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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 s prising
all |national electrotechnical committees (IEC National Committees). The obj romote
intgrnational co-operation on all questions concerning standardization in the electfi ields. To
thig end and in addition to other activities, IEC publishes International Stangd igations,
Tedhnical Reports, Publicly Available Specifications (PAS) and Guides B “IEC
Puljlication(s)”). Their preparation is entrusted to technical committees; any brested
in fhe subject dealt with may participate in this preparatory work d non-
governmental organizations liaising with the IEC also participate in closely

with the International Organization for Standardization (ISO) in &ccorda W ined by
agrpement between the two organizations.

2) Thqg formal decisions or agreements of IEC on technical mattg S possible, an interrjational
consensus of opinion on the relevant subjects since eac i om all
intgrested IEC National Committees.

3) IEQ ational
Cor of IEC
Publi or any
mis|

4) In ications
trar rgence
bet idated in
the

5) IEQ i Independent certification bodies provide corfformity
ass| marks of conformity. IEC is not responsible for any
seryi

6) All

7) No [liabili € Q| i employees, servants or agents including individual expefts and
me i ca i EC National Committees for any personal injury, property danjage or
othe S whether direct or indirect, or for costs (including legal fedgs) and
exp je the pu ication, use of, or reliance upon, this IEC Publication or any othler IEC
PuBlicati

8) Attgntion ¥ F ormative references cited in this publication. Use of the referenced publications is
ind

9) Attg to the possibility that some of the elements of this IEC Publication may be the subject of
patent rights{ IE€ shall yot be held responsible for identifying any or all such patent rights.

technjcaMcommittee may propose the publication of a technical report when it has collected
data of a different kind from that which is normally published as an International Standard, for
example "state of the art".

The nrain task of IEC technical committees is to prepare International Standards. Howeper, a

IEC 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 third edition cancels and replaces the second edition, published in 2005. 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) the changes have been made to the description of multi 12-pulse groups per pole,
especially for a large scale ultra high-voltage direct current (UHVDC) converter

arrangement;

b) the different arrangements of d.c. smoothing reactors have been included;
c) the figures depicting two 12-pulse groups per pole arrangement have been added.

The text of this technical report is based on the following documents:

Draft of Technical Report Report on voting

22F/213/DTR 22F/218/RVC

Full i|||formation on the voting for the approval of this technical report
reporf on voting indicated in the above table.

This gublication has been drafted in accordance with the ISO/IEC Dixective

A list|of all parts of the IEC 60919 series, published undeg

n the

ice of

high-yoltage direct current (HVDC) systems with line-comm Wwerters) can be found on

the IHC website

The gommittee has decided that the contents o icati i emain unchanged until

the sfability date indicated on the IEG\ web si
related to the specific publication. At { ¢

* reponfirmed;
* withdrawn;

* replaced by a revised ¢
*+ amended.

A bilingual version_of this ' ; issued at a later date.

data

Mgo on the cover page of this publication indigates

IMPO
that hich are considered to be useful for the cofrect
unde Users should therefore print this document using a
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PERFORMANCE OF HIGH-VOLTAGE DIRECT CURRENT
(HVDC) SYSTEMS WITH LINE-COMMUTATED CONVERTERS -

Part 1: Steady-state conditions

hance
-state
iged of
multi-
es as
. Diode

provides general guidance on

three
terminal HVDC transmission systems. Both terminals are assume
the mlain semiconductor valves and to have power flow capabih
valves are not considered in this report.

N~ K~ I~

IEC 385/05

Key

1 [fransforme indings

Figure 1 — Twelve-pulse converter unit

Only line-commutated converters are covered in this report, which includes capacitor

commutated converter circuit configurations. General requirements for semiconductor line-
commutated converters are given in IEC 60146-1-1, IEC/TR 60146-1-2 and IEC 60146-1-3.
Voltage-sourced converters are not considered.

This technical report, which covers steady-state performance, is followed by additional
documents on dynamic performance and transient performance. All three aspects should be
considered when preparing two-terminal HVDC system specifications.

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

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 should be given to co-
ordination of each part with the overall HVDC system performance objectives and the
interface of each with the system should be clearly defined. Typical of such parts, listed in the
appropriate order of relative ease for separate treatment and interface definition, are:

a) d.c. line, electrode line and earth electrode;

O

tefecommuntcation systemn,

(¢}

converter building, foundations and other civil engineering work;

)
)
)
)

o

repctive power supply including a.c. shunt capacitor banks, shuxf
and static reactive power (VAR) compensators;

pnous

e) a.¢. switchgear;

f) d.¢. switchgear;

g) auxiliary systems;

h) a.¢. filters;

i) d.¢. filters;

j) d.¢. reactors;

k) converter transformers;

rge arresters;
ries commutation capacitors;

s
s

n) valves and their ancillg
c

NOTE | The last fo ms\are the>me i 5 hay be
inadvispble.

A complete steady-s hsider
Clauses 3 to 21 of this xepoxt:

Termg and definitions report
are giveyi

Since| the equipment items are usually separately specified and purchased, the HVDC
transmissionaline,™e electrode line and earth electrode (see Clause 10) are included only
becadse, of their influence on the HVDC system performance.

For the purpose of this report, an HVDC substation is assumed to consist of one or more
converter units installed in a single location together with buildings, reactors, filters, reactive
power supply, control, monitoring, protective, measuring and auxiliary equipment. While there
is no discussion of a.c. switching substations in this report, a.c. filters and reactive power
sources are included, although they may be connected to an a.c. bus separate from the HVDC
substation, as discussed in Clause 16.

2 Normative references

The following referenced documents are indispensable for the application 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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IEC 60146-1-1, Semiconductor converters — General requirements and line commutated
converters — Part 1-1: Specifications of basic requirements

IEC/TR 60146-1-2, Semiconductor convertors — General requirements and line commutated

conve

rtors — Part 1-2: Application guide

IEC 60146-1-3, Semiconductor convertors — General requirements and line commutated

conve

rtors — Part 1-3: Transformers and reactors

IEC 60633, Terminology for high-voltage direct current (HVDC) transmission

3 TLpes of HVDC systems

3.1 |General

This gart of the specification should include the following basic

a) gegneral information on the location of the HVDC suyb bf the
prpject

b) type of system needed, including a simple one-liné diagra

c) nymber of 12-pulse converter units;

d) p4rtinent information derived from

Generfally, in studies of projects of the types © s i is r&port, economic considerations

should take into account the capital ¢ Qf losses, cost of outages and|other

expedted annual expenses.

In ter Litated

conve hy be

suitab

3.2

In thig It one

site. in one

integr ely as outdoor valves. Similarly, many other items for the two

conve , mpy be

locatg 3. 0r eyen mtegrated in layout into conflguratlons common to the two

converters ~Ci ations may vary. Examples are given in Figure 2. The performance

and e se configurations differ and must be evaluated. D.C. filters afe not

needqd.
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IEQ 386/05

Key

1 DC reactor

Figure 2 — Examples of back-to-back HVDC systems

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
of 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


https://iecnorm.com/api/?name=d2edc03f8ab8a022b5006f740bf783a4

TR 60919-1 © IEC:2010(E) -13 -

back-to-back systems need to be carefully considered and preventive measures taken where
appropriate.

3.3 Monopolar earth return HVDC system

Cost considerations often lead to the adoption of a monopolar earth return system (Figure 3),
particularly for cable transmission which may be expensive.

Iy

— Y ¥ Y g - —— Y Y Y

; s

N

;

7
=
AW

VJV__

IEC 387/0§

Key

1 DC feactor

2 DCfilters

The nmonopolar ea j :||t of a
bipolgr scheme: ies or
in panallel at IS pulse

unit mighp

b) to[complete theprdject in stages;

c) bgcause of the physical limitations of transformer transport.

This arrangement requires one or more d.c. reactors at each end of the HVDC overhead line
or cable; these are usually located on the high-voltage side. However, the d.c. 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 voltage direct
current (UHVDC) converter arrangement.

If the line is overhead, d.c. filters are likely to be needed at each end (see Clause 17). It also
requires an earth electrode line and a continuously operable earth electrode at the two ends
of the transmission which involves consideration of issues such as corrosion, magnetic field
effects, etc.
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12-pulse units in series
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Figure 5 — Two 12-pulse units in parallel

3.4 |Monopolar metallic return HVDC system

The configuration as illustrated in Figure 6 will generally be used for the following purposes:

a) as the first stage in the construction of a bipolar system and if long-term flow of earth
current is not desirable during the interim period, or

b) if the transmission line length is short enough to make it uneconomic and undesirable 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.
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DC reactors are needed at both ends of the high-voltage conductor. However, the d.c. reactor
may be located on the earth side if the resulting performance is acceptable. 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.

2 AR
R

||w ™ *
/7
A

— IEC 390/0p

DC reactor

1
2 PcC filter
3 Ptation earth
4 Arrester
ure6 — Monopolar metallic return system
3.5 |Bipola n HVDC system

This s the most commonly used arrangement when a d.c. transmission line connecfs two
HVD( substatlons and electrodes for earth return operatlon are prowded (Figure 7). ltis
effect STRTIVE ! C C e
from the d C. I|ne as compared W|th monopolar operatlon and it keeps earth current row 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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7 — Bipolar system

mber of emergency operating modes. Consequently, the

bf the

=

long-term flow6f earth current is undesirable and if the defective line pole still retains
sgme, low-voltage insulating capability, the bipolar system should be capable of opefration
inlthe“’monopolar metallic return mode (Figure 8). To switch into this emergency operating
mode the conductor of the out-of-service pole is first connected in parallel with the earth
path and then the earth path is interrupted to transfer the current to the metallic path
(through the conductor of the out-of-service pole). Load transfer without interruption
requires a metallic return transfer breaker (MRTB) at one terminal of the d.c. transmission.
If a short interruption of power flow is permitted, MRTB would not be necessary. The
neutral equipment at the MRTB end of the HVDC transmission system should be insulated
from earth for a somewhat higher voltage than at the other end of the 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
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.
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d) 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.

e) If continuation of operation is required in the case 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 7.3).

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

One gr more d.c. reactors is needed at each end of the system in eag S sually

locatgd on the high-voltage side. However, the d.c. reactors may b i i yr{s and

locatdd on the high-voltage side and the earth side respectively b c nce is
acceptable, especially for a large scale ultra high voltage dirs e verter
arrangement. If the HVDC system includes an overhead | . i ) ikely be
need%ﬂ. One 12-pulse unit per pole is most commonly useuds QY § stems
or staged expansion may require 12-pulse units in serié i

) [\ MKTB
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—
\> 4
2| F F |2

o_zlg 3 giz_o

IGYUS B e Y Yy

IEC 392/05

Key

AW N -

DC reactor

DC filter

Operating pole

MRTB Metallic return transfer breaker

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


https://iecnorm.com/api/?name=d2edc03f8ab8a022b5006f740bf783a4

TR 60919-1 © IEC:2010(E) -19 -

3.6 Bipolar metallic return HVDC system

If earth currents are not tolerable (as mentioned in 3.4, item d)) or if the distance between the
HVDC system terminals is short, or if an earth electrode is not feasible because of high earth
resistivity, then the transmission line may be constructed with a third conductor to give a
bipolar metallic return HVDC system (Figure 9). The third conductor carries unbalance
currents during bipolar operation. It also serves as the return path when one transmission line
pole is out of service. This third conductor requires only reduced voltage insulation and, in
this case, may also serve as a shield wire if the line is overhead. However, if itis fully
insulated, it can serve as a spare conductor. In this case, a separate shield wire is required.

Bt | ok [ ok | B
&,
i

e

IEC 39$/05

Key
DC reactor
DCAilter

Metallic neutral

AW N -

Arrester

Figure 9 — Bipolar metallic return HVDC system

The neutral of one of the two HVDC substations should be earthed, while the neutral 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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If one substation pole becomes unavailable, the system can be operated in monopolar
metallic return mode by utilizing the other substation pole.

3.7 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) orin paraIIeI (Figure 11), and
the s joject.
On thHe other hand, if a project requires reduced voltage operation, fo stance, due to
occasfional salt contamination, then series option should be selected.

Basically series/parallel option has no difference regarding loss ¢ pows ed or
scheduled outage of a 12-pulse converter occurs, only 25 % 2 lost,
assuming the same power rating converters are employed. If uff|C| Uy lity is
availgble, full power or almost full power can be restored. s can
still operate with balanced current (Wlthout earth current utage
h 12-
erate
Ccurs,

The ¢
pole
becon

p per

O\ be greater, and control system will

3.8

Each star-

conng

b) tw

c) th
the

d) si
st

ign and

star-

Depending onthe™HVYDC system availability requirements, spare transformers may be needed
at ong¢ 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 transfofrmers
would be of differeni designs, spares considerations would indicate one spare of each design.
Only one spare would be required for the single-phase, double-valve winding transformers
since all three would be identical. The last of the above options would suggest two spare
transformers, one each for the star- and the delta-valve winding single-phase transformers.

If spare transformers are not employed, alternatives b) and d) above allow for six-pulse
operation at half-power in case of a transformer outage, if the HVDC system is designed for
this mode of operation and the a.c. and d.c. harmonic conditions would be acceptable. Six-
pulse operation is not possible with alternatives a) and c).
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IEC 1126/10

Key
1 DC reactor
2 By-pass switch
3 DC switch
Figure 10 — Bipolar system with two 12-pulse units in series per pole
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Eigure 11 — Bipolar system with two 12-pulse units in parallel per pole

Converter transformers with a tertiary winding for reactive power and a.c. harmonic filter
equipment may also be used.

3.9 DC switching considerations

There are a number of possible d.c. switching arrangements intended to increase HVDC
system availability.

Monopolar metallic return operation of a bipolar system is discussed in 3.5.

For bipolar systems, d.c. switching may be provided (Figure 12) so as to allow the use of any
conductor for connection to any substation pole or to neutral. This arrangement is useful for a
scheme involving cables and where a fully insulated spare cable is available or cables are
connected in parallel. If one substation pole is out of service, then the cables can be
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paralleled to reduce line losses. Generally, d.c. buses are fixed in relation to converters, with
two pole buses and a neutral bus. This would preclude connection of the two substation poles
in parallel.
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IEC 394/05

/
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Key
1 DC reactor 5 DC bus
2. \DC filter 6 Pole
3 Two-converter poles 7 Neutral
4 DC switches 8 DC line/cable

Figure 12 — DC switching of line conductors

However, if flexibility of connecting the two substation poles in parallel is needed, then
provision for polarity reversal of at least one substation 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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1 DC reacto 5 DC bus
2 DC filter 6 Pole
3\ Two-converter poles 7 Neutral
4 DC switches 8 DC line/cable

Figure 13 — DC switching of converter poles

If a HVDC transmission system includes both overhead line and cable sections, a d.c.
switching arrangement such as in Figure 14 may be used at the junction of the overhead and
cable sections.
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1 Bipolar overhead line

2 PC bus

3 PC switches

4 PC cables (two poles, one spare)
For m der to
allow
For lo vided.
3.10

Althougk( th such

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

To overcome these weaknesses, further developments have been made using series-
capacitor 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 a.c. filter bus and the a.c. network. Occurrence of
ferro-resonance with the CSCC option is eliminated by controlling the amount of series
compensation.
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1 DC reactor 5 DC bus
2 DC filter 6 Pole
3 Two-converter poles 7 Neutral
4 DC switches 8 DC line

Figure 15 — DC switching — Two-bipolar converters and lines


https://iecnorm.com/api/?name=d2edc03f8ab8a022b5006f740bf783a4

TR 60919-1 © IEC:2010(E) - 27 -

~———— —

— ~— |

Key

Tw
DC
DC
Tw

A W N =

The (
capag
circuit
as sh
advari

Both

overv
HVD(
cable

INTLD
-bipolar lines %
bus

>
<N

IEC 398/05

switches
-bipolar lines

Q itching — Intermediate
CC circuit gho in Figure 17a) is based on a topology in which
itors are e converter transformer and the valves. The
has the s inserted at the connection of the filter bus to the a.c. s
bwn in provides similar performance to the CCC, with the add
tage ofcantie of the reactive power exchange with the a.c. network.
alternative improved immunity from commutation failure, lower load rej
bltages—and eased stability margins in power control mode, over the conver

scheme. They are, therefore, suitable candidates for use at the inverter end in

series
CSCC
ystem
tional

bction
tional
long

systems or in back-to-back ties connected to weak a.c. systems. The performar

ce of

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

The maximum valve voltages and also the a.c. current harmonics for the CSCC configuration
are lower than for the CCC configuration. On the other hand, the CCC in rectifier operation
exhibits a smaller valve short-circuit current. The previously identified problem with ferro-
resonance in the CSCC is eliminated through the application of controlled series capacitors.
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a) Capacitor commutated converter (CCC)

6
7
8
9

Overvoltage limiter
Capacitor
Thyristors

Converters

10 DC reactor

Figure 17 — Capacitor commutated converter configurations

IEC 399/05

The advantages of using CCC in comparison with conventional converter may be summarized

as foll

OWS:

e significantly less reactive power consumption, which, in combination with sharply tuned
filter branches, eliminates the need for switching filter and shunt capacitor banks during
power ramps;

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

e stable operation in lower short-circuit capacity systems;
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e lower overall installation cost in some cases, due to elimination of switchable filter and
shunt capacitor banks or synchronous compensators, in applications associated with weak
a.c. network connections;

e robustness 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.

The disadvantages are:

increased harmonic current;

° |'. il H <l 'y 1
S YUy 1MmieTedoTU LUTTVETICT TUOOT O,

e reguirement for detailed study of transient stresses on equipment;

e reduced inherent overload capability, due to the capacitor con ith the
cgnverter;
e reguirement for shielding against lightning and radio in valve

winding, the capacitor and the valve;

e slightly increased valve voltage stress.

When| CCC or CSCC is being considered as an a particular project,

it shopld be emphasized that the selection of is different| from
convgntional HVDC. Therefore, in order to ma HVDC
schemes and these alternatives, a de s and
technjcal performance, taking into acco

4 Environment information

The lpcation and the in HVDC

substation.

pplied for HVDC substation

Examples of use and comments

For the design of air-cooling systems
and for air clearances

The maximum temperatures are given
for rating purposes and the low
temperatures for overload capablility
requirements. If the user intends|to
overload the equipment and accqpt a
corresponding loss-of-life expectancy,
this should be stated and the
necessary information supplied

For Tow For rated [T preferred, curves showing how
temperature power these parameters vary over the year,
capability capability on a monthly basis, may be provided
instead
Maximum dry-bulb temperature °C °C Valve cooling, transformer and reactor
design, a.c. and d.c. filter design
Maximum wet-bulb temperature °C °C Evaporative cooling system design
and of valve hall relative humidity
Maximum average dry-bulb °C °C Transformer and oil insulated reactor
temperature for a period of 24 h design
Minimum average dry-bulb °C - Transformer, reactor and disconnector
temperature for a period of 24 h switch design and building heating
needs
Minimum dry-bulb temperature °C - Transformer, reactor and disconnector

switch design and building heating
needs, a.c. and d.c. filter design
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Maximyim in a period 9

Maxim¢im in a period
Fog anfd contan{ination

Utility gracticexfor\inswlator ing
and grg¢asing

Keraunfic level at‘the statiop and the

first 5-10 km-of\the line

Seismig conditions

b o
mm

Strokes/km?2/year (substation)

Strokes/100 km/year

Parameter Unit Examples of use and comments

Maximum and minimum indoor air °C °C Usually determined by the valve

temperatures and relative humidity o 0 designer for the valve hall and by the

% % control designer for the control room

Indoor air temperatures and relative °C °C Specified if indoor temperature

humidity during maintenance and o 0 extremes are too great for

maximum transition time after %o % maintenance personnel

shutdown

Maximum incident solar radiation Building cooling, ratings of
transformers, reactors, buses, etc.

Horizonftal surface W/m2

Vertical surface W/m?2

Wind cpnditions

Maximyim continuous velocity m/s

Maximyim gust velocity m/s

Maximyim velocity at a minimum m/s wer

temperpture ..... °C

Ice and snow covering load

Maximyim ice thickness with no wind m for

Maximyim ice thickness with a mrR Equipment and structure design, [for

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

Maximyim snow load Building design

Maximyim depth of snow mm Equipment height above snow fo
safety purposes

Rainfal Q Building and site drainage

Annuallaverage mm

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

Station lightning protection desig

=]

Equipment, structure and foundagion

Maximum horizontal acceleration
frequency range of horizontal
oscillations

Maximum vertical acceleration
frequency range of vertical oscillations

Duration of seismic event

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

m/s2
Hz

m/s2
Hz

Hz
Cycles

design

Secondary cooling water may be used
either for make-up and blow-down of
evaporative coolers or for once-
through cooling. Evaporative cooling
towers can be a source of high
humidity for the insulators and should
be carefully located
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Table 1 (continued)

Parameter Unit Examples of use and comments

Source of water Reservoir, well, etc.

If preferred, curves showing how
these parameters vary over the year
on a monthly basis may be provided

instead.
T Forlow | Forrated |
temperature power
capability capability

Maximymeontintots—ftowrate sts sts

Maxim@im flow rate for a period of 24 h m3/s m3/s

Minimum continuous flow rate m3/s m3/s

Minimum flow rate for a period of 24 h m3/s m3/s

Maximyim water temperature - °C

Minimum water temperature °C -

Maximyim allowable dump temperature °C °C <

pH levgl
| Condudtivity of water | u Siemens/m( (Y

Type of dissolved solids
Quantify of dissolved solids

Type of undissolved solids sign of water treatment plant

Quantify of undissolved solids g/m Design of water treatment plant
Maximyim earth resistivity at the DC % Station earth design

substafion

- Depth of water table m Foundation design

- Sitq soil conditions Bore hole information (for example,

rocks) and any special conditiong,
such as maximum frost depths,
foundation design

To determine installation and del|very
costs

- Sitqg accessibility

- Welght and sizeNimitations kg, m Equipment design — especially
trarjsportatio transformers and d.c. reactors

- Lodal prafile Ty Influence on equipment, bus and
equipment a (di building design

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

Any sp
should be given.

5 Rated power, current and voltage

5.1 Rated power
5.1.1 General

Rated power is the active power which the HVDC system shall be able to transmit
continuously, over the range of ambient conditions specified, with all equipment in service,
but without the need to utilize redundant components; the HVDC system voltage and
frequency as well as the converter firing angle and the extinction angle being in their steady-
state range.
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Because an HVDC transmission system in general consists of three sections, that is the two
HVDC substations and the transmission line, each of which produces losses, the point of
measurement of rated power should be specified.

5.1.2 Rated power of an HVDC system with transmission line

The rated power of an HVDC transmission system on a per pole basis is defined as the
product of rated direct voltage times rated direct current.

For a given direct current, transmission line losses vary with ambient conditions, which can be
non-uniform along the length of the line. Therefore, it is customary to specify rated power at

the rectifrerdc—bus—ifthe lcquilcu' tramrsmission bapa'ui“ty rs—defimed—=at-—someother—togation,
that is sending-end a.c. bus, receiving-end a.c. bus, or somewherg along the OHVDC
transrpission line, then the rated d.c. voltage should be defined and the| rated diféct current
should be chosen through design optimization of the HVDC system.

Rated u tities,
and li and-uniform conductor
tempsg

Long cified
on a (

51.3

With ¢ e, the
rated stem.
Moreq at the d.c. side, operating as oneg unit.
Rated direct
voltad

5.1.4 Direction.of

If thel|same pov@ i bower
exchange, this sho

Wher¢ emote
genergti cost.
Then ow.
5.2

Rated direct current™is the mean value of the direct current that the system should be able to
transrit.continuously for all ambient conditions specified and without time limitationg. The
rated Lledrren hotHd—rot-be—specifiedforbas v i ir—5-4-3—dbove,

unless there are specific reasons for doing so.

5.3 Rated voltage

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

For long distance HVDC transmission systems, the rated voltage should be specified at the
sending end. If the voltage capability of the transmission line is higher than the rated voltage,
then this shall be stated. The rated voltage need not be specified for back-to-back systems as
detailed in 5.1.3 above, unless there are specific reasons for doing so.
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6 Overload and equipment capability

6.1 Overload

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

Overload may be specified in terms of power. Voltage regulation in the converter including the
transformer normally causes an increase in current somewhat more than an amount
proportional to the increase in power. If rated voltage is to be maintained under overload
condifions, then the fottowinmg measures may be adopted, at additionat tost:

a) The converter should be designed for a higher no-load voltage. Thig bs._ higher
MVA rating, if overload is required over the full range of a.c. bus

NQTE This may not be necessary, if overload is required only for the uppek range a ate a.c.
syg$tem voltage.

b) THe voltage rating of the converter valves, which is based
should be increased.

Itage,

c) THe on-load tap changer range should be increa ifing angle is|to be
maintained at its nominal value. Alternatively, th be designed for a higher
ndminal firing angle at rated power. This will i power consumption,
hgrmonics and losses, as well as the\ somponents.

As a|consequence, if rated direct vo i e~mamtained under overload condftions,
overs|zing of equipment will be necessag

For al more economical dgsj i rd for
direct| voltage 3 j f the
maximpum current, beyond i bltage
regulgtions.

When| the conve@i ) [ s this

incregsed reactive ¢ ti s, for
example, from anpo6t ystem
short-circuit leyel }

The nequi
systefn

C substation overloading is most often determined by a.c.
gllowing contingencies in either the a.c. or HVDC system.

Howeper, some’tanstpaints should be observed for the HVDC substation equipment. Thermal
time ¢onstanpts rangé from 1 s to some hours, as detailed in 6.2. Longer duration ovérload
requinements of high magnitude may, therefore, result in an effectively increased rat|ng of
equipmentand-thus impose agreater cost or areduction of life expectancyThese factors

should be weighed against system benefits when specifying overload.

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

The frequency and the time intervals between such overload cycles should be specified.
6.2 Equipment capability
6.2.1 General

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

Ambient temperature is an important factor. Power equipment is designed to perform at rated
loading under the most adverse ambient conditions specified. However, these conditions
normally prevail for only limited time periods. At low ambient temperatures, some margin is
available for increased capability, if the constraints listed in 6.2.4 can be overcome. This
margin depends on the design chosen for the particular equipment and would differ for
various HVDC substation components. An enveloping curve of transmission capability versus

ambient temperature can be specified along with the a.c. system conditions to be met. This
Sh0u|~| hao onaf\:ﬁaﬂ |n farmo n‘F \ual' hulh ran Hry bu!b amhlanl' }omporaturoo

poo—opPpTT

6.2.2 Converter valve capability

The thermal time constant of the thyristor heat sink combination ir’a ¥ 2 is rather
small|(several seconds up to a few minutes). Overloads following\ contin S, Op on at
rated| current and at maximum ambient temperatures i &) th jupction
tempgrature. This should be considered with respect to ~ , ssion
capalility of the valve. Consequently, thyristor valve coolirng J she X gned so that safe
operating temperatures are not exceeded even during i ) grati

Redumndancy is provided as a general practice in ing_ Ci . gigned
such that the specified rating will be me mMbi iti H loss

On thg other hand, with all redundant i service, extra thermal capabjlity is
availgble. The resulting gre bilities depend on the thermal design
of the|valve and on the cogling

duratipn of overlo v overloads for modulation purposes, as Well as

In vigw of the ahove er oyerfjoad\specifications should state the magnitud¢ and
the cqoling equip‘ en

6.2.3
The thermal §ime sQrsta & transformer or reactor windings is approximately 15 min and
rangep from 3 rs for their oil circuits, depending on the design.

Consegquently ime overloads in the 5 s range, oil-cooled equipment is n¢ot the
limiting factor on E substation overloads. For overloads lasting longer than 1 h, it ghould
be specified whethér loss-of-life expectancy is permitted. The expected frequengy of
occurfence of such overloads should be specified.

6.2.4 AC harmonic filter and reactive power compensation equipment capability

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

Also, since overload increases the converter reactive power consumption, the specifications
should state how this is to be taken into account when designing reactive power
compensation equipment. If additional reactive power is drawn from the system under HVDC
substation overload conditions, excessive a.c. bus voltage regulation and a consequent
reduction in power flow may take place. For this reason, the expected a.c. bus voltage under
overload conditions should be specified.
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6.2.5 Switchgear and buswork capability

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

7 Minimum power transfer and no-load stand-by state

7.1 General

With HVDC substations there exists a minimum steady-state direct current limit. This is due to
the fafct that at some low level the current becomes discontinuous and is the-principal eriterion
for a ninimum power limit.

7.2 Minimum current
soidal
r, it is
. Assunting a

Since| the direct voltage output of an HVDC converter is made
bus vpltage, direct current would not be a smooth or const
made| continuous by the d.c. reactor connected in serig

constant average direct voltage, the direct current would-h i iquous, at low gower,
deperjding on the commutating reactance of the cony, , thevinductanceof the d.c. refactor,
the n i i i i , and
conve ystem
voltag s the
conve

Since angle
can bpe : % of
rated |current is commo b i ed by
chooding a larger value ofd.c ~

7.3 Reduced{>

Undef contamina tions,

operati igsion line may not be possible at its rated vaqltage.
Howe g HVDC substation offers various means to aghieve
continuati ' d transmission voltages.

One possgibiljity\is ¥ 8 the”transformer tap changer to the position resulting in the Ipwest
a.c. V . In addition, a further decrease of transmission voltage cpn be
achie L e gn at an increased firing angle.

This [requirement could mean a special valve design and thus increase valve fosts.

Furth¢rmore, since operation at large firing angles causes an increased harmonic genefration
and Wmmmmmes 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, or where the HVDC system is fed
from an isolated power station, a reduction of a.c. bus voltage can also be considered.

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

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

To arrive at an economic design of the equipment, the a.c. voltage levels should be specified
for expected direct voltage operations.

7.4 No-load stand-by state
7.4.1 General

In this mode, the HVDC substatlon |s ready for |mmed|ate p|ck up of Ioad W|thout the need for
a length ; pgcified

ermine the no-load Iosses of the HVDC substat|on |f operation in t nd-by
state |s planned.

7.4.2 Converter transformers — No-load stand-by

The converter transformers may remain energized or de-energized ¢ 3 Liser’s
polici¢s with respect to losses. In the latter case, account sheuld S juired
for infush currents to decay. Oil pumps and coolers shduld beN inimum
level,|as appropriate to the design of the transformers

7.4.3 Converter valves — No-load stand-by

The donverter valves should be blocked qition. e i bltage
grading circuits, if the converter transferm . e } . Pri valve
hall cpoling should be in operation at a d.
7.4.4 AC filters and reastive

The a.c. filters and rea iing on
reactive power control  loss

determinations, t

7.4.5

The d.c. ould be connected. DC reactors, pumps and copolers

shoul um level, as appropriate to the design of the reactors.

7.4.6 iliary\power system — No-load stand-by

The guxili D system should be fully operative and ready to pick-up rated load, for
example, i ervice transformers energized, battery chargers in operation, etc.

7.4.7 Control and protection — No-load stand-by

All control and protection circuits should be operative.

8 AC system

8.1 General

The following should be specified for a.c. systems at both ends for each stage of development
as well as for expected future changes. Different values may be specified for performance
and rating purposes.

The arrangement of the a.c. switchgear to which the converter units and filters are to be
connected, including a.c. lines, should be described. This should also be done for the planned
operating schemes of the switchyard.
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Specific data should be made available for generators in the close vicinity, particularly if the
major load for the generators is served through the rectifier. Often all data pertinent to load
flow and short-circuit studies are also needed.

8.2 AC voltage
8.21 Rated a.c. voltage

Rated a.c. voltage is the r.m.s. phase-to-phase fundamental frequency voltage for which the
system is designed and to which certain characteristics of the a.c. equipment are related,
such as a.c. switchgear, a.c. filters, reactive power compensation equipment, primary
windings of converter transformers, etc

Rated voltage may be used to define the rated power of such a.c. equip

8.2.2 Steady-state voltage range
8.2.2.4 General

xhould be aple to

The sfeady-state voltage range is the range over which tK
' 6 be met, Unless

transrit rated power and over which all performanceg
stated otherwise.

Any special performance requirements k eyon the \i ady-state range shodild be
spemled These may affect the de gqui i , flilters,
auxiliary equipment, etc.

8.2.2p

Therel may be situations unde ich™he rating
range| but the HVDC systemn ‘ ! e itions
the HYDC system may be_desi i ild be
at risk of damag ut i d (for
harmg@nics, loss .

The dcceptable dégrad Ve an

effectfupon the ratings o

The HVD even be specified to assist in the restoration of the voltage to
within| tHe_normal 8p ing range (through either HVDC control action or addition/remqgval of
filters|and reactok isAs appropriate.

8.2.23 Voltage variation during emergency

Dyna

Under extreme circumstances, the a.c. 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
operate within these limits, although this will probably require higher cost equipment and
degraded 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/removal of
filters and reactors), if this is appropriate.
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8.2.3 Negative sequence voltage

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

Although it is difficult to obtain an actual value for this parameter, the maximum to be used in
determination on non-characteristic harmonics of the current on the a.c. side and the non-
characteristic harmonic voltages on the d.c. side should be specified. These harmonic

currents and voltages are respectively used for the design of the a.c. filter, d.c. filter and d.c.
reactoc (Qpp Clauses 16 _17 _and 70)

8.3 |Frequency
8.3.1 Rated frequency

The f
equip

The d

8.3.2

Steadly- -state
range ks are
to be

8.3.3

Limitg and duration o sh t-term [ i ce is
required should be speg 131 Psign.
Filtering perform@

8.3.4 Frequenc

Durin riods.
Thesq , the
equip et the
perfoma , [t may
be per

8.4 |System impeddnce at fundamental frequency

For the<{purpose of analysis of commutation conditions in the converter, the system
impedance at fundamental frequency should be stated. Maximum and minimum values of the
subtransient impedance at the a.c. bus, without any filter or compensating equipment, are
needed for such analysis.

Subtransient impedance is the positive sequence impedance of the a.c. system as determined
by the subtransient reactance of synchronous machines, leakage reactance of induction
machines and positive sequence impedance of connecting lines.

Additionally, a detailed a.c. system impedance or a suitable equivalent should be specified, in
order to optimize the d.c. control.

8.5 System impedance at harmonic frequencies

System impedance at all harmonic frequencies from the 2nd up to the 50th is needed for a.c.
filter design and performance calculations.
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This impedance may be calculated using the parameters of the lines, transformers and
generators up to five to eight HVDC substation buses. However, this impedance may change
considerably under different load conditions and extension stages of the system. Therefore,
it is usually more convenient to use an R-X diagram and to plot the envelope of the locus of
the system harmonic impedance under expected system conditions. The values of R, and
Xmin Should be included in the diagram.

In practice, this diagram may take various forms such as a circular plot, limited by constant
R/X ratio or the combination of both.

8.6 Positive and zero-sequence surge impedance

The positive and zero-sequence surge impedance is needed for all a.c. going\into the

statiop for evaluation of interference from converters in the carrier fre nd for

desigh of appropriate filters.

8.7 |Other sources of harmonics

Other| sources of harmonics electrically close to the HVDKL tified.
i gtings.

Their | influence should be taken into account in a.c.
Generated harmonic currents should be stated for th
conngcted to the converter substation bus or to nearby a-c.

sators

8.8 |[Subsynchronous torsional intefa

If subsynchronous torsional interaction 3 e , i hation

9 Reactive power

9.1 General

This dlause iden

9.2 |Conventiora

S\retevant to reactive power.

Line gommuidtio Nbridges, as used in conventional HVDC systems, requjres a
consymption\of reagtive, pow in both rectifier and inverter operation. At full load, this
consumpfio N ents 50% to 60 % of rated power for commonly used valugs of

At partial dead reagetive power consumption can be varied according to a.c. system
requirements by using an appropriate control strategy. A control strategy which is|often
adoptged,vis to maintain the delay angle o in the rectifier, or the extinction angle y |n the
inverter, within narrow limits by means of the tap changer of the converter transformer. Under
this strategy, the variation of reactive power versus real power is shown in Figure 18, curve 1,
for constant direct voltage and constant extinction angle y. As an alternative, a linear variation
may be obtained, as shown on Figure 18, curve 2, which involves maintaining constant no-
load direct voltage Uyy by means of an increase of the delay angle o in the rectifier and
extinction 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 angle
and thus reducing the direct voltage, reactive power consumption is increased at partial load
according to curve 3 in Figure 18. Any characteristic between curves 1) and 3) can be
implemented to meet specific a.c. system requirements.
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Fig ns 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 conpyerter
transfoermet mray be—tsed—to—controt—the—reactive Ppowet demand—of—a—tHVBbEC—substation.
However, since this requires an increase of the firing angle, itleads to an increased
generation of harmonic currents and voltages and increased losses in the damping circuits of

the valves.

Looked at another way, filtering of a.c. 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 a.c. 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.
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To define a suitable strategy of reactive power control, the aspects described in 9.4 to 9.7
should be specified.

9.3 Series capacitor compensated HVDC schemes

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

Conversely, both CCC and CSCC treat this differently, as instead of connecting capacitor
banks in parallel to the converter bus, they are inserted between the transformers and valves
(CCC) or between the transformers and the a.c. network (CSCC). By these configurations, the

volta range
of trigger delay angle (0) and extinction angle (y). This brings about legs ov le (L)
and fhus less reactive power consumption. AC filters are required monic
elimination and not for reactive power support. This reduces the he filter to
small [values. Unlike the conventional case, neither the CCC or C$ i ! uires
filter-bank switching for variations in the load over the full range/6foperati

9.4

The r itions
for th ethod
of cal

The @ earth
return pr the
specified range of steady-state a.c. bug voltage.

Also 4§ lity of
the cq red to
minimlize the reactive

9.5

To de bower
has tq 5 may
need ration
shoul

- th

— the operating. voltage ranges under light and peak load conditions of the a.c. system;

— refpctivespower avdilable from nearby generators;

— reflundancy requirements.

In case the rectifier is directly connected to a power station, the following points should also
be considered:
— generator capability over the maximum and minimum permissible operating voltage range;

— 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.
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9.6 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
performance. Under light load conditions, minimum size of available filter bank connected
may lead to surplus reactive power and consequently excessive steady-state voltage. This
may require provision of shunt reactors or use of converter capability to consume greater
reactive power.

Shunt P:\In:mifnr hanks are the most economical source for the rpnlllirpd rpms\ining reactive
powel. Synchronous and static reactive power compensators should be sidered~only if
there [is a dynamic voltage and/or stability problem (see Clause 8). The be~add|tional
requinements associated with the adjacent a.c. systems.

9.7 Maximum size of switchable VAR banks

Filterg and capacitor banks may be divided into small~swi e\ ba N\The sigze of
switchable banks depends on

a) vqltage control requirements over the whole ope o load to full load and
overload;

b) adceptable regulation step per switshing opgrakor. Id be noted that the regdlating
effect from switching reactive pov ed” with the help of conjerter
cantrol;

c) frequency of switching.

When| considering combination unt capacitors with synchrpnous
compensators, the filters & i ould’be limited in size to avoid self-excitation
of the

10 H

10.1

This g ttrode
and :I that are relevant to the specification of the steady}state
perfo including power line carrier performance and design
requir . not provide the information that should be specified for the design jof the

HVD( isSi e, earth electrode lines or earth electrodes themselves.

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

10.2 Overhead line(s)
10.2.1 General

The total length 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. In case 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.
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10.2.2 Electrical parameters
The electrical parameters are the following:

1) resistance — maximum positive and zero-sequence d.c. values at minimum current, rated
current, maximum overload current with due consideration of the ambient conditions
(temperature, radiation, wind velocity, etc.) prevailing during the load condition considered.
Curve of frequency dependence up to 100 Hz for rated current;

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

3) inductance — positive and zero-sequence inductance (L, and Lg), curve of frequency
dependence up to 100 kHz for these.

If the|labove information is not available, as an alternative, the necessaypy data to enable its
calculation could be given. To calculate these parameters, the following ired:

cqgnductor size, type, geometry (including the shield wire);

tower outlines, spacing and sag profiles;

)
)
c) sqil resistivity along the route;
) tower footing resistance;

)

the worst-case maximum conductor surface gr alCulation of corona

effects, for example, if a carrier is to be used,;

f) crjtical impulse flashover level of in

{ Y from
direct| lightning strokes for the first 10°km i HVDC
transrhission line tower footing resistafce to bejsu , , 10 Q
up to 5 Q.

As a third alternative, | igled in

the fofm of self- and m

Cable Iin@

10.3

10.3.1

Lengt iohs on

servio

limitations on discharge rate;

Iil I;t;lly vuitagc alll:lI bullcllt IIIJIJIU IUVUI,
limitations on overvoltages and overcurrents.
10.3.2 Electrical parameters

The electrical parameters are the following:

1) d.c. 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;
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6) capacitance of sheath to earth (armour);
7) surge impedance of cable conductor to sheath;
8) attenuation characteristics up to 50 kHz.

10.4 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 —
shouldl be stated.

10.5 | Earth electrode
The maximum resistance of the earth electrode relative to the

indicdted. It should be noted that this resistance may increase
and/of load conditions.

11 Reliability

11.1 | General

The rg
time \

efined

The p igbility.
This ¢ stem.
Referg R ich deals with a reporting procedtire of
specific failures and oye aII avai stems in operation. Although the sc¢pe of
the , the basic terms used and| their

definiti

Terms initione i he'yeliability of HVDC systems are given below.

11.2
11.2.1

An ou gystem is an event when the transmission capability falls to 4 level
below| the maxi ated power. This may be caused by defects of components of parts of
the égquipment, hu an errors, switching-out of equipment for maintenance and nepair,
switching-out caused by an operation of protection equipment, external fault, etc. (see 1(1.3.3).
Consideration should be givpn ta dpfining which of these or ather causes should he indluded
in the availability and annual number of forced outages. An outage will be included in the

calculations either as a scheduled outage or a forced outage (11.2.2 and 11.2.3, respectively).

11.2.2 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.

11.2.3 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
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personnel or equipment and the shutdown cannot be deferred until the next scheduled
outage).

11.3 Capacity
11.3.1 General

The capacity terms defined below are normally defined at one point in the HVDC system
(such as the sending-end a.c. terminals, the receiving-end a.c. terminals, or the sending-end
d.c. 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.

11.3.2 Maximum continuous capacity P,

This is defined as the maximum power value (in MW) for which the HYD S ! ed for
contiquous operation, excluding any additional capacity available/thro ce of
redundant equipment.

11.3.3 Outage capacity P,

For the duration of the outage the power available is
amouht (in MW) called the outage capacity P,,.

by an

11.3.4 Outage derating factor (ODF

The dutage derating factor is defined a
capadity P,:

¢ capacity P, to the mayimum

(1)

11.4 |Outage dy

b start
place
level.
e the
it into

The 4dctual joutage durations may be segregated into forced and scheduled, such that the
figure| of AOD for each outage becomes either Actual Forced Outage Duration (AFQD) or
Actual Scheduled Outage Duration (ASOD).

11.4.2 Equivalent outage duration (EOD)

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

EOD = AOD x ODF (2)

Similarly to the creation of forced and scheduled actual outage durations, itis possible to
segregate the equivalent outage durations into forced and scheduled to give Equivalent
Forced Outage Duration (EFOD) and Equivalent Scheduled Outage Duration (ESOD).
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11.4.3 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.

11.4.4 Actual outage hours (AOH)

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

AOH =Y AOD (3)
Itis possible to subdivide the AOH figure into forced and scheduls s, by
summing the AFOD and ASOD values rather than the summation of thé 3
11.4.3 Equivalent outage hours (EOH)
This is defined as the sum of the individual equivalent ou jod of
the analysis.
(4)
It is ppssible to subdivide the EOH figt \ hming
the EFFOD and ESOD values, rather tha - i
11.5 |Energy unavailability (EU)
11.5.1 General
This i$ a measure of e ve been transmitted due to outages.
Energy unavaila@' € equivalent outage hours figure, as follows:
EOH
U% = —WXIOO (5)
PH y
It is upua grcentage values.
For reliability.-st itis 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
bipolar system for most cases, a line fault only affects one pole of the transmission system,
so that line faults would, in general, reduce energy transmission by 50 %. However, if the
remaining transmission line pole is designed for some degree of overcurrent capability and if
the converter groups on the HVDC substation can be connected in parallel, then more than
50 % of the energy may be transmitted after 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.
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11.5.2 Forced energy unavailability (FEU)

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

EFOH WXIOO (6)

J

FEU%=(

11.5.3 Scheduled energy unavailability (SEU)

This is—a—measure—of theenergywhichcouldnot-have beentransmitted dueto-schqduled
outagps:
ESOH
SEU%=( WXIOO (7)
J
11.6 |Energy availability (EA)
This i$ a measure of the energy which could have beeg MYDC system:
(8)

11.7 |Maximum permitted number of\forced\q

Not all the forced outages are to be cgunted. Then

outagps for the period hours PH should be e S

11.8 | Statistical probabi

num permitted number of such forced

11.8.1 Compongnt
In addition to Q labili overall system, the reliability of some indiyidual
comp i

Every em can be characterized by its failure rate A. Itis well to

distin - ailures (random outages) and failures at the end qf the
comp PN e (for example, outages of luminescent diodes because of ageing). To|stock
spare g Qd ice Wifferentiates between these two kinds of failures, since at thie end
of thejr lifetimefalt-of\the™¢oncerned components should be replaced.

11.8.2 _External faults

The eéxpeeted—rumber—ef—a-e—system—fauits—and—their—duraten—which—may—detrimentally
influence the behaviour of an HVDC system, should be stated. The probability of the
occurrence of such faults should be considered when stating the permitted number of HVDC

system forced outages.

12 HVDC control

12.1 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 objective of an HVDC control system should be to provide efficient operation and
maximum flexibility of power control in magnitude, rate of change and direction without


https://iecnorm.com/api/?name=d2edc03f8ab8a022b5006f740bf783a4

- 48 - TR 60919-1 © IEC:2010(E)

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 a.c. and HVDC systems. It is recognized that
long-distance transmission requires a high-speed telecommunication system for the most
effective operation. However, the HVDC system should be operable without
telecommunication, and, for this case, the performance should be maximized to the extent
possible.

The control system should be adaptable for:

1) control of the reactive power exchange with the a.c. system including reduced or
increased reactive power consumption;

2) a.k. voltage control;

3) frequency control;

4) aqgtive power modulation;

5) cdmbined active and reactive power modulation;
6) sybsynchronous torsional interaction damping;
7) remote operation.

12.2 | Control structure

12.2.1 General

The vjarious control circuits of an HV chical
mannger. They normally operate fully auto \ jssion
systems, a telecommunication link is/needed\{o\gcoordinate between the rectifier ard the
inverter. The various levels are descri Figure

19).

12.2.2 Converter unfit firin

The converter upif\jring firing
pulse$ to the inal e a.c.
system voltage. The ! ed by
the n¢

There ed for
HVDGQ:

- €eq idi
Equall 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 unbalang¢es in
the a.c. 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 a.c. system
voltage.

The function requirements of the converter unit firing control are:

a) operation down to low values (i.e. less than 3) of the ratio between the short-
circuit capacity of the a.c. network and the transmitted d.c. power;

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
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for A° for different converter modes of operation, i.e. operation with minimum o, current

control or minimum extinction angle control.

Deviation from equidistant firing gives rise to non-characteristic harmonics transferred to the
a.c. network as well as to the HVDC transmission line. A typical permitted maximum value of
A% is 0,2°, assuming that the a.c. system voltage and impedances are balanced.

Key

a b~ ON -

~ 7

Integrated a.c./d.c. system control
AC/d.c. system level

HVDC system/master control

Area level (or local substation level)

Bipole/substation control (substation
sequencing, substation power control,
substation power capability calculator, reactive
power control, a.c. voltage control)

HVDC substation (bipole level)

Pole 1 (d.c. protection, pole sequencing, pole
power control, tap changer control, pole power
capability calculator)

12 Y

IEC 401/05

Pole 2 (d.c. protection, pole sequencing, pole
power control, tap changer control, pole power
capability calculator)

HVDC substation (pole level)

Valve base electronics (thyristor firing control,
thyristor status reporting, thyristor protection)

Converter unit level
Converters


https://iecnorm.com/api/?name=d2edc03f8ab8a022b5006f740bf783a4

- 50— TR 60919-1 © IEC:2010(E)

Figure 19 — Control hierarchy

12.2.3 Pole control

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

Pole control 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, voltage control, extinction
angle control, power control, tap changer control. All these control functions have a reference
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 @ ested
transrpission power), others can be provided by the operator (for exa C woltage, d.c.
power).

Generally, each substation pole is provided with a pole contrg i Is the
d.c. vpltage output of the converter by determining the firing i gs. The pole
contrgl senses the difference between the order and the fesponse & j verter
d.c. qutput voltage accordingly. If the current order i e _recti i gey’'than the current
respopse, the firing control increases the direct volta thus
incregsing the direct current. The direct voltage is increase i rent response gquals
the clirrent order or the maximum voltage is réasched . hngle,
(minin , if the cprrent
respo c & i$ correspondingly decrgased.
The ( ation has been transferred from
rectifig \itted extinction angle (to assurg¢ safe

valve [recovery).

The vpltage current ch t i ifi tan inverter are shown in Figures 20a and
20b.

Normally, the m@
curremt will be contfo

rectifi

d the
nd the
stable

If the S s the
current dnd » S w the
contrg 2 ristics
are sh

As ndted,\the rectifier usually controls the current and the inverter determines the vdltage.
The inverter current order equals the rectifier current order less the “current margin” (Al F Ig —
I)) (Figure 20a). The inverter is forced to fire at the lowest allowed trigger advance angle f3
keeping the extinction angle constant at v,,;,, and, accordingly, the inverter establishes the
voltage on the HVYDC transmission line.

For long-distance transmission, the d.c. voltage at the inverter is usually kept constant by
appropriate control of the inverter transformer tap changers.

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

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

vg A 2 Uy A
' 4
A . 1 _ _ _ ] T /
\
Al
1 Ir Iy
Key
1 Rectifier 3 Inverter
2 Rectifier firing at a =0, 4 Inverter firj
a) Normal operation, rectifier contr
Iy
IEC 403/05
2
' ™~
1,0pu o, AR | R Y ¥
4 ¥ AR i /_ LN
5 _w Z : Z
6 :
~ ; /
\ ; :\
P8 ! P8
9
1,0pu Iy Irmin 10 Iy
IEC 404/05
c) Examples of HVDC control characteristic
Key

Inverter VDCL (voltage dependent current limit)
Normal operating point

Rectifier /, control

Rectifier VDCL (voltage dependent current limit)

1 Rectifier U, control

2 Inverter U, control (voltage order)
3 Inverter y control

4 DC line drop

© 0 N O
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5 Inverter I, control 10 Current order

Figure 20 — Converter voltage-current characteristic

Reduced d.c. voltage may be needed, for example, at times of reduced voltage withstand
capability 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 switching off one series connected converter groups, if any.

12.2.4 HVDC substation control

The HVDC substation control is normally implemented as a closed loop control system. One
major|design criteria for HVYDC systems is normally to minimize the equip tation
level as much as possible, in order to minimize the impact on the bipole(in case of'a fault at
that I¢vel. Referring to station level functions, these could also be re4liz i level
hardware, and may include:

a) cdordination of current orders between the two ends via the most

likely on a per pole basis;
b) pagwer control;
c) cdordination between the poles of a HVDC substafion (ifthe ;
d) mpre sophisticated control strategies.

ol strate

Examples of the more sophisticated cor

The re¢active power consumption of a HVRC sub is dependent upon the firing angle and
the direct current flowing. Thus the d. ad for control of reactive power |or for
voltagde control in the a.c. network.

The HVDC substation ¢on el it tation,
for edample, the turbinexgoy 2 SO be
provided with controls rbine-
generptor. <>

Pole ¢urrent balante equal
to the| unbalancecurke avoid
corrogion problems T ypical
unbalgince cirren i ontrol
might|be

It shopld be spegcified riority

they ghould.be-operapie under different operating and a.c. system conditions.

The power control tolerance is dependent upon the accuracy of the voltage dividef, the
current sensor and the resolution of the power order. A typical tolerance value is about 1,5 %
at rated power.

12.2.5 Master control

Master control is usually integrated into the HVDC station control. However, if two or more
HVDC substations are connected to the same a.c. bus, the master control would be a
separate level above the station control and include more sophisticated control strategies.
It would interface with the a.c. system and coordinate the various substations. Master control
can also be provided remotely, for example, at a dispatch centre. In this case,
telecommunication must be provided from the dispatch centre to the HVDC substation.
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12.3 Control order settings

Generally, both converters of an HVDC system are equipped with identical control equipment
since most HVDC systems are designed to transmit power in both directions.

Only the station control in one location can be in the lead at one time. Generally, the setting
of the station control order and rate of change are provided manually at the lead station. The
changes in order are then executed in the other substation(s) via the telecommunication.
Capability of the lead station for setting can also be transferred to a remote location, for
example, a dispatch centre.

In thb bullUllt bUIItIUi IIIUUIU “IU bullUllt UIUICI odall IUC th |||a||ua“y ill IL)U“I ou'uotatiuna, If VO|Ce
communication is available for coordination purposes. Current control ca vided
remotely, for example, at a dispatch centre.

Switching from power to current control mode may be ordered auto e lof the

telecdmmunication channel or by command from the station cont

bower
ween 1 MW/min

The resolution in the power order setting may be specified
of 1 00 MW). Its rate of change may be specified as w
and 9P MW/min in steps of 1 MW/min).

so be

Change in power direction is normally .initiated
i mple, after a disturbance in

orderg¢d automatically, if emergency rgversal
one of the a.c. systems.

12.4 | Current limits

Variots limize
the permissible current Wi i ! tions.
Examples of such limits are;

d, for

a) overload of@
ejample, to t
b) winter overload nits\overload“when valve cooling conditions are favourable during

lofv ambient te

c) dynamic ¢veniQad ~A\perq erties
of|thyristoxs and i :

d) othe ! 3 because of loading limits for generators connected to the rdctifier
sybstation operation with reduced d.c. voltage or other system dyhamic
pgrformance

e) mjnimum current limitation — normally 0,05 to 0,1 per unit.

The II Ilitcd bullcllt Uldcl wvarll bc tlallalllittcd bvtVVUGII thG tVVU aubatatiuua c:lIIL‘JI byllbhlu |Z|ng
equipment ensures that the two substations at any particular time will be given identical
current orders.

12.5 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.

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

— d.c. current;
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— d.c. voltage and polarity;

— reactive power consumed by the converters;

— net reactive power including VAR banks and filters;
— a.c.current;

— a.c. voltage;

— a.c. power;

— energy;

— earth current;

- dj‘iay allgic,
— extinction angle;

— tap-changer positions.

A dedision should be made on which of these measurements i - they
should be made on a per pole basis, and at what accuracy.

The dccuracy or tolerance requirements will be different which
the measurement is being made (control, protection, ). As
an expmple, the deviation between the set current ¢ ndent
upon fhe tolerance of the current control system ypical
tolerapce requirement is less than 1 % at rated

13 Tlelecommunication

13.1 | Types of telecommunication lin

When| the two terminals of a S ated a considerable distance apartf, it is

necegsary to have a | em/to exchange information between the two

terminals. The most basi e_exchanged relates to coordination of the two
terminals during% g s./Fast communication between the two terminals
can bg used to en c ~ : of the HVDC system.

Alternative types QCOR vcation can be used for control and operation of an HVDC
transrission;

[V)

telephore;

O

pawer

o O

radio link;

)
)
) mjcrowave;
)
)

D

optical fibre communication.

More than one system may be used.

13.2 Telephone

A public telephone network is one alternative communication link for HVDC transmission
control. The basic need for voice communication between the stations for the correct timing of
measures to be taken in the stations at operational changes can be satisfied by a dial-up
connection. For the operation of the HVDC transmission from a dispatch centre with
unmanned HVDC substations and to make use of the inherent HVDC system speed of
response for control of transmitted power, a permanent telephone line is needed.


https://iecnorm.com/api/?name=d2edc03f8ab8a022b5006f740bf783a4

TR 60919-1 © IEC:2010(E) — 55—

13.3 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 an 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
W|th liIUI PLC bybtﬂlllb Uf illtUIbUllIIUthd d.C. lIGtWUIi’\D tU dVUid illtUlfGlUllbU.

PLC o¢ver the HVDC transmission line might well use a higher carrier Afre o the
HVD(Q substations to achieve a satisfactory signal-to-noise ratio v ssible
convdrter interference. Lower carrier frequencies may be used 4 m the
HVD( substations because the lower frequencies have lower afte . . ration
shoulg also be given to possible interference at crossings e i a.c.
transmission lines.

13.4 |Microwave

While| not necessarily essential for control of H ission, a microwave link mjay be
the correct alternative for fast trans i I of information needed to
complement a more sophisticated contcol a i D(Csystems.

Howeper, the signal levels of microWave telegommunication can be affected by wegather
condifions, such as heavy rain and fog sin% Qrb or scatter the microwave signal.

Proper selection of th i : S necessary for reliable and econgmical
installation. Because ¢ \ S ’ cteristic, the system requires several reflection

towerg depending~on geograph sithatiomand repeater station(s) for intermediate gignal
boost|to compefo this aftenwation.

Satelljte telecom a another choice for very long distance HVDC transmjssion
schemes although it > munication delay time.

13.5 |Radjo link

A rad|o i
PLC does nobprovid

idered at long sea crossings with HVDC cable transmissions,|when
sufficient speed.

13.6 |Optical fibre telecommunication

A fibre-optic communication link may be used for control and protection or HVDT systems and
may be an economic alternative for fast transmission of large amounts of information with
high immunity from interference.

This communication system is very fast (comparable to microwave systems) and reliable.
Therefore, in addition to the basic requirements for operation of the HVDC system, sufficient
additional bandwidth may exist to allow enhanced performance of the control and protection
systems. Also, information capacity is sufficiently high that a variety of detailed operational
data can be transmitted almost instantaneously. The data channels usually incorporate
multiplexer 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 d.c. power cables, in which
optical fibres are enclosed, is another choice. If these cables are used, the reliability of the
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fibre optic communication in terms of mechanical stress can be compatible with conventional
power cable and the total laying cost can be reduced.

13.7 Classification of data to be transmitted

A list of classes of the different types of information to be transmitted between the HVDC
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;
— | operation of switches;
— | block/deblock;

— | power system security control;
c) state indications:

— | position of switches;

— | number of converters in operatip
d) measured value;

e) alarm signals;

f) vadice communicatio

. line faultio

accordance with certain data format, such as |cyclic
a item is assigned to a group of bits sized according to
‘'may be undesirable to resend old data if an enror is
dmg power orders during swing damping.

contrkpol may require a fast telecommunication such as microwave or gptical
than 1 200 bit per second (bps),(for example, 64 kbps)), for example:

a) damping control of a.c. systems;

b) frequency control of a.c. systems;

c) fast power control of a.c. and HVDC systems;
d) HVDC transmission line fault location;

e) HVDC transmission line protection;

f) power system security control.

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


https://iecnorm.com/api/?name=d2edc03f8ab8a022b5006f740bf783a4

TR 60919-1 © IEC:2010(E) - 57 -

13.9 Reliability

Generally, a telecommunication system can be provided with an automatic self-checking
system.

If a redundant (stand-by) telecommunication system is available, automatic switch-over
should be provided, thus maintaining the full degree of control of the HVDC system. 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.

| of a
ystem
cover
Furth¢r high reliability can be achieved if several of the abog¥ vanication
chanrlels are combined. For example, combination fibrg-optic

communication channel enables uninterruptible, more relak and flexible
maintenance of these facilities. Also, dislocated installationnof twg¢se Ncrowave slystem
(space diversity scheme) can mitigate a signal-fading p ‘ S

14 Auxiliary power supplies

14.1 |General

Auxili of the
HVDQ substation, are need Wd Yo brized
drived of disconnectors, €tc. s quate
secur|ty of supply andxfreedom infertupti rectly
from the high-voltage g at fk it

Wher¢ a separa b, this
should be utilized a dium-
and Ig

14.2

Short tation
shoul tation
should take pragce inthe event that the a.c. bus has been tripped by the protection. (Since

HVDQ converters™arg” line-commutated there can be no sustained transmission if the a.c.
system generation is lost, although protection may be needed to prevent pseudo-commutation
by filtersiar reactive power compensators).

Control, 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
batteries or, when a.c. supplies are needed, from an uninterruptible power system (UPS).
Duplication 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 breakers and
disconnectors essential to the safe shutdown following a fault should be operated by stored
energy, for example, compressed air or battery supplies.

Different considerations apply to the operation of disconnect switches and the closing of
breakers 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 expected, a
diesel generator may be necessary when adequate battery capacity is unrealistic.


https://iecnorm.com/api/?name=d2edc03f8ab8a022b5006f740bf783a4

- 58— TR 60919-1 © IEC:2010(E)

Only brief interruptions in power for valve cooling fans and pumps can be allowed because of
the short thermal time constant of thyristor valves. Automatic changeover between two
independently derived supplies is preferable; but if one is dependent upon the distribution
network, 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 HVDC power transmission is possible only when the a.c. system bus is energized, the
loss of auxiliary supplies during an a.c. system disturbance or converter disconnection 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 8 S ss of
which| does not directly jeopardize the power flow. Even so, changeqgvey } fween
alternptive and independent supplies should be regarded as S y nhot
necegsarily be automatic.

An enpergency supply that will be maintained even when the HWXDC su taion is i3 i from
the alc. network may be needed. Typically, this emerge y diesel
generptors and apart from supplying general services a ~ D attery
chargprs, particularly if the possibility of prolonged outages sank i

14.3 | AC auxiliary supplies

The tptal auxiliary load of the HVDC ‘substatic arger
than B0 kW should be established, at fi Xi y bus
requinements. Secondly, details of poss el and
relatignship to the point of coupling of th he a.c. network need to be defined.
This $hould be augmented wi id ing diagram. From these data, it will be
possible to specify secux 3 i i of interruptions due to fault cleatance,
distorfion, voltage andMNreq imits. Acwaltage/ stability analysis should be carried gut on
any design proposal |to\en that angeover times and phase differences befween
alternptive supph ¢ otor starting and fault clearance are within
acceptable limits

Induction motors ' be gensitive to the amplitude of negative sequence valtage,
low vpltage or.extteme ; excursions. Finally, an accurate figure will be needged for

loss dguarantée pxpQses:

14.4 |Ba

It is upual to.havre sepgrately assigned batteries to limit mutual interference for at least:

— HYDC\system control for each pole;

— othersubstationcontrol and protection:
le—SHbsStaHoh ORGP FoeGHOeRS

— telecommunication equipment.

These batteries will usually be of different rated voltages. The time for which each battery can
supply its rated load, within the rated voltage range in the event of failure of the charger or 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 current for the battery, should also be specified. A
typical recharge time is 10 h to achieve a minimum state of charge of the battery of not less
than 90 %. In addition, the acceptable ripple voltage and the superimposed ripple current
shall be considered. A room should be set aside for batteries and chargers, but with modern
equipment there is no justification for separating the two items.

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

— nominal voltage;
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— load profile and/or rated capacity;

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

— temperature conditions;

— ventilation requirements.

The charging system should meet the requirements of the battery and the load.

The UPS for a.c. 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 ery.

The fgllowing should be specified for the UPS:

— raled voltage, number of phases and permissible distortion;
— valtage frequency and tolerance;
— rajed and maximum load;

— type of load;

— maximum allowable interruption for which the UPS s}

Specipl consideration should be given

overlqad and surge starting conditiods ofNinducti b€ storage capacitors g
other |type of load having a substanti pe “characteristic. With many UP|
contiruity of supply is only within the cified_Iits™or the equipment and is not gen
unintgrruptible in an absolute sense. Gare : e be taken that the UPS is co

Reliability of the UPSpshalkalsb be carefully asgessed. Many commercial quality sy
i system supplies may actually degrad
r where this is derived direct from the

suitajle for enhancing the quality of Wistributio
securfty of the adxli '
voltage system an i gry secure, but non-interruptible.

14.5 |Emergency

If a dlesel geherator i ary, then consideration should be given to the following

preparing its &

— if putomatic, care
cannot occur, otherwise the starting battery might become fully discharged,

are often very sensit

ive to
r any
S the
erally
rectly

stems
e the
high-

when

should be taken to ensure that conditions causing frequent restarting

— how much fuel should be stored on-site?

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

correct changeover.

15 Audible noise

15.1 General

Noise from the HVDC substation could be troublesome and might incur prescriptive
mandatory sanctions which may be difficult to resolve once the station is built. Therefore,


https://iecnorm.com/api/?name=d2edc03f8ab8a022b5006f740bf783a4

- 60 - TR 60919-1 © IEC:2010(E)

limiting specifications should be prepared at the start of the project taking into account
requirements of any applicable regulations or codes of practice. The effects of noise are
generally treated as those concerning nuisance to the public outside the boundary of the
HVDC substation and noise effects in the working environment. While the latter are important,
public nuisance limits are often more difficult to specify.

15.2 Public nuisance
15.2.1 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 preperty.

As a first step the acceptable noise level at the boundary shall be sp€ci ' ard to
the refevant factors. ISO 1996-1 gives a method for determination of ak a 3 v Next,
the lejvel and spectrum of noise expected from each major sougce should wed” These
can then be summed to decide whether or not the total noise will £ & . Cation
i becial

»Y

L.

noise|abatement measures may need to be used to keep t

, if so, should also
power compensators.

Other|noise-producing equipment may be installed at the
be cdnsidered, for example, a.c. system transfa

Typical HVDC substation plant items m ike sign' jcant noise are discpssed
below. When very low audible noise l¢ ieddat the’ bpundary, the noise from|other
equipment, such as a.c. filter capacitor i ) s, etc, may also be significant.

15.2.2 Valves and valve coolers

The roise associated wi ) be disregarded so far as the public is
concgrned, since in mEst ca ion introduced by the valve hall will adeqpately

suppress it. A main squree Q ise Wi bhy’be from the fans of outdoor coolers. These
will ugsually be clgsed-sycle ewaporativeNcoolers or forced air coolers drawn from a standard
product range s seoling equipment manufacturer should be able to gupply
noise|spectrum and ypes,
the ng Liction

can a

ystem
5,7,
gs, its
would
ed by

15.2.4 DC reactors

In the case of oil-immersed d.c. reactors, noise will come from the core, structure and coolers
of the d.c. reactors. Core and structure noise can be expected to have peaks at ripple
frequencies corresponding to the harmonic orders of 6 and 12. It is probably not practicable to
carry out valid factory tests of d.c. reactor noise. The noise level can be reduced, if necessary,
by some of the same measures as are applicable to transformers, for example, enclosures.

For air-cored d.c. reactors, and where low noise levels are required, special designs including
the use of additional sound absorbent shields should be considered.
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15.2.5 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 taken 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 inside
buildings.

15.3 Noise in working areas

The noise level to which persons within the boundary of the HVDC substation may be

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

Many|countries have established codes or mandatory regulations which seek ¢ id the
hearing of those exposed to high noise levels and these should be exami andN rated
within| the specification as appropriate. Problems of this kind are un i S htions
other [than during maintenance procedures and in the immed{ate ™wcini gi es of
cooling fans or diesel generators. In most cases, it will be pgs 'ble toxqes irements
of the|regulations if maintenance personnel wears hearing 3 2

The general noise level within the building will be dgtermi imarily by the valves and the
indoof part of their cooling systems, any rotating ' ‘ .C. (and
transfprmers) where these are partiall & S evels
shouldl be specified where mental corx S.

16 Harmonic interference — AC

16.1 |AC side harmoni

Converter systems of|a ~ Yoltage and current harmonics. To aph a.c.
netwirk, the HVPC ¢ 3 source of harmonic currents. These harmonic
currents rowing .C. upedéance give rise to harmonic voltage distortipn. In
additipn, they ca EXSE heaughoutsthe a.c. system giving rise to local resonanges or
telephone interferentce

If a convertepi ) anced three-phase source of voltage, if the impedances pf the
three phases are €y e converter control angles are equal, characteristic a.d. side
harmg@nig of an order, determined by the pulse number, p, of the conyerter,
kp £ 1, wt N integer. For the ideal case, the amplitude and phase of the gengrated
chara,terlstlc Rarmohjcs™ in relation to the fundamental component depend solely gn the
contrgl anglex(d orf3)

Howe)eryin practice, a.c. systems that are coupled with HVDC converters are not peifectly

balanced in voltage or phase. This leads to negative sequence voltage system typically in the
range 0,25 % to 1 % of the positive sequence system. Other sources of unbalance include
converter transformer commutation inductance differences (typically +2 % to =5 %), and
control angle unbalances (typically 0,1° to 0,25° in steady state for modern HVDC control
systems). These unbalances result in the generation of non-characteristic harmonics, thus
added to the harmonic interference from the converter.

16.2 Filters

AC harmonic filters are generally provided at HVDC substations for absorbing the harmonics
generated by the converters, and in addition for reactive power compensation (see Clause 9).
An example of a.c. harmonic filters connected to the a.c. feeders for a bipolar HVYDC system
is shown in Figure 21.
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In order that the loss of any filter will not prevent system operation at full power, two filter
arms of each type may be specified. The filter arms may be made switchable on the basis of
individual arms on each pole. Sizing the individual filter to be switchable should take into
consideration:

Filterg of either the series-resonant RLC or the damped high-pass type
HVD({ systems. Examples of the most frequently used filter types are, $hown(in

reactive power and voltage regulation requirements;
reduced and light load conditions;

possible resonances between the filters and the a.c. network impedance with each
switched;

reliability criteria;

egonomic constraints.

®
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Figure 21 — Examples of a.c. filter connections for a bipole HVDC system
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1% order resonant filter

Triple frequency filter

T

2" order high pass filter

&

Double frequency filter

|

“C” type filter

IEC 40605

Figure 22 — Circuit diagrams for different filter types

For optimum harmonic filter design, the system impedance at harmonic frequencies should be
known over the frequency range of interest. The a.c. system impedance of the HVDC
substation may be specified by an impedance (R/X) circle diagram over the frequency range
from fundamental to the 50th harmonic.

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 8. The design of a.c. harmonic filters should also take into account any
harmonics that may flow into the filters from other harmonic sources.
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Where stringent a.c. harmonic performance requirements are specified, or in combination with
CCC/CSCC HVDC circuit topologies, active a.c. filters are a suitable measure. Each active a.c.
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,
active parts can be designed to mitigate the harmonic currents flowing in the a.c. lines which
connect to the converter station.

AC filtering aspects including a.c. side harmonic generation, a.c. 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.

16.3 |Interference disturbance criteria

Interf¢rence performance is defined in terms of individual harmgRic distogti total
effectve harmonic distortion D¢, telephone interference factor Tl i¢ form
factor| THFF and weighted IT product. For telephone interfereng ighting
are uged. These take into account the response of telephone © ivity of
the human ear, namely, psophometric weighting as reeem ende tional
Telegfaph and Telephone Consultative Committee (CCI 3 ighting
develpped by Bell Telephone Systems (BTS) and the S i ityte (EEI). Each of
the above terms is defined as follows.
Indiviglual harmonic distortion accordingNo CCl

(9)

U, rj:ers to rated fundaix to the n"™ harmonic r.m.s. vpltage

consigdlered.

Total gffective h@n'

" U, x100 )2
=27 (10)
n=2 1

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

TIF = (11)
where
F, is the weighting factor for each harmonic n according to IEC/TR 62001.
N=oo U 2
THFF = ¢ X B : (12)
n=1 U1

where
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