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INTERNATIONAL ELECTROTECHNICAL COMMISSION

GUIDE TO THE SPECIFICATION AND DESIGN EVALUATION
OF AC FILTERS FOR HVDC SYSTEMS

FOREWORD

1) The International Electrotechnical Commission (IEC) is a worldwide organization for standardization comprising
all national electrotechnical committees (IEC National Committees). The object of IEC is to promote
|nternat|ona| co- operatlon on all questlons concerning standardlzatlon in the electrical and electromc flelds To

thisend -2 = = ications,
Technical Reports s “IEC
Pullcatlon(s) ). Their preparatlon is entrusted to technlcal committees; any IEC Natlo al Co i interested
in d non-
gov, closely
wit ned by
agreement between the two organizations

2) Th ational
con rom all
interested IEC National Committees

3) IEC] Publications have the form of recommendations for internationsa qre ational
Cormpmittees in that sense. While all reasonable efforts are made R of IEC
Publications is accurate, i a for any
mis|nterpretation by any end user.

4) In g¢rder to promote international unlform|ty, IEC Natlnl mylittes cations
tra i b a rgence
bet itated in
the

5) IEC] for any
equ

6) All

7) No Jiability shall attach to | Qr its d 3 ¢ nts or agents including individual expgrts and
mermbers of its technical committa ittees for any personal injury, property damage or
othg¢r damage of any ng hether direct or indirect, or for costs (including legal fe¢s) and
expenses arising out of icati of, © ance upon, this IEC Publication or any other IEC
Publications.

8) Attdntion is dra i 9 ited in this publication. Use of the referenced publicdtions is
indispensable for s S i

9) Attgntion is drawn ta ibili e of the elements of this IEC Publication may be the supject of
pats i . 3 D jble for identifying any or all such patent rights.

A PAS i echni ecification not fulfilling the requirements for a standard but|made

availa

IEC-PA \ ; itted by the CIGRE (International Council on Large Ejectric

Systems) an 2 processed by subcommittee 22F: Power electronics for electrical

transmissi distripution systems, of IEC technical committee 22: Power electronic systems

and equipment.
The text of this PAS is based on the This PAS was approved for
following document: publication by the P-members of the

committee concerned as indicated in
the following document

Draft PAS Report on voting
22F/97/NP 22F/102/RVN

Following publication of this PAS, which is a pre-standard publication, the technical committee
or subcommittee concerned will transform it into an International Standard.

An IEC-PAS licence of copyright and assignment of copyright has been signed by the IEC and
CIGRE and is recorded at the Central Office.

This PAS shall remain valid for an initial maximum period of three years starting from
2004-07. The validity may be extended for a single three-year period, following which it shall
be revised to become another type of normative document or shall be withdrawn.
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HOW TO USE THIS GUIDE

The principal purpose of this document is to give guidance to those responsible for:

e preparing the a.c. filtering aspects of Technical Specifications for HVDC projects,

e evaluating the proposed designs, and

e monitoring the subsequent project.

Thg main objective is to enable informed judgements to be made and future Teg
wriften, such that the resulting a.c. filters are effective yet economical, and areg’sot.und

Thq Guide has been written by a diverse group including engineers
and| consultants, and the recommendations respect the interests of all paxties.

Thip Guide can be used in different ways by different readers:

considered, highlighted throug

applications and general power quality issues.

s to be
igned.

Utilities

tion by

it|certain

e An engineer preparing a Techni 2 ati an fird the key points, which must be

onally,

ification

anding
hulated

ered by

iflerable

Dgether

industry
dpacitor

The Guide has been clearly set-out in sections, each covering specific aspects of a.c. filter design. For
guidance on any particular subject, each section may be read individually. Cross-references to other sections

are made where necessary.

The brief description below of the contents of each section is intended to assist the reader to use the Guide

in the most appropriate way.

o For any reader, it is recommended to start with the short introductory Sections 1 and 2, which

explain the justification for the production of this document and also discuss what a Technical
Specification must attempt to achieve and the optional approaches regarding what should be
included.
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e Section 3 tackles the difficult and controversial problem of defining what harmonic distortion
limits should be specified. This is a complex subject and one where it is difficult to make
unambiguous recommendations, due to the vastly different local circumstances applying to
different HVDC projects. The options and implications are covered in detail. However, a non-
specialised reader need not go too deeply into this section before proceeding.

¢ In Section 4, various aspects of converter harmonic generation are discussed, concentrating on
those points which could be defined in the Technical Specification, and making
recommendations intended to avoid difficulties encountered in previous projects. This section
contains essential introductory material.

e In Section 5, the impact of harmonic interaction across the converter is discussed.
Recommendations are made as to how this phenomenon should be treated in the practical
contextofamHvDEprojectdesigm:

ed to the other main
he’specified requirements
gnd complexity of the fjlter

o g stea ati he-transient rating, and the lossep of

discusses special ‘a olse nce
these aspects gould he c iSation. Thi . . . ose

an

ichin
a.c.

the
key
DSS-

iled

A A+ %Y £ £t
UCDIHII artu LCDLIIIH UI Cﬂbll ILUIII VAl IIILCI CqUIPIIICIIL

¢ Field measurements, and verification that the specified performance is achieved in service, are
discussed in Section 18, which concentrates on those aspects which need to be clearly defined
in the Technical Specification in order to avoid subsequent contractual conflict.

o Finally, the expected impacts of new technologies in the fields of HVDC converters and a.c.
filters are discussed in Section 19.

In some sections, detailed background material and equations have been set aside in small Appendices.

A substantial list of references is included, in Section 20.
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1. INTRODUCTION AND OBJECTIVES

1. INTRODUCTION AND OBJECTIVES........cottiiiiiie e 8

N C LT T - | DTS UPRPOUPRPO
L2 DEFINITIONS L.veiiiiiiii ettt st e e e st e e e e st e e e s bt e e e e stbreeessbteeesbeeeeeaabaeeesarees
3 mtrodoctiom
1.4 Past experience
1.5 Objectives
1.6 Approach

¥
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1.1 General

This document is a Guide to the specification and design evaluation of a.c. side harmonic performance and
a.c. side filters for HYDC schemes. It is intended to be primarily for the use of the utilities and consultants
who are responsible for issuing the Technical Specifications for new HVDC projects and evaluating designs
proposed by prospective suppliers.

1.2 Definitions

The term “Technical Specification” or “Specification” used in this Guide is taken to mean the document
which defines the overall system requirements for the a.c. filters and the a.c. system environment in which
they ravc tU UpCIQtC Jubll a UUbUIIICIIL ID IIUIIIIaIIy IDDUCU Uy ULII;t;CD LU lI 1T pIUDIJCbLIVC I_I DC
manufgcturers. It also ensures the uniformity of proposals and sets guidelines for the eval ids:<|The
term a$ used here does not refer to the detailed engineering specifications relating i ividual ‘item$ of
equipment, which are prepared by the HVDC manufacturer as a result of the filtepdesi 3

The Technical Specification defines the technical basis for a contract betwegn i ho i thig’Gliide
will be|referred to as the “Customer” and the “Contractor”.

e The “Customer” is the organisation which is purchasjng-the ing
the a.c. filters. The term “Customer” is taken tg hich may be used in
specifications, such as Owner, Client, Buyer, Utjlity, Iso

e The “Contractor” has the over4 K e HVDC converter statjon,
including the a.c. filters, as a syste nd N aCt one or more sub- suppller} of

y " s taken to cover similar terms which

may be used in specifications, such as uppller

ifications, Vranufacture .
Where|the context clearly refers tq_the otrae of 3 project, the word “Bidder” has been ysed

instead| of “Contractor”,

1.3 Introdu@

When |nstalling an H e iOn In-an a.c. system, the way in which it may affect the quality of
power supply in thaf systel iportant issue. One of the main power quality topics is thaf of

The a.g¢. sjde~current\of ab’HWDC tonverter has a highly non-sinusoidal waveform, and, if allowed to flow
in the ¢on 8.5, em, might produce unacceptable levels of distortion. A.C. side filters are therefore
required as pa ’ DC converter station, in order to reduce the harmonic distortion of thela.c.
side cufrent and\voltage tgsacceptably low levels.
HVDC] converters also consume substantial reactive power, a large proportion of which must normally be
suppliedtocatty withitthe Converter Station. Shunt Conmected a.C. 1ers appear as capacitive sources of
reactive power at fundamental frequency, and normally in conventional HVDC schemes the a.c. filters are
used to compensate most or all of the reactive consumption of the converter. Additional shunt capacitors
and reactors may also be used to ensure that the desired reactive balance is maintained within specified
limits under defined operational conditions.

The design of the a.c. filters therefore normally has to satisfy these two requirements of harmonic filtering
and reactive power compensation, for various operational states and load levels. Optimisation of this design
is the task of the a.c. filter designer, and the constraints under which the design is made are defined in the
Technical Specification.

The a.c. filters form a substantial part of a conventional HVDC converter station. The fundamental reactive
power rating of the a.c. filters (including shunt capacitors where applicable) at each converter station has
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typically been in the range of 50% - 60% of the active power rating of the scheme. Together with the
required switchyard equipment, the a.c. filters can occupy over half of the total land requirements of an
HVDC scheme. The 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 [Ref. 1-1,
1-2] 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.

3 e—fite 7 e ms-ef-harmonic
dlsrtlon and audible frequency dlsturbances It excludes filters deS|gned to be ef e i | C and

oblems
while
anajyses of some filter reactor failures may be found in Ref"1-3: fis ienge with

: , is not
obMious to what extent this satisfactory i . fi i i S may

Ong of the fundamental problems in spe|fy|n aC. is that some of the essential design datq is not
read |Iy avallable The harmomig i a 1€ A0 emN$ of paramount importance to the design, and
yet G ' al conditions, both at present and during thq future
ope g , exIsting haymonic distortion to be considered is anothef factor
which is difficult to : ict,~85 15 the extent to which existing or future telecommunication
sysfems may be A\ ing in the a.c. network. The tolerance to harmdnics of
exigting and futixe equi and electronic loads, connected to the power system ifself, is

alsq difficult to evalg

Oth S have, in the past, been difficult to calculate accurately with the
ava these is the effect of the harmonic interaction between the a.c. gnd d.c.
side hife well understood in theory, has been difficult to incorporate consjstently
intg e

Ong i a f the filtering scheme is the eventual ease of operation. Complex switching sghemes
with several differentfypes and sizes of a.c. filter bank may fulfil rigorous requirements on performance and

reagtive power exchange, but the practical consequences and costs of lifetime operation should plso be
conkidered

Historically, there has been a wide variation in the content and requirements of Technical Specifications of
a.c. filters for different HVDC projects. There have developed several near-standard types of specification,
associated with certain utilities and consultants, but even these are adapted to suit individual projects.
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1.5 Objectives

In preparing this Guide, CIGRE Working Group 14.30 has attempted to:

e examine previous a.c. filter specifications and consider relative merits,
o consider field experience and draw conclusions,

e review results of previous and current CIGRE work on voltage and current limits, on a.c.
system modelling, and on a.c./d.c. harmonic interaction and consider how the recommendations
resulting from this work can usefully be incorporated in future specifications for HVDC

projects,

areas such as telephone technology,
e make recommendations based on all of the above,

e provide information to facilitate reasoned decision

gign

dted

ical

In doirjg so, the Working Group sought to bring togethe all
sectors| of the HYDC community and to produce a Guig e Of
utilitie§ and consultants, will be of interest te all partie

1.6 [Approach

The Gyide attempts to review<all possifle asp ign
evaluation, and to give a mgre d

The teghnical backg 5 of
information, in orde

Wherelit is possible td va :l\ere
there njay be different wa ome aspect, then the different approaches and their consequerjces
are degcribed. A heNpte \instances is to enhance awareness of the implications of diffefent
possible approashes

The Gyide § hepsive treatment of most aspects of the subject. This does not imply that a
Technipal Specifisation needs to mention all the aspects included in this Guide. In some circumstances a
simple| and .open Specification may be preferable. However, while preparing any Specification, those
respongible should at least be aware of, and consider, all the points discussed in this Guide. In the eventual
design fevalGation phase, most of the material included in this Guide will be of relevance.

New technologies which are currently being introduced into HVDC systems will, where applied,
substantially alter many aspects of a.c. filter design. Foremost of these are the series compensated converter,
the automatically continuously tuned reactor, and active filters.

To introduce throughout this Guide the radically different approaches which such new technologies require,
would have led to a clumsy presentation. Instead, the bulk of the Guide concentrates on the “conventional”
a.c. filter technology and current-source line-commutated HVDC converters. Discussion of the changes
entailed by new technologies is treated exclusively in Section 19. Other unusual applications, such as series
filters, which use conventional technology but are only employed in very specific circumstances, are
discussed in Section 12.
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2. GENERAL ASPECTS OF SPECIFICATIONS

GENERAL ASPECTS OF SPECIFICATIONS
2.1 GBNEIAL ... h bbbt bbbttt a e
2.2 Boundaries of responsibility
2.3 Scope of studies

A 010 1 ] 51 U] ] 0] | PSPPSR

P.5 Technical data to be supplied by Contractor
P.6 Alternative proposals by Bidders

pendix 2.1 Alternative type of procurement procedure

¥
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2.1 General

A Technical Specification has several essential purposes:

Primarily its objective is to define the technical features of the equipment to be purchased. In
doing so, it may define in detail many aspects of the equipment design, or may restrict itself to
describing the system conditions, the main constraints under which the equipment must
perform, and the performance requirements.

It will attempt to enforce uniformity of certain aspects of design both within the converter
station and with the rest of the a.c. system.

Aspect
project

There
stating

In geng
be mad
discuss
therefo
purcha
recons

would §

Most T
of the
used is

possibly leading to:

It will ensure compatibility among all aspects of HVDC system operation,
reactive power control, and converter controls.

overdesign or underdesign
different interpretations by different Bidders

long-running discussions

re-design during the project

wasting of time and consequent p

e contractual and legakconflict

S therefore a strong ince * Qari edhnpical Specifications to eliminate these risk$ by
precise and unambiguious d i quirements, based on a sound technical knowledge.

ral, this G ‘ ) ase’x HVDC converter station, including a.c. filters, will
e on a turnkeyef simita i peen the case for practically all HVDC schemes to date. [The
ion herein of a 3 yowjsion of technical information, allocation of risks and sg on
re apply prin€i lusive approach. If the alternative approach of specifying pnd
ing equi WETE adopted, then these aspects of the Guide would have td be
dered iR the x of the particular scheme, although the purely technical content of the Giiide
btil | eapplicable!

echnica ifications’for HVDC projects are issued in a final format after definition of the defails
broject_by-the pmer and possibly consultants. An alternative approach which has recently been
discussed in Appé

2.2 Boundaries of responsibility

Before a Technical Specification enters into the detail of a.c. filter design requirements, it should first
clearly define the boundaries of responsibility between Customer and Contractor.

In this respect there are two extreme approaches:

a) The Customer defines an a.c. system impedance, distortion limits and other performance criteria to be
satisfied by calculation, the calculation method, and the parameters to be taken into account. The Bidder
and later on the Contractor then makes studies and designs filters based on this information, and has the
responsibility to prove, to the satisfaction of the Customer, that the proposed filter design complies with
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all the specification requirements. The risk that the a.c. filters do not perform adequately under field

conditions lies mainly with the Customer.

b) At the other extreme, the Customer defines only the maximum actual measured distortion and
disturbance to be permitted (or even more simply, that there must be no problems of distortion or
disturbance). The Customer may also specify field tests to confirm that the defined limits are not
exceeded. The Bidder, and later on the Contractor, then has full responsibility for determining the a.c.
system impedance, defining all relevant parameters, and designing a.c. filters which will perform in
practice within the limits specified by the Customer (or proposed as reasonable by the Contractor) and
withstand all actual operating conditions. Most risks in this case lie with the Contractor.

For a Customer with relatively little in-house study capability, approach b) might appear attractive.

Ho
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EVET, theTe are Severat tisauvantages to ), a5 fottows:
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in this

, howe¥er, st ded that this overall question is carefully considered by the Cust¢mer at
barly Chnical
Spdcitisation~age of the
and to

Specification

ens

ire that ‘the’d

filt

rs:

resqonsibility, creates risks of contractual conflict, delay and possible unsatisfactory performance of

etailed requirements of the Specification are in accordance with the general definition of

the a.c.

Most essentially, the Specification must define whether the criterion by which the filter performance is to be
judged as satisfactory is to be :

or

or

e demonstration by calculation of performance parameters, using the specified data,

e measurement in the field after commissioning,

e acombination of the above.

Demonstration by calculation ensures that the worst-case conditions can be taken into account, but allows
scope for erroneous data or calculation methods. Measurement in the field may be considered as the
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definitive proof of correct design, but it may not be possible to make measurements under the most onerous
environmental and a.c. and d.c. system conditions for which the design has been made. Also, the impact of
pre-existing harmonic distortion in the a.c. system must be taken into account, by measuring pre-existing
harmonic levels with the HVDC converters blocked (and with a.c. filters both connected and disconnected).

A combination of demonstration by calculation followed by eventual field measurement therefore provides
the Customer with the greatest assurance that the filter performance will be satisfactory.

The Technical Specification should also define the Contractor’s responsibility for considering the
interaction of the a.c. filters with the HVDC converter controls, and the possible resonance of the filters
with the a.c. system.

2.3 |Scope of studies
Depending on the boundaries of responsibility discussed above, some system st be
condugdted by the Customer prior to issuing the Technical Specification, or may the
Bidder|and later the Contractor. Those such studies related to the a.c. filters v
e a.c. system reactive power requirements
e a.c. system impedance measurements or calculations
e pre-existing harmonic levels
¢ inductive co-ordination for telecommunicatig
The e>1t ade
clear i the
filters perform adequately and that they wi hsta ine i i itipns.
These ¢ssential studies would p6 i
ilfers,
those parts of the RAM (reliability, availability and maintenance) study which are affected by
the a.c. filters

However, further performance and rating studies may be of interest to assist the planning of economic and
flexible operation, and to define recommended procedures in the event of outages, maintenance or unusual
operational situations. Such studies might cover, for example, performance and rating under outage
contingencies not required by the specification, or with wider limits of reactive power interchange than
specified. These situations might be of considerable interest to operation planners, and have an economic
value. The possible need for such additional studies should be considered by the Customer and if desired,
included in the scope of studies required in the Technical Specification.

Of the essential design studies, some would normally be conducted in full by the Bidder as part of the
tendering process (at least a, ¢, d, and j of the above list). Others might be omitted or minimised during the
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tendering stage, and estimates made based on the Bidder’s previous experience. During the detailed design
stage, all essential studies would be conducted in full by the Contractor.

2.4 Scope of supply

The Technical Specification should make clear the scope of supply with regard to a.c. filtering as with all
aspects of the HVDC scheme. In addition to supply of the main a.c. filter components, the responsibility for
supply of the following should be defined:

e site preparation

¢ civil and mechanical structures

e carthing

e fencing

e interface with a.c. switchyard

e control, measuring, monitoring and protection
¢ switching equipment

e cabling

e spare parts

e special test equipment requireg

Any losses,
performance, etc., should

2% Tech

At [the tender stage of\an j b i i idal data
regarding their proposed designs omer. This data is used by the Customer in order to quajify the
proposed desig s. The
Tedghnical Spési ige there
is g risk that the I Jmation s sign or
will not"enable faig cor ide the

gengral aspec

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

] | P
CArcuTatvurts

as well as the following specific areas where clarity is important:

e harmonic currents generated by converters (The Specification should define under exactly what
conditions these are to be stated. It should preferably request harmonic currents at several
critical conditions or power levels and under any special operation conditions.)

e impedance characteristics of filters (The Specification should request information on
impedance at and near tuned frequencies, under conditions of detuning, and across the whole
spectrum of interest.)

o performance parameters to be stated at defined operation conditions (for example, at full load
and at intermediate loads immediately prior to switching-in an additional bank).
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After contract award and during the design and procurement stage of the project, the Contractor will
normally produce technical Study Reports and other documents covering aspects of the filter design
(performance, rating, circuit diagrams, protection, insulation co-ordination, layout, reliability and
availability evaluation), and Equipment Specifications for the individual items of filter equipment. The
Technical Specification (or another part of the agreement between Customer and Contractor) should make
clear whether these are to be approved by the Customer, and if so, define an adequate procedure which
allows time for examination of such material by the Customer, possible subsequent modification, and
approval, within the intended project time-schedule.

2.6 Alternative proposals by Bidders

The Cll|stomer should recognise that Bidders for an HVDC project will have a great ted
experignce and expertize, and furthermore that they are continually developin and
equipnient technologies. Consequently, it is always possible that a Bidder may be &l iltefing
solutiop which is advantageous to the Customer, but for some reason falls cutsi ict ries

which may have been set by the Specification.

It is therefore recommended that Technical Specifications should al : the
Bidder|to propose an alternative solution, in addition to the solution Wwhich exgpres Fied

)
X
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Appendix 2.1
Alternative type of procurement procedure

In the most usual process of procurement, the detailed Technical Specification as discussed in this Guide is established
prior to the tender stage. An alternative approach is to issue an “open” specification, and during discussions with the
various Bidders find the optimal solution for the specific project. (As an example, the European Union directives define
different procurement procedures and one of these is the so called 'EU Negotiated Procedure'.) For this procedure an
inquiry document is send to the Bidders with an open specification. After receiving the Bidders’ proposals the
Customer starts the evaluation process, which is more complicated due to the open specification.

Du
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Tg TNe Negotiation Process the goal 1510 Tind the optmat Sotution and base the final-Specification o tis. 1
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3. PERMISSIBLE DISTORTION LIMITS
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3.1 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:

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

adiacent communication lines and this must bhe limited to an accentable lovel
J L

adjacent communication, signalling and protection equipment.

nes
iop of

by

In order to mitigate such adverse effects, the Customer's Technical 3¢
permissgible harmonic distortion limits, which must be respected by the a.c\ fi
suitablg criteria for setting such limits is a complex and controversia j

any Cu fion
Necess:

A com inati imi en\beeh 1o set thewaluesaccording to refererjces
in inte e i ach
require ires
conser ion
and telg

HoweV]

it is re¢ ed_tha i pecification studies be conducted in order to develop harmonic limits
tailoreq i

This s4 the

considgrations thatdnust\be “accounted for in the definition of the indices and in the determination offthe
limits. [Ranges of tiits adopted for existing schemes are provided as well as general guidelines. [The
detailedl methods recommended for the determination of specific limits are referenced.

- dan- £ - el 1 e - (- L L (] £ L b
The dt' ITTTUUIT OT PETTTIISSTUTE THTITLS 15 UTSLUSSEU DETUWW UTTUET TOUT TIEAUTTTyS.

e voltage distortion limits

o limits pertaining to HV and EHV network equipment
o 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 sections and Appendices.
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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.

3.2 Voltage distortion

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
resylting voltages elsewhere should also be limited to levels that will ensire service quality to the utility and

to gll connected customers of the a.c. system. (The validity of this approach is discussed further belowy).

Thip sub-section describes the most common indices used to control voltage oNgivep some
guiglelines for the determination of suitable limits.

3.2.1 Voltage distortion - Definitions of performaRg

v [Individual harmonic distortion, D, (in %)

3-1)
whgre :
Ul 3
Un i : ic li a ge appearing at the bus under consideration
v
(3-2
why
A%
(3-3)

3.2.2 Voltage distortion - Discussion and recommendations

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 [Ref. 3-6], 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
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accepted within IEC [Ref. 3-1] and IEEE [Ref. 3-5] and is therefore the criterion recommended in this
Guide.

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 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 mpximum harmonic order considered, N, is normally set to 50, as the magnifude™af the-curfent
generat ; e the
lower of
power

In the : om
the ran R i al system voltage.
(That i i & | for
which the
applicg age
distorti age
distorti Fent
Bidders,

Refer glso to the discussion in Section 7.1.6 ot the systen ion

should[be calculated. The range of a.c. system vol
also be|clearly defined.

ve vjch the distortion criteria are to be met must
3.2.3| Voltage distpo
Most major utiliti i i dérds including rules to control the harmonic emisgion

from individual disturging Qatls: 8 tting of these standards has to a considerable degree Heen
influenced by experignce W nge”of harmonic induced problems and the measures taken to
resolve . 5 he empirical and conservative in form as they are rarely based gn a
detailet { system behaviour [Ref. 3-8]. Where a large HVDC installatiop is
planned, it i a specific analysis in order to derive distortion limits which haye a
more ratipnalMNaasis ang the particular circumstances of the HVDC scheme in question.

3.2.3.1 je distortion - Determination of limits without detailed studies

One way to'gudide the determination of the voltage distortion limits is to refer to existing schemes for erich
acceptgbleperformance has been experienced. The following ranges of specified limits were taken ffom
CIGRE surveys [Ref. 3-6, 3-7] on a.c. harmonic filters for numerous HVDC schemes from different
countries:

o 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)

o 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
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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.)

Wh

ere a Customer:

¢ wishes to minimise the procurement time schedule, or
o lacks the appropriate computational tools or a.c. system data, or

o 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

exist
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The
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trar]

unjyistifiably expe

ting—svstems—A-C—filter—installations—designed anr-nrrhnn to—these—timits—have nnnnrgll\/ nerformed
J ] U J ~

e local regulations on harmonic limits
e voltage levels (stricter limits are usually recommendeg
e proximity of load areas
e proximity of generators

e other harmonic sources in the

CIGRE surveys [R
task. The lj
prtion which)

smission. Howeg

apt the
m is to

scheme
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evel of

pful for
cessive
HVDC
Ctice is

In yiew of ¢his, for an
altefnative ~Mor example, on 1.5 or 2 times the basic specification limit. The cost
rediictian, itsignifigaqt, is indicative of the need to perform more detailed studies before the choice of a
fingl design

Thg Technical Specification could also allow the Bidders to propose alternative designs (in addition to the
main, <proposals), which, while possibly exceeding the specified limits under some circumgtances,
neverthelessoffered-substantialby simplerand-more-economical filters:

3.2.3.2 Voltage distortion - Determination of limits with detailed studies

Determining suitable distortion limits by means of detailed studies requires more work at the specification
stage but is likely to result in a cheaper a.c. filter design, with an optimal filter solution relative to the
harmonic characteristics of the a.c. system, and avoid an unnecessarily complex filtering scheme which may
impose undue constraints on the HVDC system design and operation. The methodology can be applied to
respect either IEEE or IEC recommended limits.

IEC has published a technical paper on limitation of harmonic distortion for MV and HV power systems
[Ref. 3-9] based on electromagnetic compatibility. Appendix 3.1 of this Guide summarises the basic
principles and concepts outlined in the IEC paper to ensure electromagnetic compatibility in the whole a.c.
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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 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

I f rihao connaotinn AFf Aot ivbhana Ioaade thaot avn annarallh v alid oy ar tha vabhala nataorel, TDAF 2 101 A d
rules Tgrre-eoRheetHono1 CrStoTrioT g roatstot arcgehcTary - varo Ove Tt ey ot ety o o1 U] n

[Ref. 3t11] discuss many aspects of this process.

Such a|study gives a base for the establishment of rational harmonic emission limi
HVDC] systems. For such large disturbing loads, it is worthwhile to perform additi
planning levels to the particular circumstances at the point of connection,on_the n
studies|are recommended :

e The determination (by calculation) of the ratio of th AR at the point of
connection to the harmonic voltage at the main Lati in the area. This
should be done over the whole frequency range comsj : ici mal
network configurations and load levels. Th ' i etrati i K is

e The measurement of actual harm
HV, MV or LV substations in the 2

The rep od i g -ordindtion principles to determine approptfiate
emissid

Such e ing

levels, icult
to plan rds
and pr| ork
harmoni

Refere C ( DC
installati ysterns. It proposes simple rules to share the permissible harmonic voltage
emissign be X i sers of the power system. For most large HVDC installations, the alloyved

limits gre shared.ae g to'the MVA rating of the installation and the network supply capability at|the

The m thod described |n [Ref. 3-9] takes mto account the [presence of important disturbing mstallatlon in
the vic rder
for computation of total harmonic levels. It also gives some guidelines for application in practical situations
(pre-existing level, unrealistically low emission limits, etc.). The harmonic load flow studies should also try
to identify amplification or resonance situations which may cause remote harmonic voltage problems that
are not evident at the HVDC connection bus; examples of such amplification problems are given in [Ref. 3-
12]. These remote effects are controlled by applying appropriate coefficients for the particular harmonics in
the individual emission limits applied at the HVDC connection bus.

L2

The indicative values of planning levels for harmonic voltage given in Appendix 3.1 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
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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 A3.3 (Appendix 3.1) in order to keep an
equivalent contribution for the HV or EHV levels to the LV and MV compatibility levels shown on Table
A3.2 (Appendix 3.1).

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 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 foIIowmg alternative approach would in pr|n0|ple be possible, but up to now has no been usedk for any

HV Bidders
wit nverter
cou stomer
mu motely
inst Ces etc.
The ork for
the oid the
abo all the
necg pxactly
how grmonic
img loads,
trarn

3.4.

Me ulation
studi

3 rmonic
levéls pfodu ] ) ithi i nd LV
syste i ) pful to
segfegate th ividual
distprting loadsin LV and MV systems and other unknown sources cannot be assessed easily otherwise. The
planninglevels propdsed in Appendix 3.1 must then be revised according to the actual situation in qrder to
set predlistic co-ordination between the various sources of emission.

(As an example, pre-existing harmonic levels have in some countries already exceeded the proposed
planning levels of Table A3.3 in Appendix 3.1, due to low voltage apparatus e.g. television and other
electronic equipment loads.)

It may also be appropriate to direct the measurements to specific operating conditions 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 [Ref 3-29].

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 [Ref 3-27, 3-28]. It should be noted that the new a.c. filter
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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).

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.

3.2.5 Voltage distortion - Relaxed limits for short term and infrequent
conditions

For unjisual conditions during short periods of time (less than one hour), the IEEE Standa Ref.

3-5] reeommends that the limits may be exceeded by 50%.

d 519-1992 [

The IHC 1000-3-6 technical report [Ref. 3-1] does not address this issue. While the
assessment of harmonic injection from distorting loads should consider the | pating
conditipns including those with outages that may apply for a substantial fyé 8 tin 9 no

limits for short term and infrequent conditions when the harmonic injegtio ) : led
e.g. frgm an equipment rating aspect.

Where|such short term and infrequent operating conditiong” are_possibl , It is
recommended to specify relaxed limits such as those suggested 19 . be
associgted with specific harmonic impedance Igci.

3.2.6

In the|case of an HVDC link connecting di ies, jand
particujarly if the link is a bac i 8 y generate currents on their a.c. sidgs at
frequerjcies other than har i f , @ fundamental frequencies either may| be
nominglly different, e.g. 50 ; 8 mally identical but differ at times by up to one or fwo
hertz).

This apditional ge i i ffequencies which are harmonics of the fundamental
frequency of the remote c hd wil\beAransferred across the link by the mechanisms describef in
Section) 5 and in Rej 5, This fer may be thought of as harmonic penetration or transition from pone
a.C. sygtem to the other. As t of these transferred components lie between the converter’s ¢wn
harmonic frequéencie e often termed “interharmonics”. The term “non-integer harmonics{ is
sometifnes also ysed. Y 605/CCO02 is currently preparing a paper concerning "Interharmonids in
Power

The i these\interharmonics will be low in comparison with the characteristic harmopics

generafed by-the*locabeoriverter, but may nevertheless be significant, especially as no specific filtering pill
generallyeprovided for them, other than the broad-band effect of high-pass branches.

Interharmonics may give rise to specific problems not found with true harmonics, such as interference with
ripple control systems, and light flicker due to the low frequency amplitude modulation caused by the
beating of a harmonic frequency with an adjacent interharmonic, e.g. a 10 Hz flicker due to the interaction
of a 650 Hz 13™ harmonic of a 50 Hz system with 660 Hz 11™ harmonic penetration from a 60Hz system.

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 Section, 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.
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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.

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 [Ref. 3-5].

IEC 61000-2-1 Part 2 [Ref. 3-26] discusses interharmonic sources and some possible effects. IEC 61000-3-6
[Ref. 3-1] considers the impact of interharmonics on low voltage systems, and indicates the need for specific
Ilmlts due to p053|ble mterference W|th rlpple control systems Ilghtlng fllcker and other problems. It

It is therefore recommended that if the proposed HVDC link connects two : aminally or
potentially different frequencies, the Customer should take due consideratio of k f inter-
harmonic distortion. This may be by modification of the various iQiti rmonic
performance criteria to encompass significant interharmonics generate ) e pecific
intgrharmonic limit which may need to be related to preventing intéer ipment
or tp control of flicker.

3.3 Distortion limits pertaimn ‘ ipment

3.3.

Setfing harmonic emission W cribe ptwork,
will| usually also ensure a sa i 3 En very
relgxed limits may otheryiseNye pernqri HVvVDC

equipment in the petwork, to the
sensitive netwo' i
can|be involved I

sholld be consult
given to ANSI
7thlharmonigs

ndards
uld be
, bth and

ronous
P stator
, these
.t s,
ents, in

addition to the other performance requirements.

One way to specify the filter requirements to control the possibility of overheating is to require that the
equivalent negative phase sequence component I (as defined in Appendix 3.2) 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-34.1 [Ref.
3-15] or similar standards.

The Bidder should provide the Customer with all values of harmonic currents considered in the calculation
of the l,. During the bid analysis the Customer should discuss these values with the machine manufacturer
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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. 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 [Ref. 3-16].

To allciw the Bidder to calculate the harmonic currents flowing in the generators, the Specification.shd
frequen .
Anothe
voltage/current at the converter bus which satisfy the worst generator
need to prowde the single line dlagram of the complete network
configy

also sup
network impedance locus.

3.3.3

An existing HVDC system in the vicinity of i i . an
HVDC The
presen 8 ing
installgtion and constitutes a n i . situation, the design report of the exisfing
installgtion, including all the ) g igh assumptions, must be provided to the Bidgers

a.c. filter will be that the rating and performancg of

for the|new installatipq. A
the exigting a.c. filt@
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3.4 Telephone interference

Telephone interference is a common concern related to the harmonic distortion produced by HVDC
systems. A survey [Ref. 3-7] shows that most major HVDC schemes have required telephone interference
limitation. A wide range of parameters affects the influence of HVDC schemes on the magnitude of
telephone interference, and so historically the limits imposed have been highly variable.

The impact of the specified telephone interference indices on the complexity and cost of the a.c. filters can
be substantial. Therefore an analysis of the requirements and limits for each specific HVDC scheme is
recommended.

This sub-section reviews the most common criteria used to define limits of telephone interference for HVDC

sys{ems, with typical Criteria ranges, and gives Some guidelines 1or the determination of [Imits.

3.4.1 Causes of telephone interference

Appendix 3.3 provides a brief overview of the basic telephone interfere Figient to
understand the recommendations of this Guide. A flow-chart describ bwn in
Appendix 3.5. More detailed information is available in references [Ref.

3.4.2 Telephone interference - Definitions o

Theg telephone interference performance requireme factors
calgulated from the harmonic voltages and

Thdq most commonly used criteria are define icative
valdies used in previous HVDC projects.

3.4

Ong¢ HVDC
con caused
by hly the
eleq pas the
pre current
inje

Alt rmonic
cur g rmonic
cur inj i ork will also depend critically on the network impedance at each hafmonic.
The 8 of the
telg

Thq othercriteria, such as IT or I, based on the harmonic currents at the point of connection of the[HVDC
systemand-the-networkare-net-recessariytotaHy-satisfactorycither—Both-the-C-message-erpsephometric

weighting and the coupling weighting give more predominance to higher order harmonics, and at such high
frequencies the current profile along the transmission lines can be highly variable. A low harmonic current
at one extremity of a transmission line does not preclude high harmonic current at the other extremity. In
addition, for a meshed network or for several incoming transmission lines from different nodes, the
harmonic load flow in the transmission lines is a complex function of the harmonic impedance of the
network elements and the possible network configurations [Ref. 3-9]. Amplifications are also possible at
remote locations. This problem is not easily resolved considering the range of frequencies involved.
Derivation of remote interference levels from a limit calculated at the HVDC converter station a.c. bus is
therefore problematic.

Finally, the harmonic currents produced by the HVDC system are predominantly of balanced mode. The
main influence of the transmission lines on telephone interference results from conversion of balanced mode
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currents to residual (zero sequence) currents, mainly due to the asymmetry of transmission lines [Ref. 3.4].
The mutual impedance between balanced sequences and zero sequence modes is a function of the
transmission line asymmetry, the earth resistivity and the frequency. Furthermore, the zero sequence
harmonic currents circulating in the transmission lines are affected by the zero sequence impedance of the
network.

The selection of appropriate limit values for whichever indices are used for a particular project depends
strongly on the density and length of telephone lines in the zone of influence of the transmission lines, the
soil resistivity, the separation between the power and the communication lines, the type of communication
line and on the immunity of the telephone system.

Refer also to the discussion in Section 7.1.6 on the system conditions under which telephone interference
parameters-shoute-be-calentated

TCTo oot TO ot Ccurcouratc o

3.4.4| Telephone interference - Determination of limits

3.4.4.1 Telephone interference - Determination of limits without det

Due toja possible short time schedule, lack of computational tools, lack,of NE 3 lata
or if ng serious interference problems are expected because of harmon stoii Cide
to set the telephone interference limits according to the indicatjv . [The

appropri red
to requii for
a parti Care
based , to

considg

nic
a.c.

The stn uld

affect t

[For e are
generally located-along main regional roads, the density of population increasing in the proximity offthe
villages crossed by such roads. There are also secondary roads with usually a lower density of populatjon.
The HY/Atfansmission lines usually cross these rural areas. The telephone lines are long (up to 25 kn|1 or
more) due to the sparsity of subscribers.]

Long telephone lines are more subject to telephone interference because of the increased coupling and
because of the higher connection loudness loss which results in increased subscriber's sensitivity to noise
[Ref. 3-18]. In hilly areas the earth resistivity can be very high, resulting in increased mutual impedance.
Joint use of poles with power distribution lines which include an earth wire may provide very low effective
earth resistances, improving the shielding of telephone lines in areas of poor earth resistivity. A consultation
with the telephone company is therefore recommended in order to get a picture of the relevant
characteristics of the telephone structure and local conditions.

The TIF and THFF might be used as criteria for projects for which no detailed studies are performed,
keeping in mind that these criteria give only a rough estimate of telephone interference influence.
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The IT criterion can also be used, with the reservations concerning frequency dependency discussed in the
previous section. Additional indicative values on balanced IT for HV and EHV transmission lines are
provided by the IEEE Std 368-1977 [Ref. 3-19] and repeated in IEEE Std 519-1992 [Ref. 3-5]:

IT levels most unlikely to cause interference ... up to 10 000
IT levels that might cause interference ... 10 000 to 25 000
IT levels that probably will cause interference ... in excess of 25 000

These values are per line, which will not be the same as for the complete station, if there are several a.c.
feeders to the HVDC converter station. It is recommended that the values tabulated above should be treated
Wlth cautlon and may be excesswely Iow In the CIGRE surveys of HvVDC schemes [Ref 3-6, 3-7], those

i 3 e total

medial

me 'Tes the
bas etailed
studi
3.4.4.
For trongly
rec bptimal
flltE oid an

elephope companies. The inductive co-ordination
prog
The | levels
of tp fied to
the cost of improving the filtering is equal to the

inctemental saving in g e lines. This requires the preliminary estimgtion of
both the cost of mitigati 83 8 st of improved filtering being gathered from telephone
lgé e

companies and
obtain at this sta
cou

des'n hiwits, sovering a range approprlate to the available cost estimation,

An i i in imit can be expressed as a set of leq values specific to every HV qr EHV
trarjsmissiol li ' i of the HVDC project. For long transmission lines, when the density of
tele inés vagies-along theline, it may be worthwhile to express the telephone interference level as a
profile™s alQnghthe. transt ission line. The extent of transmission lines to consider for the study depends
on ation of\narmonic currents within the network, which is dependent on the configuratiof of the

P

parficular .network,
curfent penetration.

anning studies are therefore recommended to determine the extent of hgrmonic

This approach Tequites the CUSIOMET 10 provide the Necessary data for the fitter optimisation: a.c. system
configurations, line data, remotely installed filters, earth resistivity, frequency dependent equivalent models
at the end nodes (balanced sequences and zero sequence when required), type of connection of power
transformers, etc.. For a meshed system with many lines, this may be impracticable, but where an HVDC
station is supplied by only one or perhaps two a.c. feeders, the use of an equivalent disturbing current
criterion may be the most accurate index of telephone interference. The approach also requires more work
for the Bidders, and they will possibly have to develop supplementary computer tools.

3.4.5 Telephone interference - Pre-existing harmonic levels

Two different sources of harmonic current may add to the harmonic emission from the HVDC system to
contribute to the overall telephone interference level in the telephone lines. These are other sources of
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harmonic current within the HV or EHV system, and harmonic current flowing in the distribution lines. As
with the harmonic voltage distortion, measurements of the actual harmonic current levels are important to
complement the simulation studies and to assess the interference level from lines. From previous
experience, interference from distribution lines is more likely to be the more significant contribution.

For the reason indicated previously in Section 3.2.4, measurements within the HV or EHV system must
allow for the effect that the introduction of large a.c. filter installation may have on the pre-existing
harmonic current levels. The measurements 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.

3.4.6| Telephone interference - Limits for temporary condition’s

The telephone company may accept higher noise for short term conditions. A ing echrfical
specifig¢ations of several HVDC schemes have allowed for higher telephone int p d.c.
side fof infrequent and short-duration operating modes or conditions. Ong/8xamp i ow
from tyo to three times the normal level depending on the expected f the
duratiop. It is therefore recommended that relaxed limits are specified wh are

foresegn for the HVDC system. Examples of such conditions are :

e short term duration overload conditions

a.c. voltage outside normal continueus rangs

Wer

Such s
HoweV
short tg

ty.
and

3.5

The fo]lo s should also be considered when preparing the Technical Specificatjon.
Normajly, they 'II not |rectIy impact the limit values expressed in the Specification, or the conseqyent
design [of the<a.c. filters, as the other disturbance criteria already discussed will usually result in sufficjent
harmonic mitigation so that the following factors are not a problem. However, the Customer should be
aware ¢fotential problems and consider the following where applicable:

o personnel safety from induced voltage on telecommunication lines,
o maloperation of telecommunication equipment (for example, telephone ringers),
o effect on data transmission and railway signalling equipment,

e effects on a.c. protective relaying measuring and control equipment.

Even where a possible risk may arise, these problems are usually more economically solved by applying
mitigation measures to the disturbed equipment itself.
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Appendix 3.1
Voltage distortion limits for HV and EHV networks

Utilities must control the harmonic voltage levels in their HV and EHV networks in order to keep the disturbance

levels below the compatibility levels (defined below) for all their customers, including those in the low-
systems.

voltage

Each item of plant and equipment must have an emission level lower than, and an immunity level higher than, the

defined compatibility level.

To achieve-this—planninglevels-of-harmonic-distortion-are-specified-by-the-u or-H\Land
and|can be considered as internal quality objectives for the utility. There is also a trend withj tilities to gl
a cdrtain level of power quality for consumers at any voltage level, and planning levels ¢a

critgria for HV and EHV levels.

Haronic voltages in the system are produced by the combined effect of all harmoni

as the medium and high voltage levels. Figure A3.1 shows the harmonic vol i
into|account only the inductive reactance of the network). This figure illustrates, the neeg
différent voltage levels.

Froin the figure, it is clear that the harmonic voltage seen at the lp¥
ovef the entire system. The harmonic voltages produced at thg
fraction of the compatibility level defined at the LV and MV lave

It ig also impeortantta
evelly veltage level in the system.

system
arantee
quality

as well
(taking
een the

oltages
ed to a

ofe that the harmonic voltages at HV and EHV levels are produced by harmonic sourdes from

The above 15 am approxXimation, as reat SyStems are not purety inductive. Capacitive paths 10 eartim exist at the

ifferent

voltage levels and resonant conditions can also occur which may lead to amplification of harmonic voltages. In addition

the structure of networks is more complex than shown, with usually several MV or LV sub-networks.
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Recommended limits for HV or EHV networks

The two main standard organisations, IEC and IEEE, give recommendations on voltage distortion for electrical power
systems. They both recommend different distortion limits for distribution and transmission systems recognising the
greater impact of harmonics with increasing transmission system voltage.

As a general observation, recommended limits are lower for IEEE compared to IEC. IEC also proposes different values
according to the type of harmonic and the frequency to reflect the results of measurements in power systems and to
allow for different effects on sensitive equipment.

IEEE

The voltage distortion limits recommended by IEEE 519-1992 are shown in the Table A3.1

Bys Voltage at PCC Individual voltage Total Voltage Distorti
distortion (%) THD (%) (MTI'OR\

69 kV and below 3.0 5.0 N

69 kV to 161 kV 15 2.5 '\ \

1601 kV and above 1.0 15 \

Note: High-voltage systems can have up to 2.0% THD where the cause i
terminal that will attenuate by the time it is tapped for a user.

Table A3.1
Voltage distortion limits from IEE

IEC

A consi tees
on the 3 port
[Ref. 31 port
outlines hrge
distorti

This w( em.
The eld its
electror p that
environfment. The ele He specified disturbance level in a system which is expectqd to

be excepded only with & I being such that electromagnetic compatibility should exis{ for

most equipment within

Experin
within avels for LV and MV systems [Ref. 3-20]. The compatibility levelq for
harmon|c v s are given in Table A3.2. These compatibility levels are reference valueg for
co-ordirjatin assiofhand imigunity of equipment which is part of, or supplied by, a supply network in ordgr to
ensure 4 i Ste

The IEQ report [Ref. 3-1}akSo gives indicative values of planning levels for harmonic voltage in HV and EHV syst¢ms;
see Tabjle A3:37 This table reflects harmonic patterns obtained from measurement results on several MV-HV netwprks
[Ref. 3-R0N(note 1)]. It may be considered typical for a.c. networks situated in normal load areas. However, the planhing
levels will be different from case to case depending on network structure and circumstances. These levels should be
modified as necessary to reflect the characteristics of the particular network considered.

Note that the original table does not consider explicitly EHV networks, but the general practice is not to differentiate
between HV and EHV. Bearing in mind the meaning of “planning levels”, such a difference would have little
significance. It was proposed [Ref. 3-9] not to change the table but to consider HV values as HV-EHV values. However
not enough measurement results are available yet to validate those HV-EHV values, particularly for EHV power
systems.
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— 35 —

ODD HARMONICS ODD HARMONICS EVEN HARMONICS
NON MULTIPLE OF 3 MULTIPLE OF 3
Order Harmonic Order Harmonic Order Harmonic
h voltage (%) h voltage (%) h voltage (%)
5 6.0 3 5.0 2 2.0
7 5.0 9 15 4 1.0
11 3.5 15 0.3 6 0.5
13 3.0 21 0.2 8 0.5
17 2.0 >21 0.2 10 0.5
19 15 12 0.2
23 15 >17 N~ 0%
25 15 ZANN RN
>25 | 0.2+ 1.3(25/h) /
Total harmonic distortion (THD) : \>
Note : LV refers to Uy<1 kV;

MV refers to 1kV<U,< 35 kV

Compatibility levels for harmonic voltag

Wer

Al IC
NON MUL OR,

ODDH \Womcs EVEN HARMONICS
LTIPLE OF 3
Order H@;g\%\ \@%}ez/ Harmonic Order Harmonic
h (Galt\a (% voltage (%) h voltage (%)
5 2.0 3 2.0 2 15
K 200 > 9 1.0 4 1.0
N1 W S5\ 15 0.3 6 0.5
NN ENLSE D 21 0.2 8 0.4
I \LO >21 0.2 10 0.4
19 20 12 0.2
23 0.7 >12 0.2
25 0.7
>25 0.2 + 25/2h

Note :

Total harmonic distortion (THD) : 3%

HV refers to 35kV<Uy < 230 kV;

EHV refers to Uy>230 kV.

Table A3.3

Indicative values of planning levels for harmonic voltages in HV and EHV power systems [Ref. 3-1]
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Appendix 3.2
Harmonic current in generators

One definition of an equivalent negative sequence current lzq for a six pulse converter, is as follows [Ref. 3-21, 3-22] :

where :

2
g = Z[L\l/%'(%nﬂ“m—l)] (3-4)
n

For twe

sum in fhe above equation.

0 1o intaoay
Tt ge

lon+1 and len-1 are harmonic currents flowing into the synchronous machijrie armature windi

ve pulse converters, only the terms with n equal to an even number will give any sigqificant(©ontribution to

It shoulfi be noted that alternative formulae have been developed for use in some HWDC projegts,xn congultation w
the gengrator manufacturers. It is recommended that the generator manufactyrér Sk &asked to specify a suitabl
formulalto calculate the effective harmonic current flow in the machines. Accepta

paramefer should be agreed between the Customer and the generator ma ter.

¥

hg.

the

th
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Appendix 3.3
Causes of telephone interference

Harmonic currents flowing in any conductor of a power transmission line create a magnetic field inducing harmonic
voltages and currents in nearby installations. The induced voltage in the telephone lines is related to the harmonic
current in the transmission line conductors and the mutual coupling impedance Zm. The term Zm is mainly dependent
on the frequency, the earth resistivity, the length of exposure and the distance between transmission line and telephone
line routes. The mutual impedance should be calculated with the help of computer programs because of the complexity
involved in solving Carson’s equations, however the Dubanton equations [ Ref. 3-23] give satisfactory results over an
extensive range of frequencies, separation distances, and earth resistivities. The following equation gives the
longitudinal induced voltage on one telephone line conductor :

whe

The

line§,

due
con

Mo
sub
assi
The
longi
diffd
met
circ

The
shig
freq
and
tele

Ops
syst]

=k
:Z(Ijn 'ijn)
j=i

re :
Ven is the longitudinal voltage at harmonic n
n is the harmonic order
j is the conductor number
k is the number of conductors on the transmission line
lin is the phasor current in the conductor j at harmonic n
ijn

distance between the transmission line con

it

ems except that thepe’is no shield and consequently no shielding effect, and their balance is generally lower.

lephone
voltage

ively low,

e to the
usually
centres.

dlled the

E, is the
tage or
e of the

are the
t higher
alances
ihg their

0 cable

The

sensitivity of the human ear varies with frequency and standard weighting curves have been developed t

reflect

this frequency dependence of the ear, the response of the telephone receiver and other factors, and so to establish the
effective noise level of the individual harmonics. In countries following European practice, psophometric weighting is
commonly used, while the C-message weighting curve is more in use in countries following North American practice,
the difference between the two being quite slight. Figure A3.1 shows the two curves.
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10 T

C-message
— - - — Psophometric

1000

Frequency (Hz)

Figure A3.1
C-message and psophometric we

Using t

where :
Vm is the metalliccmodewe
Ven is the longi 3
N is the maxim
Cn is the psophom
Bn is theAelep
The CCITT [Ref. 3-24 e e.m.f. level of the noise at the line terminals of the subscriber’§ set

to be a maximum of 1

Within ANSI/IEE It-hoi efined relative to 1 picowatt in 600 ohms, i.e., relative to an applied voltage of
24.5 M, and iS e Rl i above this level. The communication industry has determined performance threshplds
for metgllic ™ ES9 eighted noise on normal business or residential lines. A noise level of 20 dBrnc (0]245
mV) is [considerey ptatsle, however 30 dBrnc (0.775 mV) is considered unacceptable in most cases. Higher

noise lepels are generally accepted for open-wire systems.

All the frelevant information on the telephone system, including the route of the telephone lines, should be requepted
from the fnlnphnnn company-at-an n:rl\]/ stage. of the prnjnrf References [an 3=2,3-3 34 Q-?A] describe the whole
inductive co-ordination process with many of the details. Even though some of these references concern the d.c.
transmission lines, the process is the same for both cases. These references also describe the concept of the equivalent
disturbing current as a simplified method to calculate the total weighted metallic noise level in telephone lines and to
specify telephone interference limits. This method is recommended for the specification of telephone interference limits
for HVDC systems. It is therefore possible, for any HVDC project, to calculate the telephone interference level for each
exposure with acceptable accuracy and to assess the extent of telephone interference influence related to a particular
specified limit.
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Appendix 3.4
Definition of telephone interference parameters

The definitions of the most commonly used telephone interference performance criteria are given below, together with
typical values of performance limits. The criteria are presented in two main categories; the ones which are commonly in
use in countries following European practice and those which are commonly in use in countries following North
American practice.

Criteria according to European practice

v Telephone harmonic form factor, THFF :

& Un 2
THFF = Z(U -F,) &
n=1

Un is the component at harmonic n of the disturbing voltage
N is the maximum harmonic number to be considered

whdre:

u is the line to neutral total rms voltage and calculates

Fn= pn n fo / 800
Pn is psophometric weighting factor
fo is fundamental frequency 4

The

v
(3-9)
whg
is function of frequency and which takes into account the type of coupling petween
For i 8s, the dpreceding formula can be expressed as two components, the balanced and the [residual
equivalent-disturbing tufrents of a three phase line, in the following way :
l ,n 1N}
balanced component: I = TS 2 (n-p,-1,)° (3-10)
n=1
where :
In is the balanced component of the current in the phase conductors at harmonic n
n is the harmonic order
N is the maximum harmonic number to be considered
h¢ is set equal to f/800 Hz and is accordingly replaced by n/16 in the above equation.

This frequency weighting is suitable for interference caused by earth capacitance
unbalance of the telephone cable.
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and :

residual component : \/Z(n P, 1.,) (3-11)
n=1

where :

In is the residual current (sum of the zero phase-sequence components) at harmonic n

The equivalent disturbing current has been used for few projects but there is no published information on specified
limits. However reference [Ref. 3-4] provides some indicative figures for a typical transmission line, based on the

Finnish experience. The figures are :

TA<Ie<20A

A lrpe A

Criterig according to North American practice

v Tel¢gphone interference factor, TIF :

(3-12)
where :
The str jal total rms voltage in the denominator, but the above definitidn is
widely of performance requirements for AC filters. The error introduced by
using th eqominator is very small for typical values of THD in HV and EHV pqwer
systems
Typical
v IT ;rroduct :
IT = (3-13)
where :
In is the single frequency rms current at harmonic n
N is the maximum harmonic number to be considered
W, = Ch 5 n f, is the single frequency TIF weighting at harmonic n

Typical requirements of IT are between 15,000 and 50,000 at the HVDC converter station a.c. bus.
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v Equivalent disturbing current :

N
2
2 (Hn'Cn'In) (3-14)
n=1
where :
I is the effective disturbing current at harmonic n (generally corresponding to residual mode current)
N is the maximum harmonic number to be considered
Cn is the C-message weighting factor
Hn is the weighting factor normalised to reference frequency (1000 Hz) that accounts for

e Trequency Uependence of mutual coupting, Shiefding and communication Circait
balance at harmonic n

Where the balanced mode harmonic currents are expected to contribute significantly t Imust be

inclhided in the calculation of leq. The effective disturbing current is then specified a

n :\/(Irn)2 +(Kb’ Ibn)2

where :

In is the total residual mode current at harmonic »

Ion is the balanced mode current at harmonic n

Kp is the ratio of balanced mode coupling tg
The|equivalent disturbing current has rarely b 3 , quirement for an a.c. line fegding an
HVDPC system. In one instance of its application\limi 5 OO mA were specmed The equwalent
distyrbing current concept has also been used ] i gted that

valy

Dist

The ctors of
Fig 00 (that
is, b

Sim bighting
fact factor is
line

The] linear fre B assumption for H, is generally considered adequate for standard telephome cable
systems/ans.typical istics. i i i d mode
harrpon . ) ideri idugl mode
indyction and Fit the needs of a particular project, where the linear frequency dependency assunjption is

not [considered.va 'd (du to high soil resistivity for example), by defining a H, factor which reflects the pgrticular

project characteristicsRef. 3-2, 3-3].

Thel TRE"and THFF factors are dimensionless quantities that are indicative of the waveform distortion and|not the
absolute amplitude.

The definitions of TIF and THFF above, are as stated in [Ref. 3-6] and use as a reference the total voltage derived as
the root-mean-square sum of the fundamental and all harmonics. However, most HVDC Technical Specifications use
instead the nominal fundamental frequency voltage, or the actual fundamental frequency voltage relevant to the
operating conditions. Whichever is intended to be used should be stated clearly, for the reasons discussed in Section
3.2.2

The maximum harmonic order to consider for the calculation should be higher than that for the calculation of harmonic
voltage distortion because of the relative weight of the higher harmonic orders and the coupling characteristics.
Theoretically, up to 5000 Hz should be considered but in practice many technical specifications have asked for only up
to the 50th harmonic (see Section 12.2.2)


https://iecnorm.com/api/?name=d77aece7f313bebb942afb6d58103705

—42 —

Appendix 3.5

PAS 62001 © IEC:2004 (E)

The coupling mechanism from power-line current to telephone disturbance

voltage.

Residual Current

Phase Currents

'

Magnetic field

To wire
loop

EMF of the loop

Loop current

9

Around
telecom line

Longitudinal EMF (

)\S(eath current

v

Transfer impedance

x

EMF between
sheath and wires

Longitudinal
current to wires

v

Unbalance of the line
and/or equipment

v

Disturbance voltage
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4. HARMONIC GENERATION
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4.1 General

The design of the a.c. filters requires a knowledge of the harmonic currents which are generated by the
converters. These currents must be calculated by the Contractor, using his knowledge of the converter
equipment and its interaction with the connected a.c. and d.c. systems.

The information to be included in the Technical Specification regarding harmonic generation will depend
on the overall division of responsibility between Customer and Contractor, as discussed in Section 2. 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 requirements must be clearly expressed in the Technical

Specififation. Tmportant aspects to Iclude are indicated Delow.
In eith¢r case, the Customer should be aware of the various technical factors invol for
discusgions at the evaluation stage. This section therefore identifies the import the
calculation of harmonic generation.
4.2 |Converter harmonic generation
4.2.1| Idealized conditions
The ggneration of harmonics is best undegs e ¢ an A no
asymmetries in transformer impedances or\firing d a
sinusoigal balanced a.c. voltage.
Idealizgd phase current waveforms on the a.c.\side | iIse
bridge pre shown in Figure 4.X” The separate her,
the curfent from the star-d '
Formulae for the caleulatian of” conyverter ha Ref.
4-1, 4-P, 4-3, 4-4, ) 3
Fourier analysis of the\lis ic ¢O all
three pphases shows that:

) 3,17,19,.. 6*k+l are present (k is any positive integer).These|are

Xhas“6-pylse” or “6-pulse characteristic” harmonics,

o ,23,.. 6*k-1 are negative phase sequence,

. 3,19,25,.. 6*k+1 are positive phase sequence,

o the magnitude of each harmonic component is the same in both the star-star and star-delta

WaveTorTS;

e the angle of each harmonic component is the same in both the star-star and star-delta
waveforms at harmonics 11,13,23,25,.. 12*k#+1,

e the angle of each harmonic component is 180° out of phase in the star-star and star-delta
waveforms at harmonics 5,7,17,19,.. (12*k-6)£1.
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Figure 4.1

Pargmeters:
=50 Hz

Uag= 230 kV
Ud F 500 kv
Id 41000 A

Xl 314 %
Alppa = 15 deg

-3 | 1 1 1

=
IS
N

0.4 0.6 0.8 1

Time (cycles)

Figure 4.2
Realistic current waveforms on the a.c. side of converter transformer
including effect of non-idealities
As above but with:
1% negative sequence fundamental voltage
1% second harmonic positive sequence voltage
5% (of XI) leakage reactance unbalance between phases
+ 0.5 degree firing unbalance between star and delta groups
50 Hz and 100 Hz components in d.c. side current
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The idealized current waveforms shown in Figure 4.1 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.

4.2.2 Realistic conditions

The magnltude of the characterlstlc harmonics of the |deaI|zed waveforms descrlbed above is mfluenced by
le.
Howewver, in the more realistic Waveform many additional factors influence the md ase
angles pf harmonics. These factors include:

o the presence of ripple and fundamental frequency in the d.c. current

harmonics in the a.c. voltage,

due
Some T ,|are
determ on
the a.c
A mor q on
the a.c)si
Figure 1.1,
and sh 3 \ on-
characteristic “harmom all orders. Non-characteristic harmonics are generated due to non-igleal
operati i -1B,4-

14, 4-1

ent
I is
varied from one extreme to the other. A dlscussmn of the relative impact of the above factors is mcluded in
Reference [4-6].

From the above it is evident that an analysis of the current waveform for any given operating condition will
not give a reasonable definition of the level of harmonics which can be expected from a converter station.
For a complete picture, the waveform must be established and the harmonic content determined for every
possible operating condition, taking into account all of the factors above. A multitude of possible
combinations of factors is possible, and therefore a multitude of harmonic spectra.
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Figure 4.3 (b)

Harmonic content of current waveform in Figure 4.2 (realistic conditions)
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4.3 Calculation methodology

4.3.1 General

A typical method for calculating the harmonic currents is to construct mathematically the current waveform
resulting from one particular combination of all the parameters, and then to perform a trigonometric Fourier
analysis on this waveform to derive the harmonic content. One or more of the parameters is then varied
within a defined range and another Fourier analysis made. This process is repeated for a very large number
of combinations of all the variables. Where a parameter (such as commutating reactance) may have a
random value within a range, a random choice of value may be made using for example a Monte Carlo
technique. The harmonic currents resulting from each Fourier analysis are compared, and the highest values
resulting from all the cases are then used.

Differgnt methods of calculating harmonic generation may be used by different Bidgers: Fg 5 of
bid evgluation, a standard method may be defined in the Technical Specificatign\i Wishes.
Howewvgr the Specification should also leave scope for the Bidder to propose, as's red
method, while being clear about which factors must be taken into account.

In particular, the Technical Specification should state whether statistiCal ) the
values |of harmonic currents due to the random differences bepween phases of param [ing
angles fand commutation reactances, and if so, what level of €ertai ’ 3 tis
required that the magnitude of any non-characteristic harmonid alcdlations should not be
exceedpd in more than 1% of all possible cases, or that j 90% of the extreme value

no b@ss tha

The impact of harmonic interaction across S qot eaSy to take into account using quch
calculation methods which assume a given s s. This aspect is discussed in depth in
Sectior] 5.

calculated using the worst-possible combinatq

4.3.2

The frgquency ran p ing
on their ultimate a ion rents used for filter rating calculations may be more
oneroup than other sets e 3 Dise
calculations.

The Technical¢Spesifisati hen
calculating harmoni QNS

> ely
minor impact, affecting only the commutating reactance),

o |lovelaofac eyefnm neqgative phaen seguence \lnlfagn
18V Ee+0F-a-6- tem-hegatly e Heh VOoHage;

o levels of deviations from rated values (e.g. phase reactance tolerances),
e overload and short-time operating conditions of the converter,
e operation of the converter in reduced voltage, or high reactive power modes, if applicable,

o whether harmonic currents are to be calculated at nominal a.c. bus voltage or at any operating
point within the specified voltage range,

o the time for which certain conditions can exist (e.g. conditions which persist for less than say 1
minute to be disregarded for performance calculations).
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Narrower ranges of a.c. voltage or frequency, and less onerous converter operating conditions could be used
for performance than for rating, for example. These aspects are discussed in more detail in the appropriate
sections (7, 9, 11 and 15)

4.3.3 Combining harmonics from different converter bridges

The most common multiple source problem is the combination of harmonics from a star-star converter with
the harmonics from a star-delta converter. The best approach is to treat the 12-pulse converter as a single
entity and compute the harmonics directly for the 12-pulse converter.

However, as the number of variables involved in the calculation of harmonics for a 12-pulse converter is
about twice the number involved for a single 6-pulse converter, the number of operating states increases by

almostasguare functiomn. tf, for this Teasom, tirect catcutation of the I2-putse frarmomnics 15 ot possit)le with
the[Contractor’s calculation method, then the harmonics for the individual conve 3 culated
sepgrately, and combined mathematically to obtain a composite set.
For| converters in the same pole the 12-pulse characteristic harmonics an armonics
(ex¢luding the theoretically cancelled harmonics) may be calculated asthe tude of
the [harmonics of the individual converters. The theoretically cance as the
lardest difference in magnitudes of the harmonics of the individya rtant to
tak¢ into account possible manufacturing differences between ar, the
exp he star
and dered.
For erating
conditi tended
d.c| e angle
bety
In g g > Tres hssume
tha{ the harmonics fro G arithmetically. This assumptlon will resul{ in net
harmonic currents whighare gre i an be expected to occur in practice. Howevef, when
Jﬁn be shown g A jstert set\of operating conditions, the phase relationship Hetween
harmonics is ré ¢ inee ¢ advantageous to take account of this relationphip in

cal i ics. i iy if it can be shown that there is a completely randon) phase

4.3.

The
“co
ope

“non-consistent” sets are frequently used, and often misunderstpod. A
currents consists of harmonics generated at a single, realistically feasible
. Many such consistent sets will be calculated within a typical harmonic gerjeration
co sidering each of the very many combinations of variables. However, if|all the
as;?]ynmetries of a realistic converter are to be considered, it is clearly impractical to then calculate the filter
cirquit.for each of these many fully consistent sets of harmonics.

A “non-consistent” set is a combination of worst-case harmonic values taken from a range of converter
operating conditions, that is, the set of harmonics where the magnitude of any individual harmonic in the
set would not be exceeded for any of the possible operating conditions represented by the set. The total
harmonic generation represented by a non-consistent set can never occur in reality, but it does eliminate the
need to solve the harmonic flow for each of many consistent sets, all of which may be covered by one non-
consistent set. The disadvantage is that its use can result in overly pessimistic values of parameters which
sum the influence of all harmonics, for example TIF, THD or rating quantities.

An intermediate concept is that of a “quasi-consistent” set. This implies that one or more major variables,
such as d.c. current, are in a single state, but that other minor variables, such as commutating reactance and
firing angle may be varied within their complete scope.
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Alternatively, a non-consistent set could be statistical in nature, that is, the magnitude of selected harmonics
in the set could be exceeded for some specified percentage of time. This is not normal procedure, however,
and would have to be specifically approved by the Customer.

4.3.5 Harmonic generation for different d.c. power ranges

For most HVDC converter stations, as d.c. power transfer increases, additional a.c. filters are connected,
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. filters may be connected. Within this range, those
filters must perform adequately and not suffer overload, 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
econonicalto aesig the fiiters to tea Wit Tarmonic CUTTents CoTTesponuing to & Migher o-C. power_tevel,
as in rdality further branches would then be connected, reducing the duty on each filter.

N
&/
IFATDS
| 0" >‘ N
O ?’Q =

%

—11

Harmonic current (KA rms)

0.02 +

/_s /' —

0 0.4 0.6 1 1.2

e LA
UITTCLL LUTTEITU(RA)

Figure 4.4
Typical variation of characteristic harmonic magnitude with d.c. current

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

As shown in the plots of Figure 4.4, 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
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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 11" and 13" harmonics, which
increase monotonously for most of the usual power range. However, for say a 24/36" filter, the worst-case
harmonic 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.

Alt¢rnatively, to minimize design effort, a non-consistent set of harmonics may h€ derived by talJing the
highest value of each harmonic that occurs anywhere in the given power range. Thi§ i i broach.
If the Customer does require non-consistent sets to be used for calculation then this Rust be stated in the
Tedhnical Specification, but normally there is no reason to do this and the Conitas Quld wed to

use[consistent or quasi-consistent sets if he wishes.

Although d.c. power (or current) range is most usually used to crea \ ninistic
facfors such as d.c. voltage or firing angle could be used to group 2 ICsin other operating| modes
such as:

e reactive power control using d.c. voltage

¢ reduced voltage operation.
4.4
4.4.1 Direct curni

Thg magnitude
curgent, control ahgle

defined [Ref. 4-1, A

on d.c.
dre well
control

angfle, as well ag the | ways.
Vatfiations of+t i Ves are
based on the asstqption) ofNideap d.c. current on the d.c. side of the converter and balanced perfectly
sindsoj

As the con , i ugh its
imgact on_the-Overlapangle, it has a very significant influence on the harmonic generation. In general,
higher , control angtés result in higher harmonic generation (although this may not be true| in all
cirquimstances, due to consequential impacts on currents and voltages, and cyclical variations of harmonic
magmitudes):

If the operation strategy of the converter envisages higher than normal control angles, for reasons of
reactive power balance, then these must be taken into account in the calculation of sets of harmonic
currents. Such operation may be required at certain times for reasons related to the a.c. system operation (to
be requested in the Technical Specification if required), or may be associated with filter switching points
and apply only to certain d.c. power ranges (normally at the discretion of the Contractor).

The magnitude of non-characteristic harmonics is also affected by these parameters, as well as by the
various asymmetries discussed below.
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4.4.2 Effect of asymmetries on characteristic harmonics

The asymmetries which give rise to non-characteristic harmonics do influence the magnitude of the
characteristic harmonics for any given operating condition but the effect is of relatively low magnitude.
Using the same methods as used for the calculation of non-characteristic harmonics, the worst-case values
of the characteristic harmonics under the most pessimistic combination of asymmetries can be calculated.
To use these worst-case values for the filter design may lead to slight overdimensioning, if this worst-case
combination does not occur in reality. It is however a cautious approach and is recommended. Care must
therefore be taken in the wording of the Technical Specification, so that it is clear that the calculation of
characteristic as well as non-characteristic harmonics must take account of all asymmetries.

4.4.3 Converter equipment parameter tolerances

The Technical Specification should require the Contractor to include in the calculation (of non>charactérstic
harmonic currents all possible variations of converter equipment parameters/ such commutaling
reactance, transformer winding ratios, and firing angle variation.

It is unfikely that firing angle accuracy or transformer winding ratio differe an bedimprovedyand s the
filter designer must simply use the actual values.

The commutation reactance unbalance is due to manufacturing fete \ rarisformer leakage
impeddnce, so that it is a controllable value to some extent.An deS|g Qg erter transformers,|the
Contragtor may compare the higher cost of the converter trangfo a hytighter manufactufing
tolerante with the possible lower cost of the filters causg QW - cteristic harmonic currents.

Close dialogue with the transformer designeris re

4.4.4| Tap steps

The copverter transformer tap setti current and control angle, and therefore
the harmonic generation. WitRjn a6 alye ' p’settings for the three phases normally result
in virtally identical voltag \ gshand so it Is not usual to consider any difference ampng
phases|when calculating harmepi i

Betwegn the star-s 3 b Ive” groups, the tap-changers are normally synchronired.
There (s therefore no ir Y ig ation, but the Technical Specification should require fhat
out-of-$tep protectiopris\i

Possible differencesN Setting between the transformers of the two poles of a bipolar HVDC scheme will
depend on g i a of 'the scheme and whether tap-step synchronization between poles is
installgd. 4f differencs ist, then the Technical Specification should require that they are taken |nto
account in the 10Q Of i i

4.4.5| Theoreticatly cancelled harmonics

Sometimes—a-distinctionis-made betweean “fhnnrnflr‘all\/ cancelled” and other non-characteristic harmodics.

S Al

The “theoretically cancelled” harmonics are of orders 5,7,17,19,.. (12*k-6)%1, that is, harmonics which are
characteristic of each 6-pulse valve group but which are mutually cancelled in an idealized 12-pulse
converter. In reality, incomplete cancellation occurs due to small differences between the two 6-pulse valve
groups.

If non-characteristic harmonics are calculated on a 12-pulse basis using a suitable algorithm, then the
worst-case values of the “theoretically cancelled” harmonics will be automatically calculated.

If however, calculation is made on the basis of individual 6-pulse groups, then the Technical Specification
should require that the values of commutating reactance, and control angle deviation used for the two
groups should be at the opposite extremes of the feasible ranges, unless the Contractor can guarantee that
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the difference between the mean values of these parameters for the two groups will be less than a certain
value. This will ensure that the most pessimistic value of “theoretically cancelled” harmonics is derived.

4.4.6 Negative and zero phase sequence voltages

Negative sequence voltage at the converter a.c. bus results in the introduction of harmonics of order k*6-3
where k is any positive integer, i.e. harmonics 3, 9, 15 etc. The most significant is the 3" harmonic. The
amount of negative sequence component which is specified for the converter a.c. bus is very 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 expensive 3rd harmonic filter is required. In some
instances it may be more economic to improve the voltage balance in the a.c. system, for example by adding
transpositions to circuits, if applicable, than to specify a large voltage unbalance increasing the cost of
conyerter fitering:

As hegative phase sequence voltage generally varies over time, rarely reaching its it may be
acceptable to use a smaller value of negative phase sequence voltage for perfoxm (lati .0.1%)
tha ( |ng the
Tedhnical Specification, as the implications for cost of a 3™ harmonic filtércold be cohsiderable:

It should be noted that if a converter station is connected electrically™slose t&a ) nen the
negptive sequence voltage at that point should be considerabl 9 rest of

the|system. This may eliminate the need for a third har 3 ‘ ication
shopld consider this aspect carefully.

As fero sequence voltage is not transferrg i star or

delfa thyristor valve winding connection) g Hirectly
influence the generation of non-characteristi

447 Converter transformer §

d from
ositive

pargllel a.c. transmission age i 35S the-eonverter to give a.c. side direct current and g
i ‘ esult in d.c. current flow in the valve winding| of the

seqlience second karme

conyerter trans@. ds single sided saturation results in the generatipn of a
bropd spectrum of*hg 6 ing current on the a.c. side of the converter transforme[:. Also
d.c] or extremely A0 ow through the neutral of the transformers resulting fron stray
d.c| current fro by\electrodes.or _possibly geo-magnetically induced currents can result in a [similar
shift in magnetiziny, chs ristiss and increased harmonic generation

The i ificatiop should require that the Contractor be responsible for calculating arfy such
harmoni Fromthe tonverter transformer due to any of the causes stated, and should take gccount

of quch harmshjes in the a.c. filter design.

4.4 .8 “Harmonic interaction across the converter

Due to harmonic interaction across the converter, positive or negative sequence harmonic voltages at the
converter a.c. bus result in the generation of non-characteristic harmonic currents at two harmonics down or
two harmonics up. For example a 4™ harmonic positive sequence voltage at the converter will result in the
generation of 2" harmonic negative sequence currents. Similarly a 4™ harmonic negative sequence voltage
will result in the generation of 6™ harmonic positive sequence currents. Currents at additional harmonics
are also present but the magnitudes are less than these dominant harmonics. The effects above are
cumulative; i.e., the presence of one harmonic on the a.c. side results in a harmonic on the d.c. side which
in turn may result in another harmonic on the a.c. side.

A further factor which must be taken into account is harmonic current, or ripple, on the d.c. side. Harmonic
currents on the d.c. side are transferred to the a.c. side as two harmonics, namely, a positive sequence
harmonic one harmonic up from the d.c. side harmonic and a negative sequence harmonic, one harmonic
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down. Ripple in the d.c. current normally consists of harmonics of order 12k, where k=1,2,.. plus possibly
the second harmonic.

The harmonic current flow on the d.c. side is normally under the control of the Contractor. However, under
situations where the specification is being prepared for a single converter, then the Technical Specification

must specify the harmonics present in the d.c. current waveform due to the remote converter.

Harmonic interaction across the converter is analysed and discussed in detail in Section 5.

4.4.9 Back-to-back systems

A special case of harmonic interaction across the converter (see also Sectlon 5) occurs in back-to-back

effects| i
RSS sym of the harmonics may be considered to be appropriate fo
rating ¢onsiderations, the pessimistic assumption is often made tha
result fn harmonics which are in phase. In this case, the ma
arithmgtically to obtain an equivalent current.

at freq

When lhe fundamental frequencies of the t
harmorji

A further possible source of int actlon has bgen ob 4 . If
the a.clines connected to the -to=Back converter station share the same tower or routq for
a signifficant distance, ther inducti i ill occur,) Yéesulting in the presence of non-synchrorjous

harmonics in both a.c. systems icsi egfuencies of the two systems are not identical.

4.5 Externa >

The fil ér harmonic sources both within the station and external to|the
station

Within| the”stati ible additional harmonic source would be controllable reactive compensation
equipnien s if it has its own filters). The Technical Specification should require that
any su¢ into account when calculating both a.c. filter performance and rating, pnd

design [of the filteringfor both HVDC and SVC should be co-ordinated.

Outsidg thesstation, other harmonic sources such as other HVDC converters, SVCs, rectifier type lopds,
controlfable a.c. drives, arc TUrnaces, POWer ransformers, corona 1fom a.c. {ines, Consumer equipment etc.
can result in a significant harmonic presence. The effect of harmonic sources from outside the station for
considerations of filter performance is discussed in Section 7.1.6. Such sources must be considered for the
purpose of filter rating (see Section 9.1.1). The Technical Specification must therefore clearly identify such
external sources. The Customer and Contractor should be aware that this is an area where considerable
disruption and dispute can occur if a filter is eventually damaged while in operation, due to harmonics
generated externally to the converter station.
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Appendix 4.1
Formulae for calculating the characteristic harmonics
of a bridge converter

The equations below give the characteristic harmonics of a line-commutated bridge converter, based on
ideal assumptions of symmetrical conditions for an HVDC converter, with the direct current also ideally
smoothed.

The user must treat the results of calculations using these formulae with caution, being aware that in reality,
numerous factors as discussed in Section 4 both alter the magnitude of these characteristic harmonics, and
create non-characteristic harmonics.

The
givi

wh

wi

and

For

magnitude of the line side harmonic converter current I, , for each characteris
PN Dy:

ive voltage drop due to commutation, given by:

. U dioN
U

I

d
€ =dx, T

dN

dio

Roni€ arder n, is

ne:

and

operation at nominal no-load direct voltage and nominal direct current, the above formulae becor
Uvalve 1 \/g
|n:|:n.U Nb'ﬁ‘?"dN

JAZ+B2 -2 A-B-cos(2a +u)
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a.c. system side harmonic current

n = order of harmonics n= (k*p) £1, p = pulse number, k=1,2,3...

Np = number of 6-pulse bridges comprising the converter

Uvave = valve side transformer voltage rating at actual tap

Uline = a.c. line side transformer voltage rating at actual tap

Ugion = nominal no-load direct voltage

Ugio = actual no-load direct voltage

lan = nominal direct current

ly = actual direct current

Fn = attenuation factor

€ = relative inductive voltage drop due to commutation

€ = retative-thetetive-voltage-grop-tueto-commutationatrominal
conditions

o = firing / extinction angle of converter

u = overlap angle

23

@%
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5. HARMONIC INTERACTION ACROSS CONVERTERS

5. HARMONIC INTERACTION ACROSS CONVERTERS..........ccccoiiiii
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5.1 Introduction

In order to facilitate the analysis of harmonic generation by an HVDC converter, simplifying assumptions are often
made. Typically, the HVDC converter is regarded as a generator of harmonic currents, with an infinite internal
impedance. Such an assumption is reasonably valid for practical purposes for most harmonics, and is the basis of
the calculation methods described in Section 4.

The Customer should be aware however, that such a simplified approach has limitations, and can lead to incorrect
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.c. side harmonic currents may be strongly influenced by the harmonic impedance and
harmonic current flows on the d.c. side.

The fol
practicgl implications for a.c. filter design. The Technical Specification should
have tq be taken into account, and the Customer should ba able to add

Bidderg’ designs.

A detai
by CIGRE Working Group 14-25.

tion

5.2 |Interaction phenomena

The a.d G 3

components of the fundamental Arey /a ith \posit 2 ther
frequer:ties. The d.c. side wavexform imila .C. h of
other frequencies. The conversion p i { i i ishes a
well defined relationshjp beth QN Ci Ref.
5-1, 5-3, 5-4] <§

In gene|

rter
the
rder

the
converteris.converted to a dominant frequency on the d.c. side which is lower in frequgncy
than the a.c. side frequency by an amount precisely equal to the fundamental frequency of]the
a.c. side of the converter, For a.c. side positive sequence frequencies less than fundamentallthe
resultant d.c. side frequency is the complement of the a.c. side frequency.

e Any given negative sequence frequency on the a.c. side of the converter is converted to a
dominant frequency on the d.c. side which is greater in frequency than the a.c. side frequency
by an amount precisely equal to the fundamental frequency of the a.c. side of the converter.

e Any given frequency on the d.c. side of the converter is converted to two dominant frequencies
on the a.c. side. A positive sequence frequency is created which is greater than the d.c. side
frequency by an amount precisely equal to the fundamental frequency of the a.c. side of the
converter. If the d.c. side frequency is greater than the a.c. side frequency, a negative sequence
frequency is also created which is less than the d.c. side frequency by an amount precisely equal
to the fundamental frequency of the a.c. system. If the d.c. side frequency is less than the a.c.
side fundamental frequency, then instead of a negative sequence frequency, a second positive
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sequence frequency is generated at a value precisely equal to the a.c. side fundamental
frequency less the d.c. side frequency.

The following tabulation provides a summary of the dominant frequencies involved in any interaction:

The
Oth

d.c. side a.c. side
frequency frequencies
foe > T fac + fo (POs. seq.) foc - fo (neg. seq.)
foe =10 2 *f, (pos. seq.) 0.0 (dc)
fac <fo foc + fo (pos. seq.) fo - foc (Os. seq.)
f3=0 fo{pos—seT)
(

co

f4c is the interaction frequency on the d.c. side of the converter
f, is the fundamental frequency of the a.c. side of the conveytex:

Table 5.1
Dominant frequencies in a.c. - d.c. harmonic

above rules are not limited to just harmonic frequencies buti a applied to all frequencies.
er frequencies shifted by multiples of the converter puls i ental frequency (pr their
plements) can also be involved in the conversion process b{t jor thedpnostyark, their contributiong to any

relationships hold for not only steady-state, co be observed in quasi-steagy state

conditions as experienced under prolonged ur conditfens;” and even transient conditiops (any

5.3 Interaction

Forlany given set of a.¢. and’dg. si ing tQnditions (a.c. voltage, d.c. voltage and current angl firing

angfe), the d.c. i d as a linear passive device similar to a three winding
s voltages™and currents between the three networks (at three djfferent

trarjsformer but Wwhich

ustrated in Figure 5.1. The figure depicts the conditior] where

the|d.c. side inteact ¢ i er than the fundamental frequency of a.c. system. Represgntation
of the other Tl SNERT Ll i e sequence and frequency of each of the networks establish¢d from

Thd magnituteof a d currents which appear in any given interaction are a function of the cpupling
betyveen thenetworks, impédances of the a.c. and d.c. networks at the respective frequencies as well as the

magnitude of\th

5.3.4< Coupling between networks

edriving force (or forces) which establishes the frequencies in the first place.

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 [Ref. 5-4]. 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 effectively connects each of the two a.c. networks
and the d.c. network in series. Inclusion of overlap angle into the analysis is equivalent to adding leakage
and magnetizing reactances to the ideal transformer.
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iacn(fdc+f0)
Zacp(fdc+fo) _’
eacn(fdc"'ft;) L
esp(fac+o) : iao(fac) '
— :
- - ZdC(de)
= = v
AC Positive Sequence Network at euce(T) <>
Frequency “fy+f,” 3 : 5
iacn(fdc'fn) B
Zacn(fdc'fn) : T _’
N e, ( fdc' fo) €acn (fdc'fo?

AC Nepative Sequence Network at
Frequency “fgc-fo”

5.3.2
Driving forces could originate n 3 ing
from th on,

non-lin g-force could simply be negatlve sequence fundamental frequency
voltage 2 ads in the vicinity of the d.c. converter, heavily loaded un-transpgsed
transm|ssion ling 5 the, converter or asymmetrical faults and/or 2 phase operation during single pole
reclosu

The dr{vi sould oxjginate in the d.c. converter itself, with harmonic currents and/or voltages driven
by firing angle jitter, tbalance in commutating reactances or possibly unbalance in converter transformer
turns ratios.

The third source of driving forces includes voltages and currents of the d.c. transmission network either
coupled electromagnetically or electrostatically from nearby a.c. transmission or directly coupled as a result
of some a.c./d.c. interaction phenomena at the remote converter. For the latter, harmonics of the remote a.c.
system frequency would be involved resulting in non-harmonic interaction frequencies at the local station.

5.3.3 System harmonic impedances

The impedance of the three networks at their respective interaction frequencies play an important role in the
magnitude of the voltages and currents which can appear at the converters. Series and parallel resonances
can occur within each leg of the equivalent network, but also between the three legs. For example an
effective series resonance could appear between the positive sequence a.c. network and the d.c. network
resulting in large current flow at the respective frequencies between the two networks. To the negative
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sequence network, the resonance condition could appear as a parallel resonance (with a high impedance).
In fact, the current flow in the positive sequence and d.c. networks could be excited by a small voltage in the
negative sequence network.

5.4

Impact on a.c. filter design

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-sections.

5.

=

II\\

C cidathird harmaonic
“o—SHa & SHHG

Ong

The

in t
twag
fred
img
cur
thir|
the

compounded by resona
tion 12.2.1.

Sec

The
har

second hari
monic filter.

A\~ mE T T T TroTTT

such set of interaction frequencies includes:

a.c. side negative sequence fundamental frequency

d.c. side second harmonic

a.c. side positive sequence third harmonic

a.c. side valve winding d.c. currents

tive sequence third h3

in the
rmonic

»¢. waveforms. Considelling the

mental
[fective
Fmonic
mit the
Feasing
further
.6 and

e third

Fundamental frequency currents on the d.c. side of the converters can be converted into positive sequence

second harmonic and d.c. currents on the a.c. side of the converter.

The second harmonic currents are

transformed and hence appear in the a.c. network. Although d.c. currents are initially coupled into the a.c.
network, with time, the a.c. side currents decay to zero and the d.c. current flow eventually ends up flowing
through the magnetizing path of the equivalent circuit of the converter transformer shifting the transformer
saturation characteristics. Depending on the magnitude of the shift, one-sided transformer saturation could
occur resulting in the generation of second harmonic positive sequence currents due to transformer
These currents could add to the second harmonics coupled by the interaction network
exaggerating the current flows in the three networks.[Ref. 5-5, 5-6, 5-7, 5-8]

saturation.
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Fundamental frequency blocking filters on the d.c. side and second harmonic shunt connected filters on the
a.C. side have been used to limit the interaction effects. The design of the second harmonic filter must take
into account not only the direct interaction effects but also the possible amplification resulting from
interaction with transformer magnetization.

5.4.3 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.

respect
The a.g
is not

howev
rating. [(See Section 4.4.9).

5.5 [Study methods

5.5.1| Frequency domain

Both th a ncy
domair analysis and design toals. @ ach
selectefl harmonic and the wejghted vottages 3 plly
to estgblish some overall perfo 2 ing_dex. Study’ of interaction effects requires the expangion
of the gingle frequency net G a I-frequenty model. The model could be the simple three
frequerjcy model des:: expanded to include a broad spectrum of frequencies.

With frequency dom it is.possible to focus on the exact nature of a specific interaction. Thela.c.
system| and d.c. sideAa ic i es ean be readily varied within a known spread of value$ to
establigh if interacti@n is\li e event that interaction can occur, the same procedure can be
used to establishNlimiting, eorditions for the design including d.c. control parameters and compo:[:ent
ratings ) uSed 0 evaluagé potential filter costs against possible a.c. and d.c. system operafing
restrictjons

Freque aip, analysis i1sfor the most part limited to "small signal™ analysis. For harmonic interacfion

analysis, this isspormally valid as harmonic components are typically several orders of magnitude less than
the a.c)side(fundamental frequency and d.c. side d.c. components of their respective waveforms.

The main challenge involved In frequency domain analysis is the derivation of the coupling coefficients
which mathematically couple the a.c. and d.c. networks. These can be derived numerically [Ref. 5-4, 5-9]
or analytically [Ref. 5-2, 5-10, 5-11] and can be set-up to include the influence of the d.c. controls [Ref. 5-
3].

In single frequency analysis techniques, HVDC converters are often treated as ideal harmonic current (a.c.
side) and voltage (d.c. side) sources with magnitudes of non-characteristic harmonics used in the
calculations based on experience from measurements on simulators or other d.c. schemes. When
considering harmonic interaction, this treatment may not be completely valid. For example, the third
harmonic generated by the converter is for the most part dictated by the magnitude of negative sequence
voltage at the converter bus and hence an ideal third harmonic voltage source would provide a more
accurate treatment in the analysis than the conventionally used current source.


https://iecnorm.com/api/?name=d77aece7f313bebb942afb6d58103705

PAS 62001 © IEC:2004 (E) - 63—

55.2 Time domain

With the availability of digital simulation techniques approaching (or achieving) real time capability, time
domain analysis is an effective tool when coupled with Fourier series or Fourier transform analysis of the
voltage and current waveforms. The approach involves the simulation 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 requwement to compute the coupllng coefficients. A significant second benefit is the

Thq major disadvantage of the time domain solution is the limit imposed on thg pe.a.C. network
which can be practically represented in any given simulation. J a.C. |system
operating conditions which may result in an interaction may not be simulated and, he p of the

potential interaction would not be included in the filter design

5.6 Possible countermeasures

5.6.1 A.C. (and/or d.c.) filters

Shu .C. fi i i i iop on the a.c. system by providing a
low i ) Sults in
a snall corresponding voltage at the congerter bus. i i bOUS to
des i encies

redyices the amplification of'vol{ages

D.qd. side blocking filtersxcan be avaiehi ioh. The filters typically consist of parallel capacitor-

reagtor-resistor copo 'th the d c. converter. The filter restricts the currept flow
at the tuned fre efwork at the interaction frequency. Often this is al| that is
reqpired to eliminate the

Intdracti 3 i hy sejecting an appropriate value for the inductance of the smpothing
rea i d.c. filter parameters to avoid series or parallel resonances at critigcal d.c.

intg g reactors are an effective means of limiting interaction due tp cross
modiula

5.9.

D.d. controls are an extremely cost effective way to counter harmonic interaction. They are most effeftive in
limjting” interactions induced by driving forces external to the converter at low harmonic intgraction
frequencies. Typical control design involves the implementation of a circuit which responds to voltage or
current of one of the interaction networks at the corresponding interaction frequency. The circuit adds a
small correction to the firing angle of each valve in such a way as to reduce the magnitude of the measured
quantity. Changing control parameters effectively alter the gain and phase of the mathematical coefficients
which couple the networks at the interaction frequencies. Examples of such proposed control functions are
given in References 5-13 and 5-14.

5.6.3 Operating restrictions and design protections

Although undesirable, the most cost effective solution to an interaction problem may be to avoid the
operating condition which results in the interaction. If the likelihood that such an operating condition could
occur is extremely remote, imposing an undesirable system operating restriction may be more attractive
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than the expense (and possible inconvenience) associated with a large capacity low order a.c. harmonic
filter. If such a strategy is adopted, it would be prudent to ensure that filter and system protections detect
and respond to the interaction (should it occur) and smoothly bring the a.c.- d.c. operating conditions to a
safe situation.

5.7 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 analyse harmonic interaction are different from those
used in the classwal harmonlc analysis (such as descrlbed in Sections 4 and 7), it is more dlfflcult for the

Contra the
pressufie of time and resources which occur under real project conditions.

An open and general format of Specification, which does not prescribe calé Iatlo D oceres and
conditipns but which does make the Contractor responsible for verifying ce| by
measufiement, should have the effect of forcing the Contractor to take intp~acce hich
may odcur in practice, including harmonic interaction. (A risk remains, hé g ithis loft 3 ble
to confluct verification measurements under worst-case conditions, ; iptive
Specifigation which asks for proof of adequate filter design by calcu ation>and give bNts
on how harmonic performance is to be calculated, but which o oG i - i fion
phenomena, may leave the Customer vulnerable.

The recommended approach is for the Cus orer to te explioftl i the
harmorjic interaction between a.c. and d.c. ¢ ¢ ipns,
must be taken into account in the filter desigh.anc : 9 ic performance and compoment
rating. [At the tender stage, Bidders should bg-a ing h|ch calculation methods and complter
tools will be used to analyse harmonic interacti he/Biddery or later the Contractor, believes fhat
harmonic interaction will have/a gi ilter“design, performance and rating, or fhat
marging in the design are suffisi inte_ac 7 ¢ interaction phenomena, then he should be

asked ]

The Cpistomer sho c ake a correct analysis of harmonic interaction, [the
Contragtor requires X i ion about those aspects of the a.c. system which lie outsidg his
scope. i s s[eN| dahceOf the a.c. network, on pre-existing distortion, on levelp of

negativ gmy g ple coupling from parallel a.c. lines to the d.c. line, musf be
suppli¢ i ustomer must provide realistic forecasts of future changeq to,
and ex Il information on these points is not available to the Customer, then

the Cu 3 hare the risks associated with lack of data with the Contractor angl to
allow judg ' Sthan the \Contractor’s previous experience.
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6. FILTER ARRANGEMENTS
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6.1 Overview

There are various possible circuit configurations which can prove suitable for a.c. side filters in HVDC
converter stations. This section reviews these designs to give background information on the advantages and
disadvantages of particular filter types.

Only shunt connected filters are considered in this section, series filters being discussed in Section 12.4.3.

The comments on particular filter designs apply to HV and EHV connected filters and equally to LV
connected filters, for example tertiary connected filters.

The choice of the optimum filter solution is the responsibility of the Contractor and will differ from project
to proj¢ct. The design will be Influenced by a number of Tactors which may be specitied D

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

o switched filter size (dictated by voltage step limit, reactive power bala excitation l{mit

of nearby synchronous machines, etc.),

ge,-self-

e environmental effects (ambient temperature range)
e converter control strategy (voltage and overvoltage coqtrpl, reattive powet control),

o site area (limited switch bays),

e loss evaluation criteria,

o availability and reliability requirements.

Review Lilar
schemg um
design, be
found i

Differe the
above ha

review ageg’associated with a number of widely used filter configuratipns.
As onl ance aspects are considered, additional equipment such as sxrge
arreste 6ltage transformers are omitted from the circuits shown. In HV jand
EHV app! 3 je.arresters are normally used within the filters to grade the insulation levels of|the
equipm i and energy absorption capability of these arresters will be the subjeqt of

detailedl transien dies,as discussed in Section 10.

6.2 |Advantages and disadvantages of typical filters

The following general points apply to all the different filter configurations described and compared below:

Filter earthing: For HVDC applications the filter neutral is normally solidly earthed on systems above 66
kV and sometimes 110 kV. On low voltage systems the filter neutral may be earthed or unearthed
depending on local requirements. Alternatively the neutral of the filter may be earthed through a reactor.

Position of reactor: In the figures shown in the following sections, the reactor is connected at the neutral
end of the circuit, although in practice the reactor can be connected at either the HV side or neutral side of
the circuit.
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If connected on the HV side of the circuit the reactor is exposed to short circuit currents in the
event of an earth fault on the capacitor bank. This will require the reactor to be rated for the
calculated short circuit current and a suitable type test performed, thus adding to overall reactor
costs. However, this arrangement allows capacitor unbalance protection schemes to be installed
at the neutral terminal which minimises their design costs.

If the reactor is connected at the neutral side of the circuit it is not exposed to large short circuit
currents and hence the design can be simpler and the need for a costly type test is removed.
However, the capacitor unbalance scheme now requires high voltage current transformers or
voltage transformers which adds to costs.

The location of the reactor may also influence the Transient Recovery Voltage (TRV)
developed across circuit breaker contacts when clearing faults between a line side reactor and

6.3 Classification of filter types

Mafy terms are employed to classify filters and in this section th

a) Tuned filters

bl —h 1 [ L sl " 1 1 [T TR X | - !
U1 LAPAdLTIUT UdlTR. T SUTTIE LdSES TITIT STUT TEAULLIUTS TidveE UTETT PTrulmiiunieu uut U dauvel St effECtS

on the breaker TRV.

Thdse are filters tuned to a specific frequengy, or frequenciles: 2 i i high Q
(quality) factor, as in equation 6-3, i.e. t ha q

ih series

with the capacitor and inductor (more usua ith the
indyictor, in which case the resistor is of highwalus, T4 nd-pass
filtgrs. Examples of tuned filters are discugsed later in le (e.g.
11/13th) and triple (e.g. 5/11/13th) tuned t pes.%

b) Damped filter,

Thgse are filters designe B an ope harmonic, for example a filter tuned at 24th hgrmonic
wolild cover 23‘ : AoNi \ i i inductor
which produces a dap Fesistor
vahte i Fmance
requi ; , eptable
losges at fupdamental i i - ifters. If
the y, they
may in this
section p.g. HP
12/

c) Eilter “order”

The expression “order” refers to the order of the terms in the transfer function of the filters, as follows:

1st order is a simple C or R-C circuit, i.e. a shunt capacitor.
2nd order is a L-C circuit, i.e. a tuned filter (Figure 6-1) or damped filter (Figure 6.4).

3rd order contains an additional capacitor bank, i.e. a double tuned filter (Figure 6.2)
or damped filter (Figure 6.5).

The order of a filter is sometimes used to clearly define the type of filter being considered, e.g. a 2nd order
damped high pass (as in Section 6.5.1.1) or a 3rd order damped high pass (Section 6.5.1.2).
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6.4 Tuned filters

6.4.1 Single tuned filters

This is the simplest filter topology, consisting of a reactor connected in series with the capacitor bank.
Figure 6.1 shows the circuit arrangement and the impedance /frequency response for a typical 11" harmonic
tuned filter.

Impedance of a Tuned Filter

C — 10000 T
1000
—~
2
S
I, < 100
o
N—r
N
101
1

/#\. + -100
v 20, 25 30
ic u@er

Sponse
By chd i a () to achigVe a series resonance at one specific harmgnic
order, athy_limit eresistance (r) in the reactor, is created for [one
harmonic current. TT is,
(6-1)
giving
. (6-2)
2nf,~/LC
where:
fo = fundamental frequency
) = harmonic order

By suitable choice of the Q-factor of the reactor, and thus the Q-factor of the filter, where

_ 2nfynL
===

Q (6-3)

_“O\l—

the performance of the filter at and near its tuning frequency can be controlled. The filter losses will be
determined by the Q values at fundamental frequency and at the tuning frequency. Note that the resistance,
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hence Q, of a reactor is frequency dependent. Reactor manufacturers can normally design a reactor with any
desired Q-factor within a reasonable range. If an exceptionally low Q-factor is required for a single-tuned
filter, a small series resistor may possibly be added.

As this type of filter deals with only one harmonic, multiple filters may be required to cater for groups of
characteristic harmonics (e.g. 11™",13", 23", 25" etc.).

Because the effectiveness of the filter relies upon equation 6-1 being true, it follows that if f, varies from
nominal the filter will no longer be tuned at the desired harmonic. Similarly if manufactured values of C
and L are not the nominal values, and this is inevitable as as-built tolerances will need to be considered,
equation 6-2 will no longer produce exactly the required harmonic order. However, this can be overcome by
making the C and/or L value adjustable. As it is the capacitor bank which dictates reactive power generation

|t ir nraforablo tomaintain O oconctant and neayada ~dictannt 1 | Thic o ha achincvad by n-m)Ie Off_

PTreTtTaioTCtoTT T o T O CUTTStar T oo PTrovIatTaojoSt e T =, r g oo ot aCTrCveT— oy — STt

cirduit taps on the reactor, but at increased cost, typically 10-20% and poorer reactor/reliability.

As [apacitance is a temperature dependent quantity, equation 6-2 implies that e (letuned

with ambient temperature variation.

To pummarise:

Advantages

1. Simple connection with only two Aultiple Titer branches may be needdd for
components. d iff t harpnonics

2. Optimum attenuation for one harmo ceptible to de-tuning effects.

3. Low loss. ay require off-circuit tap connectiors.

4, Low maintenance re

9
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6.4.2 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 6.2 shows two typical circuit arrangements and the
impedance/frequency response for a typical 11/13" filter.

Impedance of a Double Tuned Filter

1000
I TI 1 I
ufe
. e

ﬁ” “EMH |
Z (Ohms)

By combining two tuned filters virtually any Mvar per

frequericy components. This allows the possibi grporating a very low Mvar rated filter, which of its
own wpuld be an un-economi i 8 orm a double tuned filter. If two single-tyned
branchgs were used instead i W filter size problem due to connecting a possibly yery

uired forgne of thestwo frequencies) on to an HV busbar. This problem can be

low Myar rated filter (as reg
overcome in most @

There d at
low vo a e and
only one set of hig . i ank
will als

As eac i { an_atteduate two harmonics there is more incentive to install identical filters, which
has ad i i i tin
an ovefall incrédse’in.station reliability.

Like singlé tuned filters (see Section 6.4.1) this filter is susceptible to de-tuning due to frequency drift,
ambienttemperaturevariationm andcomporent toferarnces. Off-tircuit tap—adjustment may be Tequited to
compensate for tolerance effects

The presence of a parallel C2 - L2 circuit will result in circulating harmonic currents, which in the case of
the capacitor can exceed the fundamental current. This can make proper fusing of the C2 bank difficult,
indeed most C2 banks are installed without fuses. The magnitude of such circulating currents can be
controlled by lowering the Q value, i.e. increasing the resistance, of the L2 reactor or installing a resistor R
in the circuit. Increased reactor resistance can be achieved 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 6.2.
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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. [Ref. 6-7].

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 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 purmmarise:
Advantages Disadvantag
1. Optimum attenuation for two harmonics. 1.
2. Lower loss than for two single tuned 2.
branches.

3. Only one HV capacitor and reactor needed 3. LV

to filter two harmonics.

for

4. Mitigates minimum filter size problet
a low magnitude harmonic.

5. Fewer branch types, facilitating filte

)
X

require two surge arresters to contrp
tion levels.
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Triple tuned filters

This type of filter is electrically equivalent to three parallel connected tuned filters, but is implemented as a
single combined filter. Figure 6.3 shows the circuit arrangement and the impedance/frequency response for
a typical 12/24/36" filter.

Althou
three h
12/24/3
preven

The us
would
off-set
excitati
require

Impedance of a Triple Tuned filter

10000 100

ph a complex filter, this arrangeme
armonics. This can be either three characte
6™ or may be two characteristic harmenie
resonance problems.

on of nearby

t can prg

Z (Ohms)

@ (Degrees)

Figure 6.3
Triple tuned filter and freg

ti

) at

le.g.
) to

(his
1 to
elf-

FIF and IT are specified these filters may achieve|the

[ performan . y similaxin vature to double tuned filters their merits and drawbdcks
are as dlescribed in Secti

Disadvantages

1. Pplimum atteny Susceptible to de-tuning effects.

2. LLower lossthan fokthree single tuned 2. May require off-circuit tap adjustment.
branches:

3. Only one HV capacitor and reactor needed 3. Transient effects can determine rating of L\
to filter three harmonics. elements.

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 required to

redundancy.

control insulation levels.
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6.5 Damped filters

6.5.1 Single tuned damped filters

6.5.1.1 2nd order damped filter (high pass filter)

In this filter topology a damping resistor R is connected in parallel with the series reactor L. Figure 6.4
shows the circuit arrangement and the impedance/frequency response for a damped filter, with a minimum
impedance at 11th harmonic.

For a damped filter where the resistor is in parallel with the reactor, the degree of damping may be defined
in terms of quality factor Q, or alternatively as a damping factor m, defined respectiyety-s

(no iek, as in
Sedti

The ote the
trarsi actly at

the i.e. the

filtg

® (Degrees)

o

Harmonic Number

Figure 6.4
2nd order damped filter and frequency response

Thg presence-0 jesistor broadens out the frequency response of the filter which introdudes two
bengficial effects. THe filter is now less sensitive to the de-tuning effects of frequency drift, gmbient
tempetature variation and component tolerance effects. Also, by choice of R, the filter response can fover a
number-of-harmonies; 0" Hthand-13thcotld-be-attentated by ofe dalllpcd fiter—However-the-attehuation
achieved by a damped filter may be less than that 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 11 and
13th harmonics.

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

2. Relatively insensitive to de-tuning effects. 2. Higher losses than tuned filters.
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6.5.1.2 3rd order damped filter

In this topology an auxiliary capacitor (C2) is connected in series with the resistor to act as a blocking
impedance, as shown in Figure 6.5. The main application of such a filter would be at low harmonic orders
where the losses in a 2" order filter resistor would be unacceptable. The impedance/frequency response of
such a filter at 3rd harmonic is shown in Figure 6.5.

Impedance of a Third Order Filter

1000 200

4
T

4]

At funflamental frequency C2 has a high impedance, [ as
current C2
decreages, harmonic current fle i P is
essentiglly economic as the réduced, ppwer dissi ¢ sed

The presence of thg”S
Mvar rpting may beNaees

To summarise, the ¢

ger

Disadvantages

As 6.5.1.1 plus:

1. Slightly poorer performance compared with
2nd order damped design.

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

— 75 —

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 6.6 shows the circuit arrangement and the
impedance/frequency response for a typical 3rd harmonic filter.

Impedance of a C Type Filter

10000 T

By
exc
the
rath
The

To

Ul

C2

vallies from the rated values. Howg
er than degrade overs

Neghg
resistor!

ental frequency loss in

rent is
nieving
L or C
rating

Disadvantages

As 6.5.1.1 plus:

Resistor rating is susceptible to de-tuning
effects.

May require off-circuit tap adjustment.

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

Slightly poorer performance compared with
2nd order damped design.
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6.5.2 Double tuned damped filters

This type of filter is electrically equivalent to two parallel connected 2nd order damped filters but
implemented as a single combined filter. Figure 6.7 shows the circuit arrangement and the
impedance/frequency response for a typical 12/24th filter.

Impedance of a Double Frequency

Damped Filter

10000 T T 200

C 1 Z T 150
_1000 ’é‘
L1 R1 g 700 &
oo+ Nl + o)
o]
<) N
R2 N I

This fi
split b

var
ign

g¢d across the range. The de

has the ensitive to de-tuning effects. Howgver
the prepence of the resistors R1 and R2 will gg \ satal and harmonic losses.

During| switching or fault distdrba eJoadi v, components C2, L2, R2 can exceed their
overlodd capability if this is b S .\Whus particularly for C2 the rating needs tg be

based ypon transient studi

marise: Q

To sun

Disadvantages

1. Transient effects can determine ratings of L}V
components.
2. Higher losses than double tuned bandpass

fo filteratange ofharionics. design.

3.  Mitigates minimum filter size problem fora 3. Complex interconnection, with 6 C-L-R

oW.magnitude harmonic. components.

4.  Fewer branch types, facilitating filter 4. Additional protection requirements for
redundancy. resistors

5. Relatively insensitive to de-tuning effects. 5. Possible additional duties on surge arresters

compared to tuned filter design.
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6.6 Choice of filters

From the advantages and disadvantages discussed in Section 6.4 the following guidelines may be

summarized:

a) Where system frequency varies widely the use of damped filters would be preferred to tuned filters.

b) 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.

c) Where filters need to be tuned close to the harmonic order for optimum performance, off-circuit tap
adjustment on the reactors may De required.

d) | 2nd order high pass damped filters can provide the optimum solutig higher
characteristic harmonic groups, in applications where only voltage distorti and/or
the range of system harmonic impedance is benign.

e) | Unless needed for low order harmonic problems, e.g., 3rd or evel of
damping required, the losses in 2nd order high pass damped evel.

f) | For low harmonic order filters where a damped charagferistic 1 erred.

g) | Where limitation of individual harmonic current e tuned
filters may be needed to give the required low

h) | Where limitation of voltage distortion is, reqiures eptable
performance.

i) | Where limitation of ed.

i) | Where limitation p onjunction with TIF limitation is required|double
tuned or trip:tun solution.

k) | For high voltage : applications double tuned or triple tuned filters may provide the
optimum solytign

1) | Where % gative phase sequence (NPS) voltage on the system are high, i.e. ex¢eeding
1%, 3rg har er tuned or C-type, may be required. If C-type filters are used thgpy may
aJs0 prowideattenuatign at 5th harmonic if required, by suitable choice of the resistor value. I some
sC ay be.possible to attenuate the generation of 3rd harmonic due to NPS voltage by [control
action.

Thgse comments are intended as a guide, as only detailed performance and rating studies will estaljlish an

opt{mui solution.
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/7. FILTER PERFORMANCE CALCULATION
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7.1 Calculation procedure

7.1.1 General

Filter performance calculations are central to the filter design process. Any prospective a.c. filter
configuration must first be subjected to calculations to show what would be the performance under the
defined conditions. However, due to other aspects to consider, such as rating, losses etc., the whole design
process is iterative by nature. This means that the filter performance calculations may be made many times,
with different prospective filter data, in the course of filter design for any project.

Special-purpose computer programs are required in order to conduct the required calculations efficiently,
and torresent the design engineer with the information to optimize the filter design. Desetiption of wiich

such pograms are to be used by prospective Contractors should be requested in the Te fion
and asgessed by the Customer.

7.1.2| Input data

Norma]ly, the Customer defines the a.c. system harmonic impedance, vo Juen tive
sequen 3 Dre-
existing harmonics and the permissible distortion limits. The : ide fure
changep in the system.

The C( ; i pé alculations, including njain

circuit parameters, manufacturing tolerances<a

7.1.3| Methodology

The mé¢thodology described b
the effgcts of a.c.- d.c. side

edure, which does not take into accqunt
onverter. The reader should be aware hat

unless harmonic interactio e ' unt, and unless the effective impedance of|the
converfer is adequately mqdelled using\the classical method may give substantially misleading
results,| especially f@/ - istic\haprhonics. Section 5 discusses how such interaction fay
be inclfided in the ca

The input data is used r model, (Figure 7.1), which consists of a constant harmgnic
current i onverters, in parallel with the filters and a.c. system harmgnic
imped3

% IFn A % Isn

TR Ver
I cn Z fn Z sh

Figure 7.1
Circuit model for filter calculations
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where:
len = injected harmonic currents from the converter
Zn filter harmonic impedance
PR filter harmonic current

Zan = a.c. system harmonic impedance
lsn = a.c. system harmonic current
Vs = a.c. system harmonic voltage

The filter current may then be found from:

z
o= ———" .| Z-1)

Ch
an + an

and| the harmonic voltage distortion from:

Ven = —'Icn (

In ign must
be edance
(Zs

7.1

The ted for
per meters
reqyi

Undler 50 ~ iti i i i bquired
to eet ad K petrical
env gtion of
filte s. The

follpwing aspects could be considered for exclusion:

e Operation under short-time overload conditions of d.c. current (or d.c. power).

e Reverse power direction for an HVDC scheme which is intended mainly for uni-directional
transmission.

e Reduced d.c. voltage operation, if intended only for rare and short-time use.
e Extreme rare or short time a.c. voltage variations.

e Extreme rare or short time levels of a.c. negative phase sequence component.
e Operation with one filter bank out of service.

¢ Unusual operating conditions or configurations.
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The Technical Specification should be clear as to whether harmonic currents are to be calculated
considering the steady state a.c. voltage range or nominal a.c. voltage. Due to the action of the converter
transformer tap-changers (and assuming constant harmonic generation from the converters) the harmonic
current magnitudes on the network side will vary in inverse proportion to the a.c. voltage variation.
Maximum harmonic current injection from the converters may therefore occur at minimum a.c. voltage
conditions.

To find the worst-case performance conditions which may occur in practice, the calculations should be
made considering the range of a.c. voltage specified for performance calculation. However, some Technical
Specifications in the past have requested calculation of harmonic currents only at nominal a.c. voltage,

which is equivalent to a relaxation of the performance criteria. The Customer should decide which approach
iS pref\ rabhla and ctata thic 1n thn Tachininal Can~ifinati ey

FapBte-aRe-State-trHSHtRe—Teerticat JPCTTITTICTtIoTT

7.1.5| Selection of filter types and calculation of their impeda

During idied
and thq igtics
are deg ign 6
also co

When fine
adjustments to the filter component values in order to optimi 3 ating , this
process \CB

7.1.6

Using the model (Fig 7.1), different sets of harmanic curen (or
power Jevels) levels are applied and individua harvo BS 2 der
applicgble and agreed netwotk i tieRs: )The effect of a.c. system voltage and frequgncy

ilter impedance respectively. The calculated
manner defined by Customer (see Section 3}, to

variatigns is considered by mod
individual harmonic volta

obtain fhe desired p $

For the calculation of p s i ambyne all relevant harmonic orders, such as THD, TIF fand
THFF, |there have begf\dh . adopted in previous HVDC converter stations. It is unrealistic
to exp4g : y/stem and the filters will occur at all or many of the harmgnic

frequencies si v is respect, one of the following methods is recommended:

should be calculated with a.c. network impedance connected at the ftwo
sult in the highest value of that parameter and at aII other harmonics|the

o, (When discréte impedance values/diagrams for each system configuration are available, another
more sophisticated method is possible. It is to assume worst case resonance (i.e. the system
configuration that 15 giving the Nighest distortion) at one or two harmonics and for the
remaining harmonics to use the system condition that gave an impedance closest to that which
gave the worst case resonance condition for those harmonics.

If however THD and TIF (or THFF) are required to be calculated by taking into account all harmonics
under worst a.c. network conditions, then the specified limits for these parameters should be
correspondingly higher.

For IT and I, the following simple method [Ref. 7-2] could be used:

e IT and I, could be calculated with a phase equivalent impedance modelled by a parallel
connection of a resistance and a reactance. The reactance can be calculated from the fault level
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produced by the lines being modelled by this equivalent, and the parallel resistance

can be

produced by the positive sequence surge impedances of these lines. This model will not show
any resonances such as occur in a real system; however, the model is a good compromise giving

an average over the studied frequency range.

The calculation of performance is generally based on consideration of harmonics generated by the converter
alone, i.e. neglecting the effects of pre-existing harmonics. Such a method is appropriate where either the

pre-

existing levels are low and/or it is difficult to define the pre-existing harmonics accurately.

However, where pre-existing distortion is known, and is significant in comparison to the permitted limits, it
is recommended that the performance criteria should be defined in terms of the “total” distortion due to the
converter plus pre-existing, rather than an “incremental” value of distortion due to the converter alone. This

is by
of ¢
har

spe Lifi

Can
prep
con
sou
var
har

7.9

7.4

Ide
nor
req
calg

pcause pre-existing distortion may change as a result of magnification (or attenuatien by the cQn hection
i at each
iy unless
essary [prior to
valents
Voltage
uld be
of the
monic filter impedances.
P Detuning and tolerance
.1 General
lly, a filter would filters
mally operate under d should
ire that the folo mance
ulations:
3
fferent
above

7.2.2 Detuning factors

The background to each of the factors contributing to detuning is discussed below:

Fundamental frequency variation
The frequency range for which the performance requirements shall be met must be given in the
Specification. This range may be identical to the maximum steady state frequency variation for the system,
or may be lower, to exclude rare or short-term extremes.
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Capacitance variations

The capacitance of the filter capacitors will be temperature-dependent to some extent. The ambient
temperature limits for which the performance requirements shall be met must be given in the Technical
Specification. Different temperature ranges for performance and rating calculations could be given, if the
extreme values of temperature were rare and of short time duration. The variation of capacitance value
versus temperature will be provided by the capacitor manufacturer. Capacitance change due to heating

caused by electrical stress and solar radiation should also be taken into account.

It is usually accepted to keep a filter in operation with a few capacitor elements failed, up to a given
alarm/warning level. The capacitance change corresponding to this maximum allowed number of failed

elements must also be taken into consideration for the performance calculations.

It should—be—ehserved—thatusing—the—approach—that—every—Fier—capacitor—bank—may—be—operatrg—yvith
maximpm number of failed elements at the same time as the temperature and the funday are
at the guter limit of specified range, a very conservative performance value is foune\The pro ility (see
Sectiorn) 7.5) that all detuning parameters would be most critical at the same time w
The tofal capacitance variation resulting from temperature variations, failede be
taken into account by the filter designer.
Manufacturing tolerances and initial mistuning
Each cpmponent in a filter will be manufactured according to ré the
toleranpes are, the more expensive the component will be the
detuning factor in the performance calculations. Howev the
requirements on the tolerances, tuning facilitie ided the most common of which
is tappings on reactors.
When feactors with tappings are used, the tg . [The
Contragtor must assess the cost of prowdln [ing
toleranpe, plus the range impligd and
tappings which give the overalNowe
The maximum possible in tlal nce
for the accuracy ) een
retuning is required the
capacitance change d
Seasonal tuning
In areds wherdg the the
sharplyl tuped branc jegted
seasongl funing;

o, I-Ower losses

The disadvantages are the following

o Necessity of retuning every half year

e Cost of retuning (possible outage cost and labour cost)

7.2.3 Resistance variations

Variations in resistance of the resistors due to temperature changes in the resistor elements must be
evaluated by the designer. The resistor elements should have very low temperature coefficient of resistance.


https://iecnorm.com/api/?name=d77aece7f313bebb942afb6d58103705

-84 - PAS 62001 © IEC:2004 (E)

Additionally, the tolerance in g-factors of reactors has to be considered, especially in the case of sharply
tuned filters. The g-factor and the tolerance will depend on the specified characteristics and the particular
design of the reactor in question.

7.2.4 Modelling

To model accurately the factors contributing to detuning, these should be represented individually within
the model as they occur in reality. The harmonic frequencies at which the model is solved should
correspond to the extremes of the fundamental frequency range, and the maximum variations in the values
of each component should be used, always combined in the senses which give maximum overall detuning of
the filter.

Using
in these
ich takes
ons. In

bduces,

és (or no taps) on rgactors.
nQrmally not the case thaf all the

ed, high g-factor filters.

detuned in opposite directions - thig is not

acitors, reactors, transformers or lines are ifcluded
¢ modelled at the wrong frequency when uging the

The itations when evaluating a Bidder’s design methgds and
cal( \ ng tools and modelling techniques there is no reason [for the
equ iQn(to for other than possible rough initial calculations.

mended that the calculation techniques should model the frequency
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7.3 Network impedance for performance calculations

The network impedance is one of the most important parameters affecting a.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 different operating configurations, connection of
loads and generators, and outages of major components, it is essential that the representation used in the
studies covers the whole range of possible impedance values. Normally this is done by defining some form
of envelope of impedances which encompasses all possible values. An alternative approach is discussed in
Section 7.3.2 below.

Normally, the Customer defines the range of network impedance to be used for the filter design, but in some
HVDC
unlikel
make 9
overdesi

It is the
early i

The impedance can be_caleulatéd with ) V i ichiti i
frequenjcy depende @ ‘ ; the
accuragy of these cal dlat i ften

a pessi . netv the
real impedance oft e net { vith
freque i culd ' , the
networK. Differs \ ici i , ially if

the net MRS . ©. lines, AR - be
effecti jey enckes [Ref. 7-16]. The calculations should preferably be carried out in|the
frequency domaingas inthe fime domain the calculations will be very time consuming due to the requjred
detaileql representation of the system.

Measugerienits have also been used in some cases [Ref. 7-2, 7-3, 7-8, 7-9]; however this requires special
devices with high power output In order to obtain high signal to noise ratio. Further 1t 1s very difficult to
cover all possible network conditions by making measurements and possible future changes will not be
covered.

7.3.1 Network modelling 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.
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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 [Ref. 7-8]:

Z =7 ‘n

maxs.c.

Zmin = Zmin sc. \/ﬁ

with phase angle =

0 - 80 deg. n<5
+ 75 deg. 5<n<11
+ 70 deg. 11<n<50
where:
Zraxse, = a.C. SYSTEM Maximurm SHort CITCUit iIMpedance at fundamental frequency
Zminsc. = a.C. system minimum short circuit impedance at fundamgntal
Hoyvever, Customers should be aware that such simplified estimates are unli actual
sysfem characteristics, and it is strongly recommended that greater effo ccurate
repfesentation.
Special care should be taken as to accuracy in the determinatio bdance,
becpuse the harmonic problems will be more critical for the s to this
imgedance value. The value of network resistance, i.e. damp
Carg should be taken in specifying impedance for Ig nd 5th
haronic. If an excessively large angle g.eNow gdamping) i cified for'these frequencies, calcdlations
could indicate needs for filters tuned to ' specify
sepgrate diagrams for these frequencies.
Thd following advantages and disadvantages a|
Adyantages of impedance W
h for a
hanges
Di
en if a
equency range is considered and sectors of different amplitude are supplied for
encies
In thedollowing figures, some examples of envelope diagrams are shown and their relative merits evluated.
Othervariations-of diagrams-than-those-shown-are-also-possible.
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7.3.2 Sector diagram

[\Rml

B
L&)

X X
1;\“* 1‘,\o+

kx angle max ahgle
/o \ / \
10

N\ (\

\ / R \

min angle In angl

Figure 7.2 \)\) Figure 7.3
A.C. system imped 0 A.C. system impedance general sector

diagram, with minimum resistance

diagram, v{;mi
For thg i d, mihi angle of the impedance should be given and also

the
maxim edance (Fig 7.2) or the minimum resistance could be given
as the |
Advant
if fittle information about the network is available
Disadvpntaggs. of sectordiagrams
AL D H | H H + o + Lol Y Ll clafe o 4
hd VVTITIT TNITIAA 11T a 1T1arimiorme ral ch 15 SCL U_y [=} Dyblclll palallcl ICoUTIAILT, UTS Wit UTTITNIT 41 aX

and so result in values of Xmax, Xmin 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 7.2)

e The relationship between Zmin and Rmin is unlikely to correspond to reality; either Rmin will
be too large or Zmin will be too small. These values can have a critical impact on the filter

design.
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7.3.3 Circle diagram

For

Ad

the circle diagtam
addjtion to the

antages of cirgte diagr

I max angle

ven. In

Di

ingenvelgpe of real values than the sector diagrams

morevealistic approximation for characteristic harmonics 11th., 13th etc.

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.
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7.3.4 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. [Ref. 7-10]. 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.

Harmonic Impedances For Harmonic Order 2 to 4.

140
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m
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0

/\ .
3
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o 80

X(Ohms) X(Ohms)
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bo | 40
10 1 7
\2t{ 40 60 80 10

0 10 20 30 40

]

—=>
o

0

R(Ohms R(Ohms

Figure 7.5 Xw? Figure 7.6
tExample of harmonic impedances for h mo% le of harmonic impedances for harmpnics
of ordek 2 toNd. of order 5 to 8.
N =

Harmonic@esgmls. v
RADIUS
. 2o = 750 ohms
n
£
§ Q v L)
N 200 400 600 800 1000 1200 140D
-200,
Z(ohmbs R <(ohms)
-m /
-600]
-50 -m
100
R(Ohms
Figure 7.7 Figure 7.8
Example of harmonic impedances for harmonics Example of harmonic impedances for harmonics

of order 9 to 13. of order 14 to 49.
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Some examples are given in Fig 7.5, Fig 7.6, Fig 7.7 and Fig 7.8. In Figure 7.8, the higher order
harmonics (above 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 for these frequencies.

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 modelling 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 modelling error.

Advantages of discrete polygon diagrams

o Eliminate risk of overdesign of filters for low order and 11,13 harmonig

Dishdvantages of discrete polygon diagrams

7

e Considerably more effort required to define the polygons fd

7.3.5 Zero-sequence impedance modelling

If the filter performance parameters include a limitation ©n/harmisqic énts, in different phases,
propagating into the connected a.c. network, the modelliqgwr e source
will be applied across the point of comyhon coupling ( he a.c. lines emanate. Ror low
order harmonics the impedance loci for th 3 2 , i.e. the zero sequence impedance
may be different from the positive/negative-sequence d the lines may have to be mpdelled
with positive/negative and zero sequence i Apootder tq perform exact calculations, the Coftractor
neefls the zero sequence data

—

HVDC converters, ho i atton of zero sequence harmonics, and hefnce the
mofdlelling of the zero seq j SNCR

The zero seque :
zerd sequence cutfer

as the
y high

resi
7.3
In of the
con edance

o detailed network data is not usually available to the Contractor,

e {he computation time Tor each performance calculation Is greatly Increased,

o large numbers of network configurations may need to be studied for each performance case.

However, if the a.c. network data is known and is relatively constant, and given the computing power now
available, the use of a detailed model could be justified. Its major advantage over impedance envelopes is
that it shows only the actual feasible network impedances, with full consistency among harmonics, rather
than include the many non-feasible values which are encompassed in an envelope. The detailed model is
particularly valuable in studying the lower harmonic orders, for which studies using an impedance envelope
might erroneously indicate a need for low-order filters.
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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 in Reference 7-9.

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 Section 7.3 above. The network should be represented up to a

Al _dictonon froma tha ~onmvartar ool thaot ~ddition of £pthay Diane Ay loade pmanlinc no

SUfﬁCI nt aloctrins
gRt—ereetHear—aistahee—tHom—tRe—CoRveRer—SHeA—tRat—aatitoR—e—HHRer—HRES—B—10aa5—aKxe

signifigant difference to the results. Sensitivity studies of the influence of assumg
damping should be made.

At higher frequencies, above about the 20" harmonic (Ref. 7-9) it is unlike
detailedd model will be sufficient, and for these frequencies, the normal impe

7.4 |Outages of filter banks / sub-banks

Depending on the reactive power requirements on filter bank
by the ppecifications for filter switching, the total filter sche
and sup banks. For some smaller projects o

d load models:jand

! the
danceenve mld beusgd.

» voltage step alloyved
number of filter bgnks
pfficient. For other projpcts

divisiop into large number of smaller filier bagks eeri necessary due the system

requirgments.

Redundlancy requirements, meaning that the \perferma ents should be fulfilled even with [one
filter qut of service, aim to prqvide a . xible ecdre system for operation. However (full
redundpncy implies additionaicost s aqaiti e requirements. Redundancy could be obtained
by a 2X100% filter schemg™qr 3x50%, 8 . JThe requirements on redundancy will influgnce

the chdice of the number of bank

The Tdchnical Spe I stomer’s requirements regarding redundancy of filterd. In
additioh, the overall reli@bi G Habi quirements will have a strong influence. In order to fylfil
the RAM (Reliability; Availabitity"& Maintainability) requirements the Contractor will in many cases Have
to congider fllter edugdarcy® ve-tfoticed that an alternative/additional solution for fulfilling RAM
requirgments e 8 Y ponents for higher stresses than indicated in the calculations i.el an
overrating ) er it must not be forgotten that spare components and repair- jand
replacgmeént-ti Q facto s in the total RAM evaluation.

In ordgr to limit
nature [of use. of the
performance criteria:

ae_cost\and complexity of the a.c. filters, the Customer should, taking into account|the
AVDC scheme, consider including the following exceptions to fulfilmenf of

All filters should be permitted to be in service (i.e. no filter outage requirements should apply)
for calculation of performance at d.c. current (or power) levels above 100 % rated load.

No filter outage should be specified for rarely used reduced voltage operation, or, if required,
performance parameter limits should be relaxed for this mode of operation.

During emergency and/or short-term outage of filter banks /sub-banks, either no performance
limits or relaxed performance criteria could apply (especially for the higher order harmonics).

During outage of a non-characteristic harmonic filter, if provided, no limits for distortions
corresponding to those harmonics may be specified. However where the low order harmonics
are critical and may damage equipment in the converter sub-station or equipment in the
connected a.c. system if they are not damped, redundancy of these filters may be required.
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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 fulfil 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.

7.5 Considerations of probability

Th t case
ass mptlons regardlng operatlng conditions, tolerances and parameter dewatlon methotl. has the
ben Hewe)er the
disgdvantage is that the a.c. filter design will be, in most cases, based o hinatjons of
parmeters and conditions that WI|| probably prevail only for short period ime, “Rpi ealistic
co { guifed.
Ma 8 me are
varfable due to manufacturing tolerance (transformer imp i ing,| firing
asynmetries), while others are variable with time (a.c. voltage level, aC S alance,
temperature effects, frequency deviation, network impedange a

The adverse effects of harmonics are also statisticajn nature. ; i ssment
of gmission limits for distorting loads, | 7 system
disturbance and equipment immunity leve ht shall
not|disturb the operation of other equipme maged
by § the whole power system, interferefice can
occ { significantoverlapping between these two distriljutions.
The expressed in a statistical way.

Sinji i arence li e by IEEE [Ref. 7-14] and CIGRE [Ref. 7-[L3] are
detg¢rmined by ics: el depends on the sensitivity of the users and the conpection
signal strength. ( ic\occureente will not necessarily lead to a complaint, indeed| higher
noige is commonl 3 ‘ It thus seems reasonable to define an
intg iter 8 a t' e probability, for example, a Ievel not exceeded for more than say 5% of
the [ti itity’within the telephone system is the variation of characteristits such
as S ay vary with type of cable, age, corrosion, etc. [Ref. 7-13, 7-15].

Whil erference limits have not yet been defined in a statistical way in any Stpndard,
pro de very conveniently applied, as the noise is a question of conveniencq not of
danpage andi itigated if there is a problem. Therefore an inductive co-ordination study|can be
performed 0 assess~afi economical interference limit for which a reasonable risk can be associated because
excpeding”the limit would only result in additional mitigation measures and corresponding cost3. Even
though-the interference limits are set according to existing experience without a detailed study a statistical

limit would have the benefit of resulting in a design which put more emphasis on harmonics likely to cause
problems.

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 levell
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System

) Equipment
disturbance immunity
level

Probability
density

KT\ O

It may |be adequate for certain installations that the performan jui - et e.g. for 95 % of
operatihg time, as earlier described. Such peti y arg Itage and medium vol
system$ [Ref. 7-12]. This would give the opportuqity { armonic levels for some spe
operatipn modes, if the mode is considered to oceur se i

As an gxample, consider the very small operation i itching curve as illustrated in Fig 7.10.
narrow] band of operation whege't i e as indicated in the figure, should be deci
for the| filter scheme sizing, th ilters would Yog“required to satisfy performance in just
narrow| band of operation. ration of/probability should be made as to how often
most cfitical system configurati atihg conditions will occur at the same time as operation in
narrow band. A re@ a

additiopal filter is notjds

Transmitted Power

Figure 7.10

the
age
cial

Ifa
ive
this
the
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Example of range of operation where specification on harmonic levels are not met for a
filter scheme solution. The requirements are not met for the range indicated as '1'.

Any probability considerations that should be used in the calculations should be defined in the Techn
Specification. The use of a probabilistic approach for assessing performance should however not remove

ical
the

obligation to study performance under worst case assumptions, to ensure the safety of plant and other

consumers.
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7.6 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 be somewhat
arbitrary (for example TIF =40 say) 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 t

For]

adajti

cas
filtgr.
filtg

e contract.

a sifuation, provision for space or even foundations could be prepdred
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order harmonic filter.

@
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Appendix 7.1
Equivalent frequency deviation

For a single-tuned, high quality factor filter, an equivalent frequency deviation corresponding to the detuning may be
defined as:

Af 1 AC AL
s="C w2 [ 2248
f, 2'C, Ly
or
Af = Af+ f, = + —
q 0
2t c, Ly
where:
o = equivalent frequency deviation [p.u. of nominal, fn
Afeq — equivalent frequency deviation [Hz]
fO = nominal a.c. fundamental frequency (50 or
Af = fundamental frequency deviation from pOmina

The maki

The pe
scheme
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8. FILTER SWITCHING AND REACTIVE POWER

MANAGEMENT
8. FILTER SWITCHING AND REACTIVE POWER MANAGEMENT...............
6 I Lo (U3 o oV R
B.2 Reactive power interchange with a.c. Network ..........ccccoovveviniiiiiieniie e s GV
8.2.1 Impact on reactive compensation / filter equipment

8.2.2 Evaluation of reactive power interchange.........cccooeveereriiniee e @ NN e NG NG
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8.4.2 SIZING ettt

B.5 Hysteresis in sWitching POiNtS ...t Dl ee e\ reeeeeenieeseeaseeanes
B.6 Converter Q-V control near switching points.....k..... ... . 5N

B.7 Operation at increased converter control angleS . \«7../...¢

B.8 Filter switching sequence and hafmonic gerformance
8.9 Demarcation of responsibilities
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8.1 Introduction

The design of the a.c. filters is closely linked with the reactive power management of the HVDC converter
station. This section discusses the impact of the reactive power compensation and control on the a.c. filter
design, and on the strategy for switching the a.c filters. It indicates points which should be carefully
considered by the Customer in preparing a Technical Specification. Background material relating mainly to
the reactive power absorption capabilities of the HVDC converters is contained in Appendices.

8.2 Reactive power interchange with a.c. network

An a.c. network has an inherent capability to supply or absorb a certain amount of reactive power at all

bUSES ulr a U;VCII Iallgc Uf Upclat;llu IJG.I aIIICtCID. T: IT IIIO.)\;IIIUIII pcnllittcu' aIIIUuIIt Uf ICabtiVC IJ el’
injectig bar
voltagsg igure
A8.2, 3 [his
feature and
a.c. filt

8.2.1

The re 3 on
both th}a filtering requirements and the specified reactive power in S at b wer
compemsation requirements comprise the converter regacti mer
specifi g funGti

In sevg vas governed by the reactive pojwver
compe sance requirements. In such schemes|the

allowabple deficit has been the controlling factor | a ere either to be overcompensateq or
operatgd close to unity power 4

Sometimes a utility may want ! ation-ta Balance the reactive power in the system and|not
just obftain a minim a & he statjon. In such cases in particular, the overall reactive
compensation desi i

Libera

simplified a.cyswitchyard layout

and, uspally-of lesser importance:-

o simplified controls,
o |ower energy requirement for a.c. bus arresters,

e reduction in maintenance cost of switchgear.

As a rule of thumb, approximately 40 % (of rated converter station power transfer capacity) reactive power
compensation can be considered to be adequate so far as the fulfilment of filtering requirements is
concerned. Assuming a minimum of around 40% compensation, then broad reactive power interchange
limits generally permit the use of only a few large size simple high pass filters, which have fewer
components and thus are less expensive. Narrow limits, on the other hand, will increase the number of
switchable filter units required, and possibly also entail the use of more complex filter branches.
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With conventional filters, designing with below 40% compensation will mean less capacitance to devote to
filters, and in order to increase per unit effectiveness it may be necessary to use complicated double or triple
tuned filter design with high quality factors. Any cost saving due to the total filter size may therefore be lost
due to the added complexity.

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
are required to satisfy harmonic performance requirements. In certain cases where the reactive power to be
absorbed by the converters is not large, the need for shunt reactors may be obviated by operating the
converters at increased control angles; refer to Section 8.6 and Appendix 8.2.

Hate the
power

s to be
imity to
ti-level

Thg Customer in his Specification should allow maximum f ; tractof to optimise his filter
des|gn in relation to reactive power compensation. Relat e ( ssed with the Comtractor
dur|ng the design process.

Redctive power interchange limits at a ¢ determined by the Customer by conflucting
steddy state load flow studies under di ditions. While conducting such studies the
Cus

ing conditions,

on the HVDC system. This is particularly impdrtant if

s trahsmission link with parallel a.c. lines. Because the varidtion of
HMDE transmission will vary the active power flow on the parallel

and this)variation in active power loading of the parallel a.c. lires will

arating conditions by relaxing performance requirements and/or injposing
VDC converter operation,

e<-tinderstapd that the choice of reactive power limits can have a crucial impact on the a.¢. filter
design and costs, and so avoid choosing unnecessarily restrictive limits or “roundedfdown”
values.

8.3 HVDC converter reactive power capability

After having determined the allowable reactive power interchange with the a.c. network, the inherent
reactive power absorption capabilities of HVDC converters can be exploited as far as possible to fulfil the
specified interchange requirements.

The reactive power capability of the converter under steady-state and temporary conditions is discussed in
Appendix 8.1
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8.4 Bank /sub-bank definitions and sizing

For the purpose of filtering and reactive power control, capacitors, reactors and resistors are interconnected
to form different type of filters, normally shunt type. These filters are grouped so as to fulfil the
requirements in respect of filtering performance, reactive interchange and step change in the commutating
bus voltage during switching. Such groups are called banks, sub-banks and branches depending on their
electrical arrangement.

It is vital that the Technical Specification is clear in its definition of these terms, especially when related to
requirements on performance under outage conditions and the maximum permitted filter outages under
which operation must be able to continue.

The ndrmally used defnitions are given below and a typical arrangement Hlustratingthe defmitions is
shown fin Figure 8.1.

(Note: Sections of filter are defined by the type of broken line enclosing them.)

Figure 8.1
Branch, sub-bank and bank definition
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8.4.1 Definitions

Branch or Arm

That set of components (capacitor, inductor, resistor), either in singular or interconnected arrangement,
which may be isolated off load for maintenance. In interconnected arrangement it forms a smallest tuned
filter unit.

Sub-bank

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

Ba*k

A bank comprises of one or more sub-banks which can be switched together

8.4.2 Sizing
The size of a branch, sub-bank or bank is described, normally— \Y/: ed into

its point of connection (for a branch) or commutating bus (for a sub-k Y .[system
funflamental frequency, commutating bus voltage and rated (

set of
for reactive power intercharlge and
ped filters. However, the maximum

The effectlveness of a glven type of ce

ste change |n voltage result in fewer sub-barks/bagks
sizd of a sub-bank/bank is also governed hjy the ivaila e

The

The

The impact of reactive power interchange and filtering performance requirements on overall sizing is
disqusSed-above in Section 8.2.1.

The step change in voltage on filter switching is a decisive factor in the sizing. The specification of a very
small step will require small size filter sub-banks/banks and thus will lead to a more expensive solution due
to the increased number of filter sub-banks/banks and also on account of their un-economical sizes. This
will also increase the number of switchings resulting in increased maintenance requirement on the
switchgear.

On the other hand, a large step change in voltage could adversely affect the a.c.-d.c. system; for instance, a
5% steady state voltage change could mean that every switching operation at the station would be
accompanied by several converter transformer tap changer operations and operations of automatic on-load
tap-changers on transformers close to the station. In 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
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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 Appendix 8.3.

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.

The p4
prevail

a limit|i

discusg
considg

rmissible steady state voltage change caused by switching of filters should
ng norms of the Customer. In the absence of any norms, a conservative approat

be go erned by

larger yoltage change, say 3 to 5%, may be permitted, such as

e when connecting to a weak a.c. system where it is knov will

increase shortly after the d.c. is installed, or
o where the converter a.c. bus is new, electricall is|not
servicing any local load.

As regards the transient step change in voltage tions (|n the order of 5 or njore
times ger day) a transient voltage change of 29 ent
voltagd change of 3 % is quite normal. For vefy mfrequ t rger
variatigns could be acceptable (say up to 5%) but ) uld
be expgcted for other switching/operati e fre sy, for example line energization. This caf be
justifief in view of the preva' ing use of made a e art HVDC controls and thyristor valves
technologies which help a ' and othier transient disturbances
The vqltage of tha/c&mec ng bu refags to get that for a given high voltage there is a minimum
econonic size of cabac/ 8 on the number of series connected capacitor units), pnd
hence filter size.
For thgse instal le to satisfy the balance of reactive interchange requiremgnts
and/or SWItChI ed with “economic” filter sizing, it may be feasible to connect|the
filters o a dltage) of the converter transformer (see Section 6)
Redundlancy regquireiments may or may not affect the total installed filter size depending on whether theylare
at component, brW—bank or bank level. A redundancy requirement at bank level will make f|lter
solutiop quite expensive; and, therefore, it should not be resorted to unless it is vital from the operationgl or
station [reliability and availability points of view.

All of these factors are specified by the Customer and the Contractor should carry out the sizing based on
these inputs and his own design optimisation.
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8.5 Hysteresis in switching points

Switching-in points of filter sub-banks/banks, at increasing converter power levels, are determined on the
basis of:-
e minimum filtering,

e reactive power requirements of the converters, and
o 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 operatlng point. (Such varlatlon could be due to a.c. system dynamlcs forcing

sgillation

In grder to avoid wear and tear of sub-bank/bank breakers and network operg nal nqi .g. poltage

flicker), sub-bank/bank switching-out is normally made at a lower converte hing-in.

In pther words, the two points are separated from each other by a cextai power,

nor ispussion

if ifsi

Thig a sub-
ban

The wed is
dep

around

, jof the

ion of the inverter due to switching of the largest sub-

calculatlng maximum difference between switchingtin and

other, more sophisticated strategies for achieving the same effect as

ghunnecessary frequent switchings, and these strategies may be prdferable

hegeneral intention of such strategies is to reduce or eliminate the dead-bangl in the

: a simpler and more economic filter design. The Customer should bg aware

BLiOnNSex t and be careful that the wording of the Specification permits such solutions to be

The Customer may decide to assign this additional task to the reactive power controller (RPC) of the HVDC
station which is planned at that bus bar. In such an instance, an intentional time delay may have to be
introduced, in addition to the above described hysteresis, in the RPC.

Though not related to hysteresis, it is an operational consideration that a certain minimum time should be
allowed for discharge before a branch/sub-bank/bank is reconnected. The amount of time delay depends
mainly on discharge resistors used in the capacitors. If for operational reasons it is necessary to re-energise
the branch/sub-bank/bank in a shorter period, discharge voltage transformers (DVT) can be employed.
Although this is an expensive solution, it may be feasible to use these DVTs for another purpose, for
example, protection.
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8.6

Converter Q-V control near switching points

The use of the HVDC converter to control the a.c. bus voltage at, and close to, the filter switching points
may be required in certain situations. This feature makes use of the temporary reactive power absorption
capability of the converter, and is discussed in Appendix 8.2.

8.7

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, a stringent reactive power export limit can also
require HVDC converters to operate continuously at high firing/extinction (alpha/gamma) angles,

particu ou:y at—tow—converter powwet tevets: ‘Vlilldilyab:lai HYBEhack=-to-back—tnk—imindia—ts—strely an
example. In this scheme the Customer’s specifications for reactive interchange with the a.c ere
as low|as +10 Mvar. The converters are designed for continuous operation at hig ow
active power level the control angles are as high as 55° and at the rated power they

Other | f.8-
2], Etz stringent
reactivg fors
and thdi

This m : ing
require violate reactive power
interch firing angles has certain
disadvd

8.8

Filter switching-i i ¢ ing i active power requirements as discussed abovg in
Sectior] 8.5. ifte i ided stipulated filtering requirements and harmgnic
imped3 e ‘ ; stic
harmonics and are ped
filters puch as high wer
levels.

The swi

Usually | to
satisfy wer
levels wer
require G 3 t in
service|is usually dictated by the converter reactive consumption and import limits.

A typical-switching-seguence-is-shownn-Figure 82 tnthis figurethereactivepowerinterchangewithl the

a.c. network shown by curve 1 is the actual reactive power interchange (Qaincnng) fOr a typical a.c. filter
solution whereas curve 4 gives maximum permitted reactive power interchange (Qacqimin) With the a.c.
network. Curve 2 gives the converter reactive power absorption. The sub-bank/bank switching points are
shown by the curve 3. Figure 8.3 gives a diagrammatic representation of these reactive power components.
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HVDC Converter
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8.9 Demarcation of responsibilities
The Customer and the Contractor respectively should be responsible for the activities identified below.
8.9.1 Customer
The customer should define the following in his Technical Specification:
o Reactive power interchange limits and the applicable bus bar voltage or range of voltages over
which the limit is applicable. In addition it should be stated which a.c. frequency range and
HVDC system modes of operation apply, and whether the capacitor tolerance, temperature

variation, commutation reactance range and control angle ranges have to be taken into
consideration.

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

Maximum limit on step change in voltage on switching of reacti
filters.

e Any requirement on filter switching hysteresis.

8.9.2| Contractor

All othpr remaining activities, as discussed above, fall withi ibi hé Contractor.
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Appendix 8.1
HVDC Converter Reactive Power Capability

Steady State Capability

The converter reactive power capability, which is a function of different operating parameters of the converter, is
discussed in detail in Ref. 8-4. Some relevant extracts from this reference are reproduced here.

For steady state operation with increased reactive power, it is assumed that the operation goes on for an infinite time
and the reactive power is controlled in such a way that it affects only one converter station or one a.c. network at a time.
Also, the reactive power absorption capability in steady state is rather limited.

One_natural property of a line commutated converter is to absorb reactive power, whether operating as a rectifier or an
invgrter. Figure A8.1 shows reactive power absorption capability of a converter under differeat-sqntrol strategies. This
diagram is valid for given voltage conditions of the a.c. network and the tap selected on theg anging. trangformer.
Pargmeters p and q are per unit values related to the nominal active d.c. power.

Reactive Power Absorption

| >
0.60 (7?7\) G
' \\ (4) EK N \2

\\ Active Power

0.50 1.00 P
RECTIFIER

1.20

(7) Maximum control angle (Otmax)

Within the area enclosed by the curves (1), (2) and (3), the converter controls, in theory, can be made to act very fast, if
necessary, in order to improve the operation of the combined a.c./d.c. system. Additional control strategies, as shown in
the figure, can be implemented to act on converter a.c. or/and d.c. variables to control the flow of active and reactive
power, the a.c. voltage or the frequency.

Figure A8.2 shows an example of the specially designed increased reactive power absorption capability of a converter
designed for normally used control strategies. This represents a converter designed for an increased reactive absorption
for Omax=35°, Ymax = 40° and Ugiomax = 1.2Ugion. In this figure, the rectifier maximum limit is composed of the

maximum (o+u) curve, the maximum Uy, (ideal no-load direct voltage which is equal to ﬂuv . L) curve, the
. -
maximum apparent power curve and the vertical line at p=1.0 p.u. corresponds to the rated direct current. For the

inverter, the maximum limit is defined by the maximum Ug, and the maximum apparent power curves and the
minimum limit is the minimum vy curve.
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Reactive Power Absorption
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Figure A8.2
Converter capability with Ymin=17°, Ymax=40y
Udiomax=1.2Udion

designed to operate with very little reactive pqwer
reactive power absorption mode of operation hag the

From t
injectio
followir
1) Inc

d.c.
nortf

Joirecthat the'a:chvoltage on the valve side must be increased, in order to retain nofmal
i his“means the valves must be designed for higher voltage than fpr a

alve prices and converter losses as the number of thyristors and dther

the cost of valve damping circuits as the components will have to be rated for higher pqwer
dissipation, &

e Vincrease the valve cooling capacity as the cooling system will have to be designed for higher pqwer
dissipation.

However, even for long distance transmission, some of the reactive power control features described above can be
made available without increasing Ugic and overdimensioning the thyristor valves. For example, an HVDC scheme
can have certain overcurrent capability (even with redundant cooling system in service) and it could be designed in
such a way that d.c. voltage is not required to remain constant for this operating mode. Gezhouba-Shanghai, for
example, has a d.c. voltage range between 475 kV and 525 kV for reactive power control mode up to nominal
operation.

2) The increased reactive power at rated active power also means an increased apparent power and by this an
increased rating of the converter transformer.

3) Operation with large control angles at rated current leads to an increased amount of harmonics on both the a.c. and
the d.c. side, and this results in more expensive a.c. and d.c. filters.
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4) Frequent variation of Ugi, by stepping the tap-changer leads to increased demands for maintenance on the tap-
changer. However, there could also be a possibility to operate HVDC converters at constant Udio over the whole
range of operation. This increases firing angles slightly in partial range, but the range of the tap-changer and
expected cycles of tap-changer operation are lower and improve reliability and maintenance intervals.

Temporary Capability

Transient or short time operation with increased reactive power consumption can be performed with much higher
control angles because the HVDC valves are tested with 90 degree control angle and high current for a period ranging
from 0.5 to 1 minute. Figure A8.3a and A8.3b show the reactive power absorption as a function of control angles for
rectifier and inverter, respectively. These curves are calculated with constant 14 as a parameter and with Ugic=Udgion.
These curves show that the converter has about the same reactive power absorption at low d.c. current as for high d.c.
current and normal control angles. This feature is very useful in situations such as those discussed in Section 8.4.

1.2 L
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g' e // \ \
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Figure A8.3b
Reactive power absorption of a inverter as a function of y with Ugioc=Ugion, dX = 9.4 % and dr =0.2 %
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Appendix 8.2
Converter O-V Control Near Switching Points

This kind of converter control, which makes use of temporary reactive power absorption capability of the converter as
discussed in Appendix 8.1, is required in the following situations:-

Though

filter bg iS¢ eepthe step change
in voltd i
tempordri
bank/bg

result. |

Such a

e when the reactive power interchange is such that the export to a.c. system violates the specified limit at
switching and narrow band of d.c. power around switching points under certain conditions such as
maximum a.c. system voltage and frequency and positive capacitor tolerance,

e when the step change in voltage requirement is stringent,

o for smooth control of a.c. voltage when this is to be controlled with the help of sub-bank/banks,

o for reducing temporary overvoltages.

hller

e is

not posi tis
possible |y is
decreas ed.

The cor

switche

When {
convert
power.
switchi
control

networ} is required.

kis

the
hted
ank
prier

with increased o or a.c.
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Appendix 8.3
Step-change in voltage on switching a filter

The step change in voltage, AU , at the commutating busbar after switching a filter sub-bank/bank is dependent on
both the strength of the a.c. network and the control mode of HVDC converter. If AQO is the reactive power in Mvar

at nominal voltage, UO, of the filter sub-bank/bank being switched and U is pre-switching voltage at the
commutating busbar then the resulting step change in voltage after switching of the filter sub-bank/bank will be given

by;
2
U
AU =AQ, (| -VSF
N v/
where VSF s the voltage sensitivity factor of the combined a.c. network and HVDC copvter. is defined (Ref.
8-5|) as the incremental a.c. voltage variation, dU , due to a small reactive ed [nto the
commutating busbar for a given active power level of the HVDC converter, i.e.,
du
VSF =—
For the special case of a blocked HVDC convertet, the above gke the following form:
whgre S is three phase short<irc sbar and Q, is the total (including the Mvdr of the
filter sub-bank/bank being swi i > af at nominal voltage connected after switching.
Thig formula cane ange in
volthge, AU as follows:
AQ
S=au U
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9. STEADY STATE RATING

9. STEADY STATE RATING

LT 014 oo [ o1 o o TSP UUPPPPPP
2 Calculation method
9.2.1 A.C. system pre-eXisting harmOniCS.........ccouviiiririeeiiee e s e reeeneeee D
9.2.2 Combination of converter and pre-existing harmonics
9.2.3 Equipment rating calculations
9.2.4 Application of voltage ratings
0.3 A.C. network conditions
0.4 De-tuning effectS........ooiiiiiii DN N e o N M

D.5 Network impedance for rating calculations
D.6 Outages

¥
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9.1 Introduction

The calculation of the steady state ratings of the harmonic filter equipment is the responsibility of the
Contractor. This section gives guidance on the calculation of equipment rating parameters and the different
factors which must be considered in the studies. It is the responsibility of the Customer to provide the
appropriate system and environmental data and also to clarify the operational conditions, such as filter
outages, network contingencies etc, which need to be taken into account.

Throughout this section, wherever the text or formulae refer to harmonics or sums of harmonics, it should
be understood that this must also include any significant inter-harmonic frequencies which may be
generated by the converter (refer to Sections 3.2.6 and 5).

9.2 |Calculation method

Steady/|state rating of filter equipment is based on a solution of the following cj the

HVDC]|converter, the filter banks and the a.c. supply system;

Eig
—HGEH

Circuit for rating evaluation

ure-9.1

The harmonic current flowing in the filter is the summation of two components, the contribution from the
HVDC converter and the contribution from the a.c. supply network.

All of the calculations below are based on single phase rather than 3 phase quantities.
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Using the principle of superposition the following equations can be used to evaluate the contribution to the
harmonic filter current of order n from these two sources.

@) HVDC converter
. VA
fn cn
an + an
where
T = TiTter harmonic current from tne COnverter
len = converter harmonic current
Zin = filter harmonic impedance
Zsn = network harmonic impedance
(b) a.c. supply network
(9-2)

The

Tob

syrren the system
armonic voltage

The harrfonic impedance of a.c. network (Zs,) is discussed in Section 7.3. Note that d
values of Zg, may be defined for the calculation of I';, and "5, depending on how t

st case
ss of 1
Hances,
raction

fferent
he pre-

avisting hgrmr\nlr\ rhch'\rflr\n is cnnr\lflnﬂ /enn an\hr\n Q2 1\
.......... SPe

The harmonic impedance of the filter (Zs,) needs to take account of the de-tuning and tolerance factors
discussed in Section 9.4.

The effect of interharmonics (see Section 3.2.4 and Section 5), although small, should also be taken into
account in the calculation of filter component rating.
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9.2.1 A.C. system pre-existing harmonics

It is important that the effects of pre-existing harmonic distortion on the a.c. system are included in the
filter rating calculations. Conventionally this has been accommodated not by direct calculation as shown
above, but by creating an arbitrary margin of a 10-20% increase in converter harmonic currents (l.y).
However, such an approach may not adequately reflect the low order harmonic distortion (typically 3rd, 5th
and 7th) which exists on many power systems. As modern converter stations produce only small amounts of
such low order harmonics a simple enhancement of the magnitude may not adequately reflect their potential
contribution to filter ratings.

To model a multiplicity of harmonic current sources in a detailed network model is impractical for the
purposes of filter design. Therefore, it is proposed that a Thevenin equivalent voltage source is modelled
behind[the a.C- SyStenT IMpPedance, as STOWT T FIgUTe 9.1, 10 Create an Open ciTcuit voitage distortion at the
filter bpsbar, i.e. the level of distortion prior to connection of the filters. The magnityde of the indiviqual
harmonic voltages can be based on measurements or on the performance limits, but¥imite a valug of
total harmonic distortion. This approach provides a more realistic assessme R coatribution to
equipnjent rating caused by ambient distortion levels.

9.2.2| Combination of converter and pre-existing harx

As thefe is generally no fixed vectorial relationship between Ig-and T i mon_practice that these
individual contributions to filter rating are summated on root sy ‘

(9-3)

ation is reasonable, as some harmopics
ith time and operating conditions.

For pre
may bg

-existing harmonics, of relatively low magnitude, RSS

Alterng gainst the possibility of the contributions jat a
signifig Id entail an increase in cost, particularly if ysed
for the

Linear y \8i Wy pre-existing individual harmonics of such magnitude that
linear gddition would-8ignifi 3 cdrrent rating of the components. Otherwise, if in practice{the
two so 5€ period_oftime, the filter could trip on overcurrent protection. If lipear

addition i 2 & & taken to ensure that the conditions under which the two currents|are
calculd istentN €. alculated currents can occur simultaneously in practice.
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9.2.3 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 50" order are unlikely
to have a significant impact on the total rating values and can be ignored.

The calculation of Iy, 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.

(@)

Capacitor

Fro|

Thi

The

As

COS
con
reg
that
this
bety
sys
may
reld
atte]

The
not
use

e spectrurm or CUrrents mthe capaci[or DalK (Igcn) e 0ldl KoS CUTTETIL Call DE_CalCUldied as

refully
e past
3 hssume
3 otfics are in phase. However, th¢ use of
i a expensive design with a large [margin
ity” In practice, amplification due to filter-a.c.
equenpies, but not at most. Similarly, some hafgmonics
éneral the harmonics have an unpredictablp phase
ulated by HVDC users and manufacturerg in an

)gainst cost, and due to the diversity of existing opinigns it is
here. Various approaches are discussed below. All haye been
VDC schemes.

serydtive approach, the maximum voltage (Un,) can be calculated as an

n=50
U m= z I fcn'x fen (9-5)
n=1
where
Xen = harmonic Impedance ot 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.

e A more realistic method is to use equation 9-5 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.
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e In a further approach, all harmonics are assumed to be in resonance, but equation 9-5 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
Un. This “quasi-quadratic” summation thus takes account of the natural phase angle diversity
between individual harmonic components.

n=50
U,=U 40U+ [ U,2 (9-6)
n=2

where
U; = fundamental component
U = fargestcomponent of atttarmonic vottages
Un = individual harmonic components of order
excluding the largest component.

e The above may be taken a step further by adding only the fundamea ¢ RSS

This is less conservative than
substantially applied in practice
harmonics, and the use of wors

een
assumption of resonance af all
tolerances in the calculatipns,

provide some margin in the capac of
As cagacitors manufacture age
capabillity it is permissible
HoweV] at r:hum
fundamental fre { 5 Idl be
the maki 9
Note: d to

When |ow voltage capaeitor banks are installed in filters, e.g. in double or triple frequency filters (Section
5.2.3, $.24,,5.2.5) the rated voltages calculated as above may not be suitable. For such banks the rated

Vo|tag may have to he increased to ensure that the hanks can withstand the transient stresses, as discugsed

in Section 10.4.

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

n=50

Qc = 2 Ifcnz' X fen (9-9)
n=1

The reactive power rating of the capacitor (single phase) is based on rated voltage (Uy) and fundamental
frequency impedance (Xs) as
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Q<:|:UN2 / Xfcl (9-10)

Due to the arithmetic or “quasi-quadratic” addition of harmonic voltages in equation 9-5 Q.” normally
exceeds Q.. However in cases where the harmonic currents are large in comparison with the fundamental
current Q. can exceed Q.’. In such cases an increased rated voltage may need to be specified such that Q.’ =
Q.. In practice this may be dealt with by specifying the magnitudes of the most significant individual
harmonic currents.

(b) Reactors

The_harmonic current spectrum and the total RSS harmonic current need to be specified to the
manufacturer to ensure adequate thermal design is achieved and the basis of therma isscorrectly
evajuated. The rating of the reactor is based on

where
Xfin

To
the

across

Du tresses
can reactor
des

(©)

The

The

(9-15)

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 (9-16)
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This figure, Uy, should become the basis for the determination of the creepage distance for resistor internal
support insulation (see also Section 9.2.4). Although the choice of an arithmetic summation of fundamental
and harmonic voltages appears to be unduly pessimistic and in conflict with the general approach to
insulator creepage distances, the internal insulators are subjected to unusual operating conditions. The
effects of atmospheric pollution can result in significant build-up of deposits on insulator surfaces which are
not subject to washing by rainfall. During normal operation the insulators experience elevated
temperatures, typically 100°C to 300°C, increasing the risk of surface flashovers. Maintenance has
typically been performed on an annual basis, but some customers are now extending maintenance intervals
to 3 years. Thus a conservative approach on the above basis for internal insulation creepage may be
necessary.

During routine switching of damped filters and under fast-fronted surge conditions as discussed in Section
10 the jreststors—eanexperience—very-high-stresses—Hhese-predicted-stressHevelsheet-to-be-inetuded—mthe

equipnient specification.

9.2.4| Application of voltage ratings

The vq the
Maxim ters
will be

The us ual
items ( for
short p

HoweV nal
insulat ptal
creepage distance should be the quadratic su hus
different external creepage distances would ded
insulatfon.

9.3 |A.C. netzor

Filter gquipment sho olc plly

0.95- 1.05 pu of nomif 7 For voltage excursions in excess of this value the time

duratio

9.4

Toens i ipment’rating is sufficient to withstand lifetime operation the following factors rjeed
to be cpnsidered:

¢ Equipment tolerances: the extreme guaranteed range of tolerances should be used for rafing

studies  Unhlika athar offacte cancidarad hara wwhich ara ciihiact 0 ovelic variation  anv offl cts
StHaleS—oHhke-ethe—eHe s cohsiaerearereWrieHare-—stdjectto-6yeHcYaHat i —aRy-—eHcC

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 conditions may
be 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 effect the
capacitance value and hence will de-tune the filter. In addition cold temperature conditions are
of particular importance for capacitor banks, especially for energisation conditions.
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e Tap position on reactors: adjustable taps are often provided on reactors for tuned filters
set capacitor tolerance effects. The effect of tap position on the tuning of the filter
subsequent rating must be considered.

e Capacitor unit failure detection schemes normally have three set levels; alarm only (1st

to off-
and its

stage),

alarm plus impending timed trip (2nd stage) and instantaneous trip (3rd stage). Capacitor bank
rating must cater for the loading condition when operating under the 2nd stage alarm. In some
cases only a 2 stage scheme will be implemented and rating need only consider the 1st alarm

stage.

e When multiple tuned banks of the same type are installed it is important to consider p

ossible

circulating currents between the banks due to differences in tuning. Such currents will need to
be considered for filter equipment rating. However, measures to control this effect, such as the

£ T 1 1 (YY) Fim 1 — N |
Ust UT PdliditeTiTtiy DUSES, Ldll UT USTU TT UTE THILET TdyUuUl 15 SUTtaulc.

9.5 Network impedance for rating calculations

The
sho
di

rating
hber of
tudies.
d load
etwork
his can

a trip.occurring orva second filter or filter group it is strongly recommended that the Customer
| powerto prevent filter overload and hence cascade filter trips. The Specification should clearly
the [Customer's specific outage requirement criteria to be followed by the Contractors in the preparg

:Ilre that
i

ing.
on the
palance

Pgative
on line

vhen a
project

dlly, the
4 or the

enance
educes
define
tion of

the proposat.

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 dc power to avoid filter overload.

Such a strategy can have a significant effect in reducing filter costs, especially in relatively low
schemes where the number of installed filters is small.

power

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.
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10. TRANSIENT STRESSES AND RATING
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10.1 General

In addition to the steady state fundamental plus harmonic loading, harmonic filters will experience transient
stresses due to a wide variety of disturbances. These conditions will need to be investigated to ensure that
the capability of the equipment is sufficient to accommodate the superimposed transient duty.

Such studies will require a transient analysis computer program, such as EMTP, ATP, NETOMAC or
EMTDC, to model system parameters, including non-linear aspects such as transformer saturation and
surge arrester characteristics. The results of these studies will indicate whether the calculated stresses
exceed the equipment’s capability. In such cases the equipment rating will need to be increased to
accommodate the predicted duty. Alternatively surge arresters can be used to limit the transient duty on the
equipment.

Where [necessary the results of such studies may need to form part of the equipment specificati vLay
also bepome the basis for acceptance test levels.

In the [case of double frequency filters the results of transient studies usuall i f the pgsed
ratings|of the low voltage filter components, based on steady state loading,a a ced
equipnent ratings are required to meet the transient duty [Ref. 10-1].

The regults of the transient studies will give important informatien.fo NeCifi of the indivigual
items df filter equipment.

The trgnsient studies discussed in this chapter are thg¢ responsibili the
Custonper must define in the specification Any\minihi For
example the Customer should define any sp ] be
considgred. Additionally any fault scenarios to bastudi ito-
reclose|schemes that operate on the supply netiwor

Althouph the transient studie

aorted at the contract stage the Bidder will neefl to
perform a few studies at th 4

a.cost the 1 to

establigh equipment insulation _leye e at

the Bidder’s discretior,

There gre two main g: p
tine
d.c.
N as

10.2 | $8witching impulse studies

10.2.1 Energisation and switching

For each type of filter available in the HVYDC scheme initial energisation 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 energisation from the highest realistic 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, synchronised closing, etc.) and the breaker switching capability under
overvoltage conditions for overvoltage control.
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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 included by the Contractor in the individual equipment specifications.
Frequent switching of filters is of particular importance for the capacitor banks as the high level of
dielectric stress imposed during the transient event has an impact on the equipment lifetime. Standards on
capacitor banks, such as IEC 60871 and IEEE 18, give guidance on the acceptable levels of transient
voltage and current and the number of switching events per annum.

In a similar manner to initial energisation studies, point-on-wave studies of routine switching will be

neegee—to ab A0 8 eReHHERS- He OtHE—E6 ge a s 8 -6 in turn
being the last to be switched, e.g. all other filters are in service at the maximum oltage.
Where shunt capacitor banks are installed as part of the reactive power control st ar case
of parallel switching will need to be studied. In this case the high levels of e bank
due| to the discharge from an energised capacitor bank may result in damd pment.
Sudh studies would indicate the need for current limiting reactors to be insta
Thq studies will need to consider the range of short circuit levels hection
of the filters. There is normally no simple correlation between SC nts and
voltages on the filter equipment.

in the

Typical examples of the transient waveforms which during
follpwing Figures 10.1 and 10.2: &
0.7
R
g — —8B

Time (Milllssconds)

Curfent (ka}

Figure 10.1
In-rush current into a 12/24th double tuned filter
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Figure 10.2

Voltage across the low voltage capacitor of a 12/24 switch-on
10.2.2 Faults external to the fi
Faults pn the a.c. supply network can encompass Doth isslated.fatlts, such as line-line and three phase faults
and faylts involving earth, whether single phase, two.phase o phase faults. Such faults may invglve
rejectign of the d.c. load, e.g. p cklng of th co, to a large prospective recovery voltage.
This vpltage, exacerbated b 3 f “the filters, be limited by system line-to-earth surge
arrestefs and is normally the i i Wyating. When studying such fault application and Ipad
rejectign scenarios it is i | - srately the operating strategy of the HVDC scheme in
terms gf breaker fa % a imes\fi ipping strategy and de-blocking of the converters. Normplly
harmonic filters are™x i i ic overvoltage (DOV) conditions to avoid any restriction of
operatipn following the 3 if_Tilters do switch out this will impose a significant duty on|the
circuit preaker and iseha page transformers (DVT), if installed
Where[single pfiase auto-resfose ges are used on the circuit breakers of the incoming transmission I{nes
the strateg d failed re-closure attempts will need to be studied. In such cgses
succesgiv e filters may result in significant overcurrents and overvoltages on|the
equipment and\in 9 y dictate the energy levels of the filter surge arresters. If three phase alito-
reclose| schemestare _used \which will result in isolation of the converter station , this will also need tq be
studied to determine theéffects on arrester ratings. Where discharge voltage transformers are installed on
the filtgr <anks they can rapidly discharge the d.c. voltage on the capacitor banks allowing re-energisingy of
the filtérs

The duration of such transient studies would need to be chosen to cover all breaker operations and to ensure
that worst case overload conditions and arrester energy absorption conditions had been reached. However, it
is recognised that it is impractical to represent long breaker clearing times, e.g. several minutes, in digital

studies

and a reduced period can be modelled as the clearing time for stuck breaker condition.

Figure 10.3 illustrates a combination of fault conditions: at 25ms the HVDC converter is blocked resulting
in a severe overvoltage on the main filter capacitor bank. At 70ms a 3-phase bus fault is simulated which is

cleared

at 100ms, a reduced period to minimise computation time, resulting in a severe trans

overvoltage on the capacitor bank.

ient
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Figure 10.3
4 under fault conditions

10

The ithi i ill de 5 i d the electrical arrangement of the
filtgr. Usi i i in Fi a 3 atine-earth fault at the HV ternfinal of
the voltage
rea ‘ i 0.3.2. A line-earth fault at the capac|tor LV
termi * i y little change in current in the capacitqr bank
wh i

If the fi iguratio i e.g\the reactor at the HV terminal and the capacitor conngcted to
the f terminal would result in a similar transient duty|on the
rea : earth fault from the reactor LV terminal, e.g. the capacitor HV
terminal, i i auit current in the reactor, due to the low impedance of thereactor
compared with apa |tor Jo ensure that reactors would survive such an internal filter fault ja short
cirqui 8

Alt K itions considered above are normally worst case conditions for filter transieft duty,
for X fi Pigurations, such as Figures 6.3 and 6.7, other credible internal fault corditions

wolld need o e studied.

When studying the effects of such faults on filter component and arrester ratings it is important to cpnsider
the |pratective level afforded by the bus arrester and to co-ordinate the design of this arrester with the filter
arresters to achieve an overall optimised design.

10.2.4 Transformer in-rush currents

Energisation of the converter transformer, or adjacent conventional transformers, will result in significant
levels of in-rush current that can be sustained for considerable periods of time. As the in-rush currents are
asymmetric and with a high harmonic content, particularly of low order harmonics, they can result in
harmonic current flow in adjacent filters. In applications where low order harmonic filters are installed such
effects will need to be studied. Although in normal practice the converter transformers would be energised
prior to filter switching, during fault recovery conditions, transformer switching on adjacent converter
poles, or switching of adjacent grid transformers, energisation can occur with filters connected. These
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studies will indicate the need for overvoltage control devices in the breakers for the definition of economic
insulation levels of the equipment and / or to decrease the occurrence of commutation failures.

Studies involving transformer in-rush currents need to model the transformer in some detail including both
linear and non-linear, e.g. saturation, inductances. The losses within the transformer, which will dictate the
decay of in-rush currents, must be modelled.

10.3 Fast fronted waveform studies

Because of the large rates of change of voltage and current involved in these studies it is important that
stray inductances and capacitances within the filter circuits and equipment are modelled. Thus the physical
locatiopaf the equipment and particularly of surge arresters_must he considered when madelling the filter.

10.3.1 Lightning strikes

Althouph direct lightning strikes on filter equipment are unlikely, especidlly \ hs\vire
protectjon is provided, the effect of strikes on the remote a.c. system trans ‘ i Ausy be
considgred. The maximum voltage on the filter terminal will be limited i e ter.
These $urges will be transferred to the low voltage components of dodble freque i ea
signifigant bearing on their insulation levels. Where appropriate, ~appli i i be
simulafed at various points within the HV substation and at va istans the

station

10.3.2 Busbar flashover studi

A flasHover to earth on the filter HV busbar wil a s 1 'the filter capacitor bank through
the filter components. Such an event may ocqur during ayhigh em voltage, however, the capacitor flises
should[not operate for this condition as they are téstethto Withstand’short circuit currents. Due to the short
time of these discharges (a fey¢ microseconds)\the into the same category as lightning impulses pnd

10.4
From t S S tions 10.2 and 10.3 the overall insulation co-ordination of
the filt ' S g arresters distributed within the filters will be determined. In

most ¢ i . arrester’s protective voltage level and energy absorption capability pnd
the vol i apabi p protected equipment will be based on relative costs. Although [low
voltag g areMelatively inexpensive, if significant energy absorption capability is
requir are needed and costs may be high. In such cases increasing equipnpent
insulatjon levets,may-bethe optimum solution.

When |modélling surge”arresters it is important to consider the maximum tolerance on the arrgster
characteristic when evaluating protective levels and the minimum tolerance when evaluating engrgy
abSOI'pLiun bapab”ity.

There are a number of possible connection arrangements for filters with embedded surge arresters. Typical
examples for double tuned filters are shown in Figure 10-4.
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Filter arrester locations and requirements
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These parameters can be defined at each terminal of the equipment or in the case of large h.v. capacitor
banks at a number of points where support insulators, current transformers or voltage transformers may be
connected. The neutral points of each phase of the star-connected filter are normally individually isolated by
a low, but consistent insulation level, and then brought together to form a single star point which is then
connected to earth.

It is important that an insulation level is defined for the neutral of the filter to avoid spurious earth faults
during transient disturbances.

@%
o
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Appendix 11.1 Background to loss evaluation
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11.1 Background

The cost of losses can be a significant factor of difference between the designs of different Bidders for an
HVDC scheme. The Customer needs to ensure that loss evaluation is made according to clearly defined
procedures, and under comparable conditions, for each offered design.

An introduction to HVDC converter station losses is given in Appendix 11.1.

Harmonic filters associated with the a.c. side of HVDC converter stations are typically responsible for up to
around 10% of the total converter station losses. Unlike many plant items the losses for harmonic filters
can only be determined by calculation, especially those relating to losses at harmonic frequencies (although
the los§ figures for the individual components of the filters may be available as the result o

The wijdely accepted standard procedure for calculating losses in HVDC stati
Standafd 1198 [Ref. 11-1]. This proposes calculation of losses under essentiallyhomi Qnditionsywiich
is a faif basis for most HVDC plant.

Howewer, for a.c. filters, the calculated losses can vary over a wide xange el i 1; as
detuning, a.c. network resonance, and level of negative sequence <omps | ge.
Consequently, a calculation made under nominal conditions cap-gte gxestigate_th of

losses yinder realistic operating conditions.

The Customer should therefore be aware that by followi guida = , not
obtain p realistic estimate of probable a.c. filker losse £ @ S ini i a.c.
filter designs vary substantially, he will also no A by
different Bidders.

The fdllowing items therefore offer gmdan ¢ iate, fine
alternaive conditions for calCulati g a.c. ; i i be
calculated both under the Romina iti N , ive

conditipns described in Segtion 11.4 6 i i er.

11.2

11.2.1

The a.g. the
total lopses of.the sanve the
loss capitalisation ous

advantages and-disadvantages of tuned filters, which typically produce Iow losses, against damped filters
which generally produce higher losses on a per Mvar basis.

Further discussion with respect to overall filter component costs, taking into account their losses, is
provided in Ref. 11-2 (p313 et seq)

11.2.2 Filter / shunt capacitor losses

For large high voltage capacitor banks having ratings of many Mvars, the loss angle becomes important; the
lower the loss angle, the lower the losses are for the bank.

Table 11.1 below details the subdivision of losses within a typical all film type capacitor unit.
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Source of loss

Loss in W/kvar

Thg

have similar dielectric, discharge resistor and connection losses. to\those 3ta
externally fused units, the losses due to the external fuse are addlona o\those uote.
in the ch0|ce and de5|gn of d|electr|c it is notable that the losse : i

ten

Th

their m|n|mum flgure within a few hundrd h

the

effdct of the reduction on the tota
conffirm that the losses at low.ord

funflamental frequency
The

power Iosa
frequencies as at fitlnda

whére:

Internally fused unit Externally fused unit
Dielectric 0.05 0.05
Discharge Resistors 0.05 0.05
Other (fuses and 0.05 0.01
connections)
TOTAL 0.15 0.11
Table 11.1

Typical losses in an all-film capacitor unit

acitors
pect of
ements
or now
of the
ndards
SSes as

aching
bwever
es, the
brs also
bove at

Fmonic

(11-1)

the filter capacitor loss
the harmonic number

N = the maximum harmonic order (typically 50)

len = the calculated current in the capacitor at harmonic order n
Xen = the capacitor reactance at harmonic order n

tand = the tangent of the capacitor loss angle

Shunt capacitor banks are

often provided in addition to harmonic filters to provide part of the total

converter station reactive power requirements. Their losses, at both fundamental and harmonic frequency
can be assessed in a similar manner to filter capacitors as discussed above. However, because the losses of
the capacitor units themselves are low, the effects of losses in other components which may then become
significant should not be overlooked. In this respect losses due to the following plant items can typically
increase the losses due to the capacitor units alone by some 50%:

¢ the interconnecting cables and busbars

o the capacitor bank switchgear
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e the capacitor bank (discharge) PT
e the inrush reactor (when provided)
¢ the capacitor fuses

¢ the capacitor bank internal connections

11.3 Filter reactor losses

In general, filter reactors (and where provided, resistors) are the dominant source of total filter losses; this is
particularly so for a filter bank that provides attenuation for low order harmonics, either in the form of
single i

For single frequency tuned filters, the filter designer is often required to make a compgpomise between the g

(quality) factor for the reactor at fundamental frequency and at the tunedfarmonic At
fundanental frequency, to minimise losses the requirement is to specify a fac i ble,
wheregs at harmonic frequencies, in particular the tuned frequency it is d pecify aNg factor
compaltible with the filter performance requirement. The required q factor at the be
low when the filter is likely to be subjected to wide detuning effe ~ frequgncy
variatigns and/or ambient temperature range. The final balance can often Deg i9e between these
conflicfing requirements, especially when a filter reactor manpufacturer's i not
optima in respect of losses.

Means|are however available to the reactor tlesigner (g air cooled reactors of dpen
constryction) to control or optimise this bala i at the various frequenciey by
means pf additional de-Q’ing coils installed on G : use of self-tuning filters.

For damped filters, the choice of reactor g fagtor af harmomic frequencies is generally unimportant in teyms
of achipving the required performa 3 al xating ing the filter designer a relatively free choice
in spegifying g factor at funda al frequenci to “Sa e balance between reactor cost and logses.

Howewver, for double tuned™damped filters;xthe cRotse_of rgactor g factor at harmonic frequencies requires
careful| optimisation to minimiSe the effectS\ of sirculating harmonic currents within the filter itsgelf.
Increading the q fa j i 5 I

The re A nefes is generally defined with a certain range of tolerance around a
noming . 2 jon-uf losses the minimum q (i.e. the highest resistance) rather than|the
nomina
The po
(11-2)

where:

P = the filter reactor loss

n = the harmonic number

N = the maximum harmonic order (typically 50)

Iin = the calculated current in the reactor at harmonic order n

Xin = the reactor reactance at harmonic order n

the reactor q factor at harmonic order n

o]
S
11
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11.3.1 Filter resistor losses

In determining the overall filter configuration, the designer will have evaluated the choice between tuned
and damped type filters and also between the various types of damped filter in terms of minimising filter
resistor losses. In this context, consideration should have been given to the reduction in resistor loss that
can be gained by the use of third order and C type filters rather than second order type, against a generally
poorer performance. Consideration will also have been given to whether it is necessary for single frequency
tuned filters to be provided with an external resistor to achieve the required filter g factor at the tuned
harmonic frequency.

In determining the choice between the various types of damped filter it should be remembered that
especially for a.c. filters connected to a high system voltage the cost of the resistor bank itself is not directly
proportionat to the TequiTed 1055 UiSSipation Since the cost of the msutation requited_cam be a sigpificant
proportion of the total cost.

The power losses in the resistor can be determined by:

where:
P, = the filter resistor loss
n = the harmonlc number
N .
Rn

1113.2 Shunt reactonNo

for a.c.
i¢ filters
that in
rmonic

Shynt reactors may fo

harmonic filters especia
is required to .i@
conjventional transdris

freg

n their
and be
against

nverter
Statlons) prowdes a set of criteria for assessmg a.c. filter Iosses 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 particular instances are discussed later.

The various aspects that need to be considered when assessing losses are:

a) fundamental frequency a.c. filter busbar voltage
b) fundamental frequency and ambient temperature

€) a.c. system harmonic impedance
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d) harmonic currents generated by the converter
e) pre-existing harmonic distortion

f) anticipated load profile of the converter station.

Discussing each of the above in turn:

(@)

Fundamental frequency a.c. filter busbar voltage

Since the choice of a.c. filter busbar voltage is not a sensitive issue, i.e. it should not in general favour one

design [of a.c. filter configuration against another, losses should be determined for nomi .C. filter bugbar
voltagd.

(b) Fundamental frequency and ambient temperature

Initially it might appear that in common with the choice of fundamentg ) aC. Itage, |oss
assessment should also be based on the nominal value of fundame s is the apprdach
adoptedl in IEEE Standard 1158, Clauses 3.3.2 and 3.4.1.

Whilst|this approach is generally satisfactory for the majority \of oth prising the convdrter
station|it may be inappropriate for a.c. harmgqnic filte and
ambier]t temperature variation may be a se pe of filter arrangement,|the
filter Harmonic losses under the extremes O . (and Jof ambient temperature wihere
appropfiate) can vary significantly from thpse. cal inal frequency and a ‘nomipal’
temperpture. This is especially significant for ar h comprise single or double frequgncy
tuned fjlter branches. For damp i

Therefpre, in order to provide the dwledge of the losses possible from each f{lter
design)| it is suggested that|lo3s eniC filters should be determined at the extremep of
fundanjental freque@n

This sHould be in additigh te_tht iohnmethod using nominal frequency and an ambient temperajure
of 20°C [Ref. 11-1], whi i

(©) AC system harmenig impe

The choice™ an ia stem harmonic impedance for the calculation of losses is also a sensitive
issue. HVDC preject specifications have tended to indicate (and IEEE Standard 1158 Clause 4,3.1
recommends)<that forlgss 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 criteria 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 pessimistic for loss
assessment.)

As with (b) above, this calculation could be done instead of, or in addition to the calculation with open
circuited a.c. system.
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(d) Harmonic currents generated by the converter

IEEE 1158, Clause 4.3.1 and several HVDC project specifications recommend that the determination of a.c.
filter losses should be based only on the characteristic harmonic currents generated by the converter and
imply that non-characteristic harmonics should be neglected.

However, for several HVDC schemes it has been necessary to include low order harmonic filtering
specifically to attenuate residual non-characteristic harmonic currents to satisfy the performance criteria. In
such cases, in order to obtain a realistic assessment of expected losses, the filter loss calculation should take
these non-characteristic harmonics into account, as they may have a significant impact on the magnitude of
filter losses. Depending on the approach adopted by the Customer, this may be requested instead of, or in
addition to, an assessment which excludes non-characteristic harmonics.

&S calcula ed for
hle and

In respect of converter characterlstlc harmonlc currents for loss assessment valu

etween
former
b valve
of the

in the

sses in
ised to
b phase

or not
'mance
ion are to be neglected (see also Section 7.1.6) then it|is also
sment. On the other hand, where the performance requirements
ortion should be included, losses should also be based gn their

Wheré Verterstationyincludes power electronic reactive compensation, e.g. an SVC, as par{ of the
¢ ay itself be a source of harmonic current generation and to comply with the
ay require associated harmonic filters. Nonetheless a certain level of its hgrmonic

be flaken,into account in their total loss assessment.

® The 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 necessary for operation of the link is live
and transmission may be established by deblocking the valves. It is also often termed ‘standby mode’. Load
losses are those corresponding to the operation of the link at any particular operating condition above ready
mode, up to and including full load).
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For certain applications, it may be a requirement that in ‘'ready mode' a minimum number of filters should
be connected even though the thyristor valves are blocked. The number of filters connected for such
conditions would be that which satisfies the harmonic performance requirements for the minimum feasible
d.c. load condition and also satisfies the reactive power balance requirement.

For each load condition assessed, the number of a.c. filters in service should be consistent with the
performance and reactive power balance requirements and the total losses should be determined for
consistent operating parameters (delay angle etc.).

The losses for each of the individual loading conditions may then be weighted with suitable factors
representative of the anticipated operating profile to determine the total equivalent losses. It should however

load logses.
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Appendix 11.1
Background to loss evaluation

The need to evaluate losses in HVDC transmission schemes is important because of the high cost of losses on the
supply system. With increasing energy costs in the future the importance of losses will become more critical. Each
supply authority determines the cost of losses for its own particular operating conditions; because these differ from
authority to authority the cost of capitalised losses will also vary substantially between them and it is generally
therefore inappropriate to discuss generalised loss figures.

The cost of losses is generally based on several common factors:-

(a) a cost to reflect the generating capacity required to supply the peak losses in the supply system so that in turn it can
supply the power losses in the HVDC converter equipment. The cost of capacity is generally assumed to be the lowest
costl means of providing the peaking capacity, e.g. gas turbine peaking units, or alternative ay be based on the
incremental cost or average costs of new generating capacity.

(b) gn energy cost to reflect the actual cost of supplying the energy consumed. Becausé‘ehergy is.consumedtkthrgugh the
entife life of the converter station, further factors need to be considered to determine\a prasen & worth of'the future
lossps. These include:-

(i) the anticipated operating life of the converter station
(i) the load factor
(iii) the discount rate for present valuing future cost

bove) can be aery seqsitive factor. For example, an
g he@ith 0% availability and no duty cycle,
tes

In determining a capitalised loss factor the discount rate ((iii
annfial loss cost of say $350/kW (i.e. 1kW valued at $40
capitalises in the following manner for currentAypical di

Discount Rate C 'talim\qrs Capitalised over 30 yea}s

67 \) $5387

5.0%
7.5% $4137
9.5% $308 $3446

The|above table shetws IS ot a ery sensitive factor, because even with a 5% discount fate, the
confribution to th ter years.
Although the capits i t has increased over recent years, the cost of energy has generally
incrpased at highe for early HVDC schemes the capitalised cost of the convertef station
lossks (excludjag thetrangmis i ically represented 10% of the converter station costs, whereas they ¢an now
typigally beqn the ~ 5. This increasing importance in losses has led to a change in converter station
equipment _design philosgp ereby equipment with higher capital costs but lower through life losses [is often
spegified.

It iy therefore(a at the treatment of losses should be given a high profile and form an important paft in the
preparation«of the D converter station tender and bid adjudication. It is equally important that the criteria specified
for determining losses are consistent and do not unfairly benefit or disadvantage a particular manufacturef. These
critgria<are discussed further in Section 11.4 in respect of a.c. harmonic filters associated with HVDC cpnverter
SChETTTES:

In an HVDC converter station there are many items of equipment which make a significant contribution to the total
losses. Furthermore, many plant items have their own loss versus load relationships and some equipment, in particular
certain harmonic filters, may only be required under high d.c. load conditions. An accurate assessment of losses must
therefore include operation at several operating points between standby (no load) and full load.
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12. DESIGN ISSUES AND SPECIAL APPLICATIONS
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12.1 Introduction

This section provides some guidance regarding a selection of more advanced design issues and some special
filter applications, always with reference to conventional passive a.c. filters. Newer technologies, for
example active filtering, are described in Section 19.

Experience from numerous HVDC schemes is condensed in the following. The subjects 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.

12.2| Performance aspects

12.2.1 Low order harmonic filtering and resonance ¢
systgm

The mechanism of generating non-characteristic low-order h Q4
Sections 4 and 5 of this document. The particular influence of’negative ‘se age on the generagion
of 3" harmonic is treated in Section 4.4.6.

Harmohic a.c. filters tuned for the charact
lower frequencies. By nature the a.c. syste
impedgnce, creates parallel resonance pheno
low-ordler harmonic filters have been installeg

to damp sushoresonarce [Ref. 12-1 and 12-2] and to limif the
distortipn generated by some nopccharacteristit ha he‘converters.

From gxperience, such type
the filt¢r capacitors (Whic thems re-the low tuning frequency of the circuits, the f|lter

reactorp need to be desigr igh ihductance values and fundamental frequency ratipgs.
Additignally, the Io a iste pro¥ided, are relatively high.

ds a capacitive impedancp at
is in parallel with the f|lter
) at canve usbars.Th some HVDC schemes therefore

This type of filter magy Reed i ice dyeér the whole range of converter load. Considering the reagtive
power requwements th| would ‘have “an_impact on the number of minimum filters possible at light load
conditipns and i A power exchange with the a.c. system. In some schemes this surplus|has

been cpmpepsa ithyadditi 7 nt reactors, while some other schemes operate the converters \vith
increaseddiring.an

The aqcurate modelling \of the harmonic a.c. system impedances at the second and third harmonig is
important in-order nottg6verdesign such low order filters. For harmonics below the 11" order, a detajled
and acqurate-representation is recommended to ensure that magnification of harmonics is damped out to the
optimumxJf this is not possible during the planning stage some flexibility and allowance for risk should be
given to the Contractor to study this phenomenon during project execution and to mitigate any problem
under his own responsibility at a later stage of the project. In some cases, converter control with special
features could be used as a solution for low order harmonics problems instead of expensive harmonic filters.
[Ref. 12-3, 12-4, 12-15].

It is also vital to model accurately the harmonic interaction between a.c. and d.c. sides of the converter, and
the influence of the converter control system, when determining the need for, or the design of, such low-
order filters (see Section 5). Ignoring these factors can result in completely misleading conclusions, and
possibly the unnecessary specification for a low-order filter to be installed.

A major disadvantage of low order filters (3" harmonic, or 3/5" for example), is that they are loaded not
only by currents from the converter, but also from other harmonic sources in the a.c. system. Often such
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sources are not the responsibility of or under the control of the Customer, may not be filtered locally, and
their magnitude is not known. They may also have come on line due to industrial development taking place
after the design of the HVDC station. The currents from such sources may, furthermore, be magnified by
resonances within the a.c. network. It is therefore difficult to predict how much network harmonic current
may flow in the low-order filters, and in the past low-order filters have been tripped or damaged due to such
overloads. Over-rating of the filters is the only solution, but it is difficult to predict how much over-rating is
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 modelling, 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

ne Ativin cncianoan valtanns Ay s An A Al oy ae valiann Limaite ol oy Foran tlhn O Aantranty +0 nclude
trvc-Styguchct v oyt —oT HehHeHa R ReHHES VUILM”\. THTHtST YV ITCTT |||u|._y TOTCCtCCoTtractor—to

lowrorder filter branches in the design.

12{2.2 Definition of IT, THFF and TIF factors to includek

up to 5 kHz
In ost Technical Specifications, the maximum harmonic order to i . ef perfoymance
is the 50™. However, a few Specifications have extended the rang€ to be red up to the 83" harmonic

ics higher than the
order of 50 can be significant, and careful consideration given Customer before making

e sigrificantly affected in thig upper
armonics actually generated|by the

HVDC converters. However, if the a.c. filk ude high-pass damped filters, then
potential resonance conditions between tufied a 4 8.a.C. system could be created. Thesq would
neefl to be studied in order tp.avoid exces' i : in\the nearby communication systems. Td obtain
reallistic results of such studi aelli requehcy dependence for the major componenits such
as lines, transformers and i 2 e However, the frequency dependence is |largely
unkinown in this upper freg ‘ 8 hrdetailed studies are generally not feasible.

If high-pass ddr érter stations, the higher order harmonics injected into the
a.c.| system wi . 2 use of high-pass filters large enough and with su.vlfficient
damping to satisfy st iteria over this extended frequency range may increase the filter
cos{s and losses signifi

Thg Custo is tf - ith a dilemma - if the Technical Specification limits the perfoymance
reqirg i e monic, then the Bidders may find that the most competitive filter design is one
using douhle-tu ers apthe characteristic harmonics, with an inductive impedance at frequencie$ above
the|50" har h a design would fulfil the specified requirements, but could create a resonanfe with

the fa.c. system at Righer frequencies, amplifying harmonics which would otherwise be negligible.

If hotvéver the Customer extends the frequency range to say the 83" order at 60Hz (or 100" order at p0 Hz),
and if the levels of specified TIF etc. are those typically used for schemes with a maximum harmonic order
of 50, then rather large and highly damped filters may be needed, at a considerable extra cost.

The Customer should therefore consider the options carefully before extending the specified frequency range
for a.c. filter performance above the 50™ order. Two possible alternative approaches could be considered:

e specify performance requirements only up to the 50™ harmonic, but specify in addition that the
a.c. filters must have a damped characteristic above the 50" (possibly also defining the
maximum permitted filter impedance phase angle permitted at harmonics above the 50™), or

e specify performance requirements up to the 83" order, but increase the maximum limits for
TIF, THFF or IT accordingly, in order to avoid an unnecessarily expensive filter design.
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12.2.3 Triple-tuned filter circuits

Double-tuned filter circuits have been established in the past as a standard design for passive 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 Section 6.4.3).

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

c d e Olle WO eque e e U e V d urdte U U d De Ea

o low order filtering combined with a 1

)

iiter_at light load conditions compared to a 3rd + 12/34th

Possibl g i ¢ also Section 6.4.3), apart from the more complicated on{site
tuning,

equired to ensure protection of all components, or possible overrating of

The Cpstemer and Contractor should therefore take all these factors into account and give ser{ous
consideratiomtotheuseof tripte=tuned-fittersif this-woutdprovide-the-mosteconomicsotution:

12.2.4 Harmonic a.c. filters on tertiary winding of converter transformers

Some HVDC schemes up to a rated power of approximately 200 MW to 300 MW have been arranged with a
harmonic a.c. filters connected to a tertiary winding of the converter transformers, for example Blackwater
[Ref. 12-5], McNeill and Vybourg HVDC Converter Stations.

Savings can be expected in the space and investment costs of the filter circuits, including the a.c. filter
breakers, because the limitations on economic minimum capacitor bank rating are reduced by employing a
lower connection voltage. In addition, identical voltage and Mvar design of the components for both
rectifier and inverter side can save costs in providing a minimized number of spare items for the converter
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station. Further, with this solution the filter reactors can be connected in the line side of the tertiary filter.
Then, the filter main capacitor can be made in a simple three-phase arrangement, simplifying the a.c. filter
protection compared to a conventional 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.

Thd transformer costs compared to a conventional scheme will slightly increase and avings-int
aregs have to be compared against this, to determine the optimum solution. Th
to the converter transformer should also be taken into account:

b]e filter
elating

e The additional tertiary winding has to be designed for the sho a'refatively

e The transformer reliability will be lower.

e The four winding converter transformer is not
studies a detailed transformer model needs tq
assumptions and ratings.

System
all the

e short
former
peds to
em are

ng the
val a larger reactive compensation will be rgquired

voltage bus.

intensive resistive damping is one of the major tasks for the filter deS|gner

An iterative design procedure is required, since if the reactor quality factor changes, the current and voltage
ratings in the parallel resonance circuit can vary significantly. Close co-operation between the system
designer and the component manufacturer is needed to obtain an economic component design.

If in special cases, the quality factor of the reactors has to be reduced beyond what is possible within the
reactor itself, an additional series damping resistor can be connected to the filter reactor coil or to the filter
capacitor.
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12.3.2 Transient ratings of parallel circuits in multiple tuned filters

For double-tuned and triple-tuned filters experience has shown that the transient ratings of the components
of the low voltage tuning circuits are of major importance in the filter design. Therefore it is recommended
to include representative oscillograms for the worst case transient voltage stresses in the relevant component
specifications.

In some cases with extreme low damping in the circuit, voltage oscillations have 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 OC{Ur tue to the TTarmomnic CUTTent MMjection caused Dy transformer saturation effects, For suctT fjlter
compofents the transient ratings in terms of currents, voltages and energy dissipations/may be isive
cases. |t is the responsibility of the Contractor to define these ratings and to prove/tha i igh is
adequate. The worst case for the different components has to be selected out of C ing
fault injitiation, fault duration and fault clearing scenarios for different loading a S Q) CON »

12.3.83 Overload protection of high-pass harmoni

If resigtors are provided in high-pass filters, different cases of pverlQad ionNs isfors
during |emergency situations. Such cases need to be checked f : ort-
time overload ratings of the resistors. Typical examples are :

In some HVDC s iStors a fy protected by their own current transformer. Spme
manufgcturers’ protestive \ 8 ues
measured within the fil{ag circuit, as'i : hlso
possible to provide<an ‘additiona i t is
recommended to-i e i the

Bidder|to propd a , ign
philosdph is&

12.3.4

Back-t¢-back switching refers to switching one filter or shunt capacitor bank on a bus to which one or more
other tTank(s) are connected. Such switching tends to cause high inrush current in the filter or capaZlitor
bank being switched In.

If tuned filters are used, the tuning reactors are sufficient to limit these inrush currents. If one or more shunt
capacitors in parallel are included in the design, it is recommended to provide additional current limiting
reactors in the shunt capacitor banks to damp the discharge between the individual branches. For circuit
breaker design aspects refer to Section 17.7.

Another additional advantage could be achieved, if the current limiting reactors are chosen so that the
shunt capacitor banks are tuned to some higher order characteristic harmonics or alternatively - in case only
12th / 24th filters are installed - to a frequency slightly lower than the 35th. By this means, parallel
resonances between the filters and the shunt capacitor will avoid all characteristic 12-pulse harmonics
higher than the 25th and be can be shifted to non-critical frequencies.
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12.3.5 Short time overload - reasonable specification of requirements

This section discusses how far inherent short time overloading of the filters due to system emergencies
should be reasonably specified. Short time overload for filter components can be caused by one or more of
the following system emergency conditions :

¢ short time overvoltages in the a.c. system

o 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_hus voltage levels need to
be gtudied to determine the worst case loading conditions.

As an example, typical short time durations to be considered can be classified

Nofmal system conditions : 10 min - 2 hour

Disfurbed system conditions : 1 min- 10 min

Emergency system conditions : 1 sec - 60 sec

Alsp, when designing filter components for all these requi o lifetime and|risk, a
reajonable duty cycle should be clearly defined. These definitign als ct the initial and follow-
up $ystem conditions for the system duty cycles.

Evifently, it would be desirable that the<decisi i 3 ehts should not be determined by
abnprmal situations of short-time duration. i ponepts properly rated for steadly-state
congditions will also withstand short-time gond hnd the
shoft-time capability of the filter components ¢

In the event that the shor{:time ition_p Dgether

shopld consider whethéxit i ica eaSanable fo specify the filter for the short-time cond|tion in
question, or whether in : i e filter should be allowed to trip. The probahility of
the [combinatio or um detuning conditions should also be questiongd.

effect of short tk adi the/vanous filter components is discussed below:

alyfrequensy’ overvoltages may be decisive for the voltage rating of the capacitors. Due
ties as

same
posed,

ala me em eguen nge ala g-pe onsigereganen ag-_tne. m ML

sho cy-range-should be considered en-calculating-the ma unddmental
frequency voltages and currents across and within the filter capacitors with the filter detuned to the
minimum/maximum extent. This may include outages of capacitor units and the worst case tolerances
assumed for the rating calculations leading to the highest voltage and current stresses for the capacitors.

The voltage and current rating of the filter capacitors has to be checked against the short time overload
operation of the HVDC converters. However, normally, for converter overload conditions all filters/shunt
capacitors are energized, and so the loading per filter is usually less onerous than during the emergency
cases assuming outages of filter branches, occurring at partial loading conditions, which tend to determine
the filter ratings.


https://iecnorm.com/api/?name=d77aece7f313bebb942afb6d58103705

- 144 — PAS 62001 © IEC:2004 (E)

Filter 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.

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.

12.3.6 Low voltage filter capacitors without fuses

capacitor units

For opgrating currents lower than the rated values, the fuses i ak cles nits
due to the missing dominating fundamental frequency co \ept’ip the 3 DC
project§, low-voltage filter capacitors withgu ' me
cases, these have been designed for extremely ges
of filtef banks). For example, in some filters, cutfent ratings up to approximately
1000 A e been required.

12.4

12.4. iM ping Aransient overvoltages

In som onie<fi alow-order type are used for both steady state and transjient
filterin fi imi ) overvoltage (TOV) at the converter station busbar can be ysed
for lim 50 i es of the converter transformers after a.c. bus faults or load rejectiop. If
the sho

During \rat ted
harmoni fier cuxgents can be high, if the a.c. system impedance resonates with the a.c. filters close

to the decond.orthirekharmonic. In this case the filters need to be designed to absorb a high energy leveljand
to damp the_saturation overvoltages for the first time peaks before other countermeasures can be initigted
e.g. filfer¢tripping, SVC operation, etc. It is desirable to hold the steady state load rejection voltage to
between I.Tand I.Z p.U. compared to the bus voItage prior to the fault.

As an example, for the 1000 MW Chateauguay HVDC converter station two filter banks (2x135 Mvar 2nd
harmonic highpass filters) have been installed [Ref. 12-6]. Special design studies were executed for
determination of the amount of energy to be dissipated in filter resistors and filter arresters.

12.4.2 Non-linear filters for low order harmonics / transient overvoltages

Non-linear filters can be required to be designed for two different filtering performance requirements. These
two requirements are filtering of harmonics in the steady state range, and transient filtering of non-
characteristic harmonics during fault recovery conditions in order to damp/limit transient and/or temporary
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overvoltages [Ref. 12-7]. The non-linear characteristics of this filter are created by connecting non-linear
metal-oxide arresters in series with other filter tuning devices.

As an alternative approach to that discussed in Section 12.4.1 above, 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 mstallatlon of a SVC comblned Wlth low order harmonic filters, to limit the transient and

he 2nd
Nt has
br level
b filter
e been
12
Exipti Xperier . 4. Some
detgiled investigations,have been carried out in the use of a mixed configuration of series and shunt filters
for [Itaipy-[Ref. 12-8}and one actual application, in the Uruguaiana back-to-back station in Brazil [Ref. 12-
9], hasgiven good operational experience.

A series filter is functionally similar to the wave trap used in power line carrier applications and is built
with an inductor (in the range of 1-2 mH) in parallel with a series-connected capacitor plus resistor (Fig.
12.2), tuned to a single resonance frequency. If several resonance frequencies are required, a number of
such filter circuits can be cascaded in series, each of them tuned to a particular harmonic frequency.
Multiple-tuned series filters (Fig. 12.3) can also be used, presenting two or more impedance peaks
(impedance peaks for carrier and/or for radio frequency may also be included if necessary). A damped band-
stop characteristic can also be achieved to filter a range of higher order harmonics.

The above mentioned investigations have indicated that, considering the converter as a source of harmonic
current, the use of a series filter is efficient only if it is associated with a shunt impedance of relatively low
impedance, such as can be obtained with a capacitor bank and/or shunt filter. Therefore the application of a
series filter should be done in a mixed configuration of series and shunt filters (Fig. 12.4).
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Line trap

[,

C R

_y

Figure 12-2
Single-tuned series filter and impedance plot

Line trap A
VYL Z
Cl L1 R1
_|M
Cn Ln Rn

Depending on the specific requirements of the 3 economic evaluation, one single sgries
filter fq per bus and the a.c. line bus, or one fjlter

for eac the
whole lity
considg

Advant

hes
ncy

Disadvpntages of series filter circuits are :

o 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,

o 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,

o relatively complicated protection schemes.
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132 kV/13.8 Hz 13.8 kV/230 kV

(A0 COF:
132 kV/50 kV 230 kV/60 Hz

11th 11th

% 13th 13th—%
13.8 kV/7.7 kVI7.7 kV 7.7 KVIT7.7 kV/13.8 kV
1 A A 1

= Wi 3 =
Eg D
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50 Hz

FYYAAA- 1 MvArd 12 MV, UXILWXRY SERV|CES

FOOAAA- 1 MvAath

138 kW4B0 V

Thdre are several applications with particdlar harmonig \ i station
des|gn requirements that could justify consideration X i ion. ication
chafacteristics for which the’ mixed solutian shoutd be) examined are discussed below.

limited
satisfy

er and
v limits

. r bank

erground cables, these capacnors produce low impedance nodes for high order
harmonicsy draining the major part of the harmonic currents into the a.c. lines [Ref] 12-8].
Series “fitters could be the most economic means to limit these currents and the rgsulting
interference level.

e The ability of series filters to limit the harmonic current entering the a.c. system to desired
values, independently of the equivalent harmonic impedance of the a.c. system viewed from the
converter station [Ref. 12-11], 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.

e 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.
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e 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 [Ref. 12-8].

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 (3600 Q-m) and the
very high capacitance in the a.c. system (cables and large 345 kV shunt capacitor banks) [Ref. 12-8].

The mixed filter in the Uruguaiana back-to-back was installed in view of the requwement for voltage and
overvoltage control and the harmonic performance specified [Ref. 12-11]. With a shupnt-filter scheme|the
reactivgé power to be installed would be 72% (Base Pqy = 50 MW) to comply with the ha i nce
requirements, but would make the steady state voltage and overvoltage control impgssible~\WVi xed
filter, nic
perforn

In stud this

filterin

y a
tain

the
int of

The prpcedure to define iXed\i 8ne, ¥ ing i ings, i [ the
conventional meth 3 <5 9 i -8, 12-9, 12-10
and 12111.

12.4.
In spegi an
option,
For the ygland Multiterminal HVDC system, re-tunable a.c. filters have been used at

Radisspn and<Nicoletsubstations. For both stations, this has been done as a retrofit action to solve problgems
that arqse after the installation of the original filters had been completed.

At Radisson, this solution has been used to avoid interaction between a.c. side fifth harmonic and d.c. side
sixth harmonic for certain system conditions and in the presence of geomagnetically-induced currents (GIC)
[Ref. 12-12]. When the a.c. side fifth harmonic becomes greater than a predetermined value, the 36/48th
harmonic a.c. filter is re-tuned to the 5th harmonic (Fig. 12.5) 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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Figure 12.5
Re-tunable a.c. filter branc

he” specified with due consideration to the effeg
%, Ref. [12-13] and Ref.[12-14] can be used.

additional harmonics coming from the existing stations should be taken into account. No

in the
pact on

e new

t of the

injection

b taken

Hefined

rmally,

these together with a.c. system harmonics are considered in terms of certain percentage i

icrease

of the harmonics of the station under design.

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, 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.
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12.6 Redundancy issues and spares

12.6.1 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.

However, redundancies in filter circuits can provide a number of advantages, even when the investment
costs for such a redundant system are a little higher compared to an otherwise optimized filter arrangement.
Apart from improving the reliability / availability of the converter station, the use of redurdancy can reduce
the filtgr losses and component ratings in the individual filter branches.

If a shfint capacitor is in any case needed for reactive power purposes, it may bg this

into anjadditional filter branch, to provide added redundancy.

These foncepts can be illustrated by an example based on recent experience. Suppgsing that uhity power

factor is required at rated load, two very economical solutions 1) and . 2 g tuned high pass
filters, pre possible. Below, the relative merits of these two soluti Q ed.
1) Solution with two double tuned filters and an additionaé};;(mXC(or

\Z
In this| case two almost identical redundart fi re \asgimedito ide“adequate characteristics| for
harmonic performance and reactive power contgol. A moNpractice is tg' start at light load condition of

he range between 40 % and 5D %
Ifilled up to rated load. To fulfil upity

the corjverters with one filter, then the second
of rate@l load. Typical harmonic performance(requ

irements,C
power factor requirements up to xated load only a s 3

The adjantages of this sol

o Simple{\hj& and redundancys (1 out of 2)
e Saving LVTj 8 ace requirements

The dis
mponents if the filter has to be designed for all loadings during oufage

(one out of two in the whole operating range). This has a great impac{ on
t ratings and rated power of high pass damping resistors.

solution 2). Also the operational losses can be expected to be higher.

2) 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:
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 1)
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e Component ratings of filter reactors, capacitors and resistors are significantly lower compared
to the components for solution 1). 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 i$ always recommended to check, whether solution 1) or 2) is the more reliable anthcheaper.splution.
Thip evaluation has to consider the component costs, the loss evaluation of the gpeyational fi bes and
the foverall reliability and availability of the a.c. filter arrangement.
12|6.2 Internal filter redundancy
Component redundancy within a filter is not normally used, exgept™withinNsapaci inglon the
kin i itore pacitor
uni hssible,
bec nd will
detdine the filter circuit
The imized
with two measures

lity of
In g blown
fusg. nus the
totd
The and or
red tection
of k
An [importantdgsign issue’is how many fuses can blow (it makes no difference whether they are in sgries or
in darallelsconnectign)before maintenance and capacitor unit change is required, considering:

e capacitor voltage stress or

o filter detuning beyond specified tolerance.

Normally, the number of failed capacitor elements for permitted filter detuning is much less than the
allowed number for voltage stress.

12.6.3 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
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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 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
deS|gn wcocddantinal annmanitar aite Far Ancbh tn AL AL Al s AF A~ Filiay

SestaeRteat COPTCItoOT O ito ToT CaucTt et Ty PCOT T e Tt

@%
o
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13. PROTECTION

13. PROTECTION . ettt et e e e e e e e naas

13.1 Introduction

13.4.7 ProteC

13.4 Protection of individual filter co
13.4.1 Unbalance protection for filte

13.4.2 Protection of low voltage tuning
13.4.3 Overload pratéctien and detection o

13.4.6 c

(R T A 1] T - | RS SURRURSTRTSURSD FRTSURITNG S i 18
13.3 Bank and sub-bank overall protection
13.3.1 Short Circuit ProteCtion ..........ccveveveriivesieeiee e o NN oo ne s e oo\ .
13.3.2 Overcurrent ProteCtioN .........cocveireeereiesiee e e N N e N .
13.3.3 Thermal overload proteCtion ...........ccccevveieeriiniieiience N e
13.3.4 Differential proteCtion............cccooveiniiiniirniienienee e N\ s N e e e N ereeesreeeeneeas .
13.3.5 Earth fault proteCtion ...........covivvviiieiieiie e e oG g e\ oMot .
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13.1 Introduction

The type of filter protection to be installed depends to a significant extent on the configuration of the
different a.c. filter branches and on the Contractor’s normal practice and preferred protection techniques. It
may also be affected by requirements on guarantees and on filter performance. The detailed definition of a.c.
filter protection equipment is normally left for the Contractor to determine.

The Technical Specification therefore is usually restricted to general requirements regarding protection,
redundancy requirements, interface definitions and any Customer specific requests. In this way the interests
of the Customer are safeguarded while still leaving maximum scope for the Contractor’s preferred solutions.

The Customer must however, be well aware of the different techniques of a.c. filter protection, and in the

bid evdluation Stage be prepared to ensure that the BIdder s proposed Solutions meet the rall
technig mer
the bag

The IEC

13.2

In geng the
filter o ade
betweep:

e protection functions which pre dnce

protection); and

In each case the cost of protectio 8 wer
compofents that are being | S § be
higher than approximately i

It is thprefore not a@
bank must have. The séleCti

and faylt probability.

itor
ard

Particu i 8 3 chrelatively low cost components, it must be considered whether using a
compo { : i i Linit
with c 5 in

C-typelfi

In certgi 8 resonances in the power grid it may be possible to generate an early warning
signal,|so thata pre-defined change can be made either automatically or by operator action in the fjlter
and/or the@«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 bank?

A good compromise can be partial redundancy for only a few main functions. If the decision is for full
redundancy, the main and redundant systems should not use identical sources of actuating signals.
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As an alternative to redundant protection functions, some functions can be covered with back-up protection
functions. For example, differential protection is a partial back-up for short circuit protection while earth
fault protection is a less sensitive back-up for capacitor unbalance protection.

The work of the Contractor should be to deliver a scheme with an overview of main and back up protection
for every filter component, including what protection is overlapping. It is desirable that main and back-up
protection are not sourced from the same CT.

In each case, the Customer should specify the minimum standard to which the Contractor must provide in

terms of :-

protection philosophy

The
bus
ind

Filg

reagti

In gri

pro

standard of PTs and CTs

standard of protection

protection functions

types of interfaces, including type and number of auxiliary,
yard control, alarm system, event recording system, etc.

customer specific requests (e.g. design of trip signal
mechanical standards

type and number of auxiliary voltages

transTormer switching

ontro

gnfiection with the star-point solidly earthed. In networ
d star-point the protection must be reconsidered.

switching of parallel capacitor banks

switch

in the
hent of

s with

n filter

commutation failures in the HVDC converters

d.c. line faults

The a.c. filter protection should be co-ordinated with the a.c. switchyard protection.
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13.3 Bank and sub-bank overall protection

Such protections cover more than one filter component and can also protect components outside the filter,
such as the conductors between the current transformer and the filter and the earth connection. They are
also useful to detect earth faults and breakages in the filter connections.

13.3.1 Short circuit protection

Short circuit protection is only effective between the incoming line current transformer and the line side of
the first components, depending on the total fault impedance of the circuit. The short circuit relay is
normally a standard requirement for the protection of the conductors between the current transformer and
filter. Depending on the capacitor inrush current it is sometimes necessary to delay the trip signal by 5 to 10

ms. The ratio of CTs in filter branches can be low in comparison with the ratio of line C or short-gircuit
current protection it is important that CTs are accurate enough to reproduce the shor vith
full d.q shift in the secondary circuit.
13.3.2 Overcurrent protection
This is| also generally a standard protection requirement, sometimes j mbinatiawit ircuit
relay flinction. This protection is not very effective for filter and K , Si the
reactor|is really protected. For capacitors the applied voltage, nptthe : S i nly
heavy faults in the capacitor bank can be detected with ovgrcurrent. Rais=fuqction, can be implemented
either vith an inverse time characteristic or in the form of.c gfinite-ti rate
evaluation of fundamental and harmonics is regui H\a techriica [ the
important harmonics separately for overcurré i i
13.3.8
This kind of protection is one impg i ion [can
only pijotect the weakest filter\comparnent with t edting time constant that is carrying the main
filter clirrent. Therefore it 8 ined. i i il| be
installed and/or if individ al pratecti 3 i i i . the
overall| overload pg6 dampipg resistor because the current through the damping
resistof is not propo ‘ ing
individual harmonics. and
capacitpr. The following
. ighest
o dge
o (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.

- - b o L L 1 (] s L £ - £ . -
7Y WCITIPETAUTE  TITEASUTETTIETIU TTTUSU U LITELKEU CUTTUTIUUUSTY  TUT CUITELL  TUTeuaurimmy d.nd

plausibility.

o |f 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.
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13.3.4 Differential protection

This kind of protection is normally used only as an overall protection. A differential protection is only
efficient when it operates separately in each phase and is stabilised against outside failures to avoid
influences from higher frequencies. It is recommended that the input currents be filtered with a fundamental
frequency bandpass to eliminate or avoid these influences. The differential protection could otherwise
operate in case of transformer switching, due to the inrush resonance between filter and transformer zero
sequence impedance. The differential current setting should be very low (20 to 30% of the main current).

The differential protection detects phase to earth and phase to phase faults but cannot detect isolated
failures, such as an arc-over of components in the filter branch.

Ang nd low
volfage zero sequence systems But here again, the currents must be filtered 3 rmonic
influence. With this kind of differential protection it is not possible to provide a tection
scheme.

13

Thip ¢ th fault
pro aeterjstic s the_cdrrent from the star
con tection
(ang also a rough back- up for unbalance protection). It dtect eyvery\asymme 5 much
like ’ ‘ filter.
For i i i ired_to ayois i [K{pping on external events, either tie time
delz jgh d by a
fun pl must
be delayed few seconds (dep

13|3.6 Overvoltg

Eqyivalent to the portant
typgs of capacitor pro , [put the
voliage from PTs |n ¢

In { /the valve control can usually reduce steady state fundamerjtal a.c.
Sys Qnics). An immediate overvoltage trip of the HVDC converters and filters
dur ] e load rejection or switch-off due to overhead d.c. line failurgs, can
increa ypifede of the overvoltage. Any fast overvoltage protection, should generally have|a time
del apd ther initiate a sequential filter tripping sequence.

The age protection should be decided separately from case to case.

Surgearrester protection is covered in Section 17.5

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 energising a filter or shunt capacitor that has not been
completely discharged. With potential transformer-aided capacitor discharge, re-energization is possible
within 0.3 up to 1 sec, 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.
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13.3.7 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 installation of a Fast Fourier Transform (FFT) analyser (refer to Section 18) can be added to enhance
such protection.

13.3.8 Busbar- and breaker failure protection

Bushar- and breaker failure protection are not specific filter and shunt capacitor protections but general
substatjon protection requirements.

Filter grotection (adjustable rated values, interfaces, signals etc.) should, however, bé
substatjon protection.

any

13.4| Protection of individual filter components

13.4.1 Unbalance protection for filter- and g

The capacitor units represent in financial ter itor

units ig one of the most important functions.

Usually the capacitor bank arrangement is in the~form of a ; ach
with sg¢ries and parallel connected capacito i i i i ery
sensitiye unbalance protection, usi 8 iSes
capacitpr units with internal fudes 3 Dy nor

afions) for capacitor units with external fuses.

modifi¢ations (higher curr
{ protection, but it can help protect an unfysed

Unbalgnce protection is
capacitor arrangeme

The depign of a currerit tfansfor S ' On
the ong hand the CT miyst i ow
transfofmation ratio\The he

rating ¢f a currg ansforérfQr unhalance protection must be specified very carefully because in the ¢ase
of a pdrtial shoxt-circuityin-a acitar branch, high frequency transients resulting in high current stregses
on the cugfentt Df a
high short i § 2 fion
will ngt be ove mer

may bd protected by Taeaps of surge arresters.

Normajly.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 :-

o detection of neutral voltage,
o different voltages over capacitor phases,

o different currents through capacitor phases.
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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 Fig.13.1.

Normally the inherent unbalance current of a bridge can be calculated in the factory in accordance with the
measured tolerance in capacitance. This inherent unbalance current can increase or decrease during the
lifetime of a filter due to voltage variation and primarily due to the different heating of bridge arms caused
by solar radiation. Every change in symmetry of the bridge arms such as the opening of an element fuse

rest o n A choanan (inavnacn Ar dAnanranca) 1n thn tinhalansn ~ieran
U o Crage e rcast o ocCreast o ioarar IcC ot et

In fecent years, especially with the introduction of digital protection systems, a high standa d of fegolution

can|be achieved so that the balancing of the capacitor bridge to a very low longer
neefled.

Depending on the cost and importance of the protected component,\the unk jon should be
proyided with :-

urrent. Transient| inrush
he protection cirguit.

filter current to eliminate the

eaused by solar radiation.

ance current to zero after changing| bridge

akafice current value after filter switch off [and its
/ With this approach, fuse failures at the mofnent of
nbalance protection needs some milliseconds aftgr filter

dpacitor
it will be

ber of
uld be

e ) The possibility to detect the branch of the capacitor bridge where faulty capacitor upits are
located. For this purpose, an additional voltage input is required for a power d{rection
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 signalling.

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 star points a current
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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.

13.4.2 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 voltage capacitor by means of monitoring current in some other “leg” of the filter (e.g.
through a resistor).

13.4.83 Overload protection and detection of filter detuning

A cur for
capacit

Dependli ijter,
while ively
inexpe oad
protect

For the ifion
to the

In co gnce
is less not
vary g mal
model nic
current

In the gvent that theyedis a i - ¢ level of fundamental frequency current can be Used
to detefmine the ex@( { . ith a fundamental frequency tuned bypass circuit shquld
have negligible fundamenta s respstor branch provided the fundamental frequency is ear
nominal.

13.4.

The mg ers,
has, up

13.4.%

the fundamental frequency losses in parallel reS|stors By fllterlng to obtaln 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, Fig. 13.2 ). 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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13.4.6 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 fusmg is that blown fuses can be V|suaIIy detected very eaS|Iy and qmckly The

disquvanta will be
swifched off. Further the fuse is exposed to the amblent conditions. The main appl catlo | fuses
isi \ inits in
seri

Intg given
that

Ele have to
resi erefore
the

The 4 on the
remaini 3 , Internal
fusgs are protected from ambient influence 8_main applicati i is in high poltage
Capp( should be noted that internal fuses|do not
proyi etions or a short circuit between actiye parts
and

Fus

13

In |L i using
ind bder or
on re. The
rati . [current
thrg ings of the PT (approximately 10-15A) must be considered in relatiof to its
dyn on the other hand, the thermal load of the discharge must be calgulated.
No i ive PT, however, has to discharge overhead lines and cables and so the thermal and

dynamic _stress duking/discharge of a capacitor, whose capacitance is comparable with that of a oyerhead
ling is- generally not a problem. The main condition for PT rating is the total thermal load frpm the
permissible number of discharges per time unit (1 hour). 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.

The possibility of ferroresonances 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.


https://iecnorm.com/api/?name=d77aece7f313bebb942afb6d58103705

- 162 - PAS 62001 © IEC:2004 (E)

Ferroresonance effects can be reduced or avoided with a reduced magnetic induction (less than
approximately 0.6T) 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 approx. 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 that the secondary windings
give a true reproduction of primary fault currents for all protection purposes, especially short circuit current
protection.

The segondary windings of unbalance CTs, when shorted, should withstand the effect hort

circuit current.

13.4.8 Examples of protection arrangements

An exa for
a C-tyq on
the par

13.5

Each ¢ an
uncong itor
circuity.

Vith
gh.
rter

All capacitor units are now u
the capacitor. To reduce the
Depending on the resulting 'ti
of a hopr.

ked

Normally the oper
fter

de-enefgising. Extexpal \dis Si are

An altqrnagtive ble
for thig p N he~case of de-energising, the complete capacitor is discharged within approximagely
0.3to ] sec. The eed w0t be directly in the filter feeder but it must be guaranteed that the connection
betweeh filter “\Capacitors)and PTs is maintained long enough that the capacitors can be discharged
complgtely.(Infloating Tilter circuits with an unearthed PT arrangement the discharge to earth must be done
separately@s 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 13.1
ion scheme for an unearthed shunt capacitor
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Figure 13.2
Example of a protection scheme for a C-type filter
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14.1 General

The intention of this Section 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 Specification in the same way as the
requirements for the rest of the converter station.

A.C. filters consisting of capacitors, reactors, resistors, etc. constitute structures which might be subjected to
mechanical loading imposed by the shaking of the ground during earthquakes. Compared to other
mechanical loading, such as wind loading or electromagnetic forces, seismic requirements usually represent
the most severe mechanical loading to these structures.

The time variable ground motion during an earthquake results in a vibration response of the fi ure
inducinlg mechanical stresses in the foundation system and in the individual ‘ Iter
structufe. Further it causes displacements of the structure relative to other equipm

The aifn of the seismic design of the equipment is to achieve adequate peyforman 3 ing
earthqyakes at acceptable expense. In the case of severe seismic lo \ ig be
affecteql, e.g. the choice of mechanically robust configurations may be/preferrad.

Adequate seismic performance means that at least the functio qui ing
and aftpr the seismic event. This requires that

e the structure withstands the mechanica S in

e adequate electrical ive
displacements ar

With r¢spect to the special G rial

(porcelpin), it is important that\realisti ads and reasonable evaluation criteria are defined by [the

Custoner. Howev@g 3i ificationdiscussed in this Section is the responsibility of|the

Contragtor. Informal o icati gismic requirements may be found in IEEE 693 [Ref. 14}1].

14.2

14.2.1

Proper|seismic-engingering for a specific project requires specification of the seismic activity of the region
of insfallations by quantitative engineering parameters. Usually this is done by defining a "degign
earthqyake”, that is a specification of the seismic ground motion at site in terms of the maximum ground

accelernfinn and tha ca ~allnd "racnanen cnnctre '™
ctrioHaRotHe-SO—tCanta—ESpoRst—Speetruth—

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.

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
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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 "required response spectrum”
(RRS) of IEEE 693 may be used. As an example the RRS for moderate seismic requirements is shown in
Figure A14-1. The maximum ground acceleration in this spectrum is 0.25 g.

uctural
pctrum)

y to derive a secondary response spectrum (f}6

14|2.2 Additional loads
Addlitional loads which have to be considered acting simultaneously wi

e dead weight,

In s ad-a ¢ uit load may be specifiegl to act
sim bi for the
add

14

In gddition to the loads d ) 2 > on the
gro haterial
the should
thefefore be spegi>d

14

Ch kind

of , cept a
ver performance based on results of tests previously performed on structJJres of
simji gismic requirements. For details on seismic qualification by testing refefence is
magle to IE

Thd usual practice for qualification however is by analytical methods.

14.3.1 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.

The kind of the analytical method, static or dynamic, mainly depends on the type of equipment. Complex
structures with natural mechanical frequencies within in 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,
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the numeric calculation is carried out using a generally accepted computer program. For background
information on the subject of seismic analysis of mechanical structures the reader is directed to References
14-2 and 14-3.

One of the following analytical methods is usually applied:
a) Response spectrum analysis
A structure consisting of several spring/masses will have a number of different natural vibrations,

denoted vibration modes. Each mode vibrates in a specific form (mode shape) at a distinct natural
(modal) frequency. The determination of the mode shapes and the modal frequencies is called

madal analcic Tha racoanca aftha ctrotiira many, ha forind by tha ciinnarnacitinn AFf tha /oo

rnroucr Mlluly\.)ld LILILAZ IDJHUIIJM VT Uic otruouiure Illu_y VU TUUTTU U_y e \JU'J\;I HUJILIUII VT LUTC TTTUATTT um
responses of each individual mode which are obtained from the response spe scaled \to| the
prescribed maximum ground acceleration value. In practical cases only afe be

considered in the analysis to obtain adequate accuracy.
one
% modal
ed,
fem
, hod
a record of ground motion, usually ¢ me, i the
stresses, accelerations and displa . 2 i ing[ an
i fore

only used in rare cases.
b) Static coefficient method
This method may [De i A1) haying gne signifi es.
Then the seismic|load th the
seismic f-‘ ‘ﬁ 3 the
mass of each g0 the
response spectrt for
structure may be a head type current transformer consisting ¢f a
ted
c) Static analysis

ThHis method is applicable when the equipment may be assumed to be rigid, i.e. the natlral

A %Y H L _fron d 1217 11 Th +h H H £ L + £ th
rmevriarmear IICL.iUCII\.aICD CACLCTU VO 114, TTICTT,  UUIC OSCISITIG  TUTUCO  UIT TAUuTll \:UIII'JUIICIII. Ul e
equipment are obtained by multiplying the value of the mass of each component times the
maximum ground acceleration.
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14.

3.2 Design criteria

The design criteria define the required minimum safety factors as well as the buckling requirements.

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.

- Brittle materials

I-OI' components contalnlng pritue matertals, such as ceramic Insulators, da EC]UII'eG Salety

brittle materials.

- Ductile materials

The
ind

14

The

- Sdi

Thi

factor
hgth of
by the
factor,
ade of

members, the rpquired
e uItimate strength. The

should

r loads

5 comprises a short summary of the seismic verification, describing equipment, methods, loading and

mo

t important results.

- Seismic qualification report

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:

e ashort summary

e adrawing of the equipment and its support showing the major components

e adescription of structure and the corresponding analytical model

¢ loads and load combinations
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a description of the analytical method and of the adequacy for application

14.4 Examples of improvements in the mechanical design

results from dynamic or static analysis (displacements, forces and moments, stresses on
elements, foundation loads)

In the case where the seismic load requirements are decisive for the mechanical design of the different filter
structures some typical measures can be taken:

use of mechanically stronger material in structures (e.g. steel and porcelain) and in the filter

Sometimes two or more of the measures listed

component itself,

use of other geometrical design of support structure and insulators than ¢o actice’ (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 o o bina]
of both,

vibration isolation of the structure from ground by the

increase of structural damping by the use of damp

ion
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Appendix 14.1
Example of response spectra
(from IEEE 693 - 1997)

10
059
Damping
08
2%
0,7

06

05

0.4

03

D, 25
02

Response Spectra, Acceleraftion in units of g *

_ (321-068-In(D))
B 21156

whdre damping expressed as 2,5,10, etc.

The|factor _in'thi
by the following:

QHz-11Hz __ 0572% *f

10

ormHa has no physical meaning. It is used to calculate the value of the acceleration (in un

1.1Hz-8Hz ... 0.625*
8Hz-33Hz ... (6.6% -2.64)/f-0.2* +0.33
33 Hz and over ... 0.25

ts of g)
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15. AUDIBLE NOISE
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15.1 General

An important consideration of converter station design is to prevent potential annoyance of people living
nearby due to intrusive audible noise. The intention of this Section is to inform Customers of the
background to audible noise limitations and the relevance to a.c. filter design. The treatment of audible
noise limitation in the Technical Specification can be significant, and the issue may also be prominent
during bid evaluation discussions and the subsequent project design.

It is recommended to relate the Specification requirements to regulations on environmental noise for homes,
residences and communities near to the converter station.

Requirements for attaining an acceptable noise environment may become a key parameter for the layout of
the corfverter switchyard, affecting both technical and economical aspects, and may havean rmpact on|the
a.c. filfer system design (e.g. circulating current in a double tuned filter may give (i bble
noise),|as well as the design of individual components. The inclusion of special so imiti yeasures in
equipment design will add to the cost of that equipment.

Since gorrective measures for noise reduction during and after commissjghing_ace and
time gonsuming it is recommended that the Customer should pa et Dise
requirgments already during the preliminary planning stage when selgcting. the site of the onverter statjon.
Audiblp noise limitation is often an important consideration in licensi

Audiblg noise may be defined as an assembly of acoustic waves in(ai s ie i m’uan
ear. Nqise may consist of a monofrequency acoustic sigral {toge : of
frequenjcies. For definitions of acoustic para

Sound fctive components such as a.c. filter reactars ahd ca ¢ i ithin
the yarfl so as to minimise sound radiation to floise-sensitivea : i

15.2| Sound active 0

The most prominent glectrical e { e sources for audible noise emanating from an HVDC
station|are the con 3 \ p i and
the capgacitors and res us the a.c. filters are only one of several sources for the acoustic
noise of an HVDC statid Wil

contribyte to the ovefall aco

The generatior\ of souqd_By)capacitops depends on the voltage applied across the capacitor The elegtric
forces |withinthe_ ca ‘ the
capacitor Urj

The sqund generated_by air core reactors results mainly from vibrational winding forces caused by|the
interaction oOf the current flowing through the winding and its magnetic field. In case of iron core reactors
further|vibfations of the apparatus are induced by forces acting in the magnetic circuit.

In both cases, capacitors and reactors, the vibrations of the surface of the apparatus generate acoustic noise
which is radiated as airborne sound into the vicinity of the equipment.

Since these noise-generating forces are proportional to the square of the electrical load, voltage or current,
the frequency spectrum of force and thus of sound differs from the electrical frequency spectrum.

As an example, Fig. 15-1 shows the current spectrum of a filter reactor. It is assumed that the current
consists of a component with fundamental frequency f and one harmonic component with harmonic number
n.

Fig. 15-2 depicts the vibration force components acting on the winding of the reactor. The force consists of
components with frequencies 2f, f(n-1), f(n+1) and 2fn.
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current
N
N
> frequency
f f.n
Figure 1o.1
Electrical spectrum
force
N i
| ‘ ‘ fre
2f f.(n-1) f. (n+1)
In gommon with any mechanical structure, a cap' eactor with distributed mass and stfuctural
properties has several major structural Tgs0Nna wphificagion of the equipment vibrations ald thus
incteased sound generatio encies of the force spectrum coincigle with
thege structural frequencies
For| proper consideration 0 the a ic-b iQur of the filter components it is therefore inevifable to
include both th B d the \

power

ral and
ear the
mplete
0 be up
jally in

terms of maximum aIIowabIe sound power Ievel) S0 as to meet the overall sound requwements

When specifying sound requirements it is necessary that the Customer clearly specifies valid operating
conditions for the station. For economical reasons it is advisable to consider only normal operating
conditions and to exclude short-time, or any extreme, conditions from sound requirements. Here normal
operating conditions means steady-state conditions that last longer than a specific time, normally more than
one day, but possibly as short as a few hours, depending on any applicable regulation or code of practice.

The sound requirements for a converter station at stated operating conditions are usually specified by the
Customer in terms of a maximum allowed sound pressure level at particular points in the vicinity of the
station, or at a specific contour surrounding the station.
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Sometimes this contour is chosen to be the fence line around the converter station. Typical values for
achievable sound limits at the fence range between 50 and 60 dB(A). However, such a requirement may
result in a sound reduction strategy which is not necessarily adequate. The sound requirement at the fence
might be met by avoiding the installation of sound-intensive components close to the fence. However, this
may not lower the sound level of noise-sensitive areas more distant away from the station, which was the
purpose of the requirement.

Therefore it is advisable to specify particular sound-critical points or a contour containing these critical
points more distant relative to the station, where the impact of noise may be crucial and statutory sound
requirements have to be met.

In virtually aII countrles there exist publlc regulatlons for enwronmental sound. Such requwements are
for

various ;
50 dBA 3 |st|nct tores: Defails
on requi , i i ibedNin ordinagces™qf these
regulatjons. It is advisable that the Customer refers to the relevant environme agulati
than establishing his own rule.

15.4| Noise reduction

The prpcedure for meeting the sound criteria for converter stations 8g di . Firstly
the station should be planned for an acoustically optimis 3 ¢ -adtive
compo! ¢ i

the
tive
p of
ther
stic
the

t measure against noise is the maximy
of the sound active components ’

itor

eNts

und
that
ces.
If the noise level hawevex can still not be met, then further sound reduction by providing sound reduging
screendy might\be apptied. However, it should be borne in mind that such measures may be costly,
depending.ohthe necessary extent for sound reduction.

Consideration should also be given to the mounting structure and to the electrical connections of the sound-
active components so as to avoid transmission of component vibrations to other equipment.

Another measure to reduce the noise, not commonly used today, is to apply an active sound-cancellation
technique comprising, for example:

o microphones installed at the sound radiating surface

o an amplifier and control circuitry

o loudspeakers installed close to the sound radiating component
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Appendix 15.1
Definitions of acoustic parameters

The quantitative acoustic parameter describing the amount of noise which is perceived by the human ear is sound

pressure. It is customary to express sound pressure through the use of a decibel scale as sound level.

The sound pressure level (Lp), in decibels (dB) is defined by

L, =20log,, P (15-1)
Po

where p is the measured sound pressure and po is a reference pressure of 20 x 10 Pascal,
pregsure corresponding to the threshold of audibility.

representation of sound impact to humans. A-weighting assigns to each frequenCy™s
senditivity of the human ear at that frequency. (Regarding sound level metersand A-we

1]).

Singe the noise level distribution measured around sound active ofjects i ; ifor it is sometimes
to dssess noise levels on spatial average figures gained from gevera sfiNg>positions rather than on on
disdrete position. The average sound pressure level ('—pA) is\calculated RE ufed values of the A-

sound level LpAi by using the following equatior;

(15-2)
As pound pressure des ibes ¢ gound waves generated by sound sources, sound power is the pa
correspondi nd energy radiated from the power source. Since the noise (=sound pressu
in the far field ase sources is governed by their individual sound powers, it is more appro

desgribe’the BEUi on components (capacitors and reactors for example) by their sound powers rat

by theirsaund pr&

Sinpilar to seund™pressurs

The|sound-power level (Lw), in decibels (dB) is defined by

also sound power is expressed in a logarithmic scale as sound power level.

ffective

rement.
he best
d to the
Ref. 15-

desired
E single
eighted

rameter
e) level
Driate to
her than

=10lo ﬂ 15-3
w = O10 W (15-3)

0

where W is the emitted sound power and W, is a reference power of 10-12 watt, corresponding to the threshold of

audibility.

The A-weighted sound power level (Lwa)of a sound radiating object may be gained by measuring the A-weighted sound
pressure level in a number of points located on a hypothetical envelope which encloses the object in a definite distance,

calculating the average sound pressure level LpA as demonstrated before and calculating Lwa by
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S
Lya = L,a +10l0g,, (S—] (15-4)

0
where S is the area of the envelope (in square meters) and S is a reference area of 1 m?
Hereby it is assumed that the sound power within the hypothetical enclosure is independent from the distance to the

sound source. While the surface of the hypothetical enclosure increases with increasing distance from the sound source,
the sound pressure decreases so that the sound power remains constant.

@%
o
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16.1 Introduction

This section is intended to serve as a check-list for a Customer preparing a Technical
Specification, and gives a review of which essential parameters and requirements must be
specified.

Whenever appropriate, cross-references to those sections where more detailed information is
available, are given at the right hand side of the page.

Cross-
reference

The following parameter information, for the bus where the filters will be installed, sho
given Ky the Customer:

e at both ends of the HVDC transmission scheme,
o for each stage of development

o for any expected future changes.
16.2| A.C. system parameters

16.2.1 Voltage
The following voltages should be specified:

e The nominal system
designated.

. Rated a. i: volt

Any specia

may influence the:design\(e.g"rating) of the filters, e.g. temporary overvoltages.

16.2.2~“Voltage unbalance

1213.5

The negative sequence component of a.c. voltage calculated according to the method of
symmetrical components is that balanced set of three-phase voltages whose maxima occur in
the opposite order to that of the positive sequence voltages. It is generally expressed as a
percentage of the rated voltage and it is mainly responsible for the generation of third order
harmonic current by the converter.

As the negative sequence component normally varies with time and system conditions, the
value to be specified should be the maximum value which is to be used in the determination of
non-characteristic harmonics. It may be advisable to specify a lower value for use in filter
performance calculations than for rating purposes, in recognition of the time-varying nature
of this parameter. The Customer should be aware that specifying too high a value of negative

4.4.6
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sequence voltage to be used in the performance calculations, may force the Contractor to
include a 3" harmonic branch in the filter solution.

12.2.1
Typically the negative sequence voltage is in the range of 0.5% to 2.0% [Ref. 16-1]. If a
converter is located in the close vicinity of a generating station even lower values could apply.
16.2.3 Frequency
The following frequencies should be specified:
e The nominal frequency of the a.c. system.
o Steady-state frequency variations, that is, the ranges, in conjunction wi
voltage steady-state ranges, over which the a.c. filters shall wg
performance and continuous rating requirements shall be met.
e Short-term frequency variations, that is, the limits and duratix
frequency excursions for which the filtering performapce™
emergency, thé a.c. system
' excursions and
sdch)~conditions, the a.c.
12.35
16
Ma
filte
(M
Diff
filtg
inte
17.7.2
The

requirements.
16.2.5 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.
8.4.2
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Filter switching will also create transients which may have to be controlled. Measures to
control switching transients are the use of pre-insertion resistors and/or opening resistors or
synchronised switching. If the Customer has preferences regarding any of these measures, this
should be specified.

16.2.6 Reactive power interchange

The allowed limits of interchange of reactive power between the a.c. system and the converter
station, has to be specified for all operating conditions of the HVDC transmission.

8.2
16.2.7 System harmonic impedance
The a.¢. system impedance at harmonic frequencies, to be used in filter performan d
rating ¢alculations, must be specified.
3]9.5
16.2.8 Zero sequence data
Data cpncerning zero sequence impedance should be given for the
short time rating calculations and possible telephone interferen
a.c. ovérhead lines.
7.3.5)9.5
16.2.9 System earthing
The eafth fault factor or reactance ratio X0/X¥kshould be ingicated at the point of connection.
Alterng ly earthed or earthed via
a coil.
16.2.
The lig A ‘ e level for the HV and neutral connections,
and the e N pecified. The protective margins for items of
filter equipment should a o 9
of equi
104
16.2.
The crg
[Ref. 1
92.4
An increased requirement is usually specified for bushings or insulators atfached In a
horizontal position.
If creepage distance is specified it is important to co-ordinate this parameter with given
parameters for insulation and pollution levels.
16.2.10, 16.4.2

16.2.12 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
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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.

3.24, 5, 9.2.1,

In cases where the performance criteria is based on a total acceptance level, i.e. existing plus
new harmonics, the method for adding these two harmonic sources should be specified.
Possible methods can be linear or root-sum-square.

When specifying the pre-existing voltage distortion, frequencies other than m
funflamental may be relevant, depending on which sources of harmonics cg
e.g/|railway systems.

Def]
In

allg
gen

, some
e converter

16|
Thd
Sys
16

Red
foll

filtg

16|4/.“Environmental conditions

8.4

12.2.1, 185

7.1.6

3.24
9.21

5.1, 7.4
2,12.6

16.4.1 Temperature

When specifying 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.
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16.4.2 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
[Ref. 16-5,16-6, 16-7].

16.4.3 Wind

Maxim

um continuous and maximum gust, needed for equipment and equipment support

mechanical strength design, should be specified.

16.4.

Maxim
specifig

Maxim
effectiy

16.4.
Maxim

resisto
protect

16.4.

Lightn
the ove

16.4.
Seismi
The m

floor rd
Further

16.4.

1 Ice and snow loading (if applicable)

um ice thickness with and without wind is needed for structure design and
d.

um depth of snow should be specified, to define the equipment heig
e ground level.

b Solar radiation

um incident solar radiation may be specified. Thi
s and rating of capacitor banks in gas
on.

b Isokeraunic levels

1 Seismi: req
C performance yéguire

Noise ]rom a.c. filters has to be co-ordinated with the total noise from the converter station or
substatjon.“The total permitted noise from the station should take into account requirements of

any applicable regulations or codes of practice. The effects of noise are generally treated as

those ¢

oncerning nuisance to the public outside the boundary of the station or noise effects in

the working environment.

14

15
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16.5 Electrical environment
The following information and parameters may be specified if applicable.
e The presence of another nearby HVDC converter station should be stated, if

applicable. The source impedance, filter configuration and harmonic generation
data should be given.

3.3.3
12.5
16.2.12
e Adjacent transformers, shunt capacitors or reactors should be identified, if
npplirnhln The size in MVZA or Myvar should be gi\/nn as\well as the short circuit
impedance for a transformer. The reason behind the need for these par
a possible requirement that inrush currents have to be limited. (A
means that another substation is located within the same statj
converter station.)
10.2.4
e Adjacent surge arresters data should be specified if applicak
influence on the insulation co-ordination study.
Geomagnetic currents flowing in connecting a.c. hr
12.4.4
16,
16
If 3
spegifi
6
If sg
7.2.2
If gnyrestrictions related to number of filter discharges per hour exists this should be
spetifie:

If binary switching of filters is allowed this should be specified.

If preference for any specific earthing system of the filters exists this should be specified.
16.6.2 Filter capacitors
Preferences on type of fuses to be used for capacitors may be specified, i.e. internal or external

fuses or non-fused capacitors for special applications.
13.4.6
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Maximum discharge time of a capacitor may be specified as well as minimum allowable re-
insertion time for a capacitor bank.

Acceptable levels of capacitor unit or element failures corresponding to alarm, delayed trip
(stating required delay) and trip levels should be stated.
16.6.3 Test requirements

Test requirements for filter components, i.e. capacitors, reactors, resistors, arresters etc. may
be specified, normally by references to applicable standards.

If test vlequirements are not specified then it is recommended that a list of tests to be co 0
is required to be included by the Bidder in his bid.

16.7| Protection of filters

Any prptection requirement for a specific filter, or filter component,

16.8| Loss evaluation

For optimisation of filter design a capitaliseg he conditions

under V

16.9| Field measure

Field tgsts can be divided|inte_st Y an S ests. Such tests may be specified to
verify |component i i : 2. Normally the sub-system tests are
performed by the 6{3?}. i ests\éan be performed jointly by the Customer
and th¢ Contractor. ¥: icati of the any filter performance test results
should

16.1(

o, ‘safety measures such as surrounding the filter yard by a fence or mounting filter
components on steel structures with a specific height,

e anti-corrosion measures such as painting and galvanising,
e maintenance intervals,

e maintenance accessibility, especially if a hydraulic platform is required to remove
capacitors etc.,

e quality assurance program to be followed,
e mounting aspects / physical limitations,
o limitations on available site area,

o any specific risks due to birds, snakes, or vermin.

1341

17

13

11

18
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17. EQUIPMENT DESIGN AND TEST REQUIREMENTS
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17.6.2.2 Current transformers: EleCtrical data...........ccooeevvveiiiieiiiiiiiiee e
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17.1 General

Depending on the chosen filter arrangement (see Section 6) the filter will be made up of a combination of
capacitors, reactors and resistors, connected to the a.c. bus by suitable switching equipment. Additional
equipment must be included such as surge arresters for overvoltage protection and instrument transformers
as part of the filter protection system.

There are a number of factors which all have significant influence on the design and the ratings of the filter
components. Basic information which the Customer has to provide in his bid request is described in some
detail in the foregoing Sections 14, 15 and 16.

This Section aims to give the Customer some guidance for:

e particular technical information on the filter components the Customer provide\in| his
specification
e requirements on design, production, testing, installation and mainte gnts,
which should be specified by the Customer

. be
17.1.1
The a.g. (Vi-
ronmer lion
(industri Dise
require
The Cystomer should indicate fa cuI i ioh 0 i .c. fi . icaple,
the Cuptomer should indicate g i S i itchi i ent
switching operations, as thi e ive 1 ‘r:ify
the exgected number.of 0 Iter
should oe disconne
17.1. n,
main
Since i S e" parts, fencing of the filter equipment for achieving persomnel
clearan 3 bort
structu A : The
Custonper may spegi 2 ce.
It is recommended that the Customer requires the Contractor to specify the type of support insulators ysed
for the[maunting 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
815 [Ref. 17-1], as well as Section 16.4.2 of this Guide). Creepage requirements should be based on the
maximum voltage (including harmonics) appearing across the insulators or bushings, evaluated in
accordance with Sections 9.2.3 and 9.2.4 of this Guide.

The Customer may require the filter to be made up as far as possible by identical interchangeable
components so as to simplify maintenance and stocking of spares.
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For ease of transportation and installation the Customer may require that each equipment component should
be equipped with lifting eyes or similar provision for lifting the unit.

The Customer may impose a maximum height requirement for any equipment. He may further require a
maximum limit on weight of components (capacitor units for example) depending on their location relative
to other filter equipment. If the Contractor exceeds those limits he should provide appropriate tools for han-
dling during installation and maintenance.

The outline of the filter components should be designed so as to eliminate as far as possible any visible
corona at voltage levels typically up to 20% above rated voltage.

The Customer _may adV|se the Bidder that the fllter components shall be de5|gned to Wlthstand the opera-

normal
, if ap-
stomer
ettain filter
ance is
proyided.
17)1.2.1  Quality system requirements
It ip recommended that the Customer specifies hIS quality
sys i p of the
a.c.
Usy should
rev scribed

As
pro

ef. 17-2] or other internationally recognized [quality
adequate for the supply of the a.c. filters equipment

Fur] SEIN ) Customer may state specific requirements on the kind and
quafli i xkna ¢ should include for example requirements on materials Used for
termi rface protection by galvanizing or painting, specific requirements on
weldi

The y ify\requifements on the Contractor's documentation. Usually the activities for| design
and 10RY st sting, installation and commissioning are based on inspection and tesf plans.

Thy i i t ptdn should define hold points for witnessing inspection or testing by the Cystomer
or I ion re

It i§ re¢commended that Customer requests the Contractor to submit this documentation for approvall during
the detaited design stage of the equipment.

17.1.2.2 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. It should be made clear on which
standard body, IEC or ANSI/IEEE, the design, rating and testing of the filter equipment shall be based on.

The test program for component specific tests will depend on a number of parameters such as the general
technical concept of the filter, overvoltage protection, service experience with specific components gained
from other HVDC projects, etc. The test program should ascertain that the specific component will provide
the required performance and will withstand all defined electrical and environmental conditions
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encountered in the field. However, it should be borne in mind that requirements for tests covering
unrealistic conditions may considerably increase the cost for the equipment.

The test program should be established in co-operation between the Customer, the Contractor and his sub-
supplier. Usually it is split into routine tests, type tests and if necessary special or "other" tests. It may be
advisable that the Customer or his representative plans to witness type and special tests. This is of particular
importance in case of difficulties in performing a test, or if there are any doubts about the test result. In this
case the Customer's representative may assist in making an immediate decision on how to proceed with
testing.

Certified test reports on previously performed type tests on similar units may be accepted in lieu of
performing a type test Relevant test reports should be submitted to the Customer for approval, including a

t A Aoy aatione doclon v tochinical Aata 1f ~nn~nn ad 1n Ling AF narfarmiina A B tnct thacn ran t
I’epOI’ ARG e HORS—H u\.olgll \vimmavivpinlavicipav oy ray g | uu.'\a\.r.lu.u T CO O PCTToTTHTg oty ptte St e St .\.HDI’ S

should|be included in the inspection and test report as part of the documentation.

If applicable, the Contractor should perform a seismic qualification for each equipre
on its qupport structure. Seismic qualification may be performed either by analy
(see Sertion 14).

17.1.83 Technical information to be presented b

The Clistomer should require the Bidder to provide a genera iption ¢ i i ing a
schematic dlagram clearly |dent|fy|ng the |nd|V|duaI fllter co pnent. y i Iter

the

be requested by the Customer if deemed to hé . i i r to
the thefmal time constant of reactors, resistor

The numerical values of the inthyidua 5 ) i ing
on his|filter design. Since ) articular for tolerance may be critical and sometines
difficult to achieve, s:h values-are onsultation with the component sub-suppliers.

per

The rated” harmonic frequency is that frequency to which the relevant parameters for harmonic fllter
performance are referred. For single tuned filters this frequency is equal to the tuning frequency, for dodible
tuned filters this may be the geometric mean frequency of the two tuning frequencies or may refer to both
tuned frequencies.

o Voltage rating

The rated voltage Uy (rms) assigned to an a.c. filter capacitor bank is discussed in Section 9.2.3 of this
Guide. The rated voltage of the capacitor units U, (rms) must be higher than or equal to the rated voltage Uy
of the capacitor bank divided by the number of series connected units.

It should be noted that there are considerable differences between IEC 60871 [Ref. 17-3] and IEEE 18 [Ref.
17-4] in terms of permissible long duration overvoltage capabilities of capacitors. (See IEC 60871 Clause 19
and IEEE 18 Clause 5.2.3).


https://iecnorm.com/api/?name=d77aece7f313bebb942afb6d58103705

- 190 - PAS 62001 © IEC:2004 (E)

It is recommended that the Contractor presents oscillograms of the transient oscillatory voltage appearing
across the capacitor banks, together with the anticipated number of events per year, in his specification to
the capacitor sub-supplier.

The rated voltage of a reactor or resistor is the arithmetic sum of the voltages at fundamental and harmonic
frequencies. The rated voltage across a reactor or resistor is discussed in Section 9.2.3. The voltage rating to
ground depends on the position of the reactor or resistor relative to other filter components and may differ
from the voltage rating between the terminals.

e Current rating

The rated current is the square root of the sum of the squares of the current at fundamental and harmonic

f Heral L Contioa 0.9 I\
rec ULTIvITOo (oLL OLLLIVUIT J.4.9).

17,2 Capacitors

17{2.1 Capacitors: General
Thdre are two internationally accepted standards applicable/for th : )y a.c. filters, that ig firstly
IEQ 60871-1 (1997) [Ref. 17-3] and secondly IEEE Std ecommended to r¢fer for
general requirements on capacitors to one of these twgsts

For|clarification of terminology the followd

ting of

cted in

o Seriei groyp:-A's

cluding
r rack-

hs and
onsists
hsuring

aassociated monitoring and protective equipment. Often, a capacitor bank ¢
wo identical stacks connected in parallel so as to provide a bridge arm for me
& between the two stacks.

In dingle’line diagrams the capacitor bank is represented by a lumped single phase capacitor.

17.2.2 Capacitors: Design aspects

The Contractor should illustrate the circuitry of the individual capacitor banks and capacitor units to show
how the specified capacitance values are arrived at.

e Capacitor units:
Depending on the environmental site conditions it may be advisable to make the cases of the capacitor units

from stainless steel. The cases should be designed as to allow for expansion and contraction due to all
ambient and loading conditions expected during the life of the unit including short term and transient
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conditions. The capacitor manufacturer should provide the criteria for determining when expansion of the
case is normal and when it is due to capacitor failure.

Usually the capacitor units are bolted to the rack. Each capacitor unit should be mounted so that it can be
easily removed from the rack and replaced without removing other units or disassembling any portion of the
rack. Depending on the weight, if necessary each capacitor unit should be furnished with lifting eyes.

The dielectric fluid used within the capacitor unit shall be environmentally safe and biodegradable. The
capacitor unit must not contain PCB type fluid. The capacitor elements should be vacuum dried inside the
case prior to impregnation with the dielectric fluid. After impregnation the capacitor unit should be sealed
immediately upon removal of the impregnant reservoir.

The CUFFeR altaaa and loviar vatina AF thn annaniday Linite Ao all ac tha ma~ciivn dcanac: wHanea or the
TTCTTt V\.lll.Mub oo IKvor rat g~ ot e~ Copuctor—orito— oS WeH—aS—the—hReasttea oo ict—oT

tolerange class should be given on the capacitor unit nameplate, as per IEC/IEEE stand3

o Disgharge resistors:

Each ¢ L or
IEEE S er.

e Fusks:

Fuses res.
Interna

The C 3 red
acceptd settings of the unbalance protectjon.
The C arrangement will meet the Custonjer's
require

e Rad

Usually ipns.
Lifting the
envirot | or
corrosi

The str e 5 shou d not be used as electrical buses. There should be only one sifgle
electrig ' ack
should ing

mainte

Each rack should-be~clearly labelled with the weight of the fully equipped unit, the phase and bank of wiich
it formp a part,*and the Thaximum and minimum capacitor unit capacitances which may be substituted |nto
the rack-as(spares. Suitable warning labels should be affixed.

e Capacitor bank:

Special attention should be drawn to the capacitor bank design so as to meet acoustic sound power levels as
specified in the Technical Specification (see Section 15). A sound power calculation should be provided for
each bank.
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The following table 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.

Capacitor Design Parameters Units

Rated harmonic frequency Hz
Rated capacitance per phase (at +20°C) W
Tolerance on rated capacitance + %
Maximum variation of capacitance versus temperature % /°C

ximum 11 I vol ndr m W/kvar
Maximum dielectric losses at rated voltage and rated temperature Wikvar
Variation of tan versus frequency ﬁ‘)
Rated voltage (Uy) across capacitor bank including harmonics RALYaN

Harmonic voltage spectrum **), steady state

< \\Q/k\(«n

Minimum voltage across capacitor bank excluding harmonics

Total current (including harmonics)

Harmonic current spectrum **), steady state

Continuous voltage across capacitor bank for evaluatio
level including harmonics

m@m\v

Harmonic voltage spectrum for evaluation of sound bow(\pevel N/ KVims
Maximum sound power level '\ N dB(A)
Lightning impulse withstand level (LIWL) /' \ » . )
High voltage terminal to ground N/ KV
Low voltage terminal to ground /X kv
High voltage terminal to low volage ferminak. N\, kV
Switching impulse withstand level (SIWL) ¢
High voltage terfiinalo roun\d\ SN kV
Low voltage terminal to gro kV
High voltage [terhuna[\o\lovNohage termin kv
Applied 34, test Voltage to groundX50Mz 0op60Hz, 1 min.) KV s

17

Unless otherwise

4 levant
seclions ‘of standards IEC 60871-1 [Ref. 17-3] and/or IEEE Std. 18 [Ref. 17-4]. Tests on support in(sEIators
wherexapplicable, may be performed in accordance with IEC 60168 [Ref. 17-5]. If the Customer has additional

fundamental to the highest harmonic should be given as

ated, routine tests and type tests should be performed in accordance with the

specific requirements for special or "other" tests and for verification of equipment performance then these

should be stated.
Such requirements for example may include:

o Discharge test

A discharge test of the capacitor unit should be performed by charging the capacitor to a d.c. voltage equal
to 1.7 - 2.5 times the rated voltage and discharging it by a short-circuit between the terminals. The d.c.
voltage level to be used in the test should be agreed between Customer and Contractor

e Measurement of capacitance dependence on frequency and temperature
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e Impregnant test

The component supplier should propose tests to prove the adequacy of the chemical and electrical
characteristics of the applied impregnant.

e Verification of acoustic noise

The Contractor should demonstrate by analytical methods the expected total sound power level in dB(A) for
each capacitor bank at fundamental and harmonic voltages as given in the electrical data list.

e Seismic qualification

To be [lerformed by the Contractor or his sub-contractor, if applicable. (See Section 14)

17.3| Reactors

17.3.1 Reactors: General

NS a
Wil
five

The standard usually applied for specifying a.c. filter reactols is
section| dealing with filter reactors. Further, the recently pevisad s
be an |applicable standard for future filter fea »

appendix specifically dealing with filter reacts

Since the type of reactor applied in a.c. filters fers

to this fype of reactors only.

17.3.2

Usually by
natural 2 pSt 19 the
climati anditiol G red at site. For reactors installed in areas of high ufban
based gollution or ocgaqi e ic ing
against : t cur
on the .C ype
pollutign can oscur, the ow
temper i N on

the wirdi

The ter

Dry-type-gir-core reactors do not have an iron core. Therefore the magnetic field is not constrained and fill
occupy the space around the reactor winding. Although the magnetic field reduces In strength with increase
in distance from the reactor, the presence of this field must be taken into consideration for the installation of
dry-type air-core units. The extent to which care has to be taken is largely a function of kVA and is lower
for low KVA units.

Usually the reactors are mounted on support insulators and support structures. The reason for providing
support structures may be twofold, firstly to supply safety clearance for substation personnel to the
equipment on high potential and secondly to provide sufficient magnetic clearances to the foundations on
which the reactors are installed.

The dimensions of the electrical terminals of the reactor and the associated connectors should be kept as
small as possible so as to avoid substantial eddy current loss due to the magnetic field of the reactor.
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The support structure should be designed so as not to have shorted loops otherwise currents could be
induced by the magnetic stray field of the reactor. Grounding of the support structure should be
accomplished without creating closed loops in the grounding system.

If necessary, the winding may be designed with intermediate tap positions for inductance variation in steps.
Tap position setting is done off-circuit, by hand, without affecting the reactor's main terminal connections.

Usually the filter circuits would require the use of reactors with g-values at harmonic frequencies much
lower than the "natural™ reactor g-factor. This may be achieved by connecting a resistor in the circuit with
the reactor to damp the filter response. Usually the resistors are connected in parallel with the reactors. An
alternative to the use of a resistor is the addition of a de-q'ing structure on the reactor, that can reduce its g-

. . . O . iretsited-metathe rings
energy

The induced currents in the closed

which couple with the main field of the reactor.

Ift idf valve
doe

Spe vels as
spe t. (See
Section 15).

¥



https://iecnorm.com/api/?name=d77aece7f313bebb942afb6d58103705



