several of the above-mentioned communication
channels are combined. For example, a combination of microwave and fibre-optic
communication channel enables uninterruptible, more reliable communication and flexible
maintenance of these facilities. Also, dislocated installation of two sets of microwave systems
(space diversity scheme) can mitigate a signal-fading problem across the sea.
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15 Auxiliary power supplies

15.1 General

Auxiliary power supplies, which usually have a total rating equivalent from 0,2 % to 1 % of the
HVDC substation, are needed for cooling pumps and fans, control, protection and motorized
drives of disconnectors, etc. and for general substation service needs. To ensure adequate
security of supply and freedom from interruption, these supplies are usually derived directly
from the high-voltage AC network at the substation.

Wllere a separately and independently energized distribution network supply is available;, this
should be utilized as a back-up source to give added protection against failure of mediym-
andl low-voltage switchgear and supply transformers.

15)2 Reliability and load classification

Shprt (for example, less than 5 s) interruptions in the auxiliary supply to the converter stat|on
should not disturb the HVDC power flow. Safe controlled shutdown of the’ HVDC substat|on
should take place in the event that the AC bus has been tripped by.:-the protection. (Since
HVDC converters are line-commutated there can be no sustainedytransmission if the AC
sygtem generation is lost, although protection may be needed to,prevent pseudo-commutatjon
by [filters or reactive power compensators).

Control, protection and data recording systems are not usually able to accommodate even a
vefly short interruption in their power supplies. Accordingly, they are supplied from statjon
bafteries or, when AC supplies are needed, from-aQ uninterruptible power system (UPS).
Duplication of batteries is not always necessary,/but full redundancy of the battery chargers
angd the UPS may be required to meet the.desired reliability criteria. All breakers gnd
disiconnectors essential to the safe shutdown:following a fault should be operated by stofed
energy, for example, compressed air or battery supplies.

Different considerations apply to the;operation of disconnect switches and the closing| of
brgakers to reinstate the transmissiohcapability following a fault-caused shutdown perhapg at
a Ipwer capacity. If the requirement for a restart from a totally dead bus can be expected, a
digsel generator may be necessary when adequate battery capacity is unrealistic.

Onlly brief interruptions in‘power for valve cooling fans and pumps can be allowed becaus¢g of

delayed.

A lower security of supply can be accepted for those general station services the loss of
which does not directly jeopardize the power flow. Even so, changeover capability between
alternative and independent supplies should be regarded as the norm, but may not
necessarily be automatic.

An emergency supply that will be maintained even when the HVDC substation is isolated from
the AC network may be needed. Typically, this emergency supply will be from diesel
generators and apart from supplying general services may be arranged to power the battery
chargers, particularly if the possibility of prolonged outages can be anticipated.
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15.3 AC auxiliary supplies

20

The total auxiliary load of the HVDC substation and the number and rating of motors larger
than 30 kW should be established, at first to define approximately the overall auxiliary bus
requirements. Secondly, details of possible sources of supply and the capacity, fault level and
relationship to the point of coupling of the converter to the AC network need to be defined.
This should be augmented with the aid of a single line diagram. From these data, it will be
possible to specify security of supplies, duration of interruptions due to fault clearance,
distortion, voltage and frequency limits. A voltage stability analysis should be carried out on
any design proposal to ensure that changeover times and phase differences between

alt
ac

Induction motors can be particularly-may-be sensitive to the amplitude of negative~sequer

vol
ne

15
Iti

Th
su

supply, should be specified. A typical time is.§ h. The charging time, while the charger
supplying the rated load and the recharge current for the battery, should also be specified

rnative supplies, voltage reductions on motor starting and fault clearance are wit

in

ceptable limits.

tage, low voltage or extreme frequency excursions. Finally, an accurate figure will
pbded for loss guarantee purposes.

4 Batteries and uninterruptible power supplies (UPS)
5 usual to have separately assigned batteries to limit mutual interference for at least:

HVDC system control for each pole;
other substation control and protection;
telecommunication equipment.

bse batteries will usually be of different rated voltagées. The time for which each battery g
ply its rated load, within the rated voltage range in the event of failure of the charger or

ce
be

an
its
is
A

typical recharge time is 10 h to achieve a minimum state of charge of the battery of not lgss

thgn 90 %. In addition, the acceptable ripple voltage and the superimposed ripple curr
shall be considered. A room should besset aside for batteries and chargers, but with mod

€q

Fo

Th

lipment there is no justification forseparating the two items.

[ batteries, it is necessary to,consider and specify the following:

nominal voltage;

load profile and/or rated capacity;

voltage range from'charge (when boost is necessary) to discharge;
kind of battery and/or type;

temperatare conditions;

ventilation requirements.

b.€harging system should meet the requirements of the battery and the load.

pnt
Brn

The UPS for AC loads can be based upon dedicated units or a common system for the HVDC
substation. The latter is usually preferred because it makes the provision of adequate
redundancy more realistic. Usually, the UPS will include its own assigned battery.

Th

e following should be specified for the UPS:

rated voltage, number of phases and permissible distortion;
voltage frequency and tolerance;

rated and maximum load;

type of load;

maximum allowable interruption for which the UPS should function.
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Special consideration should be given to the last three items. UPS are often very sensitive to
overload and surge starting conditions of induction motors, large storage capacitors or any
other type of load having a substantial non-linear type characteristic. With many UPS the
continuity of supply is only within the specified limits for the equipment and is not generally
uninterruptible in an absolute sense. Care should therefore be taken that the UPS is correctly
specified for the system requirements.

Reliability of the UPS shall also be carefully assessed. Many commercial quality systems
suitable for enhancing the quality of distribution system supplies may actually degrade the
security of the auxiliary supply in a converter where this is derived direct from the

high=vottagesystemmand s thereforeimherentty very secure, butmon=interruptibte———

15/5 Emergency supply

If 4 diesel generator is necessary, then consideration should be given to the following when
prgparing its specification:

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

— |if automatic, care should be taken to ensure that conditionscausing frequent restart|ng
cannot occur, otherwise the starting battery might become fullyadischarged,

— |how much fuel should be stored on-site?

To|ensure reliable operation when required by emergen¢y conditions, it is desirable that fhe
generator is started and loaded so that it reaches cortect operating conditions periodically|on
a gystematic basis. The auxiliary system should bé‘designed to achieve this without in any
waly putting the transmission at risk by the failure of auxiliary supply equipment to make a
cofrect changeover.

16/ Audible noise

16]1 General

Nojse from the HVDC substation could be troublesome and might incur prescriptjve
mandatory sanctions whichismay be difficult to resolve once the station is built. Therefgre,
limiting specifications should be prepared at the start of the project taking into accopnt
requirements of any applicable regulations or codes of practice. The effects of noise are
geperally treated as-those concerning nuisance to the public outside the boundary of the
HVDC substationand noise effects in the working environment. While the latter are importgnt,
public nuisancetlimits are often more difficult to specify.

16J2 Public nuisance

16]2.1,"~General

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

As a first step, the acceptable noise level at the boundary shall be specified having regard to
the relevant factors. ISO 1996-1 gives a method for determination of an acceptable level. Next,
the level and spectrum of noise expected from each major source should be defined. These
can then be summed to decide whether or not the total noise will be acceptable. The location
of equipment, that is the distance from the property line, is of particular importance. Special
noise abatement measures may need to be used to keep the total to an acceptable figure.

Other noise-producing equipment may be installed at the same location and, if so, should also
be considered, for example, AC system transformers and reactive power compensators.
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Typical HVDC substation plant items most likely to produce significant noise are discussed
below. When very low audible noise levels are specified at the boundary, the noise from other
equipment, such as AC filter capacitors, diesel generators, etc., may also be significant.

16.2.2 Valves and valve coolers

The noise associated with indoor valves can usually be disregarded so far as the public is
concerned, since in most cases the attenuation introduced by the valve hall will adequately
suppress it. A main source of noise will probably be from the fans of outdoor coolers. These
will usuaIIy be cIosed cycIe evaporatrve cooIers or forced air cooIers drawn from a standard

c S : : men e—to—stpply
bS,
on

can also be achieved by using screen walls to deflect the noise upwards.

16J2.3 Converter transformers
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transformers;-but; Because of the effects of the harmonic currents, prrncrpally of orders 5)7,
11]and 13 and the small residual direct current in the converter transformer valve windings,|its
nojse spectrum-wilt would be different from that of AC system trapsformers in actual operat|on
ang may be about 10 dB higher than would be measured in factoery AC tests. The tank gnd
copler noise levels can be reduced by conventional means, if necessary, for example,

englosures, mufflers-and lower speed fans.
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16]2.4 DC reactors

In fhe case of oil-immersed DC reactors, noise will come from the core, structure and coolers
of |the DC reactors. Core and structure noisé.can be expected to have peaks at ripple
freguencies corresponding to the harmonic orders of 6 and 12. It is probably not practicablqg to
cafry out valid factory tests of DC reactor.ngise. The noise level can be reduced, if necessqry,
by |some of the same measures as are applicable to transformers, for example, enclosures.

—

Fof air-cored DC reactors, and where low noise levels are required, special designs includ|ng
thg use of additional sound absorbént shields should be considered.

16]2.5 AC filter reactors

Filler reactors are usually air-cored, and modern manufacturing methods are available whjch
may be used to rgduce the amount of noise produced. Other measures may be taken|to
redquce the amount)of noise propagated, such as careful consideration of the location within
thg converter station, sound absorbent barrier walls, or even locating the equipment insjde
buildings.

16)3 _ Noise in working areas

Th nola | L 4o aahicoh o~arconmco a0 Hhia th baundar:e of tha LIN/INO b ototinn ooy be
E—ROtSe—rever—to—wWrHeH '.I\JI\JUIIO AAZALLELEE A uuulluuly O T v oo SuosStatoTr—rray

subjected should be considered with regard to safety, hearing impairment, and the effects
noise can have on working efficiency.

Many countries have established codes or mandatory regulations which seek to safeguard the
hearing of those exposed to high noise levels and these should be examined and incorporated
within the specification as appropriate. Problems of this kind are unlikely in HVDC substations
other than during maintenance procedures and in the immediate vicinity of certain types of
cooling fans or diesel generators. In most cases, it will be possible to meet the requirements
of the regulations if maintenance personnel wear hearing protectors as necessary.

The general noise level within the building will be determined primarily by the valves and the
indoor part of their cooling systems, any rotating machinery and by the DC reactors (and
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transformers) where these are partially or fully enclosed within the building. Low noise levels
should be specified where mental concentration is routinely expected, as in control rooms.

17 Harmonic interference — AC

17.1 AC side harmonic generation

Converter systems of all types are sources of voltage and current harmonics. To an AC
network, the HVDC substation acts as a source of harmonic currents. These harmonic
currents fln\uing into-the AC eyefnm impodanr‘n gi\/n rise to harmonic \/nlfngo distortion- In
addition, they can propagate throughout the AC system giving rise to local resonances| or
telephone interference.

If 3 converter is fed from a balanced three-phase source of voltage, if the impedances of the
three phases are equal, and if the converter control angles are equal, characteristic AC sjde
harmonics are generated of an order, determined by the pulse number, p,"of the converier,
kp t 1, where k is an integer. For the ideal case, the amplitude and phase of the generated
characteristic harmonics in relation to the fundamental component (depend solely on the
control angle (a or B) and the overlap angle p.

However, in practice, AC systems that are coupled with HVDC\converters are not perfegtly
balanced in voltage or phase. This leads to a negative sequence voltage system typically| in
thg range 0,25 % to 1 % of the positive sequence system, ‘Other sources of unbalance incldde
co:l:verter transformer commutation inductance differences (typically +2 % to +5 %), gnd
comtrol angle unbalances (typically 0,1° to 0,25° in{steady state for modern HVDC confrol
systems). These unbalances result in the generation of non-characteristic harmonics, thus
added to the harmonic interference from the conyvetter.

17)2 Filters

AQ harmonic filters are generally provided at HVDC substations for absorbing the harmonjics
geherated by the converters, and in -addition for reactive power compensation (see Clause 10).
An|example of AC harmonic filters connected to the AC feeders for a bipolar HVDC system is
shown in Figure 22.

In jorder that the loss of any filter will not prevent system operation at full power, two filter
arms of each type may be specified. The filter arms may be made switchable on the basig of
inj‘ividual arms on each pole. Sizing the individual filter to be switchable should take ipto
cofsideration:

— |reactive power and voltage regulation requirements;

— |reduced and light load conditions;

— |possible resonances between the filters and the AC network impedance with edch
switched arm;

— ‘Telabitity Triteria;
— economic constraints.

Filters of either the series-resonant RLC or the damped high-pass type are generally used on
HVDC systems. Examples of the most frequently used filter types are shown in Figure 23.

For optimum harmonic filter design, the system impedance at harmonic frequencies should be
known over the frequency range of interest. The AC system impedance of the HVDC
substation may be specified by an impedance (R/X)-circle diagram over the frequency range
from fundamental to the 50th harmonic.
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1 14" and 13" harmonic filter 4 DC reactor
2 High pass filter 5 Converters
3 Converter transformer

Figure 22 — Examples of AC filter connections for a bipole HVDC system
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1%t order resonant filter 2" order high pass filter 3™ order highpass filter

Triple frequency filter Double frequency filter “C” type filter
IEC

Figure 23 — Circuit diagrams for different filter types

Alternatively, the system may be specified in detail by harmonic impedances of lines and
generators, etc., normally extending to five to eight buses from the HVDC substation, as
discussed in Clause 9. The design of AC harmonic filters should also take into account any
harmonics that may flow into the filters from other harmonic sources.

Where stringent AC harmonic performance requirements are specified, or in combination with
CCC/CSCC HVDC circuit topologies, active AC filters are a suitable measure. Each active AC
filter consists of a conventional passive filter connected in series with an active voltage
source. The active parts are typically designed to mitigate harmonic voltages at several
frequencies in order to improve the harmonic performance of the passive part. Alternatively,
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active parts can be designed to mitigate the harmonic currents flowing in the AC lines which
connect to the converter station.

AC filtering aspects including AC side harmonic generation, AC filter design, interference
criteria and levels, filter performance and technical specification as well as monitoring issues
are described and discussed in more detail in IEC TR 62001 (all parts).

17.3 Interference disturbance criteria

Interference performance is defined in terms of individual harmonic distortion D, total
effgctive harmonic distortion Dy, telephone inferference factor I1F, telephone harmonic ¢grm
fagtor THFF and weighted IT product. For telephone interference, two systems of weight|ng
ard used. These take into account the response of telephone equipment and the sensitivity of
thg human ear, namely, psophometric weighting as recommended by the Internatiopal
Telegraph and Telephone Consultative Committee (CCITT) and "C" — message’ weight|ng
deyeloped by Bell Telephone Systems (BTS) and the Edison Electric Institute (EEI). Eachl of
thg above terms is defined as follows.

Individual harmonic distortion according to CCITT or BTS:

U,
Dn:U—:x1OO% (9)
Uy refers to rated fundamental RMS voltage and Z to the nt" harmonic RMS voltgge

considered.

Total effective harmonic distortion:

Deff=1/nNZzD§ (10)

N | is the maximum harmonic.erder considered.

where

The telephone harmonic{ form factor (THFF in the CCITT system) and the telephqgne
interference factor (TIF in the BTS system) are both used to describe the interference
influence of a power-ifransmission line on a telephone line, and serve as guidelines [for
specifying interference performance. THFF and TIF are defined in the same way with the oply
difference being the weighting factor:

Uy xFy ) 2
TIF = —n_-n 1
Z_:( Uy IR
n=1
where
F, is the weighting factor for each harmonic n according to IEC TR 62001 (all parts).
n=c U 2
THFF = ke x P x— (12)
n=1 U1

where

, /
ke s equal to g5y

f is the harmonic frequency;
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Py

is the psophometric weight divided by 1 000.

For practical reasons the upper limit of n = 50 is recommended.

The approximate relationship between TIF and THFF is:

TIF

= 4000 (1
THFF

thg

t is, for example, a TIF equal to 40 is roughly equivalent to a THFF equal to 1 %.

3)

The harmonic currents of power transmission lines are represented by a singlet currgnt
obfained by weighting each harmonic current with the corresponding factor ofthe system
use¢d.
The weighted current product (IT) is computed as follows:

n=ow )

= N(F, x1,) (14)

n=1
where
I, |is the nth harmonic RMS current;
F,|is the same as defined before for TIF.
Calculation of the weighted current products (1) for individual lines requires a knowledge| of
thg harmonic impedances of individual lines cennected to the converter AC bus in order to|be
medaningful in specifying interference performance for HVDC installations. The IT prodpct
should be specified for individual lines, but only if the harmonic impedances of all lines frpm
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a)
b)
c)
d)

DC substation AC bus are specifiegd:

j IT) may not be practical\iif the values have to reflect the real impact of the injec

formance can onlytbe ensured in the design if line parameters, soil resistivity along
hsmission line, geometric coupling factors, etc., are accurately known.

4 Levels forinterference

amples. of typical maximum levels of harmonic interference factors that have been specif
an HVDC substation are as follows (these are not recommended specification values 3
buld not be taken as limits without specific studies of a given system):

individual distortion D, 1 % at any harmonic;

effective harmonic distortion Dy, 2 % to 5 %;

telephone influence factor TIF 25 to 50; THFF in the range of 0,6 % to 1,25 %;
IT product 25 000 to 50 000 per line.

ecifying performance limits simultaneously for all harmonic interference factors (D,, TIF

ed

monics on inductive couphing. This is particularly true if IT is specified for meshed systems.
bse values vary from ‘station bus to station bus and along the line; thus, acceptaple

he

ed
nd

If generators are connected near the HVDC substation, the sum of the negative sequence 5th
and positive sequence 7th non-characteristic harmonic currents flowing into any generator
should be considered in the design specification for the HVDC substations.
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17.5 Filter performance

HVDC system operating conditions that should be considered when specifying performance
requirements of AC harmonic filters include the following:
— range of DC current values from minimum to the specified overload,;

— reduced DC voltage operation over the range of required DC current values for the
reduced voltage operation;

— operation at larger-than-normal angles for reactive power absorption as specified;

operation—with—any—fiterbank—or—reactive—power—source—out—ofservice—Afillerbank is
understood as one filter element that can be removed from service by switching equipment.
This condition should apply only for the normal operating modes of the HVDC transmiss|on
system;

— |steady-state range of AC power system frequency and voltage;

— |loss of capacitor units to the extent that it results in a first-level alarm;

— |extremes of ambient temperature conditions coupled with maximum filtel loading;
— |initial filter detuning;

— |any change in system configuration.

Filiers should not be required to meet performance limits under the following conditions, but
should be capable of operation without damage:
— |emergency frequency variations as specified;

— |dynamic overvoltage conditions including ferror€sonance following load rejection or fgult
recovery;

— |short-term overload.

WHen specifying harmonic interferenceimits for an HVDC substation, certain data (as
discussed in Clause 9) should be inclided in the specification to enable appropriate
oplimization of AC filter designs.

18 Harmonic interference.= DC

18]1 DC side interference
18J1.1 Harmonic currents in HVDC transmission line

The operation wf"the converter equipment in an HVDC substation generates harmohic
voltages in the"DC side of the substation which cause harmonic currents to flow in the HVDC
trapsmissignyline. Where the transmission line consists of overhead line and cable, the caple
geperally—-acts as a filter to the harmonic current, so that only harmonic currents of small
magnitudes flow into the line beyond the cable. Such systems still require evaluation |[for
interference along the overhead line section. Underground or submarine DC cables are|so
well shielded that generally no noise problem exists on the DC side.

18.1.2 Characteristic and non-characteristic harmonics

In modern converter unit design, 12-pulse converter units are generally used, resulting in
characteristic harmonics of the order of 12 k (k being an integer). In addition to these
"characteristic" harmonics, which appear under idealized conditions, there are also harmonics
of other orders, the "non-characteristic" harmonics. The characteristic harmonic voltages
generated by the converter operation depend on the following factors: direct voltage, direct
current, the commutating reactances and the firing angle. Non-characteristic harmonic
voltages are caused by such factors as differences between the firing angle, unbalances in
the commutating reactance and asymmetry in the network AC voltage (negative sequence
voltage component) feeding the converter.
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The leakage capacitances to ground in the converter transformers shall also be taken into
account when calculating the harmonic currents. In particular, with respect to the calculation
of the non-characteristic harmonic currents, the three-pulse harmonic voltage model should
be used.

18.1.3 Groups of harmonics

Two groups of harmonics should be considered: the higher order harmonic group (7th to 48th),
responsible for the voice telephone interference and the low order harmonic group (1st to 6th)
that may introduce other interference problems, such as the following:

a) | personnel and equipment safety from induced voltage;

b) | effects on data transmission and railway signalling circuits;

c) | effects other than voice interference in voice communication circuits;
d) | secondary induction effects;

e) | possible excitation of resonance conditions between the HVDC transmission line and the
earth electrode line;

f) [ unacceptable DC current in the converter transformers.
18]/1.4 Calculation of harmonic currents

The harmonic currents circulating in the HVDC transmission-line poles and in the overhgad
shield wire can be calculated by the usual formulae for\tong-line calculations and mofel
anglysis, in case there are unbalances in the circuit(Jf the distance between the HVDC
trapsmission line and an open-wire telephone circuit.is’short (less than 200 m), the calculatjon
should be carried out considering the currents in the\poles and in the shield wire(s) separatgly,
with their respective coupling factors.

In lcomputing the longitudinal noise voltagésimposed on a voice communication circuit, the
harmonic currents are weighted by a factor (psophometric or C-message) to take into accopnt
thg response of the human ear to each-frequency.

18]1.5 Calculation of induced woltages

The longitudinal C-message.'or psophometric voltage Vg(x) induced per km of exposure of a

telephone circuit can be (calculated considering the currents coming from both ends of the

H\1DC transmission ling," at any location x km from one end of an HVDC transmission line, the
e

wejghting factor, thelshielding factor of-cemmutation communication circuits and the mutpal
impedance between’/ the HVDC transmission line and the communication circuit. The
trapsverse voltage”is given by kg Vg where ky, is the balance factor of the communicatjon
fadility being eonsidered.

18]1.6 “Personnel safety

WHhen\Considering personnel safety, the voltage value is calculated as the square root of the
sum of the squares (r.s.s.) of the induced harmonic voltages to earth, flat weighted. For the
other interference problems in non-voice communication circuits, there is no standardized
procedure and therefore the procedure to be used should be agreed upon between the parties
involved.

18.1.7 DC filters

DC filters are used to reduce the magnitude of the harmonic currents circulating in the HVDC
transmission line to avoid unacceptable interferences. The need for the DC filters depends
upon the following:

a) the characteristics of the HVDC transmission system, overhead line or overhead line and
cables;

b) the earth resistivity;
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c) the density, proximity and type of telephone and railway signal circuits near the HVDC
transmission line route.

When establishing the need for a filter scheme, other cost-effective means available to satisfy
the noise criteria should be taken into consideration. The evaluation should consider any changes
in the communication circuits, as well as modifications to the HVDC substation, such as,

— use of a DC reactor, already required for other reasons, either with or without a reduced
level of filtering;

— capacitors connected between the earth electrode line connection and earth, to form a

% H H'S HS Y 1 4 <l |H H~ | 4
reovurtarit CIiroutTt witlt tric CICUUIUuUT T imrauoeudrive,

— | switches to permit paralleling of the two (pole) filters when in monopolar operation.

The influence of these on the operation and on the overall performance of thé&“convernter
subpstation should be examined before deciding on the extent of needed limitation of the
harmonics on the DC side.

While routing the DC line, it shall be evaluated if parallelism of other lines-can be avoided| or
requced, as this would be the most effective way to avoid/limit interference. Where possiljle,
crdssing to lines should be made at 90 degrees and transposition ‘of;phases/pole lines shall
alsp be considered.

18)2 DC filter performance
18/2.1 Requirements for voice communication circuits

Understanding of the communication and railwayscompanies' requirements is necessary| to
arrfjve at the best overall solution for intecférence problems. Table 2 indicates the
requirements for voice communication circuits, prescribed by CCITT, the American Telephgne
and Telegraph Company (AT&T) and the US-Rural Electrification Administration (REA).

18)2.2 Levels of interference

When defining the filter performance, the levels of interference should be specified for the
operating modes of the HVDC system. From the interference point of view, bipolar operatjon
with equal positive and negative voltages is the mode requiring less filtering. Monopqlar
operation, with either earth."or metallic return, gives higher values of noise voltage than
bipolar operation for the.same DC filter configuration; however, operation in this configurat{on
ustially occurs for a Jow percentage of time. Monopolar operation with metallic return giyes
lests interference thanymonopolar operation with earth return.

In Jaddition tothé basic HVDC operating modes discussed above, the specification sholpld
indicate any~6ther modes or conditions under which the transmission system could eventually
operate.. The filter should be rated for all these conditions; however, the interference leyel
ungder, (the several modes or conditions should lie between the normal bipolar balanged
opéerating mode and the worst monopolar mode. Provision may be made in the specificatjon
forthesystermrcapabitity foremergency operation:

18.2.3 Safety

As to personnel safety, there is not yet a specific limit for hazardous induction caused by
harmonics. For the fundamental frequency (50 Hz and 60 Hz), the CCITT and the AT&T
prescribe 60 V AC RMS and 50 V AC RMS, respectively. These limits should be considered
as the maximum r.s.s. value of the induced longitudinal harmonic voltage for the low order
harmonics (1st to 6th), for personnel and equipment safety. In addition, any higher order
harmonics with unusually high current values should also be included in the r.s.s. calculation.


https://iecnorm.com/api/?name=66502182ac01fed57119d13dfb151dc6

IEC TR 60919-1:2020 RLV © 2020 -77 -

Table 2 — Performance parameters for voice communication circuits:
Subscribers and trunk circuits

CCITT AT&T? REA

1. Balance cable circuits 50 dB to 60 dB 60 dBf 50 dB to 60 dB°
Open line 46 dB to 56 dB 50 dBf 50 dBP

2. Transversal (metallic) 26 dBrnC
Noise limit 26 dBrnC 20 dBrnCH 31 dBrnC*®
26 dBrnC (20 rern(‘)d

a8 |It is North American practice (AT&T) to use a characteristic impedance of 600 Q for a trunk circuit ,and 900 Q
for a subscriber circuit. CCITT and REA use 600 Q both for a trunk circuit and for a subscriber circuit®

b |Information from BTS indicates that minimum balance should be 60 dB.

¢ |The US Rural Electrification Administration prescribes other values for balance. This valuge corresponds tp a
good balance.

d |This value is the total noise. From a single source (HVDC line, for example), the maximum value should|be
17 dBrnC. 0 dBrnC corresponds to 102 W (1 pW) at 1 000 Hz.

€ |This value refers to trunk circuit.

f|The value in brackets refers to design objective and the other to the maximiim acceptable value. In practice,
for bipolar systems, the performance requirements of a DC filtering scheme“are primarily based on the bipglar
operating mode. A higher interference level on voice communications.is_accepted during monopolar operatipn,
for example, two or three times the level permitted during bipolar balanced operation.

183 Specification requirements

1813.1 Economic level of filtering

The preferred way to determine the economic level of filtering that satisfies interferen
formance requirements would be to_perform an inductive coordination study and optimjze

pe
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a)

cost of filters with the cost of .changes in the communication circuits, considering
nts discussed earlier. From sugéh a study, the ideal specification for the filters co
icate the profile of the maximum disturbing current along the line, as defined in 18.3
uired to maintain the interference level below the specified values.

Lally, the above studies“are not feasible during the specification stage; therefore, one
following three altetndtive approaches could be adopted.

Specify one maximum longitudinal induced noise level in parallel test line, 1 km away fr
the HVDC_transmission line for bipolar operation and a higher value for monopg
operation;2in mV/km of exposure. This approach should be used with caution
it accounts only for the interference in the telephone voice circuit and it utilizes maxim
valués-for the harmonic current along the line. This method could be improved by add
the\requirements for the r.s.s. of induced low-order harmonic longitudinal voltage &
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different values of the induced voltages along the HVDC transmission line rouy

te,

b)

c)

depending on the variation of the soil resistivity, quality, type and density of the telephone

circuits and the disturbing current variation along the line, etc.

Establish the filter cost based on the non-simultaneous maximum values for each
harmonic current (on a pole basis), at the HVDC transmission line terminals, and
subsequently select the optimum design after a complete inductive coordination study.

This procedure has some of the drawbacks of the previous one, and the method

to

establish the set of harmonic voltages is complicated due to other considerations

discussed in 18.3.3.
For the third alternative, the following steps should be taken.
1) Obtain information on the characteristics (shielding and balance factors, length, rout

es,

etc.) of the communication lines and railways, installed or planned, within the area of

influence of the HVDC transmission line (10 km from the centre line of the right of w
for example).

ay,
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2) Perform tests on representative soil samples taken within the limits of the area of

influence of the HVDC transmission line, to determine the different values of earth
resistivity to be considered in the inductive coordination studies.

With the information obtained and considering the normal mode of system operation
(bipolar), it should be possible to establish two profiles of disturbing currents and two

limits of the maximum allowable low-order harmonic current magnitudes:
— one not requiring any change in the communication circuits, and

— the second requiring, for example, changes in perhaps 25 % of the communicat
circuits located in the area of influence.
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In

indicated above, the following general criteria should be followed.

1

2)
3)

4)

18

ally, with the information on filter cost and the cost for changes in the communieat
cuits, it should be possible to determine the optimum trade-offs between the filtering)syst
i communication circuit changes.

3.2 General criteria

addition, for specifying the level of filtering in accordance with ong.of the alternati

The level of harmonic current filtering should be determined-under bipolar balang
operation and under the nominal condition defined for theAHVDC system. For any ot

on

1%
3

es

ed
her

operating mode or condition specified, the level of noise should not be higher than the gne

resulting from the worst monopolar operation, excepi/for the unusual contingency| of

operation without filters.

The specification should also define the maximum value of the disturbing current profiles

to be accepted under monopolar operation.

In addition to the above requirements, thesmaximum low-order harmonic current valyes

(1st to 6th) should be specified.

The utility should also specify the limitsZof system operating conditions under which the

filter performance requirements should be met for each mode of operation and for each

stage of development of the HVDG system. For example the following:

a) range of direct voltage and_direct current;

b) range of normal operating 'AC bus voltage;

c) negative sequence,component of fundamental frequency AC voltages;

d) maximum AC frequency deviation within a normal cycle range or which may |be
maintained forsmore than 1 min;

e) maximum temperature variations expected;

f) maximum,*number of capacitor unit or element failures permissible before mandatpry

filter-removal, and
g) initial mistuning to the limit possible in the design.

3.3/ Factors to be taken into account for calculations

The performance calculations should take into account the following:

1) Calculation of the harmonic current profiles to determine compliance with the performance
specified should consider the phase-angle relationship between the AC systems; the most

onerous combination of firing angles; direct current magnitudes; leakage capacitances

to

ground in the converter transformers; commutation reactance differences among the
phases of a six-pulse bridge, between the transformers of the six-pulse bridge in a 12-
pulse unit, between 12-pulse units of a pole and between poles of a bipole, that will result

in the worst consistent set of harmonic driving voltages. The consistent set of harmo
voltages consists of voltages occurring simultaneously and giving the highest value of

nic
C-

message or psophometric profile of disturbing current along the line and also complying

with the levels of low order harmonic currents specified.
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2)

3)

18

For the alternative b) indicated in 18.3.1, the set of harmonic driving voltages to
considered should be the highest non-simultaneously occurring harmonic voltages.

be

The frequency dependent parameters of the HVDC transmission and earth electrode lines,
as well as their termination and the characteristics of the earth electrode as given in the

specification, should be taken into account.

The variation of the inductance and resistance of the DC reactor with load and frequency
should be considered in determining the harmonic currents flowing to the HVDC

transmission line.

3.4 Calculation of currents

Fo
ea
theg
en
for

[ the purpose of meeting the performance criteria specified, the magnitude of the current
ch frequency and at any point along the HVDC transmission line should be considered
RMS value of the contribution at that point from the sending end and from the)receiv
i of the HVDC transmission line, for the frequency being considered, using_thé follow
mula:
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In kases where the senaration - between-the HV/DC transmissionline-and-the telenhone lind—is
HH—pasSes—-wWherethe-Sseparatonoetweehthe v o tHaRsSHSSIioR—HReaRatheterepnroheHRg1S
lasle than 300 m-or less than about 100 m for earth resistivitvy eaual toor hiaher than 10 d00
e SEthai—ovuo-o1esSthaiad oty rovvMtoreaRhi+FesiSthvity—equa—to—orgherthiah—uvguo
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n=N 2
leq=| > (H,xCy x1,) (15)
n=1
where
I, is the effective disturbing current at harmonic n (generally corresponding to residual
mode current);
N is the maximum harmonic number to be considered;
C, __is the C-message weighting factor;
H,| is the weighting factor normalized to reference frequency (1 000 Hz) that accounts [for

the frequency dependence of mutual coupling, shielding and communication_ eirquit
balance at harmonic n.

WHere the balanced mode harmonic currents are expected to contribute signjficantly to the
in(iuced noise, they shall be included in the calculation of loq- The effective disturbing currgnt
is fhen specified as:

I, :\/(Irn)2 +(Kb len)z (16)

where

I,,| s the total residual mode current at harmonic n;

Iyl is the balanced mode current at harmonic #;

K,| is the ratio of balanced mode coupling teythe residual mode coupling at refererce
frequency.

The typical values of equivalent disturbing gurrent are in the range of 100 mA to 6 000 mA [for
nofmal operation.

19| Power line carrier interference (PLC)

19]1 General

Power line carrier interference from an HVDC substation is produced by the turn-on gnd
turp-off sequences in_the valves. The dominant component is produced during the voltgge
collapse in the turn-on sequence. These transients excite localized resonant circuits formed
by|the stray capacitance and inductive elements in the HVDC substation: transformgqrs,
redctors, bushings, etc. Interference energy is dependent on the magnitude of the voltdge
jumps produced by turn-on and turn-off of the valves as well as circuit parameters. Converter
nolse intexference is somewhat independent of the current rating. However, it depends
strpngly-upon the firing angle.

No
NO

=AY :IItUIfUIUII\JU that IIICly affcut thc UCIII;UI ;IIU:UdUO uullduutcd UUIIVUItUI UGIIUIGtUd o
interference, and AC or DC line corona-neise interference. Conducted-neise interference is
strongly frequency-dependent with the highest-neise interference levels present at the low
end of the carrier frequency spectrum.

Field experience shows that thyristor valves generate about 10 dB to 15 dB less conducted
noise interference than mercury arc valves.

Measurements have shown that corona on HVDC transmission lines is 10 dB to 20 dB less
than that on AC lines for the same conductor surface maximum voltage gradient. Typical
corona-neise interference level ranges from -40 dBm to —30 dBm and is essentially constant
in the carrier spectrum (20 kHz to 500 kHz) over the entire length of the HVDC transmission
line.
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RF filters can be specified to reduce conducted carrier-noise interference on both the AC and
DC side of the HVDC substations.

The filter series inductor elements and shunt capacitor elements should be rated for full
current and rated voltage respectively. Therefore, economic consideration should be given to
filter design—neise interference alternatives based on existing carrier channel requirements,
interference with other carriers, ultimate channel requirements, and the feasibility of channel

mo

19.

vement from the lower end of the carrier frequency spectrum.

2 Performance specification

WH

comsiderations are important.

If the utility wants complete freedom to use the entire allocated communicatiohs” spectru

theg

NO

An
tra

Fo
to
ma

en specifying the performance of HVDC systems, the following carrier interferen

n the HVDC interference specification should cover frequencies down to 20 kHz.

TE The carrier spectrum is becoming increasingly crowded on many electric power.systems.

hsmission line from solid-state converters is given in Figure 24¢

" the design of the carrier filters, the specification should/consider that harmful interferer
power line carrier systems on HV transmission lines «conhected to the HVDC substatid

ere dBm is defined as a means of interference measurement in which 0 dB is specified

75 \/ thic would be the voltage that wouddcause 1 m\WV to bhe dissinated in- 3 800 Ohm
o5 tHSWOothG—DHO e Vorage tHat- Wolrg=CaudSe— oo aiISSipatecHHaovuv }

ce

m!

example of typical carrier—neise interference frequencies generated on the HVDC

ce
ns

y be prevented by limiting the interference level from(the HVDC substation over the power
ling carrier spectrum to —20 dBm or less, measured jin@ nominal 3 kHz band, flat weighting.

—at

||||| T

istor to 1,0 mW, which corresponds to Qi#75 V pole-to-pole interference voltage assum
ne-to-line surge impedance of 600 Q. a 50 Q cable on the low voltage side, 0 dBm 4
W corresponds to 0,224 V.

ng
nd
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TE The converter interference levels are corrected and normalized to 3 kHz bandwidth -0 dBm =1
esponding to 0,775 V at a pole-to-pole surge impedance of 600 Q.

Figure 24 — RY COM-neoise interference meteriresults averaged —
Typical plot of converter-noise interference levels ‘onh‘the DC line-corrected-and
normalized-to-3 kHz bandwidth—-0-dBm=0,775V

he carrier is present or planned in the frequency range 20 kHz to 100 kHz, filters
bably be required. The economics of filters for attenuation of-reise interference, of cour

should be evaluated. It should be considered)that the cost for a broad band PLC filten

sig
fre
Th
fre

nificantly higher than the cost for a narrew band PLC filter. Especially, filters for the loV
huencies 20 kHz to 50 kHz cost significantly more than PLC filters for higher frequenci
brefore, it is probably most economical to specify PLC requirements only at individ
huencies used by PLC systems in.the vicinity.

Ingtrumentation to be used for carrier interference measurement should be properly specif

as

By
be

Th
the

20

to bandwidth (BW) and typ@.

knowing the-rneise interference levels produced by converters, reasonable predictions ¢
made for the expected performance of a given carrier system.

b principal measure of performance for any given carrier system is primarily governed
signal-to<geise interference ratio (SNR) at the receiving point of the carrier system.

Radio frequency interference
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Th Rl lavale choild he ecaleilatad acsciiminag earth rncicH\{Hl 2¢ included in the cnecificatlon
B o e e R Ra 1= e e
forlthae cubhetation citee and for 5 km from the cnhcfofir\‘r\‘: ona—the H/DC tranemiccsion lne
forrthe-substation-sites—and-for-5-km-from-the w.,ww..,o.\ along the HVDC transmission l|ne
20J1 General \\Q

Higtorically radio frequency interference (RF’&\}rom high-voltage electric power installatigns
has been related to interference with A adcast distribution due to high-voltage AC ljne
coffona. Consequently, this aspect is co /éred well in the literature and in relevant standarfs,
i.e] CISPR 18 (all parts). RFI from s@tions has been of minor practical concern. Therefore
velly little has been documented regarding RFI from HV and MV substations. However, CIGRE
Tethnical Brochure (TB) No. 391(provides a thorough analysis of the aspects related to RFI

On
thd

RF

le important asp

M substations, including H{LD substations. The analysis is based on both theory ¢

asurement results. C)\\

ect thdt is dealt with in the Technical Brochure (TB) is the attenuation
RFI versus dist , including how the attenuation depends on the frequency.

O

| relates a“quite wide frequency range. According to CISPR 11, frequencies betwe

20.

20.

nd

of

en
by
cy
as

2 RFI from HVDC systems

2.1 RFIl sources

yS

RFI energy at the HVDC substation is produced by the turn-on and turn-off sequences in the
valves, from corona on the high-voltage switchgear and lines, and from sparking and gap

dis

charge activities within the switchyard.

RFI from the valve operation is predominantly produced by the fast voltage collapse during
the turn-on sequence. These transients excite localized resonance circuits formed by stray
capacitance and inductive elements in the bus structures, bushings, reactors, converter
transformers, etc.
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RF

| generated by the AC corona in the high-voltage AC switchyard of the HVDC substation

varies significantly with the weather conditions and is highest during bad weather. RFI
generated by the DC corona is highest near the positive conductor and decreases with the
radial distance from the conductor. The DC corona does not vary very much with the weather
conditions and is somewhat higher during fair weather.

Recent measurements have indicated that there may be significant high-frequency RFI from
the AC part of a substation, especially during dry weather conditions if the substation is old.
This high-frequency RFI is considered to be generated by gap discharge and/or sparking
activities. For more information, reference is made to CIGRE TB No. 391.

20
RH

a
b
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Details can be found in CIGRE Technicah@bchure (TB) No. 391.

QY
o>
a guided wave transmission propagating along the HVDC transmission Imefl,Q

N-

a guided wave transmission propagating along the AC transmission Imeg;

2.2 RFI propagation

| generated in the HVDC substations may propagate as:

direct wave radiation from the HVDC substation. Q

b attenuation of the RFI versus distance varies with the freque@f@s follows.

RFI propagating along the lines, the high frequency RFIV nlshes after a few kilometrgs,
becially the line-to-earth component that is domlnatm wever, low-frequency RFI ill
pagate quite a long distance, especially the line- to I| mponent

hin a few hundred metres from the substatlon |rect wave RFI can have quite a brgad
huency range. However, when normal deS| s applied, the RFI has diminished to the
Ckground RFI level after 0,5 km to 1 km.

20]2.3 RFI characteristics A’\Q

The general characteristic % RFI from an HVDC substation is repeated transiepts
redardless of whether the.a’rference is produced by the commutation process, coropa,
sparking or gap discharge( ing to the different sources, the frequency characteristics of the
brqad band RFI from a converter station can be quite complex and very irregular. To some

exient this is valid fo y high-voltage substation.

RF

characteristi

a)

| generate@ the commutation process of the HVDC converter has the follow|ng

Inter@ce energy is directly proportional to the magnitude of the voltage jumps
ed during the turn-on sequences of the valves and also depends on cirguit

pr,
pé?neters. The voltage jumps at turn-off have less impact as the rise time at turn-on is

mocT shorter tram the Tise time atturm-oft:

As the RFI due to the converter commutation process depends on the circuit resonances,
the frequency spectrum is quite irregular.

The generated disturbance for an LCC converter starts to decay at around 100 kHz, and is
negligible for frequencies above a few MHz.

The interference that comes out from the valve hall is predominantly the interference
conducted through the wall or transformer bushings if the valve hall is designed with good
RF shielding.

The interference level is essentially independent of the operating current. However, it
depends strongly upon the firing angle.

The number of converters has a minor impact on the interference level.
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The dominant mode for all RFI generated in a substation is the line-to-earth mode.

20.3 RFI performance specification
20.3.1 RFI risk assessment

The process for the specification should start with an RFI risk assessment regarding any lo
conditions requiring specific precautions regarding RFI. It should be noted that the risk

cal
for

interference is related to nearby radio receivers, not to nearby radio transmitters. A nearby

airport can imply an extra risk for RFI with the airplanes approaching the airport for landing.

Of|special concern is interference related to the non-directional beacons (N DB) 3\\“
operating frequency is coincident with the frequency range for the converter RFI emi@ﬂ

Q

Aldo local communication centres with dual communication such as fire b(rl'gg e statig
should be considered in the risk assessment. .

-

/

Theg important factors are the frequencies used, the bandwidth, heqsignal level,
interference-to-signal requirement and the distance to and the locati f the antenna of

radio receivers.

20J3.2 Specification RFI limit and its verification C)

The specified RFI requirement should include all sources\r ted to the relevant delivery. Tl
spg¢cification shall define all steady-state operation @odes and conditions and weat
comditions during which the criteria shall be met. Q

Bapically a single basic criterion shall be sp?é:&d to be applied to all steady-state operat
mqdes, at any load, up to and including the oad rated value, and within the design ran
of the firing angle and in all weather conditiéns. The performance criterion should cover

nofmal AC and DC operating voltage énges. The RFI performance should be verified
medasurements performed in fair weat@éconditions.

4\

The requirement should be spee{Qd as a graph of the maximum E-field in dB [uV/m] vers
freguency for the frequency nd 150 kHz to 1 GHz. There should be one graph for

sulbpstation limit and one g@ﬁtfeor line limits. Suitable limits for the normal cases are givern

eir
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CIGRE Technical Brochure-No. 391, with justifications. Since the frequencies in the frequency

rarjge 9 kHz to 150 kHQare sparsely used, a requirement should only be specified in case g
cofnmunication is g se in the vicinity of the HVDC substation or connecting lin
Repuirements ap@@ unnecessarily in this low frequency range will introduce extra cost 4
a dignificant a@mt of extra losses in the form of large filters.

Th recc@ended procedure for verification by measurements is shown in Figure 25. T
reqom ations are detailed in CIGRE TB No. 391.

ny
ES.
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The limits for substations in accordance with Table D& in CIGRE TB No. 391:2009
applicable both for the contour around the active parts of substations and the closest part

thd

Taple D.3 in CIGRE TB No. 391:2009 apply.

The measurement shall be performed as acfrequency scan over the entire RFI frequer

rar

RHAl level at 0,5 MHz only, as often done f&"\RFI due to AC line corona.

20

The valve-hall building design®should incorporate necessary shielding to meet the H

redg

mipimizing the antenna apea“for loops with high-frequency transients conducted through
valve and the transformer bushings.

The specification ;should require a statement on the proposed method of limiting RFI wit

thd

RF|l level by galculation during the design stage, within the entire frequency range. T

Flgure 25 - Recommended measurement procedure with defifiition of measuring poi

measuring distance for substations, normally 200 m for an HVDC substation
measuring distance for lines that are 30 m up to 600 kV AC and 50 m for higher voltages
one third of d,

most relevant positions for measurement

contour along the line. After a distance of 4 km, the-limits for the line in accordance w

ge as the frequency characteristic may he very irregular. It is not sufficient to measure

3.3 Design aspects

uirement without any extermtal switchyard screening. Special attention should be given

specified limits/ There should also be a statement regarding estimation of the expec

hre
of
ith

cy
he

RF
to
he

nin
ed
his

esfimation shall cover both the RFI from the substation and the RFI from the line, as defined

in

igure 5. Outdoor AC yards/substations shall be designed and built, applying the m

Dst

efflcient fmethods for corona-reduction, to be as corona-free as technically possible. Further,

H\| dpparatus are tested for RFI at factory, following available praxis and standards.

21

21

Power losses

.1 General

It is normal practice to establish loss figures for HVDC substations under rated power
(Clause 6) and no-load operating conditions (8.4) so as to permit an economic evaluation of
the losses. In addition, losses at minimum load (8.2) or other intermediate levels may also be
evaluated using the appropriate weighting factors.

HVDC system losses can be determined by the summation of losses of the main contributing
sources. Loss figures are usually based on a combination of calculations, factory tests and
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field tests, since determination of total losses by field tests alone is not practical because of
inadequate measuring accuracy.

The relevant environmental conditions, as well as methods of calculation should be specified.
The tolerances for all loss measurements should be established.

If the HVDC system is erected in stages, then the loss figures per stage should be determined.
Total efficiency figures for monopolar and bipolar operation under the specified conditions
should be verified.

Dekermination of power losses in HVDC converter stations is described in detail in [IEC 61803.

21{2 Main contributing sources
21{2.1 General

Fof most HVDC equipment, harmonic currents contribute appreciablyto total equipment
losises. The basis for calculation of these harmonic losses should be specified. Temperatufes
at which losses are to be determined should be given.

21])2.2 AC filters and reactive power compensation

Loss figures are calculated for the AC filters and reactive power compensation. The harmohic
losises in these are strongly load-dependent. The loss «figures should include all harmopic
effects produced by the converters. Unless otherwise specified, harmonics entering from the
A( system should not be taken into account in these-galculations. For no-load loss calculat|on,
none of the filters and reactive power sources is“assumed to be connected. For rated logad,
it i$ assumed that all filters and reactive powér sources which are needed to provide the
spécified power factor are connected and all‘harmonics enter the filter only. For intermediate
loads, the operating conditions should beZspecified. For static and synchronous reactjve
poyer compensators, the operating conditions should also be specified.

21{2.3 Converter bridges

Converter bridge losses can bg calculated based on measurements made in the factory on the
individual bridge elements.:[Koss figures include losses in all the components used in the
brigges, for example, valves,—snubber damping circuits, reactors, etc. assuming firing gnd
overlap angles as reguired for the specified load condition. Under no-load, valves are
assumed to be energized but blocked. All valve-cooling equipment losses required for the
specified load conditions should be included.

21]2.4 Converter transformer

The fundamental frequency losses in converter transformers can be established by no-Iqad
ang short-circuit measurements in the factory with harmonic losses taken into account|by
appropriate computation. All cooling equipment losses should be included as far as their
operation Is required for the specific load condition.

21.2.5 DC reactor

Direct current losses can be measured in the DC reactor at the factory and adjusted for the
specified ambient temperature. Its harmonic losses should be calculated. All cooling
equipment losses should be included as far as their operation is required for the specified
load condition.

21.2.6 DC filter

DC filter losses are calculated taking into account the-harmenies harmonic currents actually
entering the filter at the specified load conditions with the control and overlap angles as
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needed at those conditions. All converter-harmonics harmonic currents are assumed to enter
the DC filter.

21.

2.7 Auxiliary equipment

This equipment includes cooling (except converter transformer, DC reactor and—valve
converter bridges cooling), control, heating, lighting of the HVDC substation and auxiliary
transformers. Losses can be determined as the summation of the measured or calculated
losses of all individual items. Only that equipment which is needed for the specific operating
point in meeting all requirements of the specifications should be included in the loss

calettation-

21{2.8 Other components

Losses in other components such as voltage and current transformers, RI filters, etc., sho
be|determined under specified conditions (load level, ambient temperature, etc.).

22| Provision for extensions to the HVDC systems

2211 General

If extensions to HVDC systems are scheduled or planned(in the future through separ

spgcifications, the various applicable conditions after the extensions should be considered

ad
Th

ance. Otherwise, economically and technically disadvantageous situations might ari
prefore, it is necessary to specify, as far as possible; the conditions for each step of

eX

ensions applying to Clauses 4 to 20. For the scope of the equipment installations at ez

stdge of the extensions and the performance spécifications, careful consideration should

gi
te
SYS

be
in

22
Th

a)
b)

n to the complexity of the field work, to mifimize the influence of the field work and fi
ts on the operation of the existing systemito economy of advance investment and to
tem performance requirements at each-stage. The following matters listed in 22.2 sho
specified in as much detail as possible-to the extent they can be anticipated and inclug
he statement of the scope of extensions.

2 Specification for extensions
b specifications for extensions consist of the following:

Rated capacity, voltage and current in each stage of extensions.
Form of converterbridge extensions (Figure 26):

1) series;

2) parallgl;

3) monepolar to bipolar;

4) ‘multi-terminal, series or parallel.

uld

in
se.
he
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ed

Anv snecial aperatina modes planned for the future such as switchina of noles fr
J Ll Ll ~J Ll 7 7 Ll

OMm

c)

d)

series operation to parallel operation during the outage of an HVDC transmission line

pole as discussed in Clause 4 should be described.
AC system parameters after each stage of the extensions:
1) additional AC lines;
2) changes in nominal and range of steady-state AC voltage;
3) additional generators;
4) increased short-circuit capacity.
Reactive power balance after each stage of the extensions:
1) reactive power source to be installed at the HVDC substation;
2) reactive power supplied from the AC system.
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e) Circuit configuration and line characteristics of the HVDC transmission line(s) after
extensions.

f) Change of the control and protection mode after extensions, if planned.

NOTE+ The extension work on control and protection—may can restrict the operation of
existing equipment for a long period. In this connection, therefore, the scope of control
and protection equipment to be installed in each stage of extension should be examined.

g) The allowable levels of audible noise, carrier interference and harmonic interference in
each stage of extension should also be specified, including the levels in the final stage
after completion of extensions.

h) | Order of extension of AC and DC filters.

NoFE2 When the HVDC transmission line voltage changes as a result of extension, the
design of DC filters will be different depending on whether DC filters for the final HVPC
transmission line voltage are used from the beginning, or whether a series.‘extension| of
capacitor units is made. Accordingly, it is necessary to clearly indicate this point.
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Figure 26 — Extension methods for HVDC systems
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Annex A
(informative)

Factors affecting reliability and availability of converter stations

A.1 Design and documentation

A.1.1 General

Th|s annex explains various factors affecting the reliability and availability of an w
sulpstation itself and does not provide an evaluation of reliability and availability. Iésgn
nofed that all may not be applicable to every HVDC substation and/or HVDC user. Q

The owner/user should specify such reliability and availability requiremem‘i}@qa/s deen]
applicable for the HVDC project. Without a mutual specific agreemeq’to between
supplier/manufacturer and the user/owner, this annex is for inform@n and guidar

pufposes only.
P

The following subclauses are a compilation of suggested reliabjtity and maintenance-driy
desgign principles that have been specified for previous HVDC/g station projects. The u

may consider these in future converter station designs/spe @ations, as appropriate, in li
of [the operational mission, the surrounding electrical sqéem, and the economics of
prgject.
< S
A.1.2 General design principles Q
a) | For bipolar converters, the designer should special attention to avoiding bipolar forg
outages and to keeping the duration of outages to a minimum. This effort requi

emphasis on such areas as subsystem _and system testing, protection coordination, pro
setting of protections, spare parts, aﬁﬁ\redundancy and separation of the subsystems
the two poles.

b) | Except where the user desires e&\g’l more stringent design requirements, no single fail
of equipment under rated rating conditions shall lead to more than a pole forg
outage, and no combinatioQ.of equipment failures within an HVDC converter pole sho
ever cause a forced oeﬁ’ extending beyond that pole. It may be noted that under so
operating configuratio e.g. bipolar balanced operation with station earth), this may

be avoidable. § .
c) | Subject to the @ r's operating policy, no more than one pole at a time should ng
de-energisation)as a precondition to any scheduled maintenance task. Furthermore,
HVDC su tion design should require no more than one annual planned outage
routine tenance of any individual piece of equipment.

d) [Whe r possible, converters should be designed to prevent false power reversals dug

DC
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ed
he
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hht
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ed
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ber

ire
ed
uld
me
hot

ed
he
for

to

e Lﬁ'pment failure, malfunction, or operator error.
e) . . . . .

these systems causes a reduction in rated HVDC power transfer capacity.

of

f) The control and protection equipment should be designed to cause no more than a defined

number of discrete transient disturbances (with a minimum duration defined by the us
per pole per year; but excluding transient disturbances occurring while the HVDC contr

er)
ols

and protections are responding, as designed, to problems originating in the adjacent AC

system(s).

g) Throughout the design of the HVDC substation, and particularly in the valve halls, care

should be taken to identify and to prevent possible causes of fire, for example by use

of

fire retardant material. Where the possibility of fires cannot be eliminated entirely,

provision should be made for the following conditions:

o fire detection and alarming;
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e human verification to avoid false tripping and unnecessary initiation of suppression
measures, if applicable.

h) The user may specify that the design and placement of auxiliary equipment (including their
associated controls and protection) be such that a single equipment failure does not
reduce rated HVDC power transfer capacity. Redundant cooling pumps, cooling fans, and
heat exchangers would be one approach to meeting this requirement.

A.1.3 More detailed design principles

The following features would improve performance when designed into the controls,
pr(. tUbﬁUllb, (:lllul b;lll”dliy UIHGII;LUUI Uqu;plllcllt. A

a) | The least complex design capable of performing a required function. N\
b) | Components that are applied within their individual ratings and that have be roven in
service or have undergone applicable accelerated life stress tests before co iSsionind.

¢) | A burn-in period should be applied to all electronic components intendedrs( applicatior] in
valve groups and in control and protection equipment, before their incc@’oration into larger

assemblies. Q\
d) | Circuits using common components (to reduce the number of sp ¢ spares to stock).

e) | Design practices (such as surge protection, filtering, and@'ferface buffers) to rendler
sensitive components and circuits immune to damage" .and interference by induded
voltages and currents in external cabling and cubicle w'\ :

f) |Fail-safe and self-diagnostic designs. 6\
g) | Redundant equipment and control cables, with atic transfer facilities as appropriate.

h) | Physical separation of redundant cables am\gcuits to minimize the effect of fire, floofs,
and other such hazards. 5\&

i) |Designs that, in the event of compo@( failures, transfer to a less complex operat|ng
mode. R\

j) |Equipment that may be mainta @@, repaired, and operated at the converter statigns
without the need for special op\a ating and maintenance environments, test equipmgnt,
special tools, or complex op ing sequences.

k) | Modular construction t(\.@ mit rapid replacement of modules with failed components|or
subassemblies. O

[) |ldentification an eparation of control switches for each converter and associated
equipment to mi ize operator errors.

m)| Designs th&og)not rely upon immediate operator actions to avoid equipment damage.

A.1.4 S&are design principles

Ty)icagé,all control and protection functions in HVDC substations are implemented |as

sofft . The overall reliability of an HVDC substation is directly impacted by the quality| of

thl softwara
S—SO+tWate-

a) As with hardware, general quality assurance methods, principles, and organizations
should be employed for software design and application. Organizational methods, audits,
and certifications, as defined, for example, in the [SO 9000 family and in
ISO/IEC/IEEE 90003:2018 in particular, apply here.

b) Most of the general design principles mentioned in A.1.2, and most of the specific
principles listed under A.1.3, are applicable to software as well. For example, the principle
of minimum complexity should be observed to minimize the possibility of errors and to
ease maintenance and repair. Use of proven standard function blocks (for control, logic,
and communication) is recommended. These proven standard function blocks are
configured (i.e. parameterized and combined) to provide the HVDC control and protection
structure as needed. In order not to achieve robustness at the expense of jeopardizing
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performance, this "function block" approach should be used only by well-trained,
experienced personnel employing adequate hardware and software of familiar design.

Software offers fundamental reliability-related advantages over hardware. These
advantages should be used in all HVDC converter applications. For example,
self-monitoring, self-diagnostics and fail-safe software should be applied prudently.
Automatic documentation features should be used for diagrams, test reports, and manuals.
All major control and protection functions should be included in the simulation tools used
for the overall control and protection system design. The identical software combination
should then be implemented and tested as part of the actual control and protection
equipment.

d)

A.1
Pri

Awareness of the specific software-related problems and risks is necessary ah\yell.
Potential computer failures, auxiliary power outages, risk of unauthorized eps,
vulnerability to viruses, as well as the inevitable existence of (hidden) soft faylts
should all be taken into consideration. Some of the remedies to be appli e use| of
proven and reliable computer, processor, and interface hardware; unint tible power
supply; limited access; safely stored back-up software, etc. '\

q/
N
%)

tg, 600

pr to commissioning, the user should establish a procedure ument all RAM-related

.5 RAM records

ev

all|data relevant as to its cause and to its effect on RAM perftt'.r)n ce.

A.

A.
A.

Trdined staff does make a difference to t %tal reliability/availability of an HVDC substatipn.
At [the earliest stage (tender and contr&&t preparation), the staffing requirements of a statjon
should be outlined.

A.

In peneral, training shoul \e\%iven to operation and maintenance personnel and should start,
if qossible, before the factory acceptance tests begin for the control and protection system.

A
the
Th

a)

nts. Each event, whether scheduled or unpredicted, should corded with reference to

&

Operation 6\\
Q<<
A Training Q

1.1 The role of training in HVDC sub\iﬁtion RAM

R\
1.2 Training courses \O

-

start of equj nt pre-commissioning. A training course may be divided into four pafts.

Ge ectures on the system and the equipment — their purposes, functions, methodq of
us€, and control and protection principles — with appropriate texts.

aining prograt}’;@y start with a classroom orientation, which is then completed in time [for
/s.

by are as
n

b)

Sgécific lectures on operation and maintenance, given separately, even if attended by the

d)

same personnel. All items of equipment, whether special or conventional, should be
covered by both courses.

Experience gained from participation in installation, testing, pre-commissioning, and
commissioning, after these lectures have been assimilated. If possible, the testing of
converter valves and of controls should be withessed by some trainees.

Here, too, video recording is highly advisable — particularly for relatively uncommon events
such as the replacement of a converter transformer, smoothing reactor, or thyristor.

Practical exercises to ensure that trainees are able to operate the station in a safe and
efficient manner.
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A.2.2 Maintenance programs affecting reliability

A.2.2.1 Basics

The goal of maintenance planning is to reach an optimum balance between the total expense
of scheduled outages and the frequency of forced outages. Maintenance may be as follows:

a)
b)
c)

preventive: to maintain or improve the equipment's ability to operate;
predictive: to ward off a perceived imminent danger of forced outage;

corrective: to clear a forced outage.

M{ntenance tasks, having intervals of less than one year, may be online tasks, es e&zlally
when the system design includes redundancy. These tasks may be planned and ex@%é as

on

Mg
(sU

component exists and on whether it is accessible when the system is or&

is
Th

scheduled outage.

A.7
A

mgintenance. As the design and maintenance planni

ha

A.7

(R

RQ
of
m
m

<
Mgintenance planning may be based on@e methodology of reliability-centred maintenar

d

line maintenance throughout the year. (_19

st, but not all, maintenance tasks having intervals equal to or longer tha Qne year

bsystem or component) offline tasks. Depending on whether a redug& t subsystem
, its maintenarn

bither made part of the (system) online maintenance or declared system) offline ta

bse offline tasks are grouped on an annual basis and per ed during an ann

<L

.2.2 Designing systems and specifying equipmer@} optimum maintainability

bredictive RAM calculation should, among other oé, include design targets related
éprogresses, the RAM calculation mi

e to be repeated. Q
A\

.2.3 Planning maintenance programé\\)

CM). QD
.\@

M focuses on the prioritizatio& f the tasks according to their perceived necessity, instg
just performing the work ording to, for instance, the manufacturer's maintenar
nuals. As a typical resu%&ntical components in different locations might have differ
intenance schedules, e@g considering criteria such as the following:

function within th@s’tem as a whole;

probability of failute, also considering the stress conditions;

availabilit @éarly failure warning;

impact ailure on system performance [failure mode and effect analysis (FMEA) is of
used@ nalyse this impact];
r dancy;

hre

or
ce
5K.
ual

to
jht

ce

ad
ce
bnt

en

measurapte agemy and wear oIT equipIernt,

identifying which maintenance tasks are indispensable;

determining which further maintenance activities would improve reliability by reducing the

exposure to failures, delaying their occurrence, facilitating their detection, etc.;

tutorials, reports, and other types of literature on RCM that are available.

After the RCM analysis, the HVDC user should consider further factors in order to refine the
overall maintenance plan. These factors are as follows:

vendor warranty requirements;
applicable standards requirements;
other contractual requirements;
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— liability and insurance requirements;
— economics.

A special feature of HVDC bipole systems that are able to transmit 50 % (or more) energy on
either pole and 100 % energy on both poles is that one pole may undergo a scheduled outage
while the other pole is in operation (provided the equipment layout and the power network
allow this option). In such cases, the user might divide the annual scheduled outage into three
parts: one pole outage for each pole, and a scheduled bipole outage (for any equipment
common to both poles, irrespective of the design goals of A.1.2).

Firlally, planning offline maintenance on an annual basis does not mean that all annpal
scheduled outage plans are identical, even if the equipment list remains unchanged \fg he
following two main reasons. Q~

D

Q
a) | Tasks with prescribed intervals equal to or longer than two years are not CQS%d out year
by year.

b) | Although constant component failure rates are assumed, failure rates '}‘to change with
time according to the "bathtub curve", and as a function of thé& mechanical and/or

electrical stresses to which the components are subjected. Q
A.2.3 Spare parts &Q~
A.2.3.1 Types of spare parts C)

NZ
A.2.3.11 Consumables 6\

Consumables are used continuously, so small m@ers are kept on hand or ordered jpust
before scheduled maintenance periods. They ar sily replaced, sources are plentiful, gnd
thgy are not usually included in the original co@ctual inventory.

A.2.3.1.2 Long-term spares \\g\@
Long-term spares are needed for, entire life of the converter station. They may |be

classified into two groups, as foIIowQ\

O
a) | Parts needed only at lon 'r;}‘ervals (e.g., once in five years). The user should check the
availability of these ite requently, and they may have to be included in the statiop's
inventory if they becorﬁg ifficult to procure.

b) | Emergency items ded to recover from a forced outage. There is no way to guarantee

the failure rate @ e availability of the replacement part at the time of the failure.

~

Eafly in the li the project, the user should identify long lead-time items available frpm
relatively fe urces.

RO .
A.2.3 Evaluation
|

.'_ ablas-and maintenance-items—are-not-much-o _955:... hg he
is known. The real issue in spare parts inventory is the emergency item. To have every
possible needed emergency part would require having almost a complete spare converter
station in the inventory. In general, the number of spare parts kept in the station's inventory is
proportional to the cost of the station's downtime and is based upon field experience with
similar equipment or apparatus. The user should, therefore, decide what items need to be

kept on hand and what may be supplied by the manufacturer by considering the following:

a) items with an expected high failure rate,
b) items with a long lead time for replacement,
c) items critical to the operation of the station,

d) items not readily available from the manufacturer or no longer in production,
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e)

procurement and warehousing costs.

Redundancy is, in effect, an "in-service" spare part and also affects the spare part strategy.

A.2.3.3 A typical spare parts list

This list is intended to give the user some general examples of what other HVDC projects
have kept in stock. The list shall be specifically agreed between supplier and purchaser for
each contract separately.

Sppgre parts may mciude the folfowimng: A
a) | converter transformers — especially when single-phase transformers are used; Q}/
— converter transformer components; (-19
— bushings; (19
— pumps with motor; /'\
— fans with motor; q'\q
b) |reactors; Q
— smoothing reactor (if the smoothing reactor is oil-filled, there may be a need
components similar to those for the transformer);
— shunt (power factor) reactor (if the shunt reactor is @it-filled, then there may be a nd
for components similar to those for the transformekl;\
- air-(_:ored smoothi_ng reactor and filter reactor@ne spare coil may suffice for react
having several coils);
— electrode line reactor; \\Q
c) |converter valves; 5\0
— thyristors; \‘g\g
— components of the damping qir@ﬁ, and voltage divider (e.g., capacitors, resistors);
— valve reactor; 4\
— electronic circuit board f’érovalve electronics and valve base electronics (VBE);
— fibre-optic cables; \\0
d) [DC wall bushings; C)
- AC and r[gfesters (some multi-column arresters might have energized spare
columns i d of complete spare arresters);
e) |AC circuit @e‘ker and load-break switch accessories;
- clo and tripping coils;
- ng and tripping mechanisms;
\%control rods;
— arcing contacts (for tripping and closing);
f) voltage and current measurement devices;
— capacitive voltage transformers;
— DC voltage dividers;
— potential transformers;
— current transformers;
— DC current transducers;
g) power factor bank and harmonic filter equipment (besides reactors);

for

ed

prs

— shunt capacitors (capacitor cans and support insulators, not complete banks);

— resistors (when a resistor consists of several modules, one spare module may suffice);
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other DC side equipment;
— DC switchgear;

— neutral bus capacitors (capacitor cans and support insulators, not complete banks);

— electrode line capacitors (capacitor cans and support insulators, not com
control, protection, and metering equipment;

— valve control (electronic boards);

— DC control (electronic boards);

plete banks);

fault maonitarina-
faull monlioring:
station service and auxiliary power equipment;

— low-voltage circuit breakers and transfer switches;

— fuses;

— low-voltage arresters; ,\q/

— battery charger accessories; Q’
— uninterruptible power supply accessories; Q 3
valve cooling equipment; ©
— fan with motor; C)&Q‘

— pump with motor;

— mechanical valves; 9\\<</

— filters for cooling medium.
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INTERNATIONAL ELECTROTECHNICAL COMMISSION

PERFORMANCE OF HIGH-VOLTAGE DIRECT CURRENT
(HVDC) SYSTEMS WITH LINE-COMMUTATED CONVERTERS -

Part 1: Steady-state conditions

FOREWORD

1) |The International Electrotechnical Commission (IEC) is a worldwide organization for standardization compriging
all national electrotechnical committees (IEC National Committees). The object of IEC (¢is\-to promote
international co-operation on all questions concerning standardization in the electrical and eléctronic fields| To
this end and in addition to other activities, IEC publishes International Standards, Technical Specificatigns,
[Technical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred to as “|EC
Publication(s)”). Their preparation is entrusted to technical committees; any IEC National”"Committee interedted
in the subject dealt with may participate in this preparatory work. International;\\governmental and non-
governmental organizations liaising with the IEC also participate in this preparation) IEC collaborates clogely
with the International Organization for Standardization (ISO) in accordance (with conditions determined| by
agreement between the two organizations.

2) |The formal decisions or agreements of IEC on technical matters express, as\nearly as possible, an internatignal
consensus of opinion on the relevant subjects since each technical (Committee has representation from| all
interested IEC National Committees.

3) [[EC Publications have the form of recommendations for international use and are accepted by IEC Natignal
Committees in that sense. While all reasonable efforts are made)to ensure that the technical content of |EC
Publications is accurate, IEC cannot be held responsible_for the way in which they are used or for pny
misinterpretation by any end user.

4) |In order to promote international uniformity, IEC National Committees undertake to apply IEC Publicatipns
transparently to the maximum extent possible in (their national and regional publications. Any divergepce
between any IEC Publication and the corresponding national or regional publication shall be clearly indicatefl in
the latter.

5) |IEC itself does not provide any attestation of conformity. Independent certification bodies provide conformity
assessment services and, in some areas,-access to IEC marks of conformity. IEC is not responsible for pny
ervices carried out by independent certification bodies.

6) |All users should ensure that they have'the latest edition of this publication.

7) INo liability shall attach to IEC of\its directors, employees, servants or agents including individual experts pnd
members of its technical comnjittees and IEC National Committees for any personal injury, property damag¢ or
ther damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fees) pnd
xpenses arising out of the publication, use of, or reliance upon, this IEC Publication or any other [EC
Publications.

8) [Attention is drawn_to the Normative references cited in this publication. Use of the referenced publication is
indispensable for the correct application of this publication.

9) |Attention is dfawn to the possibility that some of the elements of this IEC Publication may be the subject of
patent rights /HEC shall not be held responsible for identifying any or all such patent rights.

The maiftask of IEC technical committees is to prepare International Standards. Howevel, a
tedhnical committee may propose the publication of a technical report when it has collecfed
dafa‘of a different kind from that which is normally published as an International Standard, [for
example "state of the art".

IEC TR 60919-1, which is a technical report, has been prepared by subcommittee 22F: Power
electronics for electrical transmission and distribution systems, of IEC technical committee 22:
Power electronic systems and equipment.

This fourth edition cancels and replaces the third edition, published in 2010,
Amendment 1:2013 and Amendment 2:2017. This edition constitutes a technical revision.

This edition includes the following significant technical changes with respect to the previous
edition:
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a)

b)
c)
d)

Figure 8 and Figure 20 have been updated, a new Figure 18 "LCC/VSC hybrid bipolar

system" has been added;

the HVDC system control objectives have been supplemented;

additional explanations regarding the HVDC system control structure have been given;
a new subclause 13.6 on HVDC system protection has been added.

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

Draft TR Report on voting
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22F/535/DTR 22F/549A/RVDTR

| information on the voting for the approval of this Technical Report can be found in
ort on voting indicated in the above table.

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

ist of all parts of the IEC 60919 series, published under the general title Performance
h-voltage direct current (HVDC) systems with line-commutated cofiverters, can be found
IEC website.

e committee has decided that the contents of this documéntwill remain unchanged until

stdbility date indicated on the IEC website under "http://webstore.iec.ch" in the data related
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INTRODUCTION

The difference between system performance specifications and equipment design
specifications for individual components of a system is realized. Frequently, performance
specifications are prepared as a single package for the two HVDC substations in a particular
system. Alternatively, some parts of the HVDC system can be separately specified and
purchased. In such cases, due consideration is given to coordination of each part with the
overall HVDC system performance objectives and to ensuring that the interface of each with
the system is clearly defined. Typical of such parts, listed in the appropriate order of relative
ease for separate treatment and interface definition, are:

a) | DC line, electrode line and earth electrode;
b) | telecommunication system:;
c) | converter building, foundations and other civil engineering work;

d) | reactive power supply including AC shunt capacitor banks, shunt reactorsy synchrongus
and static reactive power (var) compensators;

e) | AC switchgear;

f) | DC switchgear;

g) | auxiliary systems;

h) | AC filters;

i) | DC filters;

j) | DC reactors;

k) | converter transformers;

I) | surge arresters;

m)| series commutation capacitors;
n) | valves and their ancillaries;

0) | control and protection systems.

NOE The last four items are the most difficult to separate, and, in fact, separation of these four can| be
inaglvisable.

Clguse 4 to Clause 22 of\this document set out a complete steady-state performance
spgcification for an HVDC'system.

Sirjce the equipmént items are usually separately specified and purchased, the HVPC
trapsmission line,\earth electrode line and earth electrode (see Clause 11) are included oply
betause of theiriinfluence on the HVDC system performance.

Fof the purpose of this document, an HVDC substation is assumed to consist of one or more
comverter ‘units installed in a single location together with buildings, reactors, filters, reactjve
poyer,supply, control, monitoring, protective, measuring and auxiliary equipment. While there
is No discussion of AC switching substations i this document, AC fiiters and reactive power
sources are included, although they can be connected to an AC bus separate from the HVDC
substation, as discussed in Clause 17.
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PERFORMANCE OF HIGH-VOLTAGE DIRECT CURRENT
(HVDC) SYSTEMS WITH LINE-COMMUTATED CONVERTERS -

Part 1: Steady-state conditions

1 Scope

Thls part of IEC 60919 provides general guidance on the steady-state performarce
requirements of high-voltage direct current (HVDC) systems. It concerns the steady-state
performance of two-terminal HVDC systems utilizing 12-pulse converter units comprised| of
three-phase bridge (double-way) connections (see Figure 1), but it dog€s,“not coyer
multi-terminal HVDC transmission systems. Both terminals are assumed foruse thyrigtor
valves as the main semiconductor valves and to have power flow capability in*both directiops.
Digde valves are not considered in this document.

I I~ A

&~ &

IEC

Key

1 [Transformer valye Windings

Figure 1 — Twelve-pulse converter unit

Onlly Jine-commutated converters are covered in this document, which includes capacitor
cofmiutated converter circuit configurations. General aspects of semicondugtor
line-<commutated converters _are given In_ IEC 60146-1-T, IEC TR 60146-1-Z2 and
IEC 60146-1-3. Voltage-sourced converters are not considered.

The distinction is made between system performance specifications and equipment design
specifications for individual components of a system. Equipment specifications and testing
requirements are not defined in this document. Also excluded from this document are detailed
seismic performance requirements. In addition, because there are many variations between
different possible HVDC systems, this document does not consider these in detail;
consequently, it is not used directly as a specification for a particular project, but rather to
provide the basis for an appropriate specification tailored to fit actual system requirements.

This document, which covers steady-state performance, is followed by the additional
documents of IEC TR 60919-2 on faults and switching as well as IEC TR 60919-3 on dynamic
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conditions. All three aspects are considered when preparing two-terminal HVDC system
specifications.

2 Normative references

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

IEC 60633, High-voltage direct current (HVDC) transmission — Vocabulary

CIGRE Technical Brochure (TB) No. 391:2009, Guide for measurement of radio-frequefcy
interference from HV and MV substations. Disturbance propagation, chakacteristics | of
disturbance sources, measurement techniques, conversion methodologies and limits

3 | Terms and definitions
Fof the purposes of this document, the terms and definitions given/in IEC 60633 apply.

ISO and IEC maintain terminological databases for use i standardization at the follow|ng
addresses:
e |[IEC Electropedia: available at http://www.electropedia.org/

e [ISO Online browsing platform: available at http://www.iso.org/obp
4 | Types of HVDC systems

4.1 General

This part of the specification should include the following basic data:
a) | general information on.thé location of the HVDC substations and the purpose of the
project;

b) | type of system needed, including a simple one-line diagram;
c) | number of 12-pdlse converter units;

d) | pertinent information derived from the discussion in Clause 4.
Generally, -~ studies of projects of the types discussed in this document, econormic

comsiderations should take into account the capital costs, the cost of losses, cost of outages
and otherexpected annual expenses.

In ferms of the type of system, the "capacitor-commutated converter (CCC)™ and "conftrolled
series capacitor converter (CSCC)" technology may be suitable alternatives to a conventional
HVDC scheme. These are described in 4.10.

4.2 HVDC back-to-back system

In this arrangement there is no DC transmission line and both converters are located at one
site. The valves for both converters may be located in one valve hall, or even in one
integrated structure or separately as outdoor valves. Similarly, many other items for the two
converters, such as the control system, cooling equipment, auxiliary system, etc., may be
located in one area or even integrated in layout into configurations common to the two
converters. Circuit configurations may vary. Examples are given in Figure 2. The performance
and economics of these configurations differ and should be evaluated. DC filters are not
needed.


http://www.iso.org/obp
https://iecnorm.com/api/?name=66502182ac01fed57119d13dfb151dc6

IEC TR 60919-1:2020 © 2020 -13 -

The voltage and current ratings for a given power rating should be optimized to achieve the
lowest system cost, including the evaluated cost of losses. Ordinarily, the user does not need
to specify the direct voltage and current ratings, unless there are specific reasons to do so,
for example, for compatibility with an already existing station, to provide for a future extension
or for some other reason. Economics dictate that each converter will usually be a 12-pulse
converter unit, however it is not mandatory. Where operating criteria require that the loss of
one converter unit will not cause loss of full power capability, large HVDC substations could
be comprised of two or more back-to-back systems. For this, some of the equipment of the
back-to-back systems can, for economic reasons, be located in the same area or even
physically integrated, but events which could cause a failure of equipment required by all

back=to=back c\]/cfnmc need to bhe r\arnflllly considered and prn\lnnfi\/n measures-taken-where

appropriate.

4.3 Monopolar HVDC system with earth return

Copt considerations often lead to the adoption of a monopolar HVDC system with’earth retlirn
(Figure 3), particularly for cable transmission which may be expensive.
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Figure 2 — Examples of back-to-back HVDC systems
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Figure 3 — Monopolar HVDC system with earth return
The monopolar earth return configuration might also be the first stage in the development g
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olar scheme. Monopolar arrangements may include one.ér'more 12-pulse units in series
parallel at the ends of the HVDC transmission (Figure 4 and Figure 5). More than ¢
pulse unit can be used for the following purposes:

to ensure partial transmission capacity during‘eonverter unit outages;
to complete the project in stages;
because of the physical limitations of transformer transport.

s arrangement requires one or more.'DC reactors at each end of the HVDC overhead |
Cable; these are usually located ofnthe high-voltage side.

he line is overhead, DC filters are likely to be needed at each end (see Clause 18). It a
uires an earth electrode-line and a continuously operable earth electrode at the two er
the transmission whichuinvolves consideration of issues such as corrosion, magnetic fi
pcts, etc.
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Figure 4 — Two 12-pulse units in series
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Key

IEC

DC reactor

DC filter

Figure 5 — Two 12-pulse units in parallel

4.4 Monopolar HVDC system with metallic return

Th

a)

b)

b configuration a§ illustrated in Figure 6 will generally be used for the following purposes

current is_hot desirable during the interim period, or

if the_transmission line length is short enough to make it uneconomic and undesirable
build earth electrode lines and earth electrodes, or

c)

if\the earth resistivity is high enough to impose an unacceptable economic penalty, or

d)

as the first 'stage in the construction of a bipolar system and if long-term flow of earth

to

if long-term flow of earth current is unacceptable because of environmental and safety

requirements.

This configuration utilizes one high-voltage and one low-voltage conductor. The neutral is
connected at one of the two HVDC substations to its station earth or, alternatively, to the
associated earth electrode. The other HVDC substation neutral is connected to its station
earth through a capacitor or an arrester or both.

DC reactors are needed at both ends of the high-voltage conductor. However, the DC reactor
may be located on the earth side if the resulting performance is acceptable. However, the DC
reactors may be divided into two parts and located on the high-voltage side and the earth side
respectively if the resulting performance is acceptable, especially for a large scale ultra-high-
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voltage direct-current (UHVDC) converter arrangement. DC filters may be needed if the HVDC
transmission line is overhead.

If this configuration is the first stage of a bipolar system, its neutral conductor could be
insulated for the high voltage at this stage of development.

For a metallic return scheme, DC fault current will flow into the AC system and come back
through neutral point of transformers installed in the converter station. This current may lead
to the malfunction of protective relays installed in nearby stations, caused by the saturation of
cores due to DC current. To prevent such malfunctions, insertion of neutral grounding resistor
(small resistance) to transformers in the converter station will be effective.

Y Y\ — o _____ e YY"\
1 1

— IEC

Key
1 |DC reactor
DC filter

Station earth

A W N

Arrester

Figure 6 — Monopolar HVDC system with metallic return

4.4 Bipolar earth return HVDC system

This\is” the most commonly used arrangement when a DC transmission line connects two
HVDC substations and electrodes for earth return operation are provided (Figure 7 (a)). Itis
effectively equivalent to a double-circuit AC transmission. It reduces harmonic interference
from the DC line as compared with monopolar operation and it keeps earth current flow down
to a low value. When combined, two monopolar earth return schemes can give a bipolar
scheme.

For power flow in one direction, one pole has positive polarity to earth and the other pole has
negative polarity to earth. For power flow in the other direction, the two poles reverse their
polarities. When both poles are in operation, the unbalance current flowing in the earth path
can be kept at a very low value.
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This configuration offers a number of emergency operating modes. Consequently, the
requirements in the following list a) to f) should be considered in the specifications.

a)

b)

During an outage of one HVDC transmission line pole 11 in Figure 8 (rectifier DC
switches 3 and inverter DC switches 9 have been switched off), the converter equipment
of the other pole 12 should be capable of continuous operation with earth return (rectifier
DC switches 4, inverter DC switches 10, earth return transfer switch (ERTS) 7 and
metallic return transfer breaker (MRTB) 8 have been switched on).

If long-term flow of earth current is undesirable and if the defective line pole still retains
some low-voltage insulating capability, the bipolar system should be capable of operation

. ing
mode the conductor of the out-of-service pole 11 is first connected in parallel with\the
earth path by switching on pole-to-neutral switches 5 and then the earth path is interrGpfed
to transfer the current to the metallic path (through the conductor of the out-of-service pple)
by switching off MRTB 8. Load transfer without interruption requires a metallic retlirn
transfer breaker (MRTB) at one terminal of the DC transmission. If a short)interruption| of
power flow is permitted, MRTB would not be necessary. The neutral equipment at the
MRTB end of the HVDC transmission system should be insulatedyfrom earth forl a
somewhat higher voltage than at the other end of the system. Figure)8; with DC switchep 3
and 4 (named as ERTS and MRTB), is usually valid for a rectifier-station. The MRTB is pot
necessary for the inverter station.

3 — (0
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1 DC reactor 7 Earth return transfer switch (ERTS)
2 DC filter 8 Metallic return transfer breaker (MRTB)
3,4 Rectifier DC switches 9,10 Inverter DC switches
5,6 Pole-to-neutral switches 11,12 HVDC power transmission poles
Figure 8 — Metallic return operation of the unfaulted pole in a bipolar system
c) During maintenance of the earth electrode(s) or the earth electrode line(s), operation of

the bipolar system should be possible with the station neutral(s) connected to the station
earth at one or both HVDC substations as long as the unbalance current between the two
poles entering the station earth(s) is kept at a very low value. The unbalance current
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should be kept low to avoid saturation effects in the converter transformers from the flow
of part of the unbalance current through the transformer neutrals. In this arrangement
when one transmission line of substation pole is lost, both poles should be blocked
automatically.

In bipolar operation with both earth electrodes connected, the two poles of the HVDC
system should be capable of operation with substantially different currents in each pole.
This may be necessary if loss of cooling or some other unusual condition prevents the
operation of one pole with full current.

If continuation of operation is required in the case of poor weather conditions or where the
line insulation has been partially damaged, the converters should be designed for

On
log
log
ac

arr|
ne
or

Mg
cu
fag
as

cam be reduced.

4.6

continuous operation at reduced voltage, so that either pole can be operated at reduged
voltage (see 8.3).

In the event of the loss of one transmission line pole, the two substation poles can*also|be
connected in parallel by using appropriate switches for polarity reversal in.at least qne
station pole enabling both poles to operate in the monopolar earth return-mode. This,
however, requires that the DC terminals of each 12-pulse group be instlated for the full
pole voltage and the line and the earth electrode shall be thermally capable of carrying a
current higher than the normal current.

e or more DC reactors is needed at each end of the system in each pole, these are usually
ated on the high-voltage side. However, the DC reactors maybe divided into two parts gnd
ated on the high-voltage side and the earth side respectively, if the resulting performance is
eptable, especially for a large scale ultra-high-voltage{direct-current (UHVDC) converter
angement. If the HVYDC system includes an overheaddline, DC filters would most likely |be
bded. One 12-pulse unit per pole is most commonly used; however, large capacity systems
staged expansion may require 12-pulse units in series or in parallel (Figure 4 and Figurg 5).

st HVDC systems utilise ground return or a dedicated metallic return conductor for the PC
rent path. However, when balanced bipolar operation can always be ensured, thgse
ilities can be eliminated. This scheme.is<¢alled "rigid bipole HVDC system" configuratipn,
shown in Figure 7 b). With this scheme, operation modes are limited but installation cpst

Bipolar HVDC system with’metallic return

If 6

arth currents are not tolerable (as mentioned in 4.4, item d)) or if the distance between the
DC system terminals is.short, or if an earth electrode is not feasible because of high edrth

redistivity, then the transmission line may be constructed with a third conductor to giveg a

bipolar HVDC system~with metallic return (Figure 9). The third conductor carries unbalar
cufrents during bipalar operation. It also serves as the return path when one transmission |
pole is out of service. This third conductor requires only reduced voltage insulation and,

ce
ne
in

thi$ case, may-also serve as a shield wire if the line is overhead. However, if it is filly

insjulated, it ¢an serve as a spare conductor. In this case, a separate shield wire is required

The neutral of one of the two HVDC substations should be earthed, while the neutral at

ot , a
capacitor or both.
With this design, the system can still be operated in the bipolar mode if one conductor

becomes unavailable and the third conductor is fully insulated. Then, the neutrals at both
terminals should be connected to their local station earths, and care should be taken to hold
the unbalanced current flow to very low values. Loss of one pole will require blocking of the
other pole until the necessary switching has taken place for operation of the remaining sound

portions of the HVDC transmission system.
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Figure 9 — Bipolar HVDC system with metallic return

If pne pole becomes unayailable, the system can be operated in monopolar metallic ret

maQg
mag

Fo
ba

de by utilizing the other substation pole. This configuration is also called "metallic ret
de" (MRM).

r a metallic return scheme, DC fault current will flow into the AC system and partly co
Ck through-neutral point of transformers installed in the converter station. This current m

ledd to thermalfunction of protective relays installed in nearby stations, because of saturat

du
reg

p to DE>cUrrent. To prevent such malfunctions, insertion of neutral grounding resistor (sm
istance) to transformers in converter station will be effective.

urn
urn

me
ay
on
all

4.7

Two 12-pulse groups per pole

For a high-power ultra-high-voltage direct-current (UHVDC) converter arrangement, two
12-pulse units per pole may be a better solution to achieve required rating, because the
dimension and weight of converter equipment (especially converter transformer) would
become too large if only one 12-pulse unit per pole were used.

Two 12-pulse converters can be connected in series (Figure 10) or in parallel (Figure 11), and
the selection of converter arrangement depends on the specific requirements of the project.
On the other hand, if a project requires reduced voltage operation, for instance, due to
occasional salt contamination, then the series option may be preferred.
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The series and parallel options are equivalent in terms of loss of transmitting power when a
forced or scheduled outage of a 12-pulse converter occurs. In both cases, only 25 % of the
capacity will be lost, assuming all converters have the same power rating. If sufficient
overload capability is available, full power or almost full power can be restored. For the series
option, the two poles can still operate with balanced current (without earth current) after a
forced or scheduled outage of a 12-pulse converter occurs. However, note that a by-pass
switch is required for each 12-pulse converter in series connected option. For the parallel
option, the two poles can still operate with unbalanced current when a forced or scheduled
outage of a 12-pulse converter occurs, while there is large current flowing through earth.
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Figure 10 — Bipolar system with two 12-pulse units in series per pole
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The cost of the two 12-pulse group per-pole arrangement, compared to one 12-pulse group
per pole for the same total rating, would be expected to be greater, and the control system
will become more complicated.

T
SR 3
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I
— I — I
3] -3

S

0

IEC

Key

1 DC reactor

Figure 11 — Bipolar system with two 12-pulse units in parallel per pole

4.8 Converter transformer arrangements

Each 12-pulse converter requires two three-phase transformer valve windings, one
star-connected and the other delta-connected. These are provided by one of the following:
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a)
b)
c)

d)

one three-phase transformer with two valve windings, or
two three-phase transformers, one connected star-star and the other star-delta, or

three single-phase transformers each with two valve windings, one for star connection and

the other for delta connection, or

six single-phase transformers, connected in two three-phase banks, one connected

star-star and the other star-delta.

Depending on the HVDC system availability requirements, spare transformers may be needed

at one or both ends. If one three-phase transformer with two valve windings is used, only one
‘,‘ ot e “"“"‘ Hree Tre—sStatf-—ah e SO reeret Hee=-—PrRrase HSTOFA
woluld be of different designs, spares considerations ach desi

Converter transformers with a tertiary winding for reactive power and AC harmonic fi

eq

4.9 DC switching considerations

There are a number of possible DC swijtehing arrangements intended to increase HV

sy

Manopolar metallic return operation.of a bipolar system is discussed in 4.5.

Fof bipolar systems, DC switching may be provided (Figure 12) so as to allow the use of &

co
sc
co
pa
tw
in

ly one spare would be required for the single-phase, double-valve winding transform

pration at half-power in case of a transformer outage, if the HVDC system is designed
5 mode of operation and the AC and DC harmonic conditions ar€lacceptable. Six-pu
bration is not possible with alternatives a) and c).

s not always needed to split the DC reactors, especially for parallel connection. T

lipment may also be used.

gtem availability.

eme involving cables and where a fully insulated spare cable is available or cables
nected in parallel\\f one substation pole is out of service, then the cables can
alleled to reduce line losses. Generally, DC buses are fixed in relation to converters, w
¢ pole buses andya neutral bus. This would preclude connection of the two substation po
barallel.

1ductor for connection te“any substation pole or to neutral. This arrangement is useful fo

mber and arrangement of DC reactors depend on the results/of system studies and design.

Brs

ce all three would be identical. The last of the above options would suggest~two spare
trapsformers, one each for the star- and the delta-valve winding single-phase transformers.

Epare transformers are not employed, alternatives b) and d) above allew for six-pulse

for
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ter
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3 Two-convertef pofes 7 Neutral
4 DC switches 8 DC line/cable
Figure 12 — DC switching of line conductors
Howeyer;" if flexibility of connecting the two substation poles in parallel is needed, tHen
prqwision for polarity reversal of at least one substation pole could be made and the neufral
enl Uf t;ldt bu'uatatiun [JU:U WI“ dibU iIdVU tU IUU illauiaicu‘ fUl fu“ “IIU VUitdgC. A pUbbiJle

switching arrangement is shown in Figure 13.
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1 DC reactor 5 DC bus
2 DC filter 6 Pole
3 Two-converter.poles 7 Neutral
4 DC switches 8 DC line/cable
Figure 13 — DC switching of converter poles
If an HVDC transmission system includes both overhead line and cable sections, a

SW

tching arrangement such as in Figure 14 may be used at the junction of the overhead 3

calble.Sections

DC
nd
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DC cables (two poles, one spare)

Figure 14 — DC switching — Overhead line to cable

Fof more than one bipolar line, paralleling of converter poles may be considered, in order to
allpw restoration of transmission capability (Figure 15) for transmission line outages.

Fof long bipolar lines in parallel, intermediate switching such as in Figure 16 may be provided.

4.10 Series-capacitor-compensated’ HVDC systems

Although the conventional line-cemmutated converter (LCC) technology has reached maturjty,
su¢h converters still have two-weaknesses:

a) | a large amount of reactive power consumption, roughly 50 % of its active power;
b) | susceptibility to A€\side disturbance, commonly observed as commutation failures.

To| overcome these weaknesses, further developments have been made using serigs-
capacitor compensation.

Practicallysy. there are two types of series-capacitor compensated HVDC schemes.

e |Cdpacitor-commutated converter (CCC), in which series capacitors are included betwgen
theconverter transformer and the valves:

e Controlled series capacitor converter (CSCC) is also suggested. In this scheme, the basic
topology of the converter is the same as the conventional topology; however, series
capacitors are inserted between the AC filter bus and the AC network. Occurrence of
ferroresonance with the CSCC option is eliminated by controlling the amount of series
compensation.
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Figure 15 — DC switching — Two bipolar converters and lines
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Figure 16 — D€ switching — Intermediate

The CCC circuit shown schematically in Figure 17 a) is based on a topology in which ser
capacitors are included between the converter transformer and the valves. The CS
cirguit has the series capagitors inserted at the connection of the filter bus to the AC syst
as|shown in Figure 17 b)\ This provides similar performance to the CCC, with the additio
adyantage of controllahbility of the reactive power exchange with the AC network.

Both alternatives( offer improved immunity from commutation failure, lower load reject
¢rvoltages and-increased stability margins in power control mode, over the conventio

es
CC
Bm
nal
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ng
he

T he—maxdmum—y e—volage A6 othe-AGC—current-harmon orthe CSCG—configura

are lower than for the CCC configuration. On the other hand, the CCC in rectifier operation

ion

exhibits a smaller valve short-circuit current. The previously identified problem with

ferroresonance in the CSCC is eliminated through the application of controlled ser
capacitors.

ies
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b) Controlled series capacitor converter (CSCC)

AC system e.m.f. 6 Overvoltage limiter
AC system impedance 7 Capacitor

AC system bus 8 Thyristors

AC filters 9 Converters
Converter transformer 10 DC reactor

Figure17 — Capacitor commutated converter configurations

e advantagésiof using CCC in comparison with conventional converter may be summarized
follows:

significantly less reactive power consumption, which, in combination with sharply turled
filter branches, eliminates the need for switching filter and shunt capacitor banks dur|ng

DO LAL- L nADG

POoOwWTTTarmTosS;

immunity to commutation failure during AC side disturbance, which is beneficial with long
lines or cables feeding weak AC networks;

stable operation in lower short-circuit capacity systems;

lower overall installation cost in some cases, due to elimination of switchable filter and
shunt capacitor banks or synchronous compensators, in applications associated with weak
AC network connections;

robustness in situations of converter-arm short-circuit fault due to lower fault current;

less variation of reactive power during disturbances, which results in improved power
quality and reduced load rejection.
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The disadvantages are:

e increased harmonic current;
o slightly increased converter losses;
e requirement for detailed study of transient stresses on equipment;

20

e reduced inherent overload capability, due to the capacitor connected in series with the

converter;

e requirement for shielding against lightning and radio interference between the valve

windina the canacitor and the valve:
g7 T v

slightly increased valve voltage stress.

en CCC or CSCC is being considered as an HVDC topology for a particutar "projs

ct,

hould be emphasized that the selection of optimal system rating is different frpm

compventional HVDC. Therefore, in order to make a selection between conventional HVDC

teghnical performance, taking into account losses, installation costs, etc.

4.11 LCC/VSC hybrid bipolar system

In case one pole of the LCC is combined with a VSC pole, a hybrid bipolar system of LCC &
will be formed. For an LCC/VSC hybrid bipolar system,(special consideration should

nd

nd
be

taken because power reversal of the VSC system require$-current reversal, whereas LCC

changes voltage polarity. The combined operation of both systems will lead to excess
cufrent on electrode line or return line for one of the power directions. In order to prevent t
prgblem, switches for polarity reversal should be inStalled on the VSC converter, as depic
in Figure 18.

The other possibility of LCC/VSC hybrid system is the case that consists of LCC for d
terminal and VSC for the other terminal.,This configuration can be applied to the DC syst
thgt transmits power to a weak AC system.

Adppted VSC for hybrid systems should be in asymmetrical monopole configuration.

ve
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voltage-sourced converter (VSC) 4 DC reactor
2 line-commutated converter (LCC) 5 DC.filter
3 polarity reversal switches 6 earth electrode

Figure 18 — LCC/VSC hybrid bipolar system

5 | Environment information

The location and the information listed in Table 1 should be supplied for each HV

sulbstation.

IEC
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Table 1 — Information supplied for HVDC substation

Parameter Unit Examples of use and comments
Height above sea-level m For the design of air-cooling systems
and for air clearances
Outdoor air temperature °C The maximum temperatures are

given for rating purposes and the
low temperatures for overload
capability requirements. If the user
intends to overload the equipment
and accept a corresponding loss-of-

e expectdrncy, tis snoula de stated
and the necessary information
supplied

humidity during maintenance and
makimum transition time after
shytdown

%

For low For rated power |If preferred, curves showing how
temperature capability these parameters vary over the ydar,
capability on a monthly basis, 'may be provided
instead
Makimum dry-bulb temperature °C °C Valve cooling, transformer and
reactor desjign,)AC and DC filter
design
Makimum wet-bulb temperature °C °C Evapgrative cooling system desig
andyof'valve hall relative humidity
Makimum average dry-bulb °C °C QOil insulated transformer and reagdtor
tenpperature for a period of 24 h design
Migimum average dry-bulb °C - Transformer, reactor and
teniperature for a period of 24 h disconnector switch design and
building heating needs
Miimum dry-bulb temperature °C - Transformer, reactor and
disconnector switch design and
building heating needs, AC and DC
filter design
Makimum and minimum indoor air °C °C Usually determined by the valve
tenmpperatures and relative humidity % % designer for the valve hall and by fthe
control designer for the control rogm
Indoor air temperatures and relative °C °C Specified if indoor temperature

%

extremes are too great for
maintenance personnel

Makimum incident solar radiation

Building cooling, ratings of
transformers, reactors, buses, etc

tenpperature ..... °C

Ice and snow covering load
Maximum ice thickness with no wind

Maximum ice thickness with a
maximum wind speed of ..... m/s

Maximum snow load
Maximum depth of snow

Hofizontal surface W/m?

Vettical surface W/m?

Wind conditions

Makimum continuous velocity m/s Equipment support and building
design

Makimum gust velocity m/s Equipment support and building
design

Makimum_velocity at a minimum m/s Conductor, strain insulator and toyer

design

Equipment and structure design, for
example, disconnector/switch,
conductor, etc.

Equipment and structure design, for
example, disconnector/switch,
conductor, etc.

Building design

Equipment height above snow for
safety purposes
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Parameter Unit Examples of use and comments
Rainfall Building and site drainage
Annual average mm
Maximum in a period of 1 h mm
Maximum in a period of 5 min mm
Fog and contamination To determine requirements for

insulation and air-cooling system
filter design. An estimated equivalent
salt deposit density level should be
specified for insulator design

Utility practice for insulator washing
and greasing

Kefaunic level at the station and the Strokes/km?/year (substation) Station lightning protection design|

firsk 5 km to 10 km of the line Strokes/100 km/year

Seismic conditions Equipment, structure and foundatipn
design

Makimum horizontal acceleration m/s?

frequency range of horizontal Hz

osdillations

Makimum vertical acceleration m/s?

frequency range of vertical oscillations Hz

Dufation of seismic event Cycles

Copling water available at the site (if Secondary cooling water may be

usgd for secondary cooling) used either for make-up and blow-

down of evaporative coolers or fof
once-through cooling. Evaporative
cooling towers can be a source of
high humidity for the insulators an|
should be carefully located

o

Solirce of water Reservoir, well, etc.

If preferred, curves showing how
these parameters vary over the ydar
on a monthly basis may be provided

instead.
ForJow For rated power
temperature capability
capability

Makimum continuous flow rate m3/s m3/s Required for cooling system desigh
Makimum flow rate for a period of 24\h m3/s m3/s Required for cooling system desigh
Miimum continuous flow rate m3/s m3/s Required for cooling system desigh
Minimum flow rate for a period of'24 h m3/s m3/s Required for cooling system desigh
Makimum water temperature - °C Required for cooling system desigh
Miimum water temperature °C - Required for cooling system desigh
Makimum allowable.water temperature °C °C Required for cooling system desigh
to ¢rain
pHllevel Design of water treatment plant

Parameters apply only in the case

where well water is used for

evaporative cooling
Conductivity of water p Siemens/m Design of water treatment plant
Type of dissolved solids Design of water treatment plant
Quantity of dissolved solids g/m?® Design of water treatment plant
Type of undissolved solids Design of water treatment plant
Quantity of undissolved solids g/m?® Design of water treatment plant
Maximum earth resistivity at the HVDC Qm Station earth design
substation
— Depth of water table m Foundation design
— Site soil conditions Bore hole information (for example,

rocks) and any special conditions,
such as maximum frost depths,
foundation design
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Parameter Unit Examples of use and comments
— Site accessibility To determine installation and
delivery costs
— Weight and size limitations for kg, m Equipment design — especially
transportation transformers and DC reactors
— Local profile limitations on Influence on equipment, bus and
equipment and buildings building design
— Environmental considerations Audible noise limits, aesthetic

requirements — architectural
treatment, landscaping, etc.

Any Spectarconaitions not IIsted—above, for Mstance, refated Tegurations, WHICT MfTuence SyStem performance |

shd

uld be given.
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6.1
6.1
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steady-state range.

Be

HVDC substations and the transmission line, :¢ach of which produces losses, the point

meg

6.1.

Th
pra

Fo
no
theg
i.e
tra
sh

Rated power and voltage at the inverter DC bus are derived values from rectifier quantiti
i line losses are usually based on defined conductor parameters and uniform condugtor

an
ten

Rated power, current and voltage

Rated power

1 General

Ra’Eed power is the active power which the HVDC system“shall be able to transmit
tinuously, over the range of ambient conditions specified, with all equipment in servite,
without the need to utilize redundant components;/the HVDC system voltage gnd
eir

nuency as well as the converter firing angle and thevextinction angle being in th

asurement of rated power should be specified.

2 Rated power of an HVDC system with transmission line

duct of rated direct voltage times rated direct current.

n-uniform along the length of the line. Therefore, it is customary to specify rated power
rectifier DC bus. Ifithe required transmission capability is defined at some other locatip

hsmission line{then the rated DC voltage should be defined and the rated direct curre
puld be chosén through design optimization of the HVDC system.

hperature assumptions along the line.

cause an HVDC transmission system in general’consists of three sections, i.e. the two

of

b rated power of an HVDC transmission system on a per-pole basis is defined as the

[ a given direct current, transmission line losses vary with ambient conditions, which can|be

at
n,

the sending-end“~AC bus, receiving-end AC bus, or somewhere along the HVDPC

nt

eS,

Long distance HVDC systems may be monopolar or bipolar. Rated power should be specified

on

6.1

a per-pole basis stating the number of poles.

3 Rated power of an HVDC back-to-back system

With system ties in a back-to-back configuration, there is no transmission line. Therefore, the
rated DC voltage and current are chosen through design optimization of the HVDC system.
Moreover, the rectifier and inverter are solidly connected at the DC side, operating as one unit.
Rated power of such a system can, therefore, be defined as the product of rated direct

vol

tage times the rated direct current.
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6.1

4 Direction of power flow

If the same power rating is required in each direction, such as with system ties for power
exchange, this should be stated.

Where power flow is primarily in one direction, such as with systems fed from remote
generation, rated power may be specified only for that direction to minimize the inverter cost.
Then a lower inherent transmission capability should be accepted for reversal of power flow.

6.2

Rated current

Raled direct current is the mean value of the direct current that the system should be able

tra
rat
arg

6.3

Th
rat
reg
Th

whjle operating at rated direct current.

Fo

sefding end. If the voltage capability of the transmission line is higher than the rated volta

theg
de

7

7.1

Oy
thi

example, due to thermal ageing), use of redundancy, and low ambient temperatures.

(0)Y
tra
an

If jated voltage.\is to be maintained under overload conditions, then the following measu

ma

a)

hsmit continuously for all ambient conditions specified and without time limitations? T
ed current should not be specified for back-to-back systems as detailed in 4.2, unless th
specific reasons for doing so.

Rated voltage

e rated voltage is the mean value of the required direct voltage to-fransmit rated power
ed direct current. It is measured between the high-voltage bus atithe line side of the

ctor and the low-voltage bus at the HVDC substation, excluding the earth electrode i
e rated voltage is defined at nominal AC system voltage and’nominal converter firing an

" long distance HVDC transmission systems, the rated voltage should be specified at

n this shall be stated. The rated voltage need not be specified for back-to-back systems
ailed in 6.1.3, unless there are specific reasons‘for doing so.

Overload and equipment capability

Overload

5, consideration may be given to acceptable reduction in life expectancy of equipment

erload may be speeified in terms of power. Voltage regulation in the converter including
nsformer normally causes a reduction of DC voltage under overload conditions and her
increase in current somewhat more than an amount proportional to the increase in pow

y be adopted, at additional cost.

The-converter should be designed for a higher no-load voltage. This results in a hig
MY A’rating if overload is required over the full range of AC bus voltage.

erload in an HVDC substation<usually refers to direct current flow above its rated value. f
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NOTE This cannot be necessary if overload is required only for the upper range of the steady-state
system voltage.

AC

The voltage rating of the converter valves, which is based on transformer no-load voltage,

should be increased.
The on-load tap changer range should be increased if the converter firing angle is to

be

maintained at its nominal value. Alternatively, the converter may be designed for a higher
nominal firing angle at rated power. This will increase reactive power consumption,

harmonics and losses, as well as the internal stresses on valve components.

As a consequence, if rated direct voltage is to be maintained under overload conditions,
oversizing of equipment will be necessary.
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For a more economical design, an overcurrent rating may be specified, without regard for
direct voltage regulation. Basic converter equations then permit determination of the
maximum current, beyond which further increase would be offset by excessive voltage
regulations.

When the converter is operated in overload it will absorb more reactive power. Unless this
increased reactive power absorption can be compensated by filters/shunt capacitors, for
example, from another pole, then the AC busbar voltage will reduce. When the AC system
short-circuit level is low, this effect may limit the achievable overload.

The required duration of HVDC substation overloading is most often determined by AC syst
negds, especially following contingencies in either the AC or HVDC system.

W
3

However, some constraints should be observed for the HVDC substation equipment! Thermal
time constants range from 1 s to some hours, as detailed in 7.2. Longer duration overlgad
requirements of high magnitude may, therefore, result in an effectively increased rating| of
eqliipment and thus impose a greater cost or a reduction of life expectancy. These factprs
should be weighed against system benefits when specifying overload.

EXAMPLE A practical value can be a 1,2 per unit overload for 1 h which does not'result in loss of life expectancy
of qgil-cooled transformers and reactors but it is possible that it will have to be-designed into thyristor valves. Also
depending on the particular design, it is possible that the 1 h overload will bexconverted to continuous if cooling
redundancy is utilized. Other examples include oscillatory overloads at a freguency of up to 1 Hz for duration$ of
several seconds, for example for power oscillation damping, and 5 s ovefloads to counteract temporary overvoltage
or frequency changes.

The frequency and the time intervals between such overload cycles should be specified.

7.2 Equipment capability
7.2.1 General

This is defined as the ability of the HVDC substation equipment to permit transmission| of
grgater than rated power, without loss’of equipment life expectancy. It depends on operatjng
conditions as well as on the design*criteria for individual components. Implications result|ng
from the latter are discussed in-subsequent subclauses with respect to their bearing [on
ove¢rload specifications.

Anbient temperature is an important factor. Power equipment is designed to perform at rated
logding under the mest adverse ambient conditions specified. However, these conditigns
normally prevail for only limited time periods. At low ambient temperatures, some margin is
available for increased capability if the constraints listed in 7.2.4 can be overcome. This
margin depends*on the design chosen for the particular equipment and would differ [for
vafious HVBE substation components. An enveloping curve of transmission capability vergus
ambient _temperature can be specified along with the AC system conditions to be met. This
should(be*specified in terms of wet-bulb and dry-bulb ambient temperatures.

7.2.2 Converter valve capability

The thermal time constant of the thyristor heat sink combination in a thyristor valve is rather
small (several seconds up to a few minutes). Overloads following continuous operation at
rated current and at maximum ambient temperatures increase the thyristor junction
temperature. This should be considered with respect to the specified fault suppression
capability of the valve. Consequently, thyristor valve cooling should be designed so that safe
operating temperatures are not exceeded even during specified overload operation.

Redundancy is provided as a general practice in the valve cooling circuit. Valves are designed
such that the specified rating will be met under the most adverse ambient conditions and loss
of thyristor cooling equipment redundancy. If additional capability is needed when redundant
cooling is not available, this should be explicitly specified.
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On the other hand, with all redundant cooling equipment in service, extra thermal capability is
available. The resulting greater-than-normal current capabilities depend on the thermal design
of the valve and on the cooling system.

In view of the above, converter overload specifications should state the magnitude and
duration of overload, frequency of oscillatory overloads for modulation purposes, as well as
the cooling equipment status to be assumed at maximum ambient temperatures.

7.2.3 Capability of oil-cooled transformers and reactors

ThE Thermal time consiant of the transformer or reactor windings is approximately 15 min,_gnd
rarjges from one to several hours for their oil circuits (if any), depending on the design.

Consequently, for short time overloads in the 5s range, oil-cooled equipmentis not the
limiiting factor on HVDC substation overloads. For overloads lasting longer than 1 'h, it shopld
be| specified whether loss-of-life expectancy is permitted. The expected /frequency | of
ocgurrence of such overloads should be specified.

7.2.4 AC harmonic filter and reactive power compensation equipment capability

increase harmonic loading, losses in filters and harmonic interference levels. The
specifications should state whether the interference performance under rated conditigns
should be met under overload conditions or to what extent degradation of performance is
permitted.

H\{DC substation overloads will usually generate increased harmonic currents. These in tlirn

Alqo, since overload increases the converter reactive power consumption, the specificatigns
should state how this is to be taken inte) account when designing reactive power
compensation equipment. If additional reactive-power is drawn from the system under HVPC
sulbstation overload conditions, excessivelAC bus voltage regulation and a consequent
reduction in power flow may take place, kor this reason, the expected AC bus voltage under
ovIrIoad conditions should be specified. Air-cored equipment such as air-cored reactprs
should be specified especially for their‘overload capability.

7.2.5 Switchgear and buswork capability

Swlitchgear and buswork normally do not impose limits on HVDC substation overloads unlgss
paralleling of converters’is planned. However, special attention should be paid to the overlgad
capabilities of currepfitransformers and bushings.

8 | Minimumpower transfer and no-load stand-by state

8.1 General

With.H¥DC substations there exists a minimum steady-state direct current limit. This is dug to
theTact that at some low Ievel the current becomes discontinuous and IS the principal criterion
for a minimum power limit.

8.2 Minimum current

Since the direct voltage output of an HVDC converter is made of sections of the sinusoidal
bus voltage, direct current would not be a smooth or constant quantity by itself. Rather, it is
made continuous by the DC reactor connected in series with the converter. Assuming a
constant average direct voltage, the direct current would become discontinuous, at low power,
depending on the commutating reactance of the converters, the inductance of the DC reactor,
the number of valve groups in service, where series connection of groups is used, and
converter firing angle, as well as the negative sequence component of the AC system
voltages. Discontinuous current should be avoided in steady-state operation, unless the
converter equipment is designed for this mode of operation.
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Since the DC reactor inductance is usually determined by other criteria and the firing angle
can be of any value, a minimum current limited shall be specified. A value of 5 % to 10 % of
rated current is commonly used. This minimum direct current can further be reduced by
choosing a larger value of DC reactor inductance.

8.3 Reduced direct voltage operation

Under contamination conditions, often in combination with unfavourable weather conditions,
operation of an overhead DC transmission line may not be possible at its rated voltage.
However the control system of the HVDC substatron offers various means to achieve

One possibility is to move the transformer tap changer to the position resulting in the-lowgst
A(Q voltage for the valves. In addition, a further decrease of transmission voltage can |be
achieved through operation at an increased firing angle.

Thls requirement could mean a special valve design and thus increase valve cogts.
Fufthermore, since operation at large firing angles causes an increasedrharmonic generatfon
and reactive power consumption, operation at reduced direct voltage then requires| a
reduction of the direct current if the filtering and compensation equipment is not rated [for
thgse conditions.

Other possibilities are to increase the tap changer range, ©r-where the HVDC system is fed
from an isolated power station, a reduction of AC bus voltage can also be considered.

Practical values for reduced direct voltage operation~are at 70 % to 80 % of rated voltage,
perhaps at reduced current. It is reasonable to/eXpect continuous operating capability| at
approximately rated current at 75 % voltage with use of redundant cooling, provided that
sofmewhat higher harmonic interference level*is’acceptable; this in turn depends on expecfed
freguency and duration of such operations,

WhHhere two series-connected 12-pulse>converter units are used in each pole, one unit can|be
swltched out, resulting for examplelin a 50 % voltage reduction when both have the same
ratjng, thus eliminating the necessity to operate at increased converter firing angle or reduged
dirgct current.

To|arrive at an economic désign of the equipment, the AC voltage levels should be specif|ed
forlexpected direct vaoltage operations.

8.4 No-load stand-by state
8.4.1 General

In this mode, the HVDC substation is ready for immediate pick-up of load without the need [for
a I=ngthy start-up procedure A defrnrtron of the status of varlous pleces of equrpment shall|be
Spec = e no-load s = S NQ
stand- by state is planned

8.4.2 Converter transformers — No-load stand-by

The converter transformers may remain energized or de-energized, depending on the user's
policies with respect to losses. In the latter case, account should be taken of the time required
for inrush currents to decay. Oil pumps and coolers should be in operation on a minimum level,
as appropriate to the design of the transformers.

8.4.3 Converter valves — No-load stand-by

The converter valves should be in the blocked condition. There will be small losses in the
voltage grading circuits if the converter transformers are energized. Primary, secondary and
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valve hall cooling should be in operation at a sufficient level to permit immediate pick-up of
load.

8.4.4 AC filters and reactive compensation — No-load stand-by

The AC filters and reactive compensation may be connected or disconnected depending on
reactive power control strategy within the AC system. However, for the sake of no-load loss
determinations, they should be considered disconnected.

8.4.5 DC reactors and DC filters — No-load stand-by

The DC reactors and DC filters should be connected. Pumps and coolers for DC reaetprs
(where fitted) should be in operation on a minimum level, as appropriate to the desigh 6f the
redctors.

8.4.6 Auxiliary power system — No-load stand-by

The auxiliary power system should be fully operative and ready to pickzup rated load, [for
example, all station service transformers energized, battery chargers inloperation.

8.4.7 Control and protection — No-load stand-by
A

l[lcontrol and protection circuits should be operative.

9 [ AC system

9.1 General

The following information in Clause 9 should“be specified for AC systems at both ends |[for
eath stage of development as well as for(expected future changes. Different values may|be
specified for performance and rating purposes.

The arrangement of the AC switchgear to which the converter units and filters are to |be
comnected, including AC lines, should be described. This should also be done for the planrjed
operating schemes of the switchyard.

Spkecific data should be ‘made available for generators in the close vicinity, particularly if the
major load for the generators is served through the rectifier. Often all data pertinent to Iqad
floy and short-circuitstudies are also needed.

9.4 AC voltage

9.4.1 Rated AC voltage

Rafted_AC voltage is the RMS phase-to-phase fundamental frequency voltage for which the
sy ) . ; . L . —dch
as AC switchgear, AC filters, reactive power compensation equipment, primary windings of
converter transformers, etc.

Rated voltage may be used to define the rated power of such AC equipment.

9.2.2 Steady-state voltage range
9.2.2.1 General

The steady-state voltage range is the range over which the HVDC system should be able to
transmit rated power and over which all performance requirements are to be met, unless
stated otherwise.
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Any special performance requirements beyond the limits of the steady-state range should be
specified. These may affect the design of main equipment, converter transformers, filters,
auxiliary equipment, etc.

9.2.2.2 Short-term voltage range

There may be situations under which the voltage exceeds the normal steady-state operating
range but the HVDC system may be required to remain in operation. Under these conditions
the HVDC system may be designed to operate in a manner whereby no equipment should be
at risk of damage, but the performance limits of the system may be acceptably degraded (for

h ; 1 FOREN
amoMmes;ToSsSes et

The acceptable degraded performance limits should be specified since these will{have |an
effect upon the ratings of equipment.

The HVDC control system may even be specified to assist in the restoration ofithe voltagd to
within the normal operating range (through either HVDC control action or-addition/removal of
filtgrs and reactors) if this is appropriate.

9.4.2.3 Voltage variation during emergency

Dyhamic overvoltages could determine ratings and protection strategies.

Under extreme circumstances, the AC voltage may exceed even the short-term range,| in
whjch case it may be desirable to remove the HVDC system from operation in order to protect
thg equipment. Alternatively, it may be possible toe~rate the HVDC converter equipment| to
operate within these limits, although this will prtobably require higher cost equipment gnd
degraded performance.

The HVDC control system may even be specified to assist in the restoration of the voltageg to
within the normal operating range (through either HVDC control action or addition/removal of
filtgrs and reactors), if this is appropriate.

9.4.3 Negative sequence voltage

The negative sequence component of AC voltage calculated according to the method| of
symmetrical components is-that balanced set of three-phase voltages whose maxima occuf in
thg opposite order to that of the positive sequence voltages. It is generally expressed as a
pefcentage of the rated voltage.

Although it is_difficult to obtain an actual value for this parameter, the maximum to be used in
defermination’~-of non-characteristic harmonics of the current on the AC side and the
non-characteristic harmonic voltages on the DC side should be specified. These harmopic
cufrents and voltages are respectively used for the design of the AC filter, DC filter and DC
regctor, (see Clauses 17, 18, and 21).

9.3 Frequency
9.3.1 Rated frequency

The frequency of an AC system should be specified to give the basis of rating of the AC
equipment, converter transformer, etc., as well as converter bridges and control.

The design of the DC filters is also influenced by the AC system frequency.


https://iecnorm.com/api/?name=66502182ac01fed57119d13dfb151dc6

IEC TR 60919-1:2020 © 2020 - 43 -

9.3.2 Steady-state frequency range

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

9.3.3 Short-term frequency variation

Limits and duration of short-term frequency excursions for which system performance is
required should be specified. This can be a sensitive parameter for AC and DC filter design.

Filtering nerformance-durina such variationses mav hg snacifiad
HRg—peHeHRah GHHHRg-SHeRaHaHeRs—a—o P

9.3.4 Frequency variation during emergency

During an emergency the AC system frequency may reach extreme values for limited periofls.
These values and their expected durations should be specified. In thisMcendition, the
equipment should remain in service without damage, but should not be required to meet the
pefformance specified. For excursions beyond the specified operating frequency limits, it may
be|permissible to automatically disconnect the equipment.

9.4 System impedance at fundamental frequency

For the purpose of analysis of commutation conditions(in the converter, the system
impedance at fundamental frequency should be stated. Maximum and minimum values of the
subtransient impedance at the AC bus, without any filter'or compensating equipment, are
neg¢ded for such analysis.

Suptransient impedance is the positive sequence impedance of the AC system as determined
by|the subtransient reactance of synchronous-'machines, leakage reactance of induct|on
machines and positive sequence impedance-of-connecting lines.

Adpitionally, a detailed AC system impedance or a suitable equivalent should be specified| in
order to optimize the DC control.

9.8 System impedance at harmonic frequencies

System impedance at all harmonic frequencies from the 2nd up to the 50th is needed for AC
filtgr design and performance calculations.

Thls impedance may be calculated using the parameters of the lines, transformers gnd
generators up to five to eight HVDC substation buses. However, this impedance may charge
considerablyunder different load conditions and extension stages of the system. Therefqre,
it i$ usually"more convenient to use an R-X diagram and to plot the envelope of the locug of
thg system."harmonic impedance under expected system conditions. The values of R, gnd

Xin should be included in the diagram.

In practice, this diagram may take various forms such as a circular plot, limited by constant
R/X ratio or a series of polygons defining ranges of harmonic impedance for each frequency.
Further guidance can be found in IEC TR 62001 (all parts).

9.6 Positive and zero-sequence surge impedance

The positive and zero-sequence surge impedance is needed for all AC lines going into the
station for evaluation of interference from converters in the carrier frequency band and for
design of appropriate filters.
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Other sources of harmonics

20

Other sources of harmonics electrically close to the HVDC substation should be identified.
Their influence should be taken into account in AC filter and capacitor bank ratings.
Generated harmonic currents should be stated for the static reactive power compensators
connected to the converter substation bus or to nearby AC substations.

9.8

Subsynchronous torsional interaction (SSTI)

If subsynchronous torsional interaction (SSTI) problems are expected, all related information
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Reactive power

1 General

use 10 identifies the considerations relevant to reactive power.

2 Conventional HVDC systems

copsumption of reactive power in both rectifier and inverter operation. At full load, t

LiT commutation of converter bridges, as used in conventional"HVDC systems, requires
copsumption represents 50 % to 60 % of rated power/for commonly used values

tra

A
reg
ad
invj
thi
for
ma
no

—_

exfinction angle yin the inverterxwhen the load is reduced.
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implemented to meét specific AC system requirements.

hsformer impedance and firing angle or extinction angle.

partial load reactive power consumption cdn)‘be varied according to AC syst
uirements by using an appropriate control_strategy. A control strategy which is of
bpted is to maintain the delay angle o in_the rectifier, or the extinction angle y in

erter, within narrow limits by means of the tap changer of the converter transformer. Un
5 strategy, the variation of reactive powerversus real power is shown in Figure 19, curvs
constant direct voltage and constant extinction angle y. As an alternative, a linear variat
y be obtained, as shown on Figure 19, curve 2, which involves maintaining const
load direct voltage Uy, by means of an increase of the delay angle o in the rectifier g

he direct current is kept'constant and partial load is achieved by increasing the delay an
i thus reducing the direct voltage, reactive power consumption is increased at partial Id
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o A

1,2 —

1,0 — 3

0,8 —

0,6 —

0,4 — 2

0,2 —

0,5 1,0 pu
IEC

Key
1 |Constant DC voltage — Constant y

2 |Constant DC voltage — Constant Uy
3 |Constant DC current

Figure 19 — Variations of reactive power Q with
active power P of an HVDC converter

Combined changes of the valve firing angle and the load tap changer of the converter
trapsformer may be used to control the reactive power demand of an HVDC substatipn.
However, since this requires an increase of the firing angle, it leads to an increaged
geperation\of harmonic currents and voltages and increased losses in the damping circuity of
thg valyes.

LoGked=atamnotirerway; fitterimgof- A€ currentisobtaimedthroughtrarmomicfitters;wiichalso
generate reactive power. However, the fundamental frequency reactive power generated by
the filters as determined by the AC filtering requirements at full load is generally less than the
reactive power consumption of the converter bridges. Therefore, additional capacitor banks
are usually provided to meet the total reactive power demand of the converter.

The net reactive power of the converters and filters, taking into account filtering consideration,
may be controlled within certain limits, by switching of capacitor banks and also part of the
filter banks, if needed.

To define a suitable strategy of reactive power control, the aspects described in 10.4 to 10.7
should be specified.
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3 Series capacitor compensated HVDC schemes

Reactive power requirements of conventional HYDC schemes are addressed by adding shunt
devices such as shunt capacitors and filters.

Conversely, both CCC and CSCC treat this differently, as instead of connecting capacitor
banks in parallel to the converter bus, they are inserted between the transformers and valves
(CCC) or between the transformers and the AC network (CSCC). By these configurations, the
voltage across the series capacitor adds to the commutation voltage resulting in a wide range

of trigger delay angle (a) and extinction angle
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specified range of steady-state AC bus voltage.
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minimize the reactive power flow to the AC systems.
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should be given to the following:

not for reactive power support. This reduces the MVAr rating of the filter to small valu
ike the conventional case, neither the CCC nor CSCC configuration requires filter<ba
tching for variations in the load over the full range of operation.

4 Converter reactive power consumption

e reactive power consumption should be determined for the different, operating conditid
the rectifier and inverter under partial load, full load and overload_conditions. The meth
calculation and the parameters used in the calculations should also:be specified.

Lirn, monopolar metallic return, bipolar and reduced dire¢t voltage operation over

o at minimum power transfer with a minimum numbier of AC filters connected, the ability
converter valves to operate with increased fiting/angle/extinction angle can be utilized

5 Reactive power balance with the ACJsystem

determine the reactive power sourcés to be installed, an overall balance of reactive poV
5 to be known. To determine the appropriate reactive power, balance load flow studies m
bd to be performed. Apart from\the reactive power needs of the converters, considerat

the power factor rangeto-be maintained in the AC lines for all operating conditions;
the operating voltage ranges under light and peak load conditions of the AC system;
reactive power d@vailable from nearby generators;

redundancy fequirements.

he rectifief is directly connected to a power station, the following points should also
sidered:

génerator capability over the maximum and minimum permissible operating voltage rang

(v)- This brings about less overlap angle (i) and

jon
ES.
nk
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e operating conditions to be considered include: direction of ‘power flow, monopolar earth

he

of

ver
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on

be

€;

tap changer range available in the step-up fransformer, and the tap fo be used for each

development stage;

reactive power requirement of other loads;

minimum permissible active power for the generators;
self-excitation limit of the generators;

minimum number of generators to be connected.

10.6 Reactive power supply

The sources of reactive power supply to meet the set of requirements should include the most
economical combination of filters, shunt capacitors, shunt reactors, series capacitors,
synchronous and static reactive power compensators that meets the performance criteria.
Much of the reactive power should be supplied in the form of filters to meet the harmonic
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performance. Under light load conditions, the minimum size of the available filter bank
connected can lead to surplus reactive power and consequently excessive steady-state
voltage. This can require provision of shunt reactors or use of converter capability to consume
greater reactive power.

Shunt capacitor banks are the most economical source for the required remaining reactive
power. Synchronous and static reactive power compensators should be considered only if
there is a dynamic voltage and/or stability problem (see Clause 9). There can be additional
requirements associated with the adjacent AC systems.

10J7 Maximum size of switchable VAR banks

Filers and capacitor banks may be divided into small switchable banks. The{/size | of
sw|tchable banks depends on:

a) | voltage control requirements over the whole operating range from no load‘to-full load gnd
overload;

b) | acceptable regulation step per switching operation. It should be notéd-that the regulat|ng
effect from switching reactive power banks can be modulated withthe help of converter
control;

c) | frequency of switching.

WHen considering combinations of filters and shunt ‘-capacitors with synchrongus
compensators, the filters and shunt capacitors should be dimited in size to avoid self-excitatjon
of the synchronous machines.

11| HVDC transmission line, earth electrode-line and earth electrode

111 General

Clause 11 identifies those characteristics of the HVDC transmission line, the earth electrqde
ang the earth electrode line thati\afe relevant to the specification of the steady-state
performance of the converter, . including power line carrier performance and des|gn
requirements. It does not providésthe information that should be specified for the design of the
HVDC transmission line, earth glectrode lines or earth electrodes themselves.

Kely performance specification data for the HVDC transmission line, the earth electrode Ilne
and the earth electrode'should be determined in advance.

11]2 Overhead line(s)
11121 General

The total length of the line should be given, including details concerning any overhead gnd
calEIe sections. Details should be provided of any right-of-way joint uses. Particulars of|all
crossings and parallelisms need 10 De given 10 enable assessment o1 possible electrical
interactions and interference. If the exact length is not known, the expected range for this
length should be stated.

For bipole and multi-pole lines, information on the spacings between poles and bipoles along
the complete route will be needed.

11.2.2 Electrical parameters
The electrical parameters are the following:

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

capacitance — positive and zero-sequence capacitance (C4 and C);

for

3) inductance — positive and zero-sequence inductance (L4 and Lg), curve of frequency

dependence up to the 49th harmonic of the fundamental frequency for these.

If the information in 1) to 3) above is not available, as an alternative, the necessary data to
enable its calculation could be given. To calculate these parameters, the following data will be
required:

a)
b)
c)
d)

1
1

Le
se

E

X

a
b
c)
d

~ ~

~

11
Th

conductor size, type, geometry (including the shield wire);
tower outlines, spacing and sag profiles;

soil resistivity along the route;

tower footing resistance;

the worst-case maximum conductor surface gradients to permit calculation of corg
effects, for example, if a carrier is to be used,;

critical impulse flashover level of insulation.

5 strongly recommended that the HVDC transmission line béladequately shielded fr
bct lightning strokes for the first 10 km from the HVDC substation and for the HV
hsmission line tower footing resistance to be sufficiently) low, for example, less th
Qupto 250Q.

form of self- and mutual impedance between conductors and earth.

3 Cable line(s)
3.1 General

hgth of sections or total length should be specified as appropriate. Any restrictions
vice conditions imposed by the.cable supplier should be stated.

bmples of such restrictions(might include:

limitations on polarity reversal,
limitations on diseharge rate;
limiting voltage and current ripple level,

limitationsyon overvoltages and overcurrents.
3.2 _Electrical parameters

b.electrical parameters are the following:

a third alternative, in place of sequence compongnts, the information could be provide( i

na

bm
DC
an

on

1)

2)
3)
4)
5)
6)
7)
8)

DC resistance of conductor, maximum value at rated current and at maximum overload

current, minimum value at minimum current;

conductor resistance frequency dependence up to 5 kHz;

cable sheath resistance and frequency dependence up to 5 kHz;
inductance and frequency dependence up to 20 kHz;
capacitance of conductor to sheath;

capacitance of sheath to earth (armour);

surge impedance of cable conductor to sheath;

attenuation characteristics up to 50 kHz.
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11.4 Earth electrode line

To evaluate possible transformer saturation effects due to direct current flowing via the station
earthing system and earthed neutrals, the earth electrode line length, as well as the length of
any part of it which is on the HVDC transmission line towers should be specified.

The earth electrode line resistance — maximum value and ambient temperature assumptions —
should be stated.

11.5 Earth electrode

The maximum resistance of the earth electrode relative to the remote earth should |be
indicated. It should be noted that this resistance may increase with time and envirghiental
and/or load conditions.

12| Reliability

12|11 General

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

The purpose and scope of Clause 12 is for writing specifications and evaluating reliabiljty.
Clause 12 defines reliability calculations during the acceptance period of an HVDC systgm.
Plgase refer to Annex A for more information on factors affecting reliability and availability] of
converter stations. Reference is made to IECIR 62672 which deals with a report|ng
prqcedure of specific failures and overall availability of HVDC systems in operation. Althoygh
thg scope of IEC TR 62672 differs from that of this document, the basic terms used and tHeir
definitions are common to both documents.

Tefms and definitions applicable to the_teliability of HVDC systems are given below.

12)2 Outage
12]2.1 General

An|outage of the HVDC.system is an event when the transmission capability falls to a leyel
below the maximum rated power. This may be caused by defects of components of parts| of
thgd equipment, human errors, switching-out of equipment for maintenance and repair,
sw|tching-out caused by an operation of protection equipment, external fault, etc. (see 12.3.3).
Copnsideration«should be given to defining which of these or other causes should be included
in the availability and annual number of forced outages. An outage will be included in the
calculations_either as a scheduled outage or a forced outage (12.2.2 and 12.2.3, respectivgly).

12)2;2  Scheduled outage

A scheduled outage is an outage where the transmission capability falls below the rated
power level, and is planned in advance to allow part or all of the HVDC system to be taken out
of service for a scheduled maintenance period or for equipment repair.

12.2.3 Forced outage

A forced outage is an unscheduled outage, which is initiated either by automated protection
equipment action or through operator intervention (i.e. taking a decision to shut down all or
part of the HVDC system in a situation where continued operation may cause damage to
personnel or equipment and the shutdown cannot be deferred until the next scheduled
outage).
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12.3 Capacity
12.3.1 General

The capacity terms defined below are normally defined at one point in the HVDC system
(such as the sending-end AC terminals, the receiving-end AC terminals, or the sending-end
DC terminals). In cases where each of the HVDC converter terminals are under separate
ownership, it may be appropriate to define the rating of each station individually.

12.3.2 Maximum continuous capacity P,

This is defined as the maximum power value (in MW) for which the HVDC system is rated [for
comtinuous operation, excluding any additional capacity available through the presénce| of
requndant equipment.

12{3.3 Outage capacity P,

Fof the duration of the outage, the power available is reduced from the maximum rating by|an
amount (in MW) called the outage capacity P,,.

12)3.4 Outage derating factor (ODF)

The outage derating factor is defined as the ratio of the outage capacity P, to the maximpm
capacity P,:

P
Erfor! Bookmark not defined. ODF =P—° (1)

12)4 Outage duration terms
12)4.1 Actual outage duration (AOD)

The actual outage duration is defined as the time elapsed in decimal hours between the sfart
angdl the end of the outage. The outage is typically started when a switching event takes place
to Interrupt the main circuit.power flow, or to initiate the reduction to the outage power leyel.
The outage is typically (completed when a switching event takes place to restore the
eqtipment to a state where itis ready for operation, although not necessarily put into
operation, i.e. the equipment is made available for service operation.

The actual outage“durations may be segregated into forced and scheduled, such that the
value of AOD~far each outage becomes either actual forced outage duration (AFOD) or actpal
scheduled outage duration (ASOD).

12)4.2Equivalent outage duration (EOD)

To take into account the partial loss of capacity, the equivalent outage duration is defined as
the actual outage duration multiplied by the outage derating factor

EOD = AOD x ODF )

Similarly to the creation of forced and scheduled actual outage durations, it is possible to
segregate the equivalent outage durations into forced and scheduled to give equivalent forced
outage duration (EFOD) and equivalent scheduled outage duration (ESOD).

12.4.3 Period hours (PH)

The period hours is the total number of hours in the period covered by the analysis and is
typically one year or 8 760 h.
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12.4.4 Actual outage hours (AOH)

The actual outage hours are the sum of the individual actual outage durations for the period of
the analysis.

AOH =3 A0D (3)

Itis possible to subdivide the AOH value into forced and scheduled outage hours, by
summing the AFOD and ASOD values rather than the summation of the AOD values.

12)4.5 Equivalent outage hours (EOH)

This is defined as the sum of the individual equivalent outage durations within theJperiod| of
thg analysis.

EOH =) EOD (4)

It i$ possible to subdivide the EOH value into forced and scheduled.outage hours by summj|ng
thg EFOD and ESOD values, rather than the summation of the EQD values.

12)5 Energy unavailability (EU)
12)5.1 General

This is a measure of energy which could not havebeen transmitted due to outages.

Engergy unavailability is determined from thecequivalent outage hours value, as follows:

EU%:(@jxmo (5)
PH

It i$ usually expressed as a‘percentage.

For reliability studies,\it is essential to distinguish between the effects of line faults [on
manopolar and on multipolar (bipolar) transmission systems.

In |a monopolarisystem, a line fault causes a complete collapse of the transmission. In a
bipolar system, for most cases, a line fault only affects one pole of the transmission systgm,
so|[that line-faults would, in general, reduce energy transmission by 50 %. However, if the
remaining' transmission line pole is designed for some degree of overcurrent capability and if
thg Ccanverter groups on the HVDC substation can be connected in parallel, then more than
506 ofthe CTEeTgy may be—tramsmitted—=after—the meTessary bwi'u,ilillg for pdldiiciillg he
converters has been performed.

In the case of a fault in a converter unit, the affected unit may have to be switched out. The
percentage loss of transmission capacity is given by the number of converter groups taken out
of service related to the total number of converter units.

There may be other contingencies, such as partial loss of filters, faulted earth electrode line,
etc. Their impact on availability should be defined.

12.5.2 Forced energy unavailability (FEU)

There is a measure of the energy which could not have been transmitted due to forced
outages:
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EFOH

FEU%:[ jx’IOO (6)

where EPOH means equivalent forced outage hours.

12.5.3 Scheduled energy unavailability (SEU)

This is a measure of the energy which could not have been transmitted due to scheduled
outages:

ESOH

SEU%:[ jx100 (7)

where ESOH means equivalent scheduled outage hours.

1216 Energy availability (EA)

This is a measure of the energy which could have been transmitted by an HVDC system:

EA % =100 — EU % (8)

12]7 Maximum permitted number of forced outages

Not all the forced outages are to be counted. Thesmaximum permitted number of such forged
oufages for the period hours PH should be defined:

12)8 Statistical probability of outages
12)8.1 Component faults

In [addition to the availability of “the overall system, the reliability of some individlal
commponents may also be considéred.

Every component in thelsystem can be characterized by its failure rate A. Itis well|to
distinguish between statistical failures (random outages) and failures at the end of fhe
co}ponent lifetime (for*example, outages of luminescent diodes because of ageing). To stgck
spare parts, good-practice differentiates between these two kinds of failures, since at the gnd
of their lifetime all;of the concerned components should be replaced.

12)8.2 External faults

The expected number of AC system faults and their duration, which may detrimentally
influence the behaviour of an HVDC system, should be stated. The probability of the
occurrence of such faults should be considered when stating the permitted number of HVDC
system forced outages.

13 HVDC control

13.1 Control objectives

The advantages of an HVDC system very much depend on the utilization of its controllability
in ensuring maximum flexibility, reliability and adaptability for different system requirements.

The control system should be able to maintain stable operation of converters and normal
power transmission of the HVDC system within the specified range of AC voltage and
frequency. The objective of an HVDC control system should be to provide efficient operation
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and maximum flexibility of power control in magnitude, rate of change and direction without
compromising the safety of the equipment, while maintaining the maximum independence of
each pole. The control system should be suitable for high-speed control in such a way that
it can effectively respond to disturbances in the AC and HVDC systems. It is recognized that
long-distance transmission requires a high-speed telecommunication system for the most
effective  operation. However, the HVDC system should be operable without
telecommunication, and, for this case, the performance should be maximized to the extent
possible.

The control system should be adaptable for:

1) | control of the reactive power exchange with the AC system including reduced or increaged
reactive power consumption;

2) | AC voltage control;

3) | frequency control;

4) | active power modulation;

5) | combined active and reactive power modulation;
6) | subsynchronous torsional interaction damping;
7) | remote operation;

8) | coordinated control of converters among two terminals.
13]2 Control structure
13]2.1 General

The various control circuits of an HVDC substation are generally structured in a hierarchical
mganner. The main control functions are dispérsed to a lower level as far as possible| to
improve the system reliability and availability."They normally operate fully automatically. For
long-distance HVDC transmission systems, a telecommunication link is needed to coordingte
befween the rectifier and the inverter. The various levels are described subsequently, start|ng
with the lowest level (Figure 20).

13]2.2 Converter unit firing control

The converter unit firing control is essentially an open loop control. Its outputs are the fir|ng
pulses to the individual valves in a 12-pulse converter unit. These are synchronized to the AC

system voltage. The input is the delay angle a or the trigger advance angle S, as provided|by
thg next higher leyel.

There are mainly two types of converter unit firing control principles which have been used [for
HVDC:

— |equaldelay angle control;

— |equidistant firing control.

Equal delay angle control is a method of timing the valve control pulses so that the delay
angles of the valves in the converter unit are essentially equal, regardless of unbalances in
the AC system voltage.

Equidistant firing control is a method of timing the valve control pulses in such a way that they
are essentially equidistant in time, regardless of unbalances or distortion in the AC system
voltage.

The function requirements of the converter unit firing control are:

a) operation down to low values (i.e. fewer than 3) of the ratio between the
short-circuit capacity of the AC network and the transmitted DC power;
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that the permitted deviation from equidistant firing should be +A°, i.e. each firing during
conditions specified shall occur 30 £ A° after the preceding firing (for a 12-pulse converter
unit). It should be noted that the conditions are different with regard to a reasonable value
for A° for different converter modes of operation, i.e. operation with minimum «a, current

control or minimum extinction angle control.

Deviation from equidistant firing gives rise to non-characteristic harmonics transferred to the

AC network as well as to the HVDC transmission line. A typical permitted maximum value
A®is 0,2°, assuming that the AC system voltage and impedances are balanced.

of

o _a Dol 4 1
13 .9 rmoUIC CUTILINUI

The pole control provides the reference values per pole for all series-connected convef
units, if any.

Pole control is a closed loop control and includes the basic control functions that“are requi
for| stable operation of the HVDC system, such as current control, voltage centrol, extinct
angle control, power control, tap changer control. All these control functions have a referer
value and an actual value. Some of these reference values may beJprovided by the p
comtrol (for example, the current reference value, which is calculated out of the reques
trapsmission power), others can be provided by the operator (fon example, DC voltage,
poyver).

Gelnerally, each substation pole is provided with a pole ceofitrol (Figure 20) that controls

Dd voltage output of the converter by determining the Afiring instant of the valves. The p
comtrol senses the difference between the order and(the response and adjusts the conver
DJd output voltage accordingly. If the current ordefr in the rectifier is larger than the curr
regponse, the firing control increases the direct voltage by decreasing the delay angle, th
increasing the direct current. The direct voltage\is increased until the current response equ
thg current order or the maximum voltage is‘reached when firing at minimum delay ang
(m|nimum voltage between the terminals of\the valve at which the valve will fire correctly).

thg other hand, if the current response.is’larger than the current order, the direct voltags
cofrespondingly decreased. The decreasing action is limited when the converter operat
has been transferred from rectification to inversion and firing given the least permit
exfinction angle (to ensure safe valve recovery).

The typical voltage current: characteristics of a rectifier and an inverter are shown
Fidgure 21 a) and Figure 21b).

Normally, the maximum voltage limit in the inverter is lower than that of the rectifier, and
cufrent will be controlled by the rectifier. That is, the inverter will maintain the voltage, and
reqtifier will adjust its voltage until the current becomes equal to the order input, and a sta
working point‘A is established (Figure 21 a).

If fhesinverter voltage limit is larger than the rectifier voltage limit, the inverter controls
curent’and the rectifier maintains a maximum voltage. As Figure 21 a) and Figure 21 b) sh
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Hierarchical structure of an HVDC control system

AC/DC system control level

Integrated AC/DC
system control

HVDC system control/Multiterminal
control/Master control

S
— ——— — — g
Pole control level 5
ol
\¢ 2
Pole control Pole control b Pole control L §
(o)
©
o — — — e — — — — — — o — e — i — — — f— — — o
Converter control level é
i)
Converter Conﬁ\ehe\F Converter w
unit control /uniQ)ntroI unit control
Valve control level
y Y
Bet of valve / \ b \Set of valve control Set of valve control
tontrol units units (VCU) units (VCU)
VCU) veut | Y| veun
* Usually n =12
Valvelelectronics control level
Bet of valve N r |
base electronic \O E Set of ve_llve base E Set of ve_llve base
\VBE) 1 electronics (VBE) i1 electronics (VBE)
VBE 1 ... | VBEw* t L
* Usually n =12 7“

Set of thyristor Set of thyristor %

Valve levels with their levels with their 9

electronic 1 electronic 2 electronic n corresponding corresponding 8.

v valve electronics valve electronics g
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I I @

5

Thyristor level Thyristor level Thyristor level 5

Set of thyristor levels with their corresponding w
valve electronics ]

IEC

Figure 20 — Control hierarchy for HYDC/UHVDC system

As noted, the rectifier usually controls the current and the inverter determines the voltage.
The inverter current order equals the rectifier current order less the "current margin" (Al = I —
I)) (Figure 21 a). The inverter is forced to fire at the lowest allowed trigger advance angle
keeping the extinction angle constant at y,,,, and, accordingly, the inverter establishes the
voltage on the HVDC transmission line.
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For long-distance transmission, the DC voltage at the inverter is usually kept constant by
appropriate control of the inverter transformer tap changers. Alternatively, the inverter
establishes constant DC voltage by controlling the extinction angle.

For converters connected in series, voltage balance control of valve groups should be applied.

In other systems, the inverter is controlled in such a way as to keep the HVDC transmission
line voltage constant. In this case, the transformer tap changer is used to keep the extinction
angle y within a certain range.

The delay angle in the rectifier is kept within a narrow band (nominal o £+ Aa) by means| of
adjustment of the tap changers of the converter transformers. DC voltage variation |by
chinging the delay angle by Aa normally corresponds to one tap-changer step. Alternativgly,
thg converter no-load direct voltage may be kept constant by means of adjustment-of the fap
changers.

Reduced DC voltage may be needed, for example, at times of reduced)voltage withstgnd
capability of the HVDC transmission line. This can be accomplished in(thé rectifier as well|as
in the inverter by tap change in the converter transformer, by adjustment of the delay angle| or
by |switching off one series connected converter groups, if any.

13]2.4 HVDC substation control

The HVDC substation control is normally implemented as.a closed loop control system. Qne
major design criterion for HVDC systems is normally4o minimize the equipment at the stat|on
leviel as much as possible, in order to minimize the impact on the bipole in case of a faulf at
thgt level. Referring to station level functions, these could also be realized within pole lepel
hardware, and may include:

a) | coordination of current orders between-the two ends via the telecommunication link, mpst
likely on a per-pole basis;

b) | power control;

c) | coordination between the poles, of an HVDC substation (if there is more than one pole);

d) [ additional controls such as-frequency control, run up/runback control, power oscillatjon
damping, etc.;

e) | more sophisticated_control strategies.

Examples of the mare sophisticated control strategies are described below.

The reactive power consumption of an HVDC substation is dependent upon the firing angle
ang the direct current flowing. Thus the DC link can be used for control of reactive power| or
for|voltage.control in the AC network.

The '"HVDC substation control can be coordinated with control external to the HVDC substat|on,
for example, the turbine governor of a generator station. The HVDC substation can also be
provided with controls to avoid subsynchronous torsional interaction (SSTI) of a turbine-
generator.

Pole current balance control can be specified to minimize earth electrode line current (equal
to the unbalance current between two poles of a bipolar earth return HVDC system), to avoid
corrosion problems from earth current flow through underground structures. A typical
unbalance current limit between the two poles of a bipolar system without balance control
might be 3 % of rated current.
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a) Normal operation, rectifier controls the current
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c) Examples of HVDC control characteristic
Key
1 Rectifier U, control 6 Inverter VDCL (voltage-dependent current limit)
2 Inverter U, control (voltage order) 7 Normal operating point
3 Inverter y control 8 Rectifier /, control
4 DC line drop 9 Rectifier VDCL (voltage-dependent current limit)
5 Inverter I, control 10 Current order

Figure 21 — Converter voltage-current characteristic


https://iecnorm.com/api/?name=66502182ac01fed57119d13dfb151dc6

- 58 - IEC TR 60919-1:2020 © 2020

It should be specified which control strategies are intended to be used and at which priority
they should be operable under different operating and AC system conditions.

The power control tolerance is dependent upon the accuracy of the voltage divider, the
current sensor and the resolution of the power order. A typical tolerance value is about 1,5 %

at

13

rated power.

.2.5 Master control

Master control is usually integrated into the HVDC station control. However, if two or more
HVDC substations are connecied to the same AT bus, the masier confrol would be a separ
leviel above the station control and include more sophisticated control strategies. It wo

int
be
be

13

provided from the dispatch centre to the HVDC substation.

3 Control order settings

Gelnerally, both converters of an HVDC system are equipped with identical control equipm
since most HVDC systems are designed to transmit power in both difections.

hte
uld

prface with the AC system and coordinate the various substations. Master control{gan a|so
provided remotely, for example, at a dispatch centre. In this case, telecommunication shall

Onlly the station control in one location can be in the lead at.one time. Generally, the sett|ng

of

Ca
ex

In

ability of the lead station for setting can also be dransferred to a remote location,
mple, a dispatch centre.

he station control order and rate of change are provided’ manually at the lead station. Tlhe
ch}nges in order are then executed in the other substation(s) via the telecommunicati

bN.
for

he current control mode the current order can.be set manually in both substations, if vojce
cofnmunication is available for coordination purposes. Current control can also be provided
remotely, for example, at a dispatch centre.

Swlitching from power to current control'mode may be ordered automatically after failure of

tel

Th
of
an

Ch

bcommunication channel or by cemmand from the station control.

99 MW/min in steps .of1 MW/min).

pnge in power_ direction is normally initiated from the lead substation, but could also

he

e resolution in the power order setting may be specified (typically 10 MW at a rated power
1 000 MW). Its rate of ehange may be specified as well (for example, between 1 MW/min
j

be

ordered automatically, if emergency reversal is called for, for example, after a disturbancg in

ong¢ of the AC systems.

13J4 Current limits

Varigds limits can be applied to the current order. The main objective of these is to optimjze

the—permissibte—current—withTespect—to Tmaimm_ciTcuit Tomponents —and—cooingconaitions.

Examples of such limits are:

a) overload of limited duration — permits overload for a fixed duration per 24 h period, for
example, to take account of transformer temperature-rise limits;

b) winter overload — permits overload when valve cooling conditions are favourable during
low ambient temperature periods;

c¢) dynamic overload — permits overload for short times based on transient thermal properties
of thyristors and their coolers;

d) other current limitation — because of loading limits for generators connected to the rectifier
substation or for operation with reduced DC voltage or other system dynamic performance
requirements;

€) minimum current limitation — normally 0,05 to 0,1 per unit.
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