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INTERNATIONAL ELECTROTECHNICAL COMMISSION

HIGH-VOLTAGE DIRECT CURRENT (HVDC) SYSTEMS -
GUIDEBOOK TO THE SPECIFICATION AND
DESIGN EVALUATION OF A.C. FILTERS

FOREWORD

1) The |lnternational-Electrotechnical-Commission-(1EC) is a-worldwide organization-for-standardization-c prising
all rjational electrotechnical committees (IEC National Committees). The object/of is (o, |promote
interpational co-operation on all questions concerning standardization in the electri ronic-flelds. To
this pnd and in addition to other activities, IEC publishes International Standards, i ecifications,
Techpical Reports, Publicly Available Specifications (PAS) and Guides as “IEC
Publication(s)”). Their preparation is entrusted to technical committees; any | terested
in tHe subject dealt with may participate in this preparatory work. S nd non-
govefnmental organizations liaising with the IEC also participate in this(prep 5 closely
with |the International Organization for Standardization (ISO) in acgord hined by
agregément between the two organizations

2) The jormal decisions or agreements of IEC on technical matters expre rnational
consensus of opinion on the relevant subjects since each jtechnicak com from all
intergsted IEC National Committees

3) IEC Publications have the form of recommendations for in National
Comnittees in that sense. While all reasonable effo t of IEC
Publications is accurate, IEC cannot belheld\re for any
misiriterpretation by any end user.

4) In ogder to promote international uniformit i mittees undertake to apply IEC Puflications
trangparently to the maximum extent possi 3 and regional publications. Any diyergence
betwgen any IEC Publication and the correspond icati icated in
the latter.

5) IEC |tself does not provide nformity
assepsment services and for any
servipes carried out by indep

6) All ugers should@

7) No lipbility shall attac erts and
mempers of its tech gmage or
othe bes) and
expepses arising\out\of\the\ publication,/use of, or reliance upon, this IEC Publication or any other IEC
Publications

8) Atterjtion is drawn ative’ references cited in this publication. Use of the referenced publicgtions is
indispensSablefor thewcorre ation of this publication.

9) Atterftio e possibility that some of the elements of this IEC Publication may be the spbject of
patent right IEC hal not\be held responsible for identifying any or all such patent rights.

The main task of [EC technical committees is to prepare International Standards. Howgver, a

technidal’"¢emmittee may propose the publication of a technical report when it has cgllected

data of-adifferentkind—fromthat-which—is ||U||||a”y pub“bhcd as—antnternationat-Stand I"d, for
example "state of the art".

IEC 62001, 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 technical report cancels and replaces IEC/PAS 62001 published in 2004. This first edition
constitutes a technical revision.
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The text of this technical report is based on the following documents:

Enquiry draft

Report on voting

22F/180/DTR

22F/191/RVC

009(E)

Full information on the voting for the approval of this technical report can be found in the report
on voting indicated in the above table.

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

The co
mainte

fnmitiee has decided that the conients of this publication will remain
hance result date indicated on the IEC web site under "http://webs

ntil the

he data

related|to the specific publication. At this date, the publication will be

* recpnfirmed,

* withdrawn,

* replaced by a revised edition, or

+ amended.

A bilingual version of this publication may be issued

IMPORTANT - The “colour inside” logo o e cover age f this publication in

that it
of its d

contains colours which are co dere be useful for the correct underst

ontents. Users should therefore p

blication using a colour printer.

tlcates

nding

: %“
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HIGH-VOLTAGE DIRECT CURRENT (HVDC) SYSTEMS -
GUIDEBOOK TO THE SPECIFICATION AND
DESIGN EVALUATION OF A.C. FILTERS

tended
ing the
ed by

brest in

igned to

urrent-
y new
series

$pecific

cument

. pystem
ilities to

d sets
etailed
by the

1 Scope

This technical report deals with the specification and design evaluation of a.c. side harmonic
perfor nance and a.c.side filters for high-voltage direct current (I—l\/n(‘\ schemes. ltis |
to be grimarily for the use of the ut|I|t|es and consultants who are respo S|ble or issu
technidal specifications for new HVDC projects and evaluating

prospeftive suppliers.

The scppe of this technical report covers a.c. side filtering for the ' f

terms ¢f harmonic distortion and audible frequency disturbance

be effe

The bu

source

techno

filters,

circums$

The tefm

which

enviror

the prg w'es the uniformity of proposals af
guidelines for the evalua . used here does not refer to the ¢
enginegring specifications rela individual items of equipment, which are prepared
HVDC manufact a filterdesign process

The te¢
docume

pecifications, such as owner, client, buyer, utility, user, employ
0 covers a consultant representing the customer.

The ~“cont has the overall responsibility for delivery of the HVDC co
stdtion, including the a.c. filters, as a system, and may in turn contract one o

in this

station,

ich may

er and

nverter
r more

sub-suppliers of individual items of equipment. The term “contractor” is taken t

cover

similar terms which may be used in specifications, such as manufacturer, or supplier.

Where the context clearly refers to the pre-contract stage of a project, the word “bidder” has
been used instead of “contractor”, to indicate a prospective contractor, or tenderer.

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.

IEC 60076-6:2007, Power transformers — Part 6: Reactors
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IEC 60099-4:2004, Surge arresters — Part 4: Metal-oxide surge arresters without gaps for a.c.
systems

IEC/TR 61000-3-6, Electromagnetic compatibility (EMC) — Part 3-6: Limits — Assessment of
emission limits for the connection of distorting installations to MV, HV and EHV power systems

IEC 61000-4-7, Electromagnetic compatibility (EMC) — Part 4-7: Testing and measurement
techniques — General guide on harmonics and interharmonics measurements and
instrumentation, for power supply systems and equipment connected thereto

IEC 61803:1999, Determination of power losses in high-voltage direct current (HVDC)
converter stations

3 Odtline of specifications of a.c. filters for HVDC system

3.1 Seneral

When ect the
quality power
quality

The a. , land, if
alloweq sptable levels of distortion.
AC sidp e sonverter station, in grder to

reduce Is.

HVDC ich must
normal A . bear as
capacifive sources of reatctive™p L ment i ntional
HVDC ) ption of
the converter. Additional a hat the

desired ational

conditi

The di [ ents of
harmo er compensation, for various operational states and load
levels. straints
under

The a ion. The

fundamental.redactive \power rating of the a.c. filters (including shunt capacitors| where
applicgble)(at*each~c¢onverter station has typically been in the range of 50 % to 60 % of the

active power rating of the scheme. Together with the required switchyard equipment, the a.c.
filters C i - cost of

manufacture, installation and commissioning of the a.c. filter equipment is significant, being
typically in the approximate range of 10 % of the total station costs. In addition, the filter design
studies can be extensive and may have an impact on many other aspects of station design
(see IEC/TR 60919-1 (2005), IEC/TR 60919-2 (2008), IEC/TR 60919-3 and [65, 66, 68])") and
on the total project schedule. Once in operation, the a.c. filters will continue to have a major
importance due to requirements for switching, maintenance, component spares, and reliability.

It is therefore important that the way in which the requirements for the a.c. filters are specified
is such as to allow the design to be optimised in terms of all the above factors, while fulfilling
the essential functions of disturbance mitigation and reactive power compensation.

1) The figures in square beackets refer to the Bibliography.
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In general, this technical report assumes that the purchase of an HVDC converter station,
including a.c. filters, will be made on a turnkey or similar basis, such has been the case for the
majority of HVDC schemes to date. The discussions herein of aspects such as provision of
technical information, allocation of risks and so on therefore apply principally to such an all-
inclusive approach. If the alternative approach of specifying and purchasing equipment item by
item were adopted, then these aspects of the document would have to be reconsidered in the
context of the particular scheme, although the purely technical content of the document would
still be applicable.

Most technical specifications for HYDC projects are issued in a final format after definition of
the details of the project by the customer and possibly consultants. An alternative approach
which has recently been used is discussed in Annex A.

3.2 Boundaries of responsibility

Beforela technical specification enters into the detail of a.c. filter des i it should
first cldarly define the boundaries of responsibility between customer and\c

In this fespect there are two extreme approaches.

a) The customer defines an a.c. system impedance, disto its \andwother perfofmance
criteria to be satisfied by calculation, the calcu the parameters to be
taken into account. The bidder and later on the contkagtorith k€s studies and designs
filtgrs based on this information, and e Sibj ove, to the satisfa¢tion of
the| customer, that the propos filter S ith all the specification
regpirements. The risk that the a.c.™ij [ m adequately under field conditions
lies| mainly with the customer.

b) At the other extreme, the custome defi \ naximum actual measured digtortion
and disturbance to be permi Si y, that there must be no problems of
disfortion or disturbarice). also specify field tests to confirm that the
deflned limits are idder, Jand later on the contractor, then m1as full
responsibility for determi € \ nr-impedance, defining all relevant parameters,
and designing a.c. i i - II perform in practice within the limits specified|by the
customer (or by‘the contractor) and withstand all actual operating
conditions. Most yi i lith the contractor.

For a |[customer <with ittle/in-house study capability, approach b) might [appear

attractive. Howeye : several disadvantages to b), as follows.

o It ies that at’the tender stage, several prospective contractors will all have tp make
extensiv udies ofya.c. system impedance and local harmonic limit requirements. This

will be_expensive~and difficult to achieve during a short tender period. It is therefore
recommended that these studies should be conducted by the customer or his corsultant
during *the ger period which is usually available before issue of the technical
specification.

As the contractor has to assume risks, there will be a corresponding impact on pricing.

The customer may have to decide between completely different designs offered by
bidders working on quite different assumptions about the a.c. system.

There are significant practical difficulties in proving compliance during verification tests.

It is unlikely that there is any overall financial gain, as the customer will eventually pay
for studies done by the bidder/contractor as part of the overall contract price.

In practice, most technical specifications adopt an approach which lies somewhere between
these two extremes. For example, the customer may provide some information about the a.c.
system configuration, maximum and minimum short-circuit powers, and expected future
expansion, but not a full definition of a.c. system harmonic impedance.

The decision on where to place the boundary of responsibility will depend on the strategy of
each individual customer and on the information and resources available to the customer. This
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technical report does not recommend a particular approach, but rather provides the detailed
information necessary to guide decisions in this respect.

It is, however, strongly recommended that this overall question is carefully considered by the
customer at an early stage, and that the boundaries of responsibility and delivery are clearly
defined in the technical specification according to the customer’s decision. The more detailed
technical requirements of the specification should then follow in accordance. Failure to make a
clear definition of responsibility, and to ensure that the detailed requirements
specification are in accordance with the general definition of responsibility, creates risks of
contractual conflict, delay and possible unsatisfactory performance of the a.c. filters.

Most

of the

ssentially, the specification must define whether the criterion by which the filter

perforn
e ad
or
e am
or
e ac

Demon
but allg

measu
which

a.c. sy|
HVDC

A com
therefo
satisfa

The te

interacfi

the filtg

3.3

Depending on

require]

hance is to be judged as satisfactory. It is to be:

emonstration by calculation of performance parameters, using the specified)data,

easurement in the field after commissioning,

bmbination of the above.

re provid
Ctory.

he bouyndaries of responsibility discussed above, some system studi

to,bejcondusted by the customer prior to issuing the technical specification, or

ccount,
may be
make
ons for
in the
ith the

rement
will be

ing the

s may
ay be
the reslponsibility of the bidder and later the contractor. Those such studies related to the a.c.

filters woutdmmormatty cover:

a.c. system reactive power requirements,
a.c. system impedance measurements or calculations,
pre-existing harmonic levels,

inductive co-ordination for telecommunication lines near affected a.c. lines.

The extent of system studies required to be conducted by the bidder and the contractor should
be made clear in the technical specification. A minimum set of studies will always be required
to ensure that the filters perform adequately and that they withstand all defined electrical and
environmental conditions.

These

essential studies would normally comprise:

a) reactive power supply and control,
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b) low-order resonance with a.c. system,

c) a.c. filter performance,

d) a.c. filter steady-state rating,

e) a.c. filter transient rating, overvoltage and insulation co-ordination,

f) a.c. filter losses,

g) a.c. filter protection,

h) a.c. filter circuit breaker duties,

i) a.c. filter discharge requirements,

j) those parts of the control and dynamic performance studies which are affected by the a.c.
filtdrs, and analyse the integrated operation of the a.c. and HVDC systems,

k) thoge parts of the audible noise study which are affected by the a.c.

I) thoge parts of the RAM (reliability, availability and maintenance)
thela.c. filters.

cted by

However, further performance and rating studies may be of_int Si ning of
econoric and flexible operation, and to define recom e ent of
outages, maintenance or unusual operational S|tuat' ight cover, for

examp cation,
or with . t be of
considg¢rable interest to operation planners, and/hs 1 le need

for suc 1 in the
scope
Of the as part
of the tted or
minimis revious
experie full by
the cor
3.4
The te¢ : clear the scope of supply with regard to a.c. filtering
as wit y scheme. In addition to supply of the main a.¢. filter
compo upply of the following should be defined:

[ ]

[ ]

e |earthing;

e [fencing,

o interface—witha-¢ S'V'v'ituh‘yard,

e control, measuring, monitoring and protection,

e switching equipment,

e cabling,

e spare parts,

e special test equipment required for commissioning and maintenance,
e erection, commissioning and testing,

e in-service performance measurements.

Any requirement for guarantees concerning, for example capacitor failure rates, measured filter
losses, performance, etc., should also be clearly stated.
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3.5 Technical data to be supplied by contractor

At the tender stage of an HVDC project, the bidders are normally required to supply technical
data regarding their proposed designs to the customer. This data is used by the customer in
order to qualify the proposed design technically and to allow comparisons to be made between
competing bidders. The technical specification should define carefully exactly what technical
data is to be supplied, otherwise there is a risk that the information supplied by different
bidders will not show possible weaknesses in design or will not enable fair comparisons to be
made. Aspects where particular attention should be paid include the general aspects:

e method and assumptions for filter performance calculations,

e criteria and assumptions for steady-state filter rating, and for transient stresses and
rating,

e |calculations as well as the following specific areas where clarity |

e |harmonic currents generated by converters ( under
exactly what conditions these are to be stated. 3 rmonic
currents at several critical conditions or power levels and i eration
conditions.)

e |impedance characteristics of filters (The specification s S lion on
impedance at and near tuned frequencies, undg di pbss the
whole spectrum of interest.)

e |performance parameters to be stated at @ tiornconditions (for exanpple, at
full load and at intermediate loads ately pri itching-i iti bank).

After g¢ontract award and during the z ement stage of the project, the
contragtor will normally produce technigal study‘xeporis and other documents covering gspects
of the filter design (performance, rating, cifcuit diagre protection, insulation co-ord|nation,
layout, | reliability and availability e Iutiod equipment specifications for the individual
items qf filter equipment. T i ecification (or another part of the agreement between
customer and contragtar) s ear whether these are to be approved [by the

customer, and if so, define a xcedure which allows time for examination ¢f such
material by the ¢ S i t modification, and approval, within the intended
project|time-sch .

3.6

The cU jted an
extens ihg new
technig er may

I some

en the
\ which

expressly satlsfles the specn‘led requwements

4 Permissible distortion units

4.1 General

The performance objective of the a.c. filter design is to limit the adverse effects of both the
individual harmonics and of the total harmonic distortion of the voltage and current waveform,
at both the HVDC connection bus and in the surrounding network.

These possible adverse effects are described below.
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e The waveform distortion can cause increased heating and higher dielectric stresses in
both the utility's and other customers' equipment as well as malfunction of electronic
equipment.

e The harmonic current circulating in the a.c. lines can, by induction, cause interference in
adjacent communication lines and this must be limited to an acceptable level.

e Induced voltages may cause problems because of risk to human safety or malfunction
of adjacent communication, signalling and protection equipment.

In order to mitigate such adverse effects, the customer's technical specification normally
defines permissible harmonic distortion limits, which must be respected by the a.c. filter
designer. The def|n|t|on of swtable cr|ter|a for settlng such I|m|ts is a complex and controver3|al
subject . v 2 v seheme s clause
attempts to prowde the background mformatlon necessary, and to glve ecomn endatons on

A commmon procedure for the determination of limits has often been fc s_actording
to refefences in international literature, without detailed preliminary ‘studi he pqrticular
location. This approach requires a minimal amount of studies an S i hedule.
The disadvantage is that it requires conservative limits to re that
there gre no adverse effects of excessive distortion and ich may
requirel high additional cost for corrections and/or mitig
However, due to:

e [the powerful calculation tools noy

e |the recent refinements in harme ated in

e [the growing concern of the atititi

e |the trend toward
it is rgcommended_tha evelop
harmonic Iimits ‘ nd the
connen}(ed a.c. network: ddverse
harmonic effects and\discusse QNe finition
of the [indi 9 te mination of the I|m|ts Ranges of limits adopted for existing
schemeg ded for

the det|

The definiti

e [limits pertaining to high voltage (HV) and extra-high voltage (EHV) network equipment,

e telephone interference limits,

e special criteria.

The limitation of telephone interference through the application of weighted indices has in the
past had a substantial influence on the nature, size and cost of a.c. filters for HVDC stations,
and so this aspect is discussed in some depth in the following subclauses and annexes.

A customer should understand that it is not necessary or desirable to include in the technical
specification all of the distortion limits discussed in this section. Some indices apply only in
certain situations; others represent alternative approaches to the definition of distortion. The
customer should consider carefully the requirements of his particular scheme, and select those
distortion indices and limits which are relevant to his needs.
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4.2 Voltage distortion
4.2.1 General

The main requirements for a.c. filter performance specification are generally related to the
permissible voltage distortion, this being a directly measurable quantity at the point of
connection. The intention is that by limiting the voltage distortion, the harmonic currents
injected into the a.c. system by converters and the resulting voltages elsewhere should also be
limited to levels that will ensure service quality to the utility and to all connected customers of
the a.c. system. (The validity of this approach is discussed further below).

This subclause describes the most common indices used to control voltage distortion and gives
some guidennes Tor the aetermination o1 SUttable TS,

4.2.2 Voltage distortion — Definitions of performance criteria

Individyial harmonic distortion, D, (in %):

(1)

where
U1 ist
U,

n tion.

is t

Total h

(2)

where

N ist

Total a

(3)

4.2.3 i ton—

The individual (D,) and total harmonic distortion (THD) are widely accepted indices of voltage
distortion in a.c. networks, while the total arithmetic harmonic distortion (D) is controversial,
even though it has been used in a number of HVDC schemes [42, 43], instead of, or as well as,
the THD. The THD corresponds to the power of the harmonics and is therefore more closely
related to the severity of the disturbance in terms of heating effects. The total arithmetically
added distortion (D) does not correspond to any physically verifiable disturbance, although it is
an indicator of the maximum possible deviation of the waveform from a sinusoid and of the
maximum possible harmonic voltage peak levels. Furthermore, the THD is well Permissible
Distortion Limits Section 3 accepted within IEC (see IEC/TR 61000-3-6 (2008) and IEEE [58])
and is therefore the criterion recommended in this technical report.

The harmonic voltages used in the definition of harmonic distortion are generally those of the
highest value in any phase. This is not an issue when using the conventional calculation
method, as the harmonics produced by HVDC converters are assumed to be either positive or
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negative sequence and so are equal in all phases, and the a.c. system impedance is assumed
balanced. The zero sequence current generation of the HVDC converters is very low and there
are no reported problems related to this as a cause of zero sequence harmonic voltage.
However, in real systems, the harmonic voltage magnitudes will be different in the three
phases due to asymmetries in the network and non-ideal harmonic generation conditions.
Analysis of harmonic performance using a three-phase model of transmission lines would
generally show differences among the three phase distortion parameters.

The maximum harmonic order considered, N, is normally set to 50, as the magnitude of the
current generated by the HVDC systems decreases with frequency and the harmonic voltages
transferred to the lower voltage levels generally becomes very low with increasing frequency
due to the characteristics of power transformers and loads at these frequencies (see further
discussion in 13.2.2).

5t-case
value from the range of system operating voltages as voltage refet an the
nomingl system voltage. (That is, the value of voltage, consiste i rmonic
generation used in the calculation, for which the highest percentage \distortien isy calgulated.
This wlll generally be the minimum voltage from the applicab e e ent for this
approach is that it more truly expresses the actual perce i i in [reality.
Whichgver reference voltage is to be used for the definiti
stated flearly in the specification in order to avoid different inte ‘ idders,
and befause it may appreciably affect the filter design.

Refer also to the discussion in 8.1. : & 3 rmonic
distortibn should be calculated. The range of a 1 3 stortion
criteria

4.2.4 Voltage distortio
4.2.41 General
Most major utilities\have theirow
emissiIn from i i i
consid¢rable degree beeni

problems and the

rmonic
As to a
nduced
tal and

conseryative in form ‘a ‘ system
behavipur. e a form a
specifi /e distortion limits which have a more rational basis and relate
to the par

4.2.4.2

One wpy/to/guide the determination of the voltage distortion limits is to refer to éxisting
schemegs\for which acceptable performance has been experienced. The following ranges of
specified limits were taken from CIGRE surveys [42, 43] on a.c. harmonic filters for numerous
HVDC schemes from different countries:

e specified limits on D, are in the range of 0,5 % to 1,5 % (most typically 1 %),
e specified limits on THD are in the range of 1 % to 4 % (no typical value),

e specified limits on D are in the range of 2 % to 4 % (most typically 4 %).

(Note that these figures refer to distortion due to the HVDC converter and do not include other
pre-existing distortion. They also generally refer to worst normal operating conditions of the
HVDC system, in comparison to more extreme conditions which determine the component
ratings. When considering such values as used in former projects, it is also vital to take into
account the a.c. network representation which was specified to be used in the calculation of
these indices.)

Where a customer:
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e wishes to minimise the procurement time schedule, or
e lacks the appropriate computational tools or a.c. system data, or

e where he anticipates no serious consequences from the harmonic distortion,

then the customer may set distortion limits based on such indicative values taken from
experience of existing systems. AC filter installations designed according to these limits have
generally performed satisfactorily. But, without detailed studies, engineering judgement has to
be exercised in order to adapt the limits set for other projects to the specific characteristics of
the a.c. system to which the HVDC system is to be connected. Therefore, the determination of
performance requirements for a particular HVDC scheme based on past experience from
existing schemes should take into consideration the following aspects:

¢ [local regulations on harmonic limits,

e |voltage levels (stricter limits are usually recommended for highex volt levels),

e |proximity of load areas,
e |proximity of generators,
e |other harmonic sources in the vicinity,

e |pre-existing level of harmonic distortion,

e |network structure (long lines and capacitor ifi 2rion of
harmonic voltage at remote locations, large nsfer a
lower level of harmonic to the lo

The C|GRE surveys [42, 43] give man xisting installations which may be
helpful| for this task. The limits adopted d ‘beon the conservative side to prevent the
consequences of excessive distortion i it occur, may ultimately lead to restfictions
on the 3 Here is also a risk that this approach
may lead to a design which i [ i

In view of this, it is suggested e.cost sensitivity of the filter design is investigated by
asking| for an a i , for example, on 1,5 or 2 times thg basic
specifigation Iim@ ductian, i significant, is indicative of the need to perform more
detailed studies befaor ice , i

The te o allow the bidders to propose alternative designs (in
additio which, while possibly exceeding the specified limit§ under
some di nevertheless offered substantially simpler and more economical filfers.

4.2.4.3 s i ion — Determination of limits with detailed studies

Deternlining suitable distortion limits by means of detailed studies requires more worK at the
specifi¢ation stage but is Ilkely to result |n a cheaper a.c. filter deS|gn W|th an optimal filter
solutior essarily
complex fllterlng scheme wh|ch may impose undue constramts on the HVDC system design
and operation. The methodology can be applied to respect either IEEE or IEC recommended
limits.

CIGRE has published a technical paper on limitation of harmonic distortion for MV and HV
power systems [44] based on electromagnetic compatibility. Clause B.1 of this technical report
summarises the basic principles and concepts outlined in the CIGRE paper to ensure
electromagnetic compatibility in the whole a.c. system. Internationally recommended limits for
compatibility levels of harmonic distortion in LV and MV are also described.

One objective of the limitation of harmonic emission in HV and EHV systems is to keep the
disturbance levels below the compatibility levels (with a non-exceeding probability of 95 %) in
the low-voltage systems. To achieve this goal, the utility has to co-ordinate the emission limits
of equipment in the different parts of the a.c. system in the most economical way. The utility
has therefore to take into consideration all the possible emission sources, both existing and
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future, and their frequency dependent coefficient of transfer to the other voltage levels. It must
also consider the future expansion stages of the a.c. network.

Usually a widespread programme of harmonic measurements is performed to gather data for
this task. Such an exercise should result in the determination of suitable planning levels for the
HV and EHV system and rules for the connection of disturbing loads that are generally valid
over the whole network.

Such a study gives a base for the establishment of rational harmonic emission limits for the
connection of HVDC systems. For such large disturbing loads, it is worthwhile to perform
additional studies to adapt the planning levels to the particular circumstances at the point of
connection on the network. The following studies are recommended:

e [the determination (by calculation) of the ratio of the harmonic oint of
connection to the harmonic voltage at the main HV, MV or LV, substati e area.
This should be done over the whole frequency range consid icipated
normal network configurations and load levels. The harmonic i nto the

The refsults should be analysed following the geneg ermine

appropriate emission limits.

Such gvaluation of sources of harmonic e i a i , gtablish
suitable¢ planning levels, may require an e \ ork for a large meshed network
and fufthermore, addition of harmonic sources gnd the
evolutipn of the network. Where no standar practi have been previously develgped by
the utility or where detailed dg arrmonic characteristics is not known, the
method described in [44] =

Referehce [44] gives asimylifiec to determine the emission limits of a particulag HVDC
installation for roposes simple rules to share the permissible
harmonic voltage issi the various users of the power system. For mosgt large
HVDC |i i e shared according to the megavolt-amperes| (MVA)
rating ¢ supply capability at the point of common coupling.

The m k in\[44]> takes into account the presence of important digturbing

installations_ i Ci the considered substation and gives summation coefficients
depend he-h order for computation of total harmonic levels. It also gives some
guidelipes slication.ih practical situations (pre-existing level, unrealistically low evlpission
limits, onic load flow studies should also try to identify amplification or

resonapce (Situatio hich may cause remote harmonic voltage problems that are not pvident
at the [HVDC connection bus. These remote effects are controlled by applying appropriate
coeffictents—for—the paltiutﬂal harmontes—i—the—individuatemisstontimits app“cd at-the' HVDC

connection bus.

The indicative values of planning levels for harmonic voltage given in Clause B.1 may be used
for HV networks close to load areas where the harmonic voltages from HV or EHV levels are
directly transferred to the LV or MV level. These planning levels should be modified as
necessary to reflect the characteristics of the particular network considered. A harmonic load
flow study is necessary to assess the values of harmonic voltage within the particular EHV or
HV network and the transfer to lower levels in the different network normal operating
conditions, also taking into account the foreseeable future expansion of the network. The study
results will indicate the need to revise the values of Table B.3 in order to keep an equivalent
contribution for the HV or EHV levels to the LV and MV compatibility levels shown in Table B.2.

It is important to note here that the limits so defined are related to the particular network
conditions, and this should be considered in the design of the a.c. filters. As an example, a
stricter limit, defined to control an amplification problem, may correspond to a limited part of
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the total harmonic impedance locus computed at the point of coupling. Similarly, when two
important harmonic sources are in the vicinity, the emission limit is shared among them but
then the impedance locus for each should assume that the filter installation of the other is
present. When these aspects are significant, multiple emission limits coupled to different
harmonic impedance loci may be provided to the bidders.

The following alternative approach would in principle be possible, but up to now has not been
used for any HVDC scheme. Where the network is of moderate size, the customer could
consider providing the bidders with the complete network data set. The harmonic voltage
contribution limit from the HVDC converter could then be individually defined at all the different
MV or LV buses. With this approach, the customer must provide all the necessary data for the
filter optimisation: a.c. system configurations, line data, remotely installed filters, earth
resistiity, frequency dependent equivalent models at the end nodes, toler; s efc. Tr[e data

must a|so consider the future evolution of the network. This approach waould require(mo
for the [bidders, and they would possibly have to develop additional computer

avoid {he above mentioned inconsistencies. It would also entail gonrsider by the
custoner to prepare all the necessary data, and lengthen the time \required(f hdering
procesps. Unless the bidder defined exactly how each compopent.i € uld be
modelled, each bidder could derive different harmonic i on the

represTntation used for network components, in paftictia
transmjssion lines.

4.2.5 Voltage distortion — Pre-existing harmonic le

Measufements of the actual pre-exi ent the
e [to characterise pre-existing harry
e |to determine harmoni

e |to validate simulatio

Harmohic measureme te the
aggregpte harm C all sources, both within the HV and EHV syst¢m and
comind from the ¢ . Analysis of the measurement results combined \Iith the
simularlion results wij gregate the two contributions. Indeed, the pre-éxisting
harmonic contribytions 1 dividual distorting loads in LV and MV systems and other
unknoy S sed easily otherwise. The planning levels propqgsed in
Clause| B. en b ed according to the actual situation in order to set a realistic co-
ordinatjon between ari sources of emission.

(As an e-existing harmonic levels have in some countries already exceeded the
proposg i els of Table B.3, due to low voltage apparatus e.g. television and other

electropic equipmen

It may atsobeappropriate to ditect the measurements to Specific operatingconditions where
these may affect the harmonic voltage levels. For example a high operating voltage condition
may increase the harmonic contribution caused by saturation of transformers. There is also
evidence that corona on EHV transmission lines can give rise to substantial levels of third
harmonic current.

Ideally, the measurements should provide the harmonic levels, phase angle and the source
impedance to characterise adequately the harmonic sources, because the introduction of a
large a.c. filter installation is likely to affect the harmonic levels in its vicinity. It should be noted
that the new a.c. filter installation could be beneficial for the network and the utility may even
consider specifying the performance of the a.c. filters at the HVDC converter with the additional
aim of improving the pre-existing harmonic condition of the network at some specific harmonic
order(s).
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As an alternative to specifying the level of pre-existing harmonics, some utilities have
requested in their specifications that the calculated harmonics produced by the HVDC
converter should be increased by a margin of, say, 10 %. This is a very arbitrary approach, and
while allowing a certain margin for pre-existing harmonics, is unlikely to correspond to reality.

4.2.6 Voltage distortion — Relaxed limits for short term and infrequent conditions

For unusual conditions during short periods of time (less than 1 h), the IEEE 519-1992 [58]
recommends that the limits may be exceeded by 50 %.

IEC/TR 61000-3-6 (2008) does not address this issue. While it mentions that the assessment
of harmonic injection from distorting loads should consider the worst normal operating
conditipns including those with outages that may apply for a substantial fracti time, it
providgs no limits for short term and infrequent conditions when the har i should
obviously be controlled e.g. from an equipment rating aspect.

Where[such short term and infrequent operating conditions are
it is regommended to specify relaxed limits such as those sugge
may bg associated with specific harmonic impedance loci.

ystem,
] These

4.2.7 Treatment of interharmonic frequencies

In the ¢ gencies,
and pa may generate curré¢nts on
their ajc. sides at frequencies other ha hé undamental. (The fundgmental
frequencies either may be nominally differe ¥ 60 Hz, or may be ngminally
identic

This additi i i i equencies which are harmonics |of the
fundan - 6.8 and will be transferred across the linK by the
mechani 2 i ay be thought of as harmonic penetration or
transitipn from one a.c.\.sy (o . As the frequencies of these transsferred
compopents lie b \ [ harmonic frequencies, they are often fermed
“interharmonics”\T he n-integer harmonics” is sometimes also used.

The mrl.a Rarmonics will be low in comparison with the charagteristic
harmoni sonverter, but may nevertheless be significant, especially as
no specifi y be provided for them, other than the broad-band effect of
high-pa

Interha i give-rise to specific problems not found with true harmonics, such as
interference Wi ipple control systems, and light flicker due to the low frequency anjplitude

modulgtion(caused by the beating of a harmonic frequency with an adjacent interharmonic, e.g.
a 10 Hg-flicker due to the interaction of a 650 Hz 13th harmonic of a 50 Hz system with [660 Hz
11th harmonic penetration from a 60 Hz systenT:

Of interest here is how the distortion effects resulting from such interharmonics should be
taken into account in the performance criteria. If the various formulae for definition of harmonic
performance, as given in this clause, refer specifically to “harmonics”, then a formal
interpretation could exclude any other frequencies. A contractor could thus ignore the impact of
the interharmonics in his calculation (and subsequent measurement) of the performance
parameters.

The possibility of contractual conflict may arise if the technical specification (as has occurred in
the past) both states that the contractor must take such interharmonics into account in his
design, but also, inconsistently, defines the performance criteria in terms of “harmonics 1-50”
or similar.
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Unless it is specifically clarified, there could also be disagreement between customer and
contractor about whether the term “harmonics” should include so-called “non-integer
harmonics”, as the term “harmonics” classically implies integral multiples of the fundamental,
and is defined as such in, for example, IEEE Standard 519-1992 [58].

IEC/TR 61000-2-1 (1990) [26] discusses interharmonic sources and some possible effects.
IEC/TR 61000-3-6 (2008) considers the impact of interharmonics on low voltage systems, and
indicates the need for specific limits due to possible interference with ripple control systems,
lighting flicker and other problems. It recommends a planning level of 0,2 % for individual
interharmonics. Other applicable standards or guidelines may need to be taken into account.

It is therefore recommended that if the proposed HVDC link conne NO ems of nominally
or potentially different frequencies, the customer should take due considerationof the possible
impact| of inter-harmonic distortion. This may be by modification of the various )Specified
definitipns of harmonic performance criteria to encompass significant jititerhafmonics‘generated

by the| converter, or by a specific interharmonic limit which ma ced to\ be related to
preven e

4.3

4.3.1

Setting patibility requirements in
the ne a e HV and EHV network
equipm imi i e-permissible, as for example
due to i ity the network, then the actual hgrmonic
emissi sitive metwork equipment such ap shunt
capacifors, cables and power transfor ¢ nd capacitors can be involved in system
resonapce which results in hi i ic stres oroverload. Relevant standards should be
consul i he e ability. Particularly, attention should be
given t 9 ich_defines the'maximum acceptable RSS of the 3rd, 5th
and 7tk S 9 ¢

4.3.2

The c istic harmonic currents flowing into the stajors of
synchr > and synchronous condensers) installed close |to the
conver 5 stator and rotor overheating and vibrations that could damage
them. h, da hese harmonic currents should not be higher than the¢ limits
indicat facturer. It is, therefore, necessary that the filter specification
clearly gsign to control these currents, in addition to the other perfofmance
requirgmen

One way to.specify the filter requirements to control the possibility of overheating is to [require
that th¢ equivalent negative phase sequence component /,_, (as defined in Clause B.2) of the

harmonic current flowing in the machine, together with the expected level of actual negative
sequence current, be less than the negative phase sequence component operating capability of
the machine as specified by IEC 60034-1 (2004) [1] or similar standards.

The bidder should provide the customer with all values of harmonic currents considered in the
calculation of the /54,. During the bid analysis the customer should discuss these values with
the machine manufacturer to check their adequacy as to the heating of the stator and rotor.
Any further limitations that may be necessary should be discussed with the bidders.

The harmonic currents flowing into the synchronous machine stator winding will induce a
pulsating air gap torque that will excite vibrations in the rotating parts of the turbine generator
sets. In case of steam turbine generators, special attention should be given to the magnitude of
negative sequence 5th and positive sequence 7th harmonic currents, because they will induce
pulsating torque on the rotor at 6th harmonic, which may coincide with a mechanical resonant
frequency involving tortional oscillation of the rotor elements and flexing of the turbine blades.
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Fatigue in the turbine shaft and blades may result. Where a limit needs to be imposed to
control these harmonic currents by the a.c. filter, the specification should indicate the
maximum limit of these harmonic currents or any other harmonic currents indicated by the
machine manufacturer, to be considered in the filter design (IEC/TR 60919-3 (2009)).

To allow the bidder to calculate the harmonic currents flowing in the generators, the
specification should give the required data, such as system configuration component models,
generator and transformer frequency dependent reactances, operating conditions to be
considered, etc.

Another way to speC|fy the fllter requirements, from the point of view of the synchronous

machine_hea ) ] ne the
maximym perm|SS|bIe harmonlc voltage/current at the converter bus wh' h ati e worst
genera of the

ing, etc.
rs with
etwork

complsg
The customer is then responsible for these calculations. He must
an equivalent circuit representing the generators, or include t
impedgnce locus.

4.3.3 Nearby HVDC installations

An exigting HVDC system in the vicinity of the new H¥DCH uld be reviewed. Such
an HVPC system was most probably designed wi b suffici 5 a new
installation. The presence of the new tic etwork
impedgnce seen from the existing installation(and [ In this
situatign, the design report of the existing in ta ationgincluding all the HVDC system data and
design| assumptions, must be provided hidde i ion. design

constrgdint on the new a.c. filter will be . filters

must npt be compromised.
4.4 Telephone interfere
4.41 General<>
Telephpne interferene
HVDC pystems. A s

interfeence limitati

)cern related to the harmonic distortion prodyced by
most major HVDC schemes have required telephone
parameters affects the influence of HVYDC schemes on

the magnitude nterference, and so historically the limits imposed have been
highly yari

The inle S 8 ified telephone interference indices on the complexity and cos{ of the
a.c. fil \ ntial. Therefore an analysis of the requirements and limits fgr each
specifi¢ HVDC-scheme’ is recommended.

This sSlubclause reviews the most common criteria used to define limits of tel ephone

interference for HVDC systems, with typical criteria ranges, and gives some guidelines for the
determination of limits.

4.4.2 Causes of telephone interference

Clause B.3 provides a brief overview of the basic telephone interference mechanism, sufficient
to understand the recommendations of this technical report. A flow-chart describing the
process is also shown in Clause B.5. More detailed information is available in references [40,
41].

4.4.3 Telephone interference — Definitions of performance criteria

The telephone interference performance requirements for a.c. filters are usually specified by
factors calculated from the harmonic voltages and currents, with suitable weightings. The most
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commonly used criteria are defined and compared in Clause B.4, which also gives indicative
values used in previous HVDC projects.

4.4.4 Telephone interference — Discussion

One important limitation of the telephone interference criteria TIF or THFF, calculated at the
HVDC converter station a.c. bus, is that they are not directly related to the telephone
interference influence caused by the various lines of the a.c. network. Indeed these harmonic
voltage criteria directly control only the electrostatic interference on the a.c. transmission lines
close to the HVDC substation, whereas the predominant coupling mode is generally the
electromagnetic interference caused by harmonic current injection.

harmonic current, and will avoid severe amplifications thus reduci ihpod of
interfenence, the harmonic currents injected into the network will alsg on the
network impedance at each harmonic. Therefore, the voltage tel factors

AIthoth controlling the voltage telephone interference factors will to segme xtent limit the

should|be used only for rough estimation of the telephone interfe rticular
HVDC gcheme.

The other criteria, such as IT or /s4, based on the harmoni 3 > i hection
of the HVDC system and the network are not necessarily tote S i . the C-
message or psophometric weighting and the coupl| g weighti H ; inance to
higher prder harmonics, and at such high frequencies the e’along the transiission
lines chn be highly variable. A low harmonic ¢ i ission line
does not preclude high harmonic ¢ ity neshed
network or for several incoming transmis ad flow
in the [transmission lines is a comple etwork

involveld. Derivation of remote\intgrfere evels frompa limit calculated at the HVDC converter
station|a.c. bus is ther

elemerlts and the possible network configurations™[44]\ Amplifications are also posgible at
remote| locations. This problem is not easo ed _considering the range of freqyencies
I

mode. |The mai ission lines on telephone interference resul{s from
convergion of bala to residual (zero sequence) currents, mainly dug to the
asymmletry of tra he mutual impedance between balanced seqguences

Finally) the harrr’gn'}u d oy the HVDC system are predominantly of balanced

and zefo sequence [ ioh of the transmission line asymmetry, the earth registivity
and th g e, the zero sequence harmonic currents circulating|in the
transmjssion\ines argaffecte the zero sequence impedance of the network.

The sejection of<g opriate limit values for whichever indices are used for a particular|project
depends stro e density and length of telephone lines in the zone of influencq of the

commynication lines, the type of communication line and on the immunity of the telephone
systeml.

translession line the soil resistivity, the separation between the power and the

Refer also to the discussion in 8.1.6 on the system conditions under which telephone
interference parameters should be calculated.

4.4.5 Telephone interference — Determination of limits
4.4.51 Telephone interference — Determination of limits without detailed studies

Due to a possible short time schedule, lack of computational tools, lack of network or
telephone system data or if no serious interference problems are expected because of
harmonic distortion, the customer may decide to set the telephone interference limits according
to the indicative values provided in Clause B.4. The appropriate requirements for telephone
interference will be highly variable from project to project compared to requirements related to
voltage distortion. Therefore, the determination of performance requirements for a particular
HVDC scheme based on past experience from existing schemes should be selected with care
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based on comparable requirements. The main parameters affecting the telephone interference
influence, to consider when making a comparison with previous HVDC schemes are:

e density of telephone lines close to the a.c. transmission lines,
e earth resistivity along the a.c. transmission lines,
e length of telephone lines and mean separation from the a.c. transmission lines,

e a.c. network structure (long lines and capacitor banks can produce magnification of
harmonic current; large meshed networks will likely diffuse the current lowering the
individual a.c. transmission lines influence, etc.),

e type and characteristics of the communication lines (cable and/or open wire).

The stijucture of the telephone system and the local conditions are usually the main parelmeters
which ¢ould affect the telephone interference limits.

For expmple, in North America, typical factors to consider are th i bf rural
areas are generally located along main regional roads, the densi f i sing in
the prgximity of the villages crossed by such roads. There are alseisecon s with
usually] a lower density of population. The HV transmission™ines uaIIy Cross these rural
areas. [The telephone lines are long (up to 25 km or more : S ers.

Long telephone lines are more subject to telephone it N beca ingreased
coupling and because of the higher connectigh loudne i in indreased
subscriber's sensitivity to noise. In hilly Iting in
increaged mutual impedance. Joint us ude an
earth wire may provide very low effecti i , improving the shielding of
telephgne lines in areas of poor earth Itatlon with the telephone company is
therefore recommended in order to get\a pi 3vant characteristics of the telephone
structufe and local conditio

projects for which no detailed studjes are
performed, keeping iteria give only a rough estimate of telephone

The Tr’ll: and THFF m
interferlence |an

The IT| criteri : - the reservations concerning frequency depehdency
discussed in the iOL Additional indicative values on balanced IT for HV and
EHV transmiss i 3 ided by the IEEE Standard 519-1992 [58]:

o |ITAevels mg ik i : up to 10 000
o [IT levelsl i : 10 000 to 25 000

e [IT levelsthat will probably cause interference: in excess of 25 000

These |valGes are per line, which will not be the same as for the complete station, if there are
several—at—feeders tothe HVDC—Tonverter statiom—t—s—Tecommended—that—the— values
tabulated above should be treated with caution, and may be excessively low. In the CIGRE
surveys of HVDC schemes [43], those schemes which specified the IT criterion imposed limits
of between 25 000 and 50 000 for the total harmonic current into the a.c. network. More recent
projects have also used values in this range.

It is suggested that the cost sensitivity of the filter design, compared with the cost of alternative
remedial measures, is investigated by asking for an alternative filter design based, for
example, on 1,5 or 2 times the basic specification limit. The cost reduction, if significant, is
indicative of the need to perform more detailed studies before the choice of a final design.

4.4.5.2 Telephone interference — Determination of limits with detailed studies

For major HVDC projects or where the telephone interference might be an important concern, it
is strongly recommended to perform an inductive co-ordination study. Such a study will likely
result in an optimal filter design relative to telephone interference, reduce the overall cost of
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the installation and avoid an inadvertent situation with regard to complaints from the telephone
companies. The inductive co-ordination process is described in the earlier mentioned
references.

The first step involves the calculation of a range of equivalent disturbing current reflecting
different levels of telephone interference. The evaluation of such a range will allow the
appropriate limits to be specified to the equivalent disturbing level for which the incremental
cost of improving the filtering is equal to the incremental saving in mitigation required in the
telephone lines. This requires the preliminary estimation of both the cost of mitigation
measures and the cost of improved filtering being gathered from telephone companies and
HVDC system manufacturers respectively. In practice this data may prove to be difficult to
obtain at this stage. Optional design limits, covering a range appropriate to the available cost
estimafion, could be specified in order o guide selection of the opfimalTi the bidder as
part of the design.

An equivalent disturbing current limit can be expressed as a set of{ ific\tp every
HV or EHV transmission lines in the vicinity of the HVDC project. Fo issiop lines,
when the density of telephone lines varies along the line, it ma

telephgne interference level as a profile of .4 along the tent of

transm urrents
within anning
studies ion.

This approach requires the customer to\provide e 3 i imjsation:
a.c. sy 3 i S quency
depend e when
requireld y lines,

this ma aps two

a.c. fegders, the use of a equivalent dis ept criterion may be the most agcurate
index ¢f telephone interfe ) . quires more work for the biddefs, and
they will possibly have to d \

4.4.6 TeIeph@

Two different sources \ i may add to the harmonic emission from thel HVYDC
system| to contribute t € erall telephone interference level in the telephone lines.| These
are oth A harmonic surrent within the HV or EHV system, and harmonic |current
flowing| i bution lines\ As with the harmonic voltage distortion, measurementg of the
actual els -are important to complement the simulation studies [and to
assess| i from lines. From previous experience, interference from
distribyti ikely to be the more significant contribution.

For thg reason indicated previously in 4.2.4, measurements within the HV or EHV system must
allow fpr¢the’ effect that the introduction of large a.c. filter installation may have on the pre-
existing_harmoni rrent levels. The m rements should provide the harmonic levels| phase
angle and the source impedance to adequately characterise the harmonic sources.

If one of the existing sources is a nearby HVDC installation, then a joint study may be required
to review the filtering requirements of both installations.

4.4.7 Telephone interference — Limits for temporary conditions

The telephone company may accept higher noise for short term conditions. Accordingly, the
technical specifications of several HVDC schemes have allowed for higher telephone
interference levels on the d.c. side for infrequent and short-duration operating modes or
conditions. One example of practice is to allow from two to three times the normal level
depending on the expected frequency of occurrence and the duration. It is therefore
recommended that relaxed limits are specified when such short term conditions are foreseen
for the HVDC system.
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Examples of such conditions are:

Such s\t‘nort term limits should be agreed with the telephone companies at

opport

even fqr such infrequent and short term events.

short term duration overload conditions,

a.c. voltage outside normal continuous range,

operation at extreme frequency deviation or voltage unbalance,
infrequent a.c. network configurations,

loss of filter branches,

abnormal d.c. operating conditions such as high control angles for temporary reactive
power control or reduced voltage operation.

e-earliest.pjossible
nity. However, some telephone companies may be unwilling to.tolerate\higher noise

4.5 Bpecial criteria

The following special conditions should also be considered W ] chnical
specifi¢gation. Normally, they will not directly impact i 9 in the
specifi¢ation, or the consequent design of the a.c. filter criteria

already discussed will usually result in sufficient

factors

llowing

personnel safety from induced ve

maloperation of telecommunicati

Even w lved by
applyin

5 Ha

5.1

The d requires a knowledge of the harmonic currents which are
generafted ;s. These currents must be calculated by the contractor, uging his
knowledge of.the' converter equipment and its interaction with the connected a.c. apd d.c.
systems.

The inforavation to be included in the technical specification regarding harmonic generafion will

depend on the overall division of responsibility between customer and contractor, as discussed
in Clause 3. If the performance of the a.c. filters is to be guaranteed by site tests, then the
customer may wish to leave all responsibility for the methods of calculating generated
harmonics to the contractor. However, if the contractual requirement for adequate performance
is to be proved by calculation, then the method of calculation is critical and the customer’s

require
include

ments must be clearly expressed in the technical specification. Important aspects to
are indicated below.

In either case, the customer should be aware of the various technical factors involved, and be
prepared for discussions at the evaluation stage. This clause therefore identifies the important
aspects which affect the calculation of harmonic generation.
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5.2 Converter harmonic generation

5.2.1 Idealized conditions

The generation of harmonics is best understood by starting to consider an idealized situation,
with no asymmetries in transformer impedances or firing angle between phases, smooth d.c.

current and a sinusoidal balanced a.c. voltage.

Idealized phase current waveforms on the a.c. side of converter transformers of a line-
commutated 12-pulse bridge are shown in Figure 1. The separate traces show the current from
a star-star connected transformer, the current from the star-delta connection and the sum of

the two currents.

Formulge for the calculation of converter harmonics are readily avail
standafds (IEC/TR 60146-1-2 (1991)). One such formula is given in Annex C.

Fourien analysis of the harmonic content of the idealized star-s

e lonly harmonics 5,7,11,13,17,19,.. 6 k+1 are present™4

delta waveforms,

ks and

eforms

pSe are

d star-

e [the angle of each harmonic co i ie in both the star-star and star-delta

waveforms at harmonics 11,13,

e |the angle of each

delta waveform 2 k-6)x1.

° out of phase in the star-star ar]

/>

S

o

Current

vennnaes Star
Delta
Total

d star-

-3 : f f f

0 0,2 0,4 0,6 0,8 1,0

Time (cycles)

IEC 1932/09

Parameters: F = 50 Hz; U,_ = 230 kV; U, = 500 kV; 1/, =1 000 A; XI = 14 %; a = 15°

Figure 1 — Idealized current waveforms on the a.c. side of converter transformer
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The idealized current waveforms shown in Figure 1 are created by the transfer of d.c. current
from one phase of the converter transformer to the next phase by the switching operation of
the thyristor valves. In the idealized scenario under consideration, the d.c. current is kept
constant at any given d.c. operating condition by the theoretically infinite smoothing reactor.
For any given operating condition, the harmonic content is also therefore constant. Since the
harmonic currents are constant and, under these idealized conditions unaffected by the
connected a.c. side impedance, the converter is often treated as a harmonic current source in
harmonic analysis.

5.2.2 Realistic conditions

The magnitude of the characteristic harmonics of the idealized waveforms described above is
influenfed Dy only the applied a.c. voltage magnitude, d.c. current mag utation
reactance, and firing angle. However, in the more realistic waveform factors
influenge the magnitudes and phase angles of harmonics. These factor

e |the presence of ripple and fundamental frequency in the d.c. curre
e |harmonics in the a.c. voltage,

e [unbalance, i.e. fundamental frequency negative
voltage,

e |unbalance between the firing angles of the st
differences in the timing of individual firingp

b valve

P-pulse

Some utating
reactarnce, are determ r valve
and hafmonic d|on ;

A mor¢ realistic pre current

wavefo
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3
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Panameters as in Figure 1 but with:
10
10
50
0
50

Figure tent of
Figure on the magnitude of the characteristic harmonics, and the
appear harmonics of all orders. Non-characteristic harmonjcs are

genera ides erating conditions and have been well documented [43].

0,2
Positive sequence Negative sequence
< 01 1 < o014
0 ::!::!::-::ﬁ 0 ‘I!'
0 10 20 30 40 50 0 10 20 30 40 50
Harmonic Harmonic

IEC 1934/09

Figure 3a — Harmonic content of current waveform in Figure 1 (idealized conditions)
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< 0,1 < 011
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193570

Figure 3 — Comparison of harmonic content of
under idealized and realistic conditions

Some ¢f the listed factors have a non-linear influenc sultant
a.c. current waveform. The harmonic content can e i of the
variablgs as that parameter is varied from one ext

From the above it is evident that an analysis © erating
conditipn will not give a reasonable definition pected
from a g : nd the
harmonic content determined for ever gsik 3 t all of
the factors above. A multj p i efore a
multitule of harmonic spe

5.3 3a|cu|atioime

5.3.1 General

A typigal method” fo lly the
current in m one”particular combination of all the parameters, and then to
perform a trigono i gnalysis on this waveform to derive the harmonic content. One

or morg hen varied within a defined range and another Fourier gnalysis
made. [Fhis processiis repeated for a very large number of combinations of all the vafiables.
Wherel|a paramet ds commutating reactance) may have a random value within g range,
a randpm cholee of value may be made using for example a Monte Carlo technique. The
harmonic currents>restlting from each Fourier analysis are compared, and the highest|values
resultig4rom all the cases are then used.

Different methods of calculating harmonic generation may be used by different bidders. For the
purposes of bid evaluation, a standard method may be defined in the technical specification if
the customer wishes. However, the specification should also leave scope for the bidder to
propose, as an alternative, his favored method, while being clear about which factors must be
taken into account.

In particular, the technical specification should state whether statistical methods may be used
to derive the values of harmonic currents due to the random differences between phases of
parameters such as firing angles and commutation reactances, and if so, what level of certainty
must be guaranteed. Typically it is required that the magnitude of any non-characteristic
harmonic used in the calculations should not be exceeded in more than 1 % of all possible
cases, or that it should not be less than 90 % of the extreme value calculated using the worst-
possible combination of parameters.
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The impact of harmonic interaction across the converters is not easy to take into account using
such calculation methods which assume a given set of operating conditions. This aspect is
discussed in depth in Clause 6.

5.3.2 Harmonic currents for performance, rating and other calculations

The frequency range and magnitudes of harmonic currents used in the calculations may differ
depending on their ultimate application. Sets of harmonic currents used for filter rating
calculations may be more onerous than other sets of harmonic currents used for the filter
performance, losses or audible noise calculations.

The technical specification should be clear in this respect. The main factors wh|ch may differ
when dalculating harmonic currents for performance, or rating, or losses etc.

e [the range of a.c. network voltage variation,

e [the range of a.c. frequency variations, both steady-state “and is{ has a

e |operation of the converter in reduced des, if

applicable,
e |whether harmonic currents are“o be cs i .C. at any

Narrower ranges of a.c. vo G e eSs onerous converter operating conditions
could e used for performance than for\rating example. These aspects are discugsed in

more detail in the épr priate elauses(8,\10, and 16).

5.3.3 Combining onics-from-different converter bridges

The m source problem is the combination of harmonics from a star-star
conver i h om a star-delta converter. The best approach is to treat the 12-
pulse Si entity and compute the harmonics directly for the 1R-pulse
converger

However, R ber of variables involved in the calculation of harmonics for a 1R-pulse
converger i 1ber of
operati

the 12k

harmonlcs for the individual converters may be calculated separately, and combined
mathematically to obtain a composite set.

For converters in the same pole, the 12-pulse characteristic harmonics and non-characteristic
harmonics (excluding the theoretically canceled harmonics) may be calculated as the sum of
the largest magnitude of the harmonics of the individual converters. The theoretically cancelled
harmonics are calculated as the largest difference in magnitudes of the harmonics of the
individual converters. For these it is important to take into account possible manufacturing
differences between the two converter types, in particular, the expected variation in the
transformer reactance and the expected variation in voltage ratio between the star and delta
winding designs. The average firing angle error between the two groups must also be
considered.

For converters in separate poles, it is important to take into account the slightly different
operating conditions pertaining to the two poles due to d.c. current unbalance between poles,
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particularly if extended d.c. neutral current operation is permitted. This will result in differences
in magnitude and phase angle between the harmonics generated in the two poles.

In general, with the exception of the treatment of theoretically cancelled harmonics, it is normal
to assume that the harmonics from each converter at a bus add arithmetically. This assumption
will result in net harmonic currents which are greater than those which can be expected to
occur in practice. However, when it can be shown that as part of a consistent set of operating
conditions, the phase relationship between harmonics is relatively well defined, it may be
advantageous to take account of this relationship in calculating the total harmonics. In
particular, if it can be shown that there is a completely random phase displacement between
harmonics from two or more sources, then a RSS sum may be considered.

5.3.4 Consistent sets

The terms “consistent” and “non-consistent” sets are frequeftly often
misunderstood. A “consistent set” of harmonic currents consists of; ed at a
single, [realistically feasible operating condition. Many such consistent set i culated
within p typical harmonic generation computer program, con g many
combirfations of variables. However, if all the asymmetnes s N p to be
considered, it is clearly impractical to then calculate the f ircuttor each of thesg many
fully consistent sets of harmonics.

A “nontconsistent” set is a combination of worst-e h ic\values“taken from a range of
converfer operating conditions, that i ' of any
individ@ial harmonic in the set would erating
conditipns represented by the set. The tota i i a non-
consisfent set can never occur in reality—but i imi grmonic
flow fof ray [ istent set.
The disadvantage is that its 9 imisti 4 which
sum thg influence of all hafmonicg, fo iti

An intermediate concept is 1 i istent” set. This implies that one or mor¢ major
variablgs, such e state, but that other minor variables, quch as
commytating reac . ifing angle maybe varied within their complete scope.
Alternatively, a s ent<set could be statistical in nature, that is, the magnifude of
selectgd harmonics i o€ exceeded for some specified percentage of time.[This is
not nofmal procedure, h and would have to be specifically approved by the customer.
5.3.5 1oNicige ation for different d.c. power ranges

For mqgst HVDE&«converter stations, as d.c. power transfer increases, additional a.c. filters are
connedted, both to-mitigate the increased harmonic generation and to compensate reactive
power.|There is, therefore, usually a range of d.c. power for which a given set of a.c. filtgrs may
be conhected \Within-this range; those filters must pnrfnrm nr'lnqllafnly and not suffer o er|oad’

and so must be designed for the worst set of harmonic currents which can occur within the
given range of d.c. power. It would not however normally be economical to design the filters to
deal with harmonic currents corresponding to a higher d.c. power level, as in reality further
branches would then be connected, reducing the duty on each filter.

To obtain an economical design, therefore, the harmonic currents must be calculated
separately for each angle of power at which a distinct set of a.c. filters may be connected.

As shown in the plots of Figure 4, the magnitude of the generated harmonic currents,
particularly at higher orders, can be cyclic and does not increase uni-directionally with d.c.
power. Within each d.c. power range therefore the worst-case set of harmonic currents (for
performance or for rating) may occur at any level. Most usually, it is at the maximum power
within the range, that is just before switching in the next filter branch, as both performance and
rating are often dominated by the 11th and 13th harmonics, which increase monotonously for
most of the usual power range. However, for say a 24/36th filter, the worst-case harmonic
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generation may be at an intermediate point in the d.c. power range, corresponding to a local
maximum in the harmonic generation curve.

The filter designer will therefore be required to calculate the harmonic generation at a number
of intervals throughout the complete d.c. power range. Initially, quasi-consistent sets of
harmonics at steps of say 5 % or 10 % of d.c. power may be adequate, but later in the design
process, as filter switching points are determined, the harmonic generation at these specific
points must be calculated, and in some cases at finer intervals in between. Conversely,
however, some intermediate steps may be eliminated if it becomes clear that the worst case is
just before switching-in the next filter.

0,07

0,05 +

0,04 +

Harmonic current (kA rms)

0,02 +

0,01 +

o

Direct current  (kA)

IEC 1936/09

Figurel4 = Typical variation of characteristic harmonic magnitude with direct cufrent

Alternatively, to minimize design effort, a non-consistent set of harmonics may be derived by
taking the highest value of each harmonic that occurs anywhere in the given power range. This
is a cautious approach. If the customer does require non-consistent sets to be used for
calculation then this must be stated in the technical specification, but normally there is no
reason to do this and the contractor should be allowed to use consistent or quasi-consistent
sets if he wishes.

Although d.c. power (or current) range is most usually used to create sets of harmonics, other
deterministic factors such as d.c. voltage or firing angle could be used to group the harmonics
in other operating modes such as:

e reactive power control using d.c. voltage adjustment,

e reduced voltage operation.
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5.4 Sensitivity of harmonic generation to various factors
5.41 Direct current, control angle and commutation overlap

The magnitude of the characteristic harmonics produced by the converter are principally
dependent on d.c. current, control angle, and commutation overlap. These dependencies are
non-linear and cyclic but are well defined. The commutation overlap is itself a function of
current, voltage and control angle, as well as the commutating reactance, and so the
relationship can be expressed in different ways. Variations of the magnitudes of several
characteristic harmonics is shown in Figure 4. The curves are based on the assumption of
ideal d.c. current on the d.c. side of the converter and balanced perfectly sinusoidal voltages
on the a.c. side of the converter.

As the [converter control angle affects the waveshape of the converter current, both diregtly and

througT its impact on the overlap angle, it has a very significant influe rmonic
generation. In general, higher control angles result in higher harmoni i gh this
may ngt be true in all circumstances, due to consequential impacts\on 5. an ltages,
and cygtlical variations of harmonic magnitudes).

If the pperation strategy of the converter envisages higk es, for
reasonp of reactive power balance, then these must be ta htion of
sets of related
to the or may
be ass ormally
at the ¢

The m as well

as byt

5.4.2

istic harmonics do influence the magnitude of
the chgracteristic har grating condition but the effect is of relatiVely low
magnitpde. Usir@ S used for the calculation of non-charagteristic
harmonics, the worst<case os_of\the characteristic harmonics under the most pessgimistic
combirfation of asy etries ‘€an becalculated. Using these worst-case values for the filter

The asymmetries whic

design sioning, if this worst-case combination does not gccur in
reality. VeVE tious_approach and is recommended. Care must therefore bé taken
in the e\iechnical specification, so that it is clear that the calculation of
characieristic a on-characteristic harmonics must take account of all asymmetties.

5.4.3 : ment parameter tolerances

The teghnical specification should require the contractor to include in the calculation pf non-
characjeristic harmonic currents all possible variations of converter equipment parameters,
such as commutating reactance, transformer winding ratios, and firing angle variation.

It is unlikely that firing angle accuracy or transformer winding ratio differences can be
improved, and so the filter designer must simply use the actual values.

The commutation reactance unbalance is due to manufacturing tolerance of converter
transformer leakage impedance, so that it is a controllable value to some extent. In designing
the converter transformers, the contractor may compare the higher cost of the converter
transformer caused by tighter manufacturing tolerance with the possible lower cost of the filters
caused by lower non-characteristic harmonic currents. Close dialogue with the transformer
designer is recommended [26].
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5.4.4 Tap steps

The converter transformer tap settings affect the converter voltage, current and control angle,
and therefore the harmonic generation. Within a 6-pulse valve group, the tap settings for the
three phases normally result in virtually identical voltages for the three phases and so it is not
usual to consider any difference among phases when calculating harmonic generation.

Between the star-star and star-delta 6-pulse valve groups, the tap-changers are normally
synchronized. There is therefore no impact on harmonic generation, but the technical
specification should require that out-of-step protection is installed.

Possible differences in _tap setting between the transformers of the two poles of a bipolar
HVDC |scheme will depend on the operating strategy of the scheme apd hp-step
synchrpnization between poles is installed. i chnical
specifi¢ation should require that they are taken into account in the,<alculatiemof converter
harmonic generation.

5.4.5 Theoretically cancelled harmonics

Sometimes a distinction is made between “theoretically ca ) o0Nn- teristic
harmonics. The “theoretically cancelled” harmonics are o ¢ .. -6)41, that
is, harmonics which are characteristic of each 6-pulse up but which are mutually

cancelled in an idealized 12-pulse converter. In due to

small differences between the two 6-puls

If non-gharacteristic harmonics are calcu
then the worst-case values of the “the
calculated.

S asis using a suitable algorithm,
elled” harmonics will be automjatically

If however, calculation is ‘made i chnical
specifi¢ation should requi ¢ ( angle

deviatipn used for the [twovgrQ anges,
unless|the contr 3 : f these
paramgters for th e most
pessimlistic value of

5.4.6

Negatiye nics of
order g ¥ iffcant is
the 3rdg for the

converfer a.c:\bus is er important. With a negative sequence voltage of greater than about
1 %, it|is possible“that the 3rd harmonic current produced by the converter is so high that a

very eXpénsive 3rd harmonic filter is required. In some instances it may be more econpmic to

improve—the—voltage—balanrce—in—the—a-c—system—for—example—by—addinrg—transpesitions to

circuits, if applicable, than to spemfy a large voltage unbalance increasing the cost of converter
filtering.

As negative phase sequence voltage generally varies over time, rarely reaching its extreme
values, it may be acceptable to use a smaller value of negative phase sequence voltage for
performance calculations (e.g.1 %) than for rating (e.g. 2 %). This should be carefully
considered by the customer when preparing the technical specification, as the implications for
cost of a 3rd harmonic filter could be considerable.

It should be noted that if a converter station is connected electrically close to a generating
station, then the negative sequence voltage at that point should be considerably lower than is
assumed throughout the rest of the system. This may eliminate the need for a third harmonic
filter, and so the technical specification should consider this aspect carefully.
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As zero sequence voltage is not transferred through the converter transformer (due to the
unearthed star or delta thyristor valve winding connection), zero sequence voltages at the
converter a.c. bus do not directly influence the generation of non-characteristic harmonics.

5.4.7 Converter transformer saturation

For long distance transmission systems, fundamental frequency currents on the d.c. system
induced from parallel a.c. transmission are important, and cross the converter to give a.c. side
direct current and positive sequence second harmonic. Both of these can result in d.c. current
flow in the valve winding of the converter transformer. The resultant shift towards single sided
saturation results in the generation of a broad spectrum of harmonics in the magnetizing
current on the a.c. side of the converter transformer. Also d.c. or extremely low frequency
current g C. curremt from
nearby shift in
magnetlizing characteristics and increased harmonic generation.

The te¢hnical specification should require that the contractor be 1
such hprmonic currents from the converter transformer due to f ses\statgd, and
should|take account of such harmonics in the a.c. filter design

5.4.8 Harmonic interaction across the converter

Due tg harmonic interaction across the converte Sitj ¥e sequence hgrmonic

voltagds at the converter a.c. bus result in { r i 0Qn- isti grmonic
currenfs at two harmonics down or ty ) mple a 4th harmonic positive
sequer|ce voltage at the converter wi N eneration of 2nd harmonic npgative
sequerfce currents. Similarly a 4th harmonic\ ne e sequence voltage will result|in the

generation of 6th harmonic positive seque ~Currents at additional harmonjics are
also present but the magnitudes are | these 'dominant harmonics. The effectq above
are cumulative; i.e., the p armignjc onthe a.c. side results in a harmonid on the

d.c. side which in turn

side. Harmonic . side aré transferred to the a.c. side as two harmonics,
namely, a positive ic one harmonic up from the d.c. side harmonig and a
negatie sequence onic down. Ripple in the d.c. current normally consists

A further factor @h intQ aceount is harmonic current, or ripple, on the d.c.

of harmonics of order 12 ,.. plus possibly the second harmonic.

The he i e d.c. side is normally under the control of the coniractor.
Howeve s ituations\where the specification is being prepared for a single convertgr, then
the tec a eCification must specify the harmonics present in the d.c. current waveform due

O

Harmonicnteraction across the converter is analyzed and discussed in detail in Clause

5.4.9 Back-to-back systems

A special case of harmonic interaction across the converter (see also Clause 6) occurs in
back-to-back HVDC systems [49]. In back-to-back systems, particularly those with low values
of smoothing reactance, d.c. side harmonics are an important consideration. Back-to-back
systems with low reactance or no smoothing reactors can introduce harmonics of one a.c.
system frequency into the other. If the fundamental frequencies of the two a.c. systems are the
same, then harmonics due to the remote system can add or subtract from the harmonics due to
the adjacent system, depending on the difference in phase angles of the two converter a.c. bus
voltages. To establish a single set of harmonics which take into account both effects, it is often
assumed that the harmonic phase displacement exhibits a random characteristic and an RSS
sum of the harmonics may be considered to be appropriate for performance type calculations.
For rating considerations, the pessimistic assumption is often made that the two frequencies
are identical and result in harmonics which are in phase. In this case, the magnitude of the
harmonics would be added arithmetically to obtain an equivalent current.
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When the fundamental frequencies of the two a.c. systems are not the same, then currents can
be generated at frequencies which are not harmonics of the adjacent system frequency.
Although the frequencies are not harmonics, they must still be considered in the filter design.

A further possible source of interaction has been observed on at least one existing back-to-
back scheme. If the a.c. lines connected to the two sides of a back-to-back converter station
share the same tower or route for a significant distance, then inductive coupling will occur,
resulting in the presence of non-synchronous harmonics in both a.c. systems, or
interharmonics if the frequencies of the two systems are not identical.

5.5 Externally generated harmonics

The filler design must take into account other harmonic sources both within~the station and

externdl to the station.

Within [the station, one possible additional harmonic source would eactive
compepsation equipment, such as a static VAR2 compensator e if ts own
filters).| The technical specification should require that any such so i en into
account when calculating both a.c. filter performance and rati i desi iltefing for

both HYDC and SVC should be co-ordinated.

Outsid¢ the station, other harmonic sources such ectifier
type lopds, controllable a.c. drives, arc furnace apsformers, corona from a.d. lines,
consumer equipment etc. can result in a'significa . 'ese e. The effect of hgrmonic
sourcep from outside the station for censid of filter performance is discussed in 8.1.6.
Such dources must be considered for the p filterrating (see 10.2.2). The tefchnical

external sources. The customer and
)siderable disruption and dispuite can
due to harmonics generated externally

specifitation must therefore clearly jidentify
contragtor should be aware that this is\an area where
occur if a filter is eventuall ] i era ion
to the gonverter station.

6 Ha

6.1 General

In orde ) armonic generation by an HVDC converter, simplifying
assumptions aare - ypically, the HVDC converter is regarded as a generator of
harmonic currents, with,an i e internal impedance. Such an assumption is reasonablly valid
for pre ] most harmonics, and is the basis of the calculation methods
descrigedy 3

The customer. should /be aware however, that such a simplified approach has limitations, and
can legd4o jincorrect analysis and design in some circumstances. In practice, the converter is a
link between the a c_and d c_side harmonic systems, and the a ¢ _side harmonic currents may

be strongly influenced by the harmonic impedance and harmonic current flows on the d.c. side.

This is particularly true for low-order harmonics, and it is strongly recommended that the
analysis of third harmonic distortion and filtering requirements should take into account the
a.c/d.c. side harmonic interaction. At the 11th and 13th harmonics, the interaction effect can
also be significant. At higher frequencies, although interactions occur, their practical impact on
filter design and harmonic performance will normally be negligible.

The following subclauses attempt to give the customer an overview of the interaction
phenomena, focusing on practical implications for a.c. filter design. The technical specification
should make it clear that such phenomena have to be taken into account, and the customer
should be able to address the subject in his evaluation of the bidders’ designs.

2 VAR = Volt-Ampere Reactive.
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A detailed treatment of this subject will be available in a CIGRE Technical Brochure [49]
prepared by CIGRE working group 14-25.

6.2 Interaction phenomena

The a.c. voltage and current wave-forms can be considered to be composed of positive,
negative and zero sequence components of the fundamental frequency along with positive,
negative and zero sequence components of other frequencies. The d.c. side wave-forms can
similarly be expressed as a d.c. component plus a broad spectrum of other frequencies. The
conversion process involved in the conventional bridge connected converter establishes a well
defined relationship between frequencies on the a.c. side of the converter and frequencies on
the d.c. side.

In gengral the relationship is governed by several simplified rules listed d).
a) |The ungrounded star and delta transformer connections 0n i of the
converter transformers preclude the transfer of zero sequ i he a.c.

side of the converter transformers to the d.c. side. Zero¢sequ ingnis limited to

b) [Any given positive sequence frequency greater than mentahon the a.c. side¢ of the
the (dic. ‘'side~which is Igwer in

frequency than the a.c. side frequency by an & ¢ equal to the fundgmental

frequency of the a.c. side of the converter side positive’ sequence freqiiencies

less than fundamental, the res ( i

side frequency.

a dominant frequency on the d.c. si i c. side
frequency by an amount precis side of

d) |Any given frequen , .CX Si ' minant
F Hive greater

than the d.c. si guency
of the a.@e c. side
frequency, e d.c.
side frequené he a.c.
system. Ifcthe ch de T y, then
instead.of \a nega ENcy is
generated-at - 5s than

Table 1

Table Dominant frequencies in a.c. — d.c. harmonic interaction
DC side AC side
frequency frequencies
Jso > 1o ot 1o oo =1y
fae =1, 2f, ° 0,0 ©
Jae </Jo Jac* 10 ° So =Sy ®
Jac= 0 5°

Jy4c is the interaction frequency on the d.c. side of the converter.

f, is the fundamental frequency of the a.c. side of the converter.

2 positive sequence
b negative sequence

°d.c.
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The above rules are not limited to just harmonic frequencies but in general can be applied to all
frequencies. Other frequencies shifted by multiples of the converter pulse number times
fundamental frequency (or their complements) can also be involved in the conversion process
but for the most part, their contributions to any given interaction are of second order. The
relationships hold for not only steady-state conditions but can also be observed in quasi-steady
state conditions as experienced under prolonged unbalance fault conditions, and even
transient conditions (any phenomena lasting greater than 1 or 2 cycles.)

6.3 Interaction modeling

6.3.1 General

Foran 0 opera g ONartio a.C. voltage, <
currenf and firing angle), the d.c. converter can essentially be treated(a

illustra
is greater than the fundamental frequency of a.c. system
conditi
the table of frequencies shown above.
Eiacp(fdc"'foz
Z, + : :
acp(fdc fO) ' + \
eacp(fdc"'fo)
esp(fdc"'fo) :
Zgc(fdc)
1 esde(fdc)
3
IEC 1937409
Key
1 a.c. positive sequence network at frequency f,. + f;
2 a.c. negative sequence network at frequency f - f,
3 transformation matrix transforming voltages and currents at the harmonic frequencies
4 d.c. network at frequency f

Figure 5 — Equivalent circuit for evaluation of harmonic interaction with d.c. side
interaction frequency greater than a.c. side fundamental frequency
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The magnitude of voltages and currents which appear in any given interaction are a function of
the coupling between the networks, impedances of the a.c. and d.c. networks at the respective
frequencies as well as the magnitude of the driving force (or forces) which establishes the
frequencies in the first place.

6.3.2 Coupling between networks

The amount of coupling from network to network is a direct function of the d.c. operating
conditions and can be quantified in terms of the firing angle and overlap angle. If overlap is not
considered in the analysis, the coupling network behaves as an ideal three winding transformer
where the ‘equivalent turns ratios’ are dependent on the firing angle. The harmonic current flow
into each of the three networks is a function of the ‘equivalent turns ratio’ and as such
effectijely connects each of the two a.c. Networks an € d.c. networ es. Inclysion of
overlapg angle into the analysis is equivalent to adding leakage and mag hces to
the idepl transformer.

6.3.3 Driving forces

Driving onic in
nature Jresulting from the presence of harmonic generating<devic ations,
SVC's, i\ imply be
negatiye sequence fundamental frequency voltage esultln ffon in the

vicinity| of the d.c. converter,
converfer or asymmetrical faults and/or 2 phase ¢

ng the

The drjving force could originate in the d.c, © Vi i and/or
voltaggs driven by firing angle jitter, u 3 i ossibly
unbalapce in converter transformer turns rati

The thjrd source of driving f i ges and currents of the d.c. transinission
network either coupled ; ostatically from nearby a.c transmi{;ion or
directly coupled as a r ateraction phenomena at the remote converter.

ystem frequency would be involved resulting in

For the latter, harmon
non-harmonic in'

6.3.4

The i lay an
important role i ¢ 0 i at the
converfers. ies\e ithi i etwork,
but algo b § S appear

betwedn the SItlve sequUence a.c. network and the d.c. network resulting in large current flow
at the respetctive~frequencies between the two networks. To the negative sequence network,
the resjpnance condition could appear as a parallel resonance (with a high impedance). [In fact,
the curfent’flow in the positive sequence and d.c. networks could be excited by a small yoltage
in the negative sequence network.

6.4 Impact on a.c. filter design
6.4.1 General

Interaction will influence a.c. filter design only when the resultant harmonics are of a significant
magnitude so as to affect either the a.c. filter performance or the a.c. filter rating or both.

Several are known to influence the design of a.c. filters, and are discussed in the following sub-
clauses.

6.4.2 AC side third harmonic

One such set of interaction frequencies includes:
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e side negative sequence fundamental frequency,
e side second harmonic,

e side positive sequence third harmonic.

The presence of a substantial component of fundamental frequency negative sequence voltage
in the commutating bus voltage (>1-2 %) will often result in large components of positive
sequence third harmonic in the a.c. side waveforms and large second harmonic components in
the d.c. waveforms. Considering the two a.c. networks, current flow is limited by the series
combination of the negative sequence fundamental frequency impedance and the third
harmonic positive sequence impedance. With low values of net effective impedance, and a
large negative sequence voltage the negatlve sequence current row and third harmomc

current filter to
limit th bunt of
current without
the a.c and the
a.c. system as discussed in 8.1.6 and 13.2.1.
The second harmonic impedance of the d.c. network could a he a.c.
side th{rd harmonic filter.
6.4.3 Direct current on the a.c. side
A secohd set of interaction frequencies includes:

e [side second harmonic positive st

e |side fundamental frequency,

e |[side valve winding d.c. currents.
Fundamental frequency c f :C. ed into
positivgé sequence sec i er. The
second harmonic curr gh d.c.
currents are initj bcay to
zero afd the d.c. of the
equivalent circuit Juration
charac uration

could ¢
transfo|
interacfi

atioh of second harmonic positive sequence currents|due to
currents could add to the second harmonics coupled|by the

Fundar Yuency blocking filters on the d.c. side and second harmonic shunt corjnected
filters gn the_ae<side‘have been used to limit the interaction effects. The design of the second
harmorlgc filter m take into account not only the direct interaction effects but also the

possible amplification resulting from interaction with transformer magnetization.

6.4.4 Characteristic harmonics

Interaction can occur at characteristic frequencies as well as low order non-characteristic
frequencies.

Filtering is normally provided for the 11th and 13th harmonics creating a low impedance path in
the 13th harmonic positive sequence network as well as the 11th harmonic negative sequence
network. If the d.c. side impedance at the 12th harmonic is also small (as can occur on back-
to-back schemes with small or no smoothing reactors), coupling can occur between the 11th
and 13th networks of both a.c. systems. As a result of the coupling, 11th and 13th harmonics of
both a.c. system frequencies could be evident in the respective filter waveforms.

The a.c. filters limit the impact of the interaction to the converters themselves and as a result
the interaction is not normally evident in the a.c. system voltage and current waveforms. The
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design of the a.c. filters however must recognize the potential for interaction with suitable
allowance in the filter performance and rating (see 5.4.9).

6.5 Study methods
6.5.1 Frequency domain

Both the performance and rating calculations for filters have been carried out traditionally using
frequency domain analysis and design tools. A network solution of voltages and currents are
calculated for each selected harmonic and the weighted voltages and currents for each
frequency are combined mathematically to establish some overall performance or rating index.
Study of interaction effects requires the expansmn of the smgle frequency network model into a

multi-fn above
or coul

With f s$pecific
interacti vithin a
known raction
can oG design
including d c. control parameters and component ratmgs d off d.c.
design|with possible a.c. and d.c. system operating restricti

Frequency domain analysis is for the most part limite Si is. grmonic
interaction analysis, this is normally valic i orders
of magnitude less than the a.c. side f ) ( d~d’c. side d.c. components of

their relspective waveforms.

sis is the derivation of the cpupling
dd.c. networks. These can be derived
e the influence of the d.c. controls

The mpin challenge involved in frequ
coefficlents which mathemati
numerigally or analyticall

In sing grmonic
current teristic
harmoni ators or
other ¢ not be
compldtely valid. € | . e most
part di¢tated by the g nce an
ideal third ha i L i i nalysis
than the conve 2

6.5.2

With the availabi igi i i i i ievi Al time

capability,time domaln analysis is an effective tool when coupled with Fourler series or Fourier
lulation
of a set of specific a.c. and d.c. operating conditions. Once a steady state condition is
achieved, the voltage and current waveforms are recorded and analyzed for their frequency
content. The waveform components are then numerically combined to obtain the traditional
filter performance and rating indices. This analysis could be carried out on a continuous basis
providing 'on-line' monitoring of the performance and rating indices.

The major advantage of this method is that the simulation is in fact carrying out the harmonic
load flow hence there is no requirement to compute the coupling coefficients. A significant
second benefit is the ability to observe sustained interaction which may be triggered by some
disturbance to the network.

The major disadvantage of the time domain solution is the limit imposed on the extent of the
a.c. network which can be practically represented in any given simulation. Without a detailed
model, a.c. system operating conditions which may result in an interaction may not be
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simulated and hence the influence of the potential interaction would not be included in the filter
design.

6.6 Possible countermeasures
6.6.1 AC (and/or DC) filters

Shunt connected a.c. filters can be used to limit the impact of interaction on the a.c. system by
providing a low impedance path for interaction current to flow. A low impedance at the
interaction frequency results in a small corresponding voltage at the converter bus. In some
instances it may be more advantageous to design the filter to introduce damping into the
network. Increased damping at the interaction frequencies reduces the amplification of
voltag i i i

DC sid bIocking fiIters can be used to avoid interaction The filters typi i parallel

capaci e filter
restrict at the
interacti
Interacti of the
smoothi parallel
resona means
of limit
6.6.2
DC cor e most
effectije in limiting interactions indu at low
harmonic interaction freq i ign of a
circuit |which responds at the
corresponding interaction ngle of
each valve in such a wa anging
$ which

control| parameters.effe
couplefthe netw@ !

6.6.3

Althoug cost effective solution to an interaction problem may be to
avoid the oper € iti hich results in the interaction. If the likelihood that such an
operatipng eccur is extremely remote, imposing an undesirable system operating
restrict '\ niore attractive than the expense (and possible inconvenience) asspciated
with a dpacity\low order a.c. harmonic filter. If such a strategy is adopted, it would be
pruden it filter and system protections detect and respond to the intgraction
(should it.-occur) and“smoothly bring the a.c.- d.c. operating conditions to a safe situation.

6.7 Recommendations for the technical specification

With regard to harmonic interaction across the converters, the main purpose of the technical
specification must be to ensure that these phenomena are fully taken into account by the
contractor. As the study methods and computer programs required to properly analyze
harmonic interaction are different from those used in the classical harmonic analysis (such as
described in Clauses 5 and 8), it is more difficult for the contractor to include analysis of such
interactions in his normal design process, especially under the pressure of time and resources
which occur under real project conditions.

An open and general format of specification, which does not prescribe calculation procedures
and conditions but which does make the contractor responsible for verifying harmonic
performance by measurement, should have the effect of forcing the contractor to take into
account all phenomena which may occur in practice, including harmonic interaction. (A risk
remains, however, as it is often not possible to conduct verification measurements under worst-
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case conditions.) On the other hand, a prescriptive specification which asks for proof of
adequate filter design by calculation, and gives detailed requirements on how harmonic
performance is to be calculated, but which omits specific mention of harmonic interaction
phenomena, may leave the customer vulnerable.

The recommended approach is for the customer to state explicitly that all phenomena relating
to the harmonic interaction between a.c. and d.c. sides of the converter, and between the two
converter stations, must be taken into account in the filter design and calculation of harmonic
performance and component rating. At the tender stage, bidders should be asked to indicate
which calculation methods and computer tools will be used to analyze harmonic interaction. If
the bidder, or later the contractor, believes that harmonic interaction will have a negligible
impact on the filter design, performance and rating, or that margins in the design are sufficient
to take[into account harmonic interaction phenomena, then he should be a fo demdnstrate
this by|calculation.

The clistomer should however be aware that to make a corréc i rmonic
interaction, the contractor requires having adequate information abou th he a.c.
system| which lies outside his scope. Information on the h i he a.c.
network, on pre-existing distortion, on levels of negative sequ ossible

coupllng from parallel a.c. lines to the d.c. line, must be sd || € C ddition,
the cugtomer must provide realistic forecasts of future F d expansion of, the a.c.
system|. If full information on these points is not ava , stomer
should|be prepared to share the risks associated wij i and to

allow judgments based on the contractor’s previo

7 F

Iter arrangements

71 Dverview

There are various possible circui i > can prove suitable for a.c. side filters in
HVDC converter statio » ; i ¢ designs to give background informgtion on
S ar f|Iter types.

the adyantages a?j di
Only shunt connected filters ~ idered in this section, series filters being discugsed in
13.4.3.

The comme er designs apply to HV and EHV connected filters and equally to
LV conhected\filters;Jforyexample tertiary connected filters.

The cHoice~of the opti filter solution is the responsibility of the contractor and will differ
from pfoject tosproject. The design will be influenced by a number of factors which ay be
specified bythe c er:

. Qpnrifind harmanic limits (mlrmnt inlipntinn’ \/nlfagn distortion_ mlpphnnp interference
factors),

e a.c. system conditions (supply voltage variation, frequency variation, negative phase
sequence voltage, system harmonic impedance),

e switched filter size (dictated by voltage step limit, reactive power balance, self-excitation
limit of nearby synchronous machines, etc.),

e environmental effects (ambient temperature range),

e converter control strategy (voltage and overvoltage control, reactive power control),
e site area (limited switch bays),

e loss evaluation criteria,

e availability and reliability requirements.
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Reviews of previous HVDC schemes [42] can indicate typical filter solutions for particular
schemes but this can only act as a guide or a starting point; only detailed study will produce an
optimum design.

Different filter configurations will possess certain advantages and disadvantages when
considering the above factors. The purpose of this clause is to provide designers and planners
of HVDC schemes with a review of the advantages and disadvantages associated with a
number of widely used filter configurations. As only the filter design and performance aspects
are considered, additional equipment such as surge arresters, current transformers and
voltage transformers are omitted from the circuits shown. In HV and EHV applications surge
arresters are normally used within the filters to grade the insulation levels of the equipment.
The protective level and energy absorption capability of these arresters will be the subject of
detailefl fransient studies, as discussed in Clause T7.

7.2 Advantages and disadvantages of typical filters

The fdllowing general points apply to all the different filter eseribed and

compared below.

Filter garthing: For HVDC applications the filter neutral is hc ystems
above p6 kV and sometimes 110 kV. On low voltage systen i arthed
or uneprthed depending on local requirements. Alte i q i ay be
earthed through a reactor.

cted at
the HV

Position of reactor: In the figures shov
the nedtral end of the circuit, although in
side or[neutral side of the circuit.

e |If connected on the HY side i aetor i ircuit qurrents
in the event of an NE 2paci . This wi i r to be

5 d, thus
is arrangement allows capacitor unhalance
e neutral terminal which minimises their|design

adding to overall reacto

protection schemes to b
costs. <>

e |If the reactoKi 1t the/neutral side of the circuit, it is not exposed tp large
short circuit © fs -andg hen e the design can be simpler and the need for g costly
type test is . ver, the capacitor unbalance scheme now requirgs high
voltagé ers or voltage transformers which adds to costs

o [T [ e reactor may also influence the Transient Recovery Voltage (TRV)
d ass circuit breaker contacts when clearing faults between a line side

reactor@nd the capacitor bank. In some cases, line side reactors have been prqghibited
due te-adverse effects on the breaker TRV.

7.3 Classification of filter types

Many terms are employed to classify filters and in this clause the following terms are used.
a) Tuned filters

These are filters tuned to a specific frequency, or frequencies. They are characterized by a
relatively high Q (quality) factor, as in Equation (4), i.e. they have low damping. The resistance
of the filter may be in series with the capacitor and inductor (more usually it is simply the loss
of the inductor), or in parallel with the inductor, in which case the resistor is of high value.
Tuned filters are also referred to as narrow band-pass filters. Examples of tuned filters are
discussed later in this clause and include single (e.g. 11th) double (e.g. 11/13th) and triple
(e.g. 5/11/13th) tuned types.

b) Damped filters
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These are filters designed to attenuate more than one harmonic, for example a filter tuned at
24th harmonic would cover 23rd and 25th harmonics. Damped filters always include a resistor
in parallel with the inductor which produces a damped characteristic at frequencies above the
tuning frequency. Normally a low resistor value is chosen to give high damping, however the
choice will depend on the need to meet performance requirements, achieve a sufficiently low
resistive impedance of high frequencies and avoid unacceptable losses at fundamental
frequency. Damped filters are alternatively referred to as broad band-pass filters. If they are
also intended to have a highly damped characteristic at frequencies above the tuned frequency,
they may also be referred to as high pass (HP) filters. Examples of damped filters are
discussed later in this clause and include single tuned damped high pass (e.g. HP12) and
double tuned damped high pass (e.g. HP 12/24).

C) ilter "order”

The expression “order” refers to the order of the terms in the transfer, ilfers, as

follows

e [1st order is a simple C or R-C circuit, i.e. a shunt capacitor.
e [2nd order is a L-C circuit, i.e. a tuned filter (Figure G e 9).

e |3rd order contains an additional capacito NE. double tuned filter

The orger of a filter is sometimes used to clearl > e of\filter being considered, e.g.
a 2nd grder damped high pass (as in 7/5.1

7.4  Tuned filters
7.4.1 Single tuned filters
The single tuned filter is th 0 ilte series

with the capacitor bank. guency
responge for a typical

9

Impedance of a tuned filter

— 0 5 10 15 20 25 30
Harmonic number

IEC 1938/09
Figure 6 — Single tuned filter and frequency response
By choosing the capacitance (C) and inductance (L) to achieve a series resonance at one

specific harmonic order, a very low impedance path, limited only by the resistance (r) in the
reactor, is created for one harmonic current. That is,

1
2rfynL=——— 4
ot 27f ,nC “

giving
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1
n= (5)
27, N LC
where
Jo is the fundamental frequency;
n is the harmonic order.
By suitable choice of the O-factor of the reactor, and thus the Q-factor of the filter, where
(6)
the per losses
will be y. Note
that th¢ resistance, hence Q, of a reactor is frequen Brs can
normal If an
except Dr may
possibl
As this ers may be required to cater for
groups 25th etc.).
Becaus S ' [ i n,Equation (4) being true, it follows ttrat if fo
varies vill no longer be tuned at the desired harmonic. Similarly, if
manufz minal values, and this is inevitable as as-built
tolerances will need (5) will no longer produce exactly the r¢quired
harmolic order. '@ e e by making the C and/or L value adjustable. As
it is the capacitor ba active power generation it is preferable to maintain C
constant and provide S in Iy, This can be achieved by simple off-circuit taps|on the
reactor i y 10 % to 20 % and poorer reactor reliability.
As cap e dependent quantity, Equation (5) implies that the filter will
becom ient temperature variation.
To summarizes
Advantages Disadvantages
1 Skmple-connection-with-only-two 1+—Multiple-filter branches-may-be-needed
components. for different harmonics

2 Optimum attenuation for one harmonic 2  Susceptible to de-tuning effects
3. Low loss 3  May require off-circuit tap connections
4 Low maintenance requirements

7.4.2 Double tuned filters

This type of filter is substantially equivalent to two parallel connected tuned filters but is
implemented as a single combined filter. The reactive power rating of the combined double
tuned filter would be the sum of the ratings of the two tuned filters. Figure 7 shows two typical
circuit arrangements and the impedance/frequency response for a typical 11/13th filter.


https://iecnorm.com/api/?name=b2cf1404a7e5db676d21a9dece5ef5c7

TR 62001 © IEC:2009(E) - 53 -

Impedance of a double tuned filter

200

C1E_ C1E_
¢ e 1000

100

150

100
1

o
L

zZ ©

Cc2
L2

Il}_f_lif } ﬁ_l ¥

IEC 1939/09 9/09

By combining two tuned filters virtually any MVAr split can be ‘ac en the
lower gnd upper frequency components. This allows the possibi )fA i ery low
MVAr nated filter, which on its own would be an un-economic_designintc [ o form
a double tuned filter. If two single-tuned branches e ‘ 1l be a
minimym filter size problem due to connecting a pos ted filter (as réquired
for ong of the two frequencies) on to an HV bu n be overcome in most
cases by the use of double-tuning.

There s nts are
operated at low voltage. The site area required 3 for two
single ! d. The
protect

As eac identical
filters, s filter
redund

Like si . i Cy drift,
ambier { ariati d component tolerances. Off-circuit tap adjustment may be
require 3

The pr hich in
the cas sing of
the C2 bf such
circulafi ts cap be controlled by lowering the Q value, i.e. increasing the resistgnce, of
the L2|reactor or installing a resistor R in the circuit. Increased reactor resistance pan be

achievegd.by increasing the losses in the windings, e.g. by using conductors of narrower cross-
section, or by increasing stray losses in structural members, or by adding additional material to
induce eddy current losses.

If a resistor is used to control the circulating currents, this can be either in series with the
capacitor bank C2 or connected in parallel with both C2 and L2, as shown in Figure 7.

The choice of the two tuning frequencies will affect the magnitude of these resonance currents,
thus where the frequencies are widely separated, the parallel resonance currents will decrease.

An additional advantage of a double-tuned filter over two single-tuned filters with equivalent
filtering at the tuned frequencies, is that better attenuation is provided at frequencies between
the two tuned frequencies.

During routine bank switching or system faults the transient duty on C2 can greatly exceed its
capability based on steady state rating. This may require the C2 capacitor bank rated voltage to
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be increased above the calculated steady state rating to withstand such transient disturbances.
These transient conditions will place additional duty on the surge arresters which are used to
grade the insulation of the low voltage components.

To summarize:

Advantages Disadvantages

1 Optimum attenuation for two harmonics 1 Susceptible to de-tuning effects

2 Lower loss than for two single tuned 2 May require off-circuit tap adjustment
branches

3 Only one HV capacitor and reactor 3 Transient effects can determine
needed to filter two harmonics rating of LV elements

4 gates miniuarmn c & DropIiemn SOmpiex erconnect r5
allow magnitude harmonic C-L-R components

5 Fewer branch types, facilitating filter 5

rgdundancy.

7.4.3 Triple tuned filters

This type of filter is electrically equivalent to three para but is
implemented as a single combined filter. Figure 8 shew nd the
impedg
»
-100
5 10 15 20 25 30 35 40 45
Harmonic number IEC 19H0/09

Although & _complex-filter, this arrangement can provide a suitable method of incorporating
filtering ~at/three harmonics. This can be either three characteristic harmonics to |control
harmonic performance (e-g. 127/24736thj or may be two characteristic harmonics pius one non-
characteristic harmonic (e.g. 3/12/24th ) to prevent resonance problems.

The use of triple tuned filters could improve the operational requirements for reactive power
control. This would be of particular importance at low load conditions where a shunt reactor
may have been required to off-set a 3rd harmonic filter. Such minimization of reactive power
generation may be important to avoid self-excitation of nearby generators. Where low levels of
TIF and IT are specified, these filters may achieve the required performance levels. As they are
similar in nature to double tuned filters, their merits and drawbacks are as described in 7.4.2.

Advantages Disadvantages
1 Optimum attenuation for three harmonics 1 Susceptible to de-tuning effects
2 Lower loss than for three single tuned 2 May require off-circuit tap adjustment
branches
3 Only one HV capacitor and reactor 3 Transient effects can determine

needed to filter three harmonics rating of LV elements
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4 Mitigates minimum filter size for low 4 Complex interconnection, with 7 or 8
magnitude harmonic(s) C-L-R components.
5 Fewer branch types, facilitating filter 5 Two or three surge arresters may be
redundancy. required to control insulation levels.
7.5 Damped filters
7.51 Single tuned damped filters
7.5.11 2nd order damped filter (high pass filter)
In this [filter topology a damping resistor R is connected in parallel with ries regctor L.
Figure |9 shows the circuit arrangement and the impedance/frequency r f.adamped
filter, with a minimum impedance at 11th harmonic.
For a damped filter where the resistor is in parallel with the reac ing may
be defined in terms of quality factor Q, or alternatively as Hefined
respectively as
R
0=——
L/
C
(note that this is the inverse of the definiti Ce is in
series,|as in 7.4.1, - the logic being t Q is a measure of the sharpness of
tuning.
The figure illustrates the effect of choo (Curve
Z,). Nqte the transitio gle = 0°
does n phase

angle v

bt occur exactly
ill fall to

L .

10 ¥
— IEC 1941/09

-100

15 20 25
Harmonic number

10

Figure 9 — 2nd order damped filter and frequency response

30

IEC 1941/09

The presence of the resistor broadens out the frequency response of the filter which introduces
two beneficial effects. The filter is now less sensitive to the de-tuning effects of frequency drift,
ambient temperature variation and component tolerance effects. Also, by choice of R, the filter
response can cover a number of harmonics, e.g. 11th and 13th could be attenuated by one

damped filter.

However the attenuation achieved by a damped filter may be

less than that
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achieved by two tuned arms of the same total rating, e.g. an 11th and a 13th single tuned filter.
Thus a larger installed MVAr rating of filter may be required to achieve the same level of
harmonic performance. By adding the resistor, filter losses have been increased both at
harmonic frequencies where it is needed and at fundamental frequency where it is not. These
higher losses can be prohibitive if the cost of losses are high, especially for a filter designed to
attenuate the 11th and 13th harmonics.

Advantages Disadvantages
1 Provides attenuation over a spectrum of 1 May require larger installed MVAr
harmonics rating than multiple tuned branches

2  Relatively insensitive to de-tuning effects. 2 Higher losses than tuned filters

7.5.1.2[  3rd order damped filter

In this [topology an auxiliary capacitor (C2) is connected in series with/the resj ict as a
blocking impedance, as shown in Figure 10. The main application d be at
low harmonic orders where the losses in a 2nd order filter resistor jle. The
impedg

10 15 20 25 30
Harmonic number

At fung L as a high impedance, thus reducing fundamental losseg in the
resistof - prefe entially flows through the reactor. At higher frequencies, |as the
impedgnce 5 2 decreases, harmonic current flows through R providing the required
dampirg. 2 is essentially economic as the reduced power dissipation| hence
cost, of the resist reduced capitalized losses must cover the costs of the C2 bank

The presence of the C2 bhank slightly degrades the filter admittance characteristic_lthus a
slightly larger MVAr rating may be needed to maintain performance. To summarize, the
comments in 7.5.1.1 apply, plus:

Advantages Disadvantages
As 7.5.1.1 plus: As 7.5.1.1 plus:
1 Lower fundamental frequency losses in 1 Sllghtly poorer performance compared
the resistor than 2" order damped with 2" order damped design.

design.
2 More complex filter, with four C-L-R
components.

7.5.1.3 C-type filter
In this topology an auxiliary capacitor (C2) is connected in series with the reactor and is tuned

to form a fundamental frequency bypass of the resistor. Figure 11 shows the circuit
arrangement and the impedance/frequency response for a typical 3rd harmonic filter.
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Impedance of a C type

10 000

filter

7200

1000 Z \/”

L 2
2 100
2
4} . 10 :
F .

z

1150
1100

150 =

Harmonic number

By crepting a tuned filter C2-L within a 2nd order filter,
excludéd from the resistor. At frequencies above funda

R achi%ving the desired damping. However, as C2-
to varigtions in L or C values from the rated values.
tuning |s to increase the resistor rating rather th

The présence of the C2 capacitor has a i dance characteristic.

To summarize:

5 7.5.1.1 plus:
legligible funda

rgsistor Q

zZ >

components
4 Slightly

design.

7.5.2

This type of filter is electrically equivalent to two parallel connected 2nd order dampe
a’single combined filter. Figure 12 shows the circuit arrangement

but implemented as
impedgnce/frequency response for a typical 12/24th filter.

L (. ‘
C 1 ' ' , .
. 0 5 10 15 20

Disadvantages
As 7.5.1.1 plus:
Resistor rating is susceptible to
tuning effects.
2 May require off-circuit tap adjustn
3 More complex filter, with four C

poorer

compared with 2" order dam

performa

rent is

ur due
of de-

filters
nd the
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Impedance of a double frequency
damped filter

. 10 000 - 200
_L z 150
o1 1000 1 "~ 100
= ~ TN —~
<3 ™~ e 15y &
e R1 N 0o NN, N
¢ S e 0
j 10 ;
2 =2 u R2 N | |
T 0 5 10 15 20
Harmonic number
IEC 1944/09 944/09
Figure 12 — Double tuned damped filter and fre
This filter offers a considerable degree of control oye ) ' , dllowing
changgs in MVAr split between low and high freg [ 2 ges in the damping
achieved across the range. The design has the same advant he double tungd filter
whilst Ibeing less sensitive to de-tuning effects ever ence of the resistors R1 and

R2 willlgenerate both fundamental and

During| switching or fault disturbances i v components C2, L2, R2 can
exceed their overload capability if this is teady state ratings. Thus particularly for C2
the rati Si j steady state studies.

To summarize:

7.6

Disadvantages
1 Transient effects can determine

ratings of LV components
2 Higher losses than double tyned
. bandpass design
Mitigates, mini i 3 Complex interconnection, with 6 -L-
a R components
F 4 Additional protection requirements for
red resistors
R 5 Possible additional duties on slrge
arresters compared to tuned filter
design.

Altenuatio
harmonics
O
ne

Choice of filters

From the advantages and disadvantages discussed in 7.4, the following guidelines may be
summarized:

a)

b)

where system frequency varies widely, the use of damped filters would be preferred to
tuned filters;

where there is a wide ambient temperature variation, tuned filters may give unacceptable
performance. However, where off-circuit tap adjustment is provided the reactors could be
re-tuned on a bi-annual basis to mitigate the variation of capacitance due to summer and
winter temperatures;

where filters need to be tuned close to the harmonic order for optimum performance, off-
circuit tap adjustment on the reactors may be required;

2nd order high pass damped filters can provide the optimum solution for 11/13th and higher
characteristic harmonic groups, in applications where only voltage distortion limits are
applied and/or the range of system harmonic impedance is benign;


https://iecnorm.com/api/?name=b2cf1404a7e5db676d21a9dece5ef5c7

TR 62001 © IEC:2009(E) - 59—

e) unless needed for low order harmonic problems, e.g., 3rd or 5th, and depending on the
level of damping required, the losses in 2nd order high pass damped filters are usually of
an acceptable level;

f) for low harmonic order filters where a damped characteristic is required, the C-type filter is
preferred;

g) where limitation of individual harmonic current injection or IT (/) is required tuned or
double tuned filters may be needed to give the required low impedance path;

h) where limitation of voltage distortion is required either tuned or damped filters can give
acceptable performance;

i) where limitation of TIF (THFF) is required, combinations of damped filters are normally
requirnd;

i) Whe[re limitation on reactive power exchange in conjunction with TIF limitation is\rgquired,

doduble tuned or triple tuned filters may be the optimum solution;

k) for 'S may
propi

I) where existing levels of negative phase sequence ( o Ah e high,
i.e. { C-type
filte suitable

chai i . 3" | 3 sible” to attenuate the
gen r i

These ies will

establish an optimum solution.

8 Filter performance calculatio

8.1 Calculation proced
8.1.1 General

ive a.c.
be the
guch as

Filter gerformant
filter donfiguratio
perforn

rating, e filter

perforn , in the

course

Specia lations

efficien design.
uld be

Descri \ :
requesTed inthe technical specification and assessed by the customer.

8.1.2 Input data

Normally, the customer defines the a.c. system harmonic impedance, voltage and frequency
range, negative sequence voltage, reactive power exchange limits, operating conditions,
ambient temperature range, pre-existing harmonics and the permissible distortion limits. The
customer should consider possible future changes in the system.

The contractor then determines the remaining data required for performance calculations,
including main circuit parameters, manufacturing tolerances and component deviations.

8.1.3 Methodology

The methodology described below is the classical calculation procedure, which does not take
into account the effects of a.c.- d.c. side harmonic interaction across the converter. The reader
should be aware that unless harmonic interaction phenomena are taken into account, and
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unless the effective impedance of the converter is adequately modeled, calculations using the
classical method may give substantially misleading results, especially for low-order non-
characteristic harmonics. Clause 6 discusses how such interaction may be included in the

calculations.

The input data is used to construct a computer model (see Figure 13), which consists of a
constant harmonic current source representing the HVDC converters, in parallel with the filters

and a.c. system harmonic impedance.

Iin Iy
N \
Ien Zin Vsn < <
~ \\
G IEC 1945/09
Key
I, injected harmonic currents from the co
an filter harmonic impedance
I, filter harmonic curref
Z, a.c. system harmonijc imp
I, a.c. systemharmenic curre
Ven a.c. syste roaonic voltage
uit model for filter calculations
The filt
Zgn
X1 en
Zsn+Z
and the harmonic voltage distortion from:
_ ZsnXZn I
sn = cn
Zsn*+Zn
_ Ion
YSn+an
where
Ysn is the a.c. system harmonic admittance;

n is the filter harmonic admittance.

(7)

(8)

9)


https://iecnorm.com/api/?name=b2cf1404a7e5db676d21a9dece5ef5c7

TR 62001 © IEC:2009(E) - 61—

In these equations, the harmonic current (/) produced by the rectifier or inverter of the HVDC
station must be calculated by the contractor for all harmonics (see 8.1.4). The system network
harmonic impedance (Zg,) is normally defined in the technical specification (see 8.3).

8.1.4 Calculation of converter harmonic currents

The conditions under which the harmonic currents generated by the converter are to be
calculated for performance purposes are discussed below. (Calculation of harmonic
generation and the parameters requiring consideration are described in Clause 5).

Under some extreme or rare conditions of harmonic generation, the filter performance may not
be required to meet the specified limits. Therefore., depending on the nature of the particular
schemg¢ and its electrical environment, the customer may wish to consjder ing some
such conditions from the calculation of filter performance. The adva stomer
could be simpler and less expensive filters. The following aspects idefred for
exclusipn:

e |operation under short-time overload conditions of d.c. ¢

e Jreverse power direction for an HVDC scheme Dr - uni-

directional transmission;

e |unusual operating conditions or configuration

The tdchnical specificatio J to be
calculated considering the\stead) Nok 2 to the
action pf the converter eration

from the converters), 12 nverse
proporfion to t .C.) voltage m the
converfers may t

To fing . lations
should|be made i ange of a.c. voltage specified for performance calcllation.
Howevegr, sof : i ications in the past have requested calculation of hgrmonic
currents o a : .c.voltage, which is equivalent to a relaxation of the perfofmance
criteria dmer should decide which approach is preferable and state this|in the

techniqal sp

8.1.5 Selection of filter types and calculation of their impedances

During the course of the a.c. fifter design for an HVDC project, various fiftering sotutions will be
studied and the corresponding harmonic performance calculated. Different types of filters and
their characteristics are described in Clause 7, including advantages and disadvantages of the
respective filter type. Clause 7 also covers aspects of the choice of an optimum filter solution.

When the major features of the design have been decided, there will normally still be a need to
make fine adjustments to the filter component values in order to optimize performance, rating
and losses, and this process will normally entail many iterations of the performance calculation
procedure.

8.1.6 Calculation of performance

Using the model (Figure 13), different sets of harmonic currents corresponding to different d.c.
current (or power levels) levels are applied and individual harmonic voltages appearing across
ZF are calculated, under applicable and agreed network impedance conditions. The effect of
a.c. system voltage and frequency variations is considered by modifying source currents and
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filter impedance respectively. The calculated individual harmonic voltages are then processed,
in the manner defined by customer (see Clause 4), to obtain the desired performance
parameters.

For the calculation of parameters which combine all relevant harmonic orders, such as THD,
TIF and THFF, there have been different approaches adopted in previous HVDC converter
stations. It is unrealistic to expect that resonance between the a.c. system and the filters will
occur at all or many of the harmonic frequencies simultaneously. In this respect, one of the
following methods is recommended:

- THD, TIF, THFF should be calculated with a.c. network impedance connected at the two
harmonics which result in the highest value of that parameter and at all other harmonics the
a.c. sy$ter narmonic fmpedance snhould be considered to be an open circult

- whern discrete impedance values/diagrams for each system confi i e avpilable,
anothel more sophisticated method is possible. It is to assume wors i.e. the
system| configuration that is giving the highest distortion) at one or for the
remainjng harmonics to use the system condition that gave an i which
gave the worst case resonance condition for those harmonics.

unt all

If hovaer THD and TIF (or THFF) are required to be
ese pargmeters

harmornics under worst a.c. network conditions, then the
should[be correspondingly higher.

For IT

- IT an parallel
conneg e fault
level p can be
produc t show
any re romise
giving

The cajculation of performa i : bted by
the conpverter alg cting 'the effects of pre-existing harmonics. Such a method is
appropriate where_eithe i he pre-
existing harmonics a

However, where pre-exis i ion is known, and is significant in comparison|to the
permitted i i - ed that the performance criteria should be defined in terms of
the “tofal’di i the converter plus pre-existing, rather than an “incremental” Jalue of
distortiph ter alone. This is because pre-existing distortion may change as a
result of magnificatio attenuation) by the connection of the converter station a.c. filters. In
this case, it is're ended that in deriving the total distortion at each harmonic, the converter

and pre-existing harmonics are summed on a root-sum-square (RSS) basis unless $pecific

Careful investigations or measurements of pre-existing harmonics by the customer are
necessary prior to preparation of the technical specification. A recommended practice is to
model Thevenin equivalents connected to the converter busbars, representing pre-existing
harmonics from the a.c. system by voltage sources behind equivalent harmonic impedances.
The harmonic frequency of the voltage source should be varied over a defined range, to detect
the worst case resonance conditions created by inclusion of the harmonic filter impedances.

8.2 Detuning and tolerances
8.2.1 General

Ideally, a filter would operate under conditions of perfect tuning. In reality, however, practical
a.c. filters normally operate under detuned conditions to a greater or lesser extent. The
technical specification should require that the following factors contributing to detuning must be
taken into account in the performance calculations:
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e fundamental system frequency variation,
o filter capacitance variation due to temperature variations,
e filter capacitance variation due to failed capacitor elements and ageing,

e initial mistuning of filter due to manufacturing tolerances and/or discrete taps on
reactors.

Depending on the filter type (Clause 7) the different factors will influence the performance in
different degree. Sharply tuned filters with high O-value will be highly influenced by variations in
the above parameters. Damped filters with low Q-value will be less influenced.

8.2.2 —Detuningfactors

The background to each of the factors contributing to detuning is discus

a) Hundamental frequency variation

The frgquency range for which the performance requirements sha Vg N in the
specifi¢ation. This range may be identical to the maximumd<stea¢ iafion for
the sygtem, or may be lower, to exclude rare or short-term

b) Gapacitance variations

The cdpacitance of the filter capacitors wi ) < nt. The

ambier|t temperature limits for which the
in the| technical specification. Differer
calculations could be given, if the extr perature were rare and of short time
duration. The variation of mperature will be provided [by the
capacifor manufacturer. €apacita ange~due to heating caused by electrical stregss and
solar radiation should .

E given
ranges for performance and| rating

It is uspally acce i veration with a few capacitor elements failed, up to a
given alarm/war change corresponding to this maximum allowed
numbi of failed be taken into consideration for the performance
calcul

It shou ¢ I he approach that every filter capacitor bank may be operating
with mlaxjmurm 9 ed elements at the same time as the temperature gnd the
fundanje ¢ are at the outer limit of specified range, a very consgrvative
perfor . The probability (see 8.5) that all detuning parameters wquld be

most ¢ |t|cal atthe same t|me will not be very high.

The total{ecapacitance variation resulting from temperature variations, failed elements and
ageing, mustbetakemimtoaccount by thefitter desigmer:

C) Manufacturing tolerances and initial mistuning

Each component in a filter will be manufactured according to requirements on tolerances. The
smaller the tolerances are, the more expensive the component will be. These tolerances must
be included in the detuning factor in the performance calculations. However, to reduce the
detuning factor and also relax the requirements on the tolerances, tuning facilities for the filter
are often provided, the most common of which is tappings on reactors.

When reactors with tappings are used, the tolerance requirements on the capacitors can be
relaxed. The contractor must assess the cost of providing reactor tappings to cover the
reactor’s own manufacturing tolerance, plus the range implied by the capacitor tolerances, and
choose the values for both tolerances and tappings which give the overall lowest cost solution.


https://iecnorm.com/api/?name=b2cf1404a7e5db676d21a9dece5ef5c7

- 64 - TR 62001 © IEC:2009(E)

The maximum possible initial mistuning will correspond to half of one reactor tap step plus an
allowance for the accuracy of the tuning procedure and measurement equipment. Where a long
interval between retuning is required, the filters may be slightly mistuned initially in order to
take into account the capacitance change during the service interval due to failures and ageing.

d) Seasonal tuning

In areas where the temperature difference between summer and winter is large, seasonal
tuning of the sharply tuned branches filters should be considered. Most existing technical
specifications have rejected seasonal tuning; however, seasonal tuning does offer the following
advantages:

e |[cheaper filter,

e [lower losses.
The digadvantages are the following:

e |necessity of retuning every half year,

e |cost of retuning (possible outage cost and labor cos

8.2.3 Resistance variations

Variatipns in resistance of the resistors due to : ements
must t% evaluated by the designer. The\resistok ele p erature
coefficlent of resistance.

Additiopally, the tolerance in Q-factors
of shdrply tuned filters. The Q-factor
characieristics and the particular design of t

e case
ecified

8.2.4 Modeling

To mddel acc atrik sented
individdially within“the/n : ur in reality. The harmonic frequencies at which the

model fis solved shot je, and
the maximum variati ined in
the sernses which give

In the g on”practice to use an “equivalent frequency deviation” in filter
calculations. i thi ethod, all filter component parameters are modeled as cpnstant
values jand the(variationsin these parameters are taken into account by solving the circyit at an
equivalent frequ viation, which takes into account not only the actual frequency Qut also

the eqlivalent detuning due to component variations. In Annex C a formula for eqyivalent
frequerpcy deviation is shown.

Although the equivalent frequency deviation method is attractive due to the simplification it
introduces, there are strong arguments for not using it, as follows.

e It applies the same deviation to all filters, even though the components for different
branches may have different deviations from nominal e.g. different tap step sizes (or no
taps) on reactors. With regard to the loss of individual capacitor elements, it is normally
not the case that all the filters are simultaneously detuned to the maximum extent.

e [t is not strictly accurate for anything other than sharply tuned, high Q-factor filters.

e The worst case may be when identical filters are detuned in opposite directions - this is
not allowed for with the equivalent frequency deviation method.

e If other a.c. side components, e.g. shunt capacitors, reactors, transformers or lines are
included in the model, then their impedance may be modeled at the wrong frequency
when using the equivalent frequency deviation method.
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The customer should be aware of these limitations when evaluating a bidder’s design methods
and calculation procedures. With modern computing tools and modeling techniques, there is no
reason for the equivalent frequency deviation to be used for other than possible rough initial
calculations.

Consequently, it is strongly recommended that the calculation techniques should model the
frequency deviations and individual detunings of the components separately.

8.3 Network impedance for performance calculations

8.3.1 General

The nefwork impedance is one of the most important parameters affectmg y.c.filter design with
conventional filters, due to the possible resonance phenomena between filter and network.

As the| network impedance will change over time due to differenf op i cO f|g ations,
connedtion of loads and generators, and outages of major compone S, it is ential’that the
represg¢ntation used in the studies covers the whole range S i :

Normally this is done by defining some form of envelope of img
possible values. An alternative approach is discussed in 8.3:

sses all

Normally, the customer defines the range of network impe € [ design,

but in some HVDC projects the customer has leftthe i i impte. As

e e etwork

compohents, or the facilities to make\site\mé i psult in
conseryative estimates being made, resultinghin i

art the work on defining the network

It is therefore recommended that the gmer should
impedgnce early in the genesis o DC. project\The network impedance will chane with
I Aadditi

system| configuration and\Joad cond| Qns. ifion, possible future changes shduld be
considered. In practice\\ it ce o_obtain an accurate definition. Experiende from
some egarlier projects has\sho a ied network impedance diagrams have had lower
dampirlg than ac b etwork. M the given impedance is too pessimistic, |i.e. the
range ¢f impeda IS ide“and/or the damping too low, then the filter|will be
more expensive tha equently, the effort expended by the customer in
definitipn of the ne different harmonic frequencies may result in sigpificant
saving$ in the cost of\a.

Variou$ ivi the network impedance have been used. An assessment of
different 3 and theix merits was made by CIGRE/CIRED WG CCO02 [56], and a gtudy of
networ:E [ R ing techniques was undertaken by CIGRE JTF 36.05.02/14.03.03
[54]. T rred to these sources for further details

The inmjpedance can be calculated with the help of any computer program with whig¢h it is
possible—to—modet—frequency dependent power SystenT efements {54, 561, nowever, the
accuracy of these calculations is often limited due to lack of accuracy of input parameters. The
result is often a pessimistic estimation of the network impedance and lower damping of the
harmonics compared to the real impedance of the network. The correct modeling of the
variation of component/branch resistance with frequency, in particular for transformers and
loads, is important to determine accurately the damping of the network. Differences in the
network harmonic impedance between phases should be considered, especially if the network
impedance is dominated by long a.c. lines, bearing in mind that transpositions may not be
effective at harmonic frequencies. The calculations should preferably be carried out in the
frequency domain, as in the time domain the calculations will be very time-consuming due to
the required detailed representation of the system.

Measurements have also been used in some cases; however, this requires special devices with
high power output in order to obtain high signal to noise ratio. Further it is very difficult to cover
all possible network conditions by making measurements and possible future changes will not
be covered.


https://iecnorm.com/api/?name=b2cf1404a7e5db676d21a9dece5ef5c7

- 66 — TR 62001 © IEC:2009(E)

8.3.2 Network modeling using impedance envelopes

The impedance can be presented in forms of tables for different system configurations or of
different types of diagrams. Most commonly used are envelope diagrams such as sector
diagrams or circle diagrams, in which an X/R area in the complex impedance diagram is
defined for a certain frequency range. The locus of the a.c. system impedance for varying
system conditions and at different harmonic frequencies is defined to be within the envelope
(borders) of these areas.

When no other information is available about the a.c. network, the borders are often related to
the minimum and the maximum short circuit impedance of the system. A simplified approach
which has been frequently used defines the maximum and minimum impedances as follows:

Zmax =Zmax s.x XN

Zmin =Zmin s.c XANn

with phfase angle =

where

Zmax S.¢

Zmin s.q

Howev espond
to the [ is put
into a n

Specia nimum
impeds uration
corresf is also
highly

Care should_be takeri in specifying impedance for low order harmonics, particularly at 2hd, 3rd
and 5ths\harmonic. If an excessively large angle (i.e. low damping) is specified fof these
frequencies, calculations could indicate needs for filters tuned to these frequencies. Tn certain
situations, it is advisable to specify separate diagrams for these frequencies.

The following advantages and disadvantages apply to all impedance envelope diagrams.

The advantages of impedance envelope diagrams are:

e relative ease of preparation by the customer and the ease with which a systematic
search for a worst case impedance search technique can be applied by the contractor;

e extensions to the envelopes can be made as possible measures against future system
changes and different envelopes can be given for performance and rating conditions.

The disadvantage of impedance envelope diagrams is:
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e the inclusion of inapplicable ranges into impedance search area with simple envelopes,
even if a restricted frequency range is considered and sectors of different amplitude are
supplied for different frequency ranges. The different types of envelope suggested have
different tendencies in this respect.

In the following figures, some examples of envelope diagrams are shown and their relative
merits evaluated. Other variations of diagrams than those shown are also possible.

8.3.3 Sector diagram

For the sector diagram maximum and minimum angle of the impedance should be given and
also the maximum impedance. Either the minimum impedance (Figure 14) or the minimum

resistafice coufd be given as the fower fimit(Figure 15).

N\

Max. angle Max, 4ngle

(
NG

Min. angle

IECN1946/09 IEC 1947/09

Figure 14 - AC eM\j Figure 15 — AC system impedance
secto i general sector diagram, with minimym
resistance

Advant

e [Simple-to define if little information about the network is available

Disadv nfngne of sector rhngrnme

e Where R, in @ harmonic range is set by a system parallel resonance, this will define

Zmax @nd so result in values of X, .., X;,,i, which often exceed the actual value

e Max and Min angle values may be relevant for low reactance values but the angles will
be lower at higher reactance values
Relative disadvantages of sector diagram with minimum impedance (Figure 14)

e The relationship between Z,;, and R, is unlikely to correspond to reality; either R,;,
will be too large or Z,;,, will be too small. These values can have a critical impact on the
filter design.
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8.3.4 Circle diagram

For the circle diagram (Figure 16) the radius of the circle as indicated in the figure should be
given. In addition to the radius, maximum and minimum angle and minimum resistance should
be given.

/
/
| /
/ Max. angle
[/ \
1\ / \“\>
\ Min. angle

IEC 1948/09

Fig nce

Advant

. n etc.

Disadv

e |Radius is determined by the largest impedance value in the impedance range, which is
generally of a parallel resonance which may apply over a more limited frequency range
than that of the complete diagram (or there may be a set of resonances at different
frequencies for different system conditions). Hence, this approach could result in the
inclusion of an even larger non-applicable area than the sector diagram, particularly in
the capacitive reactance sector for the lower harmonic range.

For most cases the circle diagram would be more accurate than the sector diagrams, and is
therefore preferred. Even better, however, if sufficient information is available, is the discrete
polygon approach described below.

8.3.5 Discrete polygons

For a more accurate representation of network impedance, it is necessary to have different
diagrams for different frequency ranges, as the system impedance is frequency dependent. By
this means, relatively limited impedance sectors can be defined for each harmonic, thus
permitting a more exact matching of the a.c. filter design to the actual network conditions.
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Some examples are given in Figures 17 to 20. In Figure 20, the higher order harmonics (below
n=14) are defined using a conventional circle diagram, as there is little economic or technical

advantage in trying to define a more exact polygon

Harmonic impedances for harmonic order 2 to 4

70

60

507

for these frequencies.

Harmonic impedances for harmonic order 5 to 8

140

120

100

101

X (Q)

307

207

0 10 20 30 40
R (Q)

IEC 1949/09

kFigure 17 — Example of harmoni
impedances for harmonics of order,

Z Q)

8
7
6
5
80
X (Q)
60
40
20
40 60 80 1
R (Q)

20 \/ 00
G IEC 1950/09
Fig — Example of harmonic

dances for harmonics of orderf 5 to 8

Radius 750 Q

T T T T T T T
200 400 600 800 1000 1200 1400 (R (Q)

—600 +

R (@) IEC 1951/09

Figure 19 — Example of harmonic
impedances for harmonics
of order 9 to 13

-800 17°
r IEC 1952/09

Figure 20 — Example of harmonic
impedances for harmonics
of order 14 to 49

If the polygons for different groups of harmonics are to be derived by computer program, then it
is advisable to include in each polygon the calculated impedance points for one or two
additional harmonics at both ends of the range covered. This allows for the possibility that the
computer modeling may correctly predict a resonance, but at not quite the correct frequency.
An additional margin in impedance magnitudes should also be included to allow for possible

modeling error.
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Advantages of discrete polygon diagrams

e Eliminate risk of overdesign of filters for low order and 11,13 harmonic characteristics
Disadvantages of discrete polygon diagrams

e Considerably more effort required to define the polygons for each harmonic
8.3.6 Zero-sequence impedance modeling

If the filter performance parameters include a limitation on harmonic currents, in different
phases, propagating into the connected a.c. network, the modeling method will be different.
The harmonic source will be applied across the point of common coupling (PCC) from where
the a.c| lines emanate. For low order harmonics the impedance loci for t PS may
be different, i.e. the zero sequence impedance may be different fro egative
sequer|ce impedance, and the lines may have to be modeled with poSitive/hegative and zero
sequer|ce impedances. In order to perform exact calculations, theccont e zero
sequerice data.

HVDC |converters, however, have a negligible generation 6 S i¢s, and
hence the modeling of the zero sequence impedance is norm 9 ical i i Xt

egative

The zgro sequence impedance will be more dam
3 wires)

sequer|ce as the zero sequence current will be/T
which has a relatively high resistance at’h

8.3.7
In somg specific HVDC projects, it ma be ' i i i model
of the connected a.c. systém to be-use e ion i e more

normall{impedance envelope.

e |detailed networ
e |the comp:q

e [large number mance

case
However, if the a.c: i i [ , i nputing
power how avai : 87 USE a detailed model could be justified. Its major advantage over

imped3 bith full
consistenc 9 ni i - i ch are
encompassediin . i i i i i B lower
harmonic orders, i indicate a
need fgr low-order filters.

One case in which the use of a detailed model could be valuable is when the HVDC station is
fed by a single long a.c. line. In this case, the a.c. side impedance is dominated by the a.c. line
and changes in the network at the remote end of the line will have a relatively minor influence.

Furthermore, the unbalance between phases resulting from the transmission line asymmetry,
and coupling between phases along the transmission line, will cause important effects in the
harmonic domain. These effects can only be properly represented using a detailed three-phase
model, as recommended by CIGRE WG CCO02 [56].

If a detailed model is to be employed, then it is recommended that a three-phase
representation is used, with accurate representation of the characteristics of the a.c. lines,
transformers, generators and loads at harmonic frequencies, as discussed in 8.3 above. The
network should be represented up to a sufficient electrical distance from the converter such
that addition of further lines or loads makes no significant difference to the results. Sensitivity
studies of the influence of assumed load models and damping should be made.
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At higher frequencies, above about the 20th harmonic [56], it is unlikely that the accuracy of the
detailed model will be sufficient, and for these frequencies, the normal impedance envelope
should be used.

8.4 Outages of filter banks / sub-banks

Depending on the reactive power requirements on filter bank size and on the maximum voltage
step allowed by the specifications for filter switching, the total filter scheme will be divided into
a number of filter banks and sub banks. For some smaller projects only one or two filter banks
are sufficient. For other projects, division into large number of smaller filter banks / sub banks
has been necessary due the system requirements.

Redundlancy requirements, meaning that the performance requirements shgul ilgd even
with orle filter out of service, aim to provide a more flexible and secur eration.
However full redundancy implies additional cost and also additio irgments.
Redundlancy could be obtained by a 2x100 % filter scheme or 3x50 9 SO on.

The refiuirements on redundancy will influence the choice of the size of
each bank and also the types of filter bank used.

The teg¢hnical specification should state the customer’s req' ement i bncy of
filters. [In addition, i strong
influenge. In order to fulfill the RAM (reliability, av ments,
the co tractor will in many cases have to consider fi e . IW'should be noticed that
an alternative/additional solution for may be to rate [all the
compofpents for higher stresses than i s i.e. an overrating| of the
compopents. Further it must not beforgette components and repajr- and
replacgment-time are also factors in the total RA

In ordgr to limit the cost a a.c\ filters, the customer should, taking into
account the nature of use e ¢ onsider including the exceptions below to
fulfillment of performa

e J|All filters sheu in service (i.e. no filter outage requirements|should
apply) fo t d.c. current (or power) levels above 100 % rated
load.

e |No filter qutag gcified for rarely used reduced voltage operation, or, if
required, pe neter limits should be relaxed for this mode of operatjon.

e [During, emerggng or short-term outage of filter banks /sub-banks, either no
performancellimits\or relaxed performance criteria could apply (especially for the higher

e |During*outage af a non-characteristic harmonic filter, if provided, no limits for dis{ortions
corrésponding/to those harmonics may be specified. However where the low order
harmonlcs are critical and may damage equment in the converter sub-station or

f||ters may be required.

The rating of the filter components could in some cases be reduced due to requirements on
filter redundancy. If, for example, two equal filters were required in order to fulfill the
performance requirements, a third filter would be installed for performance redundancy. The
maximum rating would therefore be based on two filters always being in service. If, however,
no performance redundancy was required, there could still be requirements on rating
redundancy, i.e. if one of the two installed filters were not available, the one left should be
designed to continue in operation under the given conditions. Thus, the required component
harmonic ratings for the case of two installed filters could be approximately double those for
the case of three installed filters. This factor may partially offset the cost of performance
redundancy requirements.
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8.5 Considerations of probability

The usual calculation method for the determination of a.c. filter performance is based on worst
case assumptions regarding operating conditions, tolerances and parameter deviations. This
method has the benefit of being pessimistic and does not require special information from the
customer. However the disadvantage is that the a.c. filter design will be, in most cases, based
on unrealistic combinations of parameters and conditions that will probably prevail only for
short periods of time. This unrealistic combination of parameters and conditions may lead to
provision of filters that in reality are not required.

Many parameters which influence the a.c. voltage and current distortion are statistical in
nature; some are variable due to manufacturing tolerance (transformer impedances, initial filter
mistun
voltage
and logd level of the HVDC system)

The adverse effects of harmonics are also statistical in nature.
the agsessment of emission limits for distorting loads,
(IEC/TR 61000-3-6 (2008)), is to characterize the system di
levels as probability distributions (see Figure 21). The equip
of othdgr equipment in the system and at the same timen

parding
series
munity
eration
" damaged| by the

existing distortion in the system. It is recognized tha{/ i ; system, interference
can ocg¢ur on some occasions and therefore there can bé ifi v i n these
two didtributi . issi imi i i C be expressed in a statistical
way.

Similar
determ

EEE [58] and CIGRE [41] are
the sensitivity of the users and the
connedti rence will not necessarily lead to a
complgi 3 ¢ for temporary operating modes.| It thus
seems reasonable to defin \ceccriteria)rélated to a time probability, for example, a
level npt exceeded for i 3 ime. A further aspect of probability within the

telephgne system jis th iati S istics such as shielding and balance, which may
vary with type of 3 i

While felephone j nce\limits have not yet been defined in a statistical way|in any
standard, probabili very conveniently applied, as the noise is a question of
converfience 1o amage nd it can be mitigated if there is a problem. Therefore an
inducti i ' be performed to assess an economical interference ljmit for
which g rea - be associated because exceeding the limit would only result in
additio itig 1 measures and corresponding costs. Even though the interferencg limits
are sef ' existing experience, without a detailed study, a statistical limit wou|d have

the bepefit of-ré
problems.

Iting in a design which put more emphasis on harmonics likely to| cause

HVDC contractors already use statistical methods to determine the non-characteristic harmonic
sources, when permitted by the customer’s specification, based on relevant data from their
manufacturing statistics, e.g. tolerance data for converter transformer leakage impedances.
The implementation of a more complete probabilistic approach requires statistical knowledge of
the time varying parameters (operating levels, temperature, frequency deviation, a.c. voltage
unbalance, harmonics in a.c. voltage, etc.). However such statistical data is seldom available,
and some parameters may be interdependent. Moreover, statistical information on the
telephone system may not be readily procured. A probabilistic approach for the design of a.c.
filter performances is therefore desirable but a great deal of work would be needed to achieve
this goal.
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Compatibility level .

Probability
density

Equipment
immunity

System
disturbance,
level

level

i ] N

e.g. for
voltage

It may be adequate for certain installations that the
95 % df the operating time, as earlier described.

and medium voltage systems. This would give t levels
for some special operation modes, if/th r short
duration.

As an ¢xample, consider the very small o ated in
Figure |22. If a narrow band i e ated in
the fighre, should be dedisive for t ' uld be
required to satisfy perfor el in_j i band of operation. In such a fase a

to how often the most critical system
ur at the same time as operation in the [narrow
at the probability is so small that the instgllation

conside¢ration of prob

configyration and
band. A result oK::;h
of additional filter i

N N |

of
filter

Transmitted power

The requirements are not met for the range indicated as '1'.
IEC 1954/09

Figure 22 — Example of range of operation where specification
on harmonic levels are not met for a filter scheme solution

Any probability considerations that should be used in the calculations should be defined in the
technical specification. The use of a probabilistic approach for assessing performance should
however not remove the obligation to study performance under worst case assumptions, to
ensure the safety of plant and other consumers.

8.6  Flexibility regarding compliance

One purpose of the technical specification is to ensure that the contractor delivers an a.c. filter
which satisfies the customer’s performance requirements. However, some of the criteria might
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be somewhat arbitrary (for example TIF =40) and some of the data derived by estimation
(network impedance for example).

If, in order to meet the specified requirements exactly, a bidder has to propose a filter design
which is in some respects clearly not optimal, the bidder should bring this to the attention of the
customer. The customer should then be prepared to explore, jointly with the bidder, those
areas in which some modification to the exact specified requirements and data could lead to a
significant simplification of the a.c. filters. The financial implications of any such modifications
would have to be discussed in the context of the contract.

For some prOJects |t could be desirable to delay the installation of some filter banks until the
his can

) rmonic
resonapce and the need for a low order filter. If an excessively conservati del has

been Used, the installation of a low order harmonic filter may not b in the real
system| even if the performance calculations have indicated so. In i i ovision
for spgdce or even foundations could be prepared for the possjb i fa low

order harmonic filter.

9 F

Iter switching and reactive power manageme

9.1 Seneral

The depign of the a.c. filters is closelylinked v i - HVDC
converter station. This clause discusse N ‘ ion and
controlf on the a.c. filter design, and o ing the a.c filters. It indicates
points |which should be carefully cdnside customer in preparing a technical
specifi¢ation. Background i t i
of the HVDC converters i

9.2 Reactive powe

9.2.1 Generé@

An a.c| network
power gt all buse
of readti W

bility to supply or absorb a certain amount of reactive
operating parameters. The maximum permitted amount
hdrawal, i.e. interchange, at a given bus within the |normal

operati voltages is termed the reactive power absorption and|supply
capabil' - bus. In Figure E.3, a typical permitted reactive intergchange
capabili stem_is shown by Curve 4 (q,¢(imit)- This feature of the a.c. network| has a
strong | I design of reactive compensation equipment and a.c. filters asspciated

with an

9.2.2 Impact on reactive compensation / filter equipment

The reactive compensation to be provided for an HVDC converter connected at a given bus is
dependent on both the filtering requirements and the specified reactive power interchange at
that bus. The reactive power compensation requirements comprise the converter reactive
power consumption, plus the customer specified converter station interchange requirements as
a function of the active power transfer.

In several existing HVDC schemes the total installed reactive power was governed by the
reactive power compensation requirements rather than minimum filtering performance
requirements. In such schemes the allowable deficit has been the controlling factor as the
stations were either to be overcompensated or operated close to unity power factor.

Sometimes a utility may want to use the HVDC station to balance the reactive power in the
system and not just obtain a minimum reactive power from the station. In such cases in
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particular, the overall reactive compensation design should allow flexibility and easy
combinations for operators in the control centres.

Liberal interchange limits are desirable from the point of view of a.c. filter design, and result in:

e installation of less reactive power compensation equipment,
e simplified and less expensive a.c. filters,
e less a.c. filter/capacitor switchgear,

e simplified a.c. switchyard layout

and, usually of lesser importance:

e [simplified controls,

¢ [lower energy requirement for a.c. bus arresters,

¢ [reduction in maintenance cost of switchgear.

As a rule of thumb, approximately 40 % (of rated converte ati 5 dpacity)
reactive power compensation can be considered to be eq te ilment of
filtering requirements is concerned. Assuming a minimum—c¢ S 0 ion, then
broad neactive power interchange limits generally permi ) ize|simple
high pass filters, which have fewer components and (thus$ ive. imits, on
the other hand, will increase the numb i ' ibly also
entail the use of more complex filter b

With ¢ citance
to devg to use
compli¢ due to
the tota

Shunt nsation
for a.c. » . humber
of harmonic filte » ati onic performance requirements. In certain cases
where 3 by the converters is not large, the need fof shunt
reactor ot ing*the converters at increased control angles; refef to 9.6
below.

Specificati ¢ e_of the a.c. filter performance parameter TIF or THHF may
necesgite i Ilat|o of shunt reactors to enable connection of more filters of a high pass

type, a vd.C ¥, s, especially if the interchange limits are restrictive.

The ajc. switchyard,layout tends to become complicated when a large number of filter
equipn ent is to be accommodated W|th|n a specn‘led limited space In certain S|tuat|o s, e.g.
hilly tet ificant
and complexmes such as mult| Ievel Iayouts for saving space can be avoided if fewer number
of filters are used.

The customer in his specification should allow maximum flexibility for the contractor to optimise
his filter design in relation to reactive power compensation. Related issues should be
discussed with the customer during the design process.

9.2.3 Evaluation of reactive power interchange
Reactive power interchange limits at a commutating bus are determined by the customer
concerned by conducting steady state load flow studies under different network conditions.
While conducting such studies the customer should:

e consider only plausible a.c. network operating conditions,
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include the impact of active power flow on the HVDC system. This is particularly
important if the HVDC is a bulk power transmission link with parallel a.c. lines. Because
the variation of active power flow on the HVDC transmission will vary the active power
flow on the parallel a.c. lines as well, and this variation in active power loading of the
parallel a.c. lines will influence the reactive power interchange capability of the a.c.
network,

e make use of the inherent capability of generators to supply or absorb the reactive
power,

e cover rare operating conditions by relaxing performance requirements and/or imposing
restrictions on HVDC converter operation,

‘rounded-down” values.
9.3 HVDC converter reactive power capability
After having determined the allowable reactive power intere i . rk, the

inherer far as
possibl

The re ions is

discuss

9.4

For thg prs are
intercopnected to form different type ilte ally s rouped

so as fo fulfil the require ge and

step change in the com | bank,
sub-bahk and branches depe

It is vital that the téch y when
related| to requireme

filter oytages under w

The ngrmally useé ng the

definiti
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IEC 1955/09

NOTE $Pections, of filte ¢ defined by the type of broken line enclosing them.

Figure 23 — Branch, sub-bank and bank definition

9.4.1 Terms and definitions

9.4.1.1
branch
arm

set of components (capacitor, inductor, resistor), either in singular or interconnected
arrangement, which may be isolated off load for maintenance

NOTE In interconnected arrangements, it forms a smallest tuned filter unit.

9.4.1.2
sub-bank

one or more branches which can be switched (connected or disconnected) on load for reactive
power control
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NOTE The switch does not necessarily need to have fault clearing capability.
9.4.1.3
bank

a set of one or more sub-banks which can be switched together by a circuit breaker

9.4.2 Sizing

The size of a branch, sub-bank or bank is described, normally, in terms of net reactive power
injected into its point of connection (for a branch) or commutating bus (for a sub-bank or a
bank) at nominal a.c. system fundamental frequency, commutating bus voltage and rated
component values.

The eiectiveness of a conventional passive filter in suppressing a set of
harmonics is, generally, directly proportional to its size. Large li power
interchange and step change in voltage result in fewer sub-banks/b amped
filters. [However, the maximum size of a sub-bank/bank is also @ ailable
breakef capability.
The chpice of size is a function of:

e |specified reactive power interchange,

o [filter performance requirements,

e [step change in voltage on swit

e [voltage of the connecting bus,

e Jredundancy requirements.
These factors are elaboraje
The impact of reactive powe a ' i i overall
sizing is discusseiabve 92M.
The siep change”ip ag ing. The
specifi¢ation of a ve us will
lead tof a more e 1Si i i [ - ks and
also on i onomical sizes. This will also increase the number of swifchings
resulting in i : i ce requirement on the switchgear.
On the| otf a step change in voltage could adversely affect the a.c.-d.c. gystem;
for insfance, ady state voltage change could mean that every switching operation at
the station would be accompanied by several converter transformer tap changer operatigns and
operatipns.'of automatic on-load tap-changers on transformers close to the station. Ip some
cases, [the“ownership of these transformers may not be the same as the d.c. system, a factor

which has to be considered. Consideration should also be given to other voltage controlling
devices in the a.c. system, including generation, synchronous condensers, SVCs and
automatically switched capacitors and reactors in the a.c. system and the impact of a large
steady state voltage change on these devices.

Determination of the steady state step change in voltage under HVDC converter de-blocked
and blocked conditions is discussed in Clause E.3. Limitation of the transient step change in
voltage on switching is almost always dictated by the need to reduce annoyance due to light
flicker, and to eliminate changes in d.c. power transfer due to commutation failure or d.c.
control mode changes.

Therefore, the specified step change in voltage should be such that it optimally takes care of
the above mentioned concerns of both the d.c. and the a.c. systems.
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The permissible steady state voltage change caused by switching of filters should be governed
by the prevailing norms of the customer. In the absence of any norms, a conservative approach
would be to specify a limit in the range between 1 % and 2 %. However, in this case, the
customer should be prepared to discuss with the bidders the impact of the specified voltage
step on the a.c. filter design and costs, and to consider modification of the specified limit if it
has a critical impact. There are some situations where a larger voltage change, say 3 % to 5 %,
may be permitted, such as:

e when connecting to a weak a.c. system where it is known that the a.c. system strength
will increase shortly after the d.c. is installed, or

e where the converter a.c. bus is new, electrically remote from the existing a.c. system
and is not servicing any local load.

As regards the transient step change in voltage, for frequent switching o i i e order
of 5 of more times per day) a transient voltage change of 2 %, and fo nt daily
switching operations a transient voltage change of 3 % is quite nermal. equent
switchihg operations, (5 to 10 per month) larger variations could be a o 5 %)
but this must be compared to the voltage change which could itching
operatipns of the same frequency, for example line energization.\This canbe justified in [view of

the prgvailing use of modern state of the art HVYDC contrals and } ) plogies

The vditage of the connecting bus refers to the fact that/ for. angiven.high voltage thgre is a
minimym economic size of capacitor bank (whi e e @the number of series cornected

For thgse instances where it is not possible “to s the balance of reactive interghange
ith “economic” filter sizing, it may be
feasiblg to connect the filte voltage) of the converter trangformer

(see Clause 7).

Redundlancy requirements,_r y f the total installed filter size depending on
whethdr they are at.con < bank or bank level. A redundancy requirement at
bank Igvel will m@f' ensive, and, therefore, it should not be resgrted to
unlessi|it is vital fro i ation reliability and availability points of view.

All of these factors are fied by-the customer and the contractor should carry out the sizing
based [ ' yn design optimisation.

9.5

Switching-in <points of filter sub-banks/banks, at increasing converter power levels, are

determfined. on the basis of:

e MU fitteritg;
e reactive power requirements of the converters, and

e allowable reactive power import from the connected a.c. network.

Ideally, switching-out points, at decreasing converter power levels, could be the same as the
switching-in points. However, it is desirable to avoid frequent switchings which could take place
due to variation of converter power around an operating point. (Such variation could be due to
a.c. system dynamics forcing HVDC converter to adjust its power level. This adjustment of
power level could be ordered by higher level HVYDC controllers such as power oscillation
damping and frequency controllers.)

In order to avoid wear and tear of sub-bank/bank breakers and network operational nuisances
(e.g. voltage flicker), sub-bank/bank switching-out is normally made at a lower converter
power level than switching-in. In other words, the two points are separated from each other by
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a certain amount of converter power, normally approximately 5 % of nominal power. This is not
a critical value and should be open for discussion if it significantly influences the filter design.

This difference between switching-in and switching-out points, in terms of active power, of a
sub-bank/bank is known as the “hysteresis” or “dead-band .

The maximum hysteresis between switching-in and switching-out points which could be allowed
is dependent on:

e converter reactive absorption corresponding to approximately 5 % active power variation
around rated power,

. . , .
o [thefargestsub-bankfranksize;

e |change in reactive power generation, due to switching of the large; ank, of

the prior connected sub-bank/banks, and

e |change in reactive power absorption of the inverter due to switching_of st sub-
bank/bank (thls is appllcable for calculatlng maximum diffe hing-in

HVDC |manufacturers have developed other, more sophistic S f ng the
same gffect as simple hysteresis, that is, avoiding unnécessa itchings, angd these
strategjes may be preferable in some applications. Al tion of such stratggies is
to redyce or eliminate the dead-band in the powe te a simpler and more
econoric filter design. The customer sh t|ons exist and be [careful
that the wording of the specification pé

There ¢ould be special situations in a ere are sustained voltage osciflations
following disturbances and where economics may, not\favour installation of an SVC to dgmp out
voltagq oscillations. The gn this additional task to the reactive
power |controller (RPC) ¢ 3 s planned at that bus bar. In such an
instange, an intentional ti be introduced, in addition to the| above
descriled hysteresis, i

Though not relat@ i operational consideration that a certain minimym time
should|be allowed fot dis¢ ) a’branch/sub-bank/bank is reconnected. The amlount of
time d¢ ai ge resistors used in the capacitors. If for opefational
reasong it i ~ e yis€ the branch/sub-bank/bank in a shorter period, digcharge
voltage i ers be employed. Although this is an expensive solution, it may be
feasiblg¢ to.use 1 another purpose, for example, protection.

9.6 ConverterQ-\

The ude of the HV converter to control the a.c. bus voltage at, and close to, the filter
switchipngpoints may be required in certain situations. This feature makes use ¢f the
temporery—reactive—power—abserption—eapabiity—of—the—eonverter,—and—is—diseussed in

Clause E.2.

9.7 Operation at increased converter control angles

Normally, converter operation at increased alpha/gamma is associated with operation of a long
distance power transmission link at reduced d.c. voltage. However, stringent reactive power
export limit also requires HVDC converters to operate continuously at high firing/extinction
(alpha/gamma) angles, particularly at low converter power levels. Vindhyachal HVDC back-to-
back link in India is such an example. In this scheme the customer’s specifications for reactive
interchange with a.c. network were as low as =10 MVAr. The converters are designed for
continuous operation at high control angles. At low active power level the control angles are as
high as 55° and at the rated power they are around 30°.

Other HVDC schemes using a similar type of control philosophy are Durnrohr, Blackwater,
Etzenricht, Gezhouba-Shanghai, Welsh and Chandrapur back-to-back. Under too stringent
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reactive power interchange limits, in addition to increased alpha/gamma operation, the
shunt reactors and their simultaneous switching with filter sub-banks is also required.

use of

This mode of operation is particularly used during low power transfers when in order to meet

filtering requirement more filters are required to be put into service, doing which could
reactive power interchange limits with the a.c. network. However, operation at increase
angles has certain disadvantages which are discussed in Clause E.1.

9.8 Filter switching sequence and harmonic performance

violate
d firing

Filter switching-in points are determined by filtering and reactive power requirements as

discussed in 9.5. The type of filters to be used is decided by the stipulated

iltering

requirgments and harmonic impedance of the a.c. network. Base filters ha
tuned for dominant characteristic harmonics and are switched in f|r
performance criteria and avoid overloading of damped filters such as
branchgs, which are normally switched in at higher d.c. power levels

Usuall
requir
occur
both fil
numbef
consun

(except for possibly at low d.c. power levels), the

at |gh converter power lev
@ b by the converter r

A typi
interch e actual reactive power inter
(daintchg 4 gives maximum permitted r
power ‘ . rve 2 gives the converter reactive
absorption. ank/ it |ng points aye shown by the curve 3. Figure 25

diagrar

anches
pet the
rmonic

> which would be

ments)
account
bls, the
eactive

power
change
eactive

power
pives a
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9.9 Demarcation of
The customer a bntified
below.

9.9.1
The cu

. nge of
ch a.c.
er the
capaecitor tolerance, temperature variation, commutation reactance range and |control

angle ranges have to be taken into consideration.

e Minimum short circuit power level at the converter a.c. bus.

e Maximum limit on step change in voltage on switching of reactive power elements or
a.c. filters.

e Any requirement on filter switching hysteresis.
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10 Steady state rating

IEC 1957/09

Figure 25 — Re

of the harmonic filter equipment is the responsibility
dance on the calculation of equipment rating pargmeters

and the different facto \ be considered in the studies. It is the responsibility of the

custom
operati
taken i

10.2

10.2.1

Calculatio

General

iate system and environmental data and also to clafify the
as filter outages, network contingencies etc, which need to be

Steady state rating of filter equipment is based on a solution of the following circuit which
represents the HVDC convertor, the filter banks and the a.c. supply system. See Figure 26.
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The harmonic current flowing in the filter is the summation of.two CQ ibution

from th

Using
contrib

a) H

where
Ie, is
Iy, is
Zsy s
Zg, is
b)

where

hte the
ition to the harmonic filter currer

VDC convertor

(10)

(11)

¢, is the filter harmonic current from the system;

U,

on i8 the existing system harmonic voltage.

The definition of network impedance is described in 10.5.

To solve Equations (10) and (11) the following independent variables need to be known.

The harmonic current (/,,) produced by the rectifier or inverter of the HVDC station
needs to be calculated for all harmonics (see Clause 5). This evaluation must consider
the worst case operating conditions which can occur in steady state conditions, i.e. for
periods in excess of 1 min. The extreme tolerance range of key parameters, e.g.
converter transformer impedances, operating range of the tap changer, etc, need to be
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taken into account. Harmonic interaction phenomena, a discussed in Clause 6, must
also be taken into account.

e The pre-existing system harmonic voltage, as discussed in 10.2.2.

e The harmonic impedance of a.c. network (Zgy) is discussed in 8.3. Note that different
values of Z,, may be defined for the calculation of /'y, and I';,, depending on how the
pre-existing harmonic distortion is specified (see 10.2.2).

The harmonic impedance of the filter (Z;,) needs to take account of the de-tuning and tolerance
factors discussed in 10.4.

The effect of interharmonics (see 4.2.4 and Clause 6), although small, should also be taken
into acfouniin the calculafion of filier component rafing.

10.2.2| AC system pre-existing harmonics

It is important that the effects of pre-existing harmonic distortio
includgd in the filter rating calculations. Conventionally this h

direct galculation as shown above, but by creating an arbitra

increade in converter harmonic currents (Z;,). However SUK
reflect the low order harmonic distortion (typically 39 5 power
systemls. As modern converter stations produce order
harmonics a simple enhancement of the magnitude| may notcad ir pptential
contribption to filter ratings.

quately

To modlel a multiplicity of harmonic curre i i is impractical
for the|purposes of filter design. Therefere, itis p i i voltage
source|is modelled behind the a.c. s stem-i a i [ , ate an
open cjrcuit voltage distortio level of distortion prior to conpection
of the| filters. The magni harmonic voltages can be baged on
measufements or on the p imits, imited by a value of total harmonic distortion.
This approach provide sti sssment of the contribution to equipment rating

caused by amblent\;d|s 0 .
10.2.3| Combinatio 3 pre-existing harmonics

As thefe is no gnship between I;,, and I,", it is proposed thaf these
individ:tal contrik ating are summated on root sum square (RSS) basis at each
harmonic,

Iy = 12 + 112 (12)

p-gxisting harmonics, of relatively low magnitude, RSS summation is reasona

and operating conditions.

Alternatively, linear addition would provide greater security against the possibility of the
contributions at a significant frequency being approximately in phase, but would entail an
increase in cost, particularly if used for the voltage rating of the high voltage capacitors.

Linear addition should be considered for any pre-existing individual harmonic of such
magnitude that linear addition would significantly affect the current rating of the components.
Otherwise, if in practice the two sources were in phase for a period of time, the filter could trip
on overcurrent protection. If linear addition is to be used, care should be taken to ensure that
the conditions under which the two currents are calculated are consistent, i.e. the calculated
currents can occur simultaneously in practice.
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10.2.4 Equipment rating calculations

The total filter current is derived as above for each harmonic order from 2nd to 50th inclusive.
It is important that this range is covered to ensure that any resonance conditions between the
filters and the a.c. network and between different filters are inherently considered. Harmonics
above the 50th order are unlikely to have a significant impact on the total rating values and can
be ignored.

The calculation of I;, for each connected filter allows the spectrum of harmonic currents in
each branch of the filter to be evaluated. From this current data individual element ratings can
be calculated.

a) Gapacitor
From fhe spectrum of currents in the capacitor bank (.,) the t can be
calculated as
n=
Io= (13)
n

This cdirrent is used for capacitor fuse design, es are
required.
The magnitudes of the spectrum of most rents should be specifigd
As the [voltage rating of the high-voltag i i ignifi i mining
the totpl cost of the a.c. Ai i q rating
should|be carefully consid Ve ultants
and mpnufacturers in i tion in
deriving a total rated yoltage 5 at all
harmonics and II f Ai for an
HVDC ffilter capasitor wo Id re uIt n rated
voltagq and what wo € ilter-a.c.
system| resonance 3 i ies, . Similarly,
some i ' ral the
harmonics ha ) [ i ip. e been
formulated i [ gn at a
reasonplle

The isgue is th
opiniorls it(is* not poSsible to give a clear recommendation here. Various approaches are

eforeyone of perceived risk against cost, and due to the diversity of ¢xisting
discusged/below. All have been used successfully in practice on different HVDC schemi.

e In the most conservative approach, the maximum voltage (U,,) can be calculated as an
arithmetic sum of the individual harmonics and the fundamental, that is

n=50
Un= ZlfchXfcn (14)

n=1

where
Xien IS the harmonic impedance of order n of the capacitor bank.

However, such an evaluation, especially when based on simultaneous resonance between the
filters and the a.c. system at all harmonics, is overly pessimistic, as it assumes that all
harmonics are in phase, and will result in an expensive capacitor design.
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A more realistic method is to use Equation (14) but to assume that only a limited number of
harmonics are considered to be in resonance (e.g. the two largest contributions) and all other
harmonics are evaluated against an open-circuit system or fixed impedance. However, this
method still assumes that all harmonics are in phase, which will not be the case in practice.

In a further approach, all harmonics are assumed to be in resonance, but Equation (14) is
modified such that only the fundamental and largest harmonic component are summed
arithmetically. All other harmonic components of voltage are summed on an RSS basis and
added arithmetically to the sum of fundamental and largest harmonic components to evaluate
U, This “quasi-quadratic” summation thus takes account of the natural phase angle diversity
between individual harmonic components.

n=50
Um=Uy +Upo +.| > Un? (15)
n=2

U, is the fundamental component;
is the largest component of all harmonic voltages;

is the individual harmonic components of order n i € largest component.

The ablove may be taken a step furthe
summgdtion of all harmonic component

amental component to the RSS
nce at all frequencies.

(16)

This id less conservative d used in Equations (14) or (15), but has been
substantially applied in > [ 2d adequate. The assumption of resonande at all
harmonics, and ~ ptions regarding tolerances in the calculations,
providg some margir ing, which is assumed to cover the eventuality of

phasor an is implied by Equation (16).
As capacitors 3 certain international standards have up to a 10 % prqlonged
overvo a ity i\ nissible to assign a rated voltage (Uy) for the capacitor 4ank up

to 10 %4

Un =Um /(101011 (17)

Howevers'the value of Uy calculated from Equation (17) should be at least equallto the
maximum fundamental frequency voltage on the capacitor bank. If this is not the case, then the
assigned Uy should be the maximum fundamental frequency voltage.

NOTE In the above definitions Un is used to denote a harmonic component (» = 1 to 50) and U\, is used to denote
the capacitor bank rated voltage (as per IEC 60871-1 (2005)).

When low voltage capacitor banks are installed in filters, e.g. in double or triple frequency
filters (see 7.4.2, 7.4.3, 7.5.2) the rated voltages calculated as above may not be suitable. For
such banks the rated voltage may have to be increased to ensure that the banks can withstand
the transient stresses, as discussed in 11.4.

From the spectrum of harmonic currents the equivalent “thermal” reactive power rating of the
capacitor (single phase) can be calculated as
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n=50

2
Oc = z Tten™ Xfen (18)
n=1

The reactive power rating of the capacitor (single phase) is based on rated voltage (Uy) and
fundamental frequency impedance (X;.4) as

0c'= UN? X161 (19)

Due to the arithmetic or quaS| quadrat|c addition of harmomc voltages in Equat|on (14) o
normalpy-exeeeds—G-—However—eases e Fparison
with the fundamental current QC can exceed 0. voltage
may nged to be specified such that 0.’ = Q.. In practice, this may be ¢ specifying
the mapnitudes of the most significant individual harmonic currents.

b) Reactors

The hdrmonic current (I;,) spectrum and the total RSS ha
to the manufacturer to ensure adequate thermal desig
type tes

3d to be specified
¢ basis of {hermal

(20)
(21)
where <>
X, is [he harmonic in
To endure that ility, the
rated vpltage
n=50
Uy =+2 zfﬂnXﬂn (22)
n=1

During| rautine switching and when the filter is subjected to fast-fronted surges, vefy high
transientstresses can appear across the reactars As discussed in Clause 10_these meed to

be allowed for in the reactor design and hence included in the equipment specification.

C) Resistors

The thermal current loading can be expressed from the harmonic current (/;;,) spectrum as

. n:S%' 9 23
r=— Zfrn ( )

n=1

The power rating of the resistor is therefore
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n=50 9
K=Y ImR (24)

n=1

To ensure that the resistor elements and bank insulation do not suffer flashovers due to the
applied voltage, the rated voltage across the resistor should be specified as

n=50

Uy :\/E ZlfrnR (25)
n=1

summ and in
conflict brs are
subjec esult in

signific ing by
rainfall ypically
100 °C y been
perforn intervals
to 3 ye bepage
may bsg

During iscussed
in Clau g levels
need tq

10.2.5

The vo nimum
level o ; v ) ull duty
on the purge arreszers il ined

The usF of arithm Jasi-ax etic i i ges for
individ i i ded $ which
may og

Howev ulation
of exte K for the
calculation Q] a i i y state
fundan ' uld be
evalualed atwarious lgcations within a filter with graded insulation.

10.3 AC.network conditions

Filter equipment should be rated for operation at the steady state voltage range of the a.c.
system, typically 0,95- 1,05 pu of nominal on an EHV system. For voltage excursions in excess
of this value the time duration of the overvoltage should be specified.

10.4 De-tuning effects

To ensure that filter equipment rating is sufficient to withstand lifetime operation, the following
factors need to be considered:

e equipment tolerances: the extreme guaranteed range of tolerances should be used for
rating studies. Unlike other effects considered here which are subject to cyclic variation,
any effects due to manufacturing tolerance will persist for the equipment’s lifetime;

e frequency variation: whereas normal anticipated frequency variations should be used for
performance, extreme variations must be considered for rating. These extreme
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conditions maybe specified as continuous or for specific time periods. The former will
define continuous ratings whereas the latter will define short time overloads;

e temperature variation: whereas maximum and minimum average temperature should be
considered for performance studies, absolute maximum and minimum temperatures
should be considered for equipment rating. As discussed previously the temperature will
affect the capacitance value and hence will de-tune the filter. In addition cold
temperature conditions are of particular importance for capacitor banks, especially for
energization conditions;

e tap position on reactors: adjustable taps are often provided on reactors for tuned filters
to off-set capacitor tolerance effects. The effect of tap position on the tuning of the filter
and its subsequent rating must be considered;

e [capacitor unit failure detection schemes normally have three set le Salarm enly (first
stage), alarm plus impending timed trip (second stage) and in ip (third
@ under
ed and

bnsider

. Such
ures to
yout is
10.5
The rgpresentation of the a.c. netwo harn c (Zg,) for the purpgses of
equipnlent rating should be different fro icting performance. As discussed
in 8.3 @ number of different distinct g iC & an be used to define the hgrmonic

impedgnce for performance studies. cover all normal and plausible
contindency network operating conditio load> conditions anticipated throughout the
lifetimg of the equipm ' ider‘range of network conditions may He used
to enspre that equip 3 >/ for the anticipated lifetime. This ¢an be
achieved by specifyi as and/or increased system angles. It is impoftant to
ensure| that re 2 ninim résistance are considered to avoid undamped
resonapce conditions

The dqtailed spe . e-network harmonic impedance by the customer has g direct

bearing e rating ce costs, of the filter equipment.

In som e~zero sequence impedance of the system may be required to evalugate the
voltag 5 onverter bus following un-symmetrical faults, such as a line I) earth
fault ant negative sequence voltage component is used for the purpose of short time
(0,1s oending on line protection philosophy and auto-reclose features) rating of low

10.6 Outages

Filter equipment must be rated to withstand the increased harmonic loading which will occur
when a defined number of filters are out of service. The specific outage requirement will vary
from project to project and will depend upon the number of filters available and the level of
power transfer required. Typically, the outage of one switched filter or filter group should not
result in an overload of the remaining filters or the need to reduce power transfer. In the event
of one filter or filter group being out of service for maintenance and a trip occurring on a
second filter or filter group, it is strongly recommended that the customer reduces d.c. power to
prevent filter overload and hence cascade filter trips. The specification should clearly define the
customer's specific outage requirement criteria to be followed by the contractors in the
preparation of the proposal.

In order to avoid the costs associated with installing redundant filters, or rating filter equipment
for filter outages, the customer may choose to allow a reduction of transmitted d.c. power to
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avoid filter overload. Such a strategy can have a significant effect in reducing filter costs,
especially in relatively low power schemes where the number of installed filters is small.

In cases where switched filters are used as part of the reactive power control, the filter
equipment must be rated for all viable switching strategies.

11 Transient stresses and rating

11.1 General

In addition to the steady state fundamental plus harmonic loading, harmonic filters will
experignce transient stresses due to a wide variety of disturbances. These/conditi Il need
to be investigated to ensure that the capability of the equipment is sufficient to modate
the sugerimposed transient duty.

Such studies will require a transient analysis computer progra L , ATP,
NETOMAC or EMTDC, to model system parameters, includif ' uch as
transfoymer saturation and surge arrester characteristics, es will
indicat¢ whether the calculated stresses exceed the equipim es, the
equipnlent rating will need to be increased to accom 1 g . atively,
surge arresters can be used to limit the transient duty’on the eguipr

Where| necessary, the results of su
specifi¢tation and may also become thé

ipment

In the gase of double frequency filters
proposed ratings of the low voltage
inadeq QUi

based on steady state loading, are
{ to meet the transient duty.

The rep i i i i tant information for the specificatior] of the

The trgnsi SCL i is clguse are the responsibility of the contractor; hgwever,
the cus i fication any minimum requirements for contract stage
studies. i ustomer should define any specific network and scheme operating
conditi . Additionally any fault scenarios to be studied should be

stated auto-reclose schemes that operate on the supply network.

Althoug ies will be performed and reported at the contract stage, the| bidder
will neg : studies at the tender stage in order to cost the station equipment.
These i nired to establish equipment insulation levels and surge arrester fatings.
The extent'of any such studies should be at the bidder’s discretion.

There are two main groups of studies that should be performed:

e the first, as discussed in 11.2, comprises switching impulse studies such as routine filter
switching, auto-reclose events, system faults and fault application/clearance involving
d.c. link load rejection,

e the second group, as discussed in 11.3, includes fast fronted waveform studies, such as
lightning strikes and bus flashovers which result in rapid discharge of capacitor banks.

11.2 Switching impulse studies
11.2.1 Energization and switching
For each type of filter available in the HVYDC scheme, initial energization studies need to be

performed to establish maximum levels of overcurrent, overvoltage and energy. Point-on-wave
studies will establish worst case conditions based on energization from the highest realistic
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system voltage. However, in more complex filter configurations, the same point-on-wave may
not establish worst case conditions for individual items of equipment. These studies may also
establish the need for switching overvoltage control devices in the breakers (pre-insertion
resistors, synchronized closing, etc.) and the breaker switching capability under overvoltage
conditions for overvoltage control.

Routine switching of filters, with other banks already in service, will be the most common
transient duty on the filter components. The number of switching operations per annum may
vary widely between schemes. For example a long distance HVDC scheme designed for bulk
power transmission may require very infrequent filter switching whereas a back-to-back HVDC
scheme with a reactive power control facility may switch filters frequently. An estimate of the
number of switching events will be needed to accompany the transient results and should be
includgd by the confractor in the individual equipment specifications. Fr ni swiiching of
filters iis of particular importance for the capacitor banks as the high le stress
imposgd during the transient event has an impact on the equipment’li rds on
i i bptable

levels of transient voltage and current and the number of switching

In a similar manner to initial energization studies, point-on-w e i itching
will be[needed to establish worst case conditions. The S. & > ase of
each type of filter in turn being the last to be switched, e in service at the

maximyum realistic system voltage. Where shunt capacitor b of the
reactive power control strategy, the particular case of i gtudied.
In this|case, the high levels of in-rush current i ‘om an

energiged capacitor bank may result i 5 would

indicateé the need for current limiting reactor

The stlidies will need to consider the r
of conpection of the filters. There is
magnit

e point
gnd the

Typica
shown i

ng are
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Figure 27 — In-rush current into : (@IN tuned filter

IEC 1960/09

Figure 28 — Voltage across the low voltage capacitor of a 12/24th
double tuned filter at switch-on

11.2.2 Faults external to the filter

Faults on the a.c. supply network can encompass both isolated faults, such as line-line and
three phase faults and faults involving earth, whether single phase, two phase or three phase
faults. Such faults may involve rejection of the d.c. load, e.g. blocking of the converters,
leading to a large prospective recovery voltage. This voltage, exacerbated by the presence of
the filters, will be limited by system line-to-earth surge arresters and is normally the basis for
their energy rating. When studying such fault application and load rejection scenarios, it is
important to represent accurately the operating strategy of the HVDC scheme in terms of
breaker fault clearance times, filter tripping strategy and de-blocking of the converters.
Normally harmonic filters are not switched during dynamic overvoltage (DOV) conditions to
avoid any restriction of operation following the DOV. However, if filters do switch out this will
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impose a significant duty on the circuit breaker and also on any discharge voltage transformers
(DVT), if installed.

Where single phase auto-reclose schemes are used on the circuit breakers of the incoming
transmission lines, the strategy in the event of repeated failed re-closure attempts will need to
be studied. In such cases, successive re-energization of the filters may result in significant
overcurrents and overvoltages on the equipment and in particular may dictate the energy levels
of the filter surge arresters. If three phase auto-reclose schemes are used, which will result in
isolation of the converter station, this will also need to be studied to determine the effects on
arrester ratings. Where discharge voltage transformers are installed on the filter banks they
can rapidly discharge the d.c. voltage on the capacitor banks allowing re-energizing of the
filters.

rations
ditions

had bgen reached. However, it is recognized that it is impracticakto breaker
clearing ti , €.9. i , in digi i G ieled as
the clegri i

Figure locked
resultin se bus

fault is

n time,
resultin

800 - - s G
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600 +

400
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IEC 19671/0

Figure 29 — Voltage across the HV capacitor bank of a 12/24th
double tuned filter under fault conditions

11.2.3 Faults internal to the filter

The effects of faults within the filter will depend upon the type of filter and the electrical
arrangement of the filter. Using a single tuned filter, as in Figure 6, as an example, a line-earth
fault at the HV terminal of the capacitor bank will apply the instantaneous d.c. voltage on the
capacitor directly across the low voltage reactor and any surge arrester, as discussed further in
11.3.2. A line-earth fault at the capacitor LV terminal would simply bypass the reactor and
result in very little change in current in the capacitor bank which is the predominant filter
impedance.
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If the filter configuration were inverted, e.g. the reactor at the HV terminal and the capacitor
connected to the neutral, a line-earth fault from the reactor HV terminal would result in a similar
transient duty on the reactor as in the above case. However, a line-earth fault from the reactor
LV terminal, e.g. the capacitor HV terminal, would result in a considerable fault current in the
reactor, due to the low impedance of the reactor compared with the capacitor. To ensure that
reactors would survive such an internal filter fault, a short circuit test of the reactor would be
required.

Although the fault conditions considered above are normally worst case conditions for filter
transient duty, for more complex filter configurations, such as Figures 8 and 9, other credible
internal fault conditions would need to be studied.

it isdm

When $tudying the effects of such faults on filter component and arrester ratin portant

sign of

Energization of the converter transformer, or adjacent conyénti 1 S psult in
signifi f 1Si eriods of time. As
the in-fush currents are asymmetric and with a high h ic ¢ particularly of loyw order
harmo i j i n applications| where

low org studied. Although in|normal

practic ilter switching, during fault
recove ( erter poles, or switching of
adjace Vi onnected. Studies will indicate
the nefed for overvoltage control devjces i : akers for the definition of ecpnomic
insulat aselthe eccurrence of commutation failures.

Studieq o model the transformer in somg¢ detail
includimg both linear g ) tion, inductances. The losses within the
transformer, which will e sh”currents, must be modeled.

11.3 Fast fron@/

11.3.1

Becaus s, it is
importg ent are
modelq 5, must

be consi

11.3.2

Although“direct lightning strikes on filter equipment are unlikely, especially if overhead earth-
wire protection is provided, the effect of strikes on the remote a.c. system transferred to the
filters must be considered. The maximum voltage on the filter terminal will be limited by the
main HV surge arrester. These surges will be transferred to the low voltage components of
double frequency filters and may have a significant bearing on their insulation levels. Where
appropriate, applied lightning strikes should be simulated at various points within the HV
substation and at various distances along the a.c. lines from the station.

11.3.3 Busbar flashover studies

A flashover to earth on the filter HV busbar will cause a rapid discharge of the filter capacitor
bank through the filter components. Such an event may occur during a high system voltage,
however, the capacitor fuses should not operate for this condition as they are tested to
withstand short circuit currents. Due to the short time of these discharges (a few
microseconds), they fall into the same category as lightning impulses and this is not normally a
decisive rating case.
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11.4 Insulation co-ordination

From the results of the studies described in 11.2 and 11.3 the overall insulation co-ordination
of the filter can be derived. The need for surge arresters distributed within the filters will be
determined. In most cases, the choice between the arrester’s protective voltage level and
energy absorption capability and the voltage withstand capability of the protected equipment
will be based on relative costs. Although low voltage station class arresters are relatively
inexpensive, if significant energy absorption capability is required, then parallel housings are
needed and costs may be high. In such cases increasing equipment insulation levels may be
the optimum solution.

When modeling surge arresters, it is important to consider the maximum tolerance on the

arresteff characteristic when evaluating protective levels an € minim oleranceé when
evalualing energy absorption capability.
There fare a number of possible connection arrangements for filter surge

arresters. Typical examples for double tuned filters are shown in ure

!
N

X

IEC 1962/09

ypical arrangements of surge arresters

The regu nd switching impulse studies will confirm that the required margins
betwedn the equipment withstand levels and the corresponding surge arrester protective|levels,
accord|ng to<liE )9-4 (2004) or the customer’s specification, are achieved. Ngte that
marging in‘excess of those normally specified by IEC 60099-4 (2004) will result in ingreased
filter cpsts?” The energy absorption duty imposed on surge arresters by lightning surges will
normally be less than the energy arising from the fault conditions discussed in 11.2.

In the case of the multiple frequency filters described in 7.4.2, 7.4.3 and 7.5.2, the results of
the fault studies or switching studies usually indicate that the maximum transient voltages on
the low voltage capacitors greatly exceed the steady state ratings as derived in 10.2.3. As the
cost of such banks is usually low, increasing the rated voltage such that overload capability
complies with predicted maximum transient voltage can give an acceptable design without
incurring the need for special designs of surge arresters.

By establishing a coherent insulation co-ordination scheme throughout the filter, it is possible
to define the following parameters for the filter equipment.

e lightning impulse withstand level (LIWL);

e switching impulse withstand level (SIWL), if appropriate;
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power frequency voltage;

clearance (line-line);

clearance (line-earth);

creepage distance;

transient current through arresters and filter components;

protective levels of filter arresters;

filter arrester locations and requirements.

These parameters can be defined at each terminal of the equment or in the case of large HV

capaci ers or
voltagg e star-
connedted filter are normally individually isolated by a low, but consistentlin i el, and

then brought together to form a single star point which is then conne

It is inlportant that an insulation level is defined for the neutrza burious

earth faults during transient disturbances.

12 Lgsses

12.1 Background

The co ifferent
bidderg $ made
accord offered
design

An intr

Harmopi ypically
respongi t items
the losp elating
to lossp ough the loss figures for the |nd|V|duaI componjents of
the filte t of works tests).

The wi pfocedure for calculating losses in HVDC stations is defined in
IEC 61 99)X\This proposes calculation of losses under essentially nominal confditions,

which i

Howeve ers, the calculated losses can vary over a wide range depending on|factors
such ap detumng, a.c. network resonance, and level of negative sequence componen in the
a.c. s p-greatly
underest|mate the Ilker level of Iosses under reallstlc operatmg condltlons

The customer should therefore be aware that by following the guidance of IEEE 1158, he may
not obtain a realistic estimate of probable a.c. filter losses. Furthermore, as the losses
pertaining to different a.c. filter designs vary substantially, he will also not be able to make a
fair comparison of the designs offered by different bidders.

The following items therefore offer guidance to the customer, where appropriate, on how to
define alternative conditions for calculating a.c. filter losses. It is suggested that the filter
losses should be calculated both under the nominal conditions of IEC 61803, and under the
suggested alternative conditions described in 12.4 below, in order to provide all the information
needed by the customer.
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12.2 AC filter component losses
12.2.1 General

The a.c. filters comprise capacitive, inductive and often resistive elements, all of which
contribute to the total losses of the converter station. As part of the filter design process,
account will have been taken of the loss capitalization in choosing the number and type of
filters required. Subclause 7.4 highlights the various advantages and disadvantages of tuned
filters, which typically produce low losses, against damped filters (see 7.5) which generally
produce higher losses on a per MVAr basis.

Further discussion with respect to overall filter component costs, taking into account their
losses [Tsprovided {427

12.2.2| Filter / shunt capacitor losses

For large high voltage capacitor banks having ratings of many MYArs, tf ssyang comes
important; the lower the loss angle, the lower the losses are for )

Table 2 below details the subdivision of losses within a typical a pe capacitor unit

Table 2 — Typical losses in an “-Tl? capdaciter unit

Fax
Source of loss A } < L}oss >
/ r

:lnte}g fus§<{unlt Externally fused unit

Dielectrif ( \3\%\ 0,05

Discharde resistors \ \ \\0,05 0,05

Other (fyses and connections) \ \( \)0,0§\/ 0,01

TOTAL | ® 015 0,11

The above lossesna icdl; ed values would be in the order of 20 % |higher.
Fuseleg itc imnilar_dielgctric, discharge resistor and connection losses tp those
stated lly fused units, the losses due to the external fyse are
additio h improvements in the choice and design of dielectric, it is

notablg g’ capacitor unit discharge resistor now tend to dominafe. The
require| nd. for such resistors are not within the direct control of the cgpacitor
manufa iCtated by discharge time requirements imposed by international
standafds or“the customer’s own requirements. If an enhanced discharge requirement is
specifigd then the losses as shown in Table 2 will be higher.

The losses discussed above refer to new capacitor units. Dielectric Tosses tend to reduce with
time, reaching their minimum figure within a few hundred hours of operation for all film type
capacitor units. However, the reduction is minimal, and because the dielectric loss is no longer
the major contributor to losses, the effect of the reduction on the total filter losses is minimal.
Tests conducted by capacitor manufacturers also confirm that the losses at low order
harmonics (in terms of W/kVAr) are similar to the values given above at fundamental
frequency.

The power losses of each individual capacitor bank, assuming that the loss angle is the same
at harmonic frequencies as at fundamental frequency can be determined by:

n=N
=tan(J)x Zlcnzx)(cn (26)

n=1
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where

P. s the filter capacitor loss;

n is the harmonic number;
N is the maximum harmonic order (typically 50);
1

cn Is the calculated current in the capacitor at harmonic order #;

X.n is the capacitor reactance at harmonic order x;
tan(o) is the tangent of the capacitor loss angle.

Shunt capamtor banks are often provided |n add|t|on to harmonlc filters to provide part of the
total cg
harmoni
above.
losses (i
this res
capacifor units alone by some 50 %:

e [the interconnecting cables and busbars;
e [the capacitor bank switchgear;
e |the capacitor bank (discharge) PT;

e [the inrush reactor (when provided);

e |the capacitor fuses;

e [the capacitor bank internal connecti
12.3 Filter reactor losses
12.3.1| General
In gengral, filter reactrs d W e provided, resistors) are the dominant source of tofal filter

losses;| this is p hat provides attenuation for low order harmonics,
either ip the form i

For single frequenc ilters, the/filter designer is often required to make a comgromise
betwegn the @ (quality) he reactor at fundamental frequency and at thg tuned
harmonic fre At fundamental frequency, to minimize losses the requiremert is to
specify high\ as poessible, whereas at harmonic frequencies, in particular th¢ tuned
frequemcy, it\is desi to specify a Q factor compatible with the filter performance

requirgment. Thelrequired” Q factor at the harmonic frequency may be low when the filter is
likely tp be subjected\to wide detuning effects because of large system frequency vafiations
and/or |ambient température range. The final balance can often be a compromise bgtween
these coanicting requirements especially when a filter reactor manufacturer's lowest initjal cost

i ot al + ~f |
deS|gn SOt u|JL||||u| Hh .espeC; O 105S€eS-

Means are however available to the reactor designer (at least for naturally air cooled reactors
of open construction) to control or optimize this balance of Q factor requirements at the various
frequencies by means of additional de-Q’ing coils installed on the reactor, or even by the use of
self-tuning filters.

For damped filters, the choice of reactor Q factor at harmonic frequencies is generally
unimportant in terms of achieving the required performance and optimal rating, leaving the filter
designer a relatively free choice in specifying Q factor at fundamental frequency to satisfy the
balance between reactor cost and losses. However, for double tuned damped filters, the choice
of reactor Q factor at harmonic frequencies requires careful optimization to minimize the effects
of circulating harmonic currents within the filter itself. Increasing the Q factor may in certain
circumstances increase the harmonic losses in the reactors.
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The reactor Q factor at harmonic frequencies is generally defined with a certain range of
tolerance around a nominal value. For the calculation of losses the minimum Q (i.e. the highest
resistance) rather than the nominal value should be used.

The power losses in the reactor can be determined by:

n=N 2
1™ x X
Pl — E In In (27)
n=1 On

P, s the filter reactor loss;

is the harmonic number;

y is the maximum harmonic order (typically 50);

is the calculated current in the reactor at harmonic order z;
is the reactor reactance at harmonic order #;

0, is [he reactor Q factor at harmonic order n.

12.3.2| Filter resistor losses

In detgermining the overall filter configu at|on t i il r choice
betwegn tuned and damped type filtefs : , ' filter in
terms ¢f minimizing filter resistor lossesx\In this context, considerati N given
to the feduction in resistor loss that canbe : i e filters
rather than second order type againstla g . i i ill also
have bgen given to whethe : i 0 i ided with
an extgrnal resistor to achievethé i i y.
In detefmining the cho ce betwe i types of damped filter, it should be remembered
that especially f \ i r bank
itself i not direc qulation
requireld can be a sig
The power losses
n=N 2

B= Y I xR, (28)
where
P, s the filter resistor loss;
n is the harmonic number;
N is the maximum harmonic order (typically 50);
R, s the resistance in ohms at harmonic order »;
I, is the calculated current in the resistor at harmonic order n.

m

12.3.3 Shunt reactor losses

Shunt reactors may form part of an HVDC converter station to provide inductive compensation
for a.c. harmonic filters especially under light load conditions where a certain minimum number
of harmonic filters is required to satisfy harmonic performance requirements. The derivation of
their losses is similar to that in conventional transmission system applications. It should be
noted that in general their losses at harmonic frequencies are almost negligible in comparison
to those at fundamental frequency.
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12.4 Criteria for loss evaluation

Loss evaluation is often given a high profile by customers purchasing HVDC converter stations
in their tender analysis. The criteria for their assessment therefore needs to be consistent and
unambiguous and be clearly defined in the technical specification, which should not benefit or
disadvantage one bidder against another.

IEC 61803 provides a set of criteria for assessing a.c. filter losses and is often specified by
purchasers of HVDC converter stations/schemes. As such, it usefully provides a means of
assessing designs from a variety of potential bidders on an equal basis. However, there are
instances where the criteria specified in this standard do not always fully reflect operating
conditions occurring in practice, which may give rise to losses of a different magnitude. These
particu[ar instances are discussed later.

The vafious aspects that need to be considered when assessing lossesiare:

a) [fundamental frequency a.c. filter busbar voltage,
b) [fundamental frequency and ambient temperature,
c) |a.c. system harmonic impedance,

d) |harmonic currents generated by the converter,

e) |pre-existing harmonic distortion,

f) [anticipated load profile of the converter station:

Each of the above items is discussed i
a) fundamental frequency a.c. filter busb

Since the choice of a.c. fi
favor gne design of a.g,
nomingl a.c. filter busba

b) fmdament@

Initially] it might
voltagqg, loss
frequency.

jeneral
ned for

system
mental

Whilst [this prising
the copverte ioh pice of
fundanental<frequency and ambient temperature variation may be a sensitive issue. Degending
on the(typé of filter~drrangement, the filter harmonic losses under the extremes of freguency
variatigns{fand of ambient temperature where appropriate) can vary significantly from those
calculatedusing nominat frequency and a nominal temperature. T his 15 especiaily sighificant
for arrangements which comprise single or double frequency tuned filter branches. For damped
filters the effects of such variations is however negligible.

Therefore, in order to provide the customer with a fuller knowledge of the losses possible from
each filter design, it is suggested that loss assessment for a.c. harmonic filters should be
determined at the extremes of fundamental frequency and ambient temperatures as specified
for harmonic performance calculations.

This should be in addition to the calculation method using nominal frequency and an ambient
temperature of 20 °C (IEC 61803), which is of use in comparison of losses for the overall
converter station.

c) a.c. system harmonic impedance
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The choice of an appropriate system harmonic impedance for the calculation of losses is also a
sensitive issue. HVDC project specifications have tended to indicate (and IEC 61803
recommends) that for loss assessment the a.c. system should be assumed to be open circuited
"so that all the converter harmonic currents are considered to flow into the a.c. filters".

However, this criterion neglects the fact that resonance between the a.c. filters and the supply
system harmonic impedance can occur leading to magnification of the harmonic currents
generated by the converters (and any other sources).

A choice of system harmonic impedance more representative of conditions actually occurring in
practice, is to use the impedance employed for the determination of filter performance. (The
alternative use of the system harmonic impedance employed for filter rating conditions may be
too pegsimistic for loss assessment.)

As with item b) above, this calculation could be done instead of, or in.addition toxthe calgulation

with oplen circuited a.c. system.

d) Rarmonic currents generated by the converter

IEEE 1158, subclause 4.3.1 and several HVDC project—s 3 c hat the
determjination of a.c. filter losses should be based only on th sti ic currents
generated by the converter and imply that non-characteristi iCsS.S tted.

grmonic
isfy the

However, for several HVDC schemes
filtering specifically to attenuate resid :

performance criteria. In such cases, pected
losses, ccount,
as the on the
approa to, an
assess

currents for loss assessment, values caltulated
i.e. those based typically on nominal values of

In resp
for 'pe

If non-g 0 be considered, then values for reactance imbglances

betwee comprising a 12 pulse group, imbalances between individual
conver s, and imbalances in delay angle between valve groups in a 12
pulse pa \ ithi pulse valve group, should be based on 'expected’ levels rathgr than
'guarar [s;-subject’to the agreement of the customer.

The effects jof negative phase sequence voltages on losses in converter plant i$ often
overlogkéd,in the assessment of losses. Such voltages present at the converter station a.c.
supply Lsystem—resultin—pesitive—sequenrce—third—harmenic—eurrents—beirg—produced—by each
converter and therefore influence the losses in any associated low-order harmonic filters.
These losses can be substantial, and the customer is advised to obtain a realistic knowledge of
their likely level. For such a loss calculation, the level of negative phase sequence voltage
used should be that defined for the assessment of harmonic performance.

e) pre-existing harmonic distortion

Whether the effects of pre-existing harmonic distortion should be included in the loss
assessment or not largely depends on the requirements of the performance specification. If in
the assessment of performance the effects of pre-existing harmonic distortion are to be
neglected (see also 8.1.6) then it is also appropriate to neglect them in loss assessment. On
the other hand, where the performance requirements state that pre-existing harmonic distortion
should be included, losses should also be based on their consideration.
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Where the converter station includes power electronic reactive compensation, e.g. an SVC, as
part of the total package, such plant may itself be a source of harmonic current generation and
to comply with the performance criteria may require associated harmonic filters. Nonetheless a
certain level of its harmonic current will flow into the harmonic filters associated directly with
the converters and such levels should also be taken into account in their total loss assessment.

f) anticipated load profile of the converter station

The evaluation of the economic cost of losses from the a.c. filters will be heavily dependent on
the expected load profile for the converter station, which also takes into account the amount of
time that each converter operates in rectifier and inverter mode (for bi-directional schemes)
and operation under 'ready’ (or ‘standby’) mode conditions

(‘Ready mode’ is defined as the condition when all the equipment necéssary forioperation of
the link is live and transmission may be established by deblocking tt : is a

termed| ‘standby mode’. Load losses are those corresponding to the at any
particular operating condition above ready mode, up to and including

For ceftain applications, it may be a requirement that in nber of
filters ghould be connected even though the thyristor va f filters
connedted for such conditions would be that whig mance

requirgments for the minimum feasible d.c. load condition a i power
balance requirement.

For eaph load condition assessed, th of a.g)filters in/service should be consistent
with the performance and reactive power-balance.reguirements’and the total losses should be
determ gy angle etc.).

The lo >ns may then be weighted with quitable
factors g“profile to determine the total eqyivalent
losses. ing on the approach adopted by the customer

for evs at\fundamental and harmonic frequencies may be

13 Deésign iss

13.1

This cl issues
and so plications, always with reference to conventional passive a.c/| filters.

Newer fechnoloyi example active filtering, are described in Clause 20.

Experignce” from numerous HVDC schemes is condensed in the following. The spbjects
discussed include topics which have arisen in a number of projects, as well as some more
unusual applications.

Some of these topics may have an impact on the wording of the customer’s technical
specification, but most are included in order to assist the customer during the bid evaluation
stage and subsequent discussions with the bidders and later the contractor.

13.2 Performance aspects
13.2.1 Low order harmonic filtering and resonance conditions with a.c. system
The mechanism of generating non-characteristic low-order harmonics is well known and

described in Clauses 5 and 6 of this document. The particular influence of negative sequence
voltage on the generation of 3rd harmonic is treated in 5.4.6.
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Harmonic a.c. filters tuned for the characteristic 12-pulse harmonics behave as a capacitive
impedance at lower frequencies. By nature the a.c. system harmonic impedance, which is in
parallel with the filter impedance, creates parallel resonance phenomena at converter busbars.
In some HVDC schemes therefore low-order harmonic filters have been installed to damp such
resonance [42, 43] and to limit the distortion generated by some non-characteristic harmonics
from the converters.

From experience, such types of filters are extremely expensive and due to the normally low
MVAr rating of the filter capacitors (which themselves are expensive) and the low tuning
frequency of the circuits, the filter reactors need to be designed with unusually high inductance
values and fundamental frequency ratings. Additionally, the losses, if damping resistors are
provided, are relatively high.

the a.d. system. In some schemes this surplus has been comp ) ith-additiopdl shunt
reactons, while some other schemes operate the converters w i
higher reactive power consumption.

The ag¢curate modeling of the harmonic a.c. system” impe i d third
harmonic is important in order not to overdesign s i g below
the 11th order, a detailed and accurate repre re that
C ng the
plannirlg stage, some flexibility and allowance<or ri i p study
this phenomenon during project exe iti S own
respongibility at a later stage of the p special
featurels could be used as a solution for | gnics problems instead of expensive
harmonic filters [44].

It is al$o vital to modehacc ate onic inferaction between a.c. and d.c. sideg of the

converfer, and the inflyene ol system, when determining the need for, or
the depign of, su i S . lgnoring these factors can rgsult in
compldtely misle [ ibly the unnecessary specification for a lo-order
filter to| be installed.

ters (3rd harmonic, or 3/5th for example), is that they are
loaded the converter, but also from other harmonic sources in the a.c.
system|. Q are’ not the responsibility of or under the control of the cugtomer,
may nd Filtered caIIy and thelr magnitude is not known They may also have come|on line

) urrents
rk. It is
v-order
rloads.
ating is

A majo

needed to ensure security, and the filters can become very expensive.

It is therefore advisable to expend considerable efforts, if necessary, in studying low-order
harmonic problems using accurate modeling, in order to try to avoid the necessity of installing
low-order filters. The customer should be aware of the issues and be prepared to discuss with
bidders any aspects of the technical specification, for example the prescribed a.c. system
impedance envelope, level of specified negative sequence voltage or individual harmonics
voltage limits, which may force the contractor to include low-order filter branches in the design.

13.2.2 Definition of IT, THFF and TIF factors to include harmonics up to 5 kHz

In most technical specifications, the maximum harmonic order to be considered for a.c. filter
performance is the 50th. However, a few specifications have extended the range to be
considered up to the 83rd harmonic at 60 Hz, i.e. 5 kHz. The impact on the filter design and
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costs when considering harmonics higher than the order of 50 can be significant, and careful
consideration should be given by the customer before making such a requirement.

Standard communication on analogue telephone lines should not be significantly affected in
this upper frequency band between the 50th harmonic and 5 kHz by the level of harmonics
actually generated by the HVDC converters. However, if the a.c. filter design does not include
high-pass damped filters, then potential resonance conditions between tuned a.c. filters and
the a.c. system could be created. These would need to be studied in order to avoid excessive
interference in the nearby communication systems. To obtain realistic results of such studies,
proper modeling of frequency dependence for the major components such as lines,
transformers and loads is of great importance. However, the frequency dependence is largely
unknown in this upper frequency range and so such detailed studies are generally not feasible.

If hightpass damped filters are used in the converter stations, the
injected into the a.c. system will be negligible. However, the use @
enough and with sufficient damping to satisfy stringent performanc teri i tended
frequemcy range may increase the filter costs and losses significa

The cystomer is therefore faced with a dilemma - if the technica ificati imits the
performance requirements to the 50th harmonic, then the ay find that thg most
competitive filter design is one using double-tuned filte - ic harmonigs, with
an indyctive impedance at frequencies above the 50 &S Ifill the
specifigd requirements, but could create a res e Wi d.c. system at|higher
frequencies, amplifying harmonics whichhwould i

If howgver the customer extends the frequenc ¥ 83rd order at 60 Hz (of 100th
order gt 50 Hz), and if the levels of specified TIF \ those typically used for schemfes with
a maximum harmonic order of 50, the ighly damped filters may be needed,
at a copsiderable extra cost

The c( ecified
frequency range for a.c. filte 3 . i rnative
approa :

addition

ily also
pve the

quirements up to the 83rd order, but increase the mgximum
or IT accordingly, in order to avoid an unnecessarily expensiye filter

13.2.3 | Triple-tuned filter circuits

DoubleHtaned-filter—eireuitshave been—established-inthe pastasastandard-designferpassive

a.c. filters, as the savings in the high voltage capacitor banks and a.c. switchgear justify a filter
design with more than one tuning frequency. In certain circumstances, further optimization may
be possible if more than two tuning frequencies can be achieved. In tenders for recent projects,
manufacturers have identified a cost saving advantage if triple-tuned filters could be provided
(see also 7.4.3).

In the past, the introduction of triple-tuned a.c. filters has been resisted, mainly on the grounds
that on site-tuning would be difficult. However, the use of modern instruments eliminates any
serious difficulties. Tuning is still more complicated than for single- or double-tuned filters, but
is quite feasible. Moreover, if the filter is designed so that sharp tuning is only required at one
of the frequencies, with broad-band damped characteristics at the other two frequencies, then
sufficiently accurate tuning can be readily achieved.

A triple-tuned filter will generally be attractive if the alternative design requires small filter bank
sizes at an extremely high a.c. system voltage. In order to achieve an economical design of HV
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or, it is then desirable to filter several major converter harmonics within one filter bank.

If necessary, high pass characteristics can be implemented with additional damping resistors.

The following requirements can also lead to a triple-tuned filter being considered as a solution:

operational requirements for reactive power control within narrow limits,

combination of stringent THFF or TIF voltage distortion combined simultaneously with
low IT product limits,

minimizing filter reactive power installation close to generators,
low order filtering combined with a 12th/24th filter,

Possib
site tur

The cd
seriouq

solution.

13.2.4

Some

saving In a.c. switchgear and space,

lower reactive power of a 3/12/24th filter at light load conditio
12/24th circuit, thus reducing need for shunt reactors,

higher redundancy for all type of filters used.

ing, are:

sensitivity of the tuning to blown capacitor fuses

bnomic

HVDC schemes approximately 200 MW to 300 MW have been

arrang

d with harmonic “a.
transfofmers, fo

cted to a tertiary winding of the converter
i and Vybourg HVDC converter stations.

Savingp can be expe in the)space dnd investment costs of the filter circuits, including the
a.c. fil [ elimitations on economic minimum capacitor bank ratjng are
reduce connection voltage. In addition, identical voltage and MVAr
design|of the or both rectifier and inverter side can save costs in provjding a
minimized number.of Spare items for the converter station. Further, with this solution the filter

ctedyin the line side of the tertiary filter. Then, the filter main cgpacitor

can be¢ madei imple three-phase arrangement, simplifying the a.c. filter pragtection

compafed toaconventional HV filter design.

Consideration _should be given to filter outages. Any spare or redundant filtering has to be

provided on a per-transformer rather than a per-station basis, and this can significantly reduce
any cost advantage.

With this solution, the series connected transformer impedance between the filter and the HV

system

side reduces the contribution of the higher order harmonics and this can simplify the

filter arrangement (high pass filters only being needed for higher frequencies). If shunt reactors
are required, the tertiary busbar connection (typical voltage range between 30 kV and 60 kV),

allows

air core type reactors to be provided, which are probably more economical compared to

oil immersed type HV shunt reactors.

The transformer costs compared to a conventional scheme will slightly increase and the
savings in the filter areas have to be compared against this, to determine the optimum solution.

The fol

lowing aspects relating to the converter transformer should also be taken into account:
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the additional tertiary winding has to be designed for the short circuit duty and has a

relatively low leakage impedance from tertiary to the HV bus winding;

the transformer reliability will be lower;

the four winding converter transformer is not a standardized item of equipment and for
system studies a detailed transformer model needs to be developed by the contractor to

prove all the assumptions and ratings;

the converter transformer impedance selection has to reflect the requirement to limit the
short circuit currents to acceptable limits; but on the other hand, the choice of the
transformer impedances has an impact on the overall harmonic performance of the a.c.
filters and needs to be chosen in such a way that resonances between the filter circuits

and the a.c. system are damped out to a minimum;

13.3
13.3.1

Double
resona
ratings
separa
mainly
compo
dampin

and vo
betwee
econor

If in sp
within
reactor

An iterative design proced i ired, si
tage ratings in the\paralle nce eircuit e

the voltage profile at the tertiary filter busbars has to be considered(whencalcula
reactive power compensation, and in general a larger reactiv, i
required than if filters were installed on the high voltage bus.

Rating aspects

hce points between the tuned frequencies.
of these circuits, the damping at harmonicfre
fe damping resistor is included in the ci

n the system
nic component

13.3.2 rallel circuits in multiple tuned filters

For dodi d: triple-tuned filters, experience has shown that the transient ratings of the
compopents. of “the low~voltage tuning circuits are of major importance in the filter design.
Therefopre, recommended to include representative oscillograms for the worg
transiept voltage stresSes in the relevant component specifications.

In sonTe—ctases with—extreme tow damping i _the circuit, vottage oscittations ave to be

considered for the decisive voltage - time curve for the capacitor voltage ratings e.g. NEMA
characteristics. The transient voltages across capacitors is used to design for the dielectric

stresses inside the capacitor units.

For low order harmonic filters, extreme magnitudes of transient low order harmonic currents
and voltages can occur due to the harmonic current injection caused by transformer saturation
. For such filter components, the transient ratings in terms of currents, voltages and
dissipations may be the decisive cases. It is the responsibility of the contractor to define
these ratings and to prove that the filter design is adequate. The worst case for the different
components has to be selected out of various study cases varying fault initiation, fault duration

effects
energy

and fault clearing scenarios for different loading and a.c. system conditions.

voltage
nless a

\ ng L-C
nents with high harmonic current rating ) esistive

current

ecial case uality factorsof the réactors has to be reduced beyond what is ppssible
he reactor its a ! >fies damping resistor can be connected to th
coil or to tf i
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13.3.3 Overload protection of high-pass harmonic filter resistors

If resistors are provided in high-pass filters, different cases of overload conditions can stress
the resistors during emergency situations. Such cases need to be checked against the
protective scheme and the short-time overload ratings of the resistors. Typical examples are:

e mismatch of filter configuration versus load,

internal faults or interruptions in the filter circuit,
e converter maloperation,

e frequency deviation during emergency system conditions,

° ETHL TRT N -~ V-V_. I 17-V_X 17_ af thao o tom d ] - H
rtHtfre—meatHeaton—ot o T Oy ot IIII'JU\.IUIIU\J, oty

resonance.

a-e—psystem

In some HVDC schemes, the resistors are not directly protecte current
transformer. Some manufacturers’ protective schemes include t ate the
resistof stresses from other values measured within the filter cipcui tective
relaying scheme. However, if required, it is also possible to\ provide iti esistor

currenf transformer and the related protection functions. cludg in the

specifi¢ation the requirement for specific resistor protectio opose,
as an [alternative, another solution in accordance wij i design
philosg

13.3.4| Back-to-back switching of fi

Back-t¢-back switching refers to switching one ) paci b which
one or [more other bank(s) are connected: igh i frent in
the filtgr or capacitor bank being switched i

If tuned filters are used, If one
or more shunt capacito provide
additio pacitor banks to damp the discharge between
the ind 3ign aspects refer to 18.7.

Anothe iti s 1 could/be achieved, if the current limiting reactors are chgsen so
that th a ; anks are tuned to some higher order characteristic harmopics or
alternati 3 ilters are installed - to a frequency slightly lower than the
35th. B sonances between the filters and the shunt capacitor will avoid

all cha isti e_harmonics higher than the 25th and will be able to be shifted [fto non-
critical i

13.3.5 i erload - reasonable specification of requirements

This sybgclause discusses how far inherent short time overloading of the filters due to jsystem
emergencies—shoutd-bereasonably-specified—Short-timeovertoadfor-fitercomponents-can be
caused by one or more of the following system emergency conditions:

e short time overvoltages in the a.c. system,
e short time a.c. system frequency deviations,

e short time overload of the HVYDC converters.

All combinations of frequency excursions, detuning of filter components and a.c. bus voltage
levels need to be studied to determine the worst case loading conditions.

As an example, typical short time durations to be considered can be classified as:

Normal system conditions: 10 min-2h duration
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Disturbed system conditions: 1 min - 10 min duration
Emergency system conditions: 1s-60s duration

Also, when designing filter components for all these requirements with respect to lifetime and
risk, a reasonable duty cycle should be clearly defined. These definitions should also reflect the
initial and follow-up system conditions for the system duty cycles.

Evidently, it would be desirable that the decisive rating of filter components should not be
determined by abnormal situations of short-time duration. Often, filter components properly
rated for steady-state conditions will also withstand short-time conditions. However, these
conditipns must be calculated and the short-time capability of the filter components chedked.

In the pvent that the short-time condition proves to be decisive, the Ct omtractor
togethgr should consider whether it is economically reasonable t¢ speci i for the
short-time condition in question, or whether in such a possibly unlik t i buld be
allowed to trip. The probability of the combination of short-t Ximum
detunirlg conditions should also be questioned.

The efflect of short time loading on the various filter co
a) Hilter capacitors

Short 1me fundamental frequency overyoltage - isive ind of the
capacifors. Due to their worst case harmonic veltageloadi apacitors include some ipherent
overvoltage capabilities as long as b
overvo|tage do not occur at the same
the short time system over

The shlort time system\frequen
fundanjental fre
filter detuned to thée mi L \

and the worst case
voltage

rt time
ings and
flected

gximum
ith the
r units
highest

The vo ght at| g of the filter capacitors has to be checked against the short time
overlog ¢ iof DC converters. However, normally, for converter oyerload
conditipn : apacitors are energized, and so the loading per filter is usudlly less
onerouls than-during the~emergency cases assuming outages of filter branches, occufring at
partial Joading-eonditions, which tend to determine the filter ratings.

b) Hilter reactors

The current stresses are of greatest interest for the filter reactors. The specified steady state
ratings need to be checked against the short time overload stresses.

c) Filter resistors

Filter resistors are the components most sensitive to overload, due to the loss dissipation. The
overload stresses depend on all the impacts discussed above. In some recent projects studies
showed that the rating of the resistors is the critical point when considering short time
overloads.

Detailed calculations are necessary to determine the worst case short time overload of the filter
resistors.
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13.3.6 Low voltage filter capacitors without fuses

For double- and triple-tuned filter arrangements, the low voltage capacitors are generally not
stressed by fundamental frequency current and voltage. Therefore, the fuses of these
capacitors need to be designed for the harmonic current stresses, which vary depending on the
loading conditions of the converters and on the actual number and type of the a.c. filters in
service. From these varying loading conditions the fuse operating currents have to be co-
ordinated with the maximum worst case current loading conditions of the capacitor units.

For operating currents lower than the rated values, the fuses will not be able to clear failed
capacitor units due to the missing dominating fundamental frequency component in the current.
Therefore in some HVDC projects, low-voltage filter capacitors without fuses have been used
for pafallel tuning circuits. In_some cases, these have been designe
harmonic current ratings (due to detuning and outages of filter banks).
filters, [11th and 13th harmonic current ratings up to approximately 1 0
compopents of double tuned filters have been required.

voltage

13.4 Filters for special purposes
13.4.1| Harmonic filters for damping transient overvolta

In some HVDC projects harmonic filters of a low-ord ed fonboth steady state and
transiept filtering. Transient filter to limit temporary ¢ station

busbar rs after
a.c. bu bw, the
overvo

During sed by
the inj edance

e filters
nd to damp the saturation overvoltages for
s can be initiated e.g. filter tripping, SVC
state load rejection voltage to between 1,1 p.u.

resona
need tq
the firdt time peaks befc

operatipn, etc. It is_ de
and 1,2 p.u. co

As an |example, fo hateauguay HVDC converter station, two filter| banks
(2x135 MVAr 2" > i filters) have been installed. Special design studigs were
executed for ion he amount of energy to be dissipated in filter resistors and filter
arresters.

13.4.2 S e : or low order harmonics / transient overvoltages

requirgments. These two requirements are filtering of harmonics in the steady state range, and
transiept\filtering of non-characteristic harmonics during fault recovery conditions in drder to
damp/limit transient and/or temporary overvoltages. The non-linear characteristics of this filter
are created by connecting non-linear metal-oxide arresters in series with other filter tuning
devices.

Non-li;]:zar filters be required to be designed for two different filtering perfofmance

As an alternative approach to that discussed in 13.4.1, a special filter was designed and
successfully commissioned in Austria for the Dirnrohr and Vienna South-East HVDC converter
station. For one particular a.c. system configuration, various studies were carried out to detect
the worst case scenario for temporary and transient overvoltages. The damping in the a.c.
system was relatively low, and therefore low order harmonic overvoltages, superimposed on
the fundamental frequency overvoltages, were caused by transformer saturation phenomena
and amplified by the low damping of the a.c. system during low short-circuit ratio (SCR)
operating conditions of the a.c. system. These overvoltages occurred almost undamped and
the a.c. breakers seemed to be insufficient to clear against these fault overvoltages. Studies
recommended the installation of a SVC combined with low order harmonic filters, to limit the
transient and temporary overvoltages including transformer saturation phenomena.
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The decision for the Vienna South-East and Dirnrohr stations was to install a non-linear filter
for the 2" and 3™ harmonic with the filter arrangement as shown in Figure 31. This filter
arrangement has practically no losses at fundamental frequency and inserts its filtering
capability from a certain trigger level (determined by the arrester arrangement). A group of
parallel connected arresters inside the filter configuration controls the steady state and
transient impedance of the filter. The arresters have been designed for the worst case energy
dissipation during fault conditions.

—1—

1.

L4 m A1(R1)
P
Ry - G4 Ly

Figure 31 — Non-linear low ox i ient ast HVDC station

13.4.3| Series filters for HVDC conve

Existing experience in a.c. ost entirely on the use of shynt type
filters. Some detailed inve 3 out in the use of a mixed configuration
of serigs and shunt filte ibu and ong.actual 3 pplication, in the Uruguaiana back-{o-back
station|in Brazil, has gi erati i
A serigs filter is @i igns and
is buiIt with an induc nected

' bnance

an also
Ji/or for
igtic can

source
a shunt

kl and/or
shunt filter. Therefore the appllcatlon of a series filter should be done in a mlxed configuration
of series and shunt filters (Figure 34).

Depending on the specific requirements of the project and on an economic evaluation, one
single series filter for the whole converter station, installed between the shunt filter bus and the
a.c. line bus, or one filter for each line connected to the a.c. converter station can be used. For
the solution with a single filter for the whole station, the series filter should be formed by
several identical branches in parallel, due to reliability considerations.
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Figure 32 — Single-tuned series filter and impedan lo

Line trap A
VL V4 i\

,_| W AN 4

¢t L1 R

1
>—| W—/\l N\

Y AANA
Cn Ln Rp

g

IEC 1965/09

Figure r and impedance plot

Advantpges of series fi

o [fewer cap A 2 iltetr reactor size than for shunt filters,

e |no need for ci G s-and associated switchgear, but only parallel disgonnect
switchés (a i hese can remove a faulted parallel branch on-load or |f a no-
redundanc . acceptable),

e |minim ion equipment.
Disadvpantages.of series filter circuits are:

e [the’main reactor has to carry the fundamental frequency line current,

e capacitor/overvoltage protection against short-circuit faults is expensive,
e no reactive power support comparable with conventional shunt filters,

e if high pass resistors are provided, the resistor losses are relatively high,
e components need to be designed with a high short circuit capability,

e protective devices must be rated for full a.c. bus voltage,

e may introduce fundamental frequency or sub-harmonic resonance and stability
problems,

e relatively complicated protection schemes.
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There and/or
conver d filter
configy buld be
examin

ance is combined with requirements for|limited
a.c. system, giving conditions which are hard to

greater than 1 000 W-m) the coupling betweer power
is high and potential interference problems may |dictate
edrrents in the a.c. system, thus favoring the use of mixed

ich” the connected a.c. system includes important shunt cgpacitor
g nderground cables, these capacitors produce low impedance noges for
high order> harmoriics, draining the major part of the harmonic currents into the a.c.

resulting |nte ference level.

The nhlllfy of series filters to limit the harmonic current nni‘nring the ac Sy tem to

desired values, independently of the equivalent harmonic impedance of the a.c. system
viewed from the converter station, may represent an important consideration. This is
particularly so in view of the usual difficulty in obtaining realistic equivalents, particularly
for the future expansion of the a.c. system.

In those applications in which the steady state voltage control during light load and/or
the control of the overvoltage during converter blocking impose limitation on the shunt
filter size and/or require the use of shunt reactor, the mixed filter configuration
represents an attractive and economical solution, because for the same filtering
performance this configuration reduces considerably the size of the shunt bank to be
installed.

In cases requiring essentially only the control of the harmonic currents fed into the a.c.
system, the mixed solution should be examined because the shunt part of the scheme
could be limited to a simple capacitor, determined by the station reactive requirements,
and the series part would be a single reactor.
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In the investigations made for the Itaipu scheme, studies of the use of a mixed filter were done
as one possible solution to improve the interference performance in the a.c. system connected
to the inverter station of the Itaipu HVDC system, with very good results as compared with
other solutions investigated. In this case, the major problem to be mitigated was the effect of
the very high soil resistivity (3 600 W-m) and the very high capacitance in the a.c. system
(cables and large 345 kV shunt capacitor banks).

The mixed filter in the Uruguaiana back-to-back was installed in view of the requirement for
voltage and overvoltage control and the harmonic performance specified. With a shunt filter
scheme, the reactive power to be installed would be 72 % (Base Pyy = 50 MW) to comply with
the harmonic performance requirements, but would make the steady state voltage and
overvoltage control impossible. With the mixed filter, the shunt filter in the 50 Hz side could
have bgen only 24 % in order to have the same harmonic performance, but to be indreased
to 48 % due to the station reactive requirements.

In studjes to be carried out to decide on the use of the mixed filter 4 llowing
effects|of this filtering on the converter station design and perform hed:

e |there will be a reduction in the short-circuit ratio (SCR ¢ ed by a
decrease in the converter transformer reactance, i uces a
certain increase in the harmonic current generatedt

e [in case of error in the adjustment of the impedance series and shumt parts

of the mixed scheme, there is the p033|b" e harmonic voltage at

the point of connection to the a.¢!
e |the mixed scheme may affect the ibili the converter station, rgquiring

The prpcedure to define the mixed filter ' g its ratings, is not much djfferent
from thie conventional method y

13.4.4| Re-tunable a.c.\fi
In spegial circu S § e-tuning of a.c. filters to act at different frequencies
may bg an option,as j c QWi .

For th , re-tunable a.c. filters havg been
used a i s i ubstations. For both stations, this has been done as a|retrofit
action [to solve problems that jarose after the installation of the original filters hag been
complgted.

At Radjsson, thi ution” has been used to avoid interaction between a.c. side fifth hgrmonic
and d|c. si ixth ~harmonic for certain system conditions and in the presepce of
geomapnetically-induced currents (GIC). When the a.c. side fifth harmonic becomes greater
than a|predetermined value, the 36th/48th harmonic a.c. filter is re-tuned to the 5th hgrmonic
(Figure 35) by opening the switch S1. The switch is closed by the operator when the conditions
have returned to normal.

At Nicolet, the problem was due to a system resonance around the 3rd and the 5th harmonic.
The 24th and 36th single-tuned filters were modified to permit retuning to the 5th and the 3rd
harmonic respectively.
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13.5 Impact of new HVDC station in‘the v

An incr
in the

the im
additio
as pos
the exi

station

\‘I
[

5ible, to design |t
5ting stations.

imits should be specified with due consideration
erter stations. In doing so, [41] and [44] can be used;

current limits, if applicable, should be such that the total e
rceed the permitted limits;

ocated

well as
as far
ters of

nverter

to the

ffective

hust be

theva.c. system harmonic impedance to be used in the design calculations should be

defined with due consideration of the existing station and its filters.

The rating aspects to be considered are as follows:

additional harmonics coming from the existing stations should be taken into account.

Normally, these together with a.c. system harmonics are considered in terms of
percentage increase of the harmonics of the station under design;

certain

increase in rating due to outage of similar frequency filters at the existing stations;

increase in rating due to possible resonance between the filters of the existing and the

new stations.

The technical specification should include, or otherwise make available, full details of the
design of the a.c. filters in the existing converter station, including sufficient information for all
the above-listed aspects to be considered in the design of the new filters. In contractual terms,
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the technical specification must be very clear on the boundaries of responsibility of the
customer and the contractor in relation to the a.c. filters at the two stations.

13.6 Redundancy issues and spares
13.6.1 Redundancy of filters — Savings in ratings and losses

Field experience with a.c. filters in HVDC stations has in general shown a very high level of
reliability, and constant improvements in filter component design are tending to increase this
reliability still further. There is therefore a tendency to reduce costs by eliminating the
requirement for redundant filters, particularly in relatively low-power HVDC schemes.

Howe\;fr, redundancies in filter circuits can provide a number of advantages;.even wmen the

investment costs for such a redundant system are a little higher com n_otherwise
optimized filter arrangement. Apart from improving the reliability / avg S_converter
station| the use of redundancy can reduce the filter losses and/comg ati in the

If a shiint capacitor is in any case needed for reactive power ' ma vhile to
converf this into an additional filter branch, to provide added )

These [concepts can be illustrated by an example b
unity ppwer factor is required at rated Ioad two ye
double|tuned high pass filters, are po . Be
are compared.

ing that
ch use
lutions

a) S
In this case, two almosgt ic i ilters are assumed to provide adequate
charac ormance_and reac'e power control. A common practi¢e is to
start a S one filter, then the second circuit|will be
energiz % of rated load. Typical harmonic perfofmance
require 4 7 To fulfill unity, power factor requirements up to
rated Iq mple apacitor bank is required additionally.
The ad

[ ]

[ ]
The dis

e [|higher ratings”of filter components if the filter has to be designed for all loadings| during
outage of any filter branch (one out of two in the whole operating range). Thi§ has a
great impact on the harmonic current ratings and rated power of high pass damping
resistors;

e the filter performance in the upper loading range of the converters is worse compared to
solution b). Also the operational losses can be expected to be higher.

b) Solution with three identical double tuned filters
This solution uses three identical double tuned filters with no shunt capacitor.

The advantages of this solution are as follows:

e higher availability and better harmonic performance (2 out of 3) in case of forced outage
of a filter branch. In this case, both harmonic performance and component stresses in
the remaining circuits are lower compared to solution a);
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e component ratings of filter reactors, capacitors and resistors are significantly lower
compared to the components for solution a). Therefore, most of the filter components
are less expensive. This applies especially for filter damping resistors.

Operational losses are significantly lower, since mostly the harmonic losses are the
determining factor of the filter losses.

The disadvantage is:

e the increased number of LV filter components in the circuit leads to a more complex
circuit arrangement and to enlarged space requirements.

It is aly heaper
solution of the
operatl ment.
13.6.2
Compg ending
on the pacitor
elemer r, true
redundancy inside the filter is not possible, because g reases
the voltage stress on all other capacitor elements an
The voltage stress during normal op educed
and opfimized with two measures:

[ ]

o pility of

capacitor element/{nit breg

In addition, the smaller the i iV i i [ in tase of
a blowp fuse. On ) s there
are to blow. Thu
The lay ofm of a bridge does not increase the voltage withstand
or redd is only for capacitor unbalance protection basgd on a
sensiti
An imp esignui e\is how many fuses can blow (it makes no difference whether they
are in i i el connection) before maintenance and capacitor unit chgnge is
require i

e |capacitor voltage stress, or

L] lIter detuning peyona speciiied tolerance.

Normally, the number of failed capacitor elements for permitted filter detuning is much less
than the allowed number for voltage stress.

13.6.3 Spare parts

The optimum number of filter component spare parts is mainly dependent on redundancy
requirements. In the case of no filter redundancy being provided, as for example in some
Scandinavian schemes, it is desirable that all types of filter components should be on stock in
the converter station, or adjacent to it. To reduce down time following failures, it is
recommended to have some filter components stored mounted in complete sets, e.g. filter
resistors.

In cases where filter redundancy is required (1 out of 2 or 2 out of 3), the spare part solution
may differ depending on the type of redundancy required with respect to filter performance or


https://iecnorm.com/api/?name=b2cf1404a7e5db676d21a9dece5ef5c7

- 118 - TR 62001 © IEC:2009(E)

rating. If redundancy is related only to rating purposes, it is recommended to follow the
recommendation for the non-redundant cases as described above. However, if the redundancy
requirement also covers filter performance, complete sets of spares may not be required. For
instance only one spare of each type, e.g. one insulator, one resistor element per type, etc.
needs to be stored instead of a complete resistor, including structures and insulators.

One spare of each type of filter reactor needs to be stored. For filter capacitors, a minimum
number of capacitor cans of each type must be provided. For this reason, it is desirable where
possible that the filter design uses identical capacitor units for each individual type of a.c. filter.

14 Protection

14.1 OQOverview

The type of filter protection to be installed depends to a significant £xt iguration
of the |different a.c. filter branches and on the contractor’s naorma eferred
protectjon techniques. It may also be affected by requirements on_gua n filter
performance. The detailed definition of a.c. filter protection i ison for the

contragtor to determine.

The tefhnical specification therefore is usually resificted to“gene parding
protectjon, redundancy requirements, interface definitions 9 omer specific refjuests.
In this [way, the interests of the custo : e ill leaving maximum scope
for the [contractor’s preferred solutions(

The customer must however, be well aware of erent techniques of a.c. filter protection,

and in|the bid evaluation stage be prepared to_ € that the bidder’s proposed sqlutions
meet the customer’s overa eqent The information given in this clause is
mainly jconcerned with gi ) thebackgro

technidal discussions with tf i

und information needed for this stage of
The IEC standafds
IEC 60p44-1 (199
IEC 60B71-1 (2005),

14.2 (Genera

protection of a.c. filters are the following:
7) [3], IEC 60044-5 (2004) [4], IEC 60549 (1976),
), IEC 60931-3(1996), IEC 60871-4(1996).

In gengra e . f protection equipment depends on technical requirements, the
size of|the filte apacitor bank and on the cost of the protected components. $pecific
decisigns m ‘

e |protection ctions which prevent damage to components (overload protection,
unbatance protection); and

e protection functions which Hmit damage to components (short circuit, earth fault
protection).

In each case the cost of protection must be carefully weighed against the cost of the high
voltage or power components that are being protected. On average, the value of the protection
equipment should not be higher than approximately 10 % of the value of the protected
components.

It is therefore not possible to specify the different types of protection units every filter or shunt
capacitor bank must have. The selection must be made in each case depending on voltage,
power, security standard and fault probability.

Particularly in the case of small and relatively low cost components, it must be considered
whether using a component with higher voltage (or power) design margin is less expensive
than a special protection unit with current or potential transformers. A good example of this
would be the low voltage filter capacitors in C-type filter arrangements.
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In certain specific cases of resonances in the power grid, it may be possible to generate an
early warning signal, so that a pre-defined change can be made either automatically or by
operator action in the filter and/or the a.c. system configuration.

The question of redundancy must also be decided in each case between the customer and the
contractor. A higher reliability normally has a higher cost. On the other hand, with no
redundancy, the consequences of failure of the complete system must be taken into
consideration. Factors to consider are:

e what is the normal standard elsewhere in the a.c. system?

e is redundant protection equipment justified for the rated power of the filter or capacitor
hank?

fsion is
rces of

A good compromise can be partial redundancy for only a few main fun
for fulll redundancy, the main and redundant systems should not A
actuatipg signals.

As an glternative to redundant protection functions, some functi ith back-
up profection functions. For example, differential protection is a ia circuit
protectjon while earth fault protection is a less sensitive~back N alance
protectjon.

The wark of the contractor should be to deliver a y i back-
i i i sirable
that main and back-up protection are

In each case, the customer should spe ifQin tandard to which the contractgr must
providg in terms of:

control,

The number of PTs™anhd CTs in the banks and sub-banks should be optimized together with the
PTs in|the busbar, according to the protection philosophy. Important aspects for the p|anning

and arrangementof mauctive PTsare:

e maximum time for filter discharge,

e requirements for auto-reclosing,
e circuit breaker layout.
Filters are normally arranged in a star connection with the star-point solidly earthed. In

networks with reactive earth fault compensation or isolated star-point, the protection must be
reconsidered.

In principle, the protections should be designed so that external transient disturbances do not
result in filter protection trip signals. Such disturbances include:

e a.c. system faults,
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transformer switching,
switching of parallel capacitor banks,
commutation failures in the HVYDC converters,

d.c. line faults.

The a.c. filter protection should be co-ordinated with the a.c. switchyard protection.

14.3 Bank and sub-bank overall protection

14.3.1 General

Such protections cover more than one filter component and can also onents
outsidg the filter, such as the conductors between the current transform hnd the
earth ¢onnection. They are also useful to detect earth faults and e filter
connedtions.

14.3.2 | Short circuit protection

Short gircuit protection is only effective between the incoming li sformer @and the
line side of the first components, depending on the it. The
short gircuit relay is normally a standard requirement juctors
betwegn the current transformer and filter. Deps nt, it is
sometimes necessary to delay the trip~signal b n filter
branches can be low in comparisoq wi current
protectjon, it is important that CTs are s it current
with fulll d.c. shift in the secondary circuit-

14.3.3| Overcurrent pro

This is| also generally @ sta ith the
short dircuit relay fun pacitor
banks,|since only“the , hot the
current, is the c ed with
overcufrent. This corin
the form of curre ral and
harmo:rcs is reuw portant
harmonics separat ction.
14.3.4

This kind of pfotection iS one of the most important functions, although an overall oyerload
protectjon can-on tect the weakest filter component with the shortest heating time cpnstant
that is [carrying the main filter current. Therefore, it must be determined in each case, Wwhether
an overallvoverload protection will be installed and/or if individual protection for reacters and

resistors will be installed separately. Normally the overall overload protection cannot protect a
damping resistor because the current through the damping resistor is not proportional to the

main filter current.

A damping resistor can only be protected by measuring individual

harmonics. In single tuned filters, the overall overload protection can be used for both reactor
and capacitor. The following remarks should be borne in mind:

the construction and function of an overload relay can vary from the simple up to the

highest complexity;

a fundamental prerequisite when deciding on the level of complexity, is the |

evel of

knowledge of the reactor thermal time constants over the frequency range of interest;

the ambient temperature assumed by the overload protection can be a design input with

a fixed setting of the maximum calculated ambient temperature or an

actual

temperature measurement. A temperature measurement must be checked continuously

for correct functioning and plausibility;
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e if sufficient knowledge of the reactor’s thermal characteristic is not available, a simpler
version of overload protection can be selected. This could be a true effective current
measurement or with an additional filter function to increase the sensitivity;

e for the ideal function, a true current rms measurement is not enough. The overload
protection must also take into account the frequency dependent thermal loss
characteristic of the reactor. The ohmic resistance of a reactor depends on the
frequency and so the evaluation of each harmonic current is different. In order to
implement an exact overload function, the more expensive digital type of equipment is
required.

14.3.5 Differential protection

This kipd of protection is normally used only as an overall protection. A differential protetion is
only efficient when it operates separately in each phase and is stabilized ag utside
failureg to avoid influences from higher frequencies. It is recommended urrents
be filtered with a fundamental frequency bandpass to eliminate or avoid i cgs. The
differenptial protection could otherwise operate in case of transformer\swi gl to the
inrush resonance between filter and transformer zero sequende in e_differential

currenf setting should be very low (20 % to 30 % of the mai

The differential protection detects phase to earth and detect

isolated failures, such as an arc-over of components j

Anothe
and loy
higher
phase

tion lay between high yoltage
e-curfrents must be filtered pgainst

, it is not possible to prpvide a

14.3.6

This fu i in e peint earthed network in the earthed filter star-point.

Earth or inverse time characteristic and uses the
current shases to earth. It is a reliable but slow Qack-up
functio sO a rough back-up for unbalance protecfion). It
detects hases much like a differential protection between
phases coming from outside the filter.

For thg hi i is required to avoid spurious tripping on external events| either
the tim ip si must be very high, or the sum of the phase currents must be
filtered| rental bandpass characteristic, generally by a second order filter. With both
types, i be delayed a few seconds (depending on the current setting).

14.3.7 | Overvoltage’and undervoltage protection
Equivatertte-the—overcurrentprotectionforreactors—the—overvoltage—protectionis—ene of the

most important types of capacitor protection. Usually the bus bar voltage is the source for
overvoltage protection, but the voltage from PTs in the feeder can also be used.

In the case of HVDC system operation, the valve control can usually reduce steady state
fundamental a.c. system overvoltages (not the harmonics). An immediate overvoltage trip of
the HVDC converters and filters during transient overvoltages, like load rejection or switch-off
due to overhead d.c. line failures, can increase the amplitude of the overvoltage. Any fast
overvoltage protection should generally have a time delay of 5 ms to 20 ms and then initiate a
sequential filter tripping sequence.

The need for overvoltage protection should be decided separately from case to case.

Surge arrester protection is covered in 18.5.
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The undervoltage protection is mostly a system control function and not a protection function.
This function can be also used as an interlock to avoid energizing a filter or shunt capacitor
that has not been completely discharged. With potential transformer-aided capacitor discharge,
re-energization is possible within 0,3 s up to 1 s, fast enough for auto-reclosing in the power
grid. In all other cases, where fast discharge cannot be guaranteed, the filter or shunt capacitor
switch-on-signal to the breaker must be interlocked to ensure complete capacitor discharge.

14.3.8 Special protection functions and harmonic measurements

Depending on different parameters, like the type of filter design, a.c. system conditions and
other special requirements, additional protection functions can be required. These can include
protection against excessive harmonic currents or voltages.

The ingtallation of a Fast Fourier Transform (FFT) analyzer (refer to Cl h be added

to enhance such protection.

14.3.9 (| Busbar- and breaker failure protection

Busban and breaker failure protection are not specific filter an ipns but

general substation protection requirements.

Filter protection (adjustable rated values, interface be co-
ordinated with any substation protection.

14.4 Protection of individual filter

14.4.1

The capacitor units represefnt_in fi i i ction of
capacifor units is one of the mo

Usually the capacitor bant entical
branchgs, each i ws the
installation of a in the
transvegrse connecti but the
unbala i pbe used with minor modifications (higher current gteps in

case 0 units with external fuses. Unbalance protection i not a
substit i ion, but it can help protect an unfused capacitor arranggment.
The dgsig t transformer to be used in an unbalance protection must be done very
careful 9 e hand, the CT must be suitable for the short circuit current, but{on the
other h eeds a\very low transformation ratio. The CT saturation and secondary [burden
must glso (be* taken/into consideration. The rating of a current transformer for unbalance

protection’must be specified very carefully because in the case of a partial short-circpit in a
CapaCi Ot blallbh, hlyh flcqucllby transtents |cau=t;||3 ;II hlyh ctrrent—stresses—on—the—current
transformer can appear. The point of CT saturation should be selected such that in case of a
high short circuit current in the primary, the secondary connected equipment of the unbalance
protection will not be overstressed by excessive current or voltage. The primary winding of the
current transformer may be protected by means of surge arresters.

Normally the unbalance current protection is in principle an overcurrent relay with different
settings for alarm and trip. The function detects not only the operation of capacitor element or
capacitor unit fuses but also all other asymmetries in the bridge, including earth faults and
open circuits. Criteria for alarm and trip signals should be decided by the contractor after
discussion with the customer.

Instead of an overcurrent relay in the transverse capacitor connection, other methods can be
used such as:

e detection of neutral voltage,
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o different voltages over capacitor phases,

e different currents through capacitor phases.

The disadvantages of the above methods compared with the bridge current measurement are
not only a lower sensitivity, but most importantly a long-time delay for the trip signal due to a
high dependency on a symmetrical grid voltage such that disturbances in the power grid will
influence these measurements and so a compromise is unavoidable.

In unearthed shunt capacitor arrangements an unbalance current measurement in the neutral
is sometimes used. Refer to Figure 36.

Ul1Ddld C U C U DITUgc DE UTdleU—H

Normal 3 3 3 3
asured tolerance in capacitance. This inherent unbalan

accordpnce with the me

increade or decrease during the lifetime of a filter due to voltage variation\and due to
the diff] f of the
bridge Crease)
in the U
In recent years, especially with the introduction of digital prdtectiq dard of
resolutjon can be achieved so that the balancing o o i ery low
unbalapce current is no longer needed.
Dependling on the cost and importance .of the p tection
should[be provided with the following:

e [fundamental frequency band pass:for fi the unbalance current. Transient] inrush

thus be eliminated in the prqgtection
circuit;

e |compensation of un with the main filter current to eljminate

the voltage variati
e |compensatjon o A anges innunbalance current, caused by solar radiatipn;

e [potential t esidual unbalance current to zero after changing

. ) nsated unbalance current value after filter switch pff and
[ ent after switch on. With this approach, fuse failureg at the
n can be detected [The unbalance protection needg some
itch-on, however, for full operation];

nsated unbalance current against limits for alarm and trip signals;

the value of unbalance current deviation caused by the operation|of one
capacitor efemeént fuse, as well as the maximum permissible number of fuse opefations.
Thus it will be possible to detect and count the number of failed capacitor elements;

e storage of the total number of blown fuses (also over filter switch-off periods). If the
number of counted blown fuses is higher than a pre-set value, an alarm and/or a trip
signal should be given;

e the possibility to detect the branch of the capacitor bridge where faulty capacitor units
are located. For this purpose, an additional voltage input is required for a power
direction measurement in the transverse connection of the bridge;

e the possibility to select different settings for the numbers of failed capacitor units for
alarm and trip signaling;

e check of the uncompensated unbalance current with respect to limits;

e recording of the value of unbalance currents at regular time intervals on a line printer or
in a digital monitoring system.

In filters with isolated or impedance earthed star-points, there is a possibility to construct shunt
capacitor banks in an arrangement with parallel capacitors in star connection. Between the two
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star points a current transformer can be used to compare the unbalance between the two
capacitor banks. For this arrangement, a current direction measurement is also possible to
detect the faulty phase and bridge arm.

14.4.2 Protection of low voltage tuning capacitors

In some filter configurations, small additional low voltage capacitor arrangements are required.
For these capacitors, an independent bridge construction with a current transformer is
generally too expensive because the cost of the capacitor bank is less than the cost of the CT
and associated protection. In such cases, it is recommended to design the bank for a higher
voltage-level - as a minimum, with one more capacitor unit in series than required - for the
designed voltage withstand. In certain types of filter, it is often possible to protect the low

voltagg capacitor by means of monitoring current in some other '1eg’ of the (€.0. thfough a
resistof).

14.4.3 | Overload protection and detection of filter detuning

A currgnt dependent overload protection is only necessary for r but not
for cappcitors.

Depengling on the filter design, the reactors and resist ) : situated on thge earth
side of the filter, while capacitors are situated on /the high oltage side. This can glso be
reversged. In the first case, relatively inexpensi ent&transformers can be uged for
measufing the reactor and resistor current for oyg 3 i

For the calculation of an overload condi armonic currents shqguld be
evalualed in addition to the fundamenta

In comparison to reactor i or resistors is much easier becayse the
ohmiglesistance is less dependent onfrequency, apd also the time constants for the djfferent
harmonic frequencies ¢ Jre { rue rms measurement of current is suffidient as
the bagis for a dlgltal or analo € delof the resistor. Although it is dependen{ on the
design|of the filte , hi g armonic currents tend to overload the fresistor
while lgwer ordersharmoni

In the ¢vent that i gistor branch, the level of fundamental frequency [current
can be S i S ent of filter detuning. A filter with a fundamental freguency
tuned bhypass cir uit\shauld e,negligible fundamental current in the resistor branch provided
the fundamental frequency is near nominal.

14.4.4 2 gasurement for protection

The méthod of directtemperature measurement at hot spots in components, such as is psed in
transformers, has, up to now, not been applied to conventional filter components since the

costs aretootigh:

14.4.5 Measurement of fundamental frequency components

Low voltage capacitors with series connected reactor (such as in a C-type filter), are often used
to minimize the fundamental frequency losses in parallel resistors. By filtering to obtain the
fundamental current in the resistor, a sensitive additional protection for the capacitor and
reactor can be achieved (refer to the attached highpass filter protection scheme, Figure 37).
The fundamental current in the damping resistor branch should disappear to zero at rated
conditions (rated fundamental frequency). If the tuning capacitor in series with the filter reactor
changes reactance, caused by a disturbance in a capacitor element, the fundamental current
through the resistor can increase, in most cases by a higher amount than by normal frequency
deviations.

In addition, a breakage in the capacitor/reactor wiring can also be detected with this method.
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14.4.6 Capacitor fuses

A capacitor unit consists of a number of parallel and series connected capacitor elements.
Capacitor element fuses are a type of protection which limits the damage to the unit, but they
cannot prevent damage to other units from incorrect voltage distribution, unlike overload or
unbalance protection equipment. The capacitor fuses are only intended to disconnect faulty
elements.

The number of external parallel connected capacitors and the available short circuit current of
the supply system should not affect the current limiting capability of element fuses.

External _capacitor fuses can clear faults inside the capacitor unit and external capacitor
bushing flashovers. The advantage of external fusing is that blown fug visually
detectgd very easily and quickly. The disadvantage is that in the case of afault ing dpacitor
elemer]t, the complete capacitor unit will be switched off. Further, the fuse (is to the
ambierlt conditions. The main application of external fuses is i voltage
capacifor banks with many parallel capacitor units and relatively fe

Internall capacitor fuses can clear capacitor element failyr S N more
sensitiye, given that every capacitor element in a capacitor unit ha

Element fuses are, in general, not designed for overlad p tec 0N © caC|tor elements. They

have t¢ resist very high inrush and discharge circuit
impedgnces. Therefore the sensitivity en an the
maximym permissible element current:

The effect of one blown internal fuse is/less in co n than with external fuses, the yoltage
stress [on the remaining capamtor ele ing ely small for the loss of & single
elemernt. Moreover, internal fi bient influences. The main application
of internal fuses is in hi 9aE| ks with several series connected cgpacitor
units. It should be notgc i i t provide protection against a shor{ circuit
betwedn internal connectio ircuit between active parts and casing, both of which
may lead to cas

Fuselefs capacitors ‘a

14.4.7

In radipl pewe i - i [ , i i can be
ensurefd i either
directly € > nection
betwegn the caC|to and PT is secure. The rating of such discharge PTs must bg done

carefully. Qnjthe one’hand, the high discharge d.c. current through the primary windings of the
PT (approkimately 10 A -15 A) must be considered in relation to its dynamic consequendes, but
on theother—and,the thermat—toadof the dischrarge must—be catcutated Normatty every
inductive PT, however, has to discharge overhead lines and cables and so the thermal and
dynamic stress during discharge of a capacitor, whose capacitance is comparable with that of
an overhead line, is generally not a problem. The main condition for PT rating is the total
thermal load from the permissible number of discharges per time unit (1 h). It is necessary to
specify and limit the number of discharges (capacitor switch on/off cycles) permitted per hour.
Common values for the number of discharges allowed are approximately 5 in the first hour and
one in every subsequent hour.

Discharge PTs can be connected from line to earth, but they can also be connected isolated
from earth across the capacitor line-side terminals. In such a case, the secondary winding
cannot be used for measurement or protection purposes.

In all cases where no discharge PTs are used, the possibility of reclosure with capacitor
trapped charge is an important condition to consider in determining circuit breaker ratings.


https://iecnorm.com/api/?name=b2cf1404a7e5db676d21a9dece5ef5c7

- 126 - TR 62001 © IEC:2009(E)

The possibility of ferro-resonances with inductive PTs exists when no burden is connected with
the PT in parallel. Normally, the filter impedance is in parallel with the PT and suppresses any
oscillation. Ferro-resonance effects can be reduced or avoided with a reduced magnetic
induction (less than approximately 0,6 T) in the PT.

A higher overvoltage factor of the PT (the factor in p.u. up to which voltage the transformation
ratio of PT is linear, normally approximatively 1,9) increases the linearity of the transformation
to the secondary voltage during disturbances such as load rejection. The internal resonance
frequencies of the PT can be shifted up or down by changing the overvoltage factor, which can
be an advantage if one internal resonance frequency of the PT would otherwise coincide with a
harmonic frequency.

CTs in{filter branches mostly have a low current ratio. It must be confirmed th ondary
windings give a true reproduction of primary fault currents for al 'poses,
especially short circuit current protection.

The sdgcondary windings of unbalance CTs, when shorted, shou of the

primary short circuit current.

14.4.8| Examples of protection arrangements

An exa own in
Figure |36 and for a C-type filter in Figure 37. It t ' ES may
vary considerably depending on the particular{ on the

protectjon philosophy adopted.

14.5 Personnel protection

Each ¢ arthing
is an er and
shunt ¢

All cap tors in
paralle . charge
resisto i di e resulting time constant, the discharge time can vary

Norma cannot
be che mplete
capaci i more
easily during it bility of

corrosipn.

An altgrnative with minimal or negligible losses is one using inductive PTs (capacitive RTs are
not suitable for this purpose). In the case of de-energizing, the complete capacitor is
discharged within approximately 0,3 s to 1 s. These PTs need not be directly in the filter feeder
but it must be guaranteed that the connection between filter capacitors and PTs is maintained
long enough that the capacitors can be discharged completely. In floating filter circuits with an
unearthed PT arrangement, the discharge to earth must be done separately as an additional
item.

Before any work is performed on high voltage components, the relevant safe work standards of
the country and utility must be followed. Special sets for earthing the capacitor units before
touching are recommended.
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Figure 37 — Example of a protection scheme for a C-type filter
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15 Seismic requirements

15.1 General

The intention of this clause is to give the customer’s engineers dealing with a.c. filters sufficient
background information in order to understand the implications of seismic requirements for a.c.
filter design, and to have a basis on which to discuss aspects of seismic design with bidders.
Any seismic requirements for the filters will be defined in the technical tpecification in the same
way as the requirements for the rest of the converter station.

AC filters consisting of capacitors, reactors, resistors, etc. constitute structures which might be
subjecjed to mechanical loading imposed by the shaking of the ground earthquakes.
Compared to other mechanical loading, such as wind loading or e étic’ [forces,
seismi [ i i these
structures.

The time variable ground motion during an earthquake results\in a vi i of the
filter s i i i i ati tem>and in“the individual
compohents of the filter structure. Further it causes displac s htive to
other equipment in the switchyard.

The aijn of the seismic design of the equipmentTi i of the
structure during earthquakes at accepta S ismi ds, the
whole f{i iohs may
be preferred

Adequate seismic performance mea east i i ipment is
maintalned during and afte i

e |the structure is §

e |the struct wit bnents,

in particu@

. - pect to
With r re of electrical equipment which contains a large ampunt of
brittle portant that realistic loads and reasonable evaluation [criteria
are defliné s er. However, the seismic design qualification discussed in this|clause
is the esponsib il contractor. Information on the specification of seismic requirements
may bqg found:i
15.2 Loadspecification

15.2.1 Seismic loads

Proper seismic engineering for a specific project requires specification of the seismic activity of
the region of installation by quantitative engineering parameters. Usually this is done by
defining a "design earthquake", that is a specification of the seismic ground motion at site in
terms of the maximum ground acceleration and the so-called "response spectrum".

The maximum ground acceleration is expressed in fractions of gravity (g). The selection of the
design value of ground acceleration is a balance of site specific geophysics, desired reliability
of the equipment and costs. In earthquake-prone areas, the horizontal component of the
maximum ground acceleration typically ranges between 0,1 g to 0,5 g, while the vertical
component is typically 50 % to 80 % of these values. Certain sites can have even more
extreme values. Levels of ground acceleration up to around 0,15 g and moderate safety factors
against failing of the members of the filter structure usually do not require extra efforts for
seismic engineering and thus no extra costs to achieve seismic performance are involved.
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A response spectrum in general is used to predict the maximum effect to be expected from a
given type of impulsive loading acting on a simple structure. In the context of seismic
engineering, the response spectrum is a family of curves of the estimated maximum
acceleration evaluated for a structure consisting of a single spring and mass (single-degree-of-
freedom structure) of varying natural frequency, plotted over frequency, for different amount of
damping in fractions of critical damping.

The response spectra describe the dynamic properties of a seismic event in that the curves
show the anticipated amplification of the movement of the structures as a function of
frequency. Usually the earthquake motions do not contain frequencies over about 33 Hz so that
the vibrations induced in structures with natural frequencies above 33 Hz will not be amplified.

If no response spectrum for a specific site is available to the customer then_ the téquired
responge spectrum” (RRS) of IEEE 693 [59] may be used. As an ex RS for
moderate seismic requirements is shown in Figure G.1. The maximux htion in
this spgctrum is 0,25 g.

If the fjlter structure is mounted on a primary structure (building tfo ich |affects
the strlictural response, then it might be necessary to derive~a ) ectrum
(floor response spectrum) based on the ground response sp rties of
the primary structure.

15.2.2| Additional loads
Additio s are:

In som may be
specifi lested,
then th 5) must
be givgn.

15.2.3

In add d. The
impact etc. In

areas to one

commd

15.3 Method of qualijfication

15.3.1 | <General

The qualification may be done by analytical methods or by testing. The customer should specify
which kind of qualification the contractor shall apply. If testing is preferred, then the customer
may accept a verification of the seismic performance based on results of tests previously
performed on structures of similar design and similar seismic requirements. For details on
seismic qualification by testing, reference is made to IEEE 693 [59].

The usual practice for qualification however is by analytical methods.

15.3.2 Qualification by analytical methods

Seismic qualification by analytical methods requires the representation of the filter structure by
an equivalent model which must be sufficiently detailed to establish accurately the static and
dynamic behavior of the equipment. For this purpose, it is assumed that the mass of the
structure is concentrated into a number of discrete parts of lumped masses which are
connected by elements representing the mechanical properties of the structure.
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The kind of the analytical method, static or dynamic, mainly depends on the type of equipment.
Complex structures with natural mechanical frequencies within the seismic frequency range
(0,1 Hz - 33 Hz) usually require a dynamic analysis which is mostly done by the response
spectrum method as described further below. For simple structures with fewer components a
static analysis may be sufficient. In any case, the numeric calculation is carried out using a
generally accepted computer program.

One of the following analytical methods is usually applied:

a)

Response spectrum analysis

A deture—censisting—efseveral-sprirg/masses—wil-haveanumbereof-differentynatural
ibrations, denoted vibration modes. Each mode vibrates in a specifi shape)
\ nd the

resmay.be found
Hy the superposition of the maximum responses of each ch are
dbtained from the response spectrum, scaled to the ground

ses is

ethod. If not otherwise
stated, 2 % modal damping is assumed fo . If increased stfuctural
damping is employed, measuremients aré verify modal frequiencies

havior of the structure. Whien the

gtructural system is con5|dered o be hen a so-called time history gnalysis
ay be applied. of "ground motion, usually in tefms of
dcceleration versus : . ) , acceleratiorls and
displacements of] e i method
owever is rath ised in

rare cases

e several
dther : S i ismi be an
(e it S ent are
gbtai Y i aximum

damping value of 2 %) given in the response spectrum. Ugually a
safety fac O tic coefficient) of 1,5 is further applied to account for the effectg of the

dther.nmodes.

(st

An example of this type of structure may be a head type current transformer consisting of
a concentrated mass mounted on an insulator. The significant mode will be a rocking
mode excited by the shaking of the ground in horizontal direction.

Static analysis

This method is applicable when the equipment may be assumed to be rigid, i.e. the
natural mechanical frequencies exceed 33 Hz. Then, the seismic forces on each
component of the equipment are obtained by multiplying the value of the mass of each
component times the maximum ground acceleration.

15.3.3 Design criteria

The design criteria define the required minimum safety factors, as well as the buckling
requirements.
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15.3.3.1  Minimum safety factors

For each member of the structure, the stresses caused by the combined loads from seismic
and additional loads must be calculated and depending on the type of material, minimum safety
factors with respect to breaking and yielding must be maintained.

15.3.3.2 Buckling req
The sefismic qualificati

membe@r loads indice

applicgble buildi

. Brittle materials

For components containing brittle materials, such as ceramic insulators, a required
safety factor with respect to the breaking strength should be specified by the customer.
The breaking strength of the brittle component (insulator) is defined as the minimum

strength value guaranteed by the manufacturer of the concerned component. If n

value

$ specified for the required safety factor, then a minimum safety facto
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) 1,2 on the yielding strength,
) 2,0 on the ultimate strength.

L structure safely resists buckling dug
» Buckling requirements are usually stateg

15.3.4| Documenta fication by analytical methods

The spgcificatio aire one of the following levels of documentation:

a)

This cq
loading and-most imp

b)

q
J

mprises ort summary of the seismic verification, describing equipment, m

rtant results.
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buld be
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heering

factors
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The extent of this report shall be sufficient to understand the analysis procedures and models
and to allow the verification of the major results. It should contain:

a short summary,

a drawing of the equipment and its support showing the major components,
a description of structure and the corresponding analytical model,

loads and load combinations,

a description of the analytical method and of the adequacy for application,

results from dynamic or static analysis (displacements, forces and moments, stresses

on elements, foundation loads).
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15.4 Examples of improvements in the mechanical design

In case where the seismic load requirements are decisive for the mechanical design of the
different filter structures some typical measures can be taken:

e use of mechanically stronger material in structures (e.g. steel and porcelain) and in the
filter component itself,

use of other geometrical design of support structure and insulators than common
practice (e. g. support insulators mounted in an angled position instead of vertical),

use of common foundation for several filter components,

use of stays, either inside the support structure to ground or outside to ground or a
combination of both,

e |vibration isolation of the structure from ground by the use of spripgs,

e lincrease of structural damping by the use of dampers.

Sometimes two or more of the measures listed above are combined

16 Audible noise

16.1 General

An important consideration of convertér ic i vent potential annoygnce of
people|living nearby due to intrusive ible 0|se Thelintention of this clause is to|inform
customers of the background to audible noi 3-th€ relevance to a.c. filter gesign.
The trgatment of audible noise limitation in thetechnical specification can be significapt, and
the isspie may also be prominent during i ussions and the subsequent|project
design

It is rgcommended to|relate\the specification.requirements to regulations on envirorimental
noise fpr homes, r:sidnc Wunities near to the converter station.

Requirgments for table noise environment may become a key paramegter for
the layput of the ‘ affecting both technical and economical aspects, and
may hgve an |mct 0 a:C. i ystem design (e.g. circulating current in a double¢ tuned
filter miay give bIe noise), as well as the design of individual componenits. The
inclusign of & [ itilg measures in equipment design will add to the cost|of that
equipnlent.

Since porrective) measurées for noise reduction during and after commissioning are [usually
expengive and-time_cohsuming, it is recommended that the customer should pay due ajtention
to audiple’ neise requirements already during the preliminary planning stage when seleciing the
site of|the” converter station. Audible noise limitation is often an important consideration in
licensing of the converter station site.

Audible noise may be defined as an assembly of acoustic waves in air at frequencies perceived
by the human ear. Noise may consist of a monofrequency acoustic signal (tone) or of sounds
containing a distribution of frequencies. For definitions of acoustic parameters, see Annex H.

Sound active components such as a.c. filter reactors and capacitors should be designed and
arranged within the yard so as to minimize sound radiation to noise-sensitive areas around the
converter station.

16.2 Sound active components of a.c. filters

The most prominent electrical components which are sources for audible noise emanating from
an HVDC station are the converter transformers, the d.c. smoothing reactors, shunt reactors if
used, PLC reactors and the capacitors and reactors of a.c. filters. Thus the a.c. filters are only
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one of several sources for the acoustic noise of an HVDC station. In addition, the acoustic
noise caused by electrical discharges (corona noise) will contribute to the overall acoustic
noise.

The generation of sound by capacitors depends on the voltage applied across the capacitor.
The electric forces within the capacitor elements (rolls) causes them to vibrate resulting in case
vibrations of the capacitor units.

The sound generated by air core reactors results mainly from vibrational winding forces caused
by the interaction of the current flowing through the winding and its magnetic field. In case of
iron core reactors further vibrations of the apparatus are induced by forces acting in the
magnetic circuit

In both| cases, capacitors and reactors, the vibrations of the surface of aratys’generate
acoustic noise which is radiated as airborne sound into the vicinity of th

Since these noise-generating forces are proportional to the Square | load,
voltagq or current, the frequency spectrum of force and thus ectrical
frequemcy spectrum.

As an ¢xample, Figure 38 shows the current spectrun i gactor.\lt is assumed fhat the
currenf consists of a component with fundamental : ponent
with harmonic number n.

Figure |39 depicts the vibration force ce br. The

force cpnsists of components with frequent

G

N
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Figure 38 — Electrical spectrum
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Figure 39 — Force spectrum
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In common with any mechanical structure, a capacitor or reactor with distributed mass and
structural properties has several major structural resonances. Amplification of the equipment
vibrations and thus increased sound generation may occur if one or several frequencies of the
force spectrum coincide with these structural frequencies.

For proper consideration of the acoustic behavior of the filter components, it is therefore
inevitable to include both the fundamental and the harmonic content of voltage and current.

Depending on the physical size and on the power rating of the filter capacitors and reactors the
sound power of these components ranges between 60 dB(A) to 80 dB(A).

16.3

The objective of sound requirements is to limit the level of noise around converter’station in
general and in particular to obey regulations on environmental noise f; i es and
commynities near the station. This goal is accomplished by the nois ded by
the conptractor for the complete converter station. Since the a.c: one of
severa| noise-active components, it should be up to the contre sound
criterialon the individual switchyard components (usually in sound
power level) so as to meet the overall sound requirements.

When ppecifying sound requirements, it is necessar the ifigs valid
operating conditions for the station. For econo it i ider only
normal| operating conditions and to ex (-t me, iti sound
requirements Here normal operating condition . , iti longer
than a i hours,
depending on any appllcable regulation

The sqund requirements for a . O b\st i iti usually
specified by the customer\i a_maximumyatiowed sound pressure level at pgrticular
points |n the vicinity of

Sometimes this . [Typical
values| for achievs I dB(A).
However, such a re in a sound reduction strategy which is not necg¢ssarily
adequgte. The sd the fence might be met by avoiding the installgtion of
sound-jntensive ose'to the fence. However, this may not lower the sound |evel of
noise-gensiti : nt away from the station, which was the purpose|of the
requirgm

Therefopre, sable” to specify particular sound-critical points or a contour corntaining
these ¢ritical-poin ore distant relative to the station, where the impact of noise may be
crucial|land\statutory~sound requirements have to be met.

In virtually all countries there exist public regulations for environmental sound. Such
requirements are established by national, federal or provincial agencies specifying maximum
allowable noise levels for various land-use categories. Usually, the maximum allowable noise
level for living areas ranges from 40 dBA to 50 dBA which is reduced by another 5 dB if the
noise is made up by one or several distinct tones. Details on requirements, measuring
procedures and evaluation of results are described in ordinances of these regulations. It is
advisable that the customer refers to the relevant environmental sound regulation rather than
establishing his own rule.

16.4 Noise reduction

The procedure for meeting the sound criteria for converter stations can be categorized in two
steps. Firstly, the station should be planned for an acoustically optimized station layout and
secondly the sound-active components should be designed and constructed for low-noise
generation.
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The first measure against noise is the maximum possible separation between the area
designated for the erection of the sound-active components and the sound-sensitive area by
grouping sound-active components so as to hinder the propagation of sound waves into sound-
critical directions by making use of the natural topography of the area, or using the sound
screening effects of the converter house or other buildings. Care should be taken in designing
and locating these buildings adequately for acoustic requirements. For example, it may be
necessary to avoid the use of thin panels which could be excited by the sound waves of nearby
active sound components and could thus redirect and even amplify the noise.

Components or groups thereof sometimes have a strongly non-uniform pattern of sound
radiation. Capacitor stacks for example may show a distinct directivity of sound radiated from
the stacked capacitor units. A potential incident by station sound at a critical nearby location
may bg avoided by orienting the componenis so fo have no predominant's radiafion in this
critical|direction.

Low-ngise design of the switchyard equipment requires minimizing thie w i itbdes of
the solind radiating surface of the components. For this purpo i i roperly
design|the equipment so that the natural frequencies of the com i vith the
frequemcies of the major excitation forces. If the noise level st e met, then
further|sound reduction by providing sound reducing scré i bver, it
should S extent
for sound reduction.

Consideration should also be given to tf 1 t ections
of the pound-active components so as to a i ( 0 other
equipnient.

Anothefr measure to reduce the noise, \not used today, is to apply an active [sound-

cancellation technique co

e |microphones installed

e |an amplifier_anc
. Ioudspea@ [

17.1 General
This ¢ preparing a technical
specifi ust be

specifig¢d.

Whenegvervappropriate, cross-references to those sections where more detailed information is
available, are given at the right hand side of the page.

The following parameter information, for the bus where the filters will be installed, should be
given by the customer:

e at both ends of the HVDC transmission scheme,
o for each stage of development,

o for any expected future changes.
17.2 AC system parameters
17.2.1 Voltage

The following voltages should be specified:
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the nominal system voltage, that is, the voltage by which the system is designated,;

rated a.c. voltage, that is, the rms phase-to-phase fundamental frequency voltage, which is
often used to define rated reactive power (MVAr) of the filters;

steady-state voltage ranges, that is, the ranges over which the a.c. filters shall be able to
work and over which all performance and continuous rating requirements are to be met.
Different ranges may possibly be defined for the calculation of performance and for rating.

Any special voltage capabilities outside the steady-state range should be specified as these
may influence the design (e.g. rating) of the filters, e.g. temporary overvoltages.

17.2.2 Voltage unbalance

The njgative sequence component of a.c. voltage calculated according to hod of
symmagtrical components is that balanced set of three-phase voltages ccur in
the opposite order to that of the positive sequence voltages. It is Qe d as a

percentage of the rated voltage and it is mainly responsible for th i irgd order

harmonic current by the converter.

As the| negative sequence component normally varies wit
value tp be specified should be the maximum value whieh-i

conditiohs, the
& determination of

non-chparacteristic harmonics. It may be advisable i alue for use |n filter

performance calculations than for rating purposes, i
this parameter. The customer should be aware
sequer|ce voltage to be used in the

include

ime-varying nature of
o high a value of nggative
ctor to

Typically the negative sequence voltage is i ) erter is

located in the close vicinity

17.2.3| Frequency

The foljowing fre
e thelnominal fre: &N¢

hat is, the ranges, in conjunction with the a.c. poltage
vich” the a.c. filters shall work and all performan¢e and
1ts shall be met;

ions, that is, the limits and duration of short-term frequency

adequately rated. Specific filtering performance during such variations may
some Scandinavian projects a variation of £ 1 % with a duration of

=afa quency
may reach extreme values for limited periods. These excursions and their expected
durations should be specified. Under such conditions, the a.c. filters should remain in
service without damage but should not be required to meet the performance specified (e.g.
in Sweden a variation of at most +2 Hz to —3 Hz with a duration of 30 min has been
reported. Such variation is expected once every second year. Due to variations within the
+2 Hz to -3 Hz limits, an equivalent duration of only 10 min has been used for rating
purposes).

17.2.4 Short circuit level

Maximum short circuit level and minimum short circuit level at the a.c. bus where the a.c. filters
are to be connected should be specified. These levels should be specified either in power
(MVA) or in current (kA) and the applicable a.c. voltage stated.
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Different values of maximum short circuit level may be specified for different use, e.g. for filter
performance or rating, mechanical strength of busbars and power circuit breaker interrupting
capability.

The X/R ratio for the fundamental frequency may also be specified in case of special breaker
requirements.

17.2.5 Filter switching

Maximum permissible voltage change at filter switching and the applicable minimum short
circuit level should be specified. Normally this parameter is specified in percent of nominal
voltage. Alternatively, the maximum size of switchable filter bank or sub-bank (in MVAr) can be
given.

Filter switching will also create transients which may have to be controlled. control
switchihg transients are the use of pre-insertion resistors and isfors or
synchrpnized switching. If the customer has preferences regarding.an e ] bs, this
should|be specified.

17.2.6 | Reactive power interchange

The allpwed limits of interchange of reactive power between the<a. m and the converter
station| have to be specified for all operating conditions of h@H

0 be used in filter performange and

17.2.7| System harmonic impedance

The a.p. system impedance at harmo
rating ¢alculations, must be specified.

17.2.8 | Zero sequence data

Data cpncerning zero s \ ample,
short time rating ng a.c.
overhepd lines.

17.2.9

The e ection.
Altern d via a
coil.

17.2.1(

The lightning impulse level and switching impulse level for the HV and neutral connectiops, and
the respective protective margins, should be specified. T he protective margins for items of filter
equipment should also be specified, noting that these may be different for different types of
equipment.

17.2.11 Creepage distances

The creepage distance based on a specific creepage, expressed in mm/kV, should be specified
(IEC 60815).

An increased requirement is usually specified for bushings or insulators attached in a
horizontal position.

If the creepage distance is specified, it is important to co-ordinate this parameter with given
parameters for insulation and pollution levels.
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17.2.12 Pre-existing voltage distortion

Pre-existing voltage distortion existing on the connecting a.c. bus should be specified, as it
must be taken into account in the a.c. filter rating, and may also be needed for performance
calculations. If possible the distortion should be given as maximum levels for each harmonic
frequency (measured before the station is built). Otherwise, the total voltage distortion may be
specified.

It is also desirable to specify the source impedance for the pre-existing harmonics. In general,
this is taken to be the same as the harmonic impedance of the system but in some cases,
where there are other nearby specific identifiable sources of distortion, it would be more
accurate to state the actual harmonic impedance between that source and the filter bus.

In casgs where the performance criteria is based on a total acceptance
new harmonics, the method for adding these two harmonic sour
Possible methods can be linear or root-sum-square.

ing plus
ecified.

When specifying the pre-existing voltage distortion, frequencie i [ of the
fundanjental may be relevant, depending on which sources of 1 identified, e.g.
railway|systems.

Deternjination of pre-existing voltage distortion is not ea o IEC 60071-1(2Q06) [7],
IEC 60071-2(1996) [8], IEC/TR 60071-4(2004) [9], IEC/T 0 0] some information is
given.

In the |absence of detailed knowledge ‘s isti some
aIIowarl nverter
generated harmonics be taken into acc

17.3 Harmonic distortio

The hgrmonic distortio
system| should b

Redun
the cug
filters

perforn

ng a.c.

or the
iltering

17.4

17.4.1

When $pécifying ambient temperatures, it is always the dry-bulb air temperatures at the site of
the installation which should be used.

The minimum, maximum and average ambient temperature should be specified. As per
applicable standards for the individual filter components (capacitors, reactors, etc.), certain
ranges or categories of the ambient temperature are considered to be normal. Ambient
temperatures outside these limits are considered as unusual service conditions and should be
brought to the bidder's attention.

17.4.2 Pollution

Fog and contamination conditions should be specified. The type and levels of these
requirements can for example follow practice used in nearby substations with the same
nominal voltage and environmental pollution characteristics, or follow applicable standards
IEC 60507 (1991), IEC 60815 series, IEC 62271-1 (2007).
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Wind

Maximum continuous and maximum gust, needed for equipment and equipment support
mechanical strength design, should be specified.

17.4.4

Ice and snow loading (if applicable)

Maximum ice thickness with and without wind is needed for structure design and should be
specified.

Maximum depth of snow should be specified, to define the equipment height above snow, i.e.
effective ground level.

17.4.5
Maxim

resisto
protect

17.4.6

Lightni
the ovsg

17.4.7

Seismi

Solar radiation

actors,
alance

im incident solar radiation may be specified. This is need
's and rating of capacitor banks in case of large ba
on.

Isokeraunic levels

ng stroke density at the station should be spe¢ : parameter is used for
rall station lightning protection design.

Seismic requirements

The maximum ground ac ion—i i a floor

respon
Furthe

17.4.8

substa
any ap|
those ¢
the wo

17.5

The fol

ecified.

tion or

y nIents of
of practice. The effects of noise are generally treated as
public outside the boundary of the station or noise effects in

owifig information and parameters may be specified if applicable.

-l £ bl la LIV /I b F la. Lal _lo b d ol +E H
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The source impedance, filter configuration and harmonic generation data should be
given.

Adjacent transformers, shunt capacitors or reactors should be identified, if applicable.
The size in MVA or MVAr should be given as well as the short circuit impedance for a
transformer. The reason behind the need for these parameters is a possible
requirement that inrush currents have to be limited. (Adjacent here means that another
substation is located within the same station area as the converter station.)

Adjacent surge arresters data should be specified if applicable, due to the possible
influence on the insulation co-ordination study.

Geomagnetic currents flowing in connecting a.c. lines may have an impact on the rating
of the different filter components, on filter protection performance and on transformer
saturation, with an impact on filters connected to the transformer tertiary. In areas
where high geomagnetic currents are to be expected parameters such as amplitude,
frequency of occurrence and duration should be specified.
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e If any practice related to boundary, limits are used by a customer these should be
supplied where applicable. Example of such boundary limit is the magnetic field
associated with reactors or personal safety.

17.6 Requirements for filter arrangements and components
17.6.1 Filter arrangements

If any restriction or preferences exist related to the filter arrangement itself, this should be
specified.

If seasonal re-tuning is not allowed, this should be specified.

If any |restrictions related to number of filter discharges per hour uld be

specified.
If binary switching of filters is allowed, this should be specified.
be specified.

If prefdrence for any specific earthing system of the filters e

17.6.2 | Filter capacitors

Prefergnces on type of fuses to be used for pacite be specified, i.e. internal or
external fuses or non-fused capacitors for speci i

Maximym discharge time of a capacitor may ifi 3 ble re-
insertign time for a capacitor bank.

Acceptpble levels of capad ed trip
(stating required delay).and S

17.6.3| Test re@z
Test rdquirementsfo

be spetified, nor

c. may

If test [requireém by the
bidder jn his bj

17.7 Prote

Any protection requi ent for a specific filter, or filter component, may be specified.

17.8 Loss evaluation

For optimization of filter design, a capitalized loss factor should be specified. The conditions
under which filter losses are to be calculated should be clearly stated.

17.9 Field measurements and verifications

Field tests can be divided into sub-system and system tests. Such tests may be specified to
verify component behavior and filter performance. Normally the sub-system tests are
performed by the contractor while the system tests can be performed jointly by the customer
and the contractor. The contractual implications of any filter performance test results should be
clearly stated.

17.10 General requirements

The following general requirements should be specified where applicable:
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safety measures such as surrounding the filter yard by a fence or mounting filter
components on steel structures with a specific height,

anti-corrosion measures such as painting and galvanizing,

maintenance intervals,

maintenance accessibility, especially if a hydraulic platform is required to remove
capacitors etc.,

quality assurance program to be followed,

mounting aspects / physical limitations,

limitations on available site area,

¢ lany specific risks due to birds, snakes, or vermin.

18 Equipment design and test parameters

18.1 General
18.1.1| Technical information and requirements

Dependgling on the chosen filter arrangement (see Clause be made yp of a
combirfation of capacitors, reactors and resistors co ¢ a.c. bus by guitable
switching equipment. Additional equipment mus d such as surge arresters for
overvoltage protection and instrument e filter protection system.

There @are a number of factors which all ha inflience on the design and the|ratings
of the fllter components. Basic information wh|ch he omer has to provide in his bid request
is desgribed in some detail in the foregai 5

This clause aims to giv

e |particular technical info i theXfilter components the customer should prgvide in
his specin,

e [requirements<on S production, testing, installation and maintenance of filter
componen i Id be specified by the customer

e |[specifi i information on the equipment, which the customer should require to
be présented\ Di

18.1.2 ' i ation to be provided by the customer

The alc. filterswware sommonly installed outdoors, although indoor installation is pdgssible.
Unusual environmental site conditions should be brought to the contractor's attention, quch as
severe| pollation (industrial or marine), severe seismic requirements, unusually high wind

Ve|oc|t‘, efrlngnnf acoustic noise rnqnlrnmnnfe, etc-Such roqnlrnmnnfe may be decisivelfor the

equipment design.

The customer should indicate particular information on operational aspects of the a.c. filters. If
applicable, the customer should indicate that the devices used for filter switching should be
designed for frequent switching operations, as this may be required for reactive power control,
and the customer should specify the expected number of operations per year. Any temporary
overvoltage conditions under which the filter should be disconnected, should also be specified.

18.1.3 Customer requirements
18.1.3.1 Design, production, installation and maintenance requirements
Since the filter components are "live" parts, fencing of the filter equipment for achieving

personnel clearance may be used. Alternatively, instead of fencing, the equipment may be
mounted on special support structures which elevates live parts to a height commensurate with
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personnel safety standards. The customer may specify what method should be adopted and he
should specify the minimum safety clearance.

It is recommended that the customer requires the contractor to specify the type of support
insulators used for the mounting of the filter components and the capacitor bushings. Usually
the insulators and bushings are of porcelain type. Sufficient creepage and clearance must be
provided for reliable operation of the equipment. Based on information available to the
customer regarding the pollution conditions encountered at the site, the customer should
prescribe the minimum creepage distance of the insulators. Typical values for specific
creepage are between 25 mm/kV to 45 mm/kV depending on the site pollution level. (See
IEC 60815 series, as well as 17.4.2 of this document). Creepage requirements should be
based on the maximum voltage (including harmonics) appearing across the insulators or
bushin@s, evaluated in accordance with 10.Z.4 and 10.2.5 of this document

The ¢ identical
interch
For ea ipment
compo
The cu further
require jing on

their lo should

providg

The odtline of the filter components should be desig imi ossible
any vis )

The cu ithstand
the opé¢ ational

forces es, ice
loading or, the
constry e filter

structu

ate for
hat the

The cU
certain

18.1.3.

It is recommended. that the customer specifies his minimum requirements on the contractor's
quality |system to be applied by the contractor to the design, production, testing, installatlon and
maintepance of the a.c. filter equipment.

Usually, the quality program is documented by the contractor's quality manual. The customer
should review the contractor's manual and he should reserve the right for auditing the quality
system as described by the manual.

As a general guideline the application of ISO 9200 [36] or other internationally recognized
quality program standards of comparable level should be adequate for the supply of the a.c.
filters equipment.

Further to the standard quality program, the customer may state specific requirements on the
kind and quality of materials and workmanship. These should include for example requirements
on materials used for terminals and electrical wiring, surface protection by galvanizing or
painting, specific requirements on welding, etc.
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The customer may specify requirements on the contractor's documentation. Usually the
activities for design and production inspection, testing, installation and commissioning are
based on inspection and test plans. The inspection and test plan should define hold points for
witnessing inspection or testing by the customer or by an organization representing the
customer.

It is recommended that customer requests the contractor to submit this documentation for
approval during the detailed design stage of the equipment.

18.1.3.3 Test requirements

For general requirements, it is recommended that the customer should refer as far as possible
to the applicable standards and recommendations from IEC, ANSI or |IEEE- ould-b¢ made
clear gn which standard body, IEC or ANSI/IEEE, the design, rating testing.ofythe filter
equipnent shall be based on.

The tes$t program for component specific tests will depend on a nu uch as
the geperal technical concept of the filter, overvoltage protection; i ien¢e with

specifi¢ certain
that the specific component will provide the required perform ) ill with Hefined
electrigal and environmental conditions encountered i ield: ; orne in
mind that requirements for tests covering unrealistic/co 'tlon ma i hse the

cost fof the equipment.

The test program should be established i ati enthe customer, the contractor
and his utin S 8 bcial or
"other"|tests. It may be advisable that t A i itneps type
and spgcial tests. This is of particular imp i iffi ies i i test, or
if therg are any doubts ab i se, ' ive may

assist in making an immed|

Certifigd test reports
lieu of |performi

pted in
mer for

approvpl, includi lieu of
performing a type te port as
part of the docume

If applicabl C ismi ificati ipment
compohep its support structure. Seismic qualification may be performed either by

analyti¢al methods o

18.1.4

The cystamer should require the bidder to provide a general description of the filter] layout
includinga schematic diagram clearty identifyimgthe ndividuat fitter components—The number
of units of filter components including spare units should be indicated by the bidder.

The lists of electrical data presented in the following sub-sections are intended to be a
guideline for the customer on how to specify a particular filter component. Further parameters
and further information may be requested by the customer if deemed to be useful. Such
required information for example may refer to the thermal time constant of reactors, resistors
and of arresters.

The numerical values of the individual parameters for each component are chosen by the
bidder depending on his filter design. Since some of the values, in particular for tolerance may
be critical and sometimes difficult to achieve, such values are usually defined in consultation
with the component sub-suppliers.
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The customer may require the bidder to indicate the amount of manpower for maintena

nce (in

days per annum) necessary for reliable operation of the equipment under defined operating

conditions.

18.1.5 Ratings

The following ratings are required to be specified for the various filter components:

e Rated harmonic frequency

The rated harmonic frequency is that frequency to wh|ch the relevant parameters for harmonic

filter pe

frequemcies or may refer to both tuned frequencies.
e [Voltage rating

The rafed voltage Uy (rms) assigned to an a.c. filter capacito
rated voltage of the capacitor units U, (rms) must be highé
Uy of the capacitor bank divided by the number of series

It shoyld be noted that there are considerable i C 60871-1(20d
IEEE 18-1992 [57] in terms of permissj i capabilities of cap
(See IHC 60871-1 Clause 19 and IEE

It is re¢commended that the contractor pfesents osci ams of the transient oscillatory
appearjng across the capacitor banks, oge
in his gpecification to the ca i

tuning
tuning

4. The

voltage

5) and
acitors.

voltage

i R the apticipated number of events per year,
0,

The ra g the arithmetic sum of the voltages at fundgmental
and hg [ iess : ge across a reactor or resistor is discugsed in
10.2.4. a i ) d"depends’on the position of the reactor or resistor felative
to other fi ) \ i om the voltage rating between the terminals.

[ ]
The ra b root of the sum of the squares of the current at fundgmental
and hafmoni L
18.2 Capacitors
18.2.1 | Capacitors: general
There are two internationally accepted standards applicable for the capacitors for a.c. filters,

that is firstly IEC 60871-1(2005) and secondly IEEE 18-1992 [57]. It is recommended to refer

for general requirements on capacitors to one of these two standards.

For clarification of terminology, the following definitions are used.

e Capacitor element: In practice, normally an individual package (coil, roll) consisting of

aluminium foil and insulating paper and/or plastic film.

e Capacitor can or unit: The metallic case including bushing(s), internal dischar

ge and

grading resistors, capacitor elements connected in series and parallel, and, if used,

element fuses.

e Series group: A set of capacitor units connected in parallel. Several grou
connected in series to meet the voltage requirements.

ps are
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e Capacitor rack: A metallic framework containing one or several series groups including
interconnection buswork and insulators as required.

e Capacitor stack: One or several capacitor racks mounted on a set of base insulators for
rack-to-rack insulation, including inter-rack and rack-to-rack connections.

e Capacitor bank: One or several capacitor stacks including inter-stack connections and
including the associated monitoring and protective equipment. Often, a capacitor bank
consists of sets of two identical stacks connected in parallel so as to provide a bridge
arm for measuring unbalance between the two stacks.

In single line diagrams, the capacitor bank is represented by a lumped single phase capacitor.

18.2.2 | Capacitors: design aspects

The cgntractor should illustrate the circuitry of the individual capaci
units tq show how the specified capacitance values are arrived at.

pacitor

e [Capacitor units:

Dependling on the environmental site conditions, it may be i of the
capacifor units from stainless steel. The cases should be designe ansion
and colwtrachon due to all ambient and loading condi 'ons exp ing-the life of the unit
including short term and transient conditions. The ide the

criteria| for determining when expansion of the cas
failure.

pacitor

Usually the capacitor units are bolted to\the ~ i i nted so
that it [can be easily removed from the rack a nits or

disassg¢mbling any portlon of the rack.\ Dep Ag pacitor

unit shpuld be furnished wijth\lifti ‘

The djelectric fluid U Ci e and

biodegfadable. Thj ca i it mustnot\contain PCB type fluid. The capacitor elements
P

should|be vacu e prior to impregnation with the dielectric fluig. After
impregpation, th e sealed immediately upon removal of the impregnant

reservair.
The ctirrent, ~volta r rating of the capacitor units as well as the mdasured
capacifance ss should be given on the capacitor unit nameplate, |as per
IEC/IEE

o |Dischafgeé resistors

Each dapacitor uni ould be provided with internal discharge resistors in accordange with
IEC 60B7%-1 or IEEE 18. Longer discharge times (which will reduce losses) may be pogsible if
agreediby-the—customer

e Fuses

Fuses are intended to protect the case of the capacitor unit from rupture due to capacitor
element failures. Internal fuses are intended to safely isolate failed elements during any
operational condition.

The customer should indicate which type of fusing — internal, external or non-fusing — is
considered acceptable and he should define the criteria for alarm and trip level settings of the
unbalance protection. The contractor should show how his proposed fusing / unit arrangement
will meet the customer's requirement.

e Racks
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Usually the capacitor racks are supplied fully equipped with all capacitor units, insulators, and
connections. Lifting eyes should be provided to facilitate assembly of the racks into the stacks.
Depending on the environmental site conditions, it may be advisable to make the racks of hot
dip galvanized structural steel or corrosion resistant structural aluminium. No drilling should be
permitted after galvanizing.

The structural members of the racks should not be used as electrical buses. There should be
only one single electrical bond between a group of capacitor units and the capacitor rack. All
structural members of the rack should be electrically connected together in order to ensure
adequate earthing of the rack during maintenance. The rack should be provided with adequate
connections for earthing.

Each rack should be clearly labelled with the weight of the fully equipped the phase and
bank gf which it forms a part, and the maximum and minimum capagi tances
which may be substituted into the rack as spares. Suitable warning labg : affided.

e |Capacitor bank
Special attention should be drawn to the capacitor bank desi sound

power |levels as specified in the technical specification{(see ‘ \ power
calculattion should be provided for each bank.

18.2.3 | Capacitors: electrical data

The following Table 3 is a checkli tor for

purchapging the equipment or to inform

Table 3 — Electri

<Ca\p{cfﬁrd\es'@n\pa\r\am¥te§> Unifts

Rated harmonic frequency I\ \j Hz

Rated cgpacitance p/x&hasli(at +§b§\3\)\ \ uF

Tolerande on rated W}Kﬁi \ \ + %

Maximurp variation of %&:itMMUWre %/°C

Maximur total Iosse%t r\ate\d\volégna?md\rgz/d temperature W/kyq

Maximurm diele@/ic:\lbs\\SQ zh\ra}xk ohh/ge and rated temperature W/ky 4

Variation] o d\grsk%ue\l\cy

Rated vq I%E\UNrMac)tor bank including harmonics kVims

Harmonig voltage\sp{ctrur%b, steady state n’kVemds
Minimunj voltagée acros}cépacitor bank excluding harmonics kVims
Total cufrent’(including harmonics) Arms
Harmonic current spectrum b, steady state nArms
Continuous voltage across capacitor bank for evaluation of sound power level including kVims
harmonics

Harmonic voltage spectrum for evaluation of sound power level n’kVims
Maximum sound power level dB(A)

Lightning impulse withstand level (LIWL)

High voltage terminal to ground kV
Low voltage terminal to ground kV
High voltage terminal to low voltage terminal kV

Switching impulse withstand level (SIWL)

High voltage terminal to ground kV
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Capacitor design parameters Units
Low voltage terminal to ground kV
High voltage terminal to low voltage terminal kV
Applied a.c. test voltage to ground (50 Hz or 60 Hz, 1 min.) kVims

a The variation of tand with frequency from fundamental to the highest harmonic should be given as a graph

or table.

b The harmonic voltage or current spectrum is specified in terms of the order number and the rms-value of

the individual harmonic voltages or currents.

18.2.4 Capacitors: tests

Unless[otherwise stated, roufine iesis and type tests should be performe ce with
the relevant sections of standards IEC 60871-1(2005) and/or IEEE 18-1992 : sts on
support insulators, where applicable, may be performed in accordance with (1994)
[15]. Iflthe customer has additional specific requirements for speci and for
verificdtion of equipment performance, then these should be stated.

Such réquirements for example may include:
e |Discharge test

A discharge test of the capacitor unit should be peérforpr argi i ad.c.
voltagq equal to 1,7 to 2,5 times the ra z j etween

the terminals. The d.c. voltage level to stomer
and coptractor.

[ ]

e [Impregnant tes
The cgmponent ie igal and
electriqal charac

[ ]
The co br level
in dB(A in the

electrid

18.3 Reactors
18.3.1 Reactors: general

The standard usually applied for specifying a.c. filter reactors is IEC 60076-6 (2007) which
contains a clause dealing with filter reactors. Further, ANSI/IEEE C57.16-1996 [63] will be an
applicable standard for future filter reactor specifications. This standard contains a normative
appendix specifically dealing with filter reactors.

Since the type of reactor applied in a.c. filters is usually air-core dry-type, the following
information refers to this type of reactors only.
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18.3.2 Reactors: design aspects

Usually the reactors are single phase with a winding designed for outdoor installation, for air
cooling by natural convection. Therefore, all materials must be chosen so as to provide
satisfactory withstand to the climatic and environmental conditions encountered at site. For
reactors installed in areas of high urban based pollution or oceanic based salt pollution, care
should be paid to the protection of the reactor winding against the adverse effects of
electrolytic deposition. Under such operating environments, tracking can occur on the surface
of a.c. stressed dry-type air core reactors. It is therefore recommended that if salt type pollution
can occur, the reactors should be coated with special coating such as RTV single-component,
low temperature curing silicone elastomer, having special hydrophobic properties to prevent
water filming on the winding surfaces directly exposed to the environment.

The temperature class of the insulation material usually is either class class F

(155 °Q).

Dry-type air-core reactors do not have an iron core. Therefore ic fi is not
constrgined and will occupy the space around the reactor windihg. Altt ic field
reducep in strength with increase in distance from the reac ield must

be taken into consideration for the installation of dry-type which
care has to be taken is largely a function of kVA and is low

Usually the reactors are mounted on support insula a dctures. The reason for
providing support structures may be twofold, fics € y clearance for substation
personhel to the equipment on high potentia d provide sufficient mpgnetic
cleararjces to the foundations on which S

The difnensions of the electrical terminals : ‘ should
be kept as small as possible so a i q agnetic
field of|the reactor.

The support structure urrents

could ke induce eti ield of the reactor. Grounding of the support structure
should[be accom 5

If necsd

maysbe designed with intermediate tap positions for indyctance
variatig i

on setting is done off-circuit, by hand, without affecting the

reactor

Usually iker) ‘€ircuits Ywould require the use of reactors with Q-values at hgrmonic
frequencies than the "natural" reactor QO-factor. This may be achieyed by
connedti istor jin the circuit with the reactor to damp the filter response. Usually the

resistofs are)connected in parallel with the reactors. An alternative to the use of a registor is
the addgition of a de-Q'ing structure on the reactor, that can reduce its O-factor. The de-Q'ing
structure typically consisis of several coaxially arranged short-circuited metallic rings which
couple with the main field of the reactor. The induced currents in the closed rings dissipate
energy and thus lower the Q-factor of the reactor.

If the reactors are equipped with lightning arresters they should be mounted so that the
pressure relief valve does not impinge on the reactor.

Special attention should be drawn to the winding design so as to meet acoustic sound power
levels as specified in the technical specification. A sound power calculation may be requested
for each unit (see Clause 16).

18.3.3 Reactors: electrical data

The Table 4 below is a checklist of data which could be used by the contractor for purchasing
the equipment or to inform the customer of the design parameters.
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Table 4 — Electrical data for reactors

Reactor design parameters Units
Rated harmonic frequency Hz
Rated inductance mH
Tolerance on rated inductance (applicable for reactors without tapping range) + %
Tapping range + %
Step size %

Q-value of reactor at fundamental frequency

r " " ol .k :
Q‘Va uc urTecacvlul at 1altcu Tiartinmurme ImTeyYutTTiUITo

Tolejance on Q-value at fundamental frequency A £ %
Toletlance on Q-value at rated harmonic frequency @ \

Curr¢nt ratings

Maximum continuous current, including harmonics

Harmonic current spectrum b, steady state /\ \ nArds
/A \\

Maximum temporary current, including harmonics

Temporary harmonic current spectrum

2
(
Duration f\\)/ o \ h
Currents for evaluation of sound @vé\lev{\\ 8 ( U M nArds
Maximum sound power Ie\k\ \/ dB(A

Transient current

ﬁ

Amplitude N AN KApehk
Time to c&st ( \) \\) us

Short circuit cu['}aqt, me\rmgl C(’\ \j KArm
/SQOI’tl(‘\il’Clm cﬁg}\\t m\er‘hwal\} kApe Lk
“Dyraion® :

Ratefl a.c. voltage Wé\ud\h\wqonkszf\ KV mi
Lighthing mpulse&wth \Qlebe\(\w\_/
'g{l(\lia\\e\te}wir;éi\to g\gund kV

w\olta\cke mh\@lto ound kV

a minal to low voltage terminal kV
High valfade tecm 9

Switdhing mp\lﬁgwnh\s{and level (SIWL)

High voltMrminal to ground kV

Low voltage terminal to ground kV

High voltage terminal to low voltage terminal kV
Applied a.c. test voltage to ground (50 Hz or 60 Hz, 1 min.) kVims

a Tolerance on Q-value at rated harmonic frequency may be of significant importance (Clause 7).

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

C

If applicable.

18.3.4 Reactors: tests

Unless otherwise stated, routine tests and type tests should be performed in accordance with
the relevant sections of IEC 60076-6(2007) or IEEE C57.16 [63]. Tests on support insulators,
where applicable, may be performed in accordance with IEC 60168(1994) [15]. If the customer
has additional specific requirements for special or "other" tests and for verification of
equipment performance then these should be stated.
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Such requirements for example may include:
e Acoustic noise

The contractor should demonstrate by analytical methods the expected total sound power level
in dB(A) for each reactor at fundamental and harmonic currents as given in the electrical data
list above. As shown in Clause 16, audible noise measurements based on fundamental
frequency are of little significance.

e Seismic qualification:

To be performed by the contractor or his sub-contractor, if applicable (see

18.4 Resistors
18.4.1| Resistors: general

To date, there are no standards available which are specifically\applicable\for resistors of

HVDC p.c. filter circuits.

Since Ihe type of resistors applied in a.c. filters is dsug mation
refers fo dry-type resistors with air cooling by nat

18.4.2

The r¢gsistors should be designed with igi ncy of

resistapce versus harmonic frequencies.

The registors are made © metal
elemerjts. It is preferable Mo ce vs.
temperature so as to nize erature
at variqus loadin

Usually ¢ e b avoid
eventugl harmful €ffects i buld be
designgd so @ uld be
designed so @s to~alowisi tal site

conditipns~it m Vi anized
structufs :

The enclosurexshould be electrically connected to one point of the resistor elements, typically
the resjstor mid-poi

For the electrical insulation of resistor banks consisting of several series connected modules,
consideration must be given to the effects of non-linear transient voltage distribution. See the
recommendation for lightning testing (see 18.4.4).

Bearing in mind that the temperature rise of the resistor elements may be considerably high (up
to 600 °C), the choice of the insulation within a resistor module requires great care, since the
high temperature of air will impact the insulation performance. The breakdown voltage of air at
these high temperature levels may be reduced to typically 50 % of the value at ambient
temperature. 'Chimney effects' of vertically stacked resistors also need to be accounted for.

Care should be taken for the design and the material selection of the electrical terminals to
achieve adequate performance at high temperature. Furthermore, the high temperature rise of
the resistors requires the internal and external electrical connections of the resistors to be
made with sufficient sag so as to avoid undue mechanical stress by thermal expansion.
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The recommended intervals between internal inspections during maintenance should be stated.

Usually the resistor enclosures are mounted on support insulators to provide the necessary
electrical insulation to earth. The insulators may be mounted on a support structure for
providing safety clearance for substation personnel to the equipment on HV potential.

Depending on the electric scheme and the power rating of the resistors, they may sometimes
be incorporated in the reactor. In this case, a protective cover on top of the reactor winding
may provide the necessary protection again rain water.

hasing

18.4.3 Resistors: electrical data
The Tgble 5 below is a checklist of data which could be used by the contractorfor purg
the eqyipment or to inform the customer of the design parameters.
Table 5 — Electrical data for resistors Q
Resistor design parameters \ \ / Unitp
Rated harmonic frequency & \ \ Hz
Rated refsistance at rated current and frequency (at 20 °C ambiery@n_m}e\)\\\ Q
Tolerande on rated resistance @ ( Q K \/ +%
Maximur inductance at rated harmonic freque}ey\ A > / (\ . \> uH
Current fatings \ \ \ )
Maximum continuous current, including/h;Fmoni\ms\ Arms
Harmonic current spectrum b& ste tate > n/Arms
Operating telﬁ&e@refﬁw&um\s\}uou\surrent including harmonics °C
Maximum temporarpkcu}e\nt \r&:ludmg h\ar\}m@cs ) Arms
Temporar[y W\curr&t&ct\uw n/Arms
Déatl\y } z min
Ope\éy{(g\te\}\pk{atu\r%\atmq@m temporary current, including harmonics °C
Transient C@\t >
 Anide
\Tlm\%rés\ v us
TSE o
Rated a.c. vol\ge\ Iuc}ng\he(monlcs) kVims
Lightning impulSe Withstandlevel (LIWL)
Highsvoltage terminal to ground kV
Low voltage terminal to ground kV
High voltage terminal to low voltage terminal kV
Switching impulse withstand level (SIWL)
High voltage terminal to ground kV
Low voltage terminal to ground kV
High voltage terminal to low voltage terminal kV
Applied a.c. test voltage to ground (50 Hz or 60 Hz, 1 min.) kVims

a

working temperature.

individual harmonic currents.

cur

rent.

The specified tolerance should include manufacturing tolerance and resistance variation with ambient and

The harmonic current spectrum is specified in terms of the order number and the rms-value of the

The resistor must endure the transient current after being permanently loaded with maximum continuous
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18.4.4 Resistors: tests

In the absence of any standards for filter resistors, the following tests are suggested.
a) Routine tests

e Measurement of resistance

The resistance should be measured at power frequency and at rated harmonic frequency. The
measured resistance corrected to minimum and maximum working temperature should be

within the specified tolerance limits.

e |Power frequency voltage withstand test

purpose of this test, the electrical connections between enclos
existing are removed and the test voltage is applied for 1 min
encloslire. Since the high operating temperature inside the ¢
performance, the test voltage should be chosen to considé
to agreement between customer and contractor.

In casg of resistors consisting of several series dgdules, the test

per mqdule is reduced according to the._ numbe
account manufacturing tolerances.

The ingulation must not suffer flashoverd

b)

—

ype tests
e |Measurement o

The inductance
the resjstor bank assé

er frequency and at rated harmonic frequen

The test s i ermally equivalent 50 Hz or 60 Hz current. If the resist
independent f within the range of specified harmonics, then the test cu
the sqare “ropt\of the~sum of the squares of the current at fundamental and hg
frequencies.

~For the

ents if
nts and
ulation
subject

voltage

ed modules by taking into

Cy, with

ance is
rrent is
rmonic

If the resistance varies with frequency, then the calculation of the test current should b4

e made

according to the formula:

m
I X Ry = I X Re + Y Ipyn” X Ry

n=2
where
I is the equivalent test current (50 Hz or 60 Hz);
Ie is the maximum continuous fundamental current;

Iy, is the maximum continuous n-th harmonic current;

Ry is the a.c. resistance at test current frequency, corrected to maximum working
temperature;

(28)
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Rg  is the a.c. resistance at fundamental frequency, corrected to maximum working
temperature;

Ry, isthe a.c. resistance at n-th harmonic frequency, corrected to maximum working

temperature.

n

If the test facilities available cannot permit the resistor to be subjected to rated current, then
the internal connections of the resistor may be reconfigured so that a power equal to the rated
power can be achieved.

The test may be performed at any convenient ambient temperature. Loading of the resistor with
the test current should be maintained for at least 30 min after steady state conditions are

achieve ximum
ambiernt temperature and should not exceed the expected desigry temperatarg. The
temperature of all resistor insulation (internal and, where relevant, e Iso be

measufed to assess its withstand capability.

e [Lightning impulse test

The tegt should be made with both negative and positive
terminal with the low voltage terminal earthed. The wav
impuls
high te

voltage
ghtning
hce the
ce, the

contrag t high
temper er.

In cas mpulse
voltage odules
conneg voltage
test ma tractor should demonstrate that {he test
voltagg i ' ansient
voltage

The ins

[ ]

The co esistor
may wi urrent.

To be ;rerformed by the contractor or his sub-contractor, if applicable (see Clause 15).

18.5 Arresters
18.5.1 Arresters: general

It is assumed that only gapless metal-oxide surge arresters will be used for overvoltage
protection of the a.c. filters.

It is recommended that the arresters comply with the documents IEC 60099-4 (2004),
IEC 60099-5 (1996) and CIGRE Working Group 33/14-05 [52].

The customer should require the contractor to provide all surge arresters necessary for the a.c.
filter overvoltage protection, based on the minimum protective margins for the different
transient overvoltages.
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Arresters are usually connected to the a.c. filter bus and across specific filter components.
These filter components may be simply a reactor or a combination of capacitors, reactors and
resistors all connected between the filter's high voltage capacitor and earth. The customer
should require the contractor to present the position of the arresters in the filter circuit and their
respective technical data in the arrester overvoltage protective scheme.

The surge arresters should give consistent protection of their associated equipment against
overvoltages resulting from lightning or switching surges, any faults external to the a.c. filter
and other system disturbances.

The electrical data of the individual arresters such as rated voltage, continuous operating
voltage, protective characteristics and energy absorption capability should be indicated by the
contragtor and confirmed by the contractor's system studies.

18.5.2 | Arresters: design aspects

The customer may or may not indicate a preference for arrester
of polymeric material.

ith’ heusings made

The arfester may be of single-column or multi-column desig

The customer may require arrester accessories such(as:

e Jlarrester discharge counter and/o e 8 3 rrester
impulse discharges. Filter en charge
counters.

o [leakage current device to monit

It is no in a.c.
filters hecause of the followi

e |modern arreste pakage
current n‘@ ing

o |leakage curre onents

p ximum

. results

18.5.3
The T3 hasing

the eqyipment or to inform the customer of the design parameters.
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Table 6 — Electrical data for arresters

Arrester design parameters Units

Continuous operating voltage @ kVims

Harmonic voltage spectrum b, steady state n’kVims
Rated voltage U, kVims
Nominal discharge current (8/20us) kA
High current impulse (4/10us) kA
Long duration current impulse (2 ms) A
Line disg¢harge class /\
Maximum energy absorption capability (thermal) © /\\ L \i\J
Referenge voltage /\ \ kvp\q N2
Referenge current m 4k
Tolerande on sharing of reference current between columns of multi-column aiﬁsteﬁ\%)e\ge&\
arresterg intended for parallel operation N
Residual voltage at nominal discharge current \ ) kV
Residual voltage at 0,5 kA (30/60us) / \ kV
Lightning impulse withstand level of arrester housing f\\ ) / ~ kV

Pressurg relief capability /\ A > ( Q> ‘\) kArms
_/

Lightning impulse withstand level (LIWL)

High voltage terminal to ground /A kV

Low voltage terminal to ground \ (\ ) kV

Switching impulse withstand Ie\@ (é*WLﬁ/\ \) N >

High voltage termlrp‘e\tobt\ \o& =N ) kV

Low voltage t rmlr'@ t\\g/\m{}sk kV

Applied g.c. test voI@;e}; ground B'QHZ\OKGO\*{{M] ) kVims

o

a The contlnuous opefatin ximum permissible rms value of power frequency voltag

inc ntinuously between the arrester terminals.

b Th i i ified in terms of the order number and the rms-value of the
indjvi i

¢ Th i the total energy absorbed by the arrester at two long duration current
imy

18.5.4

Unless| otherwise stated, routine tests and type tests should be performed in accordange with
the rel¢vant sections of IEC 60099-4(2004). Tests on support insulators, where applicable, may
be performed in accordance with TEC 601T68(1994). IT the cusiomer has additional specific
requirements for special or "other" tests and for verification of equipment performance then
these should be stated.

18.6 Instrument transformers
18.6.1 Voltage transformers

The customer may require the contractor to provide inductive voltage transformers connected
in parallel to the a.c. filter capacitors. The main purpose of such voltage transformers is to
rapidly discharge the capacitors (usually in less than 0,5 s rather than around 5 min achieved
with the capacitor discharge resistors), after the filter has been switched off. This is
accomplished by the voltage transformers becoming saturated during discharge resulting in
considerable discharge current (up to about 15 A peak), whereas during normal operation the
current of the primary winding is typically less than 2 mA and the impact on the dissipation
factor of the capacitor bank by the voltage transformers is negligible. The advantage of fast
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capacitor discharge is to alleviate the voltage stress across the open filter bank breaker, and to
permit rapid re-energization of the filter without overstressing its components.

The voltage transformers for this particular application must be designed to comply with the
thermal and mechanical stresses imposed by the discharge of the filter capacitors through the
voltage transformer. The standard applicable for inductive voltage transformers,
IEC 60044-2(1997) [3] however, does not fully cover this application. It is therefore advisable
that the contractor and customer agree on an equipment specification including discharge
requirements described by the discharge energy and duty cycle and specifying details how to
prove the discharge withstand capability of the voltage transformer.

Voltage_transformers connected to the converter bus, used for overvoltage and unbalance
protectjon of the converter station as well as for providing the voltage signal the converter
control| are considered to be external to the a.c. filter equipment erefore not
discusged in this technical report.

18.6.2| Current transformers
18.6.2./1 General

The cufrent transformers of the a.c. filters are part of 5cribed

in Claulse 14.

Current transformers for short-circuit etiurrent and over : e filter
circuit pre usually arranged at the filté 3 d filter
circuit.|For unbalance protection they a s. For
protectjon of individual components, s with
specifi¢ filter components.

IEC 60D44-1(1996) [2] is applica
18.6.2.2 Current tra
Current transforﬁxp;\rs
constryction may be

CIGRE
constryction

ype of
e. The
design,

The custom
For exam
flux) degsign:

rmers.
pakage
~the assessment of the transient performance of a current trangformer
can bg simplyrn by measurement of the voltage / current characteristic at seqondary
winding, with)the primary winding open. If the transformer is not a low reactance design)then a
direct médsurement of accuracy must be made at the accuracy limit current (special test). This
is a major—probtem—since—the—test—current—canmbe—very high—and—such—test—sets—are very

uncommon. For further details reference is made to IEC 60044-6 (1992) [5].

The customer may specify minimum requirements for the creepage distance of the insulators
and for cantilever load.

Earth side transformers are commonly designed with solid insulation.

The current transformers may be mounted on a support structure for providing safety clearance
for substation personnel to the equipment on HV potential.

18.6.2.3 Current transformers: electrical data

The Table 7 below is a checklist of data which could be used by the contractor for purchasing
the equipment or to inform the customer of the design parameters.
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Table 7 — Electrical data for current transformers

Current transformer design parameters Units
Rated frequency Hz
Highest voltage for equipment kVims
Current ratings
- Primary winding
Maximum continuous thermal current Arms
Harmonic current spectrum 2 nArms
Short time current rating —
Harmonic current spectrum 2 ( PAGH s
Duration < K (\ \x\sec
Transient current rating < kAp,eak
Time to crest (\ \ us
- Secondary winding \\ \ Armsl

Maximum continuous thermal current \ ) Armsl
Core deffails / \

Measuring cores 7\ ) / AN
Number of cores /\ A > ( ) N >
Turns ratio \ \ /
Rated burden /l vA
Accuracy class \ >

Protection cores ,\

/7

Number cf\f cores

(N
Instrument s(\w\fam \) 5>
N

Tns et <

Rated burden NN VA

rroioncsn? )

ey e

Insulatioh rE}g\mFRments\b% \Q \/

Fawer withstand voltage (1 min)

Psna&\wvg (wet, if applicable) erm|s

Seconday winding KV ks
Lkightning impulse withstand level of primary winding kV
Switching impulse withstand level of primary winding (if applicable to the voltage class) kV

a The harmonic current spectrum is specified in terms of the order number and the rms-value of the
individual harmonic currents; usually not applicable to unbalance transformers.

b See |IEC 60044-6(1992) [5]. Further data may be required depending on the specified protection class.

18.6.2.4 Current transformers: tests

Unless otherwise stated, routine tests and type tests should be performed in accordance with
the relevant sections of IEC 60044-1(1996) [2]. Tests on support insulators, where applicable,
may be performed in accordance with IEC 60168(1994) [15]. If the customer has additional
specific requirements for special or "other" tests and for verification of equipment performance
then these should be stated.

Such requirements for example may include:
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e Verification of transient current capability

The contractor or his sub-contractor should verify by calculation that the transformer will
withstand the mechanical and thermal stresses imposed by the specified transient current.

e Seismic qualification
To be performed by the contractor or his sub-contractor, if applicable (see Clause 15).

18.7 Filter switching equipment

18.7.1 Filter switching equipment: overview

The switching of filter banks in general and those for HVDC systems’ i
specifi¢ally been covered by any standard to date. The number of diffe
superimposed frequencies and possible recovery voltages is d|ff|c
rules fpr worst conditions. In general, the system stresses i
circumstances have to be determined during dedicated syste
important part of an HVDC project. The results of those
the filter breakers will be covered by existing standard
necessary.

ses on
requirements are

As explained earlier a.c. filters are bi-functional: Yilte a i idi eactive
power.| Therefore, the duties and stresse i itchi ipment
show many similarities. Due to the relatively\hi ‘ i in fi banks
the amplitude of mrush currents will be iti ) i i i lower.
On the other hand, [ cause
overvoltages under (fault) conditions with a is . pltages

For th
approached quaht
in spedifying filt

will be
A guide

and HV
ns, the

If applicable, two
(load) $witches.

application of/1o e i in fi - . The most
signifi > -circuit
curren a|limited
value ¢f s circuit

ideration
rticular

breake

HVDC scheme and operational requirements.

Other switching equipment installed in filter banks, not primarily intended to switch currents,
such as isolators and earthing switches, in general, do not need special requirements other
than those related to conventional a.c. substations. For this reason they will not be discussed
in this document.

18.7.2 Filter switching equipment: design aspects

Subclauses 18.7.2.1 to 18.7.2.3 are general aspects, Subclauses 18.7.2.4 to 18.7.2.9 are more
specific for breakers and switches in filters.

18.7.2.1 Existing international standards

There are two main international standards dealing with circuit breakers, including test
requirements for capacitive switching: IEC 62271-100 (2008) [32] and the ANSI/IEEE C37
series [61]. For HV switches IEC 62271-104 (2009) [33] could be applied. However, the
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standards do not cover the requirements of a.c. filter bank switching. Therefore, installing an
IEC/ANSI tested breaker does not necessarily ensure a good working, trouble-free installation.

18.7.2.2 Environmental conditions
Reference can be made to IEC 62271-1(2007) and Clause 17 of this technical report. For

circuit breakers, special considerations are recommended in relation with outdoor ambient
temperature (see 17.4.1), pollution (see 17.4.2) and seismic requirements (Clause 15).

18.7.2.3 System parameters

Important a.c. system parameters, in relation with the present case, are:

nd the
voltage

’

e |nominal system voltage, voltage range and special voltage re
limits of the steady state range, as mentioned in 17.2.1. An
conditions under which the filter should be disconnected, sho

e |nominal power frequency;
e [short circuit power level;
e |duration of short circuit;

e |system earthing;

e |existence of other parallel connected capaei
e [the ratio of X/R;

e |insulation levels.

HVDC |system parameters are import
breakef or switch is connected toeth
converfer, with control cha

he Thévenin equivalent to whfich the

nt as-wellNsin
er e i bank is also dependent on thel HVDC
ayinga.role in’the load rejection behavior, etc.

pOsition of the reactive current at power frequency
uestion is drawing from the a.c. system under all

18.7.2. Continuous

The continuous @

and thg harmonic“cu

specifigd conditions, oad current will have a relatively low rated value as
compar S main power circuit. However, it should be realiz¢d that,
due to the mer e posed current harmonics, more zero-crossings than thosg due to
the fun : ne could occur. Their occurrence is relevant to the current

breakirn ityxinmnormal operating conditions. It is recommendable to specify the sgpecific
purposkg of the~breaker/swity

18.7.2.6 Shortcircuit current of the circuit breaker

The rajed“short circuit capability should be at least equal to the system short circuit level as
defined in 18.7.2.3 and must take into account future development.

If a short circuit occurs at the connections between the breaker and filter full short circuit
current has to be interrupted by the circuit breaker. In case of faults, such as flashovers, inside
the filter branch, the fault current through the breaker will be more or less reduced by the
remaining filter impedance, depending on the location of the fault.

A switch will be able to carry the short circuit current for only a limited time; however, as noted
in 18.7.1, a limited short-circuit breaking capability might be available.

18.7.2.6 Switching duties and sequences

Depending on the particular station scheme, and due to operating conditions, fault recovery
strategies, etc. switching duties and sequences of a circuit breaker different from those
specified in standards are possible. It is recommended to specify such duties.
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In some exceptional cases, a fault inside the filter bank can occur during switching of normal
load current. This case, though rare, causes an extra stress and therefore could be specified

as a special duty of the breaker.

The rated switching duty of a load switch, in general, is limited to an opening and closing-

opening operating sequence.

18.7.2.7 Dielectric withstand of the arcing medium

Due to the relatively high number of switching operations, which are, in general, normal

practice in HVDC-stations, it is recommended to require the breakers to

have the lowest

possible restrike-probability. Restrikes, occurring during switching operations of filter (and

capacifor) banks can cause high overvoltages with relatively high frequencies:

of restfikes is strongly dependent on the moment of contact separati
currentzero and the design of the breaker. In the old version of IEC 6Q
assumed to be restrike free after (only) a limited number of tests wj
the current version of the revised IEC 60056 (IEC 62271-100 (2008)
made hetween breakers with low and very low expected restrike :
numberl of tests compared with old IEC 60056 (1987).

18.7.2.8 Number of switching operations

This crjterion is important for the following two rea

he oeclirrence
e next
lers are
pver, in
s been
higher

e |depending on the scheme, opgrating < capacitor and filten banks

(very) frequent switching may
stresses on the breaker/switc
consideration to this aspect.
considered;

18.7.2.

The cu
recove
on the
earthed.

The rel ) e iterion in relation with HVDC is, in particular, determined by:

e [the value

converter),
° thAa ctranath hias~no lknocc af _tha a o avatanm Aftar racAvAr af o chaort
uaure \Jll\.fllull MYWOUUNITOUOJI VT uare .o \J]OL\JIII arteT |\JUUV\J|] T L= GTITUTU

practice. This imposes high mechanical
ore it—is recommended to giye due
pecial-purpose switchgear cquld be

atiohs, the probability of unfavorable| arcing
probability of restrikes. In general, short| arcing

itching equipment is highly dependent on the (trgnsient)
after arc extinction. First of all, this voltage is degendent
e a.c. system and the filter bank. The latter is ggnerally

e temporary overvoltage (TOV) at load rejection (blocking |of the

commutation failure,

possible saturation of the converter transformers during fault recovery,

resonances with the a.c. system impedance during fault recovery,

rate of discharge of the capacitor bank,

switching strategies of other filter breakers in parallel,

harmonics due to filter bank currents,

a.c. filter arresters,

e a.c. bus arresters.

etrcuit or

A sustained d.c. voltage across an opened breaker can influence the voltage withstand
capability of some breaker types. Therefore, it is recommended to specify the discharge time
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constant of the filter banks. The discharge is dependent on the value of discharge resistors and
the presence of (inductive) PT's.

System studies should prove if the TRV-stresses will exceed those specified in IEC and or
ANSI/IEEE. In that case, additional tests are recommended.

As an alternative a breaker with a higher rating than the system voltage could be considered.

18.7.2.10 Making current

After closing on a filter bank, an inrush current will flow. The current is limited by the filter
reactor—Fhe—iarush—current from—capacitorbanks—depends—on—thedamping—eHests, of the

effectiy banks
and/or [fi \ alance
currents during switching. When one bank is switched on, all the others a on-line
discha i is gamped

only by

With re

e |when closing on a filter bank prestrikes are probable i and frequency of
the subsequent inrush current will be deter ameters of the filter itself,
the station configuration, the other banks—= Hy nneted [0 the bus and the a.c.

system. During a prestrike, theN C w through the not yet|closed
contacts and the arcing medi in_time. g types of breakers/syitches

e [inrush currents can cause ov f nplitude and frequency of which are
e [attention should alSo be pai q in the a.c. system occurring when [closing
e |in order to mee

means to. it ini
of the ap i

synchromze

e_contractor could choose, if necessary, different
oltages at closing of the breaker. These [consist
inductors or synchronous closing schemeg. With
it breaker closes at a optimal instant and thus| inrush
es will be minimized. The performance of synchronous
the properties of the circuit breaker itself and the|control
breaker has to close around zero voltage sufficient margin hgs to be
oltage amplitude, system frequency, the presence of hgrmonic
e closing accuracy will be affected by the stability of the [closing
nd closing order of the control interface and measuring errors;

es should be capable of making a specified short circuit current when

closing on a short circuit.

18.7.3 i Wi i 1] : i

The Table 8 below is a checklist of data which could be used by the contractor for purchasing
the equipment or to inform the customer of the design parameters.

Table 8 — Electrical data for filter switching equipment

Filter switching equipment parameters Units
Rated voltage KV s
Rated frequency Hz
Rated normal current A

rms

Insulation level to earth and across open switching device

Rated a.c. voltage kV
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Filter switching equipment parameters Units

Lightning impulse withstand level kV

Switching impulse withstand level (for rated voltage >300 kV) kV
Rated short-time withstand current KA e
Rated peak withstand current kA
Rated duration of short-circuit s
Rated short-circuit breaking current KA s
Rated transient recovery voltage for terminal faults a
Rated short-circuit making current kApeak
Rated operating sequence
Rated sipgle capacitor bank breaking current /\\ ~ AR
Rated back-to-back capacitor bank breaking current /\ Ns
Maximurp permissible switching overvoltage when switching capacitor banks \Y,
Rated sypply voltage of closing and opening devices and of auxiliary circuits \ \ \ VyorV Lo
Rated sypply frequency of closing and opening devices and of auxiliary écu\[‘s\ \ \ Hz
Rated priessures of compressed gas supply for operation and for |pzte/rr®ho\ Mpa
Maximurp deviation from closing time (if synchronous switching ié us@ ms
@ deterrpined by several parameters - see I;{J 62271-@?\}2@653/) [m \

B \

18.7.4| Test requirements

Type tests performed in accordance wi
stressgs of the present case. WG 13.
[39]. Ap stated earlier, som
exceed those specified i
relevar
Additio

These

of restrike,

The ddfined fequ
possibifities-for test circuits, test duties and test voltages to be chosen.

t criteria and ¢ ) i ts~of system studies with those in the sta

jching operations in field conditions with reg

in relation with TOV-conditions in fault or

ents in IEC and ANSI/IEEE regarding capacitive switching offer

I/IEEE may not always cover the real
ument on shunt capacitor sw
s, in this case in HVDC statio

itching
s, can
illy the
ndards.

ard to

special

various

Because of the station scheme, operating strategies, specified fault conditions and a.c. system
parameters the test requirements of the breaker/switch should reflect as closely as possible

the actual situation.

If applicable, the accuracy of synchronous switching in relation to the affecting factors,
mentioned in 18.7.2.10, should be verified by laboratory tests or otherwise by specific
commissioning tests under real operating conditions. The test conditions should take account
of influencing factors such as ageing, environmental conditions and the number of previous

switching operations.
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19 Field measurements and verification

19.1 Overview

This clause considers the tests which will be made during and after commissioning, to verify
that the a.c. filter equipment and systems are functioning as required. Suitable specification of
the technical and contractual aspects of such testing is important to safeguard the interests of
the customer, and a clear definition of what is required is to the benefit of both customer and
contractor.

The field tests can be divided into:

e |equipment and subsystem tests which are performed before full voltage energizafion,

e |system tests which cover all tests done after full voltage energizati

The complete system tests also include the off-site tests of the control s i ut on a
simulafor prior to its shipment to site.

Anothefr test of interest in the context of a.c. filters is{ the rement of pre-gxisting
harmonic levels for the purpose of design and later for verificati

19.2 Equipment and subsystem tests
19.2.1| General

The su carried

out by the contractor.

The components of the filters fi ifi ! itance,
inductgnce and resista 5. After
final cgnnections of the at low
voltagq operation.

19.2.2 Funda

A singl filters.
The fu of the
fundam | is not
influen asured
down t of the

filter arn

19.2.3 | Frequency response curve

The purpose of this test is to obtain the impedance of the filter in the frequency range starting
with the fundamental frequency up to usually the 50th harmonic. It will also permit selection of
the final tap setting of the reactors in accordance with the desired tuning frequencies corrected
for the conditions of the test, namely the ambient temperature.

The frequency curve may be obtained by applying the output of a signal generator to the filter
through an amplifier. Filter voltage and current measurements taken across the complete
frequency range give the impedance curve. However, this exercise is time consuming
considering also that the voltage applied to the filter has to be monitored to ensure that it is
reasonably free of distortion.

More sophisticated instruments will automatically control the injection signal and take the
readings with probes tuned to the injection frequency in order to be more sensitive and less
influenced by distortion.
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Finally, this evaluation can be done by using a spectrum analyzer: its output noise signal is fed
to the filter through the amplifier and the instrument, by means of Fast Fourier Transform (FFT)
calculations, performs the transfer function directly on the voltage and current measurements.
The instrument also provides a coherence function which may be regarded as a confidence
criterion in the transfer function obtained.

19.3 System tests
19.3.1 General

The system tests complete the commissioning of an HVDC project and consist of the tests
done at fuII voltage (including also the off-site tests of the control system) The subJect of

system by WG
14.12 0]. For
each tp nd the
accept ance criteria.

The telsts regarding the a.c. filter equipment and performa
Technigal Brochure. The following paragraphs only summarize
detailslon certain aspects concerning the measurements.

19.3.2| Measuring equipment
19.3.21 General

For th¢ system tests, results are required\i requency domains. The time
domairl measurements are usually provided >nt” fault recorder (TFR) gnd the
sequer|ce-of-events recorder (SER) while the f domain measurements are optained
from alharmonic analyzer.

19.3.2.2 Transient fault re > e~of-events recorder

The specification will often”ask™t orders be part of the equipment supplied| by the
contragtor. The<li> igital technology and is used to analyze transients,
which implies that\the sele i gs are usually much greater than the nominal yvalues.
Since i itor around the converter, the limited number pf TFR
channe ording of more than one phase of each filter branch.
Connegti o0 be reconfigured depending on the commissioning test
being f

The SER-givesya \precise time-stamping and is therefore very useful to verify prgtective
sequern 9 inate measurement results with the prevailing equipment or [system

configyrations

19.3.2.3 ““Harmonic analyzer

Although the digital nature of the TFR would permit harmonic analysis, it cannot generally be
used for filter performance evaluation: it is not sensitive enough because high input scales
must be selected for transient purposes.

Harmonic performance evaluation of HVDC converters requires an instrumentation that is
equipped with very good quality signal conditioners and analog-to-digital converters and which
contains the necessary filters to prevent any aliasing. Very good harmonic analyzers
incorporating all these features are now easily available or can be assembled from the various
components. The whole measuring chain must have a very good signal-to-noise ratio (SNR).
For example, a SNR of at least 80 dB is required in order to evaluate a TIF of 10 with the
necessary precision.

The input channels of the analyzer should be synchronously sampled to allow evaluation of
symmetrical components. Besides the integer harmonics, the harmonic analyzer should also
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provide the interharmonics (intermediate frequencies) which are useful to ascertain that the
analyzer is functioning properly and that the measurements have been taken in steady state.

A personal computer (PC) should be used in conjunction with the harmonic analyzer in order to
store the results of the analyzer, to calculate the various indices (TIF, THD, etc.) for which
limits have been set in the specification and to help in the preparation of curves and reports.

IEC 61000-4-7(2002) [27] and its Amendment 1 (2008) describe the general requirements for
harmonic analyzers depending on the application. Harmonics generated by HVDC converters
will usually not fluctuate in steady state operation, especially if the interconnected a.c. systems
are synchronous or if the d.c. line is very long. Therefore, when referring to the above
standard ] he requirements applicat 3SU quasi-

19.3.2
Conventional current and voltage transformers are suitable for the-time i ments.
Conve ioh since

their fi rest acitive
voltageg i 9se at hgrmonic
frequencies. Inductive voltage transformers are usua € ei equency regponse
should e ti ade if necessaty. The
possibi ic ¢ i earby compongnts to
inducti )| ~ / there,is evidence that this can
introdu S 3

If the rmonic

measu

. h large

S,

stable
pn test

guency

19.3.3

These nd are
soaked voltage
wavefo valuate

the eff should
be bal{nced. The steady state voltage variation can be used to evaluate the short circuit level
as desgribed in Clause E.3.

19.3.4 Verification of the reactive power controller

The reactive power controller should be verified in all its operating modes and this will
therefore be done at various stages of the commissioning tests. It will be mostly verified using
the operator's interface although the TFR and SER might be useful to analyze certain
situations.

19.3.5 Verification of the specified reactive power interchange

This verification should be done for the operating conditions given in the specifications, for
example: transmitted power level, mode of operation (rectifier or inverter), a.c. and d.c. voltage
levels, maximum firing angles, etc. As there is usually a penalty attached to this requirement,
the most precise current and voltage transformers (usually the billing ones) should be used.
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The harmonic analyzer might be accurate enough for this measurement at fundamental
frequency. If not, a power analyzer is the best instrument for the application.

19.3.6 Verification of the harmonic performance
19.3.6.1 General

These tests are part of the steady state performance and interference tests. The objective is to
establish the various harmonic levels for various operating conditions defined in the technical
specification in order to verify that the specified levels are not exceeded during such conditions
and that the levels remain acceptable under contingency modes. It should be understood that
the measurement conditions will probably never correspond to the worst case conditions for
which thefitter designm has been made:

19.3.6.2 Signals to be analyzed

To ver|fy the a.c. side harmonic performance, the following signals to the
harmonic analyzer (Figure 40). Suitable transducers, giving accu i monics
must be used (see 19.3.6.3):

e |the three phase-to-earth bus voltages,

e |the three a.c. system currents (or currents for IT

evaluation),
e |the three converter currents,
e [the three filter currents,

e |the converter firing angle,

e |[the d.c. side voltage and current sig

3
Teonverter %% Q% U

%73 Titter ﬂ% foc

AC filters

IEC 1972/09

Figu 0 — Converter variables for harmonic performance tests

The d.c.side harmonic performance will usually be evaluated at the same time. Ihe related
signals will be added to the above list and this will dictate the required number of input
channels for the analyzer.

Harmonic analysis will be performed on all the signals brought to the analyzer. This analysis is
required for the a.c. signals in order to evaluate the harmonic factors (TIF, THD, etc.) and for
the study of any abnormal condition. Harmonic analysis of the d.c. side voltage and current will
be very useful to study any a.c./d.c. harmonic interaction. Although it is the average value of
the converter firing angle which is usually of interest, harmonic evaluation should also be
performed on this signal as the presence of a low order harmonic variation of firing angle could
affect a.c. and d.c. side harmonics.

It should be noted that, with the availability of the measured three-phase voltage and current
harmonic phasors, it is possible to discriminate the direction of harmonic current flow.
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System frequency does not have to be explicitly recorded as it can be derived from the
processing of the a.c. bus voltages.

19.3.6.3 Installation of the analyzer

In the past, the analyzer used to be installed for a very short period. It would be set up a few
days before the specific harmonic performance tests and removed shortly after.

However, as instrumentation has become easier to obtain (cheap, effective, user friendly), it is
advisable to install it at the very beginning of the commissioning tests, i.e. prior to the
equipment energization. It should be set up to continuously take samples at regular intervals
(every 30 s or so). Plots of the harmonic indices can then be produced and analyzed on a daily
basis. JAny abnormal harmonic level can be documented along with the“converter~ahd a.c.
system| operating conditions.

The bepefits of this early set-up of the instrumentation are mainly:

* |2 very good evaluatlon of the pre- eX|st|ng n0|se sm et | ill lnot be

e [an evaluation of the harmonic levels for a large-n i : .C. system
conditions,

e [a reduction of the duration of the testing grmonic

performance tests,

e [the possibility of establishing statisti
19.3.6.4 Test conditions
It has peen seen in the previous it monic performance is influencgd by a

large number of factors. ests should cover as many configyrations
as pragtically possible.

e |the whole ope
at reduce@

e |various loadif G ) em which should also result in various short| circuit

erters including the overload range and operation

e |operation with hormal a.c. filtering, with reduced filtering, and with the whole range of
filters\(or c| ation different filter banks) which might be connected at @ given
power level,

e Jall rations (as a d.c. side resonance can affect a.c. side distortion).

The other parameters’such as system frequency, a.c. voltage level, voltage unbalange, etc.
cannot|usually be varied easily and therefore are taken as they occur.

If the instrumentation has been installed at the beginning of the commissioning tests, harmonic
performance will be known for many configurations before the specific test period. The test
period will be used only to cover the conditions which have not been experienced already or to
review some conditions that would have proved troublesome before and would need more
documentation.

For the specific harmonic performance measurements, taking samples at regular intervals (e.g.
every 30 s) while slowly ramping the converters (around 1 p.u. power in 2 h) has proven more
efficient than measuring only at fixed power levels. When using a ramp, it takes less time to
cover the whole converter range and it gives much more information. Also, it always remains
possible to come back to a specific operating point that would have resulted in abnormal
harmonic levels. With such a slow ramp rate, measurements can still be considered to be
carried out in steady state. Figure 41 is an example of measurements made during a ramp.
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Reactive power (Mvar)

= AC filters

e ——

Converter transformer pole 1

Tindes (min)

IEC 1973/09

Figure 41 — Example of measurements made during a ramp of the converters

Although the specified harmonic limits will most likely not apply for operation with less than the
designed number of a.c. filters connected, knowing the harmonic levels for these conditions
can become very useful to the operating personnel in case of a filter outage.

19.3.7 Verification of audible noise

The audible noise generated by the overall station (the a.c. filters are only one of many sources
of audible noise) should be measured according to the specification, which should give the
maximum allowable noise levels as well as the measuring procedures (for more information,
refer to 16.3 and 17.4.8).
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19.4 In-service measurements
19.4.1 General

The customer should consider what filter-related measurements, if any, he wishes to make
during the normal in-service operation of the HVDC station. Provision should be made in the
technical specification for supply of any equipment, instructions and training related to such
measurements.

In most HVDC schemes, no special provision is made for such measurements. If any harmonic
investigations are to be made after the completion of the system tests, these will usually
employ specialized equipment and personnel provided by the customer.

b been
is own

However, in a few HVDC projects, the following categories of me
consid¢red or implemented, and the customer should consider the
operatipn philosophy and capabilities.

19.4.2| In-service tuning checks

Normally, the only verification of filter tuning after the be the [regular
maintenance checks for failed capacitor units and i ntegrity of other
compohents. However, measurement of the tuned freq ilters could be made| during
maintehance periods, using the same equip hQi s~ as employed | during
commigsioning tests.

19.4.3| On-line monitoring of tuning

In a vgry few HVDC schemes, equipmen ) on-line
monitofing of the tuning of a.c. filters a etween
currenf and voltages at | onj - rmonic
analyzer and facilities tg

19.4.4

If harm of the
IT critg . a regular, or permanent, basis by measurement of
harmonic currentin tt i normal line CTs connected to a harmonic analyzer.

19.5 III sting harmonic levels for design purposes

As mention 8, 10 and 17, pre-existing harmonic levels have to be addrepsed in
the specifi ermit the proper design of the a.c. filters by the contractor. Therefaore, the
related ents’to establish these levels will usually have to be carried out at an early
stage of the-project. These measurements should cover a time span of at least a few v%eks in
order tp abtain statistical figures. A longer period, ideally one year, would be desirable ih order

to take into account seasonal variations in generation and network topology.

The data obtained will typically only pertain to the amplitude of the bus voltage harmonics as it
is difficult to measure the associated harmonic impedance. The final values specified for pre-
existing harmonics should take into account the measured pre-existing levels corrected to
include future a.c. system development.

20 Future developments

20.1 General

For clarity of presentation, this technical report has concentrated so far on “conventional” a.c.
filter technology and harmonics from current-source line-commutated HVDC converters.
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However, substantial changes in both the technology and the electrical system environment are
taking place currently, and will continue to occur in the future. These changes will have an
impact on many of the aspects of specification and design discussed in this document.

This clause outlines the developments which are happening at present, or can be foreseen in
the near future, and indicates what impact these will have on the treatment of a.c. harmonic
filtering in a customer’s technical specification for an HVDC project.

In general, the customer is advised to ensure that the technical specification does not
inadvertently include any restrictions or conditions, perhaps carried over from previous
specifications, which preclude the bidders from offering solutions using new technologies which
may be_of benefit to the customer

should
ensure|that the technical specification protects the customer’s interes esting,

Custon]vers may naturally be cautious about the application of new te
reliability and availability, maintenance and guarantees.

20.2 New filter technology
20.2.1| General

New telchnologies which are currently being introduc L - ns will, where gpplied,
substantially alter many aspects of a.c. filter design. se is the automlatically
contindously tuned reactor, especially i vith the series cdpacitor
commytated converter. The first activée ed in a pilot scheme| on the
a.c. siTe of HVDC converters. Single- es offer lower capital costs.
Capacitor technology is improving conti ade in
fuselegs capacitor design. A large reducti f ions is
becom|ng possible, where necessa y ct filter
design| These various aspe LSS

20.2.2 | Automaticall

enefits
quency

Since some of
could be gained i
variatign or compone

der the
brovide

In the fesig
conditipns~of imuik ng, and the filter Q-factor has to be set low enough to
dampir | filtering when the filter is fully detuned.

If, however, gither the,capacitor or the reactor of a tuned filter could be varied continuously,
over a |smadll range around nominal, then the tuning of the filter could be automatically agjusted
to comfpensate for any detuning effects. With such near-perfect tuning, the Q-factor could be
raised to a tigh—vatue with—mminimat—Tisk—of fitter-a.c—systerm resomance. T he increased
effectiveness of the filtering would allow the size of the filter banks to be reduced substantially.
With no risk of magnification due to filter-a.c. system interaction, rated harmonic currents in the
filter components would be reduced, and losses would also be significantly lower.

Such obvious benefits attracted designers to experiment with automatically tuned reactors in
some early HVDC schemes, using mechanical methods. These experiments were, however,
largely unsuccessful due to the dependence on moving parts, as well as control problems, and
the concept of automatic self-tuning was not applied again until the late 1990s. Indeed, many
technical specifications discouraged or forbade automatic tuning or even seasonal adjustment.
Also, designers recognized that the bulk of the cost of a filter was in the HV capacitors, the
total size of which was generally determined by reactive power, rather than filtering
considerations.
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Interest in the self-tuning concept has been re-awakened recently, however, partly due to
developments in the component technology, and partly due to HVYDC system considerations.
New designs of automatically self-tuned reactors have been developed and are now a proven
option for application in HYDC schemes.

The recent developments in the application of series commutated converters (see 20.3.2), has
moved the location of much of the required reactive compensation from shunt-connected to
series-connected capacitor banks, and therefore substantially reduced the amount of shunt
compensation required. The remaining shunt-connected elements are therefore only required
for filtering purposes, and in general, the smaller these are, the easier, cheaper and more
flexible the design of the HVDC system is, particularly in the context of a.c. systems with low
short circuit ratios.

Succegsful recent developments of the automatically self-tuned reac a non-
mechapical concept. The reactor is constructed around a core i i hetized
orthogonally by an auxiliary winding carrying a controlled level of direct ¢ P). The
inductgnce of the main winding is varied by adjusting the level o i control
winding. The control system (Figure 43) measures the phase & ge over
the filtgr arm and the current through it, at the deswed harn justs the
control phase

Long-t¢rm tests in trial installations have proved i sign - of
automatically self-tuned reactors, and t i 2 i llation is now in operation.

Although presently planned applicatio filters are for single-tuned| shunt
branchgs, it is possible that in the futupe, self-t dyreactors could be applied in double-tuned
branches and / or in series filters.

The benefits of the use of & i summarized as follows:

e Jreduction in the|requite
e |near-per

e [elimination o ¢ arate.resistor to reduce the filter Q-factor,
e |in comibinatio i compensated converters, enabling the application off HVYDC
o |self-ttned™>~reagtors, and their control systems, are significantly more costly than

conventional reactors of comparable size and rating, and so may not be the pptimal
solution in all cases.
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