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INTERNATIONAL ELECTROTECHNICAL COMMISSION

HIGH-VOLTAGE DIRECT CURRENT (HVDC) SYSTEMS -
GUIDANCE TO THE SPECIFICATION AND DESIGN
EVALUATION OF AC FILTERS -

Part 4: Equipment

FOREWORD

Thg International Electrotechnical Commission (IEC) is a worldwide organization for standardization coni

all

national electrotechnical committees (IEC National Committees). The object of NEC is to p

intgrnational co-operation on all questions concerning standardization in the electrical ahd, electronic fig
thig end and in addition to other activities, IEC publishes International Standards,Rkechnical Specifig
Tedhnical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred to ap “IEC
Publication(s)”). Their preparation is entrusted to technical committees; any IEC-National Committee int

in

he subject dealt with may participate in this preparatory work. Interpational, governmental an

governmental organizations liaising with the IEC also participate in this preparation. IEC collaborates
withh the International Organization for Standardization (ISO) in accordance with conditions determi

agr

bement between the two organizations.

Thqg formal decisions or agreements of IEC on technical matters express, as nearly as possible, an intern
consensus of opinion on the relevant subjects since each techhical committee has representation f|
intdrested IEC National Committees.

IEQ Publications have the form of recommendations for intefnational use and are accepted by IEC N
Committees in that sense. While all reasonable efforts ares.made to ensure that the technical content
Publications is accurate, IEC cannot be held responsible for the way in which they are used or

mis|

In

nterpretation by any end user.

rder to promote international uniformity, IEC<National Committees undertake to apply IEC Publi

trarjsparently to the maximum extent possiblewin their national and regional publications. Any divg

bet
the

veen any IEC Publication and the correspanding national or regional publication shall be clearly indid
latter.

IEQ itself does not provide any attestation of conformity. Independent certification bodies provide con

ass
ser

Al

No
me
oth

lessment services and, in some afeas, 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 or its directors, employees, servants or agents including individual expe|
mbers of its technical-eommittees and IEC National Committees for any personal injury, property dan
br damage of any~nature whatsoever, whether direct or indirect, or for costs (including legal feqg

expenses arising outwoef the publication, use of, or reliance upon, this IEC Publication or any oth
Puhlications.

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

Attention is*drawn to the possibility that some of the elements of this IEC Publication may be the su

pat

bntrights. IEC shall not be held responsible for identifying any or all such patent rights.

prising
romote
Ids. To
ations,

brested
d non-
closely
hed by

ational
rom all

ational
of IEC
or any

cations
rgence
ated in

formity

for any

rts and
age or
s) and
er IEC

ions is

ject of

IEC TR 62001-4 has been prepared by subcommittee 22F: Power electronics for electrical
transmission and distribution systems, of IEC technical committee 22: Power electronic
systems and equipment. It is a Technical Report.

This second edition cancels and replaces the first edition published in 2016. This edition
constitutes a technical revision. This edition includes the following significant technical
change with respect to the previous edition:

a) general updating of the document to reflect changes in practice;
b) Annex A deleted as its content is covered by IEC 61803.

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

22F/615/DTR 22F/622B/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 document was drafted in accordance with ISO/IEC Directives, Part 2, and developed in

accordance with

ISO/IEC Directives, Part 1 and ISO/IEC Directives, |IEC Supplement,

availdble at www.iec.ch/members_experts/refdocs. The main document types develgp

IEC a

A list
direct
filters

The c
stabil

speci
o re
o Wi
o re

e an

e described in greater detail at www.iec.ch/standardsdev/publications.

of all parts in the IEC TR 62001 series, published under the general titlexHigh-v
current (HVDC) systems — Guidance to the specification and design.éevaluation
can be found on the IEC website.

bmmittee has decided that the contents of this document will remain unchanged un
y date indicated on the IEC website under webstore.iec.ch“in the data related
ic document. At this date, the document will be

confirmed,

thdrawn,

blaced by a revised edition, or

nended.

ed by

D/tage
of AC

til the
o the
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INTRODUCTION

The IEC TR 62001 series is structured in five parts:

I[ECT

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

IECT

This part addresses the harmonic interaction across converters, pré-existing harmonic

netwo
IECT

This
powe
requir

I[ECT
voltag

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

R 62001-3 — Modelling

rk impedance modelling, simulation of AC filter performance.
R 62001-4 — Equipment

part concerns steady-state and transient ratings<of AC filters and their compo

ements, equipment design and test parametets.

R 62001-5 — AC side harmonics and appropriate harmonic limits for HYDC system
e sourced converters (VSC)

This part concerns specific issues of-AC filter design related to high-voltage direct c

(VSC

systems with voltage sourced'converters (HVDC).

s, AC

hents,

losses, audible noise, design issues and specialapplications, filter protection, sgismic

5 with

urrent
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HIGH-VOLTAGE DIRECT CURRENT (HVDC) SYSTEMS -
GUIDANCE TO THE SPECIFICATION AND DESIGN
EVALUATION OF AC FILTERS -

Part 4: Equipment

1 Scope

This gart of IEC TR 62001, which is a Technical Report, provides guidance on the-basi¢ data
of AC]| side filters for high-voltage direct current (HVDC) systems and their componentq such
as rdtings, power losses, design issues and special applications, protettion, sgismic
requinements, equipment design and test parameters.

This Hocument covers AC side filtering for the frequency range aof-interest in terjns of
harmagnic distortion and audible frequency disturbances. It exclude€s. filters designed [to be
effect|ve in the power line carrier (PLC) and radio interference spectta.

It conperns the conventional AC filter technology and LCC (line<commutated converter) HVDC
but mlch of this applies to any filter equipment for VSC (voltage sourced converter) HVOC.

2 Normative references

Therel are no normative references in this document.

3 Terms and definitions
No terms and definitions are listed in-this document.

ISO and IEC maintain terminological databases for use in standardization at the follpwing
addrepses:

e ISP Online browsing/platform: available at https://www.iso.org/obp

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

4 Sfeady state rating

4.1 General

The calculation of the steady state ratings of the harmonic filter equipment is the
responsibility of the contractor. Clause 4 gives guidance on the calculation of equipment
rating parameters and the different factors to be considered in the studies. It is the
responsibility of the customer to provide the appropriate system and environmental data and
also to clarify the operational conditions, such as filter outages and network contingencies,
which need to be taken into account.

4.2 Calculation method
4.2.1 General

Steady state rating of filter equipment for an LCC HVDC system is based on a solution of the
following circuit which represents the HVDC converter, the filter banks and the AC supply
system. See Figure 1.


https://www.iso.org/obp
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) [/OVI
|::| ZSn
]Sn
Ifn
'/A”\‘, 1 an
‘\7 Y, Cn
=
= - IEC
NOTE | The symbols used in this figure are explained in the key to Formula (1).
Figure 1 — Circuit for rating evaluation
The harmonic current flowing in the filter is the summation of two componentg, the
contripution from the HVDC converter and the contribution fromi.the AC supply network.
Using|the principle of superposition, Formula (1) and Farmula (2) can be used to evalualte the
contripution to the harmonic filter current of order n from\these two sources.
a) HYDC converter:
i Z
Lo=238 ] 1
" ZSn +an o ( )
where
Il is the filter harmonic current from the converter;
I} is the converter harmanic current;
Iy} is the system harmonic current;
Zg} is the filter harmonic impedance;
Zg, is the network harmonic impedance.
b) AC supply-ngtwork:
i Uon
- 2
fn Z°", +Zr7 ( )
where
I, is the filter harmonic current from the system;
U,, is the existing system harmonic voltage.

on

The definition of network impedance is described in 4.5.

To solve Formula (1) and Formula (2), the following independent variables need to be known.


https://iecnorm.com/api/?name=ed75445e9a56154735c006de6294f9d1

IECT

R 62001-4:2021 © IEC 2021 -1 -

e The harmonic current (/,,) produced by the rectifier or inverter of the HVDC station. It is
calculated for all harmonics (see IEC TR 62001-1 [1]! or CIGRE Technical Brochure 754
[2] for VSC using a harmonic voltage source). This evaluation should consider the worst-
case operating conditions which can occur in steady state conditions, i.e. for periods in
excess of 1 min. The extreme tolerance range of key parameters, for example converter
transformer impedances or operating range of the tap changer, needs to be taken into
account. Harmonic interaction phenomena as discussed in IEC TR 62001-3 [3] should also
be taken into account.

e The pre-existing system harmonic voltage, as discussed in 4.2.2.
e The harmonic impedance of AC network (Zg,), as discussed in IEC TR 62001-1 [1]. Note

th

3t different values of 7 can be defined for the calculation of Iil,” and Iiil.” dependj

ng on

ho

The rLarmonic impedance of the filter (Z;,) needs to take account of the deéitunin

tolera

In the
and p
their

frequencies may either be nominally different, for example 50 ‘Hz' and 60 Hz, or m

nomin
distor

w the pre-existing harr’?]’é)nic distortion is specified (see 4.2.3).

ce factors discussed in 4.4.

case of an HVDC link connecting two AC systems of different fundamental freque
articularly if the link is a back-to-back station, both converters may.generate curre
AC sides at frequencies other than harmonics of the fundamental. The fundan

j and

ncies,
hts on
hental
ny be

ally identical but differ at times by up to 1 Hz or 2 Hz) This additional gengrated

ion (interharmonics) will be at frequencies which are’harmonics of the fundan

hental

frequgncy of the remote AC system, and will be transferred across the link. Interharmonics

may g
a) in

b) lid
F

EX
11

The dffect of interharmonics (see IEC TR 62001-1 [1]), although small, should also be

into a

4.2.2

ive rise to specific problems not found with true harmonics, such as

erference with ripple control systems, and

ht flicker due to the low frequency amplitude modulation caused by the beating
rmonic frequency with an adjacent interharmonic.

AMPLE A 10 Hz flicker due to the interactjion“of a 650 Hz 13" harmonic of a 50 Hz system with
h harmonic penetration from a 60 Hz system:

ccount in the calculation of filter component rating.

AC system pre-existing harmonics

It is
incIuJed in the filter rating calculations. In many early HVDC projects this was accommqg

not b
20 %
adequ
many
order
poten

) of a

660 Hz

taken

mportant that theSeffects of pre-existing harmonic distortion on the AC systeqn are

direct calculation as shown in 4.2.1 but by creating an arbitrary margin of a 1(
increase jinveonverter harmonic currents (/). However, such an approach ma
ately reftect the low order harmonic distortion (typically 3, 5th and 7th) which exi
power-systems. As modern converter stations produce only small amounts of sug
hartmonics, a simple enhancement of the magnitude may not adequately reflec

ialcontribution to filter ratings.

dated
% to
y not
5ts on
h low
their

To model a multiplicity of harmonic current sources in a detailed network model is impractical
for the purposes of filter design. Often a Thévenin equivalent voltage source is modelled
behind the AC system impedance, as shown in Figure 1, to create an open circuit voltage
distortion at the filter busbar, i.e. the level of distortion prior to connection of the filters. The
magnitude of the individual harmonic voltages can be based on measurements or on the
performance limits, but limited by a value of total harmonic distortion. This approach provides
a more realistic assessment of the contribution to equipment rating caused by ambient
distortion levels.

IEC TR 61001-3 [3] contains a detailed discussion on alternative ways of handling pre-
existing harmonics.

1 Numbers in square brackets refer to the Bibliography.
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4.2.3 Combination of converter and pre-existing harmonics

As there is no fixed vectorial relationship between /iy, and I | one option is that that these
individual contributions to filter rating are summated on root sum square (RSS) basis at each
harmonic:

i2 i 2
Iy =2+ 1, )

Alternatively, the general summation law from IEC 61000-3-6 [4] may be used.

For pre-existing harmonics of relatively low magnitude, RSS summation is reasonable, as
some|harmonics may be in phase and others not, and as these relationships will.vary with
time gnd operating conditions.

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

Lineafr addition should be considered for any pre-existing jindividual harmonic of| such
magn|tude that linear addition would significantly affect the current rating of the compopents.
Otherpise, if in practice the two sources were in phase for a period of time, the filter could trip
on overcurrent protection. If linear addition is to be used, care should be taken to ensure that
the cgnditions under which the two currents are calculated are consistent, i.e. the calculated
currents can occur simultaneously in practice.

4.2.4| Equipment rating calculations

4.2.411 General

The total filter current is derived as in 4(2.3 for each harmonic order of significant magnitude.
Tradifionally for LCC HVDC systems, the maximum harmonic order was generally taken|as 49
or 50| However with the increasing-prevalence of high power electronic equipment, higher
value$ of the maximum harmonjctorder may be considered. For LCC it is important that this
range| is covered to ensure that any resonance conditions between the filters and the AC
netwagrk and between differentfilters are inherently considered.

The dalculation of I, 'for each connected filter allows the spectrum of harmonic currents in
each pranch of the filter to be evaluated. From this current data, individual element ratings
can bg calculated:

4.2.4.2 Capacitors

From [the spectrum of currents in the capacitor bank (I;,), the total RSS current cgn be

calculatedas
n=N 9
I, = z (Ian) (4)
(n)-1

Typically, the capacitor unit bushings are the limiting factor for capacitor unit current.The
magnitudes of the spectrum of most significant harmonic currents should be specified.

As the voltage rating of the high-voltage capacitors is the most significant factor in
determining the total cost of the AC filters, the question of which formula is used to derive this
rating should be carefully considered. There have been many discussions among utilities,
consultants and manufacturers in the past regarding this point. The most conservative
assumption in deriving a total rated voltage would be to assume that AC system resonance
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occurs at all harmonics and that all harmonics are in phase. However, the use of this
assumption for an HVDC filter capacitor would result in an expensive design with a large
margin between rated voltage and what would be experienced in reality. In practice,
amplification due to filter-AC system resonance may take place at some harmonic
frequencies, but not at most. Similarly, some harmonics may be in phase under some
operating conditions, but in general the harmonics have an unpredictable phase relationship.
Other approaches have therefore been formulated by HVDC users and manufacturers in an
attempt to ensure an adequate design at a reasonable cost.

The issue is therefore one of perceived risk against cost, and due to the diversity of existing
opinions it is not possible to give a clear recommendation here. Various approaches are

discu sed below Al hava heaan ticaed csteccassfulbin nractica aon-diffarant H\/DNC cchaemes
SEe—BetoW— -8B eS8 aSHE 68 SSHuty—HHpaeee-o g ereitrrv o SCHered.

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

n=N
Un = Z Iy - Xcn ()

n=1

Xie, | is the harmonic impedance of order n of the capacitor bank.

Howeyer, such an evaluation, especially when based on¢simultaneous resonance betwegn the
filters| and the AC system at all harmonics, is ovefly) pessimistic, as it assumes tHat all
harmgnics are in phase, and will result in an expensive capacitor design.

A mofe realistic method is to use Formula (5)>but to assume that only a limited number of
harmanics are considered to be in resonance\(e.g. the two largest contributions) and all| other
harmgnics are evaluated against an openscircuit system or fixed impedance. Howevef, this
methqd still assumes that all harmonics.are in phase, which will not be the case in practice.

In a further approach, all harmonies are assumed to be in resonance, but Formula|(5) is
modiflfed such that only the fundamental and largest harmonic components are summed
arithmetically. All other harmionic components of voltage are summed on an RSS basis and
added arithmetically to the sum of fundamental and largest harmonic components to evaluate
U, This "quasi-quadratie®'summation thus takes account of the natural phase angle divyersity
betwegen individual harmonic components:

n=N
2
Um:U1+Uno+1 zUn (6)
n=2

U, is the fundamental component;

wher

U,, Iis the largest component of all harmonic voltages;

U, is the individual harmonic components of order n excluding the largest component.

The above may be taken a step further by adding only the fundamental component to the RSS
summation of all harmonic components, again assuming resonance at all frequencies.

n=N 9
Un=Us+,[ DU, (7)
n=2
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This is less conservative than the method used in Formula (5) or Formula (6), but has been
substantially applied in practice and has proved adequate. The assumption of resonance at all
harmonics, and the use of worst-case assumptions regarding tolerances in the calculations,
provide some margin in the capacitor rating, which is assumed to cover the eventuality of
phasor summation being more severe than is implied by Formula (7).

As capacitors manufactured to certain international standards have up to a 10 % prolonged
overvoltage capability, it is permissible to assign a rated voltage (Uy) for the capacitor bank
up to 10 % below U, i.e.

1
ON="T11,0-11) (8)

Howeyer, the value of Uy calculated from Formula (8) should be at least, equal fo the
maximum fundamental frequency voltage on the capacitor bank. If this is net.the case} then
the agsigned Uy should be the maximum fundamental frequency voltage.

NOTE | In the above definitions, U, is used to denote a harmonic component (» = 1 to Ny and Uy is used to[denote
the capgacitor bank rated voltage (as per IEC 60871-1 [5]).

When| low voltage capacitor banks are installed in filters, for_example in double or|triple
frequency filters, the rated voltages calculated as above may-qot be suitable. For such Banks,
the rgted voltage may have to be increased to ensure that the banks can withstand the
transipnt stresses, as discussed in 5.4.

From [the spectrum of harmonic currents, the equivalent "thermal" reactive power rating jof the
capaditor (single phase) can be calculated as

n=N 9
O~ Z Itey”™ - Xtcn 9)

n=1

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

2

Due tp the arithmetic or "quasi-quadratic” addition of harmonic voltages in Formula (14), O/’
normally exceeds Q.. However, in cases where the harmonic currents are large in comparison
with the fundamental current, Q. can exceed Q.. In such cases, an increased rated vpltage
may rjeed-to be specified such that Q' = Q.. In practice, this may be dealt with by spegifying
the magnitudes of the mostsignificant individuat harmonic currents.

4.2.4.3 Reactors
The harmonic current (f;,,) spectrum and the total RSS harmonic current need to be specified

to the manufacturer to ensure adequate thermal design is achieved and the basis of thermal
type tests is correctly evaluated. The rating of the reactor is based on

I = n:NI 2 11
i~ z fln ( )
n=1
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0 = Zlﬂf X, (12)

where

X, is the harmonic impedance of order » of the reactor.

To ensure that surface stress across the reactor does not exceed the design capability, the
rated creepage voltage across the reactor should be specified as

e 2
U= 2 Utin " Afln)

n=1

(13)

During routine switching and when the filter is subjected to fast-fronted surges; very high
transipnt stresses can appear across the reactors. These need to be allowedfor in the r¢actor
desigh and hence included in the equipment specification.

4.2.4.J\4 Resistors
The t

1 Y

ermal current loading can be expressed from the harmonig-current (/) spectrum as

I = nle 2 14
r= Z frn ( )
n=1

The ppwer rating of the resistor is therefore

n=N 2
AW (15)
n=1

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

n=N
Uy = (Ifrn * Ry,
1

)2 (16)

n

This figure; \U,, should become the basis for the determination of the creepage distange for
metic
ind in
conflict with the general approach to insulator creepage distances, the internal insulators are
subjected to unusual operating conditions. The effects of atmospheric pollution can result in
significant built-up of deposits on insulator surfaces which are not subject to washing by
rainfall. During normal operation, the insulators experience elevated temperatures, typically
100 °C to 300 °C, increasing the risk of surface flashovers. Maintenance has typically been
performed on an annual basis, but some customers operate with maintenance intervals of up
to 3 years. Thus a conservative approach on the above basis for internal insulation creepage
may be necessary.

During routine switching of damped filters and under fast-fronted surge conditions as
discussed in Clause 5, the resistors can experience very high stresses. These predicted
stress levels need to be included in the equipment specification.
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4.2.5 Application of voltage ratings

The voltage ratings for the equipment as defined above can be used to define the minimum
level of the maximum continuous operating voltage (MCOV) for surge arresters. The full duty
on the surge arresters will be determined from the studies described in Clause 5.

The use of arithmetic or quasi-arithmetic summation of fundamental and harmonic voltages
for individual items of equipment is intended to provide security against loading conditions
which may occur only for short periods of time.

However, it would be unduly pessimistic if these voltages become the basis for the calculation
of extermatimsutatiomr—creepagedistances—Thevottagetobeused—forthe—catcutatiomof total
creeppge distance should be the quadratic sum of the steady state fundamental andharmonic
voltages. Thus different external creepage distances would be evaluated at various\locations
within| a filter with graded insulation.

4.3 | AC network conditions

Filter lequipment should be rated for operation at the steady state voltage range of the AC
system, typically 0,95 p.u. to 1,05 p.u. of nominal on an EHV system.~For voltage excufsions
in exgess of this value, the time duration of the overvoltage should be specified.

To enpure that filter equipment rating is sufficient to withstand lifetime operation, the follpwing

e Equipment tolerances: The extreme guaranteed range of tolerances should be used for
rafing studies. Unlike other effects considered here which are subject to cyclic varfation,
arly effects due to manufacturing toleranee will persist for the equipment’s lifetime.

e Frequency variation: Whereas normalkanticipated frequency variations should be usgd for
pdrformance, extreme variations.\should be considered for rating. These extreme
conditions may be specified as(continuous or for specific time periods. The former will
dgfine continuous ratings wheneas the latter will define short time overloads.

o Tgmperature variation: Whereas maximum and minimum average temperature shodld be
considered for performance studies, absolute maximum and minimum temperatures ghould
bg considered for equipment rating. As discussed previously, the temperature will [affect

capacitance value and hence will de-tune the filter. In addition, cold tempefrature

conditions are of_particular importance for capacitor banks, especially for energigation
conditions.

e Tdp position'on reactors: Adjustable taps are often provided on reactors for tuned filfers to
offset capacitor tolerance effects. The effect of tap position on the tuning of the filter and
its| subsequent rating should be considered.

o Capacitor unit failure detection schemes narmally have three set levels' alarm anly (1St
stage), alarm plus impending timed trip (2nd stage) and instantaneous trip (39 stage).
Capacitor bank rating caters for the loading condition when operating under the 2"d stage
alarm. In some cases, only a 2-stage scheme will be implemented, and rating needs only
consider the 1st alarm stage.

e When multiple tuned banks of the same type are installed, it is important to consider
possible circulating currents between the banks due to differences in tuning. Such currents
will need to be considered for filter equipment rating. However, measures to control this
effect, such as the use of paralleling buses, can be used if the filter layout is suitable.

4.5 Network impedance for rating calculations

The representation of the AC network harmonic impedance (Zg,) for the purposes of
equipment rating should be different from that used for predicting performance. As discussed
in IEC TR 62001-1 [1], a number of different distinct geometric shapes can be used to define
the harmonic impedance for performance studies. This data should cover all normal and
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plausible contingency network operating conditions and load conditions anticipated throughout
the lifetime of the equipment. For rating studies, a wider range of network conditions may be
used to ensure that equipment ratings are adequate for the anticipated lifetime. This can be
achieved by specifying larger search areas and/or increased system angles. It is important to
ensure that realistic levels of minimum resistance are considered to avoid undamped
resonance conditions occurring.

The detailed specification of the network harmonic impedance by the customer has a direct
bearing on the ratings, and hence costs, of the filter equipment.

In some cases, the zero sequence impedance of the system may be required to evaluate the
voltage Unbalance on the CONVerter bus following un-symmetrical tauits, such as a ljne to
earth |fault. The resultant negative sequence voltage component is used for the purpgse of
short time (0,1 s to 1,5 s, depending on line protection philosophy and auto-reclose)feagures)
rating|of low order, mainly 3", harmonic filters.

4.6 |Outages

Filter equipment is rated to withstand the increased harmonic loading which will occur when a
defingd number of filters are out of service. The specific outage aequirement will vary from
projegt to project and will depend upon the number of filters available and the level of power
transfer required. Typically, the outage of one switched filter or’filter group should not repult in
an overload of the remaining filters or the need to reduce power transfer. In the event of one
filter gr filter group being out of service for maintenance an@a trip occurring on a second filter
or filter group, the converter control system will typically reduce DC power to prevent filter
overlgad and hence cascade filter trips. The specification should clearly define the custgmer's
specific outage requirement criteria to be followed.by‘the contractors in the preparation jof the
propogal.

In orgder to avoid the costs associated with installing redundant filters, or rating| filter
equipment for filter outages, the customerimay choose to allow a reduction of transmitted DC
powel to avoid filter overload. Such a_strategy can have a significant effect in reducing filter
costs| especially in relatively low_pewer schemes where the number of installed filters is
small

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

5 Transient stresses and rating

5.1 General

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

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

Where necessary, the results of such studies may need to form part of the equipment
specification and may also become the basis for acceptance test levels.
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In the case of double tuned filters, the results of transient studies usually indicate that the the
ratings of the low voltage filter components, as based on steady state loading, are inadequate
and enhanced equipment ratings are required to meet the transient duty.

The results of the transient studies will give important information for the specification of the
individual items of filter equipment.

The transient studies discussed in Clause 5 are the responsibility of the contractor; however,
the customer should define in the specification any minimum requirements for contract stage
studies. For example, the customer should define any specific network and scheme operating
conditions that are considered. Additionally, any fault scenarios to be studied should be
statedtogether with detalls of any auto-TecloSe SChemes that operate on the supply network.

AIthoIgh the transient studies will be performed and reported at the contract stage,\the bbidder
will ng¢ed to perform a few studies at the tender stage in order to cost the station“equigment.
Thesg studies are required to establish equipment insulation levels and surge\arrester rgtings.
The ektent of any such studies should be at the bidder’s discretion.

There| are two main groups of studies that should be performed.

e THhe first, as discussed in 5.2, comprises switching impulse(studies such as routine filter
switching, auto-reclose events, system faults and fault application/clearance involving DC
link load rejection.

e THhe second group, as discussed in 5.3, includes fast fronted waveform studies, such as
lightning strikes and bus flashovers which result inyrapid discharge of capacitor banks.

5.2 |Switching impulse studies
5.2.1| Energization and switching

For efch type of filter available in the HYDC scheme, initial energization studies need|to be
perfofmed to establish maximum levels of overcurrent, overvoltage and energy. Poipt-on-
wave [studies will establish worst-case conditions based on energization from the h|ghest
realisfic system voltage. However, ih more complex filter configurations, the same poipt-on-
wave [may not establish worst-case conditions for individual items of equipment. These
studigs may also establish the)need for switching overvoltage control devices in the brgakers
(pre-insertion resistors, synchronized closing, etc.) and the breaker switching capability under
overvpltage conditions for-overvoltage control.

Routine switching ‘ef filters, with other banks already in service, will be the most cojnmon
transient duty an-the filter components. The number of switching operations per annum may
vary widely bétween schemes. For example, a long distance HVDC scheme designed fgr bulk
powel tranSmission may require very infrequent filter switching, whereas a back-tg-back
HVDQ scheme with a reactive power control facility may switch filters frequently. An estimate
of thg _humber of switching events will be needed to accompany the transient results and
should be included by the contractor in the individual equipment specifications. Frequent
switching of filters is of particular importance for the capacitor banks as the high level of
dielectric stress imposed during the transient event has an impact on the equipment lifetime.
Standards on capacitor banks, such as IEC 60871 (all parts) [5] and IEEE Std 18T [6] give
guidance on the acceptable levels of transient voltage and current and the number of
switching events per annum.

In a similar manner to initial energization studies, point-on-wave studies of routine switching
will be needed to establish worst-case conditions. The studies should consider the case of
each type of filter in turn being the last to be switched, for example all other filters are in
service at the maximum realistic system voltage. Where shunt capacitor banks are installed
as part of the reactive power control strategy, the particular case of parallel switching will
need to be studied. In this case, the high levels of inrush current into one bank due to the
discharge from an energized capacitor bank may result in damage to the capacitor equipment.
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Such studies would indicate the need for current limiting reactors to be installed as part of the
bank.

The studies will need to consider the range of short-circuit levels (SCL) applicable at the point
of connection of the filters. There is normally no simple correlation between SCL and the
magnitude of peak currents and voltages on the filter equipment.

Typical examples of the transient waveforms which occur during routine filter switching are
shown in Figure 2 and Figure 3:
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Figure 2 — Inrush current into a 12/24th double-tuned filter
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Figure 3 — Voltage across the low voltage capacitor of a 12/24th
double-tuned filter.at switch-on

5.2.2| Faults external to the filter

Faulty on the AC supply network can encempass both isolated faults, such as line-line and
three{phase faults, and faults involving”earth, whether single-phase, two-phase or fhree-
phasq faults. Such faults may involve rejection of the DC load, for example blocking pf the
converters, leading to a large prospetctive recovery voltage. This voltage, exacerbated by the
presence of the filters, will be limited by system line-to-earth surge arresters and is nofmally
the bgsis for their energy rating. When studying such fault application and load rejgction
scendrios, it is important to répresent accurately the operating strategy of the HVDC sgheme
in te}ns of breaker fault\clearance times, filter tripping strategy and de-blocking o¢f the
converters. Normally, (harmonic filters are not switched during dynamic overvoltage (DOV)
condifions to avoid any restriction of operation following the DOV. However, if filters do switch
out, this will impose a significant duty on the circuit breaker and also on any discharge vopltage
transfprmers (DVT), if installed.

single-phase auto-reclose schemes are used on the circuit breakers of the inc
ission lines, the strategy in the event of repeated failed re-closure attempts will n

bming

levels of the filter surge arresters. If three-phase auto-reclose schemes are used, which will
result in isolation of the converter station, this will also need to be studied to determine the
effects on arrester ratings. Where discharge voltage transformers are installed on the filter
banks, they can rapidly discharge the DC voltage on the capacitor banks allowing re-
energizing of the filters.

The duration of such transient studies would need to be chosen to cover all breaker
operations and to ensure that worst-case overload conditions and arrester energy absorption
conditions had been reached. However, it is recognized that it is impractical to represent long
breaker clearing times, for example several minutes, in digital studies and a reduced period
can be modelled as the clearing time for stuck breaker condition.
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Figure 4 illustrates a combination of fault conditions: at 25 ms, the HVDC converter is blocked
resulting in a severe overvoltage on the main filter capacitor bank; at 70 ms, a three-phase
bus fault is simulated which is cleared at 100 ms, a reduced period to minimize computation
time, resulting in a severe transient overvoltage on the capacitor bank.
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Figure 4 — Voltage across the HV capacitor bank of a 12/24th
double-tuned\filter under fault conditions

Faults internal to the filter

ffects of faults within ‘the filter will depend upon the type of filter and the ele
ement of the filter.tUsing a single-tuned filter, as an example, a line-earth fault
rminal of the capagitor bank will apply the instantaneous DC voltage on the cap
y across the lagw,voltage reactor and any surge arrester, as discussed further in 5.
arth fault at the: capacitor LV terminal would simply bypass the reactor and result i
hange in current in the capacitor bank which is the predominant filter impedance.

filter configuration were inverted, for example the reactor at the HV terminal ar
itar connected to the neutral, a line-earth fault from the reactor HV terminal would
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reactor LV terminal, for example the capacitor HV terminal, would result in a considerable
fault current in the reactor, due to the low impedance of the reactor compared with the
capacitor. To ensure that reactors would survive such an internal filter fault, a short-circuit
test of the reactor would be required.

Although the fault conditions considered above are normally worst-case conditions for filter
transient duty, for more complex filter configurations, other credible internal fault conditions

would

need to be studied.

When studying the effects of such faults on filter component and arrester ratings, it is
important to consider the protective level afforded by the bus arrester and to co-ordinate the
design of this arrester with the filter arresters to achieve an overall optimized design.
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5.2.4 Transformer inrush currents

Energization of the converter transformer, or adjacent conventional transformers, can result in
significant levels of inrush current that can be sustained for considerable periods of time.
Such inrush currents can, however, be minimized by the application of pre-insertion resistors
or point-on-wave switching which takes account of remnant flux, in which case the harmonic
issues described below should be negligible. As unmitigated inrush currents are asymmetric
and with a high harmonic content, particularly of low order harmonics, they can result in
harmonic current flow in adjacent filters. In applications where low order harmonic filters are
installed, such effects will need to be studied. Although in normal practice the converter
transformers would be energized prior to filter switching, during fault recovery conditions,
transformer switching on adjacent converter poles, or switching of adjacent grid transformers,
energjzation can occur with filters connected. Studies will indicate the need for overvpltage
contrgl devices in the breakers for the definition of economic insulation levels, of the
equipment and/or to decrease the occurrence of commutation failures.

including both linear and non-linear, for example saturation, inductances:\The losses jwithin

StUdi(IS involving transformer inrush currents need to model the transformer in some |detail
the transformer, which will dictate the decay of inrush currents, should beimodelled.

5.3 Fast fronted waveform studies
5.3.1| General

Because of the large rates of change of voltage and current involved in these studies, it is
imporfant that stray inductances and capacitances within-the filter circuits and equipmept are
model|led. Thus the physical location of the equipment, and particularly of surge arrgsters,
should be considered when modelling the filter.

5.3.2| Lightning strikes

Althoygh direct lightning strikes on filtercequipment are unlikely, especially if overhead garth-
wire protection is provided, the effect-of strikes on the remote AC system transferred o the
filters|should be considered. The maximum voltage on the filter terminal will be limited by the
main HV surge arrester. These surges will be transferred to the low voltage components of
doublg-tuned filters and may~have a significant bearing on their insulation levels. \here
appropriate, applied lightning/strikes should be simulated at various points within the HV
substation and at varioustdistances along the AC lines from the station.

5.3.3 | Busbar flashoyver studies

A flashover to €arth on the filter HV busbar will cause a rapid discharge of the filter capacitor
bank through(the filter components. Such an event may occur during a high system vdltage;
howeyer, the*capacitor fuses should not operate for this condition as they are tesfed to
withstfnd short-circuit currents. Due to the short time of these discharges (3 few
microgeconds), they fall into the same category as lightning impulses.

5.4 Insulation co-ordination

From the results of the studies described in 5.2 and 5.3, the overall insulation co-ordination of
the filter can be derived. The need for surge arresters distributed within the filters will be
determined. In most cases, the choice between the arrester’s protective voltage level and
energy absorption capability and the voltage withstand capability of the protected equipment
will be based on relative costs. Although low voltage station class arresters are relatively
inexpensive, if significant energy absorption capability is required, then parallel housings are
needed and costs may be high. In such cases, increasing equipment insulation levels may be
the optimum solution.

When modelling surge arresters, it is important to consider the maximum tolerance on the
arrester characteristic when evaluating protective levels and the minimum tolerance when
evaluating energy absorption capability.
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There are a number of possible connection arrangements for filters with embedded surge
arresters. Typical examples for double-tuned filters are shown in Figure 5.

[,

—

IEC
Figure 5 — Typical arrangements of surge ‘arresters

The results of the lightning and switching impulse studies will confirm that the required
margihs between the equipment withstand levels and the corresponding surge arrester
protegtive levels, according to IEC 60099-4 [7] or the) customer’s specification, are achl|eved.
Note [that margins in excess of those normally specified by IEC 60099-4 [7] will regult in
incregdsed filter costs. The energy absorption duty imposed on surge arresters by lightning
surgep will normally be less than the energy arising from the fault conditions discussed ip 5.2.

In thel case of the double- and triple-tuned filters, the results of the fault studies or swijching
studigs usually indicate that the maximum transient voltages on the low voltage capdgcitors
greatly exceed the steady state ratings. As the cost of such banks is usually low, incrgasing
the rgted voltage such that overload capability complies with predicted maximum trapsient
voltage can give an acceptable.design without incurring the need for special designs of|surge
arresfers.

By esfablishing a coherent insulation co-ordination scheme throughout the filter, it is pojssible
to defjne the following parameters for the filter equipment:

e LIWL;
o SIWL (if appropriate);
e pdwer\frequency voltage;

° CI araneca (lina lina)-
eatahee—Hhe-rhe)s

e clearance (line-earth);

e creepage distance;

e transient current through arresters and filter components;
e protective levels of filter arresters;

o filter arrester locations and requirements.

These parameters can be defined at each terminal of the equipment or in the case of large HV
capacitor banks at a number of points where support insulators, current transformers or
voltage transformers may be connected. The neutral points of each phase of the star-
connected filter are normally individually isolated by a low, but consistent, insulation level and
then brought together to form a single star point which is then connected to earth.
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It is important that an insulation level is defined for the neutral of the filter to avoid spurious
earth faults during transient disturbances.

6 Losses

6.1 Background

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

An infroduction to HVDC converter station losses is given in IEC 61803 [8].

Harmonic filters associated with the AC side of LCC HVDC converter stations are typically
respopsible for up to around 10 % of the total converter station losses, Unlike many| plant
items]| the losses for harmonic filters can only be determined by calculation, especially |those
relating to losses at harmonic frequencies (although the loss figures for the indiyvidual
compgpnents of the filters may be available as the result of works tests):

The wWidely accepted standard procedure for calculating losses in"HVDC stations is defiped in
IEC 6[1803 [8], which proposes calculation of losses under ‘essentially nominal cond|tions,
which|is a fair basis for most HVYDC plants.

Howeper, for AC filters, the calculated losses canwary over a wide range dependipg on
factorp such as detuning, AC network resonance, and level of negative sequence component
in thg AC supply voltage. Consequently, a calculation made under nominal conditionjs can
greatly underestimate the likely level of losses.éhder realistic operating conditions.

Custgmers should therefore be aware -that, by following the guidance of IEC 61803 [8]| they
may not obtain a realistic estimate of-probable AC filter losses. Furthermore, as the lpsses
pertaiping to different AC filter designs vary substantially, they will also not be able to make a
fair cqmparison of the designs offered by different bidders.

The ipformation in Clause 6 therefore offers guidance to the customer, where appropriate, on
how tp define alternative)conditions for calculating AC filter losses. It is suggested thpt the
filter losses should bé ¢alculated both under the nominal conditions of IEC 61803 [8], and
under| the suggested.alternative conditions described in 6.4 below, in order to provide all the
information needed\by the customer.

6.2 |AC filtercomponent losses

6.2.1 | .General

The AC filters comprise capacitive, inductive and often resistive elements, all of which
contribute to the total losses of the converter station. As part of the filter design process,
account will have been taken of the loss capitalization in choosing the number and type of
filters required. IEC TR 62001-1:2021 [1], 7.4, highlights the various advantages and
disadvantages of tuned filters, which typically produce low losses, against damped filters
which generally produce higher losses on a per Mvar basis.

Further discussion with respect to overall filter component costs, taking into account their
losses, is provided in [9].

6.2.2 Filter/shunt capacitor losses

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

1 details the subdivision of losses within a typical all-film type capacitor unit.

Table 1 — Typical losses in an all-film capacitor unit
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Source of loss Loss
W/kvar
Internally Externally
fused unit fused unit
Dielectric 0,05 0,05
Discharge resistors 0,05 0,05
Other (fuses and 0,05 0,01
connections)
TOTAL 0,15 0,11

pbsses in Table 1 are typical; guaranteed values would be in the prder of 20 % Hhigher.

bss capacitors have similar dielectric, discharge resistor and confiection losses to
above. In respect of externally fused units, the losses due{io the external fus
bnal to those quoted. With improvements in the choice and\.design of dielectrid
orthy that the losses in the capacitor unit discharge resistor now tend to dominate
ements and duty for such resistors are not within the direct control of the cap
acturer, but are dictated by discharge time requirements imposed by interng
brds or the customer’s own requirements. If an{enhanced discharge requirem

sses discussed above refer to new capacitarrunits. Dielectric losses tend to reduc

those
e are
, it is
2. The
acitor
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e with

reaching their minimum figure within a few 'hundred hours of operation for all-filmp type

itor units. However, the reduction isxminimal, and because the dielectric loss
 the major contributor to losses, the\effect of the reduction on the total filter los
al. Tests conducted by capacitor manufacturers also confirm that the losses at low
nics (in terms of W/kVAr) aré*similar to the values given above at fundan

ower losses of each individual capacitor bank, assuming that the loss angle is the
monic frequencies as-‘at fundamental frequency, can be determined by:

n=N 9
B, =tan(s)- D) Ig,” - X,
n=1

is the filter capacitor loss;

is no
5es is
order
hental

same

(17)

n
N
ICn

X,

cn

tan(9)

is the harmonic number;

is the maximum harmonic order (typically 49 for LCC, may be higher for VSC);
is the calculated current in the capacitor at harmonic order #;

is the capacitor reactance at harmonic order »;

is the tangent of the capacitor loss angle.

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

e the capacitor bank switchgear;

e the capacitor bank (discharge) potential transformer (PT);

e the inrush reactor (when provided);

e the capacitor fuses;

e the capacitor bank internal connections.

6.3
6.3.1
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reactors (and where provided, resistors) are a major source of total filter losses« T
Lilarly so for a filter bank that provides attenuation for low order harmonics,‘ejther
f single frequency tuned filters or damped types.

ngle frequency tuned filters, the filter designer is often required to-make a compr
en the Q (quality) factor for the reactor at fundamental frequéncy and at the
nic frequency. At fundamental frequency, to minimize loss€s; the requirement
y a Q factor as high as possible, whereas at harmonic fréequencies, in particul
frequency, it is desirable to specify a O factor compatible) with the filter perforn
ement. The required Q factor at the harmonic frequency.may be low when the fi
to be subjected to wide detuning effects because ofdarge system frequency vari
r ambient temperature range. The final balance ¢an often be a compromise be
conflicting requirements, especially when a filter) reactor manufacturer's lowest
esign is not optimal in respect of losses.

5 are however available to the reactor designer (at least for naturally air cooled re
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e of self-tuning filters.
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the choice of reactor O factor at harmonic frequencies requires careful optimization to
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ower losses in the reactor can be determined by
=N ; 2
R= g Iln ‘Xln
n=1 Qﬂ

where

P, is the filter reactor loss;

n is the harmonic number;

N is the maximum harmonic order (typically 49 for LCC, may be higher for VSC);

is the calculated current in the reactor at harmonic order #;

is the reactor reactance at harmonic order n;

(18)
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0, s the reactor Q factor at harmonic order n.
6.3.2 Filter resistor losses

In determining the overall filter configuration, the designer will have evaluated the choice
between tuned and damped type filters and also between the various types of damped filter in
terms of minimizing filter resistor losses. In this context, consideration should have been
given to the reduction in resistor loss that can be gained by the use of third order and C-type
filters rather than second order type, against a generally poorer performance. Consideration
will also have been given to whether it is necessary for single frequency tuned filters to be
provided with an external resistor to achieve the required filter O factor at the tuned harmonic
frequency.

In ddtermining the choice between the various types of damped filter, it ;should be
remembered that, especially for AC filters connected to a high system voltage, the cost jof the
resistpr bank itself is not directly proportional to the required loss dissipation since the dost of
the inpulation required can be a significant proportion of the total cost.

The ppwer losses in the resistor can be determined by

n=N 2
R = ern ‘R, (19)
n=1

i the filter resistor loss;
i the harmonic number;

= 3
7\

the maximum harmonic order (typically 49 for LCC, may be higher for VSC);

=
7

" the resistance in ohms at harmonic qrder »;

i the calculated current in the resistor at harmonic order ».

~

7

rn

6.3.3| Shunt reactor losses

Shunf reactors may form part ef.an HVDC converter station to provide inductive compengation
for AG harmonic filters especially under light load conditions where a certain minimum n:{mber

of harmonic filters is required to satisfy harmonic performance requirements. The derivaiion of
their losses is similar te<that in conventional transmission system applications. It should be
noted|that in generaltheir losses at harmonic frequencies are almost negligible in comparison
to thoge at fundamental frequency.

6.4 |Criteria for loss evaluation

6.4.1| General

Loss evaluation is often given a high profile by customers purchasing HVDC converter
stations in their tender analysis. The criteria for their assessment therefore need to be
consistent and unambiguous and be clearly defined in the technical specification, which
should not benefit or disadvantage one bidder with respect to another.

IEC 61803 [8] provides a set of criteria for assessing AC filter losses and is often specified by
purchasers of HVDC converter stations/schemes. As such, it usefully provides a means of
assessing designs from a variety of potential bidders on an equal basis. However, there are
instances where the criteria specified in this document do not always fully reflect operating
conditions occurring in practice, which may give rise to losses of a different magnitude. These
particular instances are discussed later in 6.4.7.

The various aspects that need to be considered when assessing losses are

a) fundamental frequency AC filter busbar voltage,
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b) fundamental frequency and ambient temperature,

¢) AC system harmonic impedance,

d) harmonic currents generated by the converter,

e) pre-existing harmonic distortion, and

f) anticipated load profile of the converter station.

These are discussed in turn in 6.4.2 to 6.4.7.

6.4.2

Fundamental frequency AC filter busbar voltage

2021

Since
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the choice of AC filter busbar voltage is not a sensitive issue, I.e. it should
al favour one design of AC filter configuration over another, losses shou

determined for nominal AC filter busbar voltage.

6.4.3

Initial
voltad

Fundamental frequency and ambient temperature

y, it might appear that in common with the choice of fundamental frequency AC s
e, loss assessment should also be based on the nominal ‘value of fundan

frequency.

Whils
the c
funda
Depe
frequ
from

esped

this approach is generally satisfactory for the majority-of other components comg
bnverter station, it may be inappropriate for AC harmonic filters, and the cho
mental frequency and ambient temperature variation may be a sensitive

ding on the type of filter arrangement, the filter<harmonic losses under the extren
ncy variations (and of ambient temperature Where appropriate) can vary signifi
those calculated using nominal frequency~rand a "nominal" temperature. T
ially significant for arrangements which comprise single or double-tuned filter bran

not in
d be

ystem
hental

rising
ce of
ssue.
hes of
cantly
his is
thes.

Thereffore, in order to provide the customer\with a fuller knowledge of the losses possiblg¢ from

each
extren
perfor

This s
tempe
conve

6.4.4

The ¢
a sen
5.3.1,
circuit

filter design, realistic loss assessment for AC harmonic filters should also consid
nes of fundamental frequency ‘and ambient temperatures as specified for har
mance calculations.

hould be in addition tosthe calculation method using nominal frequency and an an
rature of 20 °C (IEC 61803 [8]), which is of use in comparison of losses for the ¢
rter station.

AC system harmonic impedance

hoice of-ah. appropriate system harmonic impedance for the calculation of losses i
sitive issue. HVDC project specifications have tended to indicate (and IEC 61803
[8] (requires) that for loss assessment the AC system should be assumed to be
ed{’so that all [the converter] harmonic currents are considered to flow into th

er the
monic

hbient
verall

5 also
2020,
open
e AC

filters™

However, this criterion neglects the fact that resonance between the AC filters and the supply
system harmonic impedance can occur, leading to magnification of the harmonic currents
generated by the converters (and any other sources).

A choice of system harmonic impedance more representative of conditions actually occurring
in practice is to use the impedance employed for the determination of filter performance (the
alternative use of the system harmonic impedance employed for filter rating conditions may be
too pessimistic for loss assessment).

This calculation could be done instead of, or in addition to, the calculation with open circuited
AC system.
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6.4.5 Harmonic currents generated by the converter

IEC 61803 [8] and some HVDC project specifications recommend that the determination of AC
filter losses should be based only on the characteristic harmonic currents generated by the
converter and imply that non-characteristic harmonics should be neglected.

However, for some HVDC schemes, it has been necessary to include low order harmonic
filtering specifically to attenuate residual non-characteristic harmonic currents to satisfy the
performance criteria. In such cases, in order to obtain a realistic assessment of expected
losses, the filter loss calculation should take these non-characteristic harmonics into account,
as they may have a significant impact on the magnitude of filter losses. Depending on the

to, an

alues
calculated for "performance" conditions are appropriate, i.e. those based typically on ngminal
value$ of delay angle and commutation reactance.

If non-characteristic harmonics are to be considered, then values forreactance imbalpnces
betwgen converter transformers comprising a 12-pulse group, imbaldances between indiyvidual
converter transformer phases, and imbalances in delay angle-between valve groupsg in a
12-pujse pair and within a 6-pulse valve group, should be based’on "expected" levels father
than "lJguaranteed" levels, subject to the agreement of the customer.

The gffects of negative phase sequence voltages onylosses in converter plant are|often
overlqoked in the assessment of losses. Such voltages present at the converter statign AC
supply system result in positive sequence third harmonic currents being produced by| each
convdrter and therefore influence the losses inljany associated low-order harmonic filters.
Thesg losses can be substantial, and the custemer is advised to obtain a realistic knowledge
of thejr likely level. For such a loss calculation, the level of negative phase sequence vopltage
used should be that defined for the assessment of harmonic performance.

6.4.6 | Pre-existing harmonic distortion

Whether the effects of pre-existing harmonic distortion should be included in thq loss
assesisment or not largely depends on the requirements of the performance specification|. If, in
the apsessment of performance, the effects of pre-existing harmonic distortion are [to be
neglected (see also IECSTR 62001-1 [1]), then it is also appropriate to neglect them in loss
assessment. On thesother hand, where the performance requirements state that pre-existing
harmagnic distortion.should be included, losses should also be based on their consideratipn.

Wher¢ the converter station includes power electronic reactive compensation, for example a
static|var eompensator (SVC), as part of the total package, such plant may itself be a source
of hafmonic current generation and to comply with the performance criteria may require
assodjiated harmonic filters. Nonetheless, a certain level of its harmonic current will flow into
the harmonic filters associated directly with the converters and such levels should also be
taken into account in their total loss assessment.

6.4.7 Anticipated load profile of the converter station

The evaluation of the economic cost of losses from the AC filters will be heavily dependent on
the expected load profile for the converter station, which also takes into account the amount
of time that each converter operates in rectifier and inverter mode (for bi-directional schemes)
and operation under "ready" (or "standby") mode conditions.

Ready mode is defined as the condition when all the equipment necessary for operation of the
link is live and transmission may be established by deblocking the valves. It is also often
termed "standby mode". Load losses are those corresponding to the operation of the link at
any particular operating condition above ready mode, up to and including full load.
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For certain applications, it may be a requirement that in ready mode a minimum number of
filters should be connected even though the thyristor valves are blocked. The number of filters
connected for such conditions would be that which satisfies the harmonic performance
requirements for the minimum feasible DC load condition and also satisfies the reactive power
balance requirement.

For each load condition assessed, the number of AC filters in service should be consistent
with the performance and reactive power balance requirements and the total losses should be
determined for consistent operating parameters (such as delay angle).

The losses for each of the |nd|V|duaI Ioadlng cond|t|ons may then be welghted with suitable

weightted differently, as may be those for ready mode and load losses.

7 Diesign issues and special applications

71 General

Clausg 7 provides some guidance regarding a selection of more.advanced design issugs and
some| special filter applications, always with reference to, coriventional passive AC filters.
Other|technologies, for example active filtering, are described in IEC TR 62001-1 [1].

Experience from numerous HVDC schemes is condensed in 7.2 to 7.6. The supjects
discugsed include topics which have arisen in a number of projects, as well as some|more
unusyal applications.

Some| of these topics may have an impaet on the wording of the customer’s technical
specification, but most are included in order to assist the customer during the bid evalpuation
stage|and subsequent discussions with\the bidders and later the contractor.

7.2 |Performance aspects
7.2.1| Low order harmonic\filtering and resonance conditions with AC system
The mechanism of generating non-characteristic low-order harmonics is well known and

descrlbed in IEC TR62001-1 [1]. The particular influence of negative sequence voltage ¢n the
generption of 3™ harmonic is treated in IEC TR 62001-1 [1].

Harmpnic AC(filters tuned for the characteristic 12-pulse harmonics behave as a capdcitive
impedance-at*lower frequencies. By nature, the AC system harmonic impedance, which is in
parallel/with the filter impedance, creates parallel resonance phenomena at conT/erter
busbgrs.1n some HVDC schemes, therefore, low-order harmonic filters have been installed to
damp such resonance (reported in [10] and [11]) and to limit the distortion generated by some
non-characteristic harmonics from the converters.

From experience, such types of filters are extremely expensive, and due to the normally low
Mvar rating of the filter capacitors (which themselves are expensive) and the low tuning
frequency of the circuits, the filter reactors need to be designed with unusually high
inductance values and fundamental frequency ratings. Additionally, the losses, if damping
resistors are provided, are relatively high.

This type of filter may need to be in service over the whole range of converter load.
Considering the reactive power requirements, this would have an impact on the number of
minimum filters possible at light load conditions and increase the reactive power exchange
with the AC system. In some schemes, this surplus has been compensated with additional
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shunt reactors, while some other schemes operate the converters with increased firing angles
and higher reactive power consumption.

The accurate modelling of the harmonic AC system impedances at the second and third
harmonics is important in order not to overdesign such low order filters. For harmonics below
the 11th order, a detailed and accurate representation is recommended to ensure that
magnification of harmonics is damped out to the optimum. If this is not possible during the
planning stage, some flexibility and allowance for risk should be given to the contractors to
study this phenomenon during project execution and to mitigate any problem under their own
responsibility at a later stage of the project. In some cases, converter control with special
features could be used as a solution for low order harmonics problems instead of expensive
harmoewnic—filters{42-

It is also vital to model accurately the harmonic interaction between the AC and DC"siges of
the converter, and the influence of the converter control system, when determining the| need
for, of the design of, such low-order filters (see IEC TR 62001-3 [3]). Ignoring these factors
can result in completely misleading conclusions, and possibly the unnecesSsary specification
for a low-order filter to be installed.

A major disadvantage of low order filters (374 harmonic, or 3/5th for &xample), is that they are
loadefl not only by currents from the converter, but also from other harmonic sources |in the
AC system. Often such sources are not the responsibility or under the control, ¢f the
customer, may not be filtered locally, and their magnitude is not known. They may alsq have
come|(on line due to industrial development taking place after the design of the HVDC s{ation.
The clurrents from such sources may, furthermore, be_magnified by resonances within the AC
netwark. It is therefore difficult to predict how much nietwork harmonic current may flow [in the
low-order filters, and in the past low-order filters have been tripped or damaged due td such
overlgads. Over-rating of the filters is the only solution, but it is difficult to predict how[much
over-fating is needed to ensure security, and the filters can become very expensive.

It is therefore advisable to expend considerable efforts, if necessary, in studying lowtorder
harmagnic problems using accurate modelling, in order to try to avoid the necessity of insjalling
low-ofder filters. The customer should be aware of the issues and be prepared to discusps with
biddefs any aspects of the technical specification, for example the prescribed AC system
impedance envelope, level of:specified negative sequence voltage or individual harmonics
voltade limits, which may force the contractor to include low-order filter branches [n the
design.

7.2.2| Definition of interference factors to include harmonics up to 5 kHz

In most technical” specifications for LCC HVDC, the maximum harmonic order fo be
considlered fof AC filter performance is the 50t". However, a few specifications for LCC HVDC
have pxtended the range to be considered to higher frequencies, such as the 834 harmgnic at
60 Hz, j.e.)5 kHz. The impact on the filter design and costs when considering harnjonics
highef ‘than the order of 50 can be significant, and careful consideration should be gi::ren by
the customer before making such a requirement. This requirement is increasingly common
with more VSC converters being built and more detail is provided in CIGRE Technical
Brochure 754 [2].

Standard communication on analogue telephone lines should not be significantly affected in
this upper frequency band between the 50" harmonic and 5 kHz by the level of harmonics
actually generated by the HVDC converters. However, if the AC filter design does not include
high-pass damped filters, then potential resonance conditions between tuned AC filters and
the AC system could be created. These would need to be studied in order to avoid excessive
interference in the nearby communication systems. To obtain realistic results of such studies,
proper modelling of frequency dependence for the major components such as lines,
transformers and loads is of great importance. However, the frequency dependence is largely
unknown in this upper frequency range and so such detailed studies are generally not
feasible.
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If high-pass damped filters are used in the converter stations, the higher order harmonics
injected into the AC system will be negligible. However, the use of high-pass filters large
enough and with sufficient damping to satisfy stringent performance criteria over this
extended frequency range may increase the filter costs and losses significantly.

The customer is therefore faced with a dilemma — if the technical specification limits the
performance requirements to the 50" harmonic, then the bidders may find that the most
competitive filter design is one using double-tuned filters at the characteristic harmonics, with
an inductive impedance at frequencies above the 50th harmonic. Such a design would fulfil
the specified requirements, but could create a resonance with the AC system at higher
frequencies, amplifying harmonics which would otherwise be negligible.

If however the customer extends the frequency range to, say the 83rd, order at 60z (or
100th|order at 50 Hz), and if the levels of the specified telephone interference factor |(TIF),
etc., are those typically used for schemes with a maximum harmonic order of 50, !then frather
large pnd highly damped filters may be needed, at a considerable extra cost.

The dustomer should therefore consider the options carefully before extending the specified
frequg¢ncy range for AC filter performance above the 50th order. Two possible alterhative
appropches could be considered:

e specify performance requirements only up to the 50th harmgnic, but specify in additign that
the AC filters should have a damped characteristic above'the 50t (possibly also dgfining
the maximum permitted filter impedance phase angle (permitted at harmonics aboye the
5¢th); or

e specify performance requirements up to the 83rorder, but increase the maximum{limits
for TIF, telephone harmonic form factor (THFE)or the product of RMS current 7 and TIF
(IT product) accordingly, in order to avoid an unnecessarily expensive filter design.

7.2.3| Triple-tuned filter circuits

Double-tuned filter circuits have beeni\established for many years as a standard design for
passiye AC filters, as the savings in the high voltage capacitor banks and AC switghgear
justifyl a filter design with more than one tuning frequency. In certain circumstances, further
optim|zation may be possible-if more than two tuning frequencies can be achieved| In a
number of projects, manufacturers have identified a cost saving advantage if triple{tuned
filters|could be provided (see also IEC TR 62001-1 [1]).

Tuninpg for triple-tuned-filter circuits is more complicated than for single- or doubleqtuned
filters| but is quitenfeasible. Moreover, if the filter is designed so that sharp tuning i$ only
requined at onesofithe frequencies, with broad-band damped characteristics at the other two
frequencies, then sufficiently accurate tuning can be readily achieved.

A triple<tuned filter will generally be attractive if the alternative design requires smal| filter
bank gizes at an extremely high AC system voltage. In order to achieve an economical design
of HV capacitor, it is then desirable to filter several major converter harmonics within one filter
bank. If necessary, high-pass characteristics can be implemented with additional damping
resistors.

The following requirements can also lead to a triple-tuned filter being considered as a
solution:
e operational requirements for reactive power control within narrow limits;

e combination of stringent THFF or TIF voltage distortion combined simultaneously with low
IT product limits;

e minimizing filter reactive power installation close to generators;
e low order filtering combined with a 12/24th harmonic filter;

e saving in AC switchgear and space;
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e lower reactive power of a 3/12/24th harmonic filter at light load conditions compared to a
3rd harmonic + 12/24th harmonic circuit, thus reducing the need for shunt reactors;

e higher redundancy for all types of filter used.

Possible disadvantages to be considered (see also IEC TR 62001-1:2021 [1], 6.4.3), apart
from the more complicated on-site tuning, are as follows:
— sensitivity of the tuning to blown capacitor fuses;

— number of current transformers (CTs) required to ensure protection of all components, or
possible overrating of unprotected low voltage components.

The dustomer and contractor shoufdtherefore take ailthese factors to account ang give
serioys consideration to whether the use of triple-tuned filters would provide (the| most
econdmic solution.

7.2.4| Harmonic AC filters on tertiary winding of converter transformers

Somel HVDC converters up to a rated power of approximately 200 MW _to 300 MW have| been
arranged with harmonic AC filters connected to a tertiary winding of the conyerter
transfprmers, for example Blackwater, McNeill and Vyborg HVDC converter stations.

Savings can be expected in the space and investment costs of/the filter circuits, including the
AC filter breakers, because the limitations on economic minimum capacitor bank rating are
reduced by employing a lower connection voltage. In addition, identical voltage and| Mvar
design of the components for both rectifier and inverter side can save costs in providing a
minimized number of spare items for a back-to-back” converter station. Further, with this
solutipn, the filter reactors can be connected in the line side of the tertiary filter. Thep, the
filter main capacitor can be made in a simple three-phase arrangement, simplifying the AC
filter protection compared to a conventional H\/filter design.

Consideration should be given to filter olitages. Any spare or redundant filtering has|to be
provided on a per-transformer rather than a per-station basis, and this can significantly reduce
any dost advantage. Filters may bé) shared by the use of off-load disconnectors to|allow
sharirlg without increasing fault levels.

With this solution, the series ‘connected transformer impedance between the filter and the HV
system side reduces the contribution of the higher order harmonics and this can simplify the
filter jarrangement (high-pass filters only being needed for higher frequencies). If |shunt
reactqrs are required, the tertiary busbar connection (typical voltage range between 30 kV
and 6P kV), allows air core type reactors to be provided, which are probably more econgmical
compared to oikimmmersed type HV shunt reactors.

The transformer costs compared to a conventional scheme will increase and the savifpgs in
compared . The

e The additional tertiary winding has to be designed for the short-circuit duty and has a
relatively low leakage impedance from tertiary to the HV bus winding.

e The transformer reliability will be lower.

e The four-winding converter transformer is not a standardized item of equipment and for
system studies a detailed transformer model needs to be developed by the contractor to
prove all the assumptions and ratings.

e The converter transformer impedance selection has to reflect the requirement to limit the
short-circuit currents to acceptable limits; but on the other hand the choice of the
transformer impedances has an impact on the overall harmonic performance of the AC
filters and needs to be chosen in such a way that resonances between the filter circuits
and the AC system are damped out to a minimum.
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e The voltage profile at the tertiary filter busbars has to be considered when calculating the
reactive power compensation, and in general a larger reactive compensation will be
required than if filters were installed on the high voltage bus.

7.3 Rating aspects
7.3.1 Limiting high harmonic currents in parallel-resonant filter circuits

Double-tuned or triple-tuned filters include parallel resonant circuits, which create the anti-
resonance points between the tuned frequencies. For the component current and voltage
ratings of these circuits, the damping at harmonic frequencies is an important factor. Unless a
separate damping resistor is included in the circuit, the circulating harmonic current is limited
mainl
comp
damp

If, in

the filfer reactor coil or to the filter capacitor or a de-Qing ring may be added to the reacfor.

7.3.2| Transient ratings of parallel circuits in multiple tuned filters

For dpuble-tuned and triple-tuned filters, experience has shown that the transient ratings of
the cgmponents of the low voltage tuning circuits are of major'importance in the filter design.
Therefore, it is recommended to include representative-oscillograms for the worst-case
transipnt voltage stresses in the relevant component specifications.

In some cases with extreme low damping in the" circuit, voltage oscillations have |to be
considlered for the decisive voltage-time curve_for the capacitor voltage ratings, for example
NEMA characteristics. The transient voltages-across capacitors are used to design for the
dieledtric stresses inside the capacitor units.

For Igw order harmonic filters, extreme magnitudes of transient low order harmonic cufrents
and vpltages can occur due to the Rarmonic current injection caused by transformer saturation
effectg. For such filter components, the transient ratings in terms of currents, voltagejs and
energly dissipations may be the decisive cases. It is the responsibility of the contradtor to
defing these ratings and to prove that the filter design is adequate. The worst case fpr the
differgnt components has\to be selected out of various study cases varying fault initfation,
fault quration and fault clearing scenarios for different loading and AC system conditions

7.3.3| Overload"protection of high-pass harmonic filter resistors

If resistors are-provided in high-pass filters, different cases of overload conditions can Etress
the rgsistors during emergency situations. Such cases need to be checked againgt the
protegtive scheme and the short-time overload ratings of the resistors. Typical examples|are

¢ mismatch of filter configuration versus load,

e internal faults or interruptions in the filter circuit,

e converter maloperation,

e frequency deviation during emergency system conditions, and

o future modification of the AC system impedance, leading to filter-AC system resonance.

In some HVDC schemes, the resistors are not directly protected by their own current
transformer. Some manufacturers’ protective schemes include the ability to calculate the
resistor stresses from other values measured within the filter circuit, as input to the protective
relaying scheme. However, if required, it is also possible to provide an additional resistor

current transformer and the related protection functions. It is recommended to include in the
specification the requirement for specific resistor protection but request the bidders to
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propose, as an alternative, another solution in accordance with their practical experience and
design philosophy, to be discussed during the bid evaluation process.

7.3.4 Back-to-back switching of filters or shunt capacitors

Back-to-back switching refers to switching one filter or shunt capacitor bank on a bus to which
one or more other bank(s) are connected. Such switching tends to cause high inrush current
in the filter or capacitor bank being switched in.

If tuned filters are used, the tuning reactors are sufficient to limit these inrush currents. If one
or more shunt capacitors in parallel are included in the design, it is recommended to provide
additi it i i fsgharge
betwden the individual branches. For circuit breaker design aspects, refer to 11.7.

Another additional advantage could be achieved, if the current limiting reactorsiare’ choden so
that the shunt capacitor banks are tuned to some higher order characteristic harmonjcs or
alternptively — in case only 12th/24th filters are installed — to a frequency.slightly lowef than
the 35t. By this means, parallel resonances between the filters and the shunt capacitpr will
avoid|all characteristic 12-pulse harmonics higher than the 25t and ‘€éan be shifted tq non-
criticdl frequencies.

7.3.5| Short time overload — reasonable specification of requirements

Subclpuse 7.3.5 discusses how far inherent short time oyefloading of the filters due to system
emergencies should be reasonably specified. Short time. overload for filter components dan be
caused by one or more of the following system emergency conditions:
e shiort time overvoltages in the AC system;

e shlort time AC system frequency deviations;

e short time overload of the HVDC converters.

All combinations of frequency excursions, detuning of filter components and AC bus vopltage
levels| need to be studied to determine the worst-case loading conditions.

As an|example, typical short{ime durations to be considered can be classified as:

Normal system conditions: 10 minto 2 h duration
Distyrbed system conditions: 1 min to 10 min duration
Emefgency systemrconditions: 1sto60s duration

Also, when désigning filter components for all these requirements with respect to lifetime and
risk, § reasonable duty cycle should be clearly defined. These definitions should also reflect
the in|tial.and follow-up system conditions for the system duty cycles.

Evidently, it would be desirable that the decisive rating of filter components should not be
determined by abnormal situations of short-time duration. Often, filter components properly
rated for steady-state conditions will also withstand short-time conditions. However, these
conditions should be calculated and the short-time capability of the filter components
checked.

In the event that the short-time condition proves to be decisive, the customer and contractor
together should consider whether it is economically reasonable to specify the filter for the
short-time condition in question, or whether in such a possibly unlikely event the filter should
be allowed to trip. The probability of the combination of short-time conditions with maximum
detuning conditions should also be questioned.

The effect of short time loading on the various filter components is discussed below.
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a) Filter capacitors

Short time fundamental frequency overvoltages may be decisive for the voltage rating of
the capacitors. Due to their worst-case harmonic voltage loading, capacitors include some
inherent overvoltage capabilities as long as both maximum harmonic voltage ratings and
short time overvoltage do not occur at the same moment. If both the steady state harmonic
ratings and the short time system overvoltages are superimposed, the sum of both should
be reflected within the voltage-time characteristic of the capacitor.

The short time system frequency range should be considered when calculating the
maximum fundamental frequency voltages and currents across and within the filter
capacitors with the filter detuned to the minimum/maximum extent. This may include
outages of capacitor units and the worst-case tolerances assumed for the rating
cdlculations leading to the highest voltage and current stresses for the capacitors.

THe voltage and current rating of the filter capacitors has to be checked against, the| short
time overload operation of the HVDC converters. However, normally, for, conyerter
overload conditions all filters/shunt capacitors are energized, and so the loading per filter
is|usually less onerous than during the emergency cases assuming-~outages ofl filter
branches, occurring at partial loading conditions, which tend to determingethe filter rafings.

b) Filter reactors

THe current stresses are of greatest interest for the filter reactors. The specified dteady
state ratings need to be checked against the short time overload stresses.

c) Filter resistors

Filter resistors are the components most sensitive to,overload, due to the loss dissigation.
THe overload stresses depend on all the impacts\discussed in 7.3.5. In some fecent
prpjects, studies showed that the rating of the“resistors is the critical point [when
considering short time overloads.

Detailed calculations are necessary to determine the worst-case short time overload |of the
filfer resistors.

7.3.6 | Low voltage filter capacitors without fuses

For dpuble- and triple-tuned filter anrangements, the low voltage capacitors are generally not
stresded by fundamental frequency Current and voltage. Therefore the fuses (if used) of|these
capaditors need to be designed\for the harmonic current stresses, which vary depending on
the lopding conditions of the(converters and on the actual number and type of the AC filfers in
servide. From these varying loading conditions, the fuse operating currents have to Qe co-
ordinated with the maximum worst-case current loading conditions of the capacitor units,

For operating currents lower than the rated values, the fuses will not be able to clear|failed
capaditor elements due to the missing dominating fundamental frequency component jn the
current. Typically the low-voltage capacitor(s) will be of a fuse-less design and with a detrated
voltage rating*such that the probability of dielectric element failures at steady-state conditions
is neglible/In some cases, these have been designed for extremely high harmonic cprrent
ratings (dlUe to detuning and outages of filter banks). For example, in some filters, 11}h and
13th harmonic current ratings up to approximately 1 000 A RMS for low voltage components of
double-tuned filters have been required.

7.4 Filters for special purposes
7.4.1 Harmonic filters for damping transient overvoltages

In some HVDC projects, harmonic filters of a low-order type are used for both steady state
and transient filtering. Transient filters to limit temporary overvoltage (TOV) at the converter
station busbar can be used for limiting the saturation overvoltages of the converter
transformers after AC bus faults or load rejection. If the short-circuit level at the AC busbars is
very low, the overvoltages may be quite high.

During transformer saturation, the second and third harmonic transient overvoltages caused
by the injected harmonic transformer currents can be high, if the AC system impedance
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resonates with the AC filters close to the second or third harmonic. In this case, the filters
need to be designed to absorb a high energy level and to damp the saturation overvoltages
for the first time peaks before other countermeasures such as filter tripping and SVC
operation can be initiated. It is desirable to hold the steady state load rejection voltage to
between 1,1 p.u. and 1,2 p.u. compared to the bus voltage prior to the fault.

As an example, for the 1 000 MW Chateauguay HVDC converter station, two filter banks
(2 x 135 MVAr 2"d harmonic high-pass filters) have been installed. Special design studies
were executed for determination of the amount of energy to be dissipated in filter resistors
ter arresters.

and fil

7.4.2

Non-linear filters can be required to be designed for two different filtering performance
requinements. These two requirements are filtering of harmonics in the steady- state fange,
and transient filtering of non-characteristic harmonics during fault recovery conditions in[order
to damp/limit transient and/or temporary overvoltages. The non-linear characteristics ¢f this
filter pre created by connecting non-linear metal-oxide arresters in series with othen filter
tuning devices.

As an alternative approach to that discussed in 7.4.1, a speeial* filter was designed and

successfully commissioned in Austria for the Diarnrohr and—Vienna South-East HVDC

outt

in th
super
saturg
circuif

conv%rter station. For one particular AC system configuration; various studies were carried

AC system was relatively low, and thereforé{low order harmonic overvol

ratio (SCR) operating conditions of thesAC system. These overvoltages oc

detect the worst-case scenario for temporary and transient overvoltages. The damping

ages,

mposed on the fundamental frequency overvoltages, were caused by transformer
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tion phenomena.

2nd and 3" harmonic with the filter arrangement as shown in Figure 6. This

The cEcision for the Vienna Southeast and Durnrohr stations was to install a non-linear filter

ility from a certain (trigger level (determined by the arrester arrangement). A grd
bl connected arresters inside the filter configuration controls the steady statd
ent impedance of the filter. The arresters have been designed for the worst-case &
ation during fault conditions.

order

nic filters, to limit the transient and temporary overvoltages including transformer
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Figure 6 — Non-linear low order filter for Vienna Southeast HVDC station
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Series filters for HVDC converter stations

2021

Existing experience in AC harmonic filtering is based almost entirely on the use of shunt type
filters. Some detailed investigations have been carried out in the use of a mixed configuration
of series and shunt filters for Itaipu and practical applications at Uruguaiana in Brazil and
Outaouais in Canada have given good operational experience.

If filtering requirements are such that a series filter is required, the customer should specify
whether it should be possible to by-pass the filter in order to continue with the HVDC scheme
in service without any degradation except to filter harmonic performance.

(Figu
carrie
chara
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and/of

config

Depending on the specific requirements of the project and on an economic evaluatiorn

single
the A
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, each of them tuned to a particular harmonic frequency. Multiple-tuned™series

I and/or for radio frequency may also be included if necessary). Axdamped ban
Cteristic can also be achieved to filter a range of higher order harmonics.

bove mentioned investigations have indicated that, considering the converter
b of harmonic current, the use of a series filter is efficient*enly if it is associated
impedance of relatively low impedance, such as can be\obtained with a capacitor

shunt filter. Therefore the application of a series(filter should be done in a
uration of series and shunt filters (Figure 9).

series filter for the whole converter stationy installed between the shunt filter bu
C line bus, or one filter for each line connécted to the AC converter station can be
e solution with a single filter for the whole station, the series filter should be form
bl identical branches in parallel, due-to reliability considerations.
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Figure 7 — Single-tuned series filter and impedance plot
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tages of series filter circuits are:

ver capacitor units and smaller filter reactor size than for shunt filters;
5S space requirements;

need for circuit breakers and associated switchgear, buf “only parallel discd
itches (assuming that these can remove a faulted parallel, branch on-load or if
Hundancy approach is acceptable); and
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capacitor/overvoltage protection against short-circuit faults is expensive;
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antages of series filter circuits are:

b main reactor has to carry the fundamental frequency line current;

reactive power support comparable with conventional shunt filters;
nigh-pass resistors are provided, the resistor losses are relatively high;
mponents need to be designed-with a high short-circuit capability;
btective devices should be rated for full AC bus voltage;

atively complicatedprotection schemes.
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Figure 9 — Mixed series and shunt AC filters at Uruguaiana HVDC station

convdrter station design requirements that eould justify consideration of a mixed| filter

configuration. Some of the application characteristics for which the mixed solution sho
examined are discussed below.

a)

b)

d)

f)

There| are several applications with particularcharmonic performance requirements Ind/or

Id be

THe mixed filter configurations with-the shunt filters are hard to satisfy if low minimym AC
system impedance is combined with requirements for limited emission of harmonic
currents into the AC system.

Fqr areas of higher soil resistivity (greater than 1 000 W-m), the coupling between power
and telecommunication lines is high and potential interference problems may dictat¢ very
loy limits on harmonic currents in the AC system, thus favouring the use of mixed pseries
and shunt filters.

In[applications tin.which the connected AC system includes important shunt capacitor bank
and/or underground cables, these capacitors produce low impedance nodes for high|order
hgrmonics; draining the major part of the harmonic currents into the AC lines. Seriesf{filters
could be-the most economic means to limit these currents and the resulting interfdrence
leyel

The nhilify of series filters to limit the harmonic current entering the AC system to desired
values, independently of the equivalent harmonic impedance of the AC system viewed
from the converter station, may represent an important consideration. This is particularly
so in view of the usual difficulty in obtaining realistic equivalents, particularly for the future
expansion of the AC system.

In those applications in which the steady state voltage control during light load and/or the
control of the overvoltage during converter blocking impose limitation on the shunt filter
size and/or require the use of shunt reactor, the mixed filter configuration represents an
attractive and economical solution, because for the same filtering performance this
configuration reduces considerably the size of the shunt bank to be installed.

In cases requiring essentially only the control of the harmonic currents fed into the AC
system, the mixed solution should be examined because the shunt part of the scheme
could be limited to a simple capacitor, determined by the station reactive requirements,
and the series part would be a single reactor.
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In the investigations made for the Itaipu scheme, studies of the use of a mixed filter were
done as one possible solution to improve the interference performance in the AC system
connected to the inverter station of the Iltaipu HVDC system, with very good results as
compared with other solutions investigated. In this case, the major problem to be mitigated
was the effect of the very high soil resistivity (3 600 W-m) and the very high capacitance in
the AC system (cables and large 345 kV shunt capacitor banks).

The mixed filter in the Uruguaiana back-to-back was installed in view of the requirement for
voltage and overvoltage control and the harmonic performance specified. With a shunt filter
scheme, the reactive power to be installed would be 72 % (Base P4, = 50 MW) to comply with
the harmonrc performance requrrements but wouId make the steady state voltage and
overv; could
have been only 24 % in order to have the same harmonlc performance but had. [to be
incregsed to 48 % due to the station reactive requirements.

In studies to be carried out to decide on the use of the mixed filter configuration; the following
effectp of this filtering on the converter station design and performance sholld be examined.

1) ThHere will be a reduction in the short-circuit ratio (SCR), that could-be compensated by a
ddcrease in the converter transformer reactance, although this sQlution produces a dgertain
ingrease in the harmonic current generated by the converters.

2) In|case of error in the adjustment of the impedance angles{ofthe series and shunt parts of
the mixed scheme, there is the possibility of an increase™in the harmonic voltage pt the
pdint of connection to the AC system.

3) The mixed scheme may affect the operational flexibility of the converter station, requiring
sdme additional on-load switching equipment.

The procedure to define the mixed filter scheme,”including its ratings, is not much different
from the conventional methodology used for a~shunt scheme.

7.4.4| Re-tunable AC filters

In special circumstances, the tempgdrary re-tuning of AC filters to act at different frequ¢ncies
may He an option, as illustrated by-the following example.

For the Quebec/New England’ Multiterminal HVDC system, re-tunable AC filters have| been
used pt Radisson and Nicelet substations. For both stations, this has been done as a retrofit
actionl to solve problems that arose after the installation of the original filters had|been
completed.

At Rafdisson, this solution has been used to avoid interaction between AC side fifth harmonic
and PC side-sixth harmonic for certain system conditions and in the presenge of
geomagnetically-induced currents (GIC). When the AC side fifth harmonic becomes greater
than § predetermmed value the 36/48th harmomc AC f||ter is re- tuned to the 5th harmonic
(Figure e W By 5 o
conditions have returned to normal

At Nicolet, the problem was due to a system resonance around the 3 and the 5t" harmonic.
The 24t and 36t single-tuned filters were modified to permit retuning to the 5t and the 3rd
harmonic, respectively.
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Figure 10 — Re-tunable AC filter branch

Impact of new HVDC station in vicinity of an existing’station

creasing number of new HVDC links are being planned or have been constructe
erminal stations located in the electrical vicinity‘ef existing HVDC converter sts
bntails due consideration of the impact on pgerformance and rating of the e
rter station AC filters as well as additional .design requirements on the new con
ns. The objective should be, as far as possible, to design the filters of the new con
ns without modifying the filters of the existing stations.

= Technical Brochures 364 [13] and 798 [14] discuss some of the issues

erformance aspects to be.considered in the design of filters for the new con
ns are as follows.

e performance parameter limits should be specified with due consideration to the
the existing converter stations. In doing so, [15] and [12] can be used.

ction does.noet exceed the permitted limits.

e effect-ofiresonance between the filters of the existing and the new stations sho
en intd.account.

e /AC/ system harmonic impedance to be used in the design calculations shou
fined with due consideration of the existing station and its filters.

d with
tions.
isting
verter
verter

to be

verter

effect
ective
ild be

Id be

The rating aspects to be considered are as follows.

Additional harmonics coming from the existing stations should be taken into account.
Normally, these together with AC system harmonics are considered in terms of a certain
percentage increase of the harmonics of the station under design.

Increase in rating due to outage of similar frequency filters at the existing stations.

Increase in rating due to possible resonance between the filters of the existing and the
new stations.
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The technical specification should include, or otherwise make available, full details of the
design of the AC filters in the existing converter station, including sufficient information for all
the above-listed aspects to be considered in the design of the new filters. In contractual
terms, the technical specification should be very clear on the boundaries of responsibility of
the customer and the contractor in relation to the AC filters at the two stations.

7.6 Redundancy issues and spares
7.6.1 Redundancy of filters — Savings in ratings and losses

Field experience with AC filters in HVDC stations has in general shown a very high level of
reliabjlity, and constant improvements in filter component design are tending to increase this
reliabllity still further. There is therefore an argument for reducing costs by eliminatirjg the
requinement for redundant filters, particularly in relatively low-power HVDC schemes.

Howeyer, redundancies in filter circuits can provide a number of advantages, even whegn the
invesiment costs for such a redundant system are a little higher compared to an othgrwise
optim|zed filter arrangement. Apart from improving the reliability/availapility” of the conyerter
statiop, the use of redundancy can reduce the filter losses and component ratings [n the
individlual filter branches.

If a shunt capacitor is in any case needed for reactive power purposes, it may be worthwhile
to corjvert this into an additional filter branch, to provide added.redundancy.

Thesg concepts can be illustrated by an example based\én recent experience. Supposing that
unity power factor is required at rated load, two very€cenomical solutions a) and b) whigh use
double-tuned high-pass filters, are possible. Below;.the relative merits of these two solptions
are cqmpared.

a) Solution with two double-tuned filters and an additional shunt capacitor

In| this case, two almost identical, rédundant filters are assumed to provide adegquate
chlaracteristics for harmonic performance and reactive power control. A common practice
is [to start at light load conditions of the converters with one filter, then the second gircuit
will be energized in the range_between 40 % and 50 % of rated load. Typical harmonic
pdrformance requirements.can be fulfilled up to rated load. To fulfil unity power ffactor
refluirements up to rated load, only a simple shunt capacitor bank is required additionally.

THe advantages of this\solution compared to solution b) are as follows:

e | simple filter arrangement and redundancy (1 out of 2);

¢ | reduced number of low-voltage (LV) filter components and space requirements.
THe disadyantages are as follows.

o | The-“ratings of filter components are higher if the filter has to be designed for all
loadings during outage of any filter branch (one out of two in the whole opefrating
range). This has a great impact on the harmonic current ratings and rated power of
high-pass damping resistors.

e The filter performance in the upper loading range of the converters is worse compared
to solution b). Also the operational losses can be expected to be higher.

b) Solution with three identical double-tuned filters
This solution uses three identical double-tuned filters with no shunt capacitor.
The advantages of this solution are as follows.

e Higher availability and better harmonic performance (2 out of 3) in case of forced
outage of a filter branch. In this case, both harmonic performance and component
stresses in the remaining circuits are lower compared to solution a).

o Component ratings of filter reactors, capacitors and resistors are significantly lower
compared to the components for solution a). Therefore, most of the filter components
are less expensive. This applies especially for filter damping resistors.
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Operational losses are significantly lower, since mostly the harmonic losses are the
determining factor of the filter losses.

The disadvantage is as follows: the increased number of LV filter components in the circuit
leads to a more complex circuit arrangement and to enlarged space requirements.

It is always recommended to check whether solution a) or b) is the more reliable and cheaper
solution. This evaluation has to consider the component costs, the loss evaluation of the
operational filter losses and the overall reliability and availability of the AC filter arrangement.

7.6.2 Internal filter redundancy

Com ; citors.
Depending on the kind of capacitor fusing — whether internal or external — some add|tional
capaditor elements and/or capacitor units can be built in as voltage redundancy “\However,
true nedundancy inside the filter is not possible, because every failure in a capacitgr unit
incregses the voltage stress on all other capacitor elements and will detune the,filter circuit.

The vpltage stress during normal operation conditions and after fuse blowing can be regduced
and optimized with two measures:

b) h
C

her rated voltage for the complete capacitor bank, whi€h,will reduce the probabllity of

a) S}all subdivision of internal fused capacitor elements;
[
pacitor element/unit break down.

In addlition, the smaller the capacitor subdivision, the leSs is the detuning of the filter in case
of a blown fuse. On the other hand, the smaller the ‘capacitor subdivision, the more [fuses
there jare to blow; thus the total de-tuning allowancé.for blown fuses may be no smaller.

The layout of a capacitor bank in the form of.abridge does not increase the voltage witl{stand
or requndancy. The bridge connection is only for capacitor unbalance protection based on a
sensifive detection of blown fuses.

An important design issue is how mahy fuses can blow (it makes no difference whethef they
are in series or in parallel connection) before maintenance and capacitor unit change is
requined, considering

. cTacitor voltage stress, or
I

o filfer detuning beyond specified tolerance.

Normally, the number of failed capacitor elements for permitted filter detuning is much|lower
than the allowed/number for voltage stress.

7.6.3| Spare parts

The pt;lllulll ||un|bc| Uf fl:tcl \;UIII'JUIICIIt apalc palta ;D Illd;lliy dcpclldcllt UTl IUdUII anCy
requirements. In the case of no filter redundancy being provided, as for example in some
Scandinavian schemes, all types of filter components should be stored at the converter
station, or adjacent to it. To reduce down time following failures, some filter components, such
as filter resistors, should be stored mounted in complete sets.

In cases where filter redundancy is required (1 out of 2 or 2 out of 3), the spare part solution
may differ depending on the type of redundancy required with respect to filter performance or
rating. If redundancy is related only to rating purposes, it is recommended to follow the
recommendation for the non-redundant cases as described above. However, if the
redundancy requirement also covers filter performance, complete sets of spares may not be
required. For instance, only one spare of each type (one insulator, one resistor element per
type, etc.) needs to be stored instead of a complete resistor, including structures and
insulators.
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One spare of each type of filter reactor needs to be stored. For filter capacitors, a minimum
number of capacitor cans of each type should be provided. For this reason, if economically
attractive considering all factors, it could be desirable where possible that the filter design
uses identical capacitor units for each individual type of AC filter.

8 Protection

8.1 Overview

The type of filter protection to be installed depends to a significant extent on the configuration
of the_different AC filter branches and on the contractor’'s normal practice and preferred
proteg¢tion techniques. It may also be affected by requirements on guarantees and jon filter
mance. The detailed definition of AC filter protection equipment is normally_ left fpr the
contractor to determine.

The technical specification therefore is usually restricted to general requirements regarding
proteg¢tion, redundancy requirements, interface definitions and anyf customer specific
requepts. In this way, the interests of the customer are safeguarded” while still lgaving
maximum scope for the contractor’s preferred solutions.

The ¢ustomer should, however, be well aware of the different techniques of AC| filter
proteg¢tion, and in the bid evaluation stage be prepared to ensure that the bidder’s proposed
solutipns meet the customer’s overall technical requirements. The information given in
Clausg 8 is mainly concerned with giving the customer the background information needgd for
this sfage of technical discussions with the bidder.

The |EC standards with relevance to the protection of AC filters are the follgwing:
IEC 6[1869-2 [16], IEC 61869-3 [17], IEC 61869-5 [18], IEC 60549 [19], IEC 608711 [5],
IEC T|S 60871-3 [20], IEC 60931-3 [21], IEC*60871-4 [22].

8.2 General

In general, the extent and type of protection equipment depend on technical requirements, the
size df the filter or shunt capacitor'bank and on the cost of the protected components. Specific
decisions are made between

e prptection functions which prevent damage to components (overload protection, unbglance
prptection), and

o prptection functions which limit damage to components (short circuit, earth| fault
prptection).

In ea¢h cases»the cost of protection should be carefully weighed against the cost of the high
voltage sorJpower components that are being protected. On average, the value ¢f the
protegtion” equipment should not be higher than approximately 10 % of the value o¢f the
protected components.

It is therefore not possible to specify the different types of protection units every filter or shunt
capacitor bank has. The selection should be made in each case depending on voltage, power,
security standard and fault probability.

Particularly in the case of small and relatively low cost components, it is considered whether
using a component with higher voltage (or power) design margin is less expensive than a
special protection unit with current or potential transformers. A good example of this would be
the low voltage filter capacitors in C-type filter arrangements.

In certain specific cases of resonances in the power grid, it may be possible to generate an
early warning signal, so that a pre-defined change can be made either automatically or by
operator action in the filter and/or the AC system configuration.
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The question of redundancy should also be decided in each case between the customer and
the contractor. A higher reliability normally has a higher cost. On the other hand, with no
redundancy, the consequences of failure of the complete system are taken into consideration.
The following are questions to consider.

e What is the normal standard elsewhere in the AC system?
e |s redundant protection equipment justified for the rated power of the filter or capacitor
bank?

A good compromise can be partial redundancy for only a few main functions. If the decision is
for full redundancy, the main and redundant systems should not use identical sources of
actuating-signals-

As an|alternative to redundant protection functions, some functions can be covered. with|back-
up prptection functions. For example, differential protection is a partial back-up” for [short-
circui{ protection while earth fault protection is a less sensitive back-up/“for capacitor
unbalfince protection.

The wWork of the contractor should be to deliver a scheme with an overview of main and|back-
up protection for every filter component, including what protection is overlapping. It is
desirgble that main and back-up protection are not sourced from/the same CT.

In eagh case, the customer should specify the minimum standard which the contractor ghould
provide in terms of

a) prptection philosophy,
b) stIndard of PTs and CTs,

) standard of protection,
d) prptection functions,
)

types of interfaces, including type;and number of auxiliary switches for HVDC co¢ntrol,
switchyard control, alarm system,.event recording system, etc.,

f) customer specific requests (e.g. design of trip signal circuits),
g) mechanical standards, and

h) type and number of auxiliary voltages.

The number of PTs and CTs in the banks and sub-banks should be optimized togethefr with
the P[Ts in the busbar, according to the protection philosophy. Important aspects for the
plann|ng and arrangement of inductive PTs are
o maximum.time for filter discharge,

e refiuirements for auto-reclosing, and

° Civr\nii- hraskar |
et reaike—

Filters are normally arranged in a star connection with the star-point solidly earthed. In
networks with reactive earth fault compensation or isolated star-point, the protection should
be reconsidered.

In principle, the protections should be designed so that external transient disturbances do not
result in filter protection trip signals. Such disturbances include

-_—

AC system faults,

N

transformer switching,

A W

commutation failures in the HVDC converters, and

)
)
) switching of parallel capacitor banks,
)
) DC line faults.

o
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The AC filter protection should be co-ordinated with the AC switchyard protection.

8.3
8.3.1

Bank and sub-bank overall protection

General

Such protections cover more than one filter component and can also protect components
outside the filter, such as the conductors between the current transformer and the filter and
the earth connection. They are also useful to detect earth faults and breakages in the filter
connections.

8.3.2

Short
line s
short-

betwgen the current transformer and filter. Depending on the capacitor intush curren

some
branc
proted
with f

8.3.3

This i
short
banks

current, is the critical factor and only heavy faults«in the capacitor bank can be detecte

overc
the fo
harmg
harmd

8.3.4

This K
protec
const
case,
reactd
filter

to the
of theg
succe
both n

St L .

circuit protection is only effective between the incoming line current transformera
de of the first components, depending on the total fault impedance of the [citcui
circuit relay is normally a standard requirement for the protection of the cond

imes necessary to delay the trip signal by 5 ms to 10 ms. The_ratio of CTs in
hes can be low in comparison with the ratio of line CTs. For Ishort-circuit ¢
tion it is important that CTs are accurate enough to reproduce)the short-circuit c
LIl DC shift in the secondary circuit.

Overcurrent protection

5 also generally a standard protection requirement; sometimes in combination wi
circuit relay function. This protection is not very effective for filter and shunt cap
, since only the reactor is really protected. For{capacitors, the applied voltage, n

irrent. This function can be implemented_either with an inverse time characteristig

nics is required, but a technically \good solution would be to check the imp
nics separately for overcurrent. This'method results in a very comprehensive prote

Thermal overload protection

ind of protection is one“of the most important functions, although an overall ov¢
tion can only protect:the weakest filter component with the shortest heating
hnt that is carrying the main filter current. Therefore, it should be determined, in
whether an overall'overload protection will be installed and/or if individual protecti
rs and resistofs will be installed separately. A simple overload protection for the
annot protect.a damping resistor as the current through the resistor is not propo
main filtep-current. However, protections which use a frequency-dependent calcd
divisioh of harmonic currents between the resistor and a parallel reactor have
ssfully applied. In single-tuned filters, the overall overload protection can be us
eactor and capacitor. The following remarks should be borne in mind.
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e The construction and function of an overload relay can vary from the simple up to the
highest complexity.

e A fundamental prerequisite when deciding on the level of complexity is the level of
knowledge of the reactor thermal time constants over the frequency range of interest.

e The ambient temperature assumed by the overload protection can be a design input with a
fixed setting of the maximum calculated ambient temperature or an actual temperature
measurement. A temperature measurement is checked continuously for correct functioning

an

d plausibility.

o If sufficient knowledge of the reactor’s thermal characteristic is not available, a simpler
version of overload protection can be selected. This could be a true effective current
measurement or with an additional filter function to increase the sensitivity.
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e For the ideal function, a true current RMS measurement is not enough. The overload
protection should also take into account the frequency dependent thermal Iloss
characteristic of the reactor. The ohmic resistance of a reactor depends on the frequency
and so the evaluation of each harmonic current is different.

8.3.5 Differential protection

This kind of protection is normally used only as an overall protection. A differential protection
is only efficient when it operates separately in each phase and is stabilized against outside
failures to avoid influences from higher frequencies. It is recommended that the input currents
be filtered with a fundamental frequency bandpass to eliminate or avoid these influences. The
differential protection could otherwise operate in case of transformer switching, due to the
inrush resonance between filter and transformer zero sequence impedance. The diffefential
current setting should be very low (20 % to 30 % of the main current).

The dfifferential protection detects phase to earth and phase to phase faults butcannot gdetect
isolated failures, such as an arc-over of components in the filter branch.

Anothler kind of differential protection is a single-phase protection relay-bétween high voltage
and lpw voltage zero sequence systems. But here again, the currents should be filtered
againgt higher harmonic influence. With this kind of differential protection, it is not possible to
provide a phase segregated protection scheme.

8.3.6 | Earth fault protection

This function can be applied only in a star-point earthed network in the earthed filten star-
point.|Earth fault protection works with an overcurrent or inverse time characteristic and uses
the cyrrent from the star connection of the three phases to earth. It is a reliable but slow|back-
up fumction for differential protection (and also,a*rough back-up for unbalance protectipn). It
detecls every asymmetry between the phases much like a differential protection befween
phasgs. It also detects every asymmetry coming from outside the filter.

For the high trip threshold that is required to avoid spurious tripping on external events, |either
the time delay for the trip signal should be very high, or the sum of the phase currents ghould
be filtered by a fundamental bandpass characteristic, generally by a second order filter| With
both types, the trip signal is delayed by a few seconds (depending on the current setting).

8.3.7 | Overvoltage andiuhdervoltage protection

Equivplent to the avercurrent protection for reactors, the overvoltage protection is one pf the
most [important types of capacitor protection. Usually the busbar voltage is the sourge for
overvpltage protection, but the voltage from PTs in the feeder can also be used.

In thg case of HVDC system operation, the valve control can usually reduce steady| state
fundamental AC system overvoltages (not the harmonics). An immediate overvoltage frip of
the HVDC converters and filters during transient overvoltages, like load rejection or switch-off
due to overhead DC line failures, can increase the amplitude of the overvoltage. Any fast
overvoltage protection should generally have a time delay of 5 ms to 20 ms and then initiate a
sequential filter tripping sequence.

The need for overvoltage protection should be decided separately from case to case.

The undervoltage protection is mostly a system control function and not a protection function.
This function can be also used as an interlock to avoid energizing a filter or shunt capacitor
that has not been completely discharged. With potential transformer-aided capacitor
discharge, re-energization is possible within 0,3 s up to 1 s, fast enough for auto-reclosing in
the power grid. In all other cases, where fast discharge cannot be guaranteed, the filter or
shunt capacitor switch-on-signal to the breaker should be interlocked to ensure complete
capacitor discharge.
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8.3.8 Special protection functions and harmonic measurements

Depending on different parameters, like the type of filter design, AC system conditions and
other special requirements, additional protection functions can be required. These can include
protection against excessive harmonic currents or voltages.

The installation of a fast Fourier transform (FFT) analyzer (refer to Clause 9) can be added to
enhance such protection.

8.3.9 Busbar and breaker failure protection

Busbr —an broaolear foiliira neratantion ora ot o a~ifl
[ ymmey OTCORC T oo TP otCotoTTar ot oSpPTTn

v tens but
genergpl substation protection requirements.

Filter |protection (adjustable rated values, interfaces, signals, etc.) should, however, he co-
ordingted with any substation protection.

8.4 |Protection of individual filter components
8.4.1| Unbalance protection for filter and shunt capacitors

The cppacitor units represent in financial terms the main cost/in-a filter and so the protgction
of capgacitor units is one of the most important functions.

Usually, the capacitor bank arrangement is in the form~0f a bridge with two pairs of idgntical
branches, each with series and parallel connected «apacitor units. This construction allows
the ingtallation of a very sensitive unbalance protegtion, using the current (or voltage) |in the
transyerse connection. In most cases, capacitor™udnits with internal fuses are used, byt the
unbalance protection system can also be used/with minor modifications (higher current|steps
in cage of fuse operations) for capacitor units.with external fuses or fuseless types. Unbglance
protegtion is not a substitute for short-circuit protection.

The design of a current transformef’to be used in an unbalance protection should be| done
very darefully. On the one hand, the CT should be suitable for the short-circuit current, but on
the other hand, it needs a very-low transformation ratio. The CT saturation and secgndary
burdeh also is taken into censideration. The rating of a current transformer for unbglance
proteg¢tion should be specified very carefully because in the case of a partial short-circufit in a
capaditor branch, high-frequency transients resulting in high current stresses on the current
rmer can appear: The point of CT saturation should be selected such that in case of a
high ghort-circuit current in the primary, the secondary connected equipment of the unbglance
protegtion will not*bee overstressed by excessive current or voltage. The primary winding |of the
current transformer may be protected by means of surge arresters.

Normally,the unbalance current protection is in principle an overcurrent relay with different
settings\for alarm and trip. The function detects not only the operation of capacitor element or
capacitor unit fuses but also all other asymmetries in the bridge, including earth faults and
open circuits. Criteria for alarm and trip signals should be decided by the contractor after
discussion with the customer.

Instead of an overcurrent relay in the transverse capacitor connection, other methods can be
used such as

e detection of neutral voltage,

o different voltages over capacitor phases, and

o different currents through capacitor phases.

The disadvantages of the above methods compared with the bridge current measurement are
not only a lower sensitivity, but most importantly a long time delay for the trip signal due to a
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high dependency on a symmetrical grid voltage such that disturbances in the power grid will
influence these measurements and so a compromise is unavoidable.

In unearthed shunt capacitor arrangements, an unbalance current measurement in the neutral
is sometimes used. Refer to Figure 11.

Normally the inherent unbalance current of a bridge can be calculated in the factory in
accordance with the measured tolerance in capacitance. This inherent unbalance current can
increase or decrease during the lifetime of a filter due to voltage variation and primarily due to
the different heating of bridge arms caused by solar radiation. Every change in symmetry of
the bridge arms such as the opening of an element fuse results in a change (increase or
decrepSeJ I the unbatance current.

In recent years, especially with the introduction of digital protection systems, a high’standard
of reqolution can be achieved so that the balancing of the capacitor bridge(to."a verfy low
unbalpnce current is no longer needed.

Depending on the cost and importance of the protected component, the.unbalance protgction
should be provided with the following.

a) Fyndamental frequency band pass for filtering the unbalance current. Transient |nrush
odcillations within the transverse bridge arm can thus e, eliminated in the protgction
circuit.

b) Compensation of unbalance current in proportion with the main filter current to eliminate
the voltage variation influence on unbalance curreft,

c) Compensation of very slow changes in unbalance current, caused by solar radiation.

d) Potential to re-adjust the effect of residual unbalance current to zero after changing bridge
cgmponents.

e) Storage of the last fully compensated.unbalance current value after filter switch off gnd its

cdmparison with the current after.switch on. With this approach, fuse failures at the
bment of filter switch-on can. be detected (the unbalance protection needs [some
lliseconds after filter switch-on;"however, for full operation).

m
m

f) Comparison of compensated-unbalance current against limits for alarm and trip signgls.
C

g) Calculation of the value of unbalance current deviation caused by the operation gf one

cdpacitor element fuse, as well as the maximum permissible number of fuse opergdtions.
Thus it will be possible to detect and count the number of failed capacitor elements.

h) Storage of the total number of blown fuses (also over filter switch-off periods). [If the
nymber of counted blown fuses is higher than a pre-set value, an alarm and/or |a trip
signal should be given.

i) The possibility to detect the branch of the capacitor bridge where faulty capacitor units are
lofated” For this purpose, an additional voltage input is required for a power dirgction
megasdrement in the transverse connection of the bridge.

j) The possibility to select different settings for the numbers of failed capacitor units for
alarm and trip signalling.

k) Check of the uncompensated unbalance current with respect to limits.

I) Recording of the value of unbalance currents at regular time intervals on a line printer or
in a digital monitoring system.

In filters with isolated or impedance earthed star-points, there is a possibility to construct
shunt capacitor banks in an arrangement with parallel capacitors in star connection. Between
the two star points, a current transformer can be used to compare the unbalance between the
two capacitor banks. For this arrangement, a current direction measurement is also possible
to detect the faulty phase and bridge arm.
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8.4.2 Protection of low voltage tuning capacitors

If the capacitor has a de-rated voltage rating an unbalance protection is not required.

8.4.3 Overload protection and detection of filter detuning

A current dependent overload protection is only necessary for reactor coils or resistors, but
not for capacitors.

Depending on the filter design, the reactors and resistors are generally situated on the earth
side of the filter, while capacitors are situated on the high voltage side. This can also be
reversed——the—first—ease—relatively—trexpensive—eurrent—ransfeormers—ean—be—used for

meas\yring the reactor and resistor current for overload protection.

For the calculation of an overload condition of a reactor, harmonic currents”shodld be
evalugated in addition to the fundamental frequency.

In comparison to reactors, the overload protection for resistors is muchl gasier becauge the
ohmid resistance is less dependent on frequency, and also the time constants for the different
harmagnic frequencies do not vary greatly. A true RMS measurement*of current is sufficignt as
the basis for a digital or analogue thermal model of the resistor~ Although it is dependgnt on
the dg¢sign of the filter, in general higher order harmonic curreqts-tend to overload the rgsistor
while Jower order harmonic currents tend to overload the reactor.

In the|event that there is a CT in a resistor branch, the Tevel of fundamental frequency current
can be used to determine the extent of filter detuning.”A filter with a fundamental frequency
tuned| bypass circuit should have negligible fundamental current in the resistor Hranch
provided the fundamental frequency is near nominal.

8.4.4| Temperature measurement for protection

The n'I:ethod of direct temperature measurement at hot spots in components, such as i used
in trapsformers, has, up to now, notlbeen applied to conventional filter components sin¢e the
costs|are too high.

8.4.5| Measurement of fundamental frequency components

Low yoltage capacitorns with series connected reactor (such as in a C-type filter) are|often
used fo minimize thé fundamental frequency losses in parallel resistors. By filtering to pbtain
the fundamental current in the resistor, a sensitive additional protection for the capacitor and
reactgr can be @chieved (refer to the attached high-pass filter protection scheme, Figurg 12).
The fundamental current in the damping resistor branch should disappear to zero at|rated
condifions~(rated fundamental frequency). If the tuning capacitor in series with the filter
reactqr changes reactance, caused by a disturbance in a capacitor element, the fundamental
curremt through the resistor can increase. in most cases by a higher amount than by normal
frequency deviations.

In addition, a breakage in the capacitor/reactor wiring can also be detected with this method.

8.4.6 Capacitor fuses

A capacitor unit consists of a number of parallel and series connected capacitor elements.
Capacitor element fuses are a type of protection which limits the damage to the unit, but they
cannot prevent damage to other units from incorrect voltage distribution, unlike overload or
unbalance protection equipment. The capacitor fuses are only intended to disconnect faulty
elements.

The number of external parallel connected capacitors and the available short-circuit current of
the supply system should not affect the current limiting capability of element fuses.
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External capacitor fuses can clear faults inside the capacitor unit and external capacitor
bushing flashovers. The advantage of external fusing is that blown fuses can be visually
detected very easily and quickly. The disadvantage is that in the case of a fault in one
capacitor element, the complete capacitor unit will be switched off. Further, the fuse is
exposed to the ambient conditions. The main application of external fuses is in low and
medium voltage capacitor banks with many parallel capacitor units and relatively few units in
series.

Internal capacitor fuses can clear capacitor element failures and therefore are much more
sensitive, given that every capacitor element in a capacitor unit has its own fuse.

G re, In genera NOL designed Tor overioad prote on O dpa Or elerhents.
They |have to resist very high inrush and discharge currents, which are limited only by the
il impedances. Therefore, the sensitivity of element fuses should be much-higher than
ximum permissible element current.

The effect of one blown internal fuse is less than with external fuses, the veltage stress ¢n the
remaihing capacitor elements being relatively small for the loss of a single element. Morg¢over,
| fuses are protected from ambient influences. The main application of internal fuses is
in high voltage capacitor banks with several series connected capacitor units. It shoyld be
noted| that internal fuses do not provide protection against a short circuit between infternal
ctions or a short circuit between active parts and casing¢{both of which may lead tq case

rupture.

Fuselgss capacitors are discussed in 11.2.2.

8.4.7 | Protection and rating of instrument transformers

In radial power systems with auto-reclosingcaperations, the discharge of capacitors can be
ensurgd using inductive PTs before re-energization. The arrangement of PTs can be |either
direct|ly on the filter feeder or on anothercfeeder of the substation provided that the conngction
between the capacitor and PT is secure. The rating of such discharge PTs should be| done
carefylly. On the one hand, the high(ischarge DC current through the primary windings [of the
PT (approximately 10 A to 15 A)lis considered in relation to its dynamic consequenceg; but,
on the¢ other hand, the thermal:lead of the discharge is calculated. Normally, every inductive
PT, hpwever, has to discharge overhead lines and cables and so the thermal and dyhamic
stresq during discharge of a capacitor, whose capacitance is comparable with that |of an
overhpad line, is generally not a problem. The main condition for PT rating is the total thermal
load from the permissibte number of discharges per time unit (1 h). It is necessary to specify
and I|mit the number of discharges (capacitor switch on/off cycles) permitted per|hour.
Comnpon values for the number of discharges allowed are approximately five in the firsf hour
and ope in evéry'subsequent hour.

Dischprde PTs can be connected from line to earth, but they can also be connected isplated
from earth across the capacitor line-side terminals. In such a case, the secondary winding

cannot be used for measurement or protection purposes.

In all cases, where no discharge PTs are used, the possibility of reclosure with capacitor
trapped charge is an important condition to consider in determining circuit breaker ratings.

The possibility of ferroresonances with inductive PTs exists when no burden is connected with
the PT in parallel. Normally, the filter impedance is in parallel with the PT and suppresses any
oscillation. Ferroresonance effects can be reduced or avoided with a reduced magnetic
induction (less than approximately 0,6 T) in the PT.

A higher overvoltage factor of the PT (the factor in p.u. up to which voltage the transformation
ratio of PT is linear, normally approximately 1,9 p.u.) increases the linearity of the
transformation to the secondary voltage during disturbances such as load rejection. The
internal resonance frequencies of the PT can be shifted up or down by changing the
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overvoltage factor, which can be an advantage if one internal resonance frequency of the PT
would otherwise coincide with a harmonic frequency.

CTs in filter branches mostly have a low current ratio. It should be confirmed that the
secondary windings give a true reproduction of primary fault currents for all protection
purposes, especially short-circuit current protection.

The secondary windings of unbalance CTs, when shorted, should withstand the effect of the
primary short-circuit current.

8.4.8 Examples of protection arrangements

An example of a typical protection scheme for a simple shunt capacitor bank is¢shgwn in
Figure¢ 11 and for a C-type filter in Figure 12. It should be noted that protection schemep may
vary ¢onsiderably depending on the particular features of a given filter design.and gn the
protegtion philosophy adopted.

8.5 |Personnel protection

Each | capacitor unit should be discharged before energization< €omplete discharg¢ and
earthing is an unconditional requirement before any work or maintenance is performgd on
filter 4nd shunt capacitor circuits.

All capacitor units are now usually equipped with internal (or external) discharge resisfors in
parallgl with the capacitor. To reduce the losses (to_minimize tan d), the value of disgharge
resistprs is very high. Depending on the resulting time ‘constant, the discharge time can vary
betwegen a few minutes and a quarter of a hour.
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Figure 11 — Example of a protection scheme
for an unearthed shunt capacitor
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Normally, the operation and possible failure of internal (or external) discharge resistors
cannot be checked during operation and maintenance. There is no guarantee, therefore, of a
complete capacitor discharge after de-energizing. External discharge resistors can be
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checked more easily during maintenance but they are exposed to the ambient conditions with
the possibility of corrosion.

An alternative with minimal or negligible losses is one using inductive PTs (capacitive PTs are
not suitable for this purpose). In the case of de-energizing, the complete capacitor is
discharged within approximately 0,3 s to 1 s. These PTs need not be directly in the filter
feeder but it should be guaranteed that the connection between filter capacitors and PTs is
maintained long enough that the capacitors can be discharged completely. In floating filter
circuits with an unearthed PT arrangement, the discharge to earth should be done separately
as an additional item.

Befor Ny WOTK performed on hign voltage components, the retevar afe Work standards
of thg country and utility should be followed. Special sets for earthing the capacitor| units
beforg touching are recommended.

9 Aludible noise

9.1 General

An important consideration of converter station design is to prevent potential annoyance of
people living nearby due to intrusive audible noise. The intention of Clause 9 is to inform
customers of the background to audible noise limitations "and the relevance to A( filter
desigh. The treatment of audible noise limitation in the"technical specification can be
significant, and the issue may also be prominent during bid evaluation discussions and the
subsgquent project design (see IEC TS 61973 [23]).

It is necommended to relate the specification requirements to regulations on environmental
noise|for homes, residences and communities_near to the converter station.

Requirements for attaining an acceptable;noise environment may become a key parameger for
the Ialyout of the converter switchyard,\affecting both technical and economical aspects$, and
may have an impact on the AC filter’system design (e.g. circulating current in a double{tuned
filter may give rise to unacceptable’noise), as well as the design of individual compohents.
The ipclusion of special sound-limiting measures in equipment design will add to the cost of
that eguipment.

Since| corrective measufes for noise reduction during and after commissioning are usually
experlsive and time{ gonsuming, the customer should pay due attention to audible [noise
requirements already during the preliminary planning stage when selecting the site of the
converter statian.~Audible noise limitation is often an important consideration in licensjng of
the cqnverter(station site.

Audibje{noise may be defined as an assembly of acoustic waves in air at frequegncies
perce ved hy the human ear-Noise may consist of 2 mnnnfrnqunnr\y acoustic cign:ll (fn’]e) or
of sounds containing a distribution of frequencies. For definitions of acoustic parameters, see
IEC TS 61973 [23].

Sound active components such as AC filter reactors and capacitors should be designed and
arranged within the yard so as to minimize sound radiation to noise-sensitive areas around
the converter station.

9.2 Sound active components of AC filters

The most prominent electrical components which are sources for audible noise emanating
from an HVDC station are the converter transformers, the DC smoothing reactors, shunt
reactors if used, PLC reactors and the capacitors and reactors of AC filters. Thus, the AC
filters are only one of several sources for the acoustic noise of an HVDC station. In addition,
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the acoustic noise caused by electrical discharges (corona noise) will contribute to the overall
acoustic noise.

The generation of sound by capacitors depends on the voltage applied across the capacitor.
The electric forces within the capacitor elements (rolls) causes them to vibrate resulting in
case vibrations of the capacitor units.

The sound generated by air core reactors results mainly from vibrational winding forces
caused by the interaction of the current flowing through the winding and its magnetic field. In
case of iron core reactors, further vibrations of the apparatus are induced by forces acting in
the magnetic circuit.

In bo;lw cases, capacitors and reactors, the vibrations of the surface of the apparatus gevLerate
acoudtic noise which is radiated as airborne sound into the vicinity of the equipment:

Since| these noise-generating forces are proportional to the square of the“electricall load,
voltage or current, the frequency spectrum of force and thus of soutd-differs from the
electr|cal frequency spectrum.

As an|example, Figure 13 shows the current spectrum of a filter reactor. It is assumed thlat the
current consists of a component with fundamental frequency f and one harmonic component
with hHarmonic number n.

Figurg¢ 14 depicts the vibration force components acting on the winding of the reactof. The
force fonsists of components with frequencies 2f, fin_”,f(n”) and 2f,,.

A

Current

vl I Frequency
IEC

Figure 13 — Electrical spectrum

2f Sy Tty 2f, Frequenc;l/EC

Force

Figure 14 — Force spectrum
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In common with any mechanical structure, a capacitor or reactor with distributed mass and
structural properties has several major structural resonances. Amplification of the equipment
vibrations and thus increased sound generation may occur if one or several frequencies of the
force spectrum coincide with these structural frequencies.

For proper consideration of the acoustic behavior of the filter components, it is therefore
inevitable to include both the fundamental and the harmonic content of voltage and current.

Depending on the physical size and on the power rating of the filter capacitors and reactors,
the sound power of these components ranges from 60 dB(A) to 80 dB(A).

9.3 [Sound requirements

The opjective of sound requirements is to limit the level of noise around the converier gtation
in genjeral and in particular to obey regulations on environmental noise for homes,"residences
and dqommunities near the station. This goal is accomplished by the noise managegment
provided by the contractor for the complete converter station. Since the AC filters represent
only pne of several noise-active components, it should be up to thé)contractor to |apply
adeqyate sound criteria on the individual switchyard componenis‘{(usually in terms of
maximum allowable sound power level) so as to meet the overall sound requirements.

When| specifying sound requirements, it is necessary that the‘customer clearly specifieq valid
operating conditions for the station. For economical reasors, ‘it is advisable to considef only
normal operating conditions and to exclude short-time, or any extreme, conditions from sound
requinements. Here, normal operating conditions means steady-state conditions thgt last
longef than a specific time, normally more than one day; but possibly as short as a few hours,
deperding on any applicable regulation or code of jpractice.

The qound requirements for a converter station at stated operating conditions are ugsually
specified by the customer in terms of a maximum allowed sound pressure level at particular
pointq in the vicinity of the station, or at a>specific contour surrounding the station.

Sometimes, this contour is chosen*{e’ be the fence line around the converter station. Typical
values for achievable sound limits-at the fence range from 50 dB(A) to 60 dB(A). However,
such |a requirement may result in a sound reduction strategy which is not necegsarily
adeqyate. The sound requirement at the fence might be met by avoiding the installatjon of
sound-intensive componenis close to the fence. However, this may not lower the sound level
of nojse-sensitive areas* further away from the station, which was the purpose ¢f the
requinement.

Thereffore, it js;@dvisable to specify particular sound-critical points or a contour contfining
these| criticalpoints further from the station, where the impact of noise may be crucial and
statutpry sound requirements have to be met.

In virtually all counfries there exist public regulations for environmenial sound. Such
requirements are established by national, federal or provincial agencies specifying maximum
allowable noise levels for various land-use categories. Usually, the maximum allowable noise
level for living areas ranges from 40 dBA to 50 dBA, which is reduced by another 5 dB if the
noise is made up of one or several distinct tones. Details on requirements, measuring
procedures and evaluation of results are described in ordinances of these regulations. It is
advisable that the customer refers to the relevant environmental sound regulation rather than
establishing his own rule.

9.4 Noise reduction

The procedure for meeting the sound criteria for converter stations can be categorized in two
steps. Firstly the station should be planned for an acoustically optimized station layout and
secondly the sound-active components should be designed and constructed for low-noise
generation.
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The first measure against noise is the maximum possible separation between the area
designated for the erection of the sound-active components and the sound-sensitive area. It is
made by grouping sound-active components so as to hinder the propagation of sound waves
into sound-critical directions by making use of the natural topography of the area, or using the
sound screening effects of the converter house or other buildings. Care should be taken in
designing and locating these buildings adequately for acoustic requirements. For example, it
may be necessary to avoid the use of thin panels which could be excited by the sound waves
of nearby active sound components and could thus redirect and even amplify the noise.

Components or groups thereof sometimes have a strongly non-uniform pattern of sound

radiation. Capacitor stacks for example may show a distinct directivity of sound radiated from

the Stor\llanl canacitortnite A naotantial incidant by ctatinn caind At A AritinAal naarhyg |r\'\ati0n
cked-capasiterunits—A-—petentiaineidentby-station-sound—ata—eritical-rearbytor

may He avoided by orienting the components so as to have no predominant sound radiation in
this critical direction.

Low-rjoise design of the switchyard equipment requires minimizing the vibrational ampl|tudes
of the| sound radiating surface of the components. For this purpose, it is essential to prpperly
desigh the equipment so that the natural frequencies of the component do not coincid¢ with
the frequencies of the major excitation forces. If the noise level howevercan still not be met,
then further sound reduction by providing sound reducing screens miight be applied. However,
it should be borne in mind that such measures may be costly, depending on the necegssary
extent for sound reduction.

Consideration should also be given to the mounting structure and to the electrical connegtions
of the| sound-active components so as to avoid transmission of component vibrations to| other
equipment.

Anotre1|er measure to reduce the noise, not commaenly used today, is to apply an active sound-
cancéd|llation technique comprising, for example;

e microphones installed at the sound radiating surface,
e an amplifier and control circuitry, and

¢ lolidspeakers installed close to the sound radiating component.
10 Skeismic requirements

10.1 | General

The intention of Glause 10 is to give the customer’s engineers dealing with AC filters sufficient
background infermation in order to understand the implications of seismic requirements for AC
filterjesign, and to have a basis on which to discuss aspects of seismic design with bigders.
Any deismic.requirements for the filters will be defined in the technical specification jn the
same|way as the requirements for the rest of the converter station.

AC filters consisting of capacitors, reactors, resistors, etc. constitute structures which might
be subjected to mechanical loading imposed by the shaking of the ground during earthquakes.
Compared to other mechanical loading, such as wind loading or electromagnetic forces,
seismic requirements usually represent the most severe mechanical loading to these
structures.

The time variable ground motion during an earthquake results in a vibration response of the
filter structure inducing mechanical stresses in the foundation system and in the individual
components of the filter structure. Further, it causes displacements of the structure relative to
other equipment in the switchyard.

The aim of the seismic design of the equipment is to achieve adequate performance of the
structure during earthquakes at acceptable expense. In the case of severe seismic loads, the


https://iecnorm.com/api/?name=ed75445e9a56154735c006de6294f9d1

- 60— IEC TR 62001-4:2021 © IEC 2021

whole filter design may be affected, for example the choice of mechanically robust
configurations may be preferred.

Adequate seismic performance means that at least the functionality of the equipment is
maintained during and after the seismic event. This requires that
e the structure is safely anchored to ground, considering the quality of soil at site,

e the structure withstands the mechanical stresses induced in its individual components, in
particular in the support insulators, and

e adequate electrical connections and spacing to neighbouring structures with respect to

relative-displacements-are provided
Ll L

With respect to the special nature of electrical equipment which contains a large~amopnt of
brittle] material (porcelain), it is important that realistic loads and reasonablg) evalpation
criterip are defined by the customer. However, the seismic design qualificatiohxdiscussed in
Clausg 10 is the responsibility of the contractor. Information on the specification of sg¢ismic
requiements can be found in IEEE Std 693™ [24]. Example of seismic response spegtra is
shown in Annex A.

10.2 |Load specification
10.2.1 Seismic loads

Propdr seismic engineering for a specific project requires specification of the seismic alctivity
of the region of installation by quantitative engineeringyparameters. Usually, this is done by
definipg a "design earthquake", that is a specification’ 6f the seismic ground motion at §ite in
terms|of the maximum ground acceleration and the\so-called "response spectrum"”.

The maximum ground acceleration is expressed’in fractions of gravity (g). The selection jof the
desigh value of ground acceleration is a balance of site specific geophysics, desired relipbility
of thg equipment and costs. In earthquake-prone areas, the horizontal component ¢f the
maximum ground acceleration typically-ranges from 0,1g to 0,5¢, while the vertical component
is typlcally 50 % to 80 % of these values. Certain sites can have even more extreme values.
Level$ of ground acceleration up.to around 0,15¢g and moderate safety factors against failing
of th¢ members of the filtersstructure usually do not require extra efforts for sgismic
engingering and thus no extra-costs to achieve seismic performance are involved.

A response spectrum in)general is used to predict the maximum effect to be expected Iom a
given| type of impulsive loading acting on a simple structure. In the context of sgismic
engingering, the«response spectrum is a family of curves of the estimated maximum
accelgration evaluated for a structure consisting of a single spring and mass (single-degree-
of-fregdom structure) of varying natural frequency, plotted over frequency, for different
amoupt of-damping in fractions of critical damping.

The response—spectra describe—the Ulylldlllib plUpUltiUb ofa—setsmicevent-inthatthe—<urves
show the anticipated amplification of the movement of the structures as a function of
frequency. Usually, the earthquake motions do not contain frequencies over about 33 Hz so
that the vibrations induced in structures with natural frequencies above 33 Hz will not be
amplified.

If no response spectrum for a specific site is available to the customer then the "required
response spectrum" (RRS) of IEEE Std 693 [24] may be used. As an example, the RRS for
moderate seismic requirements is shown in Figure A.1. The maximum ground acceleration in
this spectrum is 0,25g.

If the filter structure is mounted on a primary structure (building, platform, etc.) which affects
the structural response, then it might be necessary to derive a secondary response spectrum
(floor response spectrum) based on the ground response spectrum and the modal properties
of the primary structure.
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10.2.2 Additional loads
Additional loads which have to be considered acting simultaneously with the seismic loads are

o dead weight, and

e normal operating loads (electromagnetic forces at normal service).

In some rare cases, further additional loads such as wind load and short-circuit load may be
specified to act simultaneously with seismic loads. If such load combinations are requested,
then the relevant data for the additional loads (e.g. wind speed or short-circuit currents)
should be given.

10.2.3 Soil quality

In adgdition to the loads described in 10.2.1 and 10.2.2, the quality of the soil has |to be
considlered. The impact on the ground anchoring depends on the type of soil (roek, clay,|sand,
etc.). [In areas with porous material, the whole filter area, or parts of it, may“be anchofed to
one cpommon foundation. The soil properties should therefore be specified'by the customgr.

10.3 | Method of qualification
10.3.1 General

The qualification may be done by analytical methods or-by testing. The customer ghould
specify which kind of qualification the contractor shall apply. If testing is preferred, then the
custoer may accept a verification of the seismic_performance based on results of| tests
previqusly performed on structures of similar design and similar seismic requirements. For
detail$ on seismic qualification by testing, reference.is made to IEEE Std 693 [24].

The upual practice for qualification, however'is by analytical methods.

10.3.2 Qualification by analytical methods
10.3.2.1 General

Seisnjic qualification by analytical methods requires the representation of the filter strlicture
by anl equivalent model which is sufficiently detailed to establish accurately the static and
dynamic behaviour of therequipment. For this purpose, it is assumed that the mass pf the
structpire is concentrated into a number of discrete parts of lumped masses which are
conngcted by elemehts representing the mechanical properties of the structure.

The kind of th€ analytical method, static or dynamic, mainly depends on the type of
equipment. _€omplex structures with natural mechanical frequencies within the sgismic
frequegncy(range (0,1 Hz to 33 Hz) usually require a dynamic analysis which is mostly dgne by
the r 5 with
ion is

10.3.2.2 Response spectrum analysis

A structure consisting of several spring/masses will have a number of different natural
vibrations, denoted vibration modes. Each mode vibrates in a specific form (mode shape) at a
distinct natural (modal) frequency. The determination of the mode shapes and the modal
frequencies is called modal analysis. The response of the structure may be found by the
superposition of the maximum responses of each individual mode which are obtained from the
response spectrum, scaled to the prescribed maximum ground acceleration value. In practical
cases, only a few modes need to be considered in the analysis to obtain adequate accuracy.

The resultant maximum response determined from the individual modal responses is usually
done by the SRSS (square root of the sum of squares) method. If not otherwise stated, 2 %
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modal damping is assumed for each mode shape. If increased structural damping is
employed, measurements are usually required to verify modal frequencies and modal
damping ratios.

The response spectrum assumes fully linear behaviour of the structure. When the structural
system is considered to be non-linear, a so-called time history analysis may be applied. By
this method, a record of ground motion, usually in terms of acceleration versus time, is used
to calculate the stresses, accelerations and displacements of the structure at discrete time
steps during an earthquake. This method, however, is rather calculation extensive and time
consuming and therefore only used in rare cases.

thoa

This method may be applied on structures having one significant mode out of severalfother
modes. Then the seismic load on the structure may be supposed to be an equivalent|static

plying

the vglue of the mass of each component by the maximum acceleration (at asxdamping value of
2 %) piven in the response spectrum. Usually, a safety factor (static coefficient) of [1,5 is
further applied to account for the effects of the other modes.

An example of this type of structure may be a head type current transformer consisting of a
concgntrated mass mounted on an insulator. The significant’mede will be a rocking [mode
excitgd by the shaking of the ground in horizontal direction.

10.3.2.4 Static analysis

This method is applicable when the equipment may be assumed to be rigid, i.e. the njatural
mechanical frequencies exceed 33 Hz. Then, theJ seismic forces on each component pf the
equipment are obtained by multiplying the value of the mass of each component Qy the
maximum ground acceleration.

10.3.3 Design criteria

10.3.3.1 General

The design criteria define the required minimum safety factors as well as the bufckling
requirements.

10.3.3.2 Minimum-safety factors

For each memberiof the structure, the stresses caused by the combined loads from sgismic
and additionalloads should be calculated, and depending on the type of material, mijimum
safety factors.with respect to breaking and yielding should be maintained.

a) Brjttle materials

For components containing brittle materials, such as ceramic insulators, a required safety
factor with respect to the breaking strength should be specified by the customer. The
breaking strength of the brittle component (insulator) is defined as the minimum strength
value guaranteed by the manufacturer of the concerned component. If no value is
specified for the required safety factor, then a minimum safety factor of 2 should be used
for insulators and other components made of brittle materials.

Ductile materials

For components made of ductile materials such as steel and aluminium members, the
required safety factor is defined with respect to the yield point or with respect to the
ultimate strength. The applicable safety factors should be in line with usual engineering
practice as given for example in national building codes.

If no information on safety factors is available, then the following minimum safety factors
should be applied to the material under consideration:
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e 1,2 on the yielding strength,

e 2,0 on the ultimate strength.
10.3.3.3 Buckling requirements

The seismic qualification should ascertain that the structure safely resists buckling due to the
member loads induced by the seismic event. Buckling requirements are usually stated in the
applicable building codes.

10.3.4 Documentation for qualification by analytical methods

4 e H bl bl H 1 1 bl .
The specicaton Miay TSUUITT UTIT UT T TUNTOWITTY TCVEITS UT UULUITTITTILAtiUTT.

a) Seismic statement

THis comprises a short summary of the seismic verification, describing."equipment,
methods, loading and most important results.

b) Seismic qualification report

THe extent of this report should be sufficient to understand the analysis procedurejs and
maodels and to allow the verification of the major results. It should«contain

e | a short summary,

e | a drawing of the equipment and its support showing the.major components,

o | a description of structure and the corresponding analytical model,

¢ | loads and load combinations,

e | a description of the analytical method and of.the adequacy for application, and

¢ | results from dynamic or static analysis f(displacements, forces and moments, stresses
on elements, foundation loads).

10.4 |Examples of improvements in the mechanical design

In cage where the seismic load reguirements are decisive for the mechanical design pf the
different filter structures, some typical measures can be taken:

filfer component itself;

o usle of other geométnical design of support structure and insulators than common practice
(elg. support insulators mounted in an angled position instead of vertical);

. u]e of mechanically stronger material in structures (e.g. steel and porcelain) and jn the
I

e usle of common foundation for several filter components;

o usle of stays, either inside the support structure to ground or outside to ground or a
combipation of both;

o vilbration isolation of the structure from ground by the use of springs;

e increase of structural damping by the use of dampers.

Sometimes, two or more of the measures listed above are combined.

11 Equipment design and test parameters

11.1 General
11.1.1 Technical information and requirements

Depending on the chosen filter arrangement (see IEC TR 62001-1 [1]), the filter will be made
up of a combination of capacitors, reactors and resistors, connected to the AC bus by suitable
switching equipment. Additional equipment should be included such as surge arresters for
overvoltage protection and instrument transformers as part of the filter protection system.
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There are a number of factors which all have significant influence on the design and the
ratings of the filter components. Basic information which the customer has to provide in his
bid request is described in some detail in Clause 9, Clause 10 and in IEC TR 62001-1 [1].

Clause 11 aims to give the customers some guidance for

e particular technical information on the filter components the customers should provide in
their specification,

e requirements on design, production, testing, installation and maintenance of filter
components, which should be specified by the customers, and

to be

sible.
ch as
severg pollution (industrial or marine), severe seismic requirements,‘ unusually high| wind
velocity, stringent acoustic noise requirements, etc. Such requirements’ may be decisiye for
the equipment design.

The clustomer should indicate particular information on operatienal aspects of the AC filters. If
applidable, the customer should indicate that the devices used for filter switching shodld be
desighed for frequent switching operations, as this may be required for reactive power control,
and the customer should specify the expected number of operations per year. Any temporary
overvpltage conditions under which the filter should be disconnected should also be spegified.

11.1.3 Customer requirements
11.1.3.1 Design, production, installation"and maintenance requirements

Since| the filter components are "live!\“parts, fencing of the filter equipment for achjeving
persohnel clearance may be used. (Alternatively, instead of fencing, the equipment mpy be
mounted on special support structures which elevates live parts to a height commensurate
with gersonnel safety standards.-The customers may specify what method should be adopted
and they should specify the minimum safety clearance.

It is recommended that\the customers require the contractor to specify the type of sdipport
insulgtors used for theymounting of the filter components and the capacitor bushings. Usually,
the insulators and ‘bushings are of porcelain type. Sufficient creepage and clearance ghould
be prpvided for_reliable operation of the equipment. Based on information available {o the
customers regarding the pollution conditions encountered at the site, the customer ghould
prescfibe ARe" minimum creepage distance of the insulators. Typical values for specific
creeppgé tare from 25 mm/kV to 45 mm/kV depending on the site pollution level (see
IEC TIS60815-1 [25], IEC TS 60815-2 [26] as well as IEC TR 62001-1 [1]). Creépage
requirements should be based on the maximum voltage (including harmonics) appearing
across the insulators or bushings, evaluated in accordance with 4.2.4 and 4.2.5.

The customers may require the filter to be made up as far as possible by identical
interchangeable components so as to simplify maintenance and stocking of spares.

For ease of transportation and installation, the customers may require that each equipment
component be equipped with lifting eyes or similar provision for lifting the unit.

The customers may impose a maximum height requirement for any equipment. They may
further require a maximum limit on weight of components (capacitor units for example)
depending on their location relative to other filter equipment. If the contractors exceed those
limits, they should provide appropriate tools for handling during installation and maintenance.
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The outline of the filter components should be designed so as to eliminate as far as possible
any visible corona at voltage levels typically up to 20 % above rated voltage.

The customers may advise the bidder that the filter components shall be designed to
withstand the operational mechanical forces without damage or reduction of life. These are
vibrational forces during normal operation, electromagnetic forces during external faults, wind
forces, ice loading and seismic forces, if applicable. In case of breakage of one support
insulator, the construction should remain stable. The customers may require a static
calculation of the filter structures.

The customers may require the contractors to guarantee a maximum annual failure rate for
' nponer f ’ ' rent trar ' fition thiat the

OMmpo U d dpd O ur d O el c . 0O ona O
specified maintenance is provided.

11.1.3.2 Quality system and documentation requirements

It is recommended that the customers specify their minimum requirements.oh the contrgctors'
quality system to be applied by the contractors to the design, production, testing, installation
and maintenance of the AC filter equipment.

Usually, the quality programme is documented by the contractor's quality manuall The
customers should review the contractors’ manual and they should reserve the right to| audit
the qyality system as described by the manual.

Further to the standard quality programme, the customers may state specific requirements on
the kjnd and quality of materials and workmanship. These should include for expmple
requirements on materials used for terminals ,and electrical wiring, surface protectipn by
galvahizing or painting, specific requirements on welding.

The qustomers may specify requirements\on the contractors’ documentation. Usually, the
activifies for design and production inspection, testing, installation and commissioning are
based on inspection and test plans. The inspection and test plan should define hold points for
witnegsing inspection or testing by-the customers or by an organization representing the
customers.

It is recommended that customers request the contractors to submit this documentatipn for
approjal during the detailed design stage of the equipment.

11.1.3.3 Test requirements

For general requirements, the customers should refer as far as possible to the appljcable
IEC sjandards~and recommendations, but ANSI or IEEE standards could be usgd for
comparisan) It should be made clear on which standard body, IEC or ANSI/IEEE, the design,
rating|and‘testing of the filter equipment is based.

The test program for component specific tests will depend on a number of parameters such as
the general technical concept of the filter, overvoltage protection, service experience with
specific components gained from other HVDC projects. The test program should ascertain
that the specific component will provide the required performance and will withstand all
defined electrical and environmental conditions encountered in the field. However, it should
be borne in mind that requirements for tests covering unrealistic conditions may considerably
increase the cost for the equipment.

The test program should be established in co-operation between the customer, the contractor
and his sub-supplier. Usually, it is split into routine tests, type tests and if necessary special
or "other" tests. It may be advisable that the customer or his representative plans to witness
type and special tests. This is of particular importance in case of difficulties in performing a
test, or if there are any doubts about the test result. In this case, the customer's
representative may assist in making an immediate decision on how to proceed with testing.
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Certified test reports on previously performed type tests on similar units may be accepted in
lieu of performing a type test. Relevant test reports should be submitted to the customer for
approval, including a report on deviations in design or technical data. If accepted in lieu of
performing a type test, these reports should be included in the inspection and test report as
part of the documentation.

If applicable, the contractors should perform a seismic qualification for each equipment
component mounted on its support structure. Seismic qualification may be performed either
by analytical methods or by testing (see Clause 10).

11.1.4 Technical information to be presented by the bidders

The justomers should require the bidder to provide a general description of the filter|ayout
inclu
of units of filter components including spare units should be indicated by the bidders.

ing a schematic diagram clearly identifying the individual filter components. The/niimber

The lists of electrical data presented in 11.2 to 11.7 are intended to be-a)guideline fpr the
customer on how to specify a particular filter component. Further parameters and further
information may be requested by the customers if deemed to be ‘useful. Such required
information for example may refer to the thermal time constant of r€actors, resistors and of

arresters.

The rjumerical values of the individual parameters for eaéh ‘component are chosen hy the
biddefr depending on his filter design. Since some of the ‘values, in particular for tolefance,
may pe critical and sometimes difficult to achieves~such values are usually defined in

consultation with the component sub-suppliers.

The customers may require the bidders to indicate the amount of manpower for maintepance
(in dtys per annum) necessary for reliable~operation of the equipment under defined

opera

11.1.3 Ratings

The fgllowing ratings are requiredito be specified for the various filter components.

ing conditions.

Rated harmonic frequency.

THe rated harmonicefrequency is that frequency to which the relevant parametefrs for
hgrmonic filter performance are referred. For single-tuned filters, this frequency is equal to
the tuning frequency, for double-tuned filters this may be the geometric mean frequepcy of
the two tuningsfrequencies or may refer to both tuned frequencies.

Vqltage rating

THe rated voltage Uy (RMS) assigned to an AC filter capacitor bank is discusged in
4.2.4.2°The rated voltage of the capacitor units U, (RMS) should be higher than or|equal

toltherated voltage Li—of the capacitor bank divided by the number of seriescondected

units.

It should be noted that there are considerable differences between IEC 60871-1 [5] and
IEEE Std 18 [6] in terms of permissible long duration overvoltage capabilities of
capacitors.

It is recommended that the contractor presents oscillograms of the transient oscillatory
voltage appearing across the capacitor banks, together with the anticipated number of
events per year, in his specification to the capacitor sub-supplier.

The rated voltage of a reactor or resistor is the arithmetic sum of the voltages at
fundamental and harmonic frequencies. The rated voltage across a reactor or resistor is
discussed in 4.2.4.3 and 4.2.4.4. The voltage rating to ground depends on the position of
the reactor or resistor relative to other filter components and may differ from the voltage
rating between the terminals.
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e Current rating

The rated current is the square root of the sum of the squares of the current at
fundamental and harmonic frequencies (see 4.2.4).

11.2 Capacitors
11.2.1 General

There are two internationally accepted standards applicable for the capacitors for AC filters:
preferably IEC 60871-1 [5] for comparison. It is recommended to refer to one of these two
standards for general requirements on capacitors.

For cILrification of terminology, the following definitions are used.

e Capacitor element: In practice, normally an individual package (coil, roll) consistlng of
alyiminium foil and insulating paper and/or plastic film.

e Capacitor can or unit: The metallic case including bushing(s), internal discharge and
grading resistors, capacitor elements connected in series and parallel, and, if |used,
el¢ment fuses.

e Sgries group: A set of capacitor units connected in parallel. Several groups are conrjected
in|series to meet the voltage requirements.

o Capacitor rack: A metallic framework containing one of s&veral series groups including
inferconnection buswork and insulators as required.

e Capacitor stack: One or several capacitor racks mounted on a set of base insulatdrs for
ragk-to-rack insulation, including inter-rack and rack-to-rack connections.

e Capacitor bank: One or several capacitor stacks including inter-stack connectiong and
in¢luding the associated monitoring and protective equipment. Often, a capacitor| bank
consists of sets of two identical stacks connected in parallel so as to provide a bridge arm
fof measuring unbalance between the two stacks.

In single line diagrams, the capacitor bank is represented by a lumped single-phase capacitor.

11.2.2 Design aspects
11.2.2.1 General

The gontractor should(illustrate the circuitry of the individual capacitor banks and capacitor
units fo show how the specified capacitance values are arrived at.

The cpnsiderations in 11.2.2.2 and 11.2.2.3 are taken into account.

11.2.2.2, \_Capacitor unit design
11.2.272 1 Capacitor units container and mounting

Depending on the environmental site conditions, it may be advisable to make the cases of the
capacitor units from stainless steel. The cases should be designed so as to allow for
expansion and contraction due to all ambient and loading conditions expected during the life
of the unit including short term and transient conditions. The capacitor manufacturer should
provide the criteria for determining when expansion of the case is normal and when it is due
to capacitor failure.

Usually, the capacitor units are bolted to the rack. Each capacitor unit should be mounted so
that it can be easily removed from the rack and replaced without removing other units or
disassembling any portion of the rack. Depending on the weight, if necessary each capacitor
unit should be furnished with lifting eyes.
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11.2.2.2.2 Dielectric

The dielectric fluid used within the capacitor unit should be environmentally safe and
biodegradable. The capacitor unit should not contain PCB type fluid. The capacitor elements
should be vacuum dried inside the case prior to impregnation with the dielectric fluid. After
impregnation, the capacitor unit should be sealed immediately upon removal of the
impregnant reservoir.

11.2.2.2.3  Unit rating

The current, voltage and kVar rating of the capacitor units as well as the measured
capacitance or the tolerance class should be given on the capacitor unit nameplate, in
accorflance with IEC/IEEE standards.

11.2.2.2.4  Unit configuration

The ¢arliest capacitor designs involve the use of external fuses. A capacitor unit failure
causdd the fuse to operate resulting in the need to replace the fuse and“the capacitof unit.
The Igrge change in capacitance due to the loss of a capacitor unit has-assignificant effgct on
the cgpacitor bank design.

Subsequently, the internally fused capacitor unit was designed and is widely appli¢gd for
harmgnic filters. These have fuses in series with each elemént built into the capacitqr unit
such |that an element failure results in a very small loss of capacitance and a modest
overvpltage across the remaining parallel elements. After a number of element failuref, the
incredsed voltage is excessive and the unit must be replaced.

In regent years, fuseless capacitors have beent«used for harmonic filters. A commonly| used
desigp for use in filters has an internal construction consisting of a several parallel sfrings,
each ptring consisting of a large number of 'series-connected elements (Figure 15). Thefe are
no pdrallel connections between the strings, except at both ends of the capacitor unif. The
construction of each element using aluminium foil interleaved with modern all-film die|ectric
materjal is such that a short circuit within an element creates an electrically good, welded joint
betwgen the two foil electrodes of the failed element. A single element failure results in pnly a
limited release of energy, insufficient to damage adjacent elements or release sign|ficant
amoupts of gas, and has a(dimited influence over the total capacitance of the unit and the
voltage distribution over the remaining healthy elements.



https://iecnorm.com/api/?name=ed75445e9a56154735c006de6294f9d1

IEC TR 62001-4:2021 © IEC 2021 - 69—

Key
1 intg
2 fus

3 ext

Figu

The fuseless design offers a more economical cémastruction of capacitor unit, with

parall
advari
the rig
the od

It is €

not b¢ suitable for low voltage, filtef.banks because one element failure would cause a

voltag

The ¢
for th
signif

11.2.2

Each
IEC 6
by thg

IEC

rnal fuse
bless

prnal fuse

bl elements and interconnections, than inMan internally fused design. A f
tage is that the discharge energy developed at the failure spot is limited. This re
k of damage to adjacent elements and etheer insulation components if a failure ocg
ter turns of the wound element.

specially attractive for the high voltage, low capacity filter capacitors. However, i

e stress on the relatively few-remaining healthy elements.
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D87 1-1°[5]. Longer discharge times (which will reduce losses) may be possible if agreed

customer.

11.2.2.2.6 Fuses and unit protection

Fuses are intended to protect the case of the capacitor unit from rupture due to capacitor
element failures. Internal fuses are intended to safely isolate failed elements during any

opera

tional condition.

Customers should indicate which type of fusing — internal, external or non-fusing — is
considered acceptable and they should define the criteria for alarm and trip level settings of
the unbalance protection. The contractors should show how their proposed fusing/unit
arrangement will meet the customers’ requirement.
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11.2.2.3 Capacitor bank design

11.2.2.3.1 Racks

IEC TR 62001-4:2021 © IEC 2021

Usually, the capacitor racks are supplied fully equipped with all capacitor units, insulators,
and connections. Lifting eyes should be provided to facilitate assembly of the racks into the
stacks. Depending on the environmental site conditions it may be advisable to make the racks
of hot dip galvanized structural steel or corrosion resistant structural aluminium. No drilling
should be permitted after galvanizing.

The structural members of the racks should not be used as electrical buses. There should be

only

ne single electrical bond between a group of capacitor units and the capacitor ra

k. All

struct
adequ

iral members of the rack should be electrically connected together in order to. ¢
ate earthing of the rack during maintenance. The rack should be provided

nsure
with

adeqyate connections for earthing.

Each frack should be clearly labelled with the weight of the fully equipped unit; the phase and

bank

of which it forms a part, and the maximum and minimum capacitéryunit capacitances

which|may be substituted into the rack as spares. Suitable warning labels!should be affijed.

11.2.2.3.2 Capacitor bank

Specipl attention should be drawn to the capacitor bank desigh/so as to meet acoustic
levels as specified in the technical specification(see Clause 7). A sound

powe
calculation should be provided for each bank.

11.2.3 Electrical data

Table
equipment or to inform the customer of the dé€sign parameters.

Table 2 — Electrical data for capacitors

sound
bower

2 is a checklist of data which could be used by the contractor for purchasirlg the

Capacitor design parameter Unit

Rated harmonic frequency Hiz
Rated capacitance per phase (at +20 °C) uF
Tolergnce on rated capacitance o
Maximum variation of capacitance versus temperature %1°C
Maximum total lossés.at rated voltage and rated temperature W/Kvar
Maximum dielectric losses at rated voltage and rated temperature W/Kvar
Varia{ion of-tan (d) versus frequency )
Rated voltage (U) across capacitor bank including harmonics kV(RMS)
Harmonic voltage spectrum P, steady state n/kV(RMS)
Minimum voltage across capacitor bank excluding harmonics kV(RMS)
Total current (including harmonics) A(RMS)
Harmonic current spectrum °, steady state n/A(RMS)
Continuous voltage across capacitor bank for evaluation of sound power level including harmonics kV(RMS)
Harmonic voltage spectrum for evaluation of sound power level n/kV(RMS)
Maximum sound power level dB(A)
Lightning impulse withstand level (LIWL)

High voltage terminal to ground kV

Low voltage terminal to ground kV

High voltage terminal to low voltage terminal kV
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Capacitor design parameter Unit

Switching impulse withstand level (SIWL)

High voltage terminal to ground kV

Low voltage terminal to ground kV

High voltage terminal to low voltage terminal kV
Applied AC test voltage to ground (50 Hz or 60 Hz, 1 min) kV(RMS)

a8 The variation of tan (8) with frequency from fundamental to the highest harmonic should be given as a graph
or table.

The harmonic voltage or current spectrum is specified in terms of the order number and the RMS value of

thp-rdividual-harmonic-voltages—orctHrenis
G g

11.2.4 Tests

Unlesp otherwise stated, routine tests and type tests should be performed in accordance with
the rdlevant clauses of IEC 60871-1 [5] and/or IEEE Std 18 [6]. Tests en.support insulators,
wherg applicable, may be performed in accordance with IEC 60168 [27],"If the customgr has
additipnal specific requirements for special or "other" tests and forverification of equipment
perfoimance, then these should be stated.

Such requirements may include, for example, the following.

o Dipcharge test

A discharge test of the capacitor unit should be performed by charging the capacitdr to a
DC voltage equal to 1,7 to 2,5 times the rated voltage and discharging it by a short-gircuit
bgtween the terminals. The DC voltage level~to be used in the test should be agreed
bgtween customer and contractor.

e Measurement of capacitance dependence on frequency and temperature
e Impregnant test

THe component supplier should<propose tests to prove the adequacy of the chemical and
electrical characteristics of thetapplied impregnant.

e Vgrification of acoustic naise

THe contractor shouldidemonstrate by analytical methods the expected total sound power
leyel in dB(A) for each capacitor bank at fundamental and harmonic voltages as giyen in
the electrical dataljst.

e Sgismic qualification
Tq be performed by the contractor or his sub-contractor, if applicable (see Clause 10).

It is recommended to provide the data of field acoustic noise measurements for the
calpacitor banks.

11.3 Reactors
11.3.1 General

The standard usually applied for specifying AC filter reactors is IEC 60076-6 [28] which
contains a clause dealing with filter reactors..

Since the type of reactor applied in AC filters is usually air-core dry-type, the following
information refers to this type of reactor only.

11.3.2 Design aspects

Usually, the reactors are single phase with a winding designed for outdoor installation, for air
cooling by natural convection. Therefore, all materials are chosen so as to provide
satisfactory withstand to the climatic and environmental conditions encountered at site. For
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reactors installed in areas of high urban based pollution or oceanic based salt pollution, care
should be paid to the protection of the reactor winding against the adverse effects of
electrolytic deposition. Under such operating environments, tracking can occur on the surface
of AC stressed dry-type air core reactors. It is therefore recommended that if salt type
pollution can occur, the reactors should be coated with special coating such as RTV single-
component, low temperature curing silicone elastomer, having special hydrophobic properties
to prevent water filming on the winding surfaces directly exposed to the environment.

The temperature class of the insulation material usually is either class B (130 °C) or class F
(155 °C).

Dry-type alr-core reactors do not have an Iron core. Therefore, the magnetic fiefd |s not
constfained and will occupy the space around the reactor winding. Although the magnetit field
reduces in strength with increase in distance from the reactor, the presence of)thig field
shoul@ be taken into consideration for the installation of dry-type air-core units, The extent to
which|care has to be taken is largely a function of kVA and is lower for low k\/A-Units.

Usually, the reactors are mounted on support insulators and support structures. The reason
for providing support structures may be twofold, firstly to supply‘safety clearange for
substation personnel to the equipment on high potential and segondly to provide sufficient
magnegtic clearances to the foundations on which the reactors are-installed.

The dimensions of the electrical terminals of the reactoriand the associated conngctors
shoulfl be kept as small as possible so as to avoid substantial eddy current loss due fo the
magnegtic field of the reactor.

The support structure should be designed so as net'to have shorted loops otherwise cufrrents
could|be induced by the magnetic stray field of the reactor. Grounding of the support strlicture
should be accomplished without creating closéd’loops in the grounding system.

If nedessary, the winding may be desighed with intermediate tap positions for indugtance
variatlon in steps. Tap position setting is done off-circuit, by hand, without affecting the
reactqr's main terminal connections:

Usually, the filter circuits would require the use of reactors with QO values at harmonic
frequgncies much lower, than the "natural" reactor Q factor. This may be achieved by
conngcting a resistor inSthe circuit with the reactor to damp the filter response. Usually, the
resistprs are connected.in parallel with the reactors. An alternative to the use of a resistor is
the addition of a de-@'ing structure on the reactor, which can reduce its Q factor. The defQ'ing
structpre typically<eonsists of several coaxially arranged short-circuited metallic rings which
couplé with the‘main field of the reactor. The induced currents in the closed rings dissipate
energly and.thus lower the Q factor of the reactor.

If the| reactors are equipped with lightning arresters, they should be mounted so that the
pressure relief valve does not impinge on the reactor.

Special attention should be drawn to the winding design so as to meet acoustic sound power
levels as specified in the technical specification. A sound power calculation may be requested
for each unit (see Clause 7).

11.3.3 Electrical data

Table 3 is a checklist of data which could be used by the contractors for purchasing the
equipment or to inform the customers of the design parameters.
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Table 3 — Electrical data for reactors

Reactor design parameter Unit
Rated harmonic frequency Hz
Rated inductance mH
Tolerance on rated inductance (applicable for reactors without tapping range) +%
Tapping range +%
Step size %
Q-value of reactor at fundamental frequency
QO-valfie of reactor at rated harmonic frequencies
Tolerance on Q-value at fundamental frequency E37)
Tolergnce on Q-value at rated harmonic frequency 2 E37)
Currept ratings:
Maximum continuous current, including harmonics A(RMS)
Harmonic current spectrum P, steady state n/A(RMS)
Maximum temporary current, including harmonics A(RMS)
Temporary harmonic current spectrum n/A(RMS)
Duration
Currents for evaluation of sound power level n/A(RMS)
Maximum sound power level dB|A)
Transient current
Amplitude kA(peak)
Time to crest Hs
Short-circuit current, thermal © kA(RMS)
Short-circuit current, mechanical ° kA(peak)
Duration € 3
Rated AC voltage (including harmonics) kV(RMS)
Lightrjing impulse withstand level (LIWL)
High voltage terminalito ground kv
Low voltage terminal to ground kv
High voltageiterminal to low voltage terminal ki
Switching impulsé withstand level (SIWL)
High voltage terminal to ground kv
Low voltage terminal to ground kv
High voltage terminal to low voltage terminal K\
Applied AC test voltage to ground (50 Hz or 60 Hz, 1 min) kV(RMS)

a Tolerance on Q value at rated harmonic frequency may be of significant importance (Clause 6).

b The harmonic current spectrum is specified in terms of the order number and the RMS value of the

individual harmonic currents.

¢ If applicable.

11.3.4 Tests

Unless otherwise stated, routine tests and type tests should be performed in accordance with
the relevant clauses of IEC 60076-6 [28]. Tests on support insulators, where applicable, may
be performed in accordance with IEC 60168 [27]. If the customers have additional specific
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requirements for special or "other" tests and for verification of equipment performance, then
these should be stated.

Such requirements may include, for example, the following.
¢ Acoustic noise

The contractors should demonstrate by analytical methods the expected total sound power
level in dB(A) for each reactor at fundamental and harmonic currents as given in the electrical
data list above. As shown in Clause 9, audible noise measurements based on fundamental
frequency are of little significance.

e Segismic qualification

To be|performed by the contractor or his sub-contractor, if applicable (see Clauser10).

11.4 |Resistors
11.4.1 General

IEC T[S 63014-1 [29] gives guidance with respect to both rating and testing of resistors [Since
the type of resistors applied in AC filters is usually dry-type, the following information refers to
dry-type resistors with air cooling by natural convection.

11.4.2 Design aspects

The nesistors should be designed with negligible ipductance and with low dependency of
resist@nce versus harmonic frequencies.

The rpsistors are made of wires (grid typesresistors), deployed metal sheets or cast |metal
elemgnts. It is preferable to utilize active” material with low variation of resistande vs.
tempgrature so as to minimize the (variation of the filter characteristic with working
tempgrature at various loading conditiens and ambient temperature.

Usually, the resistor elements are'mounted in an enclosure for protection against rain to|avoid
eventpal harmful effects of rain*water during any mode of operation. The enclosures ghould
be designed so as to prevent’the ingress of birds or other animals. Further they shoyld be
designed so as to allow sitmple opening for maintenance. Depending on the environmental site
condifions, it may be€ ‘advisable to make the enclosures of stainless steel, or hot dip
galvapized structural steel or corrosion resistant structural aluminium.

The ejnclosure-should be electrically connected to one point of the resistor elements, typically
the rejsistor_mid-point.

For the\eléctrical insulation of resistor banks consisting of several series connected mogdules,
consideration should be given to the effects of non-linear transient voltage distribufion. See
the recommendation for lightning testing (see 11.4.4).

Bearing in mind that the temperature rise of the resistor elements may be considerably high
(up to 600 °C), the choice of the insulation within a resistor module requires great care, since
the high temperature of air will impact the insulation performance. The breakdown voltage of
air at these high temperature levels may be reduced to typically 50 % of the value at ambient
temperature. "Chimney effects" of vertically stacked resistors also need to be accounted for.

Care should be taken for the design and the material selection of the electrical terminals to
achieve adequate performance at high temperature. Further, the high temperature rise of the
resistors requires the internal and external electrical connections of the resistors to be made
with sufficient sag so as to avoid undue mechanical stress by thermal expansion.
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