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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) Thqg International Electrotechnical Commission (IEC) is a worldwide organization for standardizatien cemn|prising
all |national electrotechnical committees (IEC National Committees). The object of IEC (¢is-to promote
intgrnational co-operation on all questions concerning standardization in the electrical and elgctronic fidlds. To
thisl end and in addition to other activities, IEC publishes International Standards, Technical Specifigations,
Tedhnical Reports, Publicly Available Specifications (PAS) and Guides (hereafterpreferred to ap “IEC
PuBlication(s)”). Their preparation is entrusted to technical committees; any IEC National Committee int¢rested
in {he subject dealt with may participate in this preparatory work. International, ‘governmental and non-
govlernmental organizations liaising with the IEC also participate in this preparation) IEC collaborates [closely
withh the International Organization for Standardization (ISO) in accordance <with conditions determihed by
agrgement between the two organizations.

2) Thqg formal decisions or agreements of IEC on technical matters express, as_nearly as possible, an interrational
consensus of opinion on the relevant subjects since each technical «cémmittee has representation ffom all
intgrested IEC National Committees.

3) IEQ Publications have the form of recommendations for international use and are accepted by IEC National
Compmittees in that sense. While all reasonable efforts are madesto ensure that the technical content|of IEC
Puljlications is accurate, IEC cannot be held responsible{forvthe way in which they are used or for any
misjnterpretation by any end user.

4) In ¢rder to promote international uniformity, IEC Natiohal Committees undertake to apply IEC Publigations
trarjsparently to the maximum extent possible in their national and regional publications. Any divgrgence
betyeen any IEC Publication and the corresponding(national or regional publication shall be clearly indidated in
the|latter.

5) IE(Q itself does not provide any attestation -of/conformity. Independent certification bodies provide conformity
assgssment services and, in some areas, -access to IEC marks of conformity. IEC is not responsible for any
seryices carried out by independent certification bodies.

6) Al

7) No [liability shall attach to IEC orits directors, employees, servants or agents including individual expefts and
members of its technical committees and IEC National Committees for any personal injury, property danmjage or
other damage of any nature whatsoever, whether direct or indirect, or for costs (including legal feqs) and
expenses arising out of ‘the" publication, use of, or reliance upon, this IEC Publication or any other IEC
PuRlications.

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

8) Attgntion is drawn ¢o the Normative references cited in this publication. Use of the referenced publicafions is
indispensable for‘the correct application of this publication.

9) Attgntion is drawn 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 nmpain task of IEC technical committees is to prepare International Standards. Howe)er, a
tech:t&uww&mmmm&dwmmmLected

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.

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)

system" has been added;

the HVDC system control objectives have been supplemented;
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

Figure 8 and Figure 20 have been updated, a new Figure 18 "LCC/VSC hybrid bipolar

Full information on the voting for the approval of this Technical Report can be found jn the
reporf on voting indicated in the above table.
This document has been drafted in accordance with the ISO/IEC Directives,'RPart 2.
A list|of all parts of the IEC 60919 series, published under the general title Performance of
high-voltage direct current (HVDC) systems with line-commutated cohverters, can be found on
the IE|C website.
The cpmmittee has decided that the contents of this document will remain unchanged until the
stability date indicated on the IEC website under "http://webstore.iec.ch” in the data related to
the sgecific document. At this date, the document will be
e regonfirmed,
e withdrawn,
o replaced by a revised edition, or
e amended.
IMPORTANT - The 'coloursinside’ logo on the cover page of this publication indidates
that| it contains colours™ which are considered to be useful for the cofrect
undeérstanding of its «contents. Users should therefore print this document using a

colo

ur printer.



https://iecnorm.com/api/?name=28d9d1da646d7d2bca89dd75b1a08113

-10 - IEC TR 60919-1:2020 © 2020

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:

Sn-ad
\]

ik 1 trada-
Tar oo troutTy

a) DGHreretectrodetne ea
b) telecommunication system;
c) cdnverter building, foundations and other civil engineering work;

d) repctive power supply including AC shunt capacitor banks, shunt reacters, synchrpnous
arjd static reactive power (var) compensators;

e) AC switchgear;

f) DC switchgear;

g) ayxiliary systems;

h) AC filters;

i) DC filters;

j) DC reactors;

k) cdnverter transformers;

I) syrge arresters;

m) sgries commutation capacitors;
n) vdlves and their ancillaries;

0) cqntrol and protection systems.

NOTE | The last four items are the most difficult to separate, and, in fact, separation of these four fan be
inadvispble.

Clausg 4 to Clause 22 of. this document set out a complete steady-state performance
specification for an HVDC\system.

Since| the equipment’ items are usually separately specified and purchased, the HVDC
transrpission line;xearth electrode line and earth electrode (see Clause 11) are included only
becayse of theitiinfluence 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, repctive
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 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

This [part of TEC 6UJTY provides general guidance on ihe sieady-staie performance
requirements of high-voltage direct current (HVDC) systems. It concerns the steady-state
performance of two-terminal HVDC systems utilizing 12-pulse converter units compriged of
three{phase bridge (double-way) connections (see Figure 1), but it dogs.”not |cover
multi-ferminal HVDC transmission systems. Both terminals are assumed te use thyristor
valve$ as the main semiconductor valves and to have power flow capability’in-both direqgtions.
Diode| valves are not considered in this document.

N I~ O

&~ &

IEC

Key

1 Trapsformer valve.windings

Figure 1 — Twelve-pulse converter unit

Only linec<commutated converters are covered in this document, which includes capacitor
commutated converter circuit configurations. General aspects of semiconductor
line-commutated converters are given in |EC 60146-1-1, I|EC TR 60146-1-2 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.
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CIGRE Technical Brochure (TB) No. 391:2009, Guide for measurement of radio-frequency
interf¢grence from HV and MV substations. Disturbance propagation, characteristics of
disturbance sources, measurement techniques, conversion methodologies and {imits

3 Terms and definitions
For the purposes of this document, the terms and definitions given_ in IEC 60633 apply.

ISO apd IEC maintain terminological databases for use in<standardization at the follpowing
addrepses:

e |ELC Electropedia: available at http://www.electropedia.org/
e ISP Online browsing platform: available at http://www.iso.org/obp

4 Types of HVDC systems

4.1 |General

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

a) gdneral information on thelocation of the HVDC substations and the purpose ¢f the
prpject;

b) type of system needed, including a simple one-line diagram;

c) nymber of 12-pulse converter units;

d) pertinent information derived from the discussion in Clause 4.

Genetally, «<inv"studies of projects of the types discussed in this document, ecopomic
considerations should take into account the capital costs, the cost of losses, cost of odtages
and ofhét/expected annual expenses.

In terms of the type of system, the "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
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.
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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 systems need to be carefully considered and preventive measures taken where
appropriate.

4.3 |[Monopolar HVDC system with earth return

Cost ¢onsiderations often lead to the adoption of a monopolar HVDC system with ‘earth feturn
(Figurle 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 of a
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allel at the ends of the HVDC transmission (Figure 4 and Figure 5). More tha
|se unit can be used for the following purposes;

ensure partial transmission capacity during.converter unit outages;

complete the project in stages;

cause of the physical limitations of transformer transport.

le; these are usually located ofythe high-voltage side.

line is overhead, DC filtets are likely to be needed at each end (see Clause 18).
es an earth electrode, line and a continuously operable earth electrode at the two
transmission whichiinvolves consideration of issues such as corrosion, magneti
5, etc.
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Figure 4 — Two 12-pulse units in series
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Figure 5 — Two 12-pulse units in parallel

4.4 |[Monopolar HVDC:system with metallic return
The cpnfiguration astillustrated in Figure 6 will generally be used for the following purposges:

a) aq the firstistage in the construction of a bipolar system and if long-term flow of|earth
cyrrent is not desirable during the interim period, or

b) if the transmission line length is short enough to make it uneconomic and undesiraple to
build‘earth electrode lines and earth electrodes, or

c) if the earth resistivity is high enough to impose an unacceptable economic penalty, or

d) 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"\

I b

— IEC

Key
1 DCjreactor
2 DCffilter
3 Stajion earth
4 Arrgster
Figure 6 — Monopolar HVDC system with metallic return
4.5 |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 a) — Bipolar HVDC system with earth return
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Figure 7 b) — Rigid bipolar HVDC system
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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)

Key

3,4
5,6

c)

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
in the monopolar metalllc return mode (F|gure 8). To SW|tch into this emergency operatlng

rth path by SW|tch|ng on pole to neutral SW|tches 5 and then the earth path is |nter
to[transfer the current to the metallic path (through the conductor of the out-of-service pole)
byl switching off MRTB 8. Load transfer without interruption requires a metallic feturn
trgnsfer breaker (MRTB) at one terminal of the DC transmission. If a short, interruption of
pawer flow is permitted, MRTB would not be necessary. The neutralpequipment at the
MRTB end of the HVDC transmission system should be insulatedyfrom earth [for a
somewhat higher voltage than at the other end of the system. Figure-8; with DC switghes 3
and 4 (named as ERTS and MRTB), is usually valid for a rectifier’station. The MRTB|is not
ngcessary for the inverter station.
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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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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
continuous operation at reduced voltage, so that either pole can be operated at reduced
voltage (see 8.3).

Inthe 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 leagt one
station pole enabling both poles to operate in the monopolar earth return~ mode.| This,
hgwever, requires that the DC terminals of each 12-pulse group be instlated for the full
pdle voltage and the line and the earth electrode shall be thermally capable of carrying a
current higher than the normal current.

One gr more DC reactors is needed at each end of the system in €ach pole, these are usually

locatgd on the high-voltage side. However, the DC reactors may/be divided into two parf
locatgdd on the high-voltage side and the earth side respectively’if the resulting performa
acceptable, especially for a large scale ultra-high-voltage direct-current (UHVDC) con
arrangement. If the HVDC system includes an overhead line, DC filters would most lik¢
needqd. One 12-pulse unit per pole is most commonly/used; however, large capacity sy
or staged expansion may require 12-pulse units in séries or in parallel (Figure 4 and Fig

s and
nce is
verter
ely be
stems
ure 5).

Most HVDC systems utilise ground return or a_ dedicated metallic return conductor for the DC

current path. However, when balanced bipolar operation can always be ensured,
facilities can be eliminated. This scheme js called "rigid bipole HVDC system" configuf

these
ation,

as shpwn in Figure 7 b). With this scheme, operation modes are limited but installatiof cost

can be reduced.

4.6 |Bipolar HVDC system with metallic return

If earth currents are not tolerable (as mentioned in 4.4, item d)) or if the distance betweén the

HVD({ system terminals_ is\short, or if an earth electrode is not feasible because of high
resistivity, then the transmission line may be constructed with a third conductor to ¢
bipolgqr HVDC systefn ywith metallic return (Figure 9). The third conductor carries unbz
currents during bipolar operation. It also serves as the return path when one transmissig
pole is out of service. This third conductor requires only reduced voltage insulation a
this clase, may)also serve as a shield wire if the line is overhead. However, if it is
insulated, it'Can serve as a spare conductor. In this case, a separate shield wire is requir

earth
ive a
lance
n line
nd, in
fully
ed.

The

at the

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 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 ong pole becomes unavailable, the system can be operated in monopolar metallic feturn
mode| by utilizing the other substation pole. This configuration is also called "metallic feturn
mode| (MRM).
For a|metallic réturn scheme, DC fault current will flow into the AC system and partly |come
back through (neutral point of transformers installed in the converter station. This currer1t may
lead tp the.-malfunction of protective relays installed in nearby stations, because of satulration
due tq DC-current. To prevent such malfunctions, insertion of neutral grounding resistor {small
resist@nce) 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

occas

ional 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.
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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 one of the following:
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a) one three-phase transformer with two valve windings, or

b) two three-phase transformers, one connected star-star and the other star-delta, or

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

d) 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 unit would be required. Since the star- and delta-connected three-phase transformers

would
Only
since
transf|

If spq

this
opera

It is
numb

bne spare would be required for the single-phase, double-valve winding transfo
all three would be identical. The last of the above options would suggest~two
brmers, one each for the star- and the delta-valve winding single-phase tranisforme

re transformers are not employed, alternatives b) and d) above allow for six

ode of operation and the AC and DC harmonic conditions ar€acceptable. Six
ion is not possible with alternatives a) and c).

oper?{ion at half-power in case of a transformer outage, if the HVDC system is design

br and arrangement of DC reactors depend on the results.of system studies and de

Converter transformers with a tertiary winding for reactive power and AC harmonig

equip

4.9

There

ment may also be used.

DC switching considerations

are a number of possible DC switching arrangements intended to increase

systefn availability.

Mono

For b
condu

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

polar systems, DC switching may be provided (Figure 12) so as to allow the use
ctor for connection to-any substation pole or to neutral. This arrangement is usefu

schene involving cables.'and where a fully insulated spare cable is available or cablg

conng
parall
two p
in par

bled to reduce'line losses. Generally, DC buses are fixed in relation to converterg
ble buses and'a neutral bus. This would preclude connection of the two substation
allel.

not always needed to split the DC reactors, especially,‘for parallel connection|

osign.
rmers
spare
Irs.

pulse
ed for
pulse

The
sign.

filter

HVDC

bf any
for a
s are

cted in parallel{_If one substation pole is out of service, then the cables can be

, with
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Figure 12 — DC switching of line conductors

ver,/if flexibility of connecting the two substation poles in parallel is needed,

then

provision for polarity reversal of af Teast one substalfion pole could be made and the neutral
end of that substation pole will also have to be insulated for full line voltage. A possible
switching arrangement is shown in Figure 13.
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Figure 13 — DC switching of converter poles
If an |HVYDC transmission system includes both overhead line and cable sections, |a DC
switchirg-arrargement-suchasirFHigare—H—may-beused-at-thejunretionof-the-overhead and

cable sections.
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Figure 14 — DC switching — Overhead line to cable

For more than one bipolar line, paralleling of converter poles may be considered, in orfer to
allow festoration of transmission capability (Figure 15) for transmission line outages.

For long bipolar lines in parallel, intermediate switching such as in Figure 16 may be prgvided.

4.10 |Series-capacitor-compensated HVDC systems

Althouygh the conventional line-commutated converter (LCC) technology has reached maiturity,
such ¢onverters still have twg weaknesses:

a) a |arge amount of reactive power consumption, roughly 50 % of its active power;
b) suUsceptibility to AC-side disturbance, commonly observed as commutation failures.

To oyercome these weaknesses, further developments have been made using series-
capaditor compensation.

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

e Capacitor-commutated converter (CCC), in which series capacitors are included between
the converter 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 — DC switching — Intermediate

CC circuit shown schematically in Figure 17 a) is based on a topology in which
itors are included betwéen the converter transformer and the valves. The
has the series capacitors inserted at the connection of the filter bus to the AC s
bwn in Figure 17 b)\This provides similar performance to the CCC, with the add
tage of controllability of the reactive power exchange with the AC network.

alternativesw.offer improved immunity from commutation failure, lower load rej
bltages anhd~increased stability margins in power control mode, over the conver
scheme. They are, therefore, suitable candidates for use at the inverter end in
systems or in back-to-back ties connected to weak AC systems. The performance

two alternatives is very similar for steady state as well as transient operation.

series
CSCC
ystem
tional

pction
tional

long
of the

The maximum valve voltages and also the AC current harmonics for the CSCC configuration
are lower than for the CCC configuration. On the other hand, the CCC in rectifier operation

exhibi

ts 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)

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

dvantages“of using CCC in comparison with conventional converter may be summ
OWS:

/8\ . YL

3 -

FC

arized

e significantly less reactive power consumption, which, in combination with sharply [tuned
filﬁrmmm-ﬂﬂmmm, uring

power ramps;

e immunity to commutation failure during AC side disturbance, which is beneficial with long

lin

es or cables feeding weak AC networks;

o stable operation in lower short-circuit capacity systems;

e |ower 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;

e IO

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

e 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;

2020

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

co

nverter;

e requirement for shielding against lightning and radio interference between the valve
winding, the capacitor and the valve;

o sli

When
it sho

conva\ntional HVDC. Therefore, in order to make a selection between conventional

sche
techn

4.11

In cag
VSC
taken
chang
currer
proble
in Fig

The d
termin
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Adopted VSC for hybrid systems.should be in asymmetrical monopole configuration.

(| H ] 1 L n
Iy mercastU vdaivo vUILdytT SliIToo.

CCC or CSCC is being considered as an HVDC topology for a particular/p
ild be emphasized that the selection of optimal system rating is different

es and these alternatives, a detailed analysis is required with respect.te)economig
cal performance, taking into account losses, installation costs, etc.

LCC/VSC hybrid bipolar system

e one pole of the LCC is combined with a VSC pole, a hybrid bipolar system of LC
because power reversal of the VSC system requires: current reversal, whereas
t on electrode line or return line for one of the power directions. In order to preve

m, switches for polarity reversal should be installed on the VSC converter, as de
ire 18.

ther possibility of LCC/VSC hybrid system is the case that consists of LCC fo
al and VSC for the other terminal. This configuration can be applied to the DC s
ansmits power to a weak AC system.

oject,
from
HVDC
s and

C and

vill be formed. For an LCC/VSC hybrid bipolar system,“spécial consideration shoullld be

LCC

es voltage polarity. The combined operation of ¢oth systems will lead to excessive

nt this
bicted

r one
ystem
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voltage-sourced converter (VSC) 4 DC reactor
line-commutated converter (LCC) 5 DC.filter
polarity reversal switches 6 earth electrode

Figure 18 — LCC/VSC hybrid bipolar system

5 Environment information

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

subst

htion.

HVDC
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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 power |If preferred, curves showing’h¢w
temperature capability these parameters vary over the year,
capability on a monthly basis,nmay be prpvided
instead
Maximpm dry-bulb temperature °C °C Valve cooling, transformer and
reactor design,)AC and DC filtgr
design
Maximpim wet-bulb temperature °C °C Evapearative cooling system dejsign
and of valve hall relative humidity
Maximpm average dry-bulb °C °C Qil insulated transformer and reactor
tempeiature for a period of 24 h design
Minimym average dry-bulb °C - Transformer, reactor and
temperature for a period of 24 h disconnector switch design anfl
building heating needs
Minimym dry-bulb temperature °C - Transformer, reactor and
disconnector switch design angd
building heating needs, AC angl DC
filter design
Maximpm and minimum indoor air °C °C Usually determined by the valje
tempefatures and relative humidity % % designer for the valve hall and|by the
control designer for the contro| room
Indoor|air temperatures and relative AC °C Specified if indoor temperaturg

humidity during maintenance and
maximpm transition time after
shutdojwn

%

%

extremes are too great for
maintenance personnel

Maximpm incident solar radiation

Building cooling, ratings of
transformers, reactors, buses,|etc.

Horizoptal surface W/m?

Verticql surface W/m?

Wind donditions

Maximpm continudus-velocity m/s Equipment support and buildinjg
design

Maximpim gustweélocity m/s Equipment support and buildinjg
design

MaximpnVelocity at a minimum m/s Conductor, strain insulator and tower

temperature ..... °C design

Ice and snow covering load

Maximum ice thickness with no wind mm Equipment and structure design, for
example, disconnector/switch,
conductor, etc.

Maximum ice thickness with a mm Equipment and structure design, for

maximum wind speed of ..... m/s example, disconnector/switch,
conductor, etc.

Maximum snow load N/m?2 Building design

Maximum depth of snow mm Equipment height above snow for

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

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

Strokes/km?/year (substation)

Station lightning protection design

first 5 Km to TO Km of the line

Strokes/TUU Km/year

Seismilc conditions

Maximpm horizontal acceleration
frequency range of horizontal
oscillations

Maximpm vertical acceleration
frequepcy range of vertical oscillations

Duratign of seismic event

m/s?
Hz

m/s2

Hz
Cycles

Equipment, structure and(founflation
design

Cooling water available at the site (if
used for secondary cooling)

Secondary cooling water may pe
used either for make-up and blow-
down of evaporative coolers of for
once-through cooling. Evapordtive
cooling towers can be a sourc¢ of
high humidity for the insulatorg and
should be carefully located

Sourcq of water

Maximpm continuous flow rate
Maximpm flow rate for a period of 24 h
Minimym continuous flow rate
Minimym flow rate for a period-af 24 h
Maximpm water temperature

Minimym water temperfature

Maximpm allowablé water temperature
to draip

pH leve

ForJow For rated power
temperature capability
capability
m3/s m3/s
m3/s m3/s
m3/s m3/s
m3/s m3/s
- °c
°c _
°C °C

Reservoir, well, etc.

If preferred, curves showing how

these parameters vary over the year
on a monthly basis may be prqvided
instead.

Required for cooling system d¢sign
Required for cooling system d¢sign
Required for cooling system d¢sign
Required for cooling system d¢sign
Required for cooling system d¢sign
Required for cooling system d¢sign
Required for cooling system d¢sign

—

Design of water treatment plar

Parameters apply only in the clase
where well water is used for

Conductivity of water

Type of dissolved solids

p Siemens/m

evaporative cooling
Design of water treatment plant

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 HVYDC 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 special conditions not listed above, for instance, related regulations, which influence system performance
should be given

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 trgnsmit
contiquously, over the range of ambient conditions specified{ with all equipment in sqgrvice,
but without the need to utilize redundant components; «the HVDC system voltage and
frequgncy as well as the converter firing angle and the extinction angle being in| their
steady-state range.

Becayse an HVDC transmission system in genetal consists of three sections, i.e. the two
HVDQ substations and the transmission line, €ach of which produces losses, the pqint of
measyirement of rated power should be specified.

6.1.2 Rated power of an HVDC system with transmission line

The rpted power of an HVDC transSmission system on a per-pole basis is defined gs the
produgt of rated direct voltage timés rated direct current.

For algiven direct current, transmission line losses vary with ambient conditions, which dan be
non-upiform along the length of the line. Therefore, it is customary to specify rated poywer at
the rectifier DC bus. If the required transmission capability is defined at some other lodation,
i.e. the sending-end )AC bus, receiving-end AC bus, or somewhere along the HVDC
transrission lines.then the rated DC voltage should be defined and the rated direct current
should be chosén-through design optimization of the HVDC system.

Rated power and voltage at the inverter DC bus are derived values from rectifier quartities,
and linédosses are usually based on defined conductor parameters and uniform contiiuctor

A i L 4l H
temperatore—asstmptions arong-tneTe:

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

6.1.3 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
voltage times the rated direct current.


https://iecnorm.com/api/?name=28d9d1da646d7d2bca89dd75b1a08113

IECT

6.1.4
If the

R 60919-1:2020 © 2020 - 37 -

Direction of power flow

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

gener
Then

6.2

Rate

ation, rated power may be specified only for that direction to minimize the inverter cost.
a lower inherent transmission capability should be accepted for reversal of power flow.

Rated current

dircect crirrant 1o tha oanaan vaoliin of thia Aleant Aiees o t thaot tha ovotnm

transn
rated
are sy

6.3

The r
rated
reactd

o chaould bha nble tO
direeteorrentisthermean—value—of the—directecurrent that thesystem—shouwld-be—=a
nit continuously for all ambient conditions specified and without time limitationg. The
current should not be specified for back-to-back systems as detailed in 4.2, unless|there

ecific reasons for doing so.

Rated voltage

hted voltage is the mean value of the required direct voltage to transmit rated poyer at
direct current. It is measured between the high-voltage bus_ at-the line side of the DC
r and the low-voltage bus at the HVDC substation, excluding the earth electrod¢ line.

The rated voltage is defined at nominal AC system voltage and nominal converter firing|angle

while

For lo
sendi
then t
detail

7 O

7.1

Overl
this, d
exam

Overl
transf|
an ing
If rate
may b

a) TH

operating at rated direct current.

ng distance HVDC transmission systems, the rated voltage should be specified pt the
ng end. If the voltage capability of the transmissjon line is higher than the rated vqgltage,
his shall be stated. The rated voltage need not be specified for back-to-back systems as
bd in 6.1.3, unless there are specific reasons.for doing so.

verload and equipment capability

Overload

pad in an HVDC substation-usually refers to direct current flow above its rated valug. For
onsideration may be given to acceptable reduction in life expectancy of equipment (for
ble, due to thermal ageing), use of redundancy, and low ambient temperatures.

pad may be specified in terms of power. Voltage regulation in the converter including the
brmer normally~causes a reduction of DC voltage under overload conditions and hence
rease in current somewhat more than an amount proportional to the increase in gower.
d voltage s to be maintained under overload conditions, then the following medsures
e adopted, at additional cost.

e‘converter should be designed for a higher no-load voltage. This results in a higher

M

LA i £ 1 ol + <l 4lo £l £ AL o L
LY lallllu mMuUveTivau 1o TTYuImcu UVvVTT 1T TUull Iallyc Ul AU UUOS VUllGUU-

NOTE This 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,

sh

ould be increased.

c) 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

no
ha

As a
oversi

minal firing angle at rated power. This will increase reactive power consumption,
rmonics and losses, as well as the internal stresses on valve components.

consequence, if rated direct voltage is to be maintained under overload conditions,
zing 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 system
needq, especialty folfowing contingencies i efther the AC or HVDT system.

Howeyer, some constraints should be observed for the HVDC substation equipment! Thermal
time ¢onstants 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 incre€ased rat|ng of
equipfnent and thus impose a greater cost or a reduction of life expectancy. These factors
shouldl be weighed against system benefits when specifying overload.

EXAMRLE A practical value can be a 1,2 per unit overload for 1 h which does nét result in loss of life expgctancy
of oil-cpoled 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/be-converted to continuous if cooling
redundpncy is utilized. Other examples include oscillatory overloads at a frequency of up to 1 Hz for durafions of
several seconds, for example for power oscillation damping, and 5 s overloads to counteract temporary overpoltage
or freqyiency changes.

The flequency and the time intervals between such aoverload cycles should be specified.

7.2 |Equipment capability
7.21 General

This iis defined as the ability of the HV/DC substation equipment to permit transmissjon of
greatgr than rated power, without loss of equipment life expectancy. It depends on operating
condifions as well as on the design-criteria for individual components. Implications redulting
from the latter are discussed. in®subsequent subclauses with respect to their bearing on
overlgad specifications.

Ambignt temperature is-an ‘important factor. Power equipment is designed to perform at|rated
loading under the most adverse ambient conditions specified. However, these conditions
normally prevail for only limited time periods. At low ambient temperatures, some maigin is
available for inereased 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
varioys HVBE substation components. An enveloping curve of transmission capability ersus
ambignt temperature can be specified along with the AC system conditions to be met{ This
shouldl*besspecified 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 constant of the transformer or reactor windings is approximately 15 min and
range fromrometoseverathours—fortheiroitcircuits (if ally), u'cpcllu'illg o the u'cbigll.

limitinlg factor on HVDC substation overloads. For overloads lasting longer than 1.'h, it ghould
be specified whether loss-of-life expectancy is permitted. The expected’ frequency of
occurfence of such overloads should be specified.

Con3}quently, for short time overloads in the 5s range, oil-cooled equipmentis not the

7.2.4 AC harmonic filter and reactive power compensation equipment capability

HVDQ substation overloads will usually generate increased harmonic currents. These ip turn
incregse harmonic loading, losses in filters and harmadnic” 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
permifted.

Also, |since overload increases the converter reactive power consumption, the specifications
shoulgd state how this is to be taken into™~account when designing reactive power
compensation equipment. If additional reactive“power is drawn from the system under HVDC
substation overload conditions, excessive "“AC bus voltage regulation and a consegquent
reduction in power flow may take place.-For this reason, the expected AC bus voltage [under
overlgad conditions should be specified. Air-cored equipment such as air-cored reactors
should be specified especially for their overload capability.

7.2.5 Switchgear and buswork capability

Switchgear and buswork normally do not impose limits on HVDC substation overloads ynless
parallgling of converters\is planned. However, special attention should be paid to the ov¢rload
capaljilities of current transformers and bushings.

8 Minimumpower transfer and no-load stand-by state

8.1 General

With HVDC substations there exists a minimum steady-state direct current limit. This is due to
the fact that at some low level 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 substation offers various means to achieve
continuation of power flow at reduced transmission voltages.

One possibility is to move the transformer tap changer to the position resulting in the lpwest
AC voltage for the valves. In addition, a further decrease of transmission voltage can be
achieyed through operation at an increased firing angle.

This [requirement could mean a special valve design and thus increase valve Crosts.
Furthg¢rmore, since operation at large firing angles causes an increased_harmonic genefration
and feactive power consumption, operation at reduced direct voltage then requifes a
reduction of the direct current if the filtering and compensation equipment is not rated for
these|conditions.

Other| possibilities are to increase the tap changer range, 6r 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 vaqltage,
perhaps at reduced current. It is reasonable to-expect continuous operating capability at
approkimately rated current at 75 % voltage with use of redundant cooling, provided that
someywhat higher harmonic interference levelcis’acceptable; this in turn depends on expgected
frequgncy and duration of such operations,

Wher¢ two series-connected 12-pulse“converter units are used in each pole, one unit can be
switched out, resulting for examplesin a 50 % voltage reduction when both have the |[same
rating} thus eliminating the necessity to operate at increased converter firing angle or reguced
direct|current.

To arfive at an economic-design of the equipment, the AC voltage levels should be spgcified
for expected direct voltage operations.

8.4 |No-load stand-by state
8.4.1 General

In thig mode, the HVDC substation is ready for immediate pick-up of load without the nepd for
a |engthy atalt-up pluucu'wc. A—crefimititomof-the—statosofvartous pic:u::b of Uqu;plllb‘llt stall be
specified to determine the no-load losses of the HVDC substation, if operation in the no-load
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

conpectad—PRiunance and ~aalara oAy NO oo ‘CtOI’S
COTmTIeC T orrpo—artu— CoOoOTrCTo—ToT— oo 1Cd

minimum level, as appropriate to the design)pf the

The De—reactors—and—bBGfiters—shoeuld—b
(wherg fitted) should be in operation on a
reactqrs.

8.4.6 Auxiliary power system — No-load stand-by

The 4duxiliary power system should be fully operative and ready to piekzup rated load, for
example, all station service transformers energized, battery chargers inloperation.

8.4.7 Control and protection — No-load stand-by

All coptrol and protection circuits should be operative.

9 AC system

9.1 General

The fpllowing information in Clause 9 should ‘be specified for AC systems at both engs for
each ptage of development as well as forvexpected future changes. Different values mjay be
specified for performance and rating purposes.

The grrangement of the AC switchgear to which the converter units and filters are [to be
conngcted, including AC lines,-should be described. This should also be done for the planned
operaling 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 t¢ load
flow and short-circuit'studies are also needed.

9.2 |AC voltage

9.2.1 Rated AC voltage

Rated AC voltage i1s the RMS phase-to-phase fundamental frequency voltage for which the
system is designed and to which certain characteristics of the AC equipment are related, such
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
harmonics, losses, etc.).

The dcceptable degraded performance limits should be specified since these will\haye an
effect{upon the ratings of equipment.

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

9.2.23 Voltage variation during emergency

Dynamic overvoltages could determine ratings and protection strategies.

Undelf extreme circumstances, the AC voltage may exceed even the short-term range, in
which|case it may be desirable to remove the HVDC system from operation in order to protect
the equipment. Alternatively, it may be possible to\rate the HVDC converter equipment to
operaLe within these limits, although this will probably require higher cost equipment and
degrafded performance.

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/remgval of
filters|and reactors), if this is appropriate.

9.2.3 Negative sequence voltage

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

Althoygh it is difficult to obtain an actual value for this parameter, the maximum to be uged in
determination~0f non-characteristic harmonics of the current on the AC side and the
non-characteristic harmonic voltages on the DC side should be specified. These harmonic
currentsand voltages are respectively used for the design of the AC filter, DC filter and DC
reactot (DCC Ctauses—+7+48and 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.
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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.

9.3.4 Frequency variation during emergency

During an emergency the AC system frequency may reach extreme values for limited pdriods.
Thesq 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 megt the
perfofmance specified. For excursions beyond the specified operating frequency limits, |t may
be permissible to automatically disconnect the equipment.

9.4 |[System impedance at fundamental frequency

For the purpose of analysis of commutation conditions«\if” the converter, the system
impedance at fundamental frequency should be stated. Maximum and minimum values pf the
subtransient impedance at the AC bus, without any filter"or compensating equipmenft, are
needdd for such analysis.

Subtransient impedance is the positive sequence.impedance of the AC system as determined
by thg subtransient reactance of synchronous ‘machines, leakage reactance of indpction
machines and positive sequence impedance«of-connecting lines.

Additipnally, a detailed AC system impedance or a suitable equivalent should be specified, in
order [to optimize the DC control.

9.5 |System impedance at harmonic frequencies

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

This |mpedance _may be calculated using the parameters of the lines, transformer$ and
generptors up toXfive to eight HVDC substation buses. However, this impedance may change
considerably_under different load conditions and extension stages of the system. Thergfore,
it is upuallysmore convenient to use an R-X diagram and to plot the envelope of the lo¢us of
the system-harmonic impedance under expected system conditions. The values of R,{, and

Xmin §hould 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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9.7 Other sources of harmonics

Other sources of harmonics electrically close to the HVDC substation should be iden

2020

tified.

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 13.2.4).

10 Reactive power

10.1 | General

Clausg 10 identifies the considerations relevant to reactive power.

10.2 |Conventional HVDC systems

Line ¢ommutation of converter bridges, as used in conventional JHVDC systems, requ
consdmption of reactive power in both rectifier and invertef operation. At full load
consumption represents 50 % to 60 % of rated power<for commonly used valu
transfprmer impedance and firing angle or extinction angle.

At partial load reactive power consumption can< be varied according to AC s
requirements by using an appropriate control .sttategy. A control strategy which is
adoptpd is to maintain the delay angle a indhe rectifier, or the extinction angle y
inverter, within narrow limits by means of the(tap changer of the converter transformer.
this s{rategy, the variation of reactive power versus real power is shown in Figure 19, cu
for copstant direct voltage and constant. @xtinction angle y. As an alternative, a linear va
may be obtained, as shown on Figure 19, curve 2, which involves maintaining co
no-logd direct voltage Uy, by means”of an increase of the delay angle a in the rectifig
extingtion 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

res a
, this
es of

ystem
often
n the
nder
rve 1,
iation
hstant
r and

angle

and thus reducing the direct voltage, reactive power consumption is increased at partigl load

accorgling to curve 3\in Figure 19. Any characteristic between curves 1 and 3 c{
implemented to meet-specific AC system requirements.

n be
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1 Constant DC voltage — Constant y

2 Corstant DC voltage — Constant Uygq

3 Corstant DC current

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

Comblined changes® of the valve firing angle and the load tap changer of the conyerter
transfprmer may. be used to control the reactive power demand of an HVDC subs{ation.
Howeyer, since this requires an increase of the firing angle, it leads to an increased
generption of harmonic currents and voltages and increased losses in the damping circtiits of
the vglves:

Looked at another way, filtering of AC current is obtained through harmonic filters, which also
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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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 (un) and
thus less reactive power consumption. AC filters are required only for harmonic elimination

and n

t for reactive power cnppnrf This reduces the MV/Ar rafing of the filter to small v

lues.

Unlikg the conventional case, neither the CCC nor CSCC configuration requires filter
switchjing for variations in the load over the full range of operation.

10.4

The r
for th
of cal

Converter reactive power consumption

bactive power consumption should be determined for the different-eperating cond
e rectifier and inverter under partial load, full load and overload ¢onditions. The m
culation and the parameters used in the calculations should als@'be specified.

The dperating conditions to be considered include: direction gf\power flow, monopolar
return, monopolar metallic return, bipolar and reduced direct voltage operation ove
specified range of steady-state AC bus voltage.

Also 3t minimum power transfer with a minimum number of AC filters connected, the ab
the canverter valves to operate with increased firing angle/extinction angle can be utiliz
minimlize the reactive power flow to the AC systems.

10.5

Reactive power balance with the AC'system

To defermine the reactive power sources to be installed, an overall balance of reactive
has tq be known. To determine the _appropriate reactive power, balance load flow studie

need
shoul

- th
- th
- re

- re

If the

considlered:
3 gl . I . N—— - . I ange:

| be given to the following:

e power factor range to, be maintained in the AC lines for all operating conditions;
b operating voltage fanges under light and peak load conditions of the AC system;
active power available from nearby generators;

jundancyrequirements.

rectifier is directly connected to a power station, the following points should al

-bank

itions

ethod

earth
r the

lity of
red to

bower
5 may

to be performed. Apart from_the reactive power needs of the converters, considgration

50 be

— tap changer range available in the step-up transformer, and the tap to 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.

10.7 Maximum size of switchable VAR banks

Filterg and capacitor banks may be divided into small switchable banks. The,\size of
switchlable banks depends on:

a) vdltage control requirements over the whole operating range from no load to-full load and
oVlerload;

b) adceptable regulation step per switching operation. It should be notéd-that the regylating
effect from switching reactive power banks can be modulated withCthe help of conyerter
cqntrol;

c) frequency of switching.

When| considering combinations of filters and shunf ‘capacitors with synchrpnous
compensators, the filters and shunt capacitors should be/limited in size to avoid self-excitation
of the[|synchronous machines.

11 HVDC transmission line, earth electrode’line and earth electrode

11.1 | General

Clause 11 identifies those characteristics” of the HVDC transmission line, the earth ele¢trode
and the earth electrode line thatc~are relevant to the specification of the steady}state
perfoimance of the converter,  including power line carrier performance and design
requirements. It does not providé the information that should be specified for the design jof the
HVDQ{ transmission line, earth glectrode lines or earth electrodes themselves.

Key performance spegcification data for the HVDC transmission line, the earth electrode line
and the earth electrode-should be determined in advance.

11.2 |Overhead‘line(s)
11.2.1 General

The tptaMength of the line should be given, including details concerning any overhead and
cable sections. Details should be provided of any right-of-way joint uses. Particulars of all
crossings and parallelisms need to be given to 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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Curve of frequency dependence up to the 49th harmonic of the fundamental frequency for
rated current;

2) capacitance — positive and zero-sequence capacitance (C4 and Cp);

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

requir

ed:

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

b) to
C) s@
d) to

e) th
ef

f) cr

wer outlines, spacing and sag profiles;
il resistivity along the route;
wer footing resistance;

e worst-case maximum conductor surface gradients to permit calecutation of ¢
ects, for example, if a carrier is to be used;

tical impulse flashover level of insulation.

It is strongly recommended that the HVDC transmission line be adequately shielded

direct
transn
10 Q

lightning strokes for the first 10 km from the HVDC  substation and for the
nission line tower footing resistance to be sufficientlyvlow, for example, less|
ip to 25 Q.

As a third alternative, in place of sequence components, the information could be provi

the fo

11.3
11.3.1

Lengt
sServig

Exam

a) i
b) i
c) i
d) i

n

n

n

n

11.3.2

I'm of self- and mutual impedance between conductors and earth.

Cable line(s)
General

h of sections or total length should be specified as appropriate. Any restrictio
e conditions imposed by the,cable supplier should be stated.

bles of such restrictions.might include:

hitations on polarityreversal,

hitations on discharge rate;

hiting voltage~and current ripple level;
hitations_on overvoltages and overcurrents.

Electrical parameters

orona

from
HVDC
than

led in

NS on

The e

ectrical parameters are the 1ollowing:

1) DC resistance of conductor, maximum value at rated current and at maximum overload
current, minimum value at minimum current;

2) conductor resistance frequency dependence up to 5 kHz;

3) cable sheath resistance and frequency dependence up to 5 kHz;

4) inductance and frequency dependence up to 20 kHz;

5) capacitance of conductor to sheath;

6) capacitance of sheath to earth (armour);

7) surge impedance of cable conductor to sheath;

8) 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 arece—of—the—earth—ele
indicated. It should be noted that this resistan
and/of load conditions.

ede—relative—to—the—remete—earth hedld be
ce may increase with time and envirgnmental

12 Reliability

12.1 |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 gurpose and scope of Clause 12 is for writing specifications and evaluating religbility.
Clausg 12 defines reliability calculations during the acéeptance period of an HVDC system.
Pleasg refer to Annex A for more information on facters/ affecting reliability and availabllity of
converter stations. Reference is made to IECIR 62672 which deals with a reporting
procefure of specific failures and overall availability of HVDC systems in operation. Although
the sgope of IEC TR 62672 differs from that of-this document, the basic terms used and their
definifions are common to both documents.

Termg and definitions applicable to the réliability of HVDC systems are given below.

12.2 |Outage
12.2.1 General

An oytage of the HVDCxsystem is an event when the transmission capability falls to g level
below| the maximum rated power. This may be caused by defects of components of parts of
the equipment, human errors, switching-out of equipment for maintenance and repair,
switchling-out caused by an operation of protection equipment, external fault, etc. (see 12.3.3).
Consideration-should be given to defining which of these or other causes should be indluded
in thel availability and annual number of forced outages. An outage will be included |n the
calculiationsyeither as a scheduled outage or a forced outage (12.2.2 and 12.2.3, respeciively).

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
contifquous operation, excluding any additional capacity available through the preserice of
redundant equipment.

12.3.3 Outage capacity P,
For 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 mayimum
capadity Py:

P
Error| Bookmark not defined. ODF = P—° (1)

12.4 |Outage duration terms
12.4.1 Actual outage duration (AOD)

The alctual outage duration is defined as the time elapsed in decimal hours between theg start
and the end of the outage. The.Qutage is typically started when a switching event takes|place
to intg¢rrupt the main circuit power flow, or to initiate the reduction to the outage powerjlevel.
The o¢utage is typically .,completed when a switching event takes place to restorg the
equipfment 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 4dctual outage durations may be segregated into forced and scheduled, such that the
value |of AOD(for each outage becomes either actual forced outage duration (AFOD) or actual

scheduled outage duration (ASOD).
12.4. i tion (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.

12.4.3 Equivalent outage hours (EOH)

This ip defined as the sum of the individual equivalent outage durations within theJperjod of
the analysis.

EOH =) EOD (4)

It is ppssible to subdivide the EOH value into forced and scheduled outage hours by summing
the EFOD and ESOD values, rather than the summation of the £OD values.

12.5 |Energy unavailability (EU)
12.5.1 General

This i$ a measure of energy which could not have.been transmitted due to outages.

Enerdgy unavailability is determined from the*equivalent outage hours value, as follows:

EU%:(@jxmo (5)
PH

It is upually expressed as a.pefcentage.

For reliability studies)_it is essential to distinguish between the effects of line faults on
monopolar and on multipolar (bipolar) transmission systems.

In a monopolar system, a line fault causes a complete collapse of the transmission| In a
bipolgr system, for most cases, a line fault only affects one pole of the transmission system,
so that Jine) faults would, in general, reduce energy transmission by 50 %. However, [if the
remaiping’transmission line pole is designed for some degree of overcurrent capability fand if
the converter groups on the HVDC subsiafion can be connected in parallel, then more than
50 % of the energy may be transmitted after the necessary switching for paralleling the
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)

wherg ESOH means equivalent scheduled outage hours.

12.6 [Energy availability (EA)

This i$ 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 forced
outagps for the period hours PH should be definéd-

12.8 | Statistical probability of outages
12.8.1 Component faults

In addition to the availability .of the overall system, the reliability of some indiyidual
compopnents may also be considéred.

Every| component in thetsystem can be characterized by its failure rate A. Itis well to
distinguish between statistical failures (random outages) and failures at the end of the
compgpnent lifetime (foreéxample, outages of luminescent diodes because of ageing). To|stock
spare|parts, good_practice differentiates between these two kinds of failures, since at thie end
of thejr lifetime @ll-of the concerned components should be replaced.

12.8.2 External faults

The ted ber of AC system faults and their duration  which may detrimdntally
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) cogﬁx&oﬂb&m&&mmwh&:gu&&.&&éﬁs;&lm_mﬂwﬂugwmaased
repctive power consumption;

2) AC voltage control;

3) frequency control;

4) adtive power modulation;

5) cdmbined active and reactive power modulation;

6) sybsynchronous torsional interaction damping;

7) remote operation;

8) cdordinated control of converters among two terminals.

13.2 | Control structure
13.2.1 General

The viarious control circuits of an HVDC substatien  are generally structured in a hierarchical
manngr. The main control functions are dispersed to a lower level as far as possible to
improye the system reliability and availabilitys"They normally operate fully automatically. For
long-distance HVDC transmission systemsya telecommunication link is needed to coorglinate
betwegen the rectifier and the inverter. The various levels are described subsequently, sfarting
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|firing
pulses to the individual valves in a 12-pulse converter unit. These are synchronized to the AC
systefn voltage. The input is the delay angle a or the trigger advance angle S, as provided by
the ngxt higher level.

Therel are mainly two types of converter unit firing control principles which have been usgd for
HVDG:

— equakldelay 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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b) 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 of
A®is 0,2°, assuming that the AC system voltage and impedances are balanced.

13.2.3 Pole control

The gole control provides the reference values per pole for all series-connected conperter
units, [if any.

Pole ¢ontrol is a closed loop control and includes the basic control functions that are required
for stable operation of the HVDC system, such as current control, voltagercontrol, extipction
angle|control, power control, tap changer control. All these control functions have a refgrence
value|and an actual value. Some of these reference values may be&provided by thg pole
contrgl (for example, the current reference value, which is calculated out of the reqyested
transrhission power), others can be provided by the operator (fof ‘example, DC voltagg, DC
power).

Generally, each substation pole is provided with a pole control (Figure 20) that controfls the
DC voltage output of the converter by determining theffiring instant of the valves. The pole
contrgl senses the difference between the order and-the response and adjusts the conyerter
DC ouitput voltage accordingly. If the current order in the rectifier is larger than the cprrent
respopse, the firing control increases the directovoliage by decreasing the delay angle], thus
incregsing the direct current. The direct voltage»is increased until the current response gquals
the cdirrent order or the maximum voltage+is‘reached when firing at minimum delay angle,
(minimqum voltage between the terminals ofithe valve at which the valve will fire correctly). On
the other hand, if the current response.lis larger than the current order, the direct voltage is
corregpondingly decreased. The decreasing action is limited when the converter opefration
has Rheen transferred from rectification to inversion and firing given the least permitted
extingtion angle (to ensure safe yalve recovery).

The fypical voltage current characteristics of a rectifier and an inverter are shown in
Figurg 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 thelinverter 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
the control characteristic in a simplified form, typical examples of more detailed
characteristics are shown in Figure 21 c).
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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 d
adjust
changi
the cqnverter no-load direct voltage may be kept constant by means of adjustment-of the tap
changers.

Redug¢ed DC voltage may be needed, for example, at times of reduced)voltage withstand
capalility of the HVDC transmission line. This can be accomplished in(the rectifier as well as
in the|inverter by tap change in the converter transformer, by adjustment of the delay angle or
by swjtching 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|. One
major|design criterion for HVYDC systems is normallyte_minimize the equipment at the dtation
level as much as possible, in order to minimize the impact on the bipole in case of a fault at
that Ig¢vel. Referring to station level functions, these could also be realized within polg level
hardware, and may include:

a) cdordination of current orders betweeni\the two ends via the telecommunication link| most
likely on a per-pole basis;

b) pqwer control;

c) cdordination between the poles.of an HVDC substation (if there is more than one polg¢);

d) additional controls such @s.frequency control, run up/runback control, power oscillation
dgmping, etc.;

e) mpre sophisticated.control strategies.

Examples of the more-sophisticated control strategies are described below.

The reactive power consumption of an HVDC substation is dependent upon the firing [angle
and the direet current flowing. Thus the DC link can be used for control of reactive power or
for vo|tage.control in the AC network.

The HVDC substation control can be coordinated with control external to the HVDC substation,
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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c) Examples of HVDC control characteristic

Rectifier U, control 6 Inverter VDCL (voltage-dependent current limit)
Inverter U, control (voltage order) 7 Normal operating point

Inverter y control 8 Rectifier /, control

DC line drop 9 Rectifier VDCL (voltage-dependent current limit)
Inverter I, control 10 Current order

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 s

hould 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 rated power.

13.2.5 Master control

Master control is usually integrated into the HVDC station control. However, if two or more
HVDC substations are connected to the same AC bus, the master control would be a separate

level
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ce with the AC system and coordinate the various substations. Master controlca
vided remotely, for example, at a dispatch centre. In this case, telecommunicatior
vided from the dispatch centre to the HVDC substation.

Control order settings

ally, both converters of an HVDC system are equipped with identical control equi
most HVDC systems are designed to transmit power in both difections.

he station control in one location can be in the lead at Ong’time. Generally, the §
station control order and rate of change are provided:ntanually at the lead station
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ble, a dispatch centre.

current control mode the current order can\be set manually in both substations, if
unication is available for coordination.pdfposes. Current control can also be prg
ply, for example, at a dispatch centre.
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Various limits can be applied to the current order. The main objective of these is to op

imize

the permissible current with respect to main circuit components and cooling conditions.
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

re

quirements;

€) 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.

13.6 Protection system

The HVDC control and protection system should coordinate in terms of strategies, parameters,
etc.

The HVDC protection system is used to detect and clear faults, isolate faulty equipmgent in
order|to recover the steady state of system (if possible). The protected Zenes are giyen in
IEC 6p919-2.

The IHVDC protection systems are based on a fully redundant<concept, arranged into
overlgpping protective zones and operated quickly and accurately.

The HVDC protection system sends the order to the control‘system to produce the trip pignal
to the|converter AC breaker or directly trips the converter, AC breaker, if it is required for fault
clearing. Additionally, the HVDC protection system shauld send an order to the control system
accorgling to the severity of fault, such as:

— bleck converter (firing);

— forced retard;

— block bypass pair firing;

— converter / pole isolation;

— DC line fault clearing sequence,

— current limit;

— pdle current balancing.

13.7 |Measurements

Items|of interest which are normally measured in an HVDC system are as follows:

— DC current;

— DC voltage and polarity;

— repetive power consumed by the converters;

— net reactive 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, it is
neceslsary to have a telecommunication system to exchange information between tht 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-terminals
can be used to enhance the performance of the HVDC system.

Alternative types of telecommunication can be used for control and opération of an HVDC
transrpission:

a) telephone;

b) pqwer line carrier (PLC);

c) mjcrowave;

d) rafdio link;

e) ogtical fibre communication.

More than one system may be used.

14.2 |Telephone

A public telephone network is one altérnative communication link for HVDC transmjssion
contrgl. The basic need for voice communication between the stations for the correct timing of
measyires to be taken in the stations at operational changes can be satisfied by a dial-up
conngction. For the operationCof the HVDC transmission from a dispatch centrg with
unmapned HVDC substations,;»and to make use of the inherent HVDC system speed of
respohse for control of transmitted power, a permanent telephone line is needed.

14.3 |Power line carrier (PLC)

PLC is one means:;of communication for an HVDC transmission with overhead lines; however,
its capabilities-may be insufficient to meet the requirements of high-speed modulation control.

For ap HVDC cable system, the transmission capacity of a PLC will be reduced for longer
cable|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 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
installation. Because of its line-of-sight characteristic, the system requires several reflection
towers dcpcllu'illg O gcuglapilibai sitoatiom—and repeater atatiuu(b) for—mtermediate ignal
boost|to compensate for this attenuation.

Satelljte telecommunication may be another choice for very long distance HVDE transmjssion
schemes although it inevitably has communication delay time.

14.5 |Radio link

A rad|o link may be considered at long sea crossings with HVDCcable transmissions,|when
PLC does not provide sufficient speed.

14.6 |Optical fibre telecommunication

A fibrg¢-optic communication link may be used for controland protection of HVDC systems and
may lbe an economic alternative for fast transmission”of large amounts of informatiop with
high immunity from interference.

This ¢ommunication system is very fast (camparable to microwave systems) and reliable.
Thereffore, in addition to the basic requirements for operation of the HVDC system, sufficient
additipnal bandwidth may exist to allowcenhanced performance of the control and protgction
systefs. Also, information capacity is\sufficiently high that a variety of detailed operdtional
data an be transmitted almost iinstantaneously. The data channels usually incorporate
multiglexer technology for efficient-utilization of the system.

Optical fibre can be laid for.sea crossings; however, careful route selection is important|since
they are easily damaged by mechanical stress. Using composite DC power cables, in which
opticgl fibres are enclosed, is another choice. If these cables are used, the reliability pf the
fibre ¢ptic communication in terms of mechanical stress can be compatible with conventional
powel cable and t¢he‘total laying cost can be reduced. Use of OPGW (optical ground wife) as
one of shieldingwire is another typical arrangement used in many overhead lines schemgps.

14.7 |Classification of data to be transmitted

A listte asses—ofthe—differenttypes—efinformationtobetransmittedbetween—theHVDC
substations is given below. For each of these classes, the different requirements should be
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) alarm signals;

f) V(.iL;U bUIIIIIIUIIibdtiUII,
g) DC line fault location.
Usually, these signals are transmitted in accordance with certain data formats,)such as|cyclic
digital telemeter data format. Each data item is assigned to a group of bits sized accordjing to

the dpta format. In some cases, it may be undesirable to resend old data if an error is
detected, for example, when sending power orders during swing damping.

14.8 |Fast response telecommunication

Several types of control may require a fast telecommunicatiofiysuch as microwave or gptical
fibre ghannel (greater than 1 200 bit per second (bps), (for example, 64 kbps)), for example:
a) dgmping control of AC systems;

b) frequency control of AC systems;

c) fapt power control of AC and HVDC systems;
d) HYDC transmission line fault location;

e) HYDC transmission line protection;

f) pqwer system security control.

The performance requirements of\the telecommunications system(s) will depend on the
specific demands placed on it by the HVDC control system, remote control facilitieg, etc.
Since| these vary widely cbetween HVDC schemes, the telecommunications sjystem
specification shall be determined through detailed analysis of the particular HYDC system.

14.9 |Reliability

Genefally, a telécommunication system can be provided with an automatic self-checking
systemm.

If a redundant (stand-by) telecommunication system is available, automatic switch-over
shoul@i“be” provided, thus maintaining the full degree of control of the HVDC systentr. If a
redundant system is not available, then, after loss of communication, the operation of the
HVDC system should continue uninterrupted under the defined control strategy not requiring
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.

Where a separately and independently energized distribution network supply is available, this
shoul@—beUtittzed—as a back-up Source to give added protection agamst fafture of mgdium-
and Iqw-voltage switchgear and supply transformers.

15.2 |Reliability and load classification

Short|(for example, less than 5 s) interruptions in the auxiliary supply to the\converter dtation
should not disturb the HVDC power flow. Safe controlled shutdown of ¢the’ HVYDC subsgtation
should take place in the event that the AC bus has been tripped by\the protection. (Since
HVDQ converters are line-commutated there can be no sustained{transmission if tHe AC
system generation is lost, although protection may be needed toprevent pseudo-commutation
by filters or reactive power compensators).

Contrpl, protection and data recording systems are not usually able to accommodate even a
very short interruption in their power supplies. Accordingly, they are supplied from station
batterjes or, when AC supplies are needed, from @nvuninterruptible power system (UPS).
Dupligation of batteries is not always necessary, but full redundancy of the battery chargers
and the UPS may be required to meet the ‘desired reliability criteria. All breakerg$ and
discopnectors essential to the safe shutdown.fllowing a fault should be operated by s$tored
energly, for example, compressed air or battéry supplies.

Different considerations apply to the-operation of disconnect switches and the closing of
breakprs to reinstate the transmission capability following a fault-caused shutdown perhaps at
a lower capacity. If the requirement for a restart from a totally dead bus can be expecfed, a
diesel generator may be necessary when adequate battery capacity is unrealistic.

Only brief interruptions in\power for valve cooling fans and pumps can be allowed becalise of
the short thermal time)constant of thyristor valves. Automatic changeover between two
independently derivéd) supplies is preferable; but if one is dependent upon the distribution
netwdrk, it shall be\recognized that the security of such a supply will be rather low and the
changeover should be such that reconnection to the primary system source is automatically
accomplished\as quickly as possible.

Since| HYDC power transmission is possible only when the AC system bus is energizefd, the
|OSS fau/\l:laly OUFF:IUO dul;llu Al II'\\C OyOtUIII d;otulballuc T bUIIVUItUI d;OUUIIIIUUt;UII doeS
not cause a further loss of availability, unless the subsequent restart of auxiliary loads is
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

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
alternative supplies, voltage reductions on motor starting and fault clearance are within
acceptable limits.

Inducfion motors can be particularly sensitive to the amplitude of negative sequeneelvqltage,
low vepltage or extreme frequency excursions. Finally, an accurate figure will be|needed for
loss guarantee purposes.

15.4 |Batteries and uninterruptible power supplies (UPS)
It is upual to have separately assigned batteries to limit mutual interférence for at least:

— HYDC system control for each pole;

— other substation control and protection;
— telecommunication equipment.

Thesq batteries will usually be of different rated voltages. The time for which each battefy can
supply its rated load, within the rated voltage range:in the event of failure of the chargerjor its
supply, should be specified. A typical time is 6:h. The charging time, while the charger is
supplying the rated load and the recharge currént for the battery, should also be specifjed. A
typical recharge time is 10 h to achieve a minimum state of charge of the battery of nqt less
than 90 %. In addition, the acceptable ripple voltage and the superimposed ripple cprrent

shall be considered. A room should be set aside for batteries and chargers, but with mjodern
equipment there is no justification for-separating the two items.

For batteries, it is necessary te:consider and specify the following:

— ndminal voltage;

— lo&d profile and/or rated capacity;

— voltage range from/charge (when boost is necessary) to discharge;
— ki

— temperature’conditions;

nd of battefy-and/or type;

— ventilation requirements.

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.

The 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-voltage system and is therefore inherently very secure, but non-interruptible.

15.5 |Emergency supply

If a dlesel generator is necessary, then consideration should be given to the following|when
prepafing its specification:

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

— if putomatic, care should be taken to ensure that conditions €ausing frequent restarting
cannot occur, otherwise the starting battery might become fully;discharged,

— hgw much fuel should be stored on-site?

To ensure reliable operation when required by emergeney conditions, it is desirable that the
generptor is started and loaded so that it reaches corfect operating conditions periodicglly on
a sysjematic basis. The auxiliary system should be“designed to achieve this without in any
way gutting the transmission at risk by the failurerof auxiliary supply equipment to mpke a
corregt changeover.

16 Aludible noise

16.1 |General

Noise| from the HVDC substation could be troublesome and might incur prescriptive
mandgtory sanctions which may be difficult to resolve once the station is built. Therefore,
limitinlg specifications should be prepared at the start of the project taking into adcount
requirements of any applicable regulations or codes of practice. The effects of noise are
generplly treated as” those concerning nuisance to the public outside the boundary ¢f the
HVD({ substation_and noise effects in the working environment. While the latter are impgrtant,
publid nuisance(limits are often more difficult to specify.

16.2 |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 usually be closed-cycle evaporative coolers or forced air coolers drawn from a standard
product range and, as such, the cooling equipment manufacturer should be able to supply
noise spectrum and level data F\/apnrati\/p coalers are gpnnrnlly less nniey In both ypes,
the ng@ise level can be reduced by using larger, lower-speed fans. Substantial noise rédfiction
can also be achieved by using screen walls to deflect the noise upwards.

16.2.3 Converter transformers

Becayse of the effects of the harmonic currents, principally of orders 5, 7,11 and 13 and the
small [residual direct current in the converter transformer valve windings; its noise spectrum
would| be different from that of AC system transformers in actual opé€ration and may be jabout
10 dB| higher than would be measured in factory AC tests. The tank and cooler noise Jevels
can be reduced by conventional means, if necessary, for example,yenclosures.

16.2.4 DC reactors

In the| case of oil-immersed DC reactors, noise will come from the core, structure and cpolers
of thg DC reactors. Core and structure noise cani be expected to have peaks at [ripple
frequgncies corresponding to the harmonic orders 'ef'6 and 12. It is probably not practicdble to
carry put valid factory tests of DC reactor noise,, The noise level can be reduced, if necegsary,
by some of the same measures as are applicable to transformers, for example, enclosurgs.

For aifr-cored DC reactors, and where low noise levels are required, special designs including
the uge of additional sound absorbent shields should be considered.

16.2.3 AC filter reactors

Filter reactors are usually air-cored, and modern manufacturing methods are available which
may be used to reduce-the amount of noise produced. Other measures may be talen to
reduce the amount of'noise propagated, such as careful consideration of the location within
the converter station,/sound absorbent barrier walls, or even locating the equipment |nside
buildings.

16.3 |Noise-in working areas

The noise level to which persons within the boundary of the HVDC substation may be
subjecCtedshould—be constdered with Tegard to sartety, nearing 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
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.
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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 flowing into the AC system impedance give rise to harmonic voltage distortion. In
addition, they can propagate throughout the AC system giving rise to local resonances or
telephone interference.

If a converter is fed from a balanced three-phase source of voltage, if the impedances of the

three ; ; side
harmgnics are generated of an order, determined by the pulse number, p, of the eonverter,
kp £ 1], where k is an integer. For the ideal case, the amplitude and phase of the.génerated

charagteristic harmonics in relation to the fundamental component depend ,solely on the
contrgl angle (a or B) and the overlap angle p.

Howeyer, in practice, AC systems that are coupled with HVDC convertérs are not perfectly
balanged in voltage or phase. This leads to a negative sequence voltage system typically in
the range 0,25 % to 1 % of the positive sequence system. Other solUrces of unbalance irjclude
converter transformer commutation inductance differences (typjcally +2 % to +5 %), and
contrgl angle unbalances (typically 0,1° to 0,25° in steady siate for modern HVDC control
systefs). These unbalances result in the generation of nen=characteristic harmonics| thus
added to the harmonic interference from the converter.

17.2 |Filters

AC harmonic filters are generally provided at H¥DC substations for absorbing the harmonics
generpted by the converters, and in addition for’reactive power compensation (see Clause 10).
An expmple of AC harmonic filters connected.-to the AC feeders for a bipolar HVDC sysfem is
shown in Figure 22.

In order that the loss of any filterswill not prevent system operation at full power, twq filter
arms pf each type may be specified. The filter arms may be made switchable on the bgsis of
indiviIual arms on each polex:Sizing the individual filter to be switchable should takg into
considleration:

— refactive power andvoltage regulation requirements;
— refluced and light. load conditions;

— pgssible resonances between the filters and the AC network impedance with|each
switched arny

— reliabili{y Criteria;

— egohdmic 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) diagram over the frequency range from
fundamental to the 50th harmonic.
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b) Common AC system buses

Key
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 high pass filter
[ q r
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
effective harmonic distortion D, telephone interference factor TIF, telephone harmonic form
factorrHH—=md werghted—+TFproduct—Fortetephone mterference;—two systems of weighting
are uged. These take into account the response of telephone equipment and the sensitiyity of
the human ear, namely, psophometric weighting as recommended by the Interngtional
Telegfaph and Telephone Consultative Committee (CCITT) and "C" — message’ weighting
develpped by Bell Telephone Systems (BTS) and the Edison Electric Institute,(EEI). Each of

the ahove terms is defined as follows.

Indivigual harmonic distortion according to CCITT or BTS:

Dy = -x100% (9)
1

Uy refers to rated fundamental RMS voltage and {, to the nth harmonic RMS veltage
considered.

Total pffective harmonic distortion:

N
Doy = | > D? (10)
n=2

4 the maximum harmonic-order considered.

wherg
N

The {elephone harmonic_form factor (THFF in the CCITT system) and the telephone
interference factor (TJEwin the BTS system) are both used to describe the interfgrence
influepce of a power\transmission line on a telephone line, and serve as guidelings for
specifying interference performance. THFF and TIF are defined in the same way with the only
differgnce being-the weighting factor:

TIF:\rf(MWZ (11)

[/,
V=1 f

where

F, is the weighting factor for each harmonic n according to IEC TR 62001 (all parts).

=00 2
THFF = (kfxpfx%] (12)

n=1 1

where

, /
ki is equal to “gny';
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f is the harmonic frequency;

P; is the psophometric weight divided by 1 000.

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

The a

pproximate relationship between TIF and THFF is:

TIF
THFF

=4 000

(13)

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

The harmonic currents of power transmission lines are represented by a single c
obtairled by weighting each harmonic current with the corresponding factor ,of the s

used.

The weighted current product (IT) is computed as follows:

r=3 (F, x1I,)

n=1

the nt" harmonic RMS current;
the same as defined before for TIF.

Calcujation of the weighted current products (IT) for individual lines requires a knowleg
the hgrmonic impedances of individual lines connected to the converter AC bus in order,

mean
shoul

ngful in specifying interference performance for HVDC installations. The IT p
l be specified for individual lines; but only if the harmonic impedances of all lineg

HVD({ substation AC bus are specified.

Speci
and |

fying performance limits y)simultaneously for all harmonic interference factors (D
) may not be practical if the values have to reflect the real impact of the in

harmgnics on inductive-goupling. This is particularly true if IT is specified for meshed sys
Thesq values vary from station bus to station bus and along the line; thus, acce
performance can enly’be ensured in the design if line parameters, soil resistivity alor
transrhission line,"geometric coupling factors, etc., are accurately known.

17.4

Exam

Levels*for interference

ble's”of typical maximum levels of harmonic interference factors that have been sp4d

urrent
ystem

(14)

ge of
to be
oduct

from

L, TIF
ected
tems.
btable
g the

cified

for an HVDC substation are as follows (these are not recommended specification values and
should not be taken as limits without specific studies of a given system):

a) individual distortion D, 1 % at any harmonic;

b) effective harmonic distortion Dy, 2 % to 5 %,;
c) telephone influence factor TIF 25 to 50; THFF in the range of 0,6 % to 1,25 %;
d) IT product 25 000 to 50 000 per line.

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 fllter bank or reactive power source out of serV|ce A filter bank is

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

— lo$s of capacitor units to the extent that it results in a first-level alarm;

— eXtremes of ambient temperature conditions coupled with maximum filteh loading;
— initial filter detuning;

— any change in system configuration.

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

— dyjnamic overvoltage conditions including ferroresonance following load rejection of fault
recovery;

— shlort-term overload.

When| specifying harmonic interference {imits for an HVDC substation, certain data (as
discugsed in Clause 9) should be included in the specification to enable appropriate
optimization of AC filter designs.

18 Hiarmonic interference'=DC

18.1 |DC side interference
18.1.1 Harmonic currents in HVDC transmission line

The ¢peration {of*the converter equipment in an HVDC substation generates harmonic
voltages in the DC side of the substation which cause harmonic currents to flow in the HVDC
transmissjon_line. Where the transmission line consists of overhead line and cable, the|cable
genergplly,‘acts as a filter to the harmonic current, so that only harmonic currents of|small
magn(tudés 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) sdcondary induction effects;

e) pgssible excitation of resonance conditions between the HVDC transmission line and the
egrth 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 ‘tine poles and in the overhead
shield wire can be calculated by the usual formulae for.long-line calculations and model
analysis, in case there are unbalances in the circuit:{f the distance between the HVDC
transrission line and an open-wire telephone circuit4s short (less than 200 m), the calcylation
shouldl be carried out considering the currents in the poles and in the shield wire(s) sepdrately,
with their respective coupling factors.

In computing the longitudinal noise voltage“imposed on a voice communication circult, the
harmanic currents are weighted by a factor (psophometric or C-message) to take into agcount
the response of the human ear to each.frequency.

18.1.8 Calculation of induced-voltages

The lpngitudinal C-message ‘or psophometric voltage Vg(x) induced per km of exposur¢ of a
telepHone circuit can betcalculated considering the currents coming from both ends of the
HVD( transmission lineyat any location x km from one end of an HVDC transmission linje, the
weighfting factor, the shielding factor of communication circuits and the mutual impeg@lance
betwegen the HVDCutransmission line and the communication circuit. The transverse voltage is
given|by ky, V4 where k, is the balance factor of the communication facility being considefed.

18.1.6 Personnel safety

When| censidering personnel safety, the voltage value is calculated as the square root bf 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
resonant circuit with the electrode line inductance;

— SWIIChes 10 permit paralieling or the two (pole) Tlters wnen in monopaolar operation.

The ipfluence of these on the operation and on the overall performance of thé&“conyerter
substation should be examined before deciding on the extent of needed limitation ¢f the
harmagnics on the DC side.

While|routing the DC line, it shall be evaluated if parallelism of other lineés-can be avoided or
reducgd, as this would be the most effective way to avoid/limit interference. Where possible,
crossing to lines should be made at 90 degrees and transpositioncof phases/pole lineg shall
also he considered.

18.2 | DC filter performance
18.2.1 Requirements for voice communication circuits

Undefstanding of the communication and railway;companies' requirements is necessary to
arrive| at the best overall solution for intetference problems. Table 2 indicates the
requirements for voice communication circuits,¢prescribed by CCITT, the American Telephone
and Tglegraph 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
ing modes of the HVDC.system. From the interference point of view, bipolar operation
with equal positive and nedafive voltages is the mode requiring less filtering. Monopolar
operation, with either earth, or metallic return, gives higher values of noise voltage than
bipolqr operation for thessame DC filter configuration; however, operation in this configufration
usually occurs for a low percentage of time. Monopolar operation with metallic return|gives

ition to"the basic HVDC operating modes discussed above, the specification ghould
indicate any-other modes or conditions under which the transmission system could everjtually
operate., The filter should be rated for all these conditions; however, the interference| level
under| the” several modes or conditions should lie between the normal bipolar balgnced
operating mode and the worst monopolar mode. Provision may be made in the specification
for the system capability for emergency 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.
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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 dBrnC¢ 31 dBrnC*®
26 dBrnC (20 dBrnC)?

It i$ 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}

Infprmation from BTS indicates that minimum balance should be 60 dB.

Th¢ US Rural Electrification Administration prescribes other values for balance. This value,corresponds to a
gog¢d balance.

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

Thils value refers to trunk circuit.

The value in brackets refers to design objective and the other to the maximum acceptable value. In practice,
for|bipolar systems, the performance requirements of a DC filtering scheéme~-are primarily based on the pipolar
opgrating mode. A higher interference level on voice communications, issaccepted during monopolar opdration,
forlexample, two or three times the level permitted during bipolar balaficed operation.

18.3 | Specification requirements

18.3.1 Economic level of filtering

The greferred way to determine the ecanomic level of filtering that satisfies interfgrence
performance requirements would be to perform an inductive coordination study and opfimize
the cost of filters with the cost of changes in the communication circuits, considering the
pointy discussed earlier. From such a study, the ideal specification for the filters [could
indicate the profile of the maximiym disturbing current along the line, as defined in 18.3.4,

required to maintain the interference level below the specified values.

Usually, the above studies are not feasible during the specification stage; therefore, gne of

the fol]lowing three altérnative approaches could be adopted.

b)

c)

ecify one maximum longitudinal induced noise level in parallel test line, 1 km away from
HVDC <drahsmission line for bipolar operation and a higher value for mongpolar
operation,,_n mV/km of exposure. This approach should be used with cautign as
it pccounis only for the interference in the telephone voice circuit and it utilizes maximum
vdlués for the harmonic current along the line. This method could be improved by gdding
th ' i = ' itudi P and
different values of the induced voltages along the HVDC transmission line route,
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, routes,
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 way,
for example).


https://iecnorm.com/api/?name=28d9d1da646d7d2bca89dd75b1a08113

- 76— IEC TR 60919-1:2020 © 2020

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

Finall
circuit
and c

18.3.2

In ad

indicated above, the following general criteria should be followed.

1) TH
of
of
re
O]

2) TH
to

3) In
(1

4) TH
fil
st

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

earth

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 communication

circuits located in the area of influence.

with the information on filter cost and the caost for r‘hqngpc in the communi

cation

s, it should be possible to determine the optimum trade-offs between the filtering's
bmmunication circuit changes.

General criteria

Jition, for specifying the level of filtering in accordance with one-of the altern

e level of harmonic current filtering should be determined “under bipolar bal
eration and under the nominal condition defined for the HYDC system. For any

eration without filters.

e specification should also define the maximum value of the disturbing current p
be accepted under monopolar operation.

5t to 6th) should be specified.

hge of development of the HVYDC-system. For example the following:
range of direct voltage and direct current;

range of normal operating-AC bus voltage;

negative sequence component of fundamental frequency AC voltages;

maximum AC fregquency deviation within a normal cycle range or which m
maintained for-mere than 1 min;

maximum temperature variations expected;

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

ystem

atives

anced
other

erating mode or condition specified, the level of noise shguld not be higher than thie one
sulting from the worst monopolar operation, except<for the unusual contingency of

ofiles

addition to the above requirements, the miaximum low-order harmonic current Jalues

e utility should also specify the limits of system operating conditions under whigh the
er performance requirements should be met for each mode of operation and for| each

hy be

maximun number of capacitor unit or element failures permissible before mandgatory

18.3.3 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 harmonic
voltages consists of voltages occurring simultaneously and giving the highest value of C-
message or psophometric profile of disturbing current along the line and also complying

wi

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

2) 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.

3) 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.

18.3.4 Calculation of currents

eiving
pwing

n=N 2
leg= | 2 (HuxC, x1,) (15)
n=1

wherg

1, is the effective disturbing current at harmonic n/(generally corresponding to regidual
mode current);

N is the maximum harmonic number to be considered;
C, s 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 gircuit
balance at harmonic n.

Wher¢ the balanced mode harmoniC)currents are expected to contribute significantly o the
induced noise, they shall be included in the calculation of /4. The effective disturbing cprrent
is thep specified as:

1y =1+ (K < 1y, ) (16)

1., [ the tatal residual mode current at harmonic #;
Iy, [is the balanced mode current at harmonic x;

K, |is\the ratio of balanced mode coupling to the residual mode coupling at refgrence
frequency.

The typical values of equivalent disturbing current are in the range of 100 mA to 6 000 mA for
normal operation.

19 Power line carrier interference (PLC)

19.1 General

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

Interference that may affect the carrier includes conducted converter-generated interference,
and AC or DC line corona interference. Conducted interference is strongly
frequency-dependent with the highest 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
interference than mercury arc valves.

Meastrements 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. Tlypical
coronp interference level ranges from —40 dBm to -30 dBm and is essentially constant fin the
carrief spectrum (20 kHz to 500 kHz) over the entire length of the HVDC transmiission linfe.

RF filiers can be specified to reduce conducted carrier interference on-both the AC and DC
side df the HVDC substations.

The fllter series inductor elements and shunt capacitor elements should be rated for full
current and rated voltage respectively. Therefore, economic consideration should be giyen to
filter |design interference alternatives based on existing: carrier channel requirements,
interference with other carriers, ultimate channel requiréments, and the feasibility of cHannel
movement from the lower end of the carrier frequency.spectrum.

19.2 |Performance specification

When| specifying the performance of HVDC systems, the following carrier interfgrence
considlerations are important.

If the|utility wants complete freedom, to use the entire allocated communications spec¢trum,
then the HVDC interference specification should cover frequencies down to 20 kHz.

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

An example of typical catrrier interference frequencies generated on the HVDC transmjssion
line frbm solid-state converters is given in Figure 24.

For the design of the carrier filters, the specification should consider that harmful interference
to power line(carrier systems on HV transmission lines connected to the HVDC substations
may Qe prevented by limiting the interference level from the HVDC substation over the power
line cTrrier spectrum to —20 dBm or less, measured in a nominal 3 kHz band, flat weightihg.

Where dBm is defined as a means of interference measurement in which 0 dB is specified to
1,0 mW, which corresponds to 0,775V pole-to-pole interference voltage assuming a
line-to-line surge impedance of 600 Q. In a 50 Q cable on the low voltage side, 0 dBm and
1 mW corresponds to 0,224 V.
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