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FOREWORD

International Electrotechnical Commission (IEC) is a worldwide organization for standardization confprising
ational electrotechnical committees (IEC National Committees). The object of IEC is to promote interrjational
bperation on all questions concerning standardization in the electrical and electronic(fields. To this gnd and
ddition to other activities, IEC publishes International Standards, Technical Specifications, Technical Reports,

licly Available Specifications (PAS) and Guides (hereafter referred to as HEC Publication(s)")
baration is entrusted to technical committees; any IEC National Committee interested in the subject de
participate in this preparatory work. International, governmental and non-governmental organizations

Their
plt with
liaising

the IEC also participate in this preparation. IEC collaborates closely with" the International Organization for

hdardization (ISO) in accordance with conditions determined by agreeméent between the two organiza

ions.

formal decisions or agreements of IEC on technical matters expres$, ‘a@s nearly as possible, an interrjational

sensus of opinion on the relevant subjects since each technicak committee has representation f
rested IEC National Committees.

om all

Publications have the form of recommendations for interfational use and are accepted by IEC National

hmittees in that sense. While all reasonable efforts are<made to ensure that the technical content
lications is accurate, IEC cannot be held responsible for the way in which they are used or
nterpretation by any end user.

rder to promote international uniformity, IEC National Committees undertake to apply IEC Publi
sparently to the maximum extent possible in theirinational and regional publications. Any divergence b

of IEC
or any

cations
etween

IEC Publication and the corresponding national or regional publication shall be clearly indicated in th¢ latter.

itself does not provide any attestation ;@f.¢onformity. Independent certification bodies provide corfformity
assessment services and, in some areas, “access to IEC marks of conformity. IEC is not responsible

ices carried out by independent certification bodies.
Lsers should ensure that they have:the latest edition of this publication.

liability shall attach to IEC of its directors, employees, servants or agents including individual expe|

for any

rts and

mbers of its technical committees and IEC National Committees for any personal injury, property danjage or
br damage of any natute whatsoever, whether direct or indirect, or for costs (including legal feds) and
enses arising out of-the publication, use of, or reliance upon, this IEC Publication or any othler IEC

lications.

ntion is drawn to the Normative references cited in this publication. Use of the referenced publica
spensable for the correct application of this publication.

ntion is dfawn to the possibility that some of the elements of this IEC Publication may be the subject o
ts. IEC.shall not be held responsible for identifying any or all such patent rights.

transr

and equipment. It is a Technical Report.

R©2001-1 has been prepared by subcommittee 22F: Power electronics for ele

ions is

patent

ctrical

ystems

This second edition cancels and replaces the first edition published in 2016. This edition

consti

tutes a technical revision.

This edition includes the following significant technical changes with respect to the previous
edition:

O T o

)
)
)
)

o

general updating of the document to reflect changes in practice;
10.2.4 on fuseless capacitors has been transferred to IEC TR 62001-4;
Clause 11 on future developments has been expanded;

covered by IEC TR 62543.

10.3.3 and Annex F on voltage sourced converters have been deleted as their content is
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The text of this Technical Report is based on the following documents:

DTR Report on voting
22F/614/DTR 22F/623A/RVDTR

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

The language used for the development of this Technical Report is English.

This

ocument was drafted in accordance with TSO/TEC Directives, Part 2, and developed in

accorfance with ISO/IEC Directives, Part 1 and ISO/IEC Directives, IEC Supplementfavgilable
at www.iec.ch/members_experts/refdocs. The main document types developed~by IEC are
descr|bed in greater detail at www.iec.ch/standardsdev/publications.
A list|of all parts in the IEC TR 62001 series, published under the general-itle High-voltage
direct| current (HVDC) systems — Guidance to the specification and design evaluation pf AC
filters| can be found on the IEC website.
The cpmmittee has decided that the contents of this document willyremain unchanged until the
stabill(y date indicated on the IEC website under webstore.ieC«ch in the data related fo the
specific document. At this date, the document will be
e refonfirmed,
e withdrawn,
e replaced by a revised edition, or
e amended.

IMPQRTANT - The "colour inside" fogo on the cover page of this document indicates that it

cont
cont

ents. Users should therefore print this document using a colour printer.

pins colours which are considered to be useful for the correct understanding of its
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INTRODUCTION

The IEC TR 62001 series is structured in five parts:

IECT

R 62001-1 — Overview

This part concerns specifications of AC filters for high-voltage direct current (HVDC) systems
with line-commutated converters, permissible distortion limits, harmonic generation, filter
arrangements, filter performance calculation, filter switching and reactive power management
and customer specified parameters and requirements.

IEC T
This g
IEC T

This
AC nsg

IECT

This g
losses
requir

IECT

R 62001-2 — Performance
art deals with current-based interference criteria, field measurements andyverificat
R 62001-3 — Modelling

bart addresses the harmonic interaction across convertersypre-existing harm
twork impedance modelling, simulation of AC filter performance:

R 62001-4 — Equipment

art concerns steady-state and transient ratings of-AC filters and their components,

ements, equipment design and test parameters.

R 62001-51 — AC side harmonics and appropriate harmonic limits for high-voltage

current (HVDC) systems with voltage sourced converters (VSC)

This ¢

Parts

ocument concerns specific issues of AC filter design related to VSC HVDC system

1 to 4 are written with focus,;on line commutated converters.

bnics,

power

, audible noise, design issues and special)applications, filter protection, seismic

direct

[

1 Under preparation. Stage at the time of publication: IEC/RPUB 62001-5:2021.
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HIGH-VOLTAGE DIRECT CURRENT (HVDC) SYSTEMS -
GUIDANCE TO THE SPECIFICATION AND DESIGN
EVALUATION OF AC FILTERS -

Part 1: Overview

1 Scope

This part of IEC 62001, which is a Technical Report, deals with the specification and design
evalugtion of AC side harmonic performance and AC side filters for HVYDC schemes| It is
intended to be primarily for the use of the utilities and consultants who are fesponsibjle for
issuing the specifications for new HVDC projects and evaluating desjgns proposéd by
prospgctive suppliers.

This document provides guidance on the specifications of AC filtefs_for high-voltage |direct
current (HVDC) systems with line-commutated converters and filter performance calculafion.

The stope of this document covers AC side filtering for the frequéncy range of interest injterms
of harfmonic distortion and audible frequency disturbances.c\Where the term "HVDC conyerter"
or "HYDC station" is referred to without qualification, in_this document, it is understood tq refer
to LCLC technology. It excludes filters designed to be-~effective in the power line carrier (PLC)
and radio interference spectra.

The Hulk of this document concentrates on the;"conventional" AC filter technology anqd LCC
(line-gommutated converter) HVDC. Voltage: sourced converter (VSC) specific issugs are
discugsed in CIGRE Technical Brochure 754 [1]2 and in IEC TR 62001-5 [2].

2 Normative references

Therel are no normative references in this document.

3 Terms and definitions

For tHe purposes of this document, the following terms and definitions apply.

3.1

specification
docurpent which defines the overall tem r irements for an AC filter and the A ystem

environment in which it operates

Note 1 to entry: Such a document is normally issued by utilities to the prospective HVYDC manufacturers. It also
ensures the uniformity of proposals and sets guidelines for the evaluation of bids.

Note 2 to entry: The term as used here does not refer to the detailed engineering specifications relating to individual
items of equipment, which are prepared by the HVYDC manufacturer as a result of the filter design process.

Note 3 to entry: The specification defines the technical basis for a contract between two parties: the customer (3.2)
and the contractor (3.3).

2 Numbers in square brackets refer to the Bibliography.
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3.2
customer
organization which is purchasing the HVDC converter station, including the AC filters

Note 1 to entry: The term "customer" is taken to cover similar terms which may be used in specifications, such as
owner, client, buyer, utility, user, employer and purchaser, and also covers a consultant representing the customer.

3.3

contractor

organization which has the overall responsibility for delivery of the HVDC converter station,
including the AC filters, as a system

Note 1|to entry: The contractor may in turn contract one or more sub-suppliers of individual items of equipment.

Note 2|to entry: The term "contractor" is taken to cover similar terms which may be used in specifications, guch as
manufdcturer, or supplier.

Note 3[to entry: Where the context clearly refers to the pre-contract stage of a project, the word "bidder" hgs been
used instead of "contractor”, to indicate a prospective contractor, or tenderer.

3.4
brangh
arm
set of components (capacitor, inductor, resistor), either Jn‘-singular or interconrlected
arrangement, which may be isolated off load for maintenance

SEE: Fligure 22

Note 1[to entry: In interconnected arrangement, it forms a smallést tuned filter unit.

3.5
sub-gank
one of more branches which can be switched“(connected or disconnected) on load for repctive
powel control

SEE: Fligure 22
Note 1|to entry: The switch does not'necessarily need to have fault clearing capability.

3.6
bank
one of more sub-banks which can be switched together by a circuit breaker

SEE: Fligure 22

4 Qutline-of specifications of AC filters for HVDC systems

4.1 LGeneral

When installing an HVDC converter station in an AC system, the way in which it may affect the
quality of power supply in that system is always an important issue. One of the main power
quality topics is that of harmonic performance.

The AC side current of an HVDC converter has a highly non-sinusoidal waveform, and, if
allowed to flow in the connected AC system, might produce unacceptable levels of distortion.
AC side filters are therefore required as part of the total HVDC converter station, in order to
reduce the harmonic distortion of the AC side current and voltage to acceptably low levels.
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HVDC converters also consume substantial reactive power, a large proportion of which is
normally supplied locally within the converter station. Shunt connected AC filters appear as
capacitive sources of reactive power at fundamental frequency, and normally in conventional
HVDC schemes the AC 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 AC filters therefore normally has to satisfy these two requirements of
harmonic filtering and reactive power compensation, for various operational states and load
levels. Optimization of this design is the task of the AC filter designer, and the constraints under

Which tha desianic mada ara dafinad in tha snacification
IR e e STgHtSHaae—are-ae et e-Spe&Heation-

The AC filters form a substantial part of a conventional HVDC converter station] The
fundamental reactive power rating of the AC filters (including shunt capacitors wherevappligable)
at eagh converter station has typically been in the range of 50 % to 60 % of,the active power
rating| of the scheme. Together with the required switchyard equipment, the AC filters can
occupy over half of the total land requirements of an HVDC scheme. The cost of manufalcture,
installation and commissioning of the AC filter equipment is significant)Obeing typically jin the
approkimate range of 10 % of the total station costs. In addition, thé/filter design studigs can
be ex{ensive and may have an impact on many other aspects of station design (see [1], [4], [5])
and op the total project schedule. Once in operation, the AC filters.will continue to have ajmajor
imporfance due to requirements for switching, maintenance, component spares, and religbility.

It is therefore important that the way in which the requirements for the AC filters are spgcified
is sugh as to allow the design to be optimized in terms of all the above factors, while fulfilling
the egsential functions of disturbance mitigation and.reactive power compensation.

In general, this document assumes that the purchase of an HVDC converter station, including
AC fillers, will be made on a turnkey or similar-basis, such as has been the case for the majority
of HVDC schemes to date. The discussjons herein of aspects such as provision of technical
information, allocation of risks and so\oh therefore apply principally to such an all-incjusive
appropch. If the alternative approach(of specifying and purchasing equipment item by iten) were
adopted, then these aspects of the document would have to be reconsidered in the con1lext of
the particular scheme, although\.the purely technical content of the document would still be
applidable.

Most specifications forrHVDC projects are issued in a final format after definition of the details
of thg project by the gustomer and possibly consultants. An alternative approach which has
been used is discussed in Annex A.

4.2 |[Boundaries of responsibility

Before a,specification enters into the detail of AC filter design requirements, it shoulf first
clearli.define the boundaries of responsibility between customer and confractor

In this respect, there are two extreme approaches.

a) The customer defines an AC 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 all the specification requirements.
The risk that the AC 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 are 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
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responsibility for determining the AC system impedance, defining all relevant parameters,
and designing AC 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. However, there are several disadvantages to b), as follows.

e It implies that at the tender stage, several prospective contractors will all have to make
extensive studies of AC system impedance and local harmonic limit requirements. This will
be expensive and difficult to achieve during a short tender period. Therefore, these studies
should be conducted by the customer or his consultant during the longer period which is
usually available before issue of the specification.

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

e THe customer may have to decide between completely different designs offered by bildders
wgrking on quite different assumptions about the AC system.

e THere are significant practical difficulties in proving compliance during verification tedts.

e THere is unlikely to be any overall financial gain, as the customer‘will eventually ppy for
stiidies done by the bidder/contractor as part of the overall contractprice.

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

The decision on where to place the boundary of responsibility will depend on the strat¢gy of
each [ndividual customer and on the information ‘@nd resources available to the customed. This
document does not recommend a particularZapproach, but rather provides the dgtailed
information necessary to guide decisions in this respect.

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

Most gssentially, the specification defines whether the criterion by which the filter performance
is to e judged as-satisfactory is to be

e dgmonstration by calculation of performance parameters, using the specified data, or

e medsUrement in the field after commissioning, or

e a combination 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 definitive proof of correct design, but it may not be possible to make
measurements under the most onerous environmental and AC and DC system conditions for
which the design has been made. Also, the impact of pre-existing harmonic distortion in the AC
system is taken into account, by measuring pre-existing harmonic levels with the HVDC
converters blocked and with AC filters both disconnected and connected if the latter is possible
considering reactive balance.

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.
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4.3 Scope of studies

Depending on the boundaries of responsibility discussed in 4.2, some system studies may be
required to be conducted by the customer prior to issuing the specification, or may be the
responsibility of the bidder and later the contractor. Such studies related to the AC filters would
normally cover

e AC system reactive power requirements,

e AC system impedance measurements or calculations, and

e pre-existing harmonic levels.

that {he filters perform adequately and that they withstand all defined electrica] and
envirgnmental conditions.

Thesgq essential studies would normally comprise the following:

a) repctive power supply and control;

b) low-order resonance with AC system;

c) AC filter performance;

d) AC filter steady-state rating;

e) AC filter transient rating, overvoltage and insulation_€e-ordination;
f) AC filter losses;

g) AC filter protection;

h) AC filter circuit breaker duties;

i) AC filter discharge requirements;

j) thpse parts of the control and dynamic performance studies which are affected by the AC
filjers, and analyse the integrated _operation of the AC and HVDC systemes;

k) thpse parts of the audible noise study which are affected by the AC filters;

I) thpse parts of the RAM (reliability, availability and maintenance) study which are affected
by the AC filters.

Howeyer, further performance and rating studies may be of interest to assist the plannjing of
econdmic and flexikile-Operation, and to define recommended procedures in the event of
outagps, maintenahce or unusual operational situations. Such studies might cover, for exgmple,
perfomance and.rating under outage contingencies not required by the specification, gr with
wider| limits _Of) reactive power interchange than specified. These situations might ppe of
consiglerable-interest to operation planners, and have an economic value. The possible| need
for su}h additional studies should be considered by the customer and, if desired, incIUtfed in
the sqope’of studies required in the 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), c), d), and j) of the above list). Others might be omitted or
minimized during the 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.

4.4 Scope of supply

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

e site preparation;
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e civil and mechanical structures;

e earthing;

e fencing;

e interface with AC switchyard;

e control, measuring, monitoring and protection;
e switching equipment;

e cabling;

e spare parts;

e special test equipment required for commissioning and maintenance;
e ergction, commissioning and testing;

e inyservice performance measurements.

Any re¢quirement for guarantees concerning, for example, capacitor failure rates, measured filter
losse$ and performance should also be clearly stated.

4.5 |[Technical data to be supplied by contractor

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

1) method and assumptions for filter performance calculations;

=

2) cJteria and assumptions for steady-state filter rating, and for transient stresses and rgting;
3) ¢

a)| 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);

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

b)| impedance characteristics of filters (the specification should request informatipn on
impedance atland near tuned frequencies, under conditions of detuning, and acrogs the
whole specitum of interest);

c)| performanhce 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).

After ¢ontract award and during the design and procurement stage of the project, the contractor
will normaty-preducetechnicatl-studyreperis-and-otherdecuments—ecoverirgaspeetsofthe 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 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.

4.6 Alternative proposals by bidders

The customer should recognize that bidders for an HVDC project will have extensive
accumulated experience and expertise, and furthermore that they are continually developing
new techniques and equipment technologies. Consequently, it is always possible that a bidder
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may be able to propose a filtering solution which is advantageous to the customer, but for some
reason falls outside the strict boundaries which may have been set by the specification.

Therefore, specifications should always leave open the possibility for the bidder to propose an
alternative solution, in addition to the solution which expressly satisfies the specified
requirements.

5 Permissible distortion limits

5.1 General

The ;ierformance objective of the AC filter design is to limit the adverse effects of.both the
indivigual harmonics and of the total harmonic distortion of the voltage and currentwaveform,
at both the HVDC connection bus and in the surrounding network.

Thesg possible adverse effects are as follows.

a) The waveform distortion can cause increased heating and higher diélectric stresses ip both
the utility's and other customers' equipment as well as malfunctiof’ef electronic equipment.

b) The harmonic current circulating in the AC lines can, by induction, cause interference in
adjacent communication lines and this should be limited toan-acceptable level.

c) Induced voltages may cause problems because of risk.te human safety or malfuncfjon of
adjacent communication, signalling and protection equipment.

In orger to mitigate such adverse effects, the clstomer's specification normally dgfines
permigsible harmonic distortion limits, which need:to be respected by the AC filter desjigner.
The definition of suitable criteria for setting such™imits is a complex and controversial sybject,
which| wiil be addressed by any customer.jnstalling a new HVDC scheme. This Cldquse 5
attempts to provide the background information necessary, and to give recommendations on
the different approaches available to the customer.

A compmon procedure for the determination of limits has often been to set the values according
to references in international literature, without detailed preliminary studies of the particular
locatipn. This approach requiréssa minimal amount of studies and allows a short time sché¢dule.
The disadvantage is that it requires conservative limits to be imposed in order to ensurg that
there |are no adverse effects of excessive distortion and telephone interference, whiclh may
require high additionalcost for corrections and/or mitigation.

Howeyer, due to

o the powerful calculation tools available,

e the refinements in harmonic influence assessment methods as stated in IEC TR 61000-3-6
[6] and in [7], [8],

e the concern of the utilities and their customers about power quality, and

e the desire for cost reduction through optimization of equipment design,

appropriate specification studies should be conducted in order to develop harmonic limits
tailored to the particular characteristics of the HVDC scheme and the connected AC network.
Clause 5 describes the different indices used to control the adverse harmonic effects and
discusses the considerations that are accounted for in the definition of the indices and in the
determination of the limits. Ranges of limits adopted for existing schemes are provided as well
as general guidelines. The detailed methods recommended for the determination of specific
limits are referenced.

The definition of permissible limits is discussed below under four headings:

1) voltage distortion limits;
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2) limits pertaining to the HV and EHV network equipment;
3) telephone interference limits;
4) 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 AC filters for HVDC stations,
and so this aspect is discussed in some depth in 5.4 and Annex C.

A customer should understand that it is not necessary or desirable to include in the specification
all of the distortion limits d|scussed in Clause 5. Some |nd|ces apply only in certain situations;
hould
considler carefully the reqwrements of his partlcular scheme, and select those dlstortlon indices
and limits which are relevant to his needs.

More |detail on selection of appropriate limits is available in IEC 62001-2 [9} and QIGRE
Techrjical Brochure 754 [1] and in IEC TR 62001-5 [2].

5.2 [Voltage distortion
5.2.1 General

The main requirements for AC filter performance specification” are generally related fo the
permigsible voltage distortion, this being a directly meaSurable quantity at the pofint of
conngction. The intention is that, by limiting the voltage distortion, the harmonic cufrents
inject¢d into the AC system by converters and the resulting voltages elsewhere should also be
limited to levels that will ensure service quality to thedutility and to all connected customgers of
the AC system (the validity of this approach is discussed further below).

Subclpuse 5.2 describes the most common indices used to control voltage distortion and|gives
some|(guidelines for the determination of suitable limits.

Subclpuse 5.2 focusses on line commutated converter (LCC) HVDC although many of the
concelpts are applicable to VSC HVDC. CIGRE Technical Brochure 754 [1] and IEC TR 62001-5
[2] giye much more detail specifically for VSC HVDC.

5.2.2 Definitions of performance criteria

Individual harmonic distertion, D, (in %), is calculated as follows:

D,=

% 1
U, o (1)

wher

U, is the line to neutral nominal fundamental frequency system voltage (RMS);

U, isthe n-th order harmonic line to neutral voltage appearing at the bus under consideration.

Total harmonic distortion, THD (also called D or voltage distortion factor), is calculated as
follows:

()

where
N is the maximum harmonic order considered.
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The total arithmetic harmonic distortion, D, is calculated as follows:

N
D=) D, (3)

n=2

5.2.3 Discussion and recommendations

The individual (D,) and total harmonic distortion (THD) are widely accepted indices of voltage

distortion in AC networks, while the total arithmetic harmonic distortion (D) is controversial,
even fheugh-H-hasbeenusedinanumbero DG Refme 0 —Hste ; as well
as, the THD. The THD corresponds to the power of the harmonics and is therefore more'cjosely
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 indlicator of the maximum possible deviation of the waveform from a sinusoid and pf the
maxinpum possible harmonic voltage peak levels. Furthermore, the THD is well*accepted within
IEC (pee IEC TR 61000-3-6 [6] and IEEE Std 519™ [11]) and is thérefore the criterion
recomimended in this document.

The hjarmonic voltages used in the definition of harmonic distortion are generally those |of the
highegt value in any phase. This is not an issue when using-the conventional calcylation
methqd, as the harmonics produced by HVDC converters are assumed to be either posifive or
negat|ve sequence and so are equal in all phases, and the(AC system impedance is asqumed
balanged. The zero sequence current generation of the IJ¥DC converters is very low and|there
are np reported problems related to this as a cause.of zero sequence harmonic vgltage.
Howeyjer, in real systems, the harmonic voltage magnitudes will be different in the three phases
due t¢ asymmetries in the network and non-ideal\harmonic generation conditions. Analysis of
harmanic performance using a three-phase madel of transmission lines would generally|show
differgnces among the three phase distortionparameters.

The mpaximum harmonic order considered, N, is normally set to 49 or 50, as the magnitdide of
the clirrent generated by the HVDEG, systems decreases with frequency and the harmonic
voltages transferred to the lower voltage levels generally become very low with incrgasing
frequgncy due to the characterisfics of power transformers and loads at these frequencigs.

In the|formula for definition of voltage distortion, some customers prefer to use the wors{-case
value|from the range of\System operating voltages as voltage reference (U,), rather than the

nomirfal system voltage (that is, the value of voltage, consistent with the converter harmonic
generption used in\the calculation, for which the highest percentage distortion is calcylated;
this will generally-be the minimum voltage from the applicable range). The argument for this
appropch is that it more truly expresses the actual percentage distortion occurring in rgality.
Whichever-reference voltage is to be used for the definition of voltage distortion, it needs| to be
stated clearly in the specification in order to avoid different interpretations by different bigiders,
and because it may appreciably affect the filter design.

Refer also to the discussion in 8.1.6 on the system conditions under which total harmonic
distortion should be calculated. The range of AC system voltages over which the distortion
criteria are to be met needs also to be clearly defined.

5.2.4 Determination of limits
5.241 General

Most major utilities have their own harmonic standards including rules to control the harmonic
emission from individual disturbing loads. Generally, the setting of these standards has to a
considerable degree been influenced by experience gained with a range of harmonic induced
problems and the measures taken to resolve them. They therefore tend to be empirical and
conservative in form as they are rarely based on a detailed study and understanding of system
behaviour. Where a large HVDC installation is planned, a specific analysis should be performed
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in order to derive distortion limits which have a more rational basis and relate to the particular
circumstances of the HVDC scheme in question.

5.2.4.2 Determination of limits without detailed studies

One way to guide the determination of the voltage distortion limits is to refer to existing schemes
for which acceptable performance has been experienced. The following ranges of specified
limits were taken from CIGRE surveys [10] [11] on AC harmonic filters for numerous HVDC
schemes from different countries:

a) specified limits on D, are in the range of 0,5 % to 1,5 % (most typically 1 %);

b) sgecified imits on THD are in the range of T % to 4 % (no typical value);
c) specified limits on D are in the range of 2 % to 4 % (most typically 4 %).
Thesgq figures refer to distortion due to the HVDC converter and do not include other-pre-existing
distorfion. They also generally refer to worst normal operating conditions of the’HVDC system,
in co:ljnparison to more extreme conditions which determine the companent ratings. When

considlering such values as used in former projects, it is also vital to take|into account the AC
netwdrk representation which was specified to be used in the calculation-of these indiceq.

Wher¢ a customer

1) wilshes to minimize the procurement time schedule,

2) lagks the appropriate computational tools or AC systém data, or
3) anticipates no serious consequences from the hatmonic distortion,
then fhe customer may set distortion limits ba@sed on such indicative values taken| from
exper|ence of existing systems. AC filter installations designed according to these limit§ have
generplly performed satisfactorily. But, without detailed studies, engineering judgement has to
be exgrcised in order to adapt the limits sé&f for other projects to the specific characterisjics of
the AC system to which the HVDC system is to be connected. Therefore, the determination of
perfomance requirements for a particular HVDC scheme based on past experience from
existing schemes should take into,consideration the following aspects:

e lo¢al regulations on harmonic limits;

e vgltage levels (strictenlimits are usually recommended for higher voltage levels);
e prpximity of load afeas;

e prpximity of generators;

e other harmanic sources in the vicinity;

e pre-existing level of harmonic distortion;

e ndtwork structure (long lines and capacitor banks can produce magnification of harmonic

voltage-at-remote locations.large-meshed-networks will be likelv to transfer a lower lgvel of
) y I 4

harmonic to the load areas, etc.).

The CIGRE surveys [10] [11] give many details on the existing installations which may be helpful
for this task. The limits adopted should be on the conservative side to prevent the consequences
of excessive distortion which, should it occur, may ultimately lead to restrictions on the
operation of the HVDC transmission. However, there is also a risk that this approach may lead
to a design which in practice is unjustifiably expensive.

In view of this, it is suggested that the cost sensitivity of the filter design is investigated by
asking for an alternative filter design based, for example, on 1,5 or 2 times the basic
specification limit. The cost reduction, if significant, is indicative of the need to perform more
detailed studies before the choice of a final design.
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The 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
circumstances, nevertheless offered substantially simpler and more economical filters.

5.2.4.3 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 AC filter design, with an optimal filter
solution relative to the harmonic characteristics of the AC 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.
CIGRE-has published a technical paper on limitation of harmaonic distortion for MV and HV

powel systems [12] based on electromagnetic compatibility.

One gbjective of the limitation of harmonic emission in HV and EHV systems is to kegp the
disturpance 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 eqyipment in the different parts of the AC system in the most economicalway. The utility has
therefore to take into consideration all the possible emission sources, beth’existing and future,
and their frequency dependent coefficient of transfer to the other voltage levels. It should also
considler the future expansion stages of the AC network.

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

Such [a study gives a base for the establishment of rational harmonic emission limits fpr the
conngction of HVDC systems. For such largéodisturbing loads, it is worthwhile to perform
additipnal studies to adapt the planning levéls to the particular circumstances at the pgint of
conngction on the network. The following-studies are recommended.

e The determination (by calculation) of the ratio of the harmonic voltage at the pqint of
cgnnection to the harmonic voltage at the main HV, MV or LV substations in the area. This
shiould be done over the whole frequency range considered and for all anticipated normal

ork is

o THe measurement ofactual harmonic voltage levels at the point of connection and pt the

rmine

Such evaluat|on of sources of harmonlc emission and analysis of the network, to estpblish
suitahlevplanning leve twork
and furthermore, it is d|ff|cult to pIan for the future addition of harmomc sources and the
evolution of the network. Where no standards and practices have been previously developed
by the utility or where detailed knowledge of network harmonic characteristics is not known, the
method described in [12] can be adopted.

Reference [11] gives a simplified method to determine the emission limits of a particular HYDC
installation for HV and EHV systems. It proposes simple rules to share the permissible harmonic
voltage emission between the various users of the power system. For most large HVDC
installations, the allowed limits are shared according to the MVA rating of the installation and
the network supply capability at the point of common coupling.

The method described in [6] [12] takes into account the presence of important disturbing
installations in the vicinity of the considered substation and gives summation coefficients
dependent on the harmonic order for computation of total harmonic levels. It also gives some
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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. These remote effects are controlled by applying appropriate coefficients for the
particular harmonics in the individual emission limits applied at the HVYDC connection bus.

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 AC filters. As an example, a
stricter limit, defined to control an amplification problem, may correspond to a limited part of
the total network 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—impedancetocus—feor—each—should—assume—thatthefiterinstalation-ofthe—sother is

present. When these aspects are significant, multiple emission limits coupled to- different
harmgnic impedance loci may be provided to the bidders.

The fpllowing alternative approach would in principle be possible. Where the networl is of
modefate size, the customer could consider providing the bidders with the{complete ngtwork
data get. The harmonic voltage contribution limit from the HVDC converter could then be
individually defined at all the different MV or LV buses. With this approach, the customer
provides all the necessary data for the filter optimization: AC systemconfigurations, line| data,
remotely installed filters, earth resistivity, frequency dependent equivalent models at the end
nodeq, tolerances, etc. The data should also consider the future'‘evolution of the network. This
appropch would require more work for the bidders, and they*would possibly have to dgvelop
additipnal computer tools, but it would avoid the above mentiogned inconsistencies. It woulfd also
entail[considerable effort by the customer to prepare all‘the necessary data, and length¢n the
time required for the tendering process. Unless the bidder defined exactly how each component
in the| network should be modelled, each bidder could derive different harmonic impeddnces,
deperjding on the representation used for network cemponents, in particular loads, transfofmers
and triansmission lines.

5.2.5 Pre-existing harmonic levels

Meastirements of the actual pre-existing harmonic levels are important to complement the
simulation studies. They are often needed for the following reasons:

e to|characterise pre-existing-harmonic levels, including statistical characteristics;
e to|determine harmonic source characteristics;

e to|validate simulation models.

Harmonic measutements in the area of the HVDC system installation will indicate the aggnegate
harmanic levels{produced by all sources, both within the HV and EHV system and coming from
the MV and JLV)systems. Analysis of the measurement results combined with the simylation
results will'be helpful to segregate the two contributions. Indeed, the pre-existing harmonic
contriputions from all the individual distorting loads in LV and MV systems and other unknown
sourcgs\cannot be assessed easily otherwise.

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 AC transmission lines can give rise to substantial levels of third
harmonic current.

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

5.2.6 Relaxed limits for short term and infrequent conditions

For unusual conditions during short periods of time (less than 1 h), IEEE Std 519 [11]
recommends that the limits may be exceeded by 50 %.

IEC TR 61000-3-6 [6] does not address this issue. While it mentions that the assessment of
harmgmicinject i i i i litions
including those with outages that may apply for a substantial fraction of the time, it provides no
limits [for short term and infrequent conditions when the harmonic injection should obviougly be
contrglled, for example from an equipment rating aspect.

Wher¢ such short term and infrequent operating conditions are possible forithe HVDC system,
relaxgd limits should be specified, such as those suggested by IEEE Std519 [11], if thid does
not result in contravention of applicable statutory limits. These may be associated with specific
harmg@nic impedance loci.

5.2.7 Treatment of interharmonic frequencies

In thel case of an HVDC link connecting two AC systems, ofudifferent fundamental frequencies,
and pprticularly if the link is a back-to-back station, both;Converters may generate currents on
their AC sides at frequencies other than harmonics “of the fundamental (the fundamental
frequgncies either may be nominally different, for, example 50 Hz and 60 Hz, or may be
nomirjally identical but differ at times by up to 1 Hz’or 2 Hz).

This pdditional generated distortion will \be at frequencies which are harmonics ¢f the
fundamental frequency of the remote AC-system, and will be transferred across the link by the
mechanisms described in IEC TR 62001-3 [13]. This transfer may be thought of as harmonic
penetration or transition from one CAC system to the other. As the frequencies of [these
transferred components lie between the converter’s own harmonic frequencies, they are| often
termefd "interharmonics". The tetm "non-integer harmonics" is sometimes also used.

The magnitude of thesgetbinterharmonics will be low in comparison with the charactgristic
harmagnics generated by\the local converter, but may nevertheless be significant, especially as
no specific filtering will,generally be provided for them, other than the broad-band effect of high-
pass branches.

Interhjarmonics/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 ampglitude
modulation caused by the beating of a harmonic frequency with an adjacent interharmonlic, for
exampte-s e e Fre— i 6 i : M with
660 Hz 11th harmonic penetration from a 60 Hz 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 5.2.2 refer specifically to "harmonics", then a formal interpretation
could exclude any other frequencies. A contractor could thus ignore the impact of the
interharmonics in his calculation (and subsequent measurement) of the performance
parameters.

The possibility of contractual conflict may arise if the specification (as has occurred in the past)
both states that the contractor takes such interharmonics into account in his design, but also,
inconsistently, defines the performance criteria in terms of "harmonics 1 to 49" or similar.
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Unless it is specifically clarified, there could also be disagreement between customer and
contractor about whether the term "harmonics" should include so-called "non-integer
harmonics", as the term "harmonics" classically implies integral multiples of the fundamental,
and is defined as such in, for example, IEEE Std 519 [11].

IEC TR 61000-2-1 [14] discusses interharmonic sources and some possible effects.
IEC TR 61000-3-6 [6] considers the impact of interharmonics on low voltage systems, and
indicates the need for specific limits due to possible interference with ripple control systems,
lighting flicker and other problems. It recommends a planning level of 0,2 % for individual
interharmonics. Other applicable standards or guidelines may need to be taken into account.

Thereffore, If the proy ' F 1l 1 TOTTIT T F ftfferent
frequegncies, the customer should take into account the possible impact of intersharmonic
distorfion. This may be by modification of the various specified definitions ,of YHarmonic
perfoimance criteria to encompass significant interharmonics generated by the converter| or by
a spetific interharmonic limit which may need to be related to preventing interference with|ripple
contrgl equipment or to control of flicker.

5.3 |Distortion limits pertaining to the HV and EHV network equipment
5.3.1 HVAC transmission system equipment

Setting harmonic emission limits as described in 5.2 to meet the compatibility requiremgnts in
the network will usually also ensure a safe harmonic level for the HV and EHV ngtwork
equipment. However, when very relaxed limits may othefwise be permissible, for example due
to thg isolated location of the HVDC equipment in~the network, then the actual harmonic
emissjion limit may have to be set with regard to the:sensitive network equipment such as|shunt
capaditors, cables and power transformers. Cables and capacitors can be involved in system
resonpnce which results in high dielectric stresses or overload. Relevant standards shoulld be
consUlted for the determination of the equipfment capability. Particularly, attention shodild be
given|to IEEE C57.12.00 [15], which defines the maximum acceptable root-sum-square (RSS)
of the|3rd, 5th and 7th harmonics at buse§where transformers are connected.

5.3.2 Harmonic currents in synehronous machines

The ¢haracteristic and non-=characteristic harmonic currents flowing into the statqrs of
synchronous machines (generators and synchronous condensers) installed close tp the
converter stations can eause stator and rotor overheating and vibrations that could dgmage
them.| To avoid such.damage, these harmonic currents should not be higher than the(limits
indicgted by the machine manufacturer. It is, therefore, necessary that the filter specification
clearly requires the\filter design to control these currents, in addition to the other performance
requifements.

One way tosspecify the filter requirements to control the possibility of overheating is to r¢quire
that the.géquivalent negative phase sequence component I5eq (as defined in [9]) of the harmonic
current flowing in the machine, together with the expected level of actual negative sequence
current, be less than the negative phase sequence component operating capability of the
machine as specified by IEC 60034-1 [16] or similar standards.

The bidder should provide the customer with all values of harmonic currents considered in the
calculation of the /5.4. During the bid analysis, the customer should discuss these values with

the machine manufacturer to check their adequacy as to the heating of the stator and rotor. Any
further limitations that may be necessary should be discussed with the bidders.

The harmonic currents flowing into the synchronous machine stator winding will induce a
pulsating air gap torque that will excite vibrations in the rotating parts of the turbine generator
sets. In case of steam turbine generators, special attention should be given to the magnitude
of negative sequence 5t 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
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frequency involving torsional 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 AC filter, the specification should indicate the maximum limit of
these harmonic currents or any other harmonic currents indicated by the machine manufacturer,
to be considered in the filter design (IEC 60919-3 [5]).

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

Anoth 5 FTequitements, from the point of View of the Synchrpnous
machine heating and vibration, is for the customer to undertake a study to determirle the
maximum permissible harmonic voltage/current at the converter bus which satisfies the|worst
generptor criteria. This method eliminates the need to provide the single line diagram pf the
complete network, details of operating conditions and configurations, method pf-modelling, etc.
The clustomer is then responsible for these calculations. He also supplies_the bidders wijith an
equivalent circuit representing the generators, or include them in the overalhnetwork impe@ance
locus

e way 10 specify the

5.3.3 Nearby HVDC installations

An exJsting HVDC system in the vicinity of the new HVDC installation should be reviewed|Such
an HYDC system was most probably designed without sufficient allowance for such @ new
installation. The presence of the new HVDC stationivill affect significantly the ngtwork
impedance seen from the existing installation and censtitutes a new harmonic source. In this
situatfon, the design report of the existing installation,*including all the HVDC system dafa and
desigh assumptions, is provided to the bidders for.the new installation. A design constraint on
the ngw AC filter will be that the rating and performance of the existing AC filters should pot be
compriomised. CIGRE Technical Brochure 798.[17] deals with this topic in depth.

5.4 |Telephone interference
5.4.1 General

Interf¢rence with metallic anatogue communications (not optical fibre or digital) is a concern in
some|areas related to the- harmonic distortion produced by HVDC systems. A survey [10]
showed that most major. HVDC schemes up until then have required telephone interfdrence
limitafion. A wide rangé of parameters affects the influence of HYDC schemes on the magnitude
of telgphone interference, and so historically the limits imposed have been highly variablg.

The impact ofthe specified telephone interference indices on the complexity and cost of the AC
filters|can besubstantial. Therefore, an analysis of the requirements and limits for each specific
HVD({ scheme is recommended.

Subclause 5.4 reviews the most common criteria used to define limits of telephone interference
for HVDC systems, with typical criteria ranges, and gives some guidelines for the determination
of limits. A more detailed treatment is given in IEC 62001-2 [9].

5.4.2 Causes of telephone interference

References [7], [8] provide a brief overview of the basic telephone interference mechanism,
sufficient to understand the recommendations of this document.

5.4.3 Definitions of performance criteria

The telephone interference performance requirements for AC filters are usually specified by
factors calculated from the harmonic voltages and currents, with suitable weightings. The
definitions of these quantities are given in Annex C.
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5.4.4 Discussion

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

Although controlling the voltage telephone interference factors will to some extent limit the
harmaquni i j ificati i ikelihaopd of
interference, the harmonic currents injected into the network will also depend criticallix ¢n the
netwdrk impedance at each harmonic. Therefore, the voltage telephone interference’ factors
be used only for rough estimation of the telephone interference influence ofja“particular
scheme.

The ofher criteria, such as IT (product of RMS current and TIF) or equivalent disturbing [factor
logs bhsed on the harmonic currents at the point of connection of the HVDC system and the

netwdrk, are not necessarily totally satisfactory either. Both the C-message or psophometric
ing and the coupling weighting give more predominance to-higher order harmonics, and
at sudh high frequencies the current profile along the transmission-lines can be highly vafiable.
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 incpming
trans:f—\ission 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 ngtwork
confiqurations [12]. Amplifications are also possible at remote locations. This problem fis not
easilylresolved considering the range of frequenciesinvolved. Derivation of remote interfdrence
levels| from a limit calculated at the HVDC converter station AC 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 resulty from
convdrsion of balanced mode currents to residual (zero sequence) currents, mainly due o the
asymmetry of transmission lines [8] [18]. The mutual impedance between balanced sequgnces
and zero sequence modes is a fuhction of the transmission line asymmetry, the earth resistivity
and the frequency. Furthermare, the zero sequence harmonic currents circulating in the
transmission lines are affected by the zero sequence impedance of the network.

The sglection of appropriate limit values for whichever indices are used for a particular groject
deperjds strongly on.the density and length of telephone lines in the zone of influence pf the
transmission lines;-the soil resistivity, the separation between the power and the communigation
lines, |the type of*communication line and on the immunity of the telephone system.

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

5.4.5 Determination of limits
5.4.51 Determination of limits without detailed studies

The appropriate requirements for telephone interference will be highly variable from project to
project compared to requirements related to voltage distortion. Therefore, the determination of
performance requirements for a particular HVDC scheme based on past experience from
existing schemes should be selected with care based on comparable requirements. The main
parameters affecting the telephone interference influence to consider when making a
comparison with previous HVDC schemes are

e the density of telephone lines close to the AC transmission lines,

e the earth resistivity along the AC transmission lines,
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e the length of telephone lines and mean separation from the AC transmission lines,

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

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

The structure of the telephone system and the local conditions are usually the main parameters
which could affect the telephone interference limits.

For example, in North America, typical factors to consider are that the subscribers of rural areas
are g:nnrnlly located qlnng main rnginnal roads,the dnneihj; of pnpulnfinn inr\rnneing n the
proximity of villages crossed by such roads. There are also secondary roads with usually a
lower|density of population. The HV transmission lines usually cross these rural @reag. The
telephone lines are long (up to 25 km or more) due to the sparsity of subscribers.

Long [telephone lines are more subject to telephone interference becausée of the increased
coupling and because of the lower telephone signal level which results in increased subscriber's
sensifivity to noise. In hilly areas, the earth resistivity can be very highy€sulting in increased
mutugl impedance. Joint use of poles with power distribution lines whieh include an earth wire
may grovide very low effective earth resistances, improving the shielding of telephone lipes in
areas| of poor earth resistivity. A consultation with the telephone company is thefrefore
recomimended in order to get a picture of the relevant charactétistics of the telephone striicture
and Igcal conditions.

The TIF and THFF might be used as criteria for projects for which no detailed studigs are
perfomed, keeping in mind that these criteria \give only a rough estimate of telephone
interference influence.

The I criterion can also be used, with thevreservations concerning frequency depenflency
discugsed in 5.4.4. This is covered in moreidetail in reference [9].

IT limjts are usually stated as per lide, which will not be the same as for the complete sfation,
if there are several AC feeders tolthe HVDC converter station. In the CIGRE surveys of HVDC
schemes [10], those schemes which specified the IT criterion imposed limits of between 25 000
and 5D 000 for the total harmonic current into the AC network. More recent projects have also
used yalues in this range:

It is sfiggested that the) cost sensitivity of the filter design, compared with the cost of alterpative
remedial measures;\s investigated by asking for an alternative filter design based, for exgmple,
on 1,% or 2 times-the basic specification limit. The cost reduction, if significant, is indicalive of
the n¢ed to perform more detailed studies before the choice of a final design.

5.4.5.2 Determination of limits with detailed studies

For major HVDC projects or where the telephone interference might be an important concern,
it is strongly recommended to perform an inductive co-ordination study. Such a study will likely
result in an optimal filter design relative to telephone interference, reduce the overall cost of
the installation and avoid an inadvertent situation with regard to complaints from the telephone
companies. The inductive co-ordination process is described in 8.5.

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

An equivalent disturbing current limit can be expressed as a set of Ieq values specific to every
HV or EHV transmission line in the vicinity of the HVDC project. For long transmission lines,
when the density of telephone lines varies along the line, it may be worthwhile to express the
telephone interference level as a profile of Ieq along the transmission line. The extent of
transmission lines to consider for the study depends on the penetration of harmonic currents

within the network, which is dependent on the configuration of the particular network. Planning
studies are therefore recommended to determine the extent of harmonic current penetration.

This gpproach requires the customer to provide the necessary data for the filter optimization:
AC system configurations, line data, remotely installed filters, earth resistivity,~frequency
deperjdent 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 manyl|lines,
this may be impracticable, but where an HVDC station is supplied by only one.or perhaps two
AC fegders, the use of an equivalent disturbing current criterion may be theqmest accurate|index
of telgphone interference. The approach also requires more work for the'bidders, and the¢y will
possilbly have to develop supplementary computer tools.

5.4.6 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 harmonic current within the HV{0r*EHV system, and harmonic cprrent
flowinjg in the distribution lines. As with the harmoni¢/voltage distortion, measurements pf the
actual harmonic current levels are important to complement the simulation studies gnd to
assesis the interference level from lines. From previous experience, interference| from
distrijution lines is more likely to be the moressignificant contribution.

For the reason indicated previously in 5.24, measurements within the HV or EHV system ghould
allow |for the effect that the introduction of large AC filter installation may have on th¢ pre-
existing harmonic current levels. The) measurements should provide the harmonic levels and
the squrce impedance to adequately characterize the harmonic sources.

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

5.4.7 Limits for. temporary conditions

The telephone~company may accept higher noise for short term conditions. Accordingly, the
specifications of several HVDC schemes have allowed for higher telephone interference Jevels
on the DC side for infrequent and short-duration operating modes or conditions. One exgmple
of prdctice is to allow from two to three times the normal level depending on the exgected
frequ for: H ifred- when
such short term conditions are foreseen for the HVDC system. Examples of such conditions are

e short term duration overload conditions,

e AC voltage outside normal continuous range,

e operation at extreme frequency deviation or voltage unbalance,
e infrequent AC network configurations,

e loss of filter branches, and

e abnormal DC operating conditions such as high control angles for temporary reactive power
control or reduced voltage operation.
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Such short term limits should be agreed with the telephone companies at the earliest possible
opportunity. However, some telephone companies may be unwilling to tolerate higher noise
even for such infrequent and short term events.

5.5 Special criteria

The following special conditions should also be considered when preparing the specification.
Normally, they will not directly impact the limit values expressed in the specification, or the
consequent design of the AC filters, as the other disturbance criteria already discussed will
usually result in sufficient harmonic mitigation so that the following factors are not a problem.
However, the customer should be aware of potential problems and consider the following where
applicahble:

o pirsonnel safety from induced voltage on telecommunication lines;

e maloperation of telecommunication equipment (for example, telephone ringers);

e effect on data transmission and railway signalling equipment;

e effects on AC protective relaying measuring and control equipment.

Even where a possible risk may arise, these problems are usually mofé-economically soljed by
applylng mitigation measures to the disturbed equipment itself.

6 Harmonic generation

6.1 General

The dpsign of the AC filters requires a knowledge of'the harmonic currents which are gengrated
by thg converters. These currents are calculated by the contractor, using their knowledge |of the
convdrter equipment and its interaction with thhe‘connected AC and DC systems.

Clausg 6 discusses the harmonic generation of LCC HVDC. For more detail on VSC HVDC(, see

[1].

The ipformation to be included-if the specification regarding harmonic generation will d¢pend
on the overall division of responsibility between customer and contractor, as discusged in
Clausg 4. If the performance of the AC filters is to be guaranteed by site tests, then the customer
may wish to leave all responsibility for the methods of calculating generated harmonics fo the
contrgctor. However,-if.the contractual requirement for adequate performance is to be pgroved
by calculation, then the method of calculation is critical and the customer’s requirements ghould
be cldarly expressed in the specification. Important aspects to include are indicated in 6.3.

In either casey the customer should be aware of the various technical factors involved, and be
prepared for discussions at the evaluation stage. Clause 6 therefore identifies the impjortant
aspedts\which affect the calculation of harmonic generation.

6.2 Converter harmonic generation
6.2.1 Idealized conditions

The generation of harmonics is best understood by starting to consider an idealized situation,
with no asymmetries in transformer impedances or firing angle between phases, smooth DC
current and a sinusoidal balanced AC voltage.

Idealized phase current waveforms on the AC side of converter transformers of a line-
commutated 12-pulse bridge are shown in Figure 1. The separate traces show the current from
a star-star connected transformer, the current from the star-delta connection and the sum of
the two currents.
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Formulae for the calculation of converter harmonics are readily available in textbooks and
standards (IEC TR 60146-1-2 [19]). One such formula is given in Annex B.

Fourier analysis of the harmonic content of the idealized star-star and star-delta waveforms
considering all three phases shows that

e only harmonics 5,7, 11, 13, 17, 19, ... 6 k = 1 are present (k is any positive integer) — these
are designated as "6-pulse" or "6-pulse characteristic" harmonics —,
e harmonics 5, 11, 17, 23, ... 6 k — 1 are negative phase sequence,

e harmonics 7, 13, 19, 25, ... 6 k£ + 1 are positive phase sequence,

o the magnitude of each harmonic componentis the same in both the star-star and staf-delta
waveforms,

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

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

|
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Higure 1'-/Idealized current waveforms on the AC side of converter transformer

Pararfeters:

F = 50 Hz — AC network frequency;
Uge =230 kV — AC network voltage;

Uqy =500kV —DC voltage;

I4 =1 000 A — DC current;
X, = 14 % — leakage reactance;
A = 15° — firing delay angle.

The idealized current waveforms shown in Figure 1 are created by the transfer of DC 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 DC current is kept constant
at any given DC operating condition by the theoretically infinite smoothing reactor. For any
given operating condition, the harmonic content is also therefore constant. Since the harmonic
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currents are constant and, under these idealized conditions unaffected by the connected AC
side impedance, the converter is often treated as a harmonic current source in harmonic
analysis.

6.2.2

Realistic conditions

The magnitude of the characteristic harmonics of the idealized waveforms described in 6.2.1 is
influenced by only the applied AC voltage magnitude, DC current magnitude, commutation
reactance, and firing angle. However, in the more realistic waveform, many additional factors
influence the magnitudes and phase angles of harmonics. These factors include:

. thrwﬂm&mmmwwm—mlmL—' i
e hgrmonics in the AC voltage,

e unbalance, i.e. fundamental frequency negative sequence component, in the AC voltage,

e unbalance between the firing angles of the star-star and the star-delta valye - groups,

e differences in the timing of individual firing pulses to each thyristor valve;

e unbalance between the applied AC voltages of the star-star and the'stdar-delta valve groups
dye to differences in the converter transformer winding ratios or. taps,

e cogmmutation reactance unbalance between converter transformer phases, and

e commutation reactance unbalance between converter “Mransformers forming 12ipulse
grpups.

Some|of the factors above, such as DC current, averagde firing angle and average commutating

reacts

and hprmonic distortion on the AC buses, exhibit anvalmost random characteristic.

A mo

£ Ll AN
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nce, are deterministic. Others, such as variations in firing angles to each thyristor

A

valve

e realistic presentation, including thexinfluence of the above factors, of phase cprrent
waveforms on the AC side of the converteriransformers is shown in Figure 2.
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Figure 2 — Realistic current waveforms on the AC side
of converter transformer including effect of non-idealities

Parameters as in Figure 1 but with
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1 % negative sequence fundamental voltage,

1 % second harmonic positive sequence voltage,

5 % (of XI) leakage reactance unbalance between phases,
10,5° firing unbalance between star and delta groups, and
50 Hz and 100 Hz components in DC side current.

Figure 3 a) and b) compares the harmonic content of Figure 2 and the idealized harmonic
content of Figure 1, and shows a small impact on the magnitude of the characteristic harmonics,
and the appearance of non-characteristic harmonics of all orders. Non-characteristic harmonics
are generated due to non-ideal operating conditions and have been well documented [12].

< <
B =
0,2

0,21

Positive sequence

Negative sequence , !

0,1 0,1+
0 } 1 t ! ————% 0 1 t l: —
0 10 20 30 40 50 0 10 20 30 40 50
Harmonic Harmonic

IEC

a) Harmonic content of current waveformin Figure 1 (idealized conditions)
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b)) Harmonic content of current waveform in Figure 2 (realistic conditions)

Figure 3 — Comparison of harmonic content of current
waveform un ndition

Some of the listed factors have a non-linear influence on the harmonic content in the resultant
AC current waveform. The harmonic content can even be a cyclic function of some of the
variables as that parameter is varied from one extreme to the other.

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 should 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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6.3 Calculation methodology
6.3.1 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 &Il the cases are then used.

Different methods of calculating harmonic generation may be used by different bidders. Fjor the
purpoges of bid evaluation, a standard method may be defined in the specification [if the
customer wishes. However, the specification should also leave scope for the bidder to prgpose,
as an|alternative, his favoured method, while being clear about which factors should be [taken
into apcount.

In parnticular, the specification should state whether statistical metheds may be used to ¢gerive
the vglues of harmonic currents due to the random differences between phases of parameters
such @s firing angles and commutation reactances, and if so,what level of certainty should be
guarapteed. Typically, it is required that the magnitude of any‘non-characteristic harmonig used
in the|calculations should not be exceeded in more than/say 1 % of all possible cases, g¢r that
it shopld not be less than, for example, 90 % of the exireme value calculated using the worst-
possilble combination of parameters.

The imhpact of harmonic interaction across the converters is not easy to take into account|using
such ¢alculation methods which assume a given set of operating conditions.

6.3.2 Harmonic currents for performance, rating and other calculations

The filequency range and magnitudes’of harmonic currents used in the calculations may|differ
deperjding on their ultimate application. Sets of harmonic currents used for filter [rating
calculations may be more onerous than other sets of harmonic currents used for thq filter
perfoimance, losses or audible noise calculations.

The gpecification sheuld be clear in this respect. The main factors which may differ|when
calculiating harmonic eurrents for performance, or rating, or losses, etc. are

o the range ofAC network voltage variation,

o the range of AC frequency variations, both steady-state and transient (this has a relatively
minof,impact, affecting only the commutating reactance),

e levetofA€ system ||cyativc pilabv SEUUTTICT vuitagc,

e 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,

e whether harmonic currents are to be calculated at nominal AC bus voltage or at any
operating point within the specified voltage range, and

e the time for which certain conditions can exist (for example, conditions which persist for less
than say 1 min to be disregarded for performance calculations).

Narrower ranges of AC 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 6.4.
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6.3.3 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 almost a square function. If, for this reason, direct calculation of
the 12-pulse harmonics is not possible with the contractor’s calculation method, then the

harmonics for the individual converters may be calculated separately, and combined
mathe mnfir‘nlly to obhtain a nnmpnqifp set

For converters in the same pole, the 12-pulse characteristic harmonics and non-chasacteristic
harmgnics (excluding the theoretically cancelled harmonics) may be calculated, asithe sjum of
the lafgest magnitude of the harmonics of the individual converters. The theorgtically cangelled
harmgnics are calculated as the largest difference in magnitudes of theCharmonics ¢f the
indiviglual converters. For these, it is important to take into account poessible manufagturing
differ¢gnces between the two converter types, in particular, the expected variation i|n the
transfprmer reactance and the expected variation in voltage ratio bétween the star and| delta
winding designs. The average firing angle error between the two groups should also be
consiglered.

For cpnverters in separate poles, it is important to take(into account the slightly different
operating conditions pertaining to the two poles due to.BC current unbalance between poles,
particplarly if extended DC neutral current operation js 'permitted. This will result in differences
in magnitude and phase angle between the harmonics generated in the two poles.

In general, with the exception of the treatment.éftheoretically cancelled harmonics, it is normal
to asqume that the harmonics from each converter at a bus add arithmetically. This assumption
will reisult in net harmonic currents which are greater than those which can be expected to|occur
in prdctice. However, when it can beyshown that as part of a consistent set of opefrating
condifions, the phase relationship_between harmonics is relatively well defined, it mpy be
advarjtageous to take account.of “this relationship in calculating the total harmonigs. In
particplar, if it can be shown thabthere is a completely random phase displacement befween
harmgnics from two or more §ources, then an RSS sum may be considered.

6.3.4 Consistent sets

The tgrms "consistent”and "non-consistent" sets are frequently used, and often misundersgtood.
A "consistent" set'0f harmonic currents consists of harmonics generated at a single, realistically
feasiljle operating condition. Many such consistent sets will be calculated within a typical
harmanic generation computer program, considering each of the very many combinatigns of
varialjles.\However, if all the asymmetries of a realistic converter are to be considereq, it is
clearlyimpractical to then calculate the filter circuit for each of these many fully consister]t 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 DC 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.

6.3.5

Harmonic generation for different DC power ranges

For most HVDC converter stations, as DC power transfer increases, additional AC filters are
connected, both to mitigate the increased harmonic generation and to compensate reactive
power. There is, therefore, usually a range of DC power for which a given set of AC filters may
be connected. Within this range, those filters should perform adequately and not suffer
overload, and so should be designed for the worst set of harmonic currents which can occur
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Alternatively, to minimize design effort, a non-consistent set of harmonics may be derived by
taking the highest value of each harmonic that occurs anywhere in the given power range. This
is a cautious approach. If the customer does require non-consistent sets to be used for
calculation, then this should be stated in the specification, but normally there is no reason to
do this and the contractor should be allowed to use consistent or quasi-consistent sets if he
wishes.

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

° reactivepower control using-DC voltage adiustment—and
g ) 9 T T

e refluced voltage operation.
6.4 |Sensitivity of harmonic generation to various factors
6.4.1 Direct current, control angle and commutation overlap

The magnitude of the characteristic harmonics produced by the converter are pringipally
deperjdent on DC current, control angle, and commutation overlap.These dependencigs are
non-linear and cyclic but are well defined. The commutation ovérlap is itself a functlon of
current, voltage and control angle, as well as the commutating reactance, and sp the
relatignship can be expressed in different ways. VariationsXof the magnitudes of sgveral
charafteristic harmonics are shown in Figure 4. The curves\are based on the assumptjon of
ideal PC current on the DC side of the converter and balanced perfectly sinusoidal voltages on
the AC side of the converter.

As the converter control angle affects the waveshape of the converter current, both direct|y and
through its impact on the overlap angle, it has a very significant influence on the harmonic
genergtion. In general, higher control anglessresult in higher harmonic generation (although this
may rjot be true in all circumstances, due{o consequential impacts on currents and voliages,
and cyclical variations of harmonic magnitudes).

If the|operation strategy of the converter envisages higher than normal control anglgs, for
reasohs of reactive power balance, then these should be taken into account in the calcdlation
of sefs of harmonic currents” Such operation may be required at certain times for repsons
related to the AC system operation (to be requested in the specification if required), or nfay be
assocjated with filter switching points and apply only to certain DC power ranges (normally at
the digcretion of the contractor).

The magnitude oftnon-characteristic harmonics is also affected by these parameters, ag well
as by|the various asymmetries discussed in 6.4.2.

6.4.2 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 over dimensioning, if this worst-case combination does not occur in
reality. It is however a cautious approach and is recommended. Care should therefore be taken
in the wording of the specification, so that it is clear that the calculation of characteristic as well
as non-characteristic harmonics should take account of all asymmetries.

6.4.3 Converter equipment parameter tolerances

The specification should require the contractor to include in the calculation of non-characteristic
harmonic currents all possible variations of converter equipment parameters, such as
commutating reactance, transformer winding ratios, and firing angle variation.
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It is unlikely that firing angle accuracy or transformer winding ratio differences can be improved,
and so the filter designer should simply use the actual values.

The commutation reactance unbalance is due to manufacturing tolerance of converter
transformer leakage impedance, so that it is a controllable value to some extent. In designing
the converter transformers, the contractor may compare the higher cost of the converter
transformer caused by tighter manufacturing tolerance with the possible lower cost of the filters
caused by lower non-characteristic harmonic currents. Close dialogue with the transformer
designer is recommended [21].

6.4.4 Tap steps

The c’knverter transformer tap settings affect the converter voltage, current and controhangle,
and therefore the harmonic generation. Within a 6-pulse valve group, the tap settings fpr the
three phases normally result in virtually identical voltages for the three phases andsso it|is not
usualto consider any difference among phases when calculating harmonic generation.

Betwgen the star-star and star-delta 6-pulse valve groups, the tap-changers are nofmally
synchfronized. There is therefore no impact on harmonic generation, but the specification ghould
require that out-of-step protection is installed.

Possiple differences in tap setting between the transformers ofthe two poles of a bipolar HVYDC
scheme will depend on the operating strategy of the%scheme and whether tap-step
synchfronization between poles is installed. If differences can-exist, then the specification ghould
require that they are taken into account in the calculation*of converter harmonic generatipn.

6.4.5 Theoretically cancelled harmonics

Sometimes, a distinction is made between "theofétically cancelled" and other non-charactgristic
harmagnics. The theoretically cancelled harmonics are of orders 5, 7, 17, 19, ... (12k - 6) £ 1,
that i, harmonics which are characteristic-of each 6-pulse valve group but which are mytually
cancdlled in an idealized 12-pulse conwverter. In reality, incomplete cancellation occurs dque to
small [differences between the two 6<pulse valve groups.

If nontcharacteristic harmonigs.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 specification
should require that\the values of commutating reactance and control angle deviation usgd for
the twjo groups-stiould be at the opposite extremes of the feasible ranges, unless the contractor
can guarantee-that the difference between the mean values of these parameters for the two
groupp will be less than a certain value. This will ensure that the most pessimistic vaJue of
theorgtically cancelled harmonics is derived.

6.4.6 Negative and zero sequence voltages

Negative sequence voltage at the converter AC bus results in the introduction of harmonics of
order 6k — 3 where k is any positive integer, i.e. harmonics 3, 9, 15, etc., back into the same
AC bus and via the DC system into the remote AC bus. The most significant is the 3" harmonic.
The amount of negative sequence component which is specified for the converter AC bus is
very important. With a negative sequence voltage of greater than about 1 %, it is possible that
the 3"d harmonic current produced by the converter is so high that a very expensive 3" harmonic
filter is required. In some instances, it may be more economic to improve the voltage balance
in the AC system, for example by adding transpositions to circuits, if applicable, than to specify
a large voltage unbalance increasing the cost of converter filtering.

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

It should be noted that, if a converter station is connected electrically close to a generating
station, then the negative sequence voltage at that point should be considerably lower than is
assumed throughout the rest of the system. This may eliminate the need for a third harmonic
filter, and so the specification should consider this aspect carefully.

As zero sequence voltage is not transferred through the converter transformer (due to the
unearthed star or delta thyristor valve winding connection), zero sequence voltages at the
convdrier AC bus do not direcily influence the generation of non-characteristic harmonics.

6.4.7 Converter transformer saturation

For Igng distance transmission systems, fundamental frequency currents on the DC system
induced from parallel AC transmission are important, and cross the converter to give AC side
direct|current and positive sequence second harmonic. Both of these can) result in DC cprrent
flow in the valve winding of the converter transformer. The resultant shiff towards single[sided
saturgtion results in the generation of a broad spectrum of harmonics i the magnetizing cpurrent
on the AC side of the converter transformer. Also DC or extremely low frequency currer]t flow
through the neutral of the transformers resulting from stray DG eurrent from nearby elecfrodes
or popsibly geo-magnetically induced currents can result<nva similar shift in magnatizing
charafteristics and increased harmonic generation.

The dpecification should require that the contractor b€ responsible for calculating any] such
harmagnic currents from the converter transformer due to any of the causes stated, and ghould
take gccount of such harmonics in the AC filter design.

6.4.8 Harmonic interaction across the\converter

voltages at the converter AC bus.(result in the generation of non-characteristic harmonic
currents at two harmonics down ‘dr- two harmonics up into the AC system. For example| a 4th
harmgnic positive sequence voltage at the converter will result in the generation of 2"d harmonic
negat|ve sequence currents. Similarly, a 4th harmonic negative sequence voltage will result in
the generation of 6th harmonic positive sequence currents. Currents at additional harnonics
are also present but thé magnitudes are less than these dominant harmonics. The effects gbove
are cumulative, i.e. the presence of one harmonic on the AC side results in a harmonic ¢n the
DC sifle which in<urn may result in another harmonic on the AC side. This topic is the spbject
of CIGRE Techfical Brochure 143 [22].

Due{) harmonic interaction across the' converter, positive or negative sequence harmonic

A further factor which should be taken into account is harmonic current, or ripple, on the DC
side. Harmonic currents on the DC side are transferred to the AC side as two harmonics

a) a positive sequence harmonic, one harmonic up from the DC side harmonic;

b) a negative sequence harmonic, one harmonic down from the DC side harmonic.

Ripple in the DC current normally consists of harmonics of order 12 k, where k=1, 2, ..., plus
possibly the second harmonic.

The harmonic current flow on the DC side is normally under the control of the contractor.
However, under situations where the specification is being prepared for a single converter, the
specification should specify the harmonics present in the DC current waveform due to the
remote converter.
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6.4.9 Back-to-back systems

A special case of harmonic interaction across the converter occurs in back-to-back HVDC
systems [23]. In back-to-back systems, particularly those with low values of smoothing
reactance, DC side harmonics are an important consideration. Back-to-back systems with low
reactance or no smoothing reactors can introduce harmonics of one AC system frequency into
the other. If the fundamental frequencies of the two AC systems are the same, then harmonics
due to the remote system can add or subtract from the harmonics due to the adjacent system,
depending on the difference in phase angles of the two converter AC bus voltages. To establish
a single set of harmonics which takes into account both effects, it is often assumed that the
harmonic phase displacement exhibits a random characteristic and an RSS sum of the
harmonics may be considered to be appropriate for performance type calculations. For rating
considlerations, the pessimistic assumption is often made that the two frequencies are idgntical
and rgsult in harmonics which are in phase. In this case, the magnitude of the harmonics would
be adfed arithmetically to obtain an equivalent current.

When|the fundamental frequencies of the two AC systems are not the same,then currents can
be ggnerated at frequencies which are not harmonics of the adjacent system frequency.
Althodigh the frequencies are not harmonics, they should still be considered in the filter design.

A further possible source of interaction has been observed on at least one existing balck-to-
back scheme. If the AC lines connected to the two sides of a,back-to-back converter gtation
share|the same tower or route for a significant distance, theninductive coupling will pccur,
result|ng in the presence of non-synchronous harmonics in both AC systems, or interharmonics
if the frequencies of the two systems are not identical.

6.5 |Externally generated harmonics

The filter design should take into account other harmonic sources both within the station and
external to the station.

Within the station, one possible additienal harmonic source would be controllable repctive
compensation equipment, such as a static var compensator (SVC) (even if it has its own filters).
The dpecification should require, that any such source is to be taken into account|when
calculating both AC filter performance and rating, and design of the filtering for both HVD[C and
SVC should be co-ordinated.

Outsidle the station, other*harmonic sources, such as other HVDC converters, SVCs, rgctifier
type Ipads, controllable-AC drives, arc furnaces, power transformers, corona from AC lineg, and
consumer equipment;“can result in a significant harmonic presence. The effect of harmonic
sources from outside the station for considerations of filter performance is discussed in [8.1.6.
Such [sources™are considered for the purpose of filter rating (see IEC 62001-4 [24]). The
specification-xshould therefore clearly identify such external sources. The customef and
contractor.should be aware that this is an area where considerable disruption and dispufe can
occur|if\afilter is eventually damaged while in operation, due to harmonics generated extdrnally
to the converter station.

7 Filter arrangements

7.1 Overview

There are various possible circuit configurations which can prove suitable for AC side filters in
HVDC converter stations. Clause 7 reviews these designs to give background information on
the advantages and disadvantages of particular filter types.

Only shunt connected filters are considered in Clause 7.

The comments on particular filter designs apply to HV and EHV connected filters and equally
to MV (medium voltage, 1 < U, < 35 kV) connected filters, for example tertiary connected filters.
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The choice of the optimum filter solution is the responsibility of the contractor and will differ
from project to project. The design will be influenced by a number of factors which may be
specified by the customer:

specified harmonic limits (current injection, voltage distortion, telephone interference
factors);

AC system conditions (supply voltage variation, frequency variation, negative phase
sequence voltage, system harmonic impedance);

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

converter control strategy (voltage and overvoltage control, reactive power control);

sife area (limited switch bays);
logs evaluation criteria;

avfailability and reliability requirements.

Reviews of previous HVDC schemes [10], [12] can indicate typical filter solutions for parficular
schemes. However, this can only act as a guide or a starting point; only detailed study will

produce an optimum design.

Different filter configurations will possess certain advantages and disadvantages |when
consigering the above factors. The purpose of Clause %is to provide designers and plzlnners

of HVYPC schemes with a review of the advantages and-disadvantages associated with an

mber

of widely used filter configurations. As only the filtér design and performance aspecis are
consiglered, additional equipment such as surge.arresters, current transformers and voltage
transfprmers are omitted from the circuits shown.In HV and EHV applications, surge arresters
are rlormally used within the filters to gfade the insulation levels of the equipment.
The protective level and energy absorption\capability of these arresters will be the subject of

detailgd transient studies.

7.2

Advantages and disadvantages of typical filters

The fpllowing 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
abovg 66 kV and sometimes 110 kV. On low voltage systems, the filter neutral may be eTrthed

or ung¢arthed depending on local requirements. Alternatively, the neutral of the filter m
earthed throughareactor.

ay be

Positipn,of reactor: In the figures shown in 7.4 and 7.5, the reactor is connected at the neutral
end of ‘the circuit, although in practice the reactor can be connected at either the HV sjde or
neutral side of the circuit.

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 minimizes 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


https://iecnorm.com/api/?name=cb525623eea219decc724225199097ba

-40 - IEC TR 62001-1:2021 © IEC 2021

and the capacitor bank. In some cases, line side reactors have been prohibited due to
adverse effects on the breaker TRV.

7.3

Many

Classification of filter types

terms are employed to classify filters. In Clause 7, the following terms are used.

a) Tuned filters

These are filters tuned to a specific frequency, or frequencies. They are characterized by a
relatively high Q (quality) factor, as in Formula (6), i.e. they have low damping. The
resistance of the filter may be in series with the capacitor and inductor (more usually it is

Si

ply the loss of the inductor), or in parallel with the inductor. in which case the resi

tor is

of
tu
(e

b) Damped filters

TH
at
re
ab
ho

sufficiently low resistive impedance of high frequencies and_ avoid unacceptable los

fu

filjers. If they are also intended to have a highly damped characteristic at frequencies

th
d4
(e

c) Fi

TH
as

The o
exam

7.4
7.41

This i

high value. Tuned filters are also referred to as narrow band-pass filters. Examp
ned filters are discussed in 7.4.1 to 7.4.3 and include single (e.g. 11}, g
g. 11/13th) and triple (e.g. 5/11/13th) tuned types.

ese are filters designed to attenuate more than one harmonic, for example a filter
24th harmonic would cover 23 and 25t harmonics. Damped filters always incl
Sistor in parallel with the inductor which produces a damped characteristic at frequg
ove the tuning frequency. Normally, a low resistor value is chiesen to give high dan
wever, the choice will depend on the need to meet performance requirements, ach

ndamental frequency. Damped filters are alternatively.referred to as broad band

b tuned frequency, they may also be referred tolas high pass (HP) filters. Examp
mped filters are discussed in 7.5.1 and 7.5.2, ahd include single tuned damped high
g. HP12) and double tuned damped high pass:(e.g. HP12/24).

ter "order"

e expression "order" refers to the order.of the terms in the transfer function of the 1
follows:

18t order is a simple C or R=C circuit, i.e. a shunt capacitor;
2nd order is an L-C circuit; i.e. a tuned filter (Figure 6) or damped filter (Figurg

3rd order contains-an~additional capacitor bank, i.e. a double tuned filter (Fig
or damped filter (Figure 10).

rder of a filter is semetimes used to clearly define the type of filter being considerg
ble a 2"d order damped high pass (as in 7.5.1.1) or a 3" order damped high pass (7.5

Tuned filters
Single tuned filters

the simplest filter topology, consisting of a reactor connected in series with the ca

les of
ouble

tuned
ude a
ncies
hping;
eve a
ses at
-pass
hbove
les of
pass

ilters,

9);

ure 7)

d, for
1.2).

acitor

bank. Figure 5 shows the circuit arrangement and the impedance/frequency response for a

typica

I 11th harmonic tuned filter.
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Impedance of a tuned filter
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Figure 5 — Single tuned filter and frequency response

By choosing the capacitance (C) and inductance (L) to achieve /a ‘series resonance gt one
specific harmonic order, a very low impedance path, limited only by the resistance () jin the
reactqr, is created for one harmonic current. That is,

2nfonl = 4
Honl == HorkC (4)
giving
n_; (5)
271V LC
whersg

fo is[the fundamental frequency;

n is[the harmonic ordef:

By sujtable choice of\the O-factor of the reactor, and thus the O-factor of the filter, whersg

\/Z
ZZI#OHL _\c¢C , (6)

7

0

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, 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 (11th, 13th 23rd 25th etc ).
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Because the effectiveness of the filter relies upon Formula (4) 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, Formula (5) 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, it is preferable to maintain C
constant and provide adjustment in L. This can be achieved by simple off-circuit taps on the
reactor, but at increased cost, typically 10 % to 20 % and poorer reactor reliability.

As capacitance is a temperature-dependent quantity, Formula (5) implies that the filter will

becom

e detuned with ambient temperature variation.

To summarize:

Advantages Disadvantages

1) |Simple connection with only two 1) Multiple filter branghes may be negded
components. for different harmonics.
2) | Optimum attenuation for one harmonic. 2) Susceptible to de-tuning effects.
3) |[Low loss. 3) May require off-circuit tap connectjons.
4) [Low maintenance requirements.
7.4.2 Double tuned filters
This {ype of filter is substantially equiyalent to two parallel connected tuned filters put is

implemented as a single combined filter. The reactive power rating of the combined d

tuned
circuif

ouble

filter would be the sum of the, ratings of the two tuned filters. Figure 6 shows two typical

arrangements and the impedance/frequency response for a typical 11/13t" filter.

Impedance of a double tuned filter

Harmonic num

Figure 6 — Double tuned filter and frequency response
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By combining two tuned filters virtually, any Mvar split can be accommodated between the lower
and upper frequency components. This allows the possibility of incorporating a very low Mvar
rated filter, which on its own would be an un-economic design, into a larger filter to form a
double tuned filter. If two single-tuned branches were used instead, there could be a minimum
filter size problem due to connecting a possibly very low Mvar rated filter (as required for one
of the two frequencies) on to an HV busbar. This problem can be overcome in most cases by
the use of double-tuning.

There is only one HV capacitor bank C; and only one HV reactor L4; the other components are

operated at low voltage. The site area required for a double tuned filter will be less than for two
single tuned filters, and only one set of high voltage switching apparatus is required. The

protegtiomofomty ome VvV capacitor bank wittatsoTeduce tosts:

As each switched filter can attenuate two harmonics, there is more incentive to install idgntical
filters| which has advantages in design, testing and spares costs. This also jimproveg filter
redundancy which will result in an overall increase in station reliability.

Like dingle tuned filters (see 7.4.1), this filter is susceptible to de-tuning-due to frequency drift,
ambignt temperature variation and component tolerances. Off-circuit tap adjustment mfay be
requined to compensate for tolerance effects

The presence of a parallel C, — L, circuit will result in circulating harmonic currents, which in
the cgse of the capacitor can exceed the fundamental current. This can make proper fusing of
the Cj bank difficult, indeed most C, banks are installed‘without fuses. The magnitude of such
circulating currents can be controlled by lowering the/@'value, i.e. increasing the resistarce, of
the Lp reactor or installing a resistor R in the citeuit. Increased reactor resistance can be
achieyed by increasing the losses in the windingsi.for example by using conductors of nafjrower
crossisection, or by increasing stray losses i structural members, or by adding add|tional
materjal to induce eddy current losses.

If a re¢sistor is used to control the circulating currents, this can be either in series with the
capaditor bank C, or connected in parallel with both C, and L,, as shown in Figure 6.

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

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

During routifte: bank switching or system faults, the transient duty on C, can greatly excded its
capahility based on steady-state rating. This may require the C, capacitor bank rated vpltage

to b Hereased—above—the—calcttated ctcady state |at;||3 to—withstand—stueh—trahsient
disturbances. These transient conditions will place additional duty on the surge arresters which
are used to grade the insulation of the low voltage components.
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To summarize:

1)

2)

3)

Advantages
Optimum attenuation for two harmonics. 1)

Lower loss than for two single tuned 2)
branches.

Only one HV capacitor and reactor 3)

needed to filter two harmonics

IEC TR 62001-1:2021 © IEC 2021

Disadvantages
Susceptible to de-tuning effects.

May require off-circuit tap adjustment.

Transient effects can determine rating

of L\ elements

4)

5)

7.4.3

Mitigates minimum filter size problem for 4)
a low magnitude harmonic.

Fewer branch types, facilitating filter 5)
redundancy.

Triple tuned filters

Complex interconnection, with”4|or 5
C-L-R components.

May require two surge arrestefs to
control insulation’ levels.

This {ype of filter is electrically equivalent to three parallel connected tuned filters, put is
implemmented as a single combined filter. Figure 7 shows the circuit arrangement and the

impedance/frequency response for a typical 12/24/36 filter.

m Impedance of a triple tuned filter
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Figure 7 — Triple tuned filter and frequency response

Although a complex filter, this arrangement can provide a suitable method of incorporating
filtering at three harmonics. This can be either three characteristic harmonics to control
harmonic performance (e.g. 12/24/36%) or may be two characteristic harmonics plus one non-
characteristic harmonic (e.g. 3/12/24th) to prevent resonance problems.

The use of triple tuned filters could improve the operational requirements for reactive power
control. This would be of particular importance at low load conditions where a shunt reactor
may have been required to offset a 3" harmonic filter. Such minimization of reactive power
generation may be important to avoid self-excitation of nearby generators. Where low levels of
TIF and IT are specified, these filters may achieve the required performance levels. As they are
similar in nature to double tuned filters, their merits and drawbacks are as described in 7.4.2.
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Advantages Disadvantages
1)  Optimum attenuation for three harmonics. 1)  Susceptible to de-tuning effects.

2) Lower loss than for three single tuned 2) May require off-circuit tap adjustment.
branches.

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

4) Mitigates minimum _fiiter size ior low &) 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 mgy be
redundancy. required to control insulation levdls.

7.5 |Damped filters
7.5.1 Single tuned damped filters
7.51.4 2nd order damped filter (high pass filter)

In thig filter topology, a damping resistor R is connected in parallel with the series reagtor L.
Figurg¢ 8 shows the circuit arrangement and the impedance/frequency response for a dgmped
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 dgfined in terms of quality factor, @;>or alternatively as a damping factor m, defined
respeftively as

or m=—s—

NOTE | This is the inverse of-the definition of Q-factor for a filter where the resistance is in series (as in 6.4{1), the
logic b¢ing that in both,cases Q is a measure of the sharpness of tuning.

Figure 8 illustrates the effect of choosing a high quality factor O (curve Z4) or low Q (curvie Z,).
Note fhe transition between capacitive and inductive impedance, i.e. the phase angle of 01 does
not odcur €xactly at the point of minimum impedance. At very high frequencies, the phaselangle
will fall.te near zero, i.e. the filter impedance becomes the resistor value (R).

The presence of the resistor broadens out the frequency response of the filter, which introduces
two beneficial effects. The filter is now less sensitive to the de-tuning effects of frequency drift,
ambient temperature variation and component tolerance effects. Also, by choice of R, the filter
response can cover a number of harmonics, for example 11th and 13th could be attenuated by
one damped filter. However, the attenuation achieved by a damped filter may be less than that
achieved by two tuned arms of the same total rating, for example 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 costs of losses are high, especially for a filter designed
to attenuate the 11th and 13t" harmonics.
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1) Provides attenuation over a spectrum of 1)

harmonics.

2) Relatively insensitive to de-tuning effects. 2)
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Disadvantages

May require larger installed Mvar
rating than multiple tuned branches.

Higher losses than tuned filters.

Impedance of a second order filter

7.5.1.2

In thig

3rd order damped filter

@
£
L
" 9 U UUU A o
N L
P L 40
C, — 1 000 1 .~': ® %
= \ ‘ Zq g
/ PP UL 0 %
. (,»"':J‘L- 22 9,
C 100 ! 0
L ( R » i
- ) -40
i /
10 1 S 60
s
'."' %0
—) 1 + + + + + —100—>
5 10 ¢, 15 20 2 3

Figure 8 — 2nd order dampéd filter and frequency response
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topology, an auxiliary capacitor (C,) is connected in series with the resistor to acft as a

blocking impedance, as shown.in-Figure 9. The main application of such a filter would be pt low
harmg@nic orders where the lesses in a 2"d order filter resistor would be unacceptablg. The

impedance/frequency response of such a filter at 34 harmonic is shown in Figure 9.

Impedance of a third order filter
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Figure 9 — 3" order damped filter and frequency response
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At fundamental frequency C, has a high impedance, thus reducing fundamental losses in the

resistor as current preferentially flows through the reactor. At higher frequencies, as the
impedance of bank C, decreases, harmonic current flows through R providing the required

damping. The choice of C, is essentially economic as the reduced power dissipation, hence
cost, of the resistor plus reduced capitalized losses should cover the costs of the C, bank.

The presence of the C, bank slightly degrades the filter admittance characteristic, thus a slightly
larger Mvar rating may be needed to maintain performance. To summarize:

Advantages Disadvantages
As 7.5.1.1 plus: As 7.5.1.1 plus:
1) JLower fundamental frequency losses in 1) Slightly poorer performance complared
the resistor than 2"d order damped design. with 2nd order damped, design.
2) More complex. filter, with four ClL-R
components«
7.51p C-type filter
In thig topology, an auxiliary capacitor (C,) is connected/in series with the reactor and is tuned
to forh a fundamental frequency bypass of the resister. Figure 10 shows the circuit arrangément
and the impedance/frequency response for a typical 34 harmonic filter.
- Impedance of a C type filter
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Figure 10 — C-type filter and frequency response
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By creating a tuned filter C,-L within a 2nd order filter, virtually all fundamental current is
excluded from the resistor. At frequencies above fundamental, harmonic current flows through
R achieving the desired damping. However, as C,-L is a tuned filter, de-tuning can occur due
to variations in L or C values from the rated values. However, in this case, the effect of de-
tuning is to increase the resistor rating rather than degrade overall filter performance.

The presence of the C, capacitor has a small effect on the impedance characteristic.
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To summarize:
Advantages Disadvantages
As 7.5.1.1 plus: As 7.5.1.1 plus:

1)  Negligible fundamental frequency loss in 1) Resistor rating is susceptible to de-
resistor. tuning effects.

2)  May require off-circuit tap adjustment.

3) More complex filter, with four ¢-L-R

components.

4)  Slightly poorer performpnce
compared with 2”80 order damped
design.

7.5.2 Double tuned damped filters

This type of filter is electrically equivalent to two parallel éonnected 2"d order damped ffilters
but implemented as a single combined filter. Figure 11-shows the circuit arrangement and the

impedance/frequency response for a typical 12/24th fijter.
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Figure 11 — Double tuned damped filter and frequency response

This filter offers a considerable degree of control over the frequency response, allowing
changes in Mvar split between low and high frequencies, and changes in the damping achieved
across the range. The design has the same advantages as the double tuned filter whilst being
less sensitive to de-tuning effects. However, the presence of the resistors R4 and R, will

generate both fundamental and harmonic losses.

During switching or fault disturbances, the loading on the LV components C,, L,, R, can exceed
their overload capability if this is based on steady-state ratings. Thus, particularly for C,, the
rating needs to be based upon transient studies and not steady-state studies.
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To summarize:

1)

2)

Advantages

Attenuation over a wide spectrum of
harmonics.

Only one HV capacitor and reactor
needed to filter a range of harmonics.
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1)

2)

Disadvantages

Transient effects can determine

ratings of LV components.

Higher losses than double tuned

bandpass design.

3)

Miticgates minimum filter size nroblem for Comnlax intarconnaction with 6
g P ORpHex—HHercoRRecHoRA—WHA—bB

C-L-

4)

5)
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a low magnitude harmonic. R components.

Fewer branch
redundancy.

types, facilitating filter Additional protection requirement

resistors.

Relatively insensitive to de-tuning effects.
arresters compared to tuned
design.

Choice of filters

the advantages and disadvantages discussed im/A2, 7.4 and 7.5, the following guid
e summarized.

here system frequency varies widely, the use of damped filters would be prefer
ned filters.

here there is a wide ambient temperature variation, tuned filters may give unacce
rformance. However, where off-circuit tap adjustment is provided, the reactors co
-tuned on a bi-annual basis tormitigate the variation of capacitance due to summg
nter temperatures.

here filters need to be tuned close to the harmonic order for optimum performanc
cuit tap adjustment on the reactors may be required.

d order high pass_damped filters can provide the optimum solution for 11/13t" and
aracteristic harmohic groups, in applications where only voltage distortion limi
plied and/or the-range of system harmonic impedance is benign.

b level.0f damping required, the losses in 2Nd order high pass damped filters are u
an acceptable level.

rJow harmonic order filters where a damped characteristic is required, the C-type f

s for

Possible additional“duties on gurge

filter

elines

ed to

btable
uld be
r and

B, off-

higher
s are

hless needed for low order harmonic problems, for example 34 or 5th, and depending on

sually

lter is

pr

ferred:

double tuned filters may be needed to give the required low impedance path.

acceptable performance.

re

quired.

double tuned or triple tuned filters may be the optimum solution.

pr

ovide the optimum solution.

Where limitation of individual harmonic current injection or IT (qu) is required, tuned or

Where limitation of voltage distortion is required, either tuned or damped filters can give
Where limitation of TIF (THFF) is required, combinations of damped filters are normally
Where limitation on reactive power exchange in conjunction with TIF limitation is required,

For high voltage and/or low Mvar applications, double tuned or triple tuned filters may
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) Where existing levels of negative phase sequence (NPS) voltage on the system are high,
i.e. exceeding 1 %, 3" harmonic filters, either tuned or C-type, may be required. If C-type
filters are used, they may also provide attenuation at 5t harmonic if required, by suitable
choice of the resistor value. In some schemes, it may be possible to attenuate the
generation of 3" harmonic due to NPS voltage by control action.

These comments are intended as a guide, as only detailed performance and rating studies will
establish an optimum solution.

8 Filter performance calculation

8.1 Calculation procedure
8.1.1 General

Filter performance calculations are central to the filter design process. Any prospective AC filter
configuration should first be subjected to calculations to show what wouldcbe’the performance
under| the defined conditions. However, due to other aspects to consider, such as rating and
lossesg, the whole design process is iterative by nature. This means that-the filter performance
calculations may be made many times, with different prospective Ailter data, in the coufse of
filter design for any project.

Specipl-purpose computer programs are required in order to’conduct the required calcul@tions
efficigntly, and to present the design engineer with the information to optimize the filter design.
Descrjiption of which such programs are to be used{by prospective contractors shoyld be
requepted in the specification and assessed by the customer.

8.1.2 Input data

Normally, the customer defines the AC systém harmonic impedance, voltage and frequency
range} negative sequence voltage, reactive power exchange limits, operating cond|tions,
ambignt temperature range, pre-existing harmonics and the permissible distortion limitg. The
customer should consider possible future changes in the system.

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

8.1.3 Methodology

The nmethodologysdescribed below is the classical calculation procedure, which does not take
into apcount theleffects of AC-DC side harmonic interaction across the converter. The reader
shoulfd be aware that unless harmonic interaction phenomena are taken into account, and
unles$ the effective impedance of the converter is adequately modelled, calculations using the
classigaldmethod may give substantially misleading results, especially for low-order non-
charaktteristicharmoni ch—interaction—rmaybe-inctaded in
the calculations.

The input data is used to construct a computer model (Figure 12). For LCC HVDC, this consists
of a constant harmonic current source representing the HVDC converters, in parallel with the
filters and AC system harmonic impedance. VSC HVDC converters are generally modelled as
an harmonic voltage source as described in [1].
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IEC

Key

I, Hfected-harmonic-curronts—from-the-converter
Ze, filter harmonic impedance

I, filter harmonic current

Zg, IAC system harmonic impedance

Iy, IAC system harmonic current

Ven IAC system harmonic voltage

Figure 12 — Circuit model for filter calculations

The fiJter current may then be found from:

Z
Ity =¢'Icn (7)
Zsn +Lfn
and the harmonic voltage distortion from:
ZinZ
- :sn—fn.lc __den (8)
Zsn +Zin Yon + Y
wherg
Y, [s the AC system harmonic admittance;

Y:;, [is the filter harmoenic admittance.

In thepe equations, the harmonic current (/) produced by the rectifier or inverter of the HVDC
statiop should‘be calculated by the contractor for all harmonics (see 8.1.4). The system ngtwork
harmgnic impedance (Z,,) is normally defined in the specification (see 8.3).

8.1.4 Calculation of converter harmonic currents

The conditions under which the harmonic currents generated by the converter are to be
calculated for performance purposes are discussed below. Calculation of harmonic generation
and the parameters requiring consideration are described in Clause 6.

Under some extreme or rare conditions of harmonic generation, the filter performance may not
be required to meet the specified limits. Therefore, depending on the nature of the particular
scheme and its electrical environment, the customer may wish to consider excluding some such
conditions from the calculation of filter performance. The advantage to the customer could be
simpler and less expensive filters. The following aspects could be considered for exclusion:

e operation under short-time overload conditions of DC current (or DC power);


https://iecnorm.com/api/?name=cb525623eea219decc724225199097ba

-52 - IEC TR 62001-1:2021 © IEC 2021

e reverse power direction for an HVYDC scheme which is intended mainly for uni-directional
transmission;

e reduced DC voltage operation, if intended only for rare and short-time use;

e extreme rare or short-time AC voltage variations;

e extreme rare or short-time levels of AC negative phase sequence component;

e operation with one filter bank out of service;

e unusual operating conditions or configurations.

The specification should be clear as to whether harmonic currents are to be calculated
consigering-the—steady-state vottag of-Rrofiha oHtage- e e—aetion
rter transformer tap-changers (and assuming constant harmonic generation-ffem the
rters), the harmonic current magnitudes on the network side will vary in inverse proportion

AC voltage variation. Maximum harmonic current injection from the converters may
fore occur at minimum AC voltage conditions.

- A o o = a
el O1tea| g O v OoTterg waw O el O

conv
conv
to th
there

To find the worst-case performance conditions which may occur in practiece, the calculations
shoulfl be made considering the range of AC voltage specified for performance calculation.
Howe)er, some specifications in the past have requested calculation‘of-harmonic currents only
at nominal AC voltage, which is equivalent to a relaxation of the performance criterigd. The
customer should decide which approach is preferable and state this in the specification.

8.1.5 Selection of filter types and calculation of theirimpedances

During the course of the AC filter design for an HVDGC project, various filtering solutions ill be
studigd and the corresponding harmonic performance®calculated. Different types of filtes and
their ¢haracteristics are described in Clause 7, in¢cluding advantages and disadvantages |of the
respegtive filter type. Clause 7 also covers aspécts of the choice of an optimum filter sollition.

When|the major features of the design have'been decided, there will normally still be a n¢ed to
make|fine adjustments to the filter component values in order to optimize performance, |rating
and Igsses, and this process will normally entail many iterations of the performance calcylation
procefure.

8.1.6 Calculation of perfermance

Using|the model (Figure 12), different sets of harmonic currents corresponding to different DC
current (or power levelsy levels are applied and individual harmonic voltages appearing gcross
Z;, arp calculated,\under applicable and agreed network impedance conditions. The effect of

AC system voltage and frequency variations is considered by modifying source currents and
filter impedance), respectively. The calculated individual harmonic voltages are then procegssed,
in thg manher defined by the customer (see Clause 5), to obtain the desired performance
paranleters.

For the calculation of parameters which combine all relevant harmonic orders, such as THD,
TIF and THFF, there have been different approaches adopted in previous HVDC converter
stations. It is unrealistic to expect that resonance between the AC system and the filters will
occur at all or many of the harmonic frequencies simultaneously. In this respect, one of the
following methods or some similar approach can be used to avoid an excessively pessimistic
calculation.

a) THD, TIF, THFF should be calculated with AC network impedance connected at the two
harmonics which result in the highest value of that parameter, and at all other harmonics
the AC system harmonic impedance should be considered to be an open circuit. Note that
this methodology of using open circuit is not suitable for VSC HVDC, as explained in [8] and
in IEC TR 62001-5 [2];
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b) When discrete 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 is giving the highest distortion) at one or two harmonics

and for the remaining harmonics to use the system condition that gave an impedance ¢
to that which gave the worst-case resonance condition for those harmonics.

losest

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

should be correspondingly higher.

For IT and Ipe the following simple method or some similar approach can be used to avoid an

exces

H ] H H 1 1 lot:
IVeTy MpULoolTTiotv varvuratuivrt.

c) ITfland Ipe could be calculated with a phase equivalent impedance modelled by-a’p

connection of a resistance and a reactance. The reactance can be calculated from th
leyel produced by the lines being modelled by this equivalent, and the parallel resid
can be produced by the positive sequence surge impedances of these lines. This mod
ndt show any resonances such as occur in a real system; however~the model is a
cdmpromise giving an average over the studied frequency range.

The chlculation of performance is generally based on consideration ‘ef'harmonics genera

arallel

e fault
tance
el will
good

ed by

the converter alone, i.e. neglecting the effects of pre-existing harmonics. Such a method is

appropriate where the pre-existing levels are low and/or it is difficult to define the pre-e)
harmg@nics accurately.

isting

Howeyer, where pre-existing distortion is known, and’ is significant in comparison fo the

permitted limits, the performance criteria should be defined in terms of the "total" distortio
to thgl converter plus pre-existing, rather than an ‘incremental" value of distortion due
convdrter alone. This is because pre-existing distortion may change as a result of magnifi
(or aftenuation) by the connection of thev€onverter station AC filters. In this case
reconjmended that in deriving the total distortion at each harmonic, the converter an
existilg harmonics are summed on a(oot-sum-square (RSS) basis unless specific
regardling their relative phase angles_is-available.

Carefll investigations or measurements of pre-existing harmonics by the customg
necesgsary prior to preparation-'of the specification. A recommended practice is to
Thevgnin equivalents connected to the converter busbars, representing pre-existing harn
from the AC system by veltage sources behind equivalent harmonic impedances. The har
frequency of the voltage source should be varied over a defined range, to detect the wors
resonpnce conditions.created by inclusion of the harmonic filter impedances.

8.2 |[Detuning‘and tolerances

8.2.1 General
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AC filters normally operate under detuned conditions to a greater or lesser extent
specification should require that the following factors contributing to detuning should be
into account in the performance calculations:

e fundamental system frequency variation;

e filter capacitance variation due to temperature variations;

o filter capacitance variation due to failed capacitor elements and ageing;

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

ctical
. The
taken

tors.

Depending on the filter type (Clause 7), the different factors will influence the performance to
different degrees. Sharply tuned filters with high Q-value will be highly influenced by variations

in the above parameters. Damped filters with low O-value will be less influenced.
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8.2.2 Detuning factors
The background to each of the factors contributing to detuning is discussed below.

a) Fundamental frequency variation

The frequency range for which the performance requirements shall be met should 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.

b) Capacitance variations

The capamtance of the fllter capamtors will be temperature dependent to some extent. The
Jld be
rating
t time
y the
capacitor manufacturer. Capacitance change due to heating caused by electrical streds and
sdlar radiation should also be taken into account.

It |s 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 maxXimum
lowed number of failed elements should also be taken inio- consideration fqr the
pgrformance calculations.

o

It [should be observed that using the approach that every filter capacitor bank mpy be
oderating with maximum number of failed elements at thersame time as the temperature
and the fundamental frequency are at the outer limit of specified range, a very conseryative
pgrformance value is found. The probability (see 8.5).that all detuning parameters wotld be
mest critical at the same time will not be very high;

THe total capacitance variation resulting from_temperature variations, failed elemenfs and
adeing should be taken into account by the filter designer.

c) Manufacturing tolerances and initial mistuning

Eqch component in a filter will be manufactured according to requirements on tolergnces.
The smaller the tolerances are, the more expensive the component will be. These tolerpnces
shiould be included in the detuning factor in the performance calculations. HoweVer, to
refluce the detuning factor and” also relax the requirements on the tolerances, {uning
fagilities for the filter are often/provided, the most common of which is tappings on regctors.

When reactors with tappings are used, the tolerance requirements on the capacitors dan be
relaxed. The contractor. should assess the cost of providing reactor tappings to cover the
repctor’'s own manufacturing tolerance, plus the range implied by the capacitor tolergnces,
and choose the values for both tolerances and tappings which give the overall lowedt cost
sdlution.

THe maximum possible initial mistuning will correspond to half of one reactor tap step plus
an allowance for the accuracy of the tuning procedure and measurement equipment. (Vhere
a |long(interval between retuning is required, the filters may be slightly mistuned initiplly in
orfler(to take into account the capacitance change during the service interval due to fdilures
and—ageing:

d) Seasonal tuning

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

1) cheaper filter;

2) lower losses.

The disadvantages are the following:

3) necessity of retuning every half year;

4) cost of retuning (possible outage cost and labour cost).
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8.2.3 Resistance variations

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

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

8.24 Modelling

To mlodel accurately the factors contributing to detuning, these should be represented
indivigually within the model as they occur in reality. The harmonic frequencies at'whi¢h the
mode| is solved should correspond to the extremes of the fundamental frequency|range¢, and
the mpximum variations in the values of each component should be used, always combined in
the sgnses which give maximum overall detuning of the filter.

In thg past, it was common practice to use an "equivalent frequency deviation" in| filter
calculiations (see Annex D). Using this method, all filter component‘parameters are mogelled
as constant values and the variations in these parameters are taken into account by solving the
circui{ at an equivalent frequency deviation, which takes into“account not only the factual
frequg¢ncy but also the equivalent detuning due to component variations. A formuja for
equivalent frequency deviation is shown in Annex D.

Althodigh the equivalent frequency deviation method)is” attractive due to the simplificafion it
introduces, there are strong arguments for not using.it, as follows.

e It @pplies the same deviation to all filters, even though the components for different brahches
may have different deviations from nominal, for example different tap step sizes (or ng taps)
on reactors. With regard to the loss oflindividual capacitor elements, it is normally npt the
case that all the filters are simultangdusly detuned to the maximum extent.

e It |s not strictly accurate for anything other than sharply tuned, high O-factor filters.

e THe worst case may be whencidentical filters are detuned in opposite directions — this|is not
allowed for with the equivalent frequency deviation method.

o If pther AC side compenents, for example shunt capacitors, reactors, transformers of lines
arg included in thesmodel, then their impedance may be modelled at the wrong freqpency
when using the equivalent frequency deviation method.

The cpustomer should be aware of these limitations when evaluating a bidder’s design mgthods
and cplculationyprocedures. With modern computing tools and modelling techniques, there is
no reason ferthe equivalent frequency deviation to be used for other than possible rough|initial
calculations!

Consequently, the calculation techniques should model the frequency deviations and individual
detunings of the components separately.

8.3 Network impedance for performance calculations
8.3.1 General

The network impedance is one of the most important parameters affecting AC 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 8.3.2 below.
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Normally, the customer defines the range of network impedance to be used for the filter design,
but in some HVDC projects the customer has left the contractor to make his own estimate. As
the contractor is unlikely to have access to all the necessary information about the network
components, or the facilities to make site measurements, this approach will tend to result in
conservative estimates being made, resulting in overdesign of the filters (see also 4.2).

The customer should therefore start work on defining the network impedance early in the
genesis of an HVDC project. The network impedance will change with system configuration and
load conditions. In addition, possible future changes should be considered. In practice, it can
be difficult to obtain an accurate definition. Experience from some earlier projects has shown
that specified network impedance diagrams have had lower damping than actually present in
the ngtwerk—H-the-giver-impedance-is-toe-pessimistic—-e—theranrge-of-mpedance—-magnitudes
is too|wide and/or the damping too low, then the filter will be more expensive than necegsary.
Consgquently, the effort expended by the customer in definition of the network impedance at

differgnt harmonic frequencies may result in significant savings in the cost of AC filters.

Varioyis methods of deriving the network impedance have been used. An ‘assessment of
differgnt methods and their merits was made by CIGRE/CIRED WG CC02425], and a stpdy of
netwdrk impedance modelling techniques was undertaken by CIGRE UYTF 36.05.02/14)03.03
[26] ahd CIGRE Technical Brochure 766 [27]. The reader is referred to/these sources for further
detail$.

The impedance can be calculated with the help of any computer program with which it is
possible to model frequency-dependent power system elements [25], [26], [27]; however, the
accurgcy of these calculations is often limited due to laek<f accuracy of input parameters. The
result|is often a pessimistic estimation of the netwerk:vimpedance and lower damping pf the
harmgnics compared to the real impedance of the ‘network. The correct modelling ¢f the
variatlon of component/branch resistance with frequency, in particular for transformerg and
loads] is important to determine accurately the damping of the network. Differences |n the
netwgrk harmonic impedance between phases should be considered, especially if the ngtwork
impedance is dominated by long AC lines; bearing in mind that transpositions may not be
effectlve at harmonic frequencies. The €alculations should be carried out in the frequency
domajn, as in the time domain the calculations will be very time consuming due to the required
detailed representation of the system:

Measyurements have also been used in some cases; however, this requires special devicefs with
high gower output in orderto.obtain high signal-to-noise ratio. Further, it is very difficult to|cover
all pogsible network conditions by making measurements, and possible future changes will not
be coyered.

A further analysis>of system harmonic impedance is given in Clause 4 of IEC 62001-3:2016
[13].

8.3.2 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 AC system impedance for varying system
conditions and at different harmonic frequencies is defined to be within the envelope (borders)
of these areas.

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

Zmax =Zmax s.c.
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Zin =Zmin S.C. \/;

with phase angle of

0° to 80° for n<b5
+ 75° for 5<n<11
+ 70° for 11<n <49

where
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consiglered and.sectors of different amplitude are supplied for different frequency rangeg
differgnt types-of envelope suggested have different tendencies in this respect.

In Figure13 and Figure 14, some examples of envelope diagrams are shown and their rg
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chlanges and different-envelopes can be given for performance and rating conditions.

oI5 the ACSystenm maximunT short circuitimpedance at fundamentat frequency;

c. isthe AC system minimum short circuit impedance at fundamental frequengy.

ver, customers should be aware that such simplified estimates are unlikely to corre
actual system characteristics, and greater effort should be put inte~a more ac
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bl care should be taken as to accuracy in the determination of‘the value of the mir
ance, because the harmonic problems will be more critical.for the system configu
ponding to this impedance value. The value of network resistance, i.e. damping, i
critical.

should be taken in specifying impedance for low order harmonics, particularly at 21
th harmonic. If an excessively large angle (i.&."low damping) is specified for
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merits evaluated. Other variations of diagrams than those shown are also possible.

8.3.3

Sector diagram

For the sector diagram, maximum and minimum angle of the impedance should be given and
also the maximum impedance. Either the minimum impedance (Figure 13) or the minimum
resistance could be given as the lower limit (Figure 14).
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Z

Max angle

Min angle

IEC IEC

Figure 13 — AC system impedance
heral sector diagram, with minimum
impedance

ge

Figure14 — AC system impedance
genéral sector diagram, with minimim
resistance

Advantage of sector diagrams: simple to define if little information about the network is avgilable

Disadyantages of sector diagrams:

e where R, in @ harmonic range is set by a system parallel resonance, this will defing 7, ,,
and so result in values of X5, Xmin Which often exceed the actual value;

e maximum and minimum ‘angle values may be relevant for low reactance values byt the
angles will be lower-athigher reactance values.

Relative disadvantage”of sector diagram with minimum impedance (Figure 13): the relatignship

between Z.;, and R i, is unlikely to correspond to reality; either R ;, will be too large or Z,i,

will bg too smal)." These values can have a critical impact on the filter design.

8.3.4 Circle diagram

For the circle diagram (Figure 15), the radius of the circle as indicated in Figure 15 should be
given. In addition to the radius, maximum and minimum angle and minimum resistance should

be given.
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X

IEC

Figure 15 — AC system impedance general
circle diagram, with minimum resistance

Advantages of circle diagram:

e a better fitting envelope of real values_than the sector diagrams;

e pdrticularly, a more realistic approxitnation for characteristic harmonics 11th 13th etq.

Disadvantage of circle diagram:.radius is determined by the largest impedance value |n the
impedance range, which is genérally of a parallel resonance which may apply over a| more
limite¢l frequency range than that of the complete diagram (or there may be a set of resonpnces
at different frequencies faor‘different system conditions). Hence, this approach could resgult in
the influsion of an evenslarger non-applicable area than the sector diagram, particularly |in the
capaditive reactance sector for the lower harmonic range.

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

8.3.5 L ~Discrete polygons

For a more accurate representation of network impedance, it is necessary to have different
diagrams for different frequency ranges, as the system impedance is frequency dependent. By
this means, relatively limited impedance sectors can be defined for each harmonic, thus
permitting a more exact matching of the AC filter design to the actual network conditions.

Some examples are given in Figure 16 to Figure 19. In Figure 19, 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.
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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.

Harmonic impedances for Harmonic impedances for
harmonic order 2 to 4 @ A harmonic order 5 to 8
o 4 £ 140
E - s
9 /\ N
= 120
60 |
3 f
50 100
40 80
30 60
20 40
10 20
0 = 0
0 10 20 30 40 0 20 40 60 80 100
R (Ohms) R (Ohmp)
IEC FC
Figure 16 — Example of harmonic Figure 17 — Example of harmonig¢
impgedances for harmonics of order 2,to 4 impedances for harmonics of

order 5to 8
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Harmonic impedances for
harmonic order 9 to 13
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Figure 18 — Example of harmonic Figure 19 ~ Example of harmonig
mpedances for harmonics of order impedances for harmonics of
9to 13 order 14 to 49

Advantage of discrete polygon diagrams: eliminate'risk of overdesign of filters for low order and
11th gnd 13t harmonic characteristics.

Disadvantage of discrete polygon diagrams: considerably more effort required to define the
polygpns for each harmonic.

8.3.6 Zero-sequence impedance modelling

If the| filter performance parameters include a limitation on harmonic currents, in different
phasqgs, propagating into.the connected AC network, the modelling method will be different. The
harmagnic source will be applied across the point of common coupling (PCC) from where the AC
lines emanate. For low order harmonics, the impedance loci for the three phases mpy be
differgnt, i.e. the.zero sequence impedance may be different from the positive/nepative
sequgnce impedance, and the lines may have to be modelled with positive/negative and zero
sequgnce impedances. In order to perform exact calculations, the contractor needs thg zero
sequgnce/data.

HVDCTtonverters, MTOWEVeT, TTave a negiygibte generation of Zero Sequernce harmormcs, and
hence the modelling of the zero sequence impedance is normally not critical in this context.

The zero sequence impedance will be more damped than corresponding positive/negative
sequence as the zero sequence current will be returned via the earth (and shielding wires),
which has a relatively high resistance at harmonic frequencies.

8.3.7 Detailed modelling of AC network for performance calculation

In some specific HVDC projects, it may be feasible and desirable to construct a detailed model
of the connected AC system to be used in the performance calculation instead of the more
normal impedance envelope. This has been rarely used in the past because

e detailed network data is not usually available to the contractor,

e the computation time for each performance calculation is greatly increased, and
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e large numbers of network configurations may need to be studied for each performance case.

However, if the AC 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.

One case in which the use of a detailed model could be valuable is when the HVDC station is

fed by-a Qingln Ir\ng AC line In this case, the AC side impndnnr\n is dominated h‘,’ the AC line

and changes in the network at the remote end of the line will have a relatively minor influence.

Furth¢rmore, the unbalance between phases resulting from the transmission line @symietry,
and cpupling between phases along the transmission line, will cause important effects n the
harmanic domain. These effects can only be properly represented using a de€tailed three-phase
mode|, as recommended by CIGRE WG CCO02 [25].

If a detailed model is to be employed, a three-phase representation should be used, with
accurgte representation of the characteristics of the AC lines, transformers, generators and
loads [at harmonic frequencies, as discussed in 8.3.1 above. The network should be represented
up to|a sufficient electrical distance from the converter such“that addition of further lines or
loads|makes no significant difference to the results. Sensitivity studies of the influerce of
assumed load models and damping should be made.

At higher frequencies, above about the 20th harmonic [25], it is unlikely that the accuracy [of the
detailed model will be sufficient, and for these frequencies the normal impedance enyelope
should be used.

8.4 |Outages of filter banks and sub<banks

Depending on the reactive power requirements on filter bank size and on the maximum veltage
step dllowed by the specifications/for filter switching, the total filter scheme will be dividgd into
a nunjber of filter banks and subsbanks. For some smaller projects, only one or two filter panks
are suyfficient. For other projects division into large number of smaller filter banks and/of sub-
bankg has been necessary due to the system requirements.

Redumndancy requirements, meaning that the performance requirements should be fulfilleq even
with dne filter out.of 'service, aim to provide a more flexible and secure system for operation.
Howeyer, full redundancy implies additional cost and also additional space requirements.
Redunpdancy.could be obtained by a 2 x 100 % filter scheme or 3 x 50 %, 4 x 33,3 % and so
on. The requirements on redundancy will influence the choice of the number of banks anfl size
of eagh4dank and also the types of filter bank used.

The specification should state the customer’s requirements regarding redundancy of filters. In
addition, the overall reliability and availability requirements will have a strong influence. In order
to fulfil the RAM (reliability, availability and maintainability) requirements, the contractor will in
many cases have to consider filter redundancy. It should be noted that an alternative/additional
solution for fulfilling RAM requirements may be to rate all the components for higher stresses
than indicated in the calculations, i.e. an overrating of the components. Further, it should not
be forgotten that spare components and repair- and replacement-time are also factors in the
total RAM evaluation.

In order to limit the cost and complexity of the AC filters, the customer should, taking into
account the nature of use of the HVDC scheme, consider including the following exceptions to
fulfilment of performance criteria.
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e All filters should be permitted to be in service (i.e. no filter outage requirements should
apply) for calculation of performance at DC current (or power) levels above 100 % rated
load.

e 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.

e 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).

e 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

hmmmmmmw ti i i = ment
in|the connected AC system if they are not damped, redundancy of these filters mjay be

refiuired.

The rating of the filter components could in some cases be reduced due to requireme;rts on
filter fredundancy. If, for example, two equal filters were required in order to fulfil the
perfoimance requirements, a third filter would be installed for performancé redundancy. The
maxir}um 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 shoyld be
desighed to continue in operation under the given conditions., Thus, the required component
harmagnic ratings for the case of two installed filters could be approximately double thoge for
the c@se of three installed filters. This factor may partially. offset the cost of performance
redundancy requirements.

8.5 |[Considerations of probability

The upual calculation method for the determination of AC filter performance is based on yorst-
case pssumptions regarding operating conditions, tolerances and parameter deviations| This
methqd has the benefit of being pessimisti¢, and does not require special information from the
customer. However, the disadvantage isdhat the AC filter design will be, in most cases, pased
on unfealistic combinations of parameters and conditions that will probably prevail only fof short
periods of time. This unrealistic combination of parameters and conditions may lead to propision
of filtgrs that in reality are not required.

Many|parameters which influence the AC voltage and current distortion are statistical in npture;
some| are variable due.fo manufacturing tolerance (transformer impedances, initial| filter
mistuning, firing asymmetries), while others are variable with time (AC voltage level, AC voltage
distorfion and unbalance, temperature effects, frequency deviation, network impedancg and
load level of the HMDC system).

The gdverse-effects of harmonics are also statistical in nature. The approach regarding the
sment ” of emission limits for distorting loads, within the |EC TR 61000 geries
(IEC TR 61000 3-6 [6]) is to characterlze the system d|sturbance and eqmpment imrhunity

i [ i r ] peration
of other equipment in the system and at the same time not be dlsturbed or damaged by the
existing distortion in the system. It is recognized that, in the whole power system, interference
can occur on some occasions and therefore there can be significant overlapping between these
two distributions. The emission limit of a distorting load can thus be expressed in a statistical
way.

Similarly, telephone interference limits recommended by IEEE [11] and CIGRE [7] are
determined by statistics. The annoyance level depends on the sensitivity of the users and the
connection signal strength. Even then, a sporadic occurrence will not necessarily lead to a
complaint, indeed higher noise is commonly tolerated for temporary operating modes. It thus
seems reasonable to define an interference criterion related to a time probability, for example,
a level not exceeded for more than say 5 % of the time. A further aspect of probability within
the telephone system is the variation of characteristics such as shielding and balance, which
may vary with type of cable, age, corrosion, etc. [7].
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While telephone interference limits have not yet been defined in a statistical way in any
standard, probability numbers could be very conveniently applied, as the noise is a question of
convenience not of damage and it can be mitigated if there is a problem. Therefore, an inductive
co-ordination study can be performed to assess an economical interference limit with which a
reasonable risk can be associated because exceeding the limit would only result in additional
mitigation measures and corresponding costs. 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 puts more emphasis on harmonics likely to cause
problems.

HVDC contractors already use statlstlcal methods to determme the non- characterlsnc harmonic
) their
bkage

ation,
AC vdltage unbalance, harmonics in AC voltage, etc.). However, such statistical data is seldom
availgble, and some parameters may be interdependent. Moreover, statistieal informatipn on
the teflephone system may not be readily procured. A probabilistic approach-for the desjign of
AC filter performances is therefore desirable but a great deal of work ,would be needed to

achieye this goal.

z )

® -

;; Compatibility level

5

3

o

o

Equipment
System \
immunity
disturbance
—‘-4—'/
-
Disturbance level
IEC
Figlire 20 — lllustration of basic voltage quality concepts with time/location statisfics
covering the whole system (adapted from IEC TR 61000-3-6:2008)

It may be adequate for certain installations that the performance requirements are mét, for
example, (for. 95 % of the operating time. Such requirements are used for low voltage and
medll.m voltage systems This would g|ve the opportunlty to allow higher harmonic levgls for
some a¥e d d s d olc

As an example, consider the very small operation range in the switching curve as illustrated in
Figure 21. If a narrow band of operation where the requirements are not met, as indicated in
the figure, should be decisive for the filter scheme sizing, then additional filters would be
required to satisfy performance in just this narrow band of operation. In such a case, a
consideration of probability should be made as to how often the most critical system
configuration and operating conditions will occur at the same time as operation in the narrow
band. A result of such an evaluation may be that the probability is so small that the installation
of additional filters is not justified.
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The requirements are not met for the range indicated as "1".

Any p

specification. The use of a probabilistic approach for assessing performance 'should ho
not remove the obligation to study performance under worst-case assumptions, to ensu
safety of plant and other consumers.

8.6

One purpose of the specification is to ensure that the contractor delivers an AC filter

Figure 21 — Example of range of operation where specifications
on harmonic levels are not met for a filter scheme solution

robability considerations that should be used in the calculations should be defined
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brk impedance for example).

is in some respects clearly not optimal, the bidder should bring this to the attention
mer. The customer should then be prepared to explore, jointly with the bidder, those
jch some modification to the exactvspecified requirements and data could lead
cant simplification of the AC filtets&The financial implications of any such modific
have to be discussed in the context of the contract.

what arbitrary (say, for example, TIF = 40) and some of the data derived by estimation
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or evgn foundatiens could be prepared for the possible later installation of a low order har

filter.

8.7

for such additional filtets)has been indicated by actual operational experience. Th
bnce and the needor a low order filter. If an excessively conservative network mod

ised, the installation of a low order harmonic filter may not be necessary in the real s
f the performanee calculations have indicated so. In such a situation, provision for

Ratings of the harmonic filter equipment

s can
monic
el has
ystem
space
monic

The calculation of the steady-state ratings of the harmonic filter equipment is described in
IEC TR 62001-4 [24], in detail. The calculation method incudes the effects of pre-existing
harmonic distortion on the AC system and their combination with the converter harmonics for
each harmonic order from 2"d to 50t" inclusive. The calculation of the total filter current 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.

The effect of transient stresses on filter ratings is also taken into account in IEC TR 62001-4
[24], by using a transient analysis computer program. The results of these studies will define
the requirements for filter arresters and determine the transient duty and insulation levels of the
filter components which will form part of the equipment specifications.
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Audible noise limitations and the relevance to AC filter design are considered in IEC TR 62001-
4 [24]. The treatment of audible noise limitation in the specification can be significant, and the
issue may also be prominent during bid evaluation discussions and the subsequent project
design. Sound active components of AC filters are analysed, sound requirements are specified
and acoustic noise reduction measures are recommended.

9 Filter switching and reactive power management

9.1 General

The design of the AC filters is closely linked with the reactive power management of the HVDC
converter station. Clause 9 discusses the impact of the reactive power compensatioph and
contrgl on the AC filter design, and on the strategy for switching the AC filters. It indicates points
which|[should be carefully considered by the customer in preparing a specification/Background
materjal relating mainly to the reactive power absorption capabilities of the HVDGC. converiers is
contalned in Annex E.

9.2 |Reactive power interchange with AC network
9.21 General

An AC network has an inherent capability to supply or absofb_ a certain amount of repctive
power at all buses for a given range of operating parameters, The maximum permitted amount
of reactive power injection and withdrawal, i.e. interchange/ at a given bus within the normal
operating limits of the busbar voltages is termed thesreactive power absorption and gupply
capalility, respectively, at that bus. A typical permitted reactive interchange capability of a
systefn is shown by curve 4 (q,(imity) in Figure E.1:This feature of the AC network has a strong

influepce on the design of reactive compensationiequipment and AC filters associated wlith an
HVDQ converter.

9.2.2 Impact on reactive compensation and filter equipment

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

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

Sometimés, a utility may want to use the HVDC station to balance the reactive power fin the
syste j i ey i TOTT: ses in
particular, the overall reactive compensation design should allow flexibility and easy
combinations for operators in the control centres.

Liberal interchange limits are desirable from the point of view of AC filter design, and result in
the following effects e) to g) are usually of lesser importance:

Y

installation of less reactive power compensation equipment;

O

simplified and less expensive AC filters;

o O

)
)
) less AC filter/capacitor switchgear;
) simplified AC switchyard layout;

)

D

simplified controls;
f) lower energy requirement for AC bus arresters;
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g) 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 fulfiiment 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.

With conventional filters, designing with below 40 % compensation will mean less capacitance

to dey

aote to filters and in order to increase per unit effectiveness it may he necessary

O use

comp
the to

Shunt
for AQ
of har
wherg
reactd

below|.

Speci
the in
DC pd

icated double or triple tuned filter design with high quality factors. Any cost saving
fal filter size may therefore be lost due to the added complexity.

reactors may form part of an HVDC converter station to provide inductive compen

jue to

sation

harmonic filters especially under light load conditions where a certaimminimum nyimber

monic filters are required to satisfy harmonic performance requirements. In certain
the reactive power to be absorbed by the converters is not large? the need for
rs may be obviated by operating the converters at increased control angles; refer

cases
shunt
to 9.7

fication of a low value of the AC filter performance parameter TIF or THFF may necegsitate

stallation of shunt reactors to enable connection of mare filters of a high pass type,
wer levels, especially if the interchange limits are-réstrictive.

The
and

comp
used.

Thec

at low

C switchyard layout tends to become complicated when a large number of filters is| to be
accommodated within a specified limited space.*ln/certain situations, for example hilly terrain
roximity to an urban area, the saving of’even a few square metres is significant and

exities such as multi-level layouts, for'saving space, can be avoided if fewer filte

Listomer in his specification should allow maximum flexibility for the contractor to op

his filfer design in relation to reactive power compensation. Related issues should be disc

with t

9.2.3

he customer during the design process.

Evaluation of reactive power interchange

Reacjive power interchange limits at a commutating bus are determined by the cus|

conc
While

e CO

e in

rned by conducting steady-state load flow studies under different network cond
conducting-such studies, the customer should

nsideronly plausible AC network operating conditions,

tlide the impact of active power flow on the HVDC system,

[S are

limize

ussed

tomer
tions.

NOTE This is particularly important if the HVDC is a bulk power transmission link with parallel AC lines. The
reason is the variation of active power flow on the HVDC transmission will vary the active power flow on the
parallel AC lines as well, and this variation in active power loading of the parallel AC lines will influence the
reactive power interchange capability of the AC network.

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

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

e understand that the choice of reactive power limits can have a crucial impact on the AC filter
design and costs, and so avoid choosing unnecessarily restrictive limits or "rounded-down"

va

lues.
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9.3 HVDC converter reactive power capability

After having determined the allowable reactive power interchange with AC network, the inherent
reactive power absorption capabilities of HVYDC 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 Clause E.1.

9.4 Bank/sub-bank definitions and sizing

9.4.1 —General

For thHe purpose of filtering and reactive power control, capacitors, reactors and resjstofs are
intercpnnected to form different type of filters, normally shunt type. These filters‘are grpuped
so as [to fulfil the requirements in respect of filtering performance, reactive interchange and step
chande in the commutating bus voltage during switching. Such groups are-called bank| sub-
bank aind branches depending on their electrical arrangement.

It is v]tal that the specification is clear in its definition of these terms/especially when related
to requirements on performance under outage conditions and thesmaximum permitted filter
outagps under which operation should be able to continue.

The rlormally used definitions are given in 9.4.2 and a typical arrangement illustratirj]g the
definifions is shown in Figure 22.
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NOTE | Sections of filter are defined by the type of broken line enclosing them.

Figure 22 — Branch, sub-bank and bank definition

9.4.2 Sizing

The sjze of a branch, sub-bank or bank is described, normally, in terms of net reactive power
injectéddinio its point of connection (for a branch) or commutating bus (for a sub-bank or albank)

at nominallAC system fundamental frnqllnnr‘y’ filter bus \Inli‘agn and rated component values.

The effectiveness of a particular type of conventional passive filter in suppressing a particular
harmonic or a set of harmonics is, generally, directly proportional to its size. Wide limits for
reactive power interchange and step change in voltage result in fewer sub-banks/banks and
permit simple damped filters to be used. However, the maximum size of a sub-bank/bank is
also governed by the available breaker capability.

The choice of size is a function of

V)

specified reactive power interchange,

T

filter performance requirements,

O

step change in voltage on switching,

)
)
)
)

(o

voltage of the connecting bus, and
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e) redundancy requirements.

These factors are elaborated below.

The impact of reactive power interchange and filtering performance requirements on overall
sizing is discussed above in 9.2.2.

The step change in voltage on filter switching is a decisive factor in the sizing. The specification
of a very small step limit 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 an llblCdbUd lIIdiIItUIIdIIbG lﬂqu;lﬂlllﬂllt UTI tiIU DVVEtbiIUUdI.

On the other hand, a large step change in voltage could adversely affect the AC-DC" system;
for ingtance, a 5 % steady-state voltage change could mean that every switching Operatfion at
the station would be accompanied by several converter transformer tap changer-operatiorfs 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)\DC system, a [factor
which| has to be considered. Consideration should also be given to_other voltage contfolling
devicgs in the AC system, including generation, synchronous“condensers, SVCg and
automjatically switched capacitors and reactors in the AC system and the impact of aflarge
steady-state voltage change on these devices.

Determination of the steady-state step change in voltage under HVDC converter de-blpcked
and bjocked conditions is discussed in Clause E.3. Limitation of the transient step chanpge in
voltade on switching is almost always dictated by the’ need to reduce annoyance due t¢ light
flicken, and to eliminate changes in DC power transfer due to commutation failure or DC control
mode|changes.

Thereffore, the specified step change in voltage should be such that it optimally takes cpre of
the aljove-mentioned concerns of both the DC and the AC systems.

The peprmissible steady-state voltage:change caused by switching of filters should be govjerned
by thg prevailing norms of the customer. In the absence of any norms, a conservative approach
would| be to specify a limit jnthe range between 1 % and 2 %. However, in this casg, the
customer should be prepared-to discuss with the bidders the impact of the specified vpltage
step gn the AC filter design and costs, and to consider modification of the specified limit if it
has afcritical impact. There are some situations where a larger voltage change, say 3 % t¢ 5 %,
may He permitted, sdch as

e when connecting to a weak AC system where it is known that the AC system strength will
in¢trease shortly after the DC is installed, or

e where(the converter AC bus is new, electrically remote from the existing AC system and is
ndt-sérvicing any local load.

As regards the transient step change in voltage, for frequent (in the order of 5 or more times
per day) and less frequent (daily) switching operations, a transient voltage change of 2 % and
3 %, respectively, is quite normal. For very infrequent switching operations (5 to 10 per month),
larger variations could be acceptable (say up to 5 %) but this should be compared to the voltage
change which could be expected for other switching operations of the same frequency, for
example line energization. This can be justified in view of the prevailing use of HVDC control
and thyristor valve technologies which help avoid commutation failures and other transient
disturbances.

The item d) above refers to the fact that, for a given high voltage, there is a minimum economic
size of capacitor bank (which depends on the number of series-connected capacitor units), and
hence filter size.
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For those instances where it is not possible to satisfy the balance of reactive interchange
requirements and/or switching step requirements allied with "economic" filter sizing, it may be
feasible to connect the filters to a third winding (of lower voltage) of the converter transformer
(see Clause 7).

Redundancy requirements may or may not affect the total installed filter size depending on
whether they are at component, branch, sub-bank or bank level. A redundancy requirement at
bank level will make filter solution quite expensive, and, therefore, it should not be resorted to
unless it is vital from the operational 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 optimization.

9.5 |Hysteresis in switching points

Switching-in points of filter sub-banks/banks, at increasing converter power levelq, are
determined on the basis of

e minimum filtering,
e repctive power requirements of the converters, and

e allowable reactive power import from the connected AC network.

In primciple, switching-out points, at decreasing converter power levels, could be the same as
the switching-in points. However, it is desirable to avoid\frequent switchings which could take
place|due to variation of converter power around an-operating point (such variation codild be
due tp AC system dynamics forcing the HVDC.converter to adjust its power level; this
adjus{iment of power level could be ordered by higher level HVYDC controllers such as power
oscillation damping and frequency controllers).

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

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

The maximum hysteresis between switching-in and switching-out points which could be aljowed
is degendent on

e the copverter reactive absorption corresponding to approximately 5 % active power variation
arpund-rated power,

o thetargestsub-bankivanksize;

e the change in reactive power generation, due to switching of the largest sub-bank/bank, of
the prior connected sub-bank/banks, and

e the change in reactive power absorption of the inverter due to switching of the largest sub-
bank/bank (this is applicable for calculating maximum difference between switching-in and
switching-out points for the rectifier only).

HVDC manufacturers have developed other, more sophisticated strategies for achieving the
same effect as simple hysteresis, that is, avoiding unnecessary frequent switchings, and these
strategies may be preferable in some applications. The general intention of such strategies is
to reduce or eliminate the dead-band in the power range and so facilitate a simpler and more
economic filter design. The customer should be aware that such options exist and be careful
that the wording of the specification permits such solutions to be offered.
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There could be special situations in a network in which there are sustained voltage oscillations
following disturbances and where economics may not favour installation of an SVC to damp out
voltage oscillations. The customer may decide to assign this additional task to the reactive
power controller (RPC) of the HVDC station which is planned at that busbar. 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-energize the branch/sub-bank/bank in a shorter period, discharge

It atrancfarmarc (ND\/T\ can ha amnlavad Althouah thic ic an avnanciva calitinn it b
voltage-transformers{BVF)-can-be-omployed—Although-this-is-an-expensive-solution—itrmay be

feasiljle to use these DVTs for another purpose, for example, protection.

9.6 |Converter Q-V control near switching points

The upe of the HVDC converter to control the AC bus voltage at, and close to{the filter swifching
pointd may be required in certain situations. This feature makes use of the.temporary repctive
powel absorption capability of the converter, and is discussed in Clause E.2. Alternatively,
point-pn-wave switching techniques may be used to allow re-connection of a partly energized
filter without causing an excessive transient stress.

9.7 |Operation at increased converter control angles

Normally, converter operation at increased alpha/gammat.is associated with operation of & long
distarjce power transmission link at reduced DC voltage. However, stringent reactive power
expor} limits also require HVDC converters to operate continuously at high firing/extipction
(alphg/gamma) angles, particularly at low converier'power levels. Vindhyachal HVDC balck-to-
back link in India is such an example. In this scheme, the customer’s specifications for repctive
interchange with AC network were as low.@s +10 Mvar. The converters are designg¢d for
continuous operation at high control angles. At low active power level, the control anglgs are
as high as 55° and at the rated power théy are around 30°.

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

This mode of operatjon-is particularly used during low power transfers when, in order to meet
filtering requirements; more filters are required to be put into service, which could \iolate
reactive power jnterchange limits with the AC network. However, operation at increased| firing
angles has certain disadvantages which are discussed in Clause E.1.

9.8 |Filter switching sequence and harmonic performance

Filter switching-in points are determined by filtering and reactive power requirements as
discussed above in 9.5. The type of filters to be used is decided by the stipulated filtering
requirements and harmonic impedance of the AC network. Base filters have to have branches
tuned for dominant characteristic harmonics and are switched in first so as to meet the
performance criteria and avoid overloading of damped filters such as high pass 24th harmonic
branches, which are normally switched in at higher DC power levels.

The switching-out sequence is normally the reverse of the switching-in sequence.

Typically, at low DC power levels, the switching points of the filters are determined by the
harmonic performance requirements — the so-called "minimum filter" requirements. At higher
DC power levels, the switching-in points which would normally be required to satisfy harmonic
performance requirements occur at higher DC power levels than the actual switching-in points,
which take into account both filtering and reactive power requirements.
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A typical switching sequence is shown in Figure 23. In this figure, the reactive power
interchange with the AC network shown by curve 1 is the actual reactive power interchange

(Zaintchng) for a typical AC filter solution, whereas curve 4 gives maximum permitted reactive
power interchange (¢ ,¢(imit)) With the AC network. Curve 2 gives the converter reactive power

absorption. The sub-bank/bank switching points are shown by curve 3. Figure 24 gives a
diagrammatic representation of these reactive power components.
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2 qdo
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* p (= PIPgy) (pu)
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Figure 23 — Typical switching sequence

9.9 |Demarcation of responsibilities

9.9.1 General

The cpustomer and the contractor should be responsible for the activities identified in 9.9J2 and
9.9.3, IUOFUUt;VU:y.

9.9.2 Customer
The customer should define the following in his specification.

e Reactive power interchange limits and the applicable busbar voltage or range of voltages
over which the limit is applicable. In addition it should be stated which AC 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.

e Minimum short circuit power level at the converter AC bus.

e Maximum limit on step change in voltage on switching of reactive power elements or AC
filters.
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e Any requirement on filter switching hysteresis.
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Figure 24 — Reactive power componhents
Contractor
er remaining activities, as discussed above, fall'within the responsibility of the contn
ustomer specified parameters and requirements

General

e 10 is intended to serve as‘a-check-list for a customer preparing a specification
a review of which essential-parameters and requirements should be specified.

actor.

, and

bllowing parameter information, for the bus where the filters will be installed, shodild be

by the customer:

both ends of the’HVDC transmission scheme;
each stage of development;

any expected future changes.

AGC system parameters

10.2.1

Voltage

The following voltages should be specified.

e The nominal system voltage, that is, the voltage by which the system is designated.

e Rated AC voltage, that is, the RMS phase-to-phase fundamental frequency voltage, which

is

often used to define rated reactive power (Mvar) of the filters.

e Steady-state voltage ranges, that is, the ranges over which the AC filters shall be able to
work and over which all performance and continuous rating requirements are to be met.
Different ranges may possibly be defined for the calculation of performance and for rating.

Any special voltage capabilities outside the steady-state range should be specified as these
may influence the design (e.g. rating) of the filters, for example temporary overvoltages.


https://iecnorm.com/api/?name=cb525623eea219decc724225199097ba

IEC TR 62001-1:2021 © IEC 2021 - 75—

10.2.2 Voltage unbalance

The negative sequence component of AC 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 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
performanr‘p calculations than for rafing purposes in rpr‘ngni’rinn of the ’rimn-\/:\rying nature of
this pprameter. The customer should be aware that specifying too high a value of_nhegative
sequgnce voltage to be used in the performance calculations may force the contractortorirjclude
a 3" harmonic branch in the filter solution.

Typically, the negative sequence voltage is in the range of 0,5 % to 2,0 % [12]. If a convefter is
locatdd in the close vicinity of a generating station, even lower values could’apply.

10.2.3 Frequency
The fgllowing frequencies should be specified.

e THe nominal frequency of the AC system.

e Stpady-state frequency variations, that is, the ranges, in conjunction with the AC vopltage
steady-state ranges, over which the AC filters’ shall work and all performance and
cogntinuous rating requirements shall be met.

e Short-term frequency variations, that is, the limits and duration of short-term frequency
excursions for which the filtering performance is required to be satisfied or for whi¢h the
filjers should be adequately rated. Spegific filtering performance during such variations may
bg specified (e.g. in some Scandinavian projects, a variation of +1 % with a duratjon of
maximum 30 s has been specified):

e Frequency variations during emergency. During an emergency, the AC system frequency
may reach extreme values(for limited periods. These excursions and their exgected
dyrations should be specified. Under such conditions, the AC filters should remain in sgrvice
without damage but should not be required to meet the performance specified

NQTE For example,_ in Sweden, a variation of at most +2 Hz to —3 Hz with a duration of 30 min has been
regorted. Such variation is expected once every second year. Due to variation within the +2 Hz to —3 HZ limits,
an|equivalent duration of only 10 min has been used for rating purposes.

10.2.4 Shortcircuit level

Maximum(short circuit level and minimum short circuit level at the AC bus where the ACf{filters
are to|belconnected should be specified. These levels should be specified either in power (MVA)
or in current (kKA and the appliicable AC voltage stated:

Different values of maximum short circuit level may be specified for different use, for example
for filter performance or rating, mechanical strength of busbars and power circuit breaker
interrupting capability.

The X/R ratio for the fundamental frequency may also be specified in case of special breaker
requirements.

10.2.5 Filter switching

Maximum permissible voltage change at filter switching and the applicable minimum short
circuit level should be specified. Normally, this parameter is specified as a percentage of
nominal voltage. Alternatively, the maximum size of switchable filter bank or sub-bank (in Mvar)
can be given.
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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
synchronized switching. If the customer has preferences regarding any of these measures, this
should be specified.

10.2.6 Reactive power interchange

The allowed limits of interchange of reactive power between the AC system and the converter
station have to be specified for all operating conditions of the HVDC transmission.

10.2.7 System harmonic impedance

The AC system impedance at harmonic frequencies, to be used in filter performance and [rating
calculations, should be specified.

10.2. Zero sequence data

Data toncerning zero sequence impedance should be given for the purpoese of, for exgmple,
short fime rating calculations and possible telephone interference studiésyalong connecting AC
overhpad lines.

10.2.9 System earthing

Alternatively, the type of earthing system can be given; for example effectively earthed or

The e’frth fault factor or reactance ratio X0/X1 should be indicated at the point of conngction.
earthed via a coil.

10.2.10 Insulation level

The lightning impulse level and switching impulse level for the HV and neutral connectiong, and
the regpective protective margins, should be specified. The protective margins for items of filter
equipment should also be specified, noting that these may be different for different types of
equipment.

10.2.11 Creepage distances

The cfeepage distance based on a specific creepage, expressed in mm/kV, should be spgcified
— |[EC|60815 (all parts) [28].

An ingreased requirement is usually specified for bushings or insulators attached in a horizontal
positipn.

If creppage distance is specified, it is important to co-ordinate this parameter with |given
pararrleters for insulation and pollution levels.

10.2.12 Pre-existing voltage distortion

Pre-existing voltage distortion existing on the connecting AC bus should be specified as it
should be taken into account in the AC filter rating, and may also be needed for performance
calculations [13]. If possible, the distortion should be given as maximum levels for each
harmonic frequency (measured before the station is built). The variation of pre-existing
harmonics over time, including cyclic daily, weekly and seasonal variations, should be taken
into account, as well as possible increase in the future.

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.
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The variation of pre-existing harmonics over time including cyclic daily, weekly and seasonal
variations should be taken into account as well as possible increase in the future.

In cases where the performance criterion 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 or the general summation law defined in
IEC 61000-3-6:2008, Clause 7 [6].

When specifying the pre-existing voltage distortion, frequencies other than multiples of the
fundamental may be relevant, depending on which sources of harmonics can be identified, for
example railway systems.

Determination of pre-existing voltage distortion is not easily done, but in IEC 6007/1-1 [29],
IEC 6p071-2 [30], IEC TR 60071-4 [31], IEC 60071-5 [32], some information is giveh-

In thg absence of detailed knowledge about pre-existing harmonic distortion levels, [some
allowgance may be made by specifying that a certain percentage increase-on the conyerter
generpted harmonics be taken into account for equipment rating. However, this obvjously
carriep a risk that filter components may be over-stressed when exposed to actual system
condifions.

10.3 [Harmonic distortion requirements
10.3.1 General

The Harmonic distortion limits at the HVDC station“bus and possibly in the surrounding AC
systein should be defined following applicable regulations or standards.

10.3.2 Redundancy requirements
Redumndancy requirements, if any, should;be specified. This requirement shall if possible follow
the cystomer’s normal philosophy, for example a mean time between failures (MTBF) value for

either|the DC link as a whole or thelfilters can be indicated. It should be clearly stated|if the
redundancy refers to filtering performance and/or rating or/and reactive power requirements.

10.4 |Environmental conditions
10.4.1 Temperature

When|specifying ambient temperatures, it is always the dry-bulb air temperatures at the gite of
the inptallation which should be used.

The minimum, maximum and average ambient temperature should be specified. As per
applidable,standards for the individual filter components (capacitors, reactors, etc.), dertain
range i i i hbient
temperatures outside these limits are considered as unusual service conditions and should be
brought to the bidder's attention.

10.4.2 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 International Standards
IEC 60815 [28], IEC 60507 [33], IEC 62271-1 [34].

10.4.3 Wind

Maximum continuous and maximum gust, needed for equipment and equipment support
mechanical strength design, should be specified.
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10.4.4 Ice and snow loading (if applicable)

Maximum ice thickness with and without wind is needed for structure design and should be
specified.

Maximum depth of snow should be specified, to define the equipment height above snow, i.e.
effective ground level.

10.4.5 Solar radiation

Maximum incident solar radiation may be specified. This is needed for rating of reactors,
resistprs—and—ratng—ofcapaciterbarks—in—case—eftarge—banks—equipped—wih—unbglance

protegtion.

10.4.¢ Isokeraunic levels

Lightrling stroke density at the station should be specified. Normally, this pafameter is used for
the overall station lightning protection design.

10.4.7 Seismic requirements

Seisnjic performance requirements should be specified for sites,in'seismic active zones.

The maximum ground acceleration in horizontal and vertical’direction and, if available,

respopse spectrum of the zone where the equipment-will be installed should be spe
Furth¢r, information on the type and the quality of the soil should be provided.

10.4.§ Audible noise

Noise[from AC filters has to be co-ordinated with the total noise from the converter stat
substation. The total permitted noise from:the station should take into account requiremgnts of

any a
those

the working environment.

10.5

Electrical environment

The fgllowing informatieniand parameters may be specified if applicable.

TH

S

qurce impedance, filter configuration and harmonic generation data should be given

4 floor

Cified.

on or

bplicable regulations or codes of \practice. The effects of noise are generally treated as
concerning nuisance to the public outside the boundary of the station or noise effgcts in

e presence of another nearby HVDC converter station should be stated, if applicabl¢. The

Adjacent\ransformers, shunt capacitors or reactors should be identified, if applicablg. The

S

T

Cc

the same station area as the converter station).

ize inflMva or Mvar should be given as well as the short circuit impedance for a transfgrmer.

He<eason behind the need for these parameters is a possible requirement that inrush
W@WM&M&MM%M@W‘ - ithin

Adjacent surge arresters data should be specified if applicable, due to the possible influence

(o]

n the insulation co-ordination study.

Geomagnetic currents flowing in connecting AC lines may have an impact on the rating of
the different filter components, on filter protection performance and on transformer
saturation, with an impact on harmonic generation by the transformers. In areas where high
geomagnetic currents are to be expected, parameters such as amplitude, frequency of

(0]

ccurrence and duration should be specified.

If any practice related to boundary limits is used by a customer, these should be supplied
where applicable. An example of such boundary limits is the magnetic field associated with
reactors or personal safety.
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10.6 Requirements for filter arrangements and components
10.6.1 Filter arrangements

There are some aspects concerning the filter arrangement itself, number of filter discharges per
hour, or when seasonal filter re-tuning is not allowed, or binary switching of filters is allowed or
preference for any specific earthing system of the filters exists. Any restriction or preference
with reference to these aspects are to be specified.

10.6.2 Filter capacitors

Preferences on type of fuses to be used for capacitors may be specified, i.e. internal or fuseless
or (rafely) external fuses. 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 element failures (or unit failures in the case of external fuses)
corregponding to alarm, delayed trip (stating required delay) and trip levels may be statef.

10.6.3 Test requirements

Test requirements for filter components, i.e. capacitors, reactors, résistors, arresters, etc|, may
be specified, normally by references to applicable standards.

If testl requirements are not specified, the bidder should include in his bid a list of tests|to be
condycted.

10.7 |Protection of filters

Any pfotection requirement for a specific filter, @r filter component, may be specified.

10.8 |Loss evaluation

A capjtalized loss factor should be specified for the optimization of filter design. The conditions
under{which filter losses are to be calculated should be clearly stated.

The AC filter losses are considéred in IEC TR 62001-4 [24]. The calculation of power losges in
all A( filter components issdescribed, and basic criteria for assessing AC filter losses are given.
As part of the filter desigh process, account will have been taken of the loss capitalizafion in
chooding the number-and type of filters required.

10.9 |Field measurements and verifications

verify| component behaviour and filter performance. Normally, the sub-system tests are
perfoqmed by the contractor while the system tests can be performed jointly by the customer
and the contractor. The contractual implications of any filter performance test results should be
clearly stated. Field measurements and verification are treated in IEC TR 62001-2 [9].

Field tests-€an be divided into sub-system and system tests. Such tests may be speciili‘sed to

10.10 General requirements

The following general requirements should be specified where applicable:

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 galvanizing;

e maintenance intervals;

e maintenance accessibility, especially if a hydraulic platform is required to remove
capacitors, etc.;
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e quality assurance program to be followed;
e mounting aspects/physical limitations;
e limitations on available site area;

e any specific risks due to birds, snakes, or vermin.
11 Future developments

11.1 General

For clarity of presentation, this document has concentrated so far on "conventional" AC filter
technplogy and harmonics from line-commutated HVDC converters.

Howeyer, substantial changes in both the technology and the electrical system envitenment are
takind place constantly, and will continue to occur in the future. These changes will have an
impadt on many of the aspects of specification and design discussed in thiscdocument.

Clausg 11 outlines the developments which have been proposedand in some [ases
implemented, and indicates what impact these may have on the Aréeatment of AC harmonic
filtering in a customer’s specification for an HVDC project.

In general, the customer is advised to ensure that the specification does not inadvertently
include any restrictions or conditions, perhaps carried over from previous specifications, which
preclyde the bidders from offering solutions using new_ te¢hnologies which may be of benefit to
the cystomer.

Custgmers may naturally be cautious about the application of new technologies, and ghould
ensur that the specification protects the customer’s interests in the areas of testing, relipbility
and apailability, maintenance and guarantees:

11.2 |Non-standard filter technology
11.2.1 General

New technologies have at times been introduced into HVDC systems and, where applied| have
substantially altered many,_aspects of AC filter design. Some of these discussed below have
found| practical application in a number of HVDC projects, but in general these techno|ogies
have hot been adopted-in the mainstream of project technology, due to various reasons| both
techn|cal and commercial. These various aspects are discussed below.

11.2.2 Automatically tuned reactors

Since|some’of the earliest HVDC projects, it has been recognized that significant benefits|could
be gajned if tuned filters could automatically correct for detuning due to frequency variafion or
component deviation.

In the design of conventional tuned AC filters, the worst-case performance occurs under the
conditions of maximum detuning, and the filter O-factor has to be set low enough to provide
damping and permit optimal filtering when the filter is fully detuned.

If, however, either the capacitor or the reactor of a tuned filter could be varied continuously,
over a small range around nominal, then the tuning of the filter could be automatically adjusted
to compensate for any detuning effects. With such near-perfect tuning, the Q-factor could be
raised to a high value with minimal risk of filter-AC system resonance. The increased
effectiveness of the filtering would allow the size of the filter banks to be reduced substantially.
With no risk of magnification due to filter-AC system interaction, rated harmonic currents in the
filter components would be reduced, and losses would also be significantly lower.
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Such obvious benefits attracted designers to experiment with automatically tuned reactors in
some early HVDC schemes, using mechanical methods. These experiments were, however,
largely unsuccessful due to the dependence on moving parts, as well as control problems, and
the concept of automatic self-tuning was not applied again until the late 1990s. Indeed, many
specifications discouraged or forbade automatic tuning or even seasonal adjustment. Also,
designers recognized that the bulk of the cost of a filter was in the HV capacitors, the total size
of which was generally determined by reactive power, rather than filtering considerations.

Interest in the self-tuning concept has re-awakened periodically, partly due to developments in
the component technology and partly due to HVDC system considerations. New designs of
automatically self-tuned or variably-tuned reactors are occasionally proposed for application in

HVD
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Figure 25 — Design principle of a self-tuned reactorusing DC
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Figure 26 — Control principle for self-tuned filter

The benefits of.the use of self-tuned filters may be summarized as follows:

e refluction in the required size of shunt filter banks;

e ndar-perfect filtering at the tuned frequencies;

e elimination of need for separate resistor to reduce the filter O-factor;

e reduction in losses;

e in combination with series compensated converters, enabling the application of HVDC links
connected to very low SCR AC systems.

A number of factors should however be recognized.

a) Self-tuned reactors, and their control systems, are significantly more costly than
conventional reactors of comparable size and rating, and so may not be the optimal solution
in all cases.
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b)

f)

h)

Self-tuned reactors are only applicable to sharply tuned arms, and furthermore are generally
only economical when applied to the 11th and 13th harmonics (or lower orders if filtering is
required). Filtering for the entire range of higher order harmonics should still be achieved
by damped high-pass filters, or possibly by conventional double-tuned damped branches.

The minimum size of a self-tuned filter branch is indirectly limited by the amount of harmonic
current it is expected to carry, which is essentially the full harmonic generation of the HVDC
converter (plus a contribution from pre-existing harmonics), divided among the number of
branches tuned to that harmonic. As the filter branch Mvar size is reduced, the inductance
of the reactor, and consequently the harmonic operating voltage over the reactor, should
rise proportionally. This in turn determines the operating voltage of the protective arrester,
and consequently the I|ghtn|ng |mpulse withstand level (LIWL) of the reactor. L|m|tat|ons on
the e the
minimum p033|ble size of the seIf-tuned filter branch Series combinations of fixefl and
audtomatically variable reactors may be used to reduce the LIWL on the automatically jtuned

A4 an extension of the above, the higher the AC system voltage of an HVDC schemg, the
higher the inductance of the reactor will be, for a given Mvar size of filterbranch. Although,
for a given rated power of HVDC transmission, the harmonic current-Will"be lower at higher
voltages, this is a linear relationship, whereas the inductance will-rise according fo the
square of the voltage ratio. Limitations on the minimum size6f\a self-tuned brangh are
therefore more likely to be an issue at very high AC system voltage levels.

Where parallel operation of self-tuned filter branches at the{same harmonic is planngd (for
example, to reduce the harmonic current per branch, ot\for reasons of redundancy), the
control problems associated with current sharing between the branches should be so|ved.

THe range of inductance variation of a self-tuned reaetor is limited by physical and ecopnomic
considerations, and so operation in AC systems which suffer large variations in freqpency
may be problematic. Rating may have to consider the effects of abnormal frequency
veriations beyond the design range of variation of the self-tuned reactor.

THe very high Q-factor of the self-tuned.branches may result in unacceptable magnifigation
oflother non-characteristic harmonicsfiear to the anti-resonance frequency of the self{tuned
branches in parallel with the higher-frequency damped branches (i.e. in the range h15 to
h20), and so force modifications, in the design of the higher-frequency branches.

Audible noise levels higher than for comparable conventional reactors may be an isgue in
sgme applications.

If a cystomer wishes to consider self-tuning reactors, the following issues should be considered

in the[specification.

The bidders should be permitted to offer self-tuning, either as their main design orjas an
alternative. The customer may wish to ensure that a conventional solution is also offered,
inlwhich case this should be clearly expressed in the specification.

N@ part of the specification should indirectly preclude the use of self-tuning.

Thebidders should be asked to prove their ability to deliver a tested and reliable self{tuned
solution.

In the subsequent design assessment stage, customers should be aware of the various factors
listed above in relation to the offered design.

11.2.3 Single-phase redundancy

It is common for a specification to require a complete redundant three-phase filter bank or
branches to be included in the installation, to ensure continued fulfilment of performance criteria
and availability of transmission in the event of a filter component failure. Normally, this can be
achieved with limited extra cost, as the amount of shunt capacitance involved may anyway be
required for reactive compensation purposes.

However, with the series compensated converter and self-tuned reactor concept, the reactive
power requirement is largely supplied by the series capacitors, and the only justification for
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shunt filter banks is for filtering purposes. A series compensated converter station may in fact
need only one self-tuned filter branch in order to satisfy harmonic performance requirements.
In this context, alternative means of providing redundancy may become more economically
attractive.

One alternative is to provide only a single phase of redundant components, with suitable
switching to allow it to be connected in place of any one failed phase of a filter. If three circuit
breakers or fast disconnect switches are provided for the redundant branch (one connected to
each phase of the filter bank), then very fast switching to replace any faulted phase is possible
(Figure 27). Alternatively, slower connection can be achieved at a lower price using one circuit
breaker (or disconnect switch) and three isolators.

Dsw Filter

A
Ak “ rWY\_",

—— ———rr—i

Filter Phase

RB _‘,_"_mv\_.w

Redundant

IEC

Figure 27 — One method of switching a redundant single phase filter

This doncept may of Course also be applied to conventional filter installations, if it is econgmical
to do jso. This will. depend on the exact filtering performance and reactive power requirements
of thg scheme.{Jhe single-phase redundancy may also be attractive when physical spgce is
highly| restricted.

The clustomer should be aware of this possibility when preparing the specification, and permit
biddekrs—to—effer—single—phase—fiter—+edundaney—atteast—as—an—akernrative—H—the—design
evaluation phase, the customer should decide whether offered solutions provide the level of
security he requires. Issues of protection, interlocking and switching speeds should be carefully

examined.

11.2.4 Stand-along active filters

In the discussion below, the concept of active filtering implies the installation of stand-alone
equipment for that use. In VSC converters, an active filtering capability may be added to the
control without any modification of the physical equipment. That concept is discussed in CIGRE
Technical Brochure 754 [1] and in IEC TR 62001-5 [2].

Active filters have been used on the DC side of some HVDC schemes [35], [36] and can now
regarded as a maturing in that context. However, their application on the AC side of an HVDC
converter has only been done on a limited number of occasions. The cost, complexity, reliability
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and increased maintenance over their lifetime needs to be considered in a decision to use such
filters.

The principle of active filters is to use a large, power electronic amplifier to generate a harmonic
current or voltage signal which is injected into the HV circuit in such a way that it cancels the
harmonics generated by the HVDC converter. A sophisticated control system is necessary to
measure the harmonic distortion and control the magnitude and phase of the injected signal.
Physically, the active filter equipment can all be pre-assembled in the factory and located in a
container-like structure in the AC filter enclosure.

Certain aspects, however, make application to the AC side more difficult than application to the
DC siffe.

a) THe presence of the smoothing reactor on the DC side greatly reduces theyD({ side
hzirmonics and so limits the harmonic power necessary to be generated by a DCsside pctive
filjer. There is no equivalent on the AC side.

b) THe AC filters are normally required to provide fundamental frequengey reactive power
cgmpensation as well as harmonic distortion limitation.

There]| is, at present, no economic power electronic solution to«provide both fundamental
frequgncy reactive compensation and harmonic cancellation. Even if the active filter dog¢s not
need [to supply the fundamental frequency reactive power, the-heed to withstand thg high
fundamental frequency voltage for a shunt connected filter,or*to pass the high fundamental
frequgncy line current for a series-connected filter still leadS)to an uneconomically high rating.
Theré}ore, various hybrid solutions have been proposed.te{combine the advantages of improved
perfomance and small physical size of the active filter\with that of the low cost of the passive
filter. [The following are examples.

e An active filter connected in the neutral end>of a passive tuned harmonic filter can improve
filler performance and avoid resonances\in a similar fashion to the automatically [tuned
repctor described above, but do so atiselected frequencies without changing the gverall
frgquency response.

e An active filter in the neutral endyof a single passive high pass filter can achieve dimilar
pgrformance to three separate passive tuned and high pass filter arms.

e A fast switching pulse width:modulated active filter in series with a power electronic|static
compensator (STATCOM)-providing reactive power compensation can completely rgplace
the passive filters.

As is the case for self-tuned filters, active filters may prove particularly attractive in conjupction
with g series compensated HVDC converter, as in such applications the requirement for|shunt
reactive power<ds-greatly reduced, and the function of the shunt filters is mainly to provide
harmanic filteting. The use of active filters could enable the filtering requirements to be fylfilled
while [using @ telatively small shunt filter.

A furt'\nr advantaaao of activa filtare ic that thair fraauancy caontral can ha madifiad with o se at

. TOT o varTtag o T X TV o llll\ll\l. Tttt CrrToTT ll\l\1\d. L P4 TrCr T oTT vv.l:l \dlllv\d. vvrcrr A g
any time to counteract new harmonic sources or possible resonance conditions which may arise
due to developments in the AC network during the lifetime of the HVDC station.

The first application of an active filter on the AC side of an HVDC converter was commissioned
at the Tjele station of the Skagerrak 3 link in late 1998. In this pilot scheme, the active filter was
connected in series with an existing passive AC filter at its earth terminal, and employed fast
switching insulated gate bipolar transistor (IGBT) converters rated at 0,6 MVA, with a frequency
range covering harmonics 5 to 49.

The specification should permit active filters to be offered by the bidders, at least as an
alternative, but should request proof that the offered technology is proven and reliable, and that
adequate performance is guaranteed by field measurements.
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11.2.5 Compact design

Conventional AC filters require a large space and, together with the associated switchgear, take
up a high proportion of the area required by the converter station.

In certain locations, particularly in urban areas, the viability and cost of a proposed HVDC
installation may be dependent on achieving a highly compact design of the converter station,
and measures may have to be taken to reduce substantially the space taken by the AC filters.

The use of self-tuning reactors (see 11.2.2) is one means of substantially reducing the size of
the AC filter installation, while still using otherwise conventional equipment and layout.

In Japan, the desirability of compact, earthquake-resistant filter equipment has beern long
recoghized, and a prototype compact AC filter was tested in the early 1980s. More\recently, a
new design has been developed and tested for a compact 275 kV AC filter installation, [using
oil-inqulated components totally encapsulated in a dead-tank. The capacitors.are constfucted
as sinjgle-phase units, and the reactors, tap adjusters, resistors and arresters_are encapstilated
in ong three-phase unit. All interconnecting buswork, including to the converter transformers, is
encloged in oil-filled busbar ducts.

The mpain advantages claimed for this design are that it reduces the ground area requifed to
about| one third of that required by the equivalent conventional design, and that it is| more
resistant to seismic activity — an important consideration%n*some locations. Protectjon of
compgpnents from pollution, moisture and such risks as birds’ nests should reduce the risks of
equipment faults. A possible drawback is the inaccessibility of components for mainterjance,
but with a highly reliable capacitor design this need not'be a significant problem.

An alternative technology for compacting the design of AC filters would be to use gas insulation,
with eincapsulation of some, or all, components.“While this is feasible, it has not been shqwn to
be ecpnomical and not yet been applied to. an"HVDC scheme.

If a cdmpact converter station design is-an important issue, the customer should decide whether
he wigshes to accept such an encapsulated design, whether oil- or possibly gas-insulated. The
specification should reflect the-‘customer’s adopted approach, most importantly in [those
sectigns concerning testing, reliability and availability, maintenance and guarantees.

11.3 |Other LCC converter technology
11.3.1 General

Since| the inception of HVDC transmission, converters have been of the three-phase| line-
commutated-Graetz bridge type, connected to the AC system through converter transfofqmers,
and with reactive compensation provided by shunt-connected capacitor or filter banks.
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addressed in CIGRE TB 754 [1] and in IEC TR 62001-5 [2].

Other converter configurations have frequently been proposed in the literature, but only a few
practical installations been built and tested. Subclause 11.3 considers some alternative
converter technologies and their impact on AC filtering requirements.

11.3.2 Series commutated converters

The reactive power absorbed by a line-commutated converter can be compensated by the
connection of capacitor banks in series with each AC phase, rather than as shunt elements.
This type of converter connection is known variously as a "series compensated converter" or
"capacitor commutated converter (CCC)". Normally, the term "capacitor commutated converter"
is reserved for the configuration where the capacitors are connected between the converter
transformer and the valves, whereas "series compensated converter" can cover both this and
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alternative configurations, with the capacitors connected on the AC system side of the converter
transformer — Figure 28 a) to e).

Series compensated converters have been studied and discussed for many years, but only
recently introduced into practical HVDC schemes. Benefits of the series compensated
connection include reduced total reactive compensation, improved performance and stability
when connected to very weak AC systems and improved immunity to inverter end AC faults in
transmissions where the discharge current from very long DC cables is an issue.

In the context of AC side harmonics and filtering, series compensation has the following
implications.

e Harmonic current generation from the converter will be slightly greater than-|for a
cdnventional converter operating under comparable load conditions, due to the-feduction in
overlap angle.

e THe flexibility of operation of the series compensated design, especiallyin connectjon to
wgak AC systems, may mean that operation modes with high controlcangles are uslked, in
orfer to achieve desired reactive compensation targets. Such operation may redult in
substantial increases in harmonic current generation compared with 'nominal conditiops.

e THere is normally no need to switch shunt reactive elements as DC load varies, as thg bulk
of[the reactive compensation is varied automatically by the\inherent nature of the geries
capacitor configuration. Therefore, the AC filter bank(s) can\b€ left connected over the whole
DC load range.

e Tq gain optimal benefits from the series compensated converter, the size of the [shunt
cdnnected filters should be as low as possible. The dse of small, self-tuned filter brapches
is|therefore an ideal combination with the :series compensated converter. Thel high
pgrformance of the self-tuned branches also/compensates for the increased harmonic
ggneration of the series compensated conyerter.
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