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INTERNATIONAL ELECTROTECHNICAL COMMISSION

GUIDELINE FOR PLANNING OF HVDC SYSTEMS -
Part 1: HVDC systems with line-commutated converters

FOREWORD

Theg International Electrotechnical Commission (IEC) is a worldwide organization for standardization cenjprising

all |national electrotechnical committees (IEC National Committees). The object of IEC is (to

romote

intgrnational co-operation on all questions concerning standardization in the electrical and electrénic’figlds. To
this| end and in addition to other activities, IEC publishes International Standards, Technical Specifigations,

Tedhnical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred to a
Puljlication(s)”). Their preparation is entrusted to technical committees; any IEC National Cemmittee int
in fhe subject dealt with may participate in this preparatory work. International, governmental an
governmental organizations liaising with the IEC also participate in this preparation+|EC collaborates
witl) the International Organization for Standardization (ISO) in accordance with~cenditions determi
agreement between the two organizations.

Thg formal decisions or agreements of IEC on technical matters express, as nearly as possible, an interr
conjsensus of opinion on the relevant subjects since each technical committee has representation f
intgrested IEC National Committees.

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

In ¢rder to promote international uniformity, IEC National Committees undertake to apply IEC Publi
trarlsparently to the maximum extent possible in their ‘national and regional publications. Any diveg

“IEC
brested
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closely
hed by

ational
om all

ational
of IEC
or any

cations
rgence

betyveen any IEC Publication and the corresponding national or regional publication shall be clearly indidated in

thellatter.

IEQ itself does not provide any attestation of conformity. Independent certification bodies provide con
assessment services and, in some areas, acgéss to IEC marks of conformity. IEC is not responsible
seryices carried out by independent certification bodies.

Al

No [liability shall attach to IEC or its™directors, employees, servants or agents including individual expe
members of its technical committees.and IEC National Committees for any personal injury, property dan
other damage of any nature whatsoever, whether direct or indirect, or for costs (including legal feq
explenses arising out of the <publication, use of, or reliance upon, this IEC Publication or any oth
Publications.

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

Attention is drawn to the Normative references cited in this publication. Use of the referenced publica
indispensable for the ‘cofrect application of this publication.

Attention is drawf-to the possibility that some of the elements of this IEC Publication may be the su
patent rights. IE€-shall not be held responsible for identifying any or all such patent rights.

The main task of IEC technical committees is to prepare International Standards. Howe
technjcal,cemmittee may propose the publication of a technical report when it has col
data g¢f ‘avdifferent kind from that which is normally published as an International Standa
example "state of the art".

formity
for any

rts and
age or
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IEC TR 63179-1, which is a Technical Report, has been prepared by IEC technical
committee 115: High Voltage Direct Current (HVDC) transmission for DC voltages above
100 kV.

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

Draft TR Report on voting
115/216/DTR 115/230/RVDTR

Full information on the voting for the approval of this Technical Report can be found in the
report on voting indicated in the above table.
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This document has been drafted in accordance with the ISO/IEC Directives, Part 2.

The committee 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 specific document. At this date, the document will be

e reconfirmed,
e withdrawn,
e replaced by a revised edition, or

e amended.

IMPORTANT - The 'colour inside' logo on the cover page of this publication indicdtes
that |it contains colours which are considered to be useful forf)jthe correct
undeletanding of its contents. Users should therefore print this document using a
colour printer.
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GUIDELINE FOR PLANNING OF HVDC SYSTEMS -

Part 1: HVDC systems with line-commutated converters

1 Scope

This document provides guidelines for the selection of a high-voltage directive current (HVDC)
syste rthrtire= ; —fpr the
purpoges of HVDC system planning. It covers the guidelines on the requiremenis for
integrpting HVDC systems in AC power networks, selection of rated voltage _and” gower,
overlgads, circuit configuration, expandability, comparison of technical, economic,.regulatory,
politidal, social and environmental factors, etc. This document is applicable for plannihg an
HVD({ system.

This guideline is not exhaustive and it is possible that there will be 6ther specific aspects,
particplar to a specific HVDC project, which will also need to be considered.

2 Normative references

The fpllowing documents are referred to in the text innsuch a way that some or all of their
contept constitutes requirements of this document{)For dated references, only the ddition
cited gpplies. For undated references, the latest edition of the referenced document (including
any ajnendments) applies.

IEC 6D633, High-voltage direct current (HVDG) transmission — Vocabulary

3 Tperms and definitions
For thle 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 follpwing
addrepses:

o |ELC Electropediar available at http://www.electropedia.org

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

4 Gleneral

The HVDC system development and integration cycle may be described in terms of six
phases, as shown in Figure 1.

The main task of HVDC system planning is to develop and select an HVYDC scheme based on
the conclusions of power network development planning where the network requirements are
defined. HVDC system planning uses as a minimum the total transmission capacity and range
of connection points previously determined by power network development planning, taking
into account current and future conditions of the power system, environment, and other
contributing factors.

There is a certain degree of repetition and iteration between HVDC system planning and
system design (refer to Figure 1). For the purpose of project feasibility study and scheme
comparison, some investigation would be carried out during the system planning phase, the
detailed studies and final design would be accomplished during the system design phase.


http://www.iso.org/obp
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Power network development planning

Y
HVDC system planning (feasibility studies)

Y
System design (IEC/TR 63127)

Y

Tendering (bidding)

Y

Project execution (detailed design and
construction)

Y

Commissioning

IEC
Figure 1 — Phases during integration of a new,HVDC system into the power netwoprk

The work contents and procedure for planning.of an HVDC system are as follows:

a) cdmpare HVDC and AC solutions at\high level according to the specific requirements (see
C:ruse 5);

b) when HVDC is the only technically feasible solution, or the use of an HVDC schemle has
oyerwhelming advantages;:a.number of alternative HVDC solutions could be investigated
(spe Clause 6). When bothyHVDC and AC alternatives are technically feasible and nleither
off them has overwhelming advantages, further analysis is required to confirm the
preferred solution;

c) vdgrify the security of supply and stability of each alternative (see Clause 7);
d) cdmpare the-économic efficiency of alternative solutions (see Clause 8);

e) present the recommended solution (see Clause 9).

The arove steps in the planning of an HVDC system are shown in Figure 2.
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Total transmission capacity,
range of connection points,...
Comparison between HVDC and AC
(Clause 5)
If HVDC is suitable ! !
Proposal of alternative HVDC solutions
(Clause 6)

- rated DC Power,
- rated DC voltage,
- humber of poles,
- reactive power compensation,
- additional control functions

Alternatives: 1 ! ! 2! l ml !

Analysis of security of supply and stability for DC alternatives
(Clause 7)

Technically feasible alternatives: 1 ! l 2! l n! !

Economic comparison of the alternatives
(Clause.8)

Optimal solutien ! !

Study conclusions and recommended solution
(Clause 9)

IEC

Figure 2 =Procedure for planning an HVDC system

5 Clomparison between HVDC and AC alternatives

5.1 |[Consideration of overall network planning

5.1.1 Overall network planning

WhenlLarnew line between two areas is planned, the solutions should consider all aspects of

transmission planning, including the current and future power demand, line corridor conditions,
operation and maintenance, energy dispatch and overall cost.

5.1.2 Connection topologies for HVYDC systems

When an HVDC system is to be added to AC power networks, there are two typical connection
topologies:

a) HVDC interconnection between two asynchronous AC power networks;

b) embedded HVDC system. An embedded HVDC system is an HVDC link between two parts
of the same AC synchronous transmission system.

In addition, a multi-terminal HVDC link could also be considered both in a) and b) above.
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5.2

Comparison of transmission capacity

The power transfer between two networks through an AC overhead transmission line is
approximately given by the following expression:

Vel
p_ VSR
Xsr

Qn&SR

Vg and Vg  are the voltages at the sending and receiving ends, respectively;

To e
distur
transf|
does

be ing

For h
a maj
This

transr
gener|

5.3
5.3.1

Fault
link.

withoyit causing severe disturbancexon the other end of the HVDC link.

Contr
in bot

An H
with |
the p
not e
suppg

is the series reactance between the two ends;
is the load angle (phase difference between the two voltages).
sure that synchronism between the two networks is maintained following

bances, the load angle is kept low during steady state operation. As a‘result, the
er capability of the AC line is reduced compared to its thermal capahility. This pr

ependently controlled by the HVDC system.

gh-voltage AC cable transmission over certain distancesy thé charging current bed
or contributor to the thermal loading of the cable, due\la its large shunt capacit

nission, no charging current problems occur and therefore the useful load id
ally only limited by the thermal capability of the cable.

Comparison of operation requirements
Comparison of system fault and stability

causing significant voltage variatien or power swings do not transmit across an
'hey may emerge on the otherend of an HVDC link simply as a reduction in g

ary to AC transmission; FVDC does not significantly increase the short-circuit cu
h sending and receiving ends of AC power networks.

DC link does pot-suffer from the power angle stability problems which frequently
bng AC transmission lines. Also, an AC transmission line is sensitive to disturban
bwer balapcerin AC power networks, and the power flow within connecting AC i
hsy to beycontrolled, whereas the controllability of an HVDC system can be us
rt the<stability of the connected AC networks by power runback or runup. Further

an HV

opera[ion. However, for a short time during a transient, an AC line may be able to tre
more power than a INK, even beyond Its steady state thermal capacity, while the ira

DCllink can provide additional benefits, such as possible overload and reduced v

major
bower
bblem

not exist with an HVDC system, as the two networks are decoupled and the power can

omes
ance.

herefore limits the useful load that the AC transmission circuit can carry. With DC

also

HvVDC
ower,

rrents

occur
ces of
nes is
ed to
more,
bltage
nsmit

overload allowed by the converter stations is usually smaller.

5.3.2

Comparison of voltage regulation and reactive power compensation

nsient

An AC transmission line imposes a load-dependent reactive power demand which may impact
the active current rating, and may require reactive power compensation at the terminals, and
at points along the line, to ensure the desired voltage level and adequate active power
transfer capability. While series or shunt compensation can assist transmission through
overhead lines, a technical limit is encountered in the case of transmission through insulated
cables. Even at relatively short distances, the reactive power consumes the greater part of the
current carrying capacity of the cable. Such solutions are possible, but inconvenient.
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HVDC systems do not need this type of compensation and therefore do not present the same
cal limitations in long transmission distance, with no requirement for special
compensation along the line/cable.

techni

5.4

Comparison of cost

The listed items below should be evaluated and compared from a monetary point of view:

a) station costs;

b) lin

e costs;

c) cost due to the adaptation of the existing network;

d) c4g
e) of
fy m

g) ds
h) la

NOTE

For b
where
powe
have

The ¢
transn
the ad
case-
800 k
120 k
of ad

kilometres are feasible.

pitalised cost of converter station and DC line losses during the life of the project;
erational costs;

hintenance costs;

commissioning costs;

nd acquisition and rights of way.
The above list is not exhaustive.

ilk power transfer over long distances, an HVDC transmission project has a lower
as an AC transmission project has a lower cost at shori\distance to transmit the
. There exists a "breakeven distance" at which HVDC and AC transmission pr|
he same cost.

omparison is shown in Figure 3. Many factors contribute to the cost of AC ar
nission, including ratings, locations, terraif\Josses, etc., therefore the determinat

py-case basis. The breakeven distance: of overhead line is typically around 600
m. For transmission by submarine-table the breakeven distance is around 40
m. It may not be practical to considér AC cables longer than 40 km without some
ditional compensation measures, but HVDC links using cables over hundre

cost,
same
pjects

d DC
on of

tual breakeven distance for a particular_tfransmission system should be carried ouf on a

km to
km to
forms
ds of
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=

Total cost *

AC cable
DC cable

AC overhead line

DC overhead line

DC ¢onverter A
station cost y

i ' >
Cable Overhead line Distance
breakeven distance breakeven distance

AC pubstation cost

* Total ¢ost = total capital cost including loss evaluation IEC

Figure 3 — Cost versus,distance

5.5 |Comparison of other aspects

In orfer to determine the most appropriate power transmission solution, a study and
comparison should be done for AC and HVDC alternatives.

The items listed below may be evaluated and compared from a strategic point of view:

a) pqlitical environment;

b) sdcial impact;

c) erjvironmental considerations;

d) transmission capacity and integration in the future power networks;

e) hyman resourees for maintenance management and maintenance work;

f) repulatoryand statutory requirements.

NOTE | The(above list is not exhaustive.

6 HVDU solutions

6.1 Main circuit topologies
6.1.1 General

There are two main types of HVDC system, namely transmission (two-terminal, also referred
to as point-to-point, or multi-terminal, where the different terminals are some distance away
from each other) and back-to-back systems (where the two terminals are in the same location
without an HVDC transmission line or cable).

For HVDC transmission systems, there are two categories, namely monopole and bipole.

For a back-to-back HVDC system, the monopolar configuration is normally used. There may
be more than one monopolar back-to-back converter unit in the same location.
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For the main circuit topologies and their features, refer to IEC 60919-1.

6.1.2
6.1.2

Monopolar HVDC transmission system

A Monopolar HVDC transmission system with earth return

This is the simplest HVDC transmission system topology. It is one of the most cost-effective
solutions. This topology is generally used as the first stage in construction of a (future) bipolar
system. However, it presents the following disadvantages:

a) a
b) it

pole outage means that 100 % of power transfer capability is lost;

aan alactrada Lina oand o ~aontin ol anarabla aoeth Alacterada ot tha )

ends

PSRRET-N
uqullvu ot oo ttrogcT e arta o vvllulluvuul] OpTTrooTc—CaTttT CcTe T ottatr T A

off the transmission which involves consideration of issues such as corrosion, ma
figld effects, etc., and with possible impacts on the environment and on transformets

to

NOTE
6.1.2

This t

the electrodes.

Details about electrodes are available in IEC/TS 62344.

7] Monopolar HVDC transmission systems with dedicated metallic return

bpology will generally be used:

a) aq the first stage in construction of a bipolar system and if’leng term flow of earth ¢

b) if

not desirable during the interim period; or

are not economical; or

c) if
d) if
te

6.1.3

he earth resistivity is high enough to impose an<unacceptable economic penalty; o

the environmental impact due to earth/sea return, such as dryness of land
mperature rise, emission of dissolved gasgs, etc., is not acceptable.

Bipolar HVDC transmission system

Bipolgr HVDC transmission topology ‘is the most commonly used topology when an
transrpission line connects two HVDE converter stations. The bipolar HVDC system with
returnf may be designed such thattwhen one pole converter is out of service, the health
may yse the faulty pole's high-voltage line as a metallic return.

The a
a) lo
b) a

lo

dvantages of the bipolar topology compared to monopolar are as follows:

ver losses for a_given transmitted power;

pole outage“means only 50 % of the total power transfer capability of the HVDC
5t. Owingto this, a bipole HVDC link is compared to a double circuit AC line;

c) oVerload\.capability may be incorporated into the rating of each pole, such that whe
palelis-out of service the healthy pole may pick up some of the faulted pole power, e

to

gnetic
close

urrent

the HVDC transmission line length is short, where-electrode lines and earth elecfrodes

, Sea

HVDC
earth
pole

ink is

n one
ading

some contingency power capability above 50 % although this is scheme-specific:

d) lower earth current flow.

The d

isadvantages of this topology (compared to monopolar) include the following:

e) higher converter station costs;

fy m
6.1.4

ore converter station equipment and therefore more land usage.

Rigid bipolar HVDC system

In this topology, there is not neutral connection between both converter stations. Since only
two (pole) conductors exist, no unbalance current between both poles is possible. In case of
interruption of power transfer of one converter pole, the current of the other pole also has to

be int

errupted (at least for a limited time to allow reconfiguration of the DC circuit).
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The advantages of the rigid bipolar topology compared to the conventional bipolar topology
described in 6.1.3 are as follows:

a) no environmental impact due to earth current;

b) lower cost;

c) either return conductor or electrode station is not required.

The disadvantages of the rigid bipolar topology compared to the conventional bipolar topology
described in 6.1.3 are as follows:

d) lower availability because the outage on one of the two pole conductors will lead to a
bi G i i i i uctors

willl result in at least a short total power interruption to re-configure the DC circuit;

e) impossibility to have a scheduled outage of an individual pole including the)assogiated
pgle conductor without an outage of the complete bipole, and maybe of possibility td have
a ischeduled outage of an individual pole excluding the associated pole(conductor put at
least with a short total power interruption to re-configure the DC circuit

6.2 |Main equipment
6.2.1 General
Typically, an HVDC converter station includes mainly the followinig primary equipment:

a) cdnverter (comprising one or more converter bridges;,one or more converter transfo:Imers,
cdnverter control equipment, essential protective_and' switching devices and auxiliafies, if
arjy, used for conversion, according to IEC 60633Y;

b) ACQC filtering equipment and reactive power compensation equipment;
c) DC smoothing reactor;

d) DC filtering equipment;

e) sufrge arresters;

f) AQ switchgear and measuring equipment;

g) DC switchgear and measuring,equipment;

h) wall bushings.

Converter and AC filtering equipment may be considered in some detail during the plgnning

stage| since these items’have the most significant impact on cost, land requirements, etc. For
detailed descriptions.of this equipment, refer to IEC 60919-1.

6.2.2 Converter

Most modern HVDC transmission schemes utilize twelve-pulse converters. Meanwhile,|there
is als¢ another kind of configuration which uses two or more twelve-pulse converters pefr pole
connected in series or in parallel. Compared with using a single twelve-pulse converter, the
main advantage of the two twelve-pulse configuration is that for any single outage, only 50 %
of the pole power capability is lost, instead of 100 %. Its main disadvantage is that the cost
and land requirements are higher. One of the reasons for using multiple converters per pole is
that a single twelve-pulse converter may not be feasible due to the capability limitations of
manufacturing or transportation for items such as converter transformers.

The following factors should be considered to determine the optimum HVDC converter
configuration:

a) the maximum capacity of a single twelve-pulse converter in terms of ability to manufacture;
b) the limits of transportation of converter transformers from factory to site;

c) reliability of the AC power network connected to the HVDC link;

d) reliability of the HVDC system;
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f) construction in phases;

g) cost-effectiveness of the project.

NOTE This list is not exhaustive and there can be additional applicable factors.

There

are four basic types of converter transformer:

1) three-phase, three-winding transformer;

2) three-phase, two-winding transformer;

3) si

glp-phaqp thrpp-winding transformer:

4) si
The ¢
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6.2.3
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6.3
6.3.1

ngle-phase, two-winding transformer.
hoice of transformer type is based on the following factors:

DC power transmission rating;

Itage requirements on both AC and DC sides;
nsformer manufacture capacity;

nsportation constraints;

blacement work requirements;

st effectiveness;

ailable land for station layout;

are transformer / reliability and availability philosophy.

This list is not exhaustive and can contain other factors.
AC filtering equipment

C filters have two primary purposes:

provide reactive power needed by the HVDC converter.

qguently also on.the station footprint/layout and cost.

Key DCrating parameters

Rated DC power

Rate

filter the AC harmonics generated by the HVDC converter; and

pe/size of the filters can be calculated based on the system requirements (i.e. A(
mance, AC network\equivalent impedance, maximum AC filter switching voltages,
performance .requirements have a significant effect on the AC filter design

filter
etc.).
5 and

5r the
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specified environmental conditions without the redundant cooling equipment in service. The
rated power is generally defined at the rectifier DC terminals, but can also be defined at the
inverter DC terminals, or at either of the two converter AC terminals. The rated power of an
HVDC link is decided based on many aspects. Below are three of the key considerations:

a) power levels required to be transmitted in the link, considering the minimum and maximum

power levels needed according to short and long-term power network planning;

b) overall transmission network considerations, including capacity in the connection points;

c) technological-economic factors to reach a cost-optimised power level.

The maximum continuous and short-term overload capacities should be defined carefully, as
these may impact the redundant cooling requirements for the thyristor valves and converter
transformers, and the ratings of main circuit equipment, including thyristor valves, the
overhead line or cable conductor, etc. The overload capability of the HVDC transmission
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system should be determined according to the stability and reliability requirements of the
power system.

The minimum power should be defined as this could have an impact on the rating of converter
equipment and on other power circuit equipment such as a smoothing reactor due to
discontinuous current. In the case of a very weak AC network, the value of minimum power
should be low enough to keep the network stable when the HVDC system starts.

Further, power direction should also be defined. It could be fully bidirectional (symmetrical
ratings), only unidirectional, or bidirectional with a reduced power rating in the direction
opposite to the "normal" direction. Specifying a scheme for fully bidirectional power
transmisston when this 1S not actually required coutd add extra cost.

6.3.2 Rated DC voltage

The nated DC voltage is the continuous DC voltage at which the ratedcpower is to be
transritted. For an HVDC system, the rated DC voltage is generally defined at the rgctifier
terminals, but may also be defined at the inverter terminals or at a?point along the DC
transrpission line based on the needs of a specific project.

For ap HVDC transmission system, the rated voltage is selectedthrough analysis consiglering
many | aspects including total investment and operation cost including cost of capitplized
losses. Below are three of the key considerations:
a) the transmission rated power;

b) thp manufacturing capability of equipment;

c) tephnological-economic factors to reach a cost-optimum power level.

Table|1 lists typical rated voltage ranges undeérvarious transmission powers and distanc

114
n

Table 1 — Typical overhead bipolar HVDC project for power transmission

Up to 200 km | Up to 500 km Up to Up to Up to 2 000 Km or
1000 km 1 500 km 2 000 km mofe
Up to 400 MW 250 kV 400 kV
Up to 1 000 MW 350 kV 400 kV 500 kV
UptojooomMw | L ) 500 kV, 500 kV, 600 kV, 600 kV, 800 kv
600 kV 600 kV 800 kV 800 kV

Up to 4 000 MW 600 kV,

---------------- 600 kV 800 kV 800 kV 800 kV 800 kV
Up to § 000 MWA ™ | ———--mmmmmmeeem- 800 kV 800 kV 800 kV 800 kV 800 kV
6 000 MW or-more | 800 KV 800 KV 800 KV 800 kV or 800 k) or

more mofe

As the cost depends a lot on the terrain and country, Table 1 can be considered as a
reference, and project-specific calculations should be made.

Extreme environmental conditions which may adversely affect the insulation capability of the
HVDC link should be considered during the planning stage. Depending on the frequency of
occurrence of these conditions, it may be necessary to temporarily impose a lower operating
limit on the HVDC voltage during the operation of an HVDC system, for example during
metallic return operation. Under these circumstances, the required voltage during reduced
voltage operation should be stated, together with the transmitted power requirements, as it
may not be possible to achieve full rated power at this reduced DC voltage.
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For a back-to-back system, the rated voltage is generally the rated power divided by the rated
current. The rated voltage is determined through the maximum utilization of current capability
of converter valves/thyristors, as converter station space and converter cost saving are major
concerns, and thus normally this is not finalized in the planning phase.

6.3.3 Rated DC current

For an HVDC transmission system, the rated current is the rated power divided by the rated
DC voltage.

Rated current is a key factor in the design of all main circuit equipment in the HVDC system,
as the—current—must Pass iilluugil at—of—these—individuat components; which |cqui| ES an
assessment of the physical weight and dimensions, cooling, mounting, and cost. hi$ also
appligs to the overhead line or cable conductors. For these reasons the selection ©f ‘both the
rated [DC current and DC voltage should take all factors into account to achieve g fully
cost-gptimized solution for a given power rating.

For a| back-to-back system, the rated DC current should be selected based on the cprrent
carryihg capability of the converter equipment. A higher rated DC current is preferred such
that fated DC voltage can be lower, thus leading to lower cehverter equipment fosts.
Howeyer, this must be subject to other factors such as converter loss evaluation, ovérload
requirements, etc. This is generally decided in the detailed design‘phase.

6.4 Line conductor

An HYDC transmission line conductor may be an overhead line, a cable or a combinatjon of
both. When an overhead line is impractical or notfeasible, an HVDC cable (undergroynd or
submarine) might be the preferred or the only alternative.

Depending on the distance between the two-converter stations, the HVDC transmission line
may ke one of the major components for~an HVDC transmission system in terms of dverall
cost gnd power losses. The selection of\line conductor should therefore be an integral part of
the optimization at the planning stage, when considering the overall cost, rated powgr and
voltage for the HVDC transmission_system.

For oyerhead lines, the critical'considerations for the conductor design are the corona dffects
(radiof interference, lossesiand audible noise), as well as the power losses. The corona dffects
are g¢nerally reduced pyincreasing the equivalent radius of the conductor (also referred to as
geometric mean radius); and by increasing the number and/or the cross-sectional area pf the
sub-cpnductors in‘a-bundle. The power losses may be reduced by increasing the dverall
crossisectional{@rea of the conductor. Both the number and the cross-sectional area pf the
sub-cpnductots)in a bundle will have major implications on the cost of the HVDC transmjssion
line. Wsually;“the cross-sectional area of conductors should be selected based on the|rated
current and the determined economic current density, and then checked in terms of corona
effectp ‘and other constraints. In conditions of high elevation and high voltage, the corona
effects may be significant, requiring particular consideration.

For an HVDC link using insulated cables, either underground or submarine, the following
factors may be taken into consideration:

a) insulation coordination with the converter station design;

b) load carrying requirements, including overload;

c) DC voltage;

d) HVDC link topology;

e) depth of water in submarine transmission;

f) installation costs (trenching, horizontal direct drilling, etc.);

g) protection requirements, for example, rock dumping, cable burial depth, etc.;
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h)
i)
)
k)
1)

transition between land cables and submarine transmission cables;

transition between cables and overhead lines (if necessary);

landing point of submarine cables;

environmental issues, for example, the temperature rise of the seabed or land;

power reversal requirements.

NOTE This list is not exhaustive and can contain other factors.

The earth electrode line will require particular attention, as there are several different aspects
to the duty which it performs. Its length is usually insignificant compared to the distance

betwegenthetwo-converterstations—as S—goReF3 geterHied—-o he—nearest-suitable site
(to adhieve the best separation from a converter station and the best soil conductivity|in all
climafic conditions), typically at 20 km to 100 km distance from the converter statign. Its
voltage classification may be viewed as "medium voltage" in terms of insulation Ievels.
Further, the most common duty of the electrode line is to carry a relatively small amopnt of
current during bipole operation, and the utilization time of an electrode af-rated currgnt in
contingency monopole operation is usually limited. In some projects, monopolar earth feturn
configuration might be used for limited/short time and is then transferred to mongpolar
metallic return mode. As a consequence, it is generally not considered_as a major factor|in the
technp-economic optimization of the HVDC system design option{although some exceptions
have [been encountered where the distance to a suitable eleéctrode site may significantly
exceed the typical range given above (i.e. at 20 km to 100k distance from the conyerter
station). Nevertheless, for its current rating, the expected maximum DC current that it{could
carry under any operating configuration shall be considered:
6.5 |Station sites and transmission line routes
6.5.1 Converter station sites
The Igcation of converter station sites is normally decided taking into account a wide rapge of
factorp, including:
a) pfleferred connection points in ¢he AC power network according to the power ngtwork

dpvelopment planning;
b) ajailability of the land selected to build a converter station:

o | proximity to preferred.DC line or cable routes;

o | cost of acquisition;

o | constructability;
c) transport of heavy equipment (e.g. converter transformers) to the site;
d) tgchnicakand environmental factors such as:

e | air‘pollution;

L] OU;OIII;U IIOII\ Ul ycuthclllla: aut|V|ty,

landfill sites and contaminated lands;
altitude;

climate, such as snowfall/wind/temperatures;

audible noise (impact on station and adjoining land, e.g. avoid locating on hilltop or

close to residential areas);
risk of flooding;

onshore cable landing point;
land cable/line route;
electromagnetic fields;

visual intrusion;


https://iecnorm.com/api/?name=79f7e5afca38a586aa59bddf22b2fd32

- 18 — IEC TR 63179-1:2020 © IEC

topography;
sub-grade soil and rock conditions to support construction;
proximity to available auxiliary power supplies.

NOTE This list is not exhaustive and other factors can also be considered.

6.5.2

Electrode station sites

2020

The location of electrode sites is normally decided taking into account the following factors:

a)
b)
c)
d)

NOTE

Items

6.5.3

When
length

a)
b)
c)

d)

g)

h)

soil resistivity (both shallow and deep);
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nimum distance to the converter station (not less than 10 km);

cessibility for electrode line construction;

Chnical and environmental factors such as:
electric and magnetic fields;
risk of corrosion, for example, perforation of buried pipes and metal structure nea
production of electrolysis by-products from sea anodes;

power transformer saturation in other areas of the AC network.

This list is not exhaustive and other factors can also be considered:

listed in 6.5.1 for converter station sites may also be applied here.

Overhead line route

selecting the route of the HVDC transmission line, while trying to minimize the @
, factors that should be taken into account'include, but are not limited to, the follow
cessibility (mountains, water, wetlands, etc.);

far as possible, avoidance of farmlands and residential areas;

far as possible, avoidance of‘crossing over roads, railways, communication/powe

rby;

verall
ing:

lines,

or gas pipelines and other infrastructure; special considerations need to be taken if

DC lines have to be in(parallel or run cross AC lines;

oidance of military facilities, aviation facilities, ecologically sensitive areas, areas
phibit constructiomthrough policy or legal restriction, etc.;

oidance of designated sites of scenic spots, specific wildlife sanctuary and mig
utes, areassef scientific interest, etc., to minimize visual intrusion;

oidance “of historic and archaeological sites (both direct physical impactg
bximization of distance to reduce settling impacts);

nimization of the exposure in terms of the number of towers on prominent ridge

which

ration

and

s and

S

vines:
¥ y

HVDC transmission systems across international borders will require additional
consultation and approval from appropriate national agencies at both ends of the HVDC
system.

NOTE This list is not exhaustive and other factors can also be considered.

6.5.4

Submarine cable route

The objective of the submarine route selection is to propose a route, including the selection of
landfalls, which meets the overall objectives of HVDC transmission performance and overall
project cost. Route selection will be the ideal compromise between technical, economic, and
environmental constraints. The following environmental factors should be considered when
selecting the route:
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a)

b)
c)
d)

e)
f)
g)

NOTE | This list is not exhaustive and other factors can also be considered.

assessment of marine physical environment (e.g. water depth, water temperature, seabed
slope, boulders, seabed geology, the physical characteristics of the landfall), sea current
and likelihood of seabed movement;

consideration of areas designated for fishing, marine activity and ship anchoring;
avoidance of impact on marine biological environment;

assessment of mitigation required for existing submerged and buried obstacles, such as
unexploded ordnance (UXO) in some locations;

avoidance of impact on marine archaeology;
assessment of utility crossings and need for crossing agreements;
a

Liaisgn with the fishing industry and other marine environment stakeholders is recommended.
Depending on the route location, it might be required to liaise with any appropriate| state

agendies for mandatory permits.

If the HVDC transmission system operates across national boarders, then’it might be required
to esfablish additional liaisons with national approval agencies atibeth ends of the HVDC

syste

6.5.5 Land cable route

The Igcation and route of land cable should be integral.with the converter station site and the
landing point of any submarine cable section. In veryyrare situations, land cable may also be
part df an overhead DC line system where environmental issues, visual impact, line cqrridor
econdmics, approval and other reasons require'the undergrounding of part of the DC

conngction.

The most direct route between the submarine cable section landing point and conpyerter
statiop is preferred. The list of factors\'which shall be taken into account is similar to |those

previqusly listed for submarine cables,and overhead lines:

a)
b)
c)

d)
e)
)
9)

known environmentally sensitive areas — animal habitats, species of flora and fauna;
krlown archaeological sites;]

difficult terrain, for example, watercourses ranging from small ditches to medium |sized
riyers and canals;

urjderground obstructions such as buried utilities;
sqil thermal<resistivity;
cgble drum-size for road transportation;

grpund-temperature at installation depth.

NOTE This list is not exhaustive and other factors can also be applied here.

6.6

Interface requirements between AC network and HVDC

The following interface requirements between AC network and converter station should be
specified at the planning and/or specification stages, since they are critical to the subsequent
design, costing and execution of the HVDC project:

a)

b)

AC voltage variation: The maximum specified voltage determines the voltage rating of the
converter equipment directly connected to interconnection bus. The AC voltage range is
one of the key factors in the sizing of the on-load tap changer for converter transformers;

frequency variation: The AC frequency influences the impedance of converter equipment
such as transformers and AC/DC filters. Its variation is therefore critical to the
performance and rating of the HVDC transmission system, in particular to the AC and DC
harmonic filters;
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c) AC network short-circuit levels: The maximum short-circuit level of the network at the
point of connection determines the short-circuit current rating of the converter equipment.
It may be a key factor in determining the converter transformer impedance, which is
necessary to limit the thyristor valve short-circuit current. The minimum short-circuit level
is critical to the dynamic performance of the HVDC link, the risk of commutation failure in
the inverter station, and the arrester rating of load rejection;

d) reactive power exchange limits: Whether operating as a rectifier or an inverter, an LCC
converter absorbs reactive power, which is generally mitigated by using switchable
reactive power elements — generally configured as shunt-connected AC filters. Since
these elements have finite Mvar ratings, the reactive power exchange with the AC network

ese limits are critical in determining the size of an individual reactive power-el
arnd hence the quantity. The narrower the allowable range between these limits; the| more
elements of smaller individual Mvar rating will be required, which will bring-the neged for
exftra land and cost to the converter station;

e) AC voltage step change limit on filter switching: As switching of reactive power elefnents
or| AC filters will cause a step change in the AC voltage, it is neCessary to clarify the
maximum limit of such change that can be accommodated by the AC network. The[lower
th|s limit is, the smaller the size of individual reactive power elements or filters will b, the
mpre elements will be required which will bring the need fer_extra land and cost fo the
cdnverter station;

f) AC network harmonic impedance, existing background harmonics and harmonic
pgrformance limits: Whether operating as a rectifier or an inverter, an LCC conpyerter
ggnerates harmonics on both AC and DC sides.{he AC network harmonic impedance,
eNisting background harmonics and harmonic performance limits are critical to the design
offthe AC filters, which are used to absorb thexharmonics generated by the converter on
the AC side;

g) ndmber of AC lines and generators connected to the commutation bus.
6.7 |[Requirements of HVDC control systems
6.7.1 Requirements for basic control and protection

The fgllowing basic requirements-may be considered during the planning stage:

a) pqwer control;

b) faplt clearing and necovery speed,;

c) refduced voltage operation shall be requested if needed,;

d) other basicequirements might be added here if necessary for specific HYDC systens.

6.7.2 Supplementary control

The fq)llowing supplementary control may be considered during the planning stage which may
be implemenied in an HVDC sysiem during detailed design:

a) reactive power exchange control;

b) frequency control;

c) power modulation;

d) emergency power control including runup/runback;

e) sub-synchronous damping control;
f) other supplementary control might be added here if necessary for specific HVDC systems.
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nalysis of security of supply and stability for DC alternatives

Requirements for power network connection criteria

General requirements for AC/DC power network

The grid connection of an HVDC link should meet the requirements of power system stability,
circuit current, and appropriate distribution of power flow under different operation
scenarios (normal operation modes, typical contingency operation modes, and some special
operation modes).
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blly, the strength of an AC transmission system can be reflected in the followin
ts:

ort-circuit level of the network at the point of connection, which caneflect the v
pport capability;

nerators in an AC system ensures that the power system dees'not collapse due to
d that the frequency of the power system does not change‘substantially.

nission system connected to the HVDC system. Once the power transmission ca
HVDC system is determined, the power netwerk’ should be strong enough to p
rt to ensure stability of the combined AC/DC power networks.

bchanical inertia of the AC transmission system, which can ‘teflect the supp
pability of the power sources in the AC power system. The mechanical inertia of tlirbine

ransmission power through an HVDC system is limited by the strength of th

ECCHVYDE-—systemtheACtransmission—system—shoutdprovide—adequate—~voltage and

support, and the basic requirement is the strength of those AC transmission-sy§g
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C transmission system strength has\ a significant impact on the AC/DC transm

relatiye strength of the AC transmission'system with respect to the DC power rating. The

syste\rr interactions. The short-circuit ratio (SCR) has evolved as a measure to evalua

is defined as:

Ssc
Py

SCR =

is the short-circuit capacity at converter bus (MVA);

is the-rated DC transmission power of HVDC system (MW).

the V|ewp0|nt of evaluating the performance of the HVDC transmission system

Short-circuit ratio (SCR) of the AC system connected with single DC systeln
ssion

te the
SCR

L it is

tludes

parameters of AC 5|de equ|pment assomated W|th the DC I|nk f|Iters shunt capacitors,
synchronous compensators, etc. The ESCR is defined as:

where

Oc

SSC — QC

d

ESCR =

is the reactive power installed in filters and shunt capacitors (Mvar).

For an AC transmission system connected with a single HVDC link, the supporting capability
provided by the AC transmission system to the HVDC link can be assessed by SCR and
ESCR. Normally, the strength of the AC transmission system can be classified for the inverter

side a

s follows:
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e SCR > 3: strong system;
e SCR < 2: very weak system.

If the SCR is less than 3, planning of the HVDC link should be checked through simulation
studies. If the SCR is smaller than 2, the system security and stability of the HVDC link should
be checked and analysed. If the planned HVDC link cannot meet the requirements of system
stability, the HVDC link needs to be redesigned, or the AC power network needs to be
strengthened to increase its supporting capability for the HVDC system.

Control strategies of the HVDC can improve its dynamic characteristics and decrease its
dependency on the AC transmission system support. Thus, the SCR that assesses the
strendgth of the AT sysiem does not need o sirictly obey the Timit value for the planned HVDC
link. But it is necessary to analyse and evaluate the stability of the planned HVDGink by
detailed simulation with appropriate models of HVDC and its control system.

Compjared with traditional HVDC converters, the capacitor commutated conyerters (CC({) and
contrglled series capacitor converter (CSCC) technology have better nperformance (when
appligd in a very weak system. In addition to this difference, CCC and.'CSCC also pregent a
very rpbust behaviour when encountering commutation failures.

NOTE | Details about CCC/CSCC are available in CIGRE Technical Brochure 352,

7.1.3 Short-circuit ratio of the AC system connected with multi-infeed DC systen

=4

If multiple HVDC links feed into an AC power network{ considering the interaction gmong
differgnt HVDC links, the SCR/ESCR is no longer usgd’'to assess the strength of the AC/DC
system. Critical to the planning process for a system involving HVDC is the active and
reactive power interchanged between the HVDCklink and the AC power network. An indicator
based on the observed AC voltage change at’jone inverter AC bus for a small AC voltage
chande at another inverter bus provides a“first level indication of the degree of interaction
betweden two HVDC links. This interactionfactor is called the multi-infeed interaction [factor
(MIIFY, and is defined mathematically as.

AU,
MITF, = S

i

wherg

AUjawd AU; are the-Observed voltage changes at bus i for a small induced voltage change
atbus ;.

Inverter AC busses electrically far apart will have MIIF values approaching zero, whilg MIIF
value$ approaching unity indicate AC busses that are very close. MIIF > 0,15 indicatgs the
possibility\of some degree of interaction. For AC systems with a number of HVDC links, a
matri>T of MIIF values can be formed. MIIF values can be easily derived by using a traTwsient
stability program.

In a multi-infeed system, the short-circuit levels appearing at the respective inverter AC
busses cannot be considered as being dedicated to the associated HVDC link, but rather shall
be shared amongst HVDC links in proximity. The SCR can be extended to the multi-infeed
environment through the following formula:

M[SCR] — ;gim' — - Sgclr
deqi de + z M [ [ F i X Pd i
J=1j#i

where
MISCR is the multi-infeed definition of ESCR;
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subsc
Saci Is

Pdeqii

ript j refers to all other HVDC links in electrical proximity;
the short-circuit capacity at converter bus i((MVA);
s the equivalent DC power at converter bus i (MW);

Py; is the rated DC power of the i HVDC system (MW);
Py; is the rated DC power of the j HVDC link (MW).

For an AC power network connected with multi-infeed HVDC links, the supporting capability
provided by the AC power network to the HVDC links should be assessed in terms of the
multi-infeed short-circuit ratio (MISCR). The robustness of the AC power network to which
multi-circuit HVDC links are connected should be defined as follows:

e M
e M

When
netwg
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link s
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HVDd

Contr
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transn
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simulation with the appropriate models of HVDC and its control systems.

71.4

SCR > 3: strong system;

SCR < 2: very weak system.

planning a new HVDC link, the MISCR of all the HVDC links feeding jinto the AC
rk should be calculated, including the existing and new HVDC links.

MISCR is in the range of 2 to 3, the planning of the HVDGC)link should be ch
h simulation studies. If the MISCR of any HVDC link is smaller than 2, the new
nould be redesigned, the use of CCC or CSCC configuration should be consider
C power network should be strengthened to increaseits capability in supportin
link.

b| strategies of the HVDC can improve the dynamic characteristics and decreag
dency on the AC power network. Thus, the MISCR that assesses the strength of t
nission system does not need to strictly obey. the limiting value of the planning sc
is necessary to analyse and evaluate the ‘stability of the planning scheme by dg

Effective inertia constant of AC/DC power network

The a
on th
syste
the re|

bility of the AC power network:to maintain the required voltage and frequency de
rotational inertia of the ACtpower system. For satisfactory performance, the AC
should have a minimum.inertia relative to the capacity of the HVDC link. A meas
ative rotational inertia is’the effective DC inertia constant, named Hy. and is defing

Hy. =—
dc PZJ

is the.total rotational inertia of the AC power system (MW x s);
iS.the inertia constant of the AC power system (s);

power

ecked
HVDC
bd, or
g the

e the
ne AC
heme.
tailed

bends
bower
ure of
d as:

Py

is the rated DC power of the HVDC link (MW).

After the HVDC link is connected to the AC power network, the Hy. should be at least 2 s to
3 s, which can meet AC/DC operational requirements. If the Hy. is less than 2 s, the stability
of the power system needs to be studied through simulation, and reliable control strategies
need to be formed to ensure power system stability. For AC power systems with inadequate
generation resulting in low inertia, appropriate measures, for example, using synchronous
condensers, should be considered in order to increase the inertia and assist in satisfactory
operation of the HVDC link.


https://iecnorm.com/api/?name=79f7e5afca38a586aa59bddf22b2fd32
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