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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

The International Electrotechnical Commission (IEC) is a worldwide organization for standardization comprig
all national electrotechnical committees (IEC National Committees). The object of IEC" is to prom
international co-operation on all questions concerning standardization in the electrical and’electronic fields
this end and in addition to other activities, IEC publishes International Standards,Jechnical Specificatig
[Technical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred to as
Publication(s)”). Their preparation is entrusted to technical committees; any IEC_National Committee interes
in the subject dealt with may participate in this preparatory work. International, governmental and r
lgovernmental organizations liaising with the IEC also participate in this préparation. IEC collaborates clo
with the International Organization for Standardization (ISO) in accordance with conditions determined
agreement between the two organizations.

The formal decisions or agreements of IEC on technical matters express, as nearly as possible, an internatig
consensus of opinion on the relevant subjects since each techhical committee has representation from|
interested IEC National Committees.

IEC Publications have the form of recommendations for international use and are accepted by IEC Natig
Committees in that sense. While all reasonable efforts afte\made to ensure that the technical content of
Publications is accurate, IEC cannot be held responsible for the way in which they are used or for
misinterpretation by any end user.

In order to promote international uniformity, IEC>National Committees undertake to apply IEC Publicati
transparently to the maximum extent possible(in” their national and regional publications. Any diverge
between any IEC Publication and the corresponding national or regional publication shall be clearly indicate
the latter.

IEC itself does not provide any attestation of conformity. Independent certification bodies provide conforj
assessment services and, in some_areas, access to IEC marks of conformity. IEC is not responsible for
Iservices carried out by independent certification bodies.

All users should ensure that they. have the latest edition of this publication.

No liability shall attach to IEC/or its directors, employees, servants or agents including individual experts
members of its technical committees and IEC National Committees for any personal injury, property damag
other damage of any«nature whatsoever, whether direct or indirect, or for costs (including legal fees)
lexpenses arising out Jof the publication, use of, or reliance upon, this IEC Publication or any other
Publications.

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

Attentionis/drawn to the possibility that some of the elements of this IEC Publication may be the subjec]
patent rights. IEC shall not be held responsible for identifying any or all such patent rights.
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s\redline version of the official IEC Standard allows the user to identify the changes

made to the previous edition IEC TR 62001-4:2016. A vertical bar appears in the margin
wherever a change has been made. Additions are in green text, deletions are in
strikethrough red text.
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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) AnrnexA-deletedas-itscontentiscovered by IEC 61803-

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

Draft Report on voting

22F/615/DTR 22F/622B/RVDTR

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

The language used for the development of this Technical Reportiis:English.

Th|s document was drafted in accordance with ISO/IEC Directives, Part 2, and developed in
ac¢ordance with ISO/IEC Directives, Part1 and IS@AEC Directives, IEC Supplemgnt,
available at www.iec.ch/members_experts/refdocs. The main document types developed |by
IEC are described in greater detail at www.iec.ch/standardsdev/publications.

A list of all parts in the IEC TR 62001 series,»published under the general title High-voltage
direct current (HVDC) systems — Guidancegto the specification and design evaluation of AC
filters, can be found on the IEC website.

The committee has decided that the\contents of this document will remain unchanged until the
stability date indicated on the IEE€ website under webstore.iec.ch in the data related to the
spgcific document. At this date; the document will be
¢ |reconfirmed,

e |withdrawn,

e |[replaced by a revised edition, or

e |amended.

PORTANT - The 'colour inside' logo on the cover page of this publication indicat¢
it~ contains colours which are considered to be useful for the correct
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INTRODUCTION

The IEC TR 62001 series is structured infeur five parts:

IEC TR 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 frlter performance calculation, filter swrtchlng and reactive power management

ang-e

oarametora and roaciiiramantc

IE(

Th
ap

IE(

Th
ne

IE(
Th

po
redg

IEC TR 62001-5 — AC side harmonics and dpgpropriate harmonic limits for HYDC systems wi

voltage sourced converters (VSC)

Th
(VS

L TR 62001-2 — Performance

blications; field measurements and verification.
L TR 62001-3 — Modelling

s part addresses the harmonic interaction across converters, pre-existing harmonics,
work impedance modelling, simulation of AC filter performance:

L TR 62001-4 — Equipment

uirements, equipment design and test parameters.

s part concerns specific issues of AC filter design related to high-voltage direct curr
bC) systems with voltage sourgéd converters (HVDC).

s part deals with current-based interference criteria,—design—issuesiand—spedial

AC

s part concerns steady-state and transient ratings of AC filters and their components,
ver losses, audible noise, design issues and special applications, filter protection, seismic
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HIGH-VOLTAGE DIRECT CURRENT (HVDC) SYSTEMS -
GUIDANCE TO THE SPECIFICATION AND DESIGN
EVALUATION OF AC FILTERS -

Part 4: Equipment

Th
of
as
red

Th
ha
eff

It g

Scope

s part of IEC TR 62001, which is a Technical Report, provides guidance on the ,basic d
AC side filters for high-voltage direct current (HVDC) systems and their components su

uirements, equipment design and test parameters.

s document covers AC side filtering for the frequency range aof\interest in terms
monic distortion and audible frequency disturbances. It excludes/filters designed to
pctive in the power line carrier (PLC) and radio interference spectra.

oncerns the conventional AC filter technology and LCC (lihnescommutated converter) HV

comverters but much of this applies to any filter equiptment for VSC (voltage sourg

co

Th

No

1S
ad

4

4.1

hverter) HVDC.

Normative references

bre are no normative references in this dogument.

Terms and definitions
terms and definitions are listad“in this document.

D and IEC maintain tefmjnological databases for use in standardization at the follow
jresses:

ISO Online brovising platform: available at https://www.iso.org/obp

IEC Electropedia: available at http://www.electropedia.org/

Steady state rating

General

ata
ch

ratings, power losses, design issues and special applications, protection, seismic

of
be

DC
ed

ng

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,

wh

ich need to be taken into account.
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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.

~) Uo,

—/
|::| ZS n
I Sn

/AN Z
( i/ fn
‘\7 Y, Cn

o

.

IEC

NOJFE 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 filtersis the summation of two components,
contribution from the HVDC converter and the contribution from the AC supply network.

Usjng the principle of superposition, Formula (1) and Formula (2) can be used to evaluate

contribution to the harmonic filter current of order » from these two sources.

a) |[HVDC converter:

1.:: _ Zsn .
n cn
Z snt Z fn

where
Iicis theilter harmonic current from the converter;
I, is\the converter harmonic current;

I, (_is the system harmonic current;

Zy,” is the filter harmonic impedance;

Z is the network harmonic impedance.

Sn

b) AC supply network:

i Uon
n
ZSn + an

where
Iic s the filter harmonic current from the system;

U,, is the existing system harmonic voltage.

The definition of network impedance is described in 4.5.

he

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

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 a
be taken into account.

Iso

Th
tol

In

an
thg
fre
no

The pre-existing system harmonic voltage, as discussed In 4.2.2.

The harmonic impedance of AC network (Zg,), as discussed in IEC TR 62001-1_[}./N
that different values of Zg, can be defined for the calculation of 7, and I, , depending
how the pre-existing harmonlc distortion is specified (see 4.2.3).

e harmonic impedance of the filter (Z;,) needs to take account of the .de-tuning 2
brance factors discussed in 4.4.

he case of an HVDC link connecting two AC systems of differentfupdamental frequenci
i particularly if the link is a back-to-back station, both converters may generate currents
ir AC sides at frequencies other than harmonics of the fundamental. The fundamer
nquencies may either be nominally different, for example~50 Hz and 60 Hz, or may
minally identical but differ at times by up to 1 Hz orl2~Hz. This additional genera

distortion (interharmonics) will be at frequencies which: are harmonics of the fundamer

fre
ma3

a
b)

~

Th
int

4.2

It
ing
ac
of
m4
exi
su

huency of the remote AC system, and will be transferred across the link. Interharmon
y give rise to specific problems not found with true harmonics, such as

interference with ripple control systems, and

light flicker due to the low frequency amplitude modulation caused by the beating o
harmonic frequency with an adjacent interharmonic.

EXAMPLE A 10 Hz flicker due to the intefaction of a 650 Hz 13" harmonic of a 50 Hz system with 660
11" harmonic penetration from a 60 Hz system.

e effect of interharmonics (see-lEC TR 62001-1 [1]), although small, should also be tak
b account in the calculation-of filter component rating.

.2 AC system pre-existing harmonics

s important that the effects of pre-existing harmonic distortion on the AC system

luded in the filtep rating calculations.-Cenventionally; In many early HVDC projects this W
tommodated-not by direct calculation as shown in 4.2.1 but by creating an arbitrary mar
B 10 % to\20 % increase in converter harmonic currents (/;,). However, such an approza

sts onsmany power systems. As modern converter stations produce only small amounts
thdlow order harmonics, a simple enhancement of the magnitude may not adequately refl

th

bte
on

nd

on
tal
be
ed
tal
ics

Hz

en

hre
as
gin
ch

y not adequately reflect the low order harmonic distortion (typ|cally 3rd, 5th and 7th) whjch

of
ect

ir pnfnnfinl contribution to filter rnfinge

To model a multiplicity of harmonic current sources in a detailed network model is impractical

for the purposes of filter design.-Fherefore—itispropesed-that 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.

1

Numbers in square brackets refer to the Bibliography.
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IEC TR 61001-3 [3] contains a detailed discussion on alternative ways of handling pre-
existing harmonics.

4.2.3 Combination of converter and pre-existing harmonics

As there is no fixed vectorial relationship between 7i¢, and I, ,-it-is-prepesed one option is that
that these individual contributions to filter rating are summated on root sum square (RSS)
basis at each harmonic:

[ 2 o
\/lfn + lfn’) (3)

A

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

Fol 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 and operating conditions.

Alternatively, linear addition would provide greater security agaifist’the possibility of the
conmtributions at a significant frequency being approximately in{phase, but would entail |an
ingrease in cost, particularly if used for the voltage rating of the’high voltage capacitors.

m4ggnitude that linear addition would significantly affectdhe current rating of the components.
Otherwise, if in practice the two sources were in phase for a period of time, the filter could frip
on|overcurrent protection. If linear addition is to be,'used, care should be taken to ensure that
thg conditions under which the two currents are calculated are consistent, i.e. the calculated
cufrents can occur simultaneously in practice«

Li%ear addition should be considered for any pre-existing individual harmonic of such

4.1.4 Equipment rating calculations
4.2.41 General

The total filter current is derived*as in 4.2.3 for each harmonic order-from-27¢_te-50% inclusjve
of pignificant magnitude. Tragditionally for LCC HVDC systems, the maximum harmonic orfler
wal generally taken as 49\eor 50. However with the increasing prevalence of high power
eldctronic equipment, higher values of the maximum harmonic order may be considered. lFor
LCIC it is important that this range is covered to ensure that any resonance conditigns
between the filters and the AC network and between different filters are inherently considergd.
HaFmonics—abovelthe 50 order-are—unlikelyto-have asignificant-impact on-thetotalrating
values-and-can-be-ignored-

The calculation of I;, for each connected filter allows the spectrum of harmonic currentsg in
each branch of the filter to be evaluated. From this current data, individual element ratings
ca||1 be calculated.

4.2.4.2 Capacitors
From the spectrum of currents in the capacitor bank (/,), the total RSS current can be

calculated as

n=49

z fcn

n—1
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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
defermining 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~censervatjve
assumption in deriving a total rated voltage would be to assume that AC system resonance
oc¢urs 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 lafge
mgrgin between rated voltage and what would be experienced jnyreality. In practice,
amplification due to filter-AC system resonance may take place at some harmohic
freguencies, 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 existjng
opinions it is not possible to give a clear recomimendation here. Various approaches are
discussed below. All have been used successfully'in practice on different HYDC schemes.

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

n=N
Un = z Tion  Xtn (5)
n=1
where
Xid is the‘harmonic impedance of order n of the capacitor bank.

However;*such an evaluation, especially when based on simultaneous resonance between the
filters/and the AC system at all harmonics, is overly pessimistic, as it assumes that|all

h maptea—aretn-ohaca—agnd sl vt tn o Ay Aol Ao and tor docioan
armees—are prrasc T arta T

. . . .
oSO T ar CAPTTTSTV O LapatitoT U Syt

A more realistic method is to use Formula (5) but to assume that only a limited number of
harmonics are considered to be in resonance (e.g. the two largest contributions) and all other
harmonics are evaluated against an open-circuit system or fixed impedance. However, this
method still assumes that all harmonics are in phase, which will not be the case in practice.

In a further approach, all harmonics are assumed to be in resonance, but Formula (5) is
modified such that only the fundamental and largest harmonic components are summed
arithmetically. All other harmonic components of voltage are summed on an RSS basis and
added arithmetically to the sum of fundamental and largest harmonic components to evaluate
U, This "quasi-quadratic” summation thus takes account of the natural phase angle diversity
between individual harmonic components:
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ere

Uy
U

U

n

Th

Is the fundamental component;
is the largest component of all harmonic voltages;

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

e above may be taken a step further by adding only the fundamental compohgnt to the R

summation of all harmonic components, again assuming resonance at all frequencies.

Th
su
ha

prd
ph

As

n=49
U =U+ /z U’

n=2

n=N
Un=Up+,|> U2

n=2

s is less conservative than the method used\in Formula (5) or Formula (6), but has bg
pstantially applied in practice and has proved’adequate. The assumption of resonance at
monics, and the use of worst-case assumptions regarding tolerances in the calculatio
vide some margin in the capacitor rating, which is assumed to cover the eventuality
hsor summation being more severe than is implied by Formula (7).

capacitors manufactured to certain international standards have up to a 10 % prolong

overvoltage capability, it is peymissible to assign a rated voltage (Uy) for the capacitor ba

up

Ho
m4
the

to 10 % below U,,, i.e.

Un=""10-11)

wever, the.value of Uy calculated from Formula (8) should be at least equal to
ximum, fundamental frequency voltage on the capacitor bank. If this is not the case, th
assigned Uy should be the maximum fundamental frequency voltage.

NO

SS

(7)

en
all
ns,
of

ed
nk

he
en

[E~ In the above definitions [/ is used to denote a harmonic component (u = 1 t0-49 V) and [ - is use

to

denote the capacitor bank rated vol’?age (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 not be suitable. For such banks,
the rated voltage may have to be increased to ensure that the banks can withstand the
transient stresses, as discussed in 5.4.

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

Qc = Z Ifcn2 Xfcn
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n=N 9
QC = Z [an ‘Xan

n=1

(©)

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

Du
no

wit

2
! _UN
QC - Afﬂ (

10)

e to the arithmetic or "quasi-quadratic" addition of harmonic voltages in Formula (14),

mgy need to be specified such that 0.’ = Q.. In practice, this may be dealt with\by specify
thg magnitudes of the most significant individual harmonic currents.

4.2.4.3 Reactors

Th
to

type tests is correctly evaluated. The rating of the reactor is based on

n=49
I = Zlﬂnz
n=l
n=N 9
=42 Iny, (
n=1

n=49

Z fln ﬂn

mally exceeds Q.. However, in cases where the harmonic currents are large in comparis
h the fundamental current, Q. can exceed Q.'. In such cases, an increased rated volta

e harmonic current (Z;,,) spectrum and the total RSS harmonic current need to be specif]
the manufacturer to ensure adequate thermal design is achieved and the basis of therr

o
on
ge
ng

ed
nal

0= 14" Xy, (f12)
n=1
where
Xpt 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.efeepage voltage across the reactor should be specified as
n=49
22 fln ﬂn
n=l1
n=N
U = Z(Ifln'Xfln)z (13)

n=1

During routine switching and when the filter is subjected to fast-fronted surges, very high
transient stresses can appear across the reactors.-As-discussed-in—Clause-3; These need to

be

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

Th

Th

To
ap

| Th

redistor internal suppart ‘insulation (see also 4.2.5). Although the choice of an arithmg
su:l:'lmation of fundamental and harmonic voltages appears to be unduly pessimistic and
f

co
su
s
rai
10

o

int

gnificant bgGiltup of deposits on insulator surfaces which are not subject to washing
nfall. DuUring normal operation, the insulators experience elevated temperatures, typically
D °C 46300 °C, increasing the risk of surface flashovers. Maintenance has typically bs
formed on an annual basis, but some customers—are—now—extending operate W
maintenance intervals of up to 3 years. Thus a conservative approach on the above basis

e thermal current loading can be expressed from the harmonic current (/) spectrum as

=~ 2
Ie =] 22 Lirn {
n=1
e power rating of the resistor is therefore
n=49
P=%1,R

n=N 2
R = Z It,” - R (
n=1

ensure that the resistor elements and bank insulation do not suffer flashovers due to
blied voltage, the rated creepage voltage across thé&.resistor should be specified as

=49

U,=v23 IR
n=l

frn

n=N

U = z (Ifl'n 'Rfrn )2 (

n=1

s figure,& U,, should'‘become the basis for the determination of the creepage distance

lict with the genéral approach to insulator creepage distances, the internal insulators
bjected to unusual operating conditions. The effects of atmospheric pollution can resulf

(114)

15)

he

16)

for
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in
by

en
ith

for

ernal 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.

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.
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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 external insulation creepage distances. The voltage to be used for the calculation of total
creepage distance should be the quadratic sum of the steady state fundamental and harmonic
voltages. Thus different external creepage distances would be evaluated at various locations
within a filter with graded insulation.

4.3 AC network conditions

Filler equipment 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 'excursigns
in ¢xcess of this value, the time duration of the overvoltage should be specified.

4.4 De-tuning effects

Tol|ensure that filter equipment rating is sufficient to withstand lifetime-epération, the followjng
fadtors need to be considered.

¢ |Equipment tolerances: The extreme guaranteed range of tolerances should be used [for
rating studies. Unlike other effects considered here whijch jare subject to cyclic variatipn,
any effects due to manufacturing tolerance will persist fof.the equipment’s lifetime.

e |Frequency variation: Whereas normal anticipated frequency variations should be used [for
performance, extreme variations should be -Considered for rating. These extreme
conditions may be specified as continuous aor)fer specific time periods. The former Will
define continuous ratings whereas the latter\will define short time overloads.

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

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

e |Capacitor unit failure detection schemes normally have three set levels: alarm only (1St
stage), alarmplus impending timed trip (2nd stage) and instantaneous trip (3™ stage).
Capacitor bankrating caters for the loading condition when operating under the 2"d stgge
alarm. In/some cases, only a 2-stage scheme will be implemented, and rating needs opnly
considerthe 1st alarm stage.

o |When-multiple tuned banks of the same type are installed, it is important to consiger
possible circulating currents between the banks due to differences in tuning. Such currepts

will need to he caonsidered for filter nqllipmnnf ering However—measures—to-control-this
WH—R a0 RSigereg—1o+—tHited tHp-ARehRt+traHhRg—HoWwWeVv-et—mheasStH t Ao+

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
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.
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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 faults, such as a line to
earth fault. The resultant negative sequence voltage component is used for the purpose of
short time (0,1 s to 1,5 s, depending on line protection philosophy and auto-reclose features)
rating of low order, mainly 3", harmonic filters.

4.6 Outages

Filler equipment is rated to withstand the increased harmonic loading which will occur when a
defined number of filters are out of service. The specific outage requirement will vary from
praject to project and will depend upon the number of filters available and the level of power
trapsfer required. Typically, the outage of one switched filter or filter group should, hot resulf in
an|overload of the remaining filters or the need to reduce power transfer. In the‘event of qne
filter or filter group being out of service for maintenance and a trip occurring on a second filter
or [filter group,—iis—strorglyrecommended-that-the—eustomerreduces dhe converter confrol
sygtem will typically reduce DC power to prevent filter overload and hefnce cascade filter trips.
The specification should clearly define the customer's specific outage/requirement criterig to
be|followed by the contractors in the preparation of the proposal.

b

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

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

5 | Transient stresses and rating

5.1 General

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

Suph studiesyWwill require a transient analysis computer program;,—such—as—EMTRP—ATP;
NETOMAG s EMTDGC?Z; to model system parameters, including non-linear aspects such|as
trapsformer saturation and surge arrester characteristics. The results of these studies will
indicate_whether the calculated stresses exceed the equipment’s capability. In such casgs,
thg ~equipment rating will need to be increased to accommodate the predicted duty.
Alternatively, surge arresiers can be used to mit the transient duty on ithe equipment. 1he
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
propesed 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
stqted together with details of any auto-reclose schemes that operate on the supply network.

Although the transient studies will be performed and reported at the contract stage, the bidder
will need to perform a few studies at the tender stage in order to cost the statien ‘equipmagnt.
These studies are required to establish equipment insulation levels and surge ‘arfester ratinpgs.
The extent of any such studies should be at the bidder’s discretion.

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

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

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

5.4 Switching impulse studies
5.2.1 Energization and switching

Fol each type of filter available in the HVDC scheme, initial energization studies need to|be
pefformed to establish maximum levels of overcurrent, overvoltage and energy. Point-pn-
wale studies will establish worst-case conditions based on energization from the highpst
reglistic system voltage. However; in more complex filter configurations, the same point-pn-
wave may not establish worst-case conditions for individual items of equipment. These
studies may also establish thé;need for switching overvoltage control devices in the breakgers
(pre-insertion resistors, syn¢hronized closing, etc.) and the breaker switching capability ungder
oveérvoltage conditions, for overvoltage control.

Roptine switching~offilters, with other banks already in service, will be the most comnjon
trapsient duty on the filter components. The number of switching operations per annum nmay
vafy widely between schemes. For example, a long distance HVDC scheme designed for bulk
poyer tramsmission may require very infrequent filter switching, whereas a back-to-back
HVDC seheme with a reactive power control facility may switch filters frequently. An estimate
of [the ‘number of switching events will be needed to accompany the transient results gnd
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 Tevel 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 18™ [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 3 — Voltage across the low voltage capacitor of a 12/24th
double-tuned filter.at switch-on

.2 Faults external to the filter

Llts on the AC supply network can encompass both isolated faults, such as line-line 3
be-phase faults, and faults involving earth, whether single-phase, two-phase or thr
hse faults. Such faults may involvésrejection of the DC load, for example blocking of

basis for their energy rating. When studying such fault application and load reject

terms of breaker fault-Clearance times, filter tripping strategy and de-blocking of
verters. Normally, ‘harmonic filters are not switched during dynamic overvoltage (DC
ditions to avoid @ny restriction of operation following the DOV. However, if filters do swi
, this will impose) a significant duty on the circuit breaker and also on any discharge volt3
nsformers (DVAT), if installed.

ere single-phase auto-reclose schemes are used on the circuit breakers of the incom
nsmission lines, the strategy in the event of repeated failed re-closure attempts will need
studied. In such cases, successive re-energization of the filters may result in signific
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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
energizing of the filters.

re-

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

tim

e, 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
5.2.3 Faults internal to the filter
The effects of faults withinsthe filter will depend upon the type of filter and the electri

arr|
HV
dir
lin
litt

angement of the filter.\Using a single-tuned filter, as an example, a line-earth fault at
terminal of the capacitor bank will apply the instantaneous DC voltage on the capac

bctly across the lewcvoltage reactor and any surge arrester, as discussed further in 5.3.1|

-earth fault atthe“capacitor LV terminal would simply bypass the reactor and result in v
e change in eutrent in the capacitor bank which is the predominant filter impedance.

If

capaciter.connected to the neutral, a line-earth fault from the reactor HV terminal would req

in

redctof LV terminal, for example the capacitor HV terminal. would result in a considera

he filter,_ configuration were inverted, for example the reactor at the HV terminal and

Similar transient duty on the reactor as in 5.2.2 However, a line-earth fault from
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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

tes

t 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

WO

uld 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,—wil 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
co ery
conditions, transformer switching on adjacent converter poles, or switching of adjacent\grid
trapsformers, energization can occur with filters connected. Studies will indicate the need [for
overvoltage control devices in the breakers for the definition of economic insulationlevelg of
thg equipment and/or to decrease the occurrence of commutation failures.

Stydies involving transformer inrush currents need to model the transformer-in some detail
indluding both linear and non-linear, for example saturation, inductances: The losses within
thg transformer, which will dictate the decay of inrush currents, should be.modelled.

5.3 Fast fronted waveform studies
5.3.1 General

Befause of the large rates of change of voltage and current involved in these studies, i{ is
important that stray inductances and capacitances within’the filter circuits and equipment are
mddelled. Thus the physical location of the equipmént, and particularly of surge arrestgrs,
should be considered when modelling the filter.

5.3.2 Lightning strikes

Although direct lightning strikes on filter, equipment are unlikely, especially if overhead eaith-
wire protection is provided, the effect;of strikes on the remote AC system transferred to 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
dotible-tuned filters and may, thave a significant bearing on their insulation levels. Where
appropriate, applied lightningostrikes should be simulated at various points within the HV
sulbstation and at various distances along the AC lines from the station.

5.3.3 Busbar flashover studies
A flashover to earth on the filter HV busbar will cause a rapid discharge of the filter capacitor

bank throughithe filter components. Such an event may occur during a high system voltage;
however, the*capacitor fuses should not operate for this condition as they are tested|to

withstand-sshort-circuit currents. Due to the short time of these discharges (a w
mi¢roseconds), they fall into the same category as lightning impulses e

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.
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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.

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
mgrgins between the equipment withstand%levels and the corresponding surge arredter
prqtective levels, according to IEC 60099-4(]7] or the customer’s specification, are achievgd.
Note that margins in excess of those riormally specified by IEC 60099-4 [7] will result| in
ingreased filter costs. The energy absorption duty imposed on surge arresters by lightnjng
sufges will normally be less than the €nergy arising from the fault conditions discussed in 5(2.

In the case of the double- and(triple-tuned filters, the results of the fault studies or switchjng
studies usually indicate thatithe maximum transient voltages on the low voltage capacitprs
grgatly exceed the steady_state ratings—as—derived—in—9-2.2. As the cost of such bankg is
ustially low, increasing.the rated voltage such that overload capability complies with predicted
maximum transientvoltage can give an acceptable design without incurring the need [for
spécial designs of surge arresters.

By|establishing'a coherent insulation co-ordination scheme throughout the filter, it is possiple
to gefine the)following parameters for the filter equipment:

o SPWE (lf appPropt iatc),

e power frequency voltage;

e clearance (line-line);

e clearance (line-earth);

e creepage distance;

e transient current through arresters and filter components;
o 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
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voltage transformers may be connected. The neutral points of each phase of the star-
connected filter are normally individually isolated by a low, but consistent, insulation level and
then brought together to form a single star point which is then connected to earth.

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

6 Losses

6. Background

The cost of losses can be a significant factor of difference between the designs of/differgnt
bidders for an HVDC scheme. The customer needs to ensure that loss evaluation is mgde
acg¢ording to clearly defined procedures, and under comparable conditions, for-each offefed
design.

An|introduction to HVDC converter station losses is given in-Arnex-A IEC61803 [8].

Hafmonic filters associated with the AC side of LCC HVDC convefter stations are typically
regponsible for up to around 10 % of the total converter station/tosses. Unlike many plant
items, the losses for harmonic filters can only be determined-by“calculation, especially thgse
relating to losses at harmonic frequencies (although the“loss figures for the individpal
components of the filters may be available as the result of works tests).

The widely accepted standard procedure for calculating losses in HVDC stations is defined in
IEC 61803 [8], which proposes calculation of laSses under essentially nominal conditiops,
whijch is a fair basis for most HVDC plants.

However, for AC filters, the calculated losses can vary over a wide range depending [on
fadtors such as detuning, AC network resehance, and level of negative sequence component
in the AC supply voltage. Consequently, a calculation made under nominal conditions ¢an
greatly underestimate the likely level of losses under realistic operating conditions.

Customers should therefore be-aware that, by following the guidance of tEEE-Std-1198(njpw
withdrawn) |[EC 61803 [8};\they may not obtain a realistic estimate of probable AC filter
losises. Furthermore, as the’losses pertaining to different AC filter designs vary substantially,
thdy will also not be ‘able to make a fair comparison of the designs offered by different
bidders.

The informationiin Clause 6 therefore offers guidance to the customer, where appropriate,|on
hoy to defin€ alternative conditions for calculating AC filter losses. It is suggested that the
filter losses—should be calculated both under the nominal conditions of IEC 61803 [8], gnd
under the suggested alternative conditions described in 6.4 below, in order to provide all the
information needed by the customer.

6.2 AC filter component 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].
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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.

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

Th
Fu

stated above. In respect of externally fused units, the-lesses due to the external fuse

ad
no
reg

st
Sp¢

Th

mjnufacturer, but are dictated by discharge«time requirements imposed by internatio

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

e losses in Table 1 are typical; guaranteed values would(be in the order of 20 % high
seless capacitors have similar dielectric, discharge resistor and connection losses to thg

Jitional to those quoted. With improvements in the choice and design of dielectric, if
eworthy that the losses in the capacitor unit dis€harge resistor now tend to dominate. T
uirements and duty for such resistors are not within the direct control of the capac

ndards or the customer’s own requirements. If an enhanced discharge requirement
bcified, then the losses as shown in Tabfe™1 will be higher.

b losses discussed above refer to.iéw capacitor units. Dielectric losses tend to reduce Wi

ti

capacitor units. However, the reduction is minimal, and because the dielectric loss is
longer the major contributor totlosses, the effect of the reduction on the total filter lossed
minimal. Tests conducted by.capacitor manufacturers also confirm that the losses at low or

ha
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Th
at

e, reaching their minimum figuré*within a few hundred hours of operation for all-film ty

monics (in terms of W/kVAr) are similar to the values given above at fundamer
juency.

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

n=N
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17)

F. =tan(d)- Z Ian “Xen (
n=1
where
P, is the filter capacitor loss;
n is the harmonic number,
N is the maximum harmonic order (typically 49 for LCC, may be higher for VSC);
I, is the calculated current in the capacitor at harmonic order #;
X, is the capacitor reactance at harmonic order #;

tan(s) 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
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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 %:

e the interconnecting cables and busbars;
o 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 Reactor and resistor losses
6.3.1 General

tn-pgeneral; Filter reactors (and where provided, resistors) are-the-defmirant a major sourcqg of
total filter losses. This is particularly so for a filter bank that provides.attenuation for low orgler
hafmonics, either in the form of single frequency tuned filters or.damped types.

Fof single frequency tuned filters, the filter designer is often required to make a compromjse
befween the O (quality) factor for the reactor at fundamental frequency and at the tuned
harmonic frequency. At fundamental frequency, to _minimize losses, the requirement is| to
specify a Q factor as high as possible, whereas atyharmonic frequencies, in particular the
turled frequency, it is desirable to specify a Q factor compatible with the filter performance
requirement. The required Q factor at the harmonic frequency may be low when the filterf is
likgly to be subjected to wide detuning effects*because of large system frequency variatigns
ang/or ambient temperature range. The final balance can often be a compromise betwgen
thgse conflicting requirements, especially-'when a filter reactor manufacturer's lowest inifial
cost design is not optimal in respect of;losses.

Means are however available touthe reactor designer (at least for naturally air cooled reactprs
of lopen construction) to conifol or optimize this balance of Q factor requirements at the
various frequencies by means-of additional de-Q’ing coils installed on the reactor, or even|by
thg use of self-tuning filters.

Fof damped filters] the choice of reactor Q factor at harmonic frequencies is generally
unimportant in tetrms of achieving the required performance and optimal rating, leaving the
filtgr designer<a relatively free choice in specifying Q factor at fundamental frequency| to
safisfy the balance between reactor cost and losses. However, for double-tuned damped
filtgrs, the'choice of reactor Q factor at harmonic frequencies requires careful optimization to
mi(Timize the effects of circulating harmonic currents within the filter itself. Increasing thg Q

fagtof.may in certain circumstances increase the harmonic losses in the reactors.

The reactor Q factor at harmonic frequencies is generally defined with a certain range of
tolerance around a nominal value. For the calculation of losses, the minimum Q (i.e. the
highest resistance) rather than the nominal value should be used.

The power losses in the reactor can be determined by

=N 2
8 [In 'Xln

PI =
n=1 Qﬂ

(18)

where
P, is the filter reactor loss;
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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 n;

is the reactor reactance at harmonic order n;

0, is the reactor Q factor at harmonic order #.

6.3.2 Filter resistor losses

In determining the overall filter configuration, the designer will have evaluated the choice
befween Ttuned and damped iype Tilters and also beiween the various types of damped filtef in
terms of minimizing filter resistor losses. In this context, consideration should have “bgen
givien to the reduction in resistor loss that can be gained by the use of third order and-C-type
filtgrs rather than second order type, against a generally poorer performance. Cohsideratjon
wil] also have been given to whether it is necessary for single frequency tuned, filters to|be
prqvided with an external resistor to achieve the required filter O factor at thetuned harmohpic
freguency.

In |determining the choice between the various types of dampedo filter, it should |be
remembered that, especially for AC filters connected to a high system'oltage, the cost of the
reqistor bank itself is not directly proportional to the required lossdissipation since the cos{ of
thqg insulation required can be a significant proportion of the total cost.

The power losses in the resistor can be determined by

n=N
R=73 IR, (19)
n=1
where
P, | is the filter resistor loss;
n | is the harmonic number;
N | is the maximum harmonic ordér (typically 49 for LCC, may be higher for VSC);
R, | is the resistance in ohmsat-harmonic order x;
1| is the calculated currént’in the resistor at harmonic order n.

rn

6.3.3 Shunt reactorlosses

Shpnt reactors may/form part of an HVDC converter station to provide inductive compensatjon
forfAC harmanig\filters especially under light load conditions where a certain minimum number
of parmonigc-filters is required to satisfy harmonic performance requirements. The derivatior| of
thgir losses-is similar to that in conventional transmission system applications. It should|be
nofed that in general their losses at harmonic frequencies are almost negligible in comparigon
to these 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
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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)
b)
c)
d)

fundamental frequency AC filter busbar voltage,
fundamental frequency and ambient temperature,
AC system harmonic impedance,

harmonic currents generated by the converter,

e)
f)
Th

6.4.
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6.4.3 Fundamental frequency and ambient temperature
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pre-existing harmonic distortion, and
anticipated load profile of the converter station.

bse are discussed in turnin 6.4.2 to 6.4.7.

2 Fundamental frequency AC filter busbar voltage

ce the choice of AC filter busbar voltage is not a sensitive issug€;.e. it should nof
neral favour one design of AC filter configuration over another, losses should
ermined for nominal AC filter busbar voltage.

ially, it might appear that in common with the choice, 0f fundamental frequency AC syst

juency.

ilst this approach is generally satisfactoryor'the majority of other components compris
converter station, it may be inappropriate for AC harmonic filters, and the choice
damental frequency and ambient témperature variation may be a sensitive iss

Huency variations (and of ambient/temperature where appropriate) can vary significar
m those calculated using nominal frequency and a "nominal" temperature. This
pecially significant for arrangéments which comprise single or double-tuned filter branch

f 4 . E At

brefore, in order to provide the customer with a fuller knowledge of the losses possible fr
Ch filter design, realistic loss assessment for AC harmonic filters should-be-determined
0 consider the extremes of fundamental frequency and ambient temperatures as specif
harmonic performance calculations.

s should™be in addition to the calculation method using nominal frequency and an ambi
hperature of 20 °C (IEC 61803 [8]), which is of use in comparison of losses for the ove

coTverter station.
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6.4.4 AC system harmonic impedance

The choice of an appropriate system harmonic impedance for the calculation of losses is also
a sensitive issue. HVDC project specifications have tended to indicate (and IEC 61803:2020,
5.3.1, [8]recommends requires) that for loss assessment the AC system should be assumed
to be open circuited "so that all [the converter] harmonic currents are considered to flow into
the 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).
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A choice of system harmonic impedance more representative of conditions actually occurring
in practice is to use the impedance employed for the determination of filter performance (the
alternative use of the system harmonic impedance employed for filter rating conditions may be
too pessimistic for loss assessment).

As—with—4-43 above; This calculation could be done instead of, or in addition to, the
calculation with open circuited AC system.

6.4.5 Harmonic currents generated by the converter

EEESIE 5839543+ TEC 61803 [8] and some HVDC project specifications recommend
thdt the determination of AC filter losses should be based only on the characteristic harmohic
currents generated by the converter and imply that non-characteristic harmonics sheuld |be
neglected.

However, for some HVDC schemes, it has been necessary to include low-order harmopic
filtering specifically to attenuate residual non-characteristic harmonic currehts to satisfy the
pefformance criteria. In such cases, in order to obtain a realistic assessment of expecied
loslses, the filter loss calculation should take these non-characteristic-harmonics into accoynt,
as|they may have a significant impact on the magnitude of filter losses. Depending on the
approach adopted by the customer, this may be requested instead of, or in addition to, |an
assessment which excludes non-characteristic harmonics.

In |respect of converter characteristic harmonic currents for loss assessment, valles
calculated for "performance" conditions are appropriate(j.e. those based typically on nomipal
values of delay angle and commutation reactance.

If mon-characteristic harmonics are to be considered, then values for reactance imbalanges
befween converter transformers comprising a“}2-pulse group, imbalances between individpal
comverter transformer phases, and imbalances in delay angle between valve groups in a
12ipulse pair and within a 6-pulse valve group, should be based on "expected" levels rather
thgn "guaranteed" levels, subject to the-agreement of the customer.

The effects of negative phasexsequence voltages on losses in converter plant are ofien
overlooked in the assessmentlof losses. Such voltages present at the converter station AC
supply system result in positive sequence third harmonic currents being produced by each
converter and therefore influence the losses in any associated low-order harmonic filtgrs.
These losses can be substantial, and the customer is advised to obtain a realistic knowledge
of their likely level./For'such a loss calculation, the level of negative phase sequence voltgge
uséd 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 the lgss
asg$essment or not largely depends on the requirements of the performance specification. If| in
the_assessment of performance, the effects of pre-existing harmonic distortion are to |be
neglected (see also IEC TR 62001-1 [1]), then it is also appropriate to neglect them in loss
assessment. On the other hand, where the performance requirements state that pre-existing
harmonic distortion should be included, losses should also be based on their consideration.

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

I 1 I P~ HE L. <l <l % P~ Lol £aall 1 <l
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Fol certain applications, it may be a requirement that in ready mode a minimum nUmber| of
filtgrs should be connected even though the thyristor valves are blocked. The number of filters
comnected 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.

U

Fol each load condition assessed, the number of AC filters in service’should be consistent
with the performance and reactive power balance requirements and'th€ total losses should|be
defermined for consistent operating parameters (such as delay angle).

The losses for each of the individual loading conditions may-then be weighted with suitaple
fagtors representative of the anticipated operating profile\to determine the total equivalgnt
logses. It should however be noted that depending on thé approach adopted by the customer
for| evaluating the cost of losses, losses at fundamefntal and harmonic frequencies may |be
wejghted differently, as may be those for ready mode‘and load losses.

7 | Design issues and special applications

7.1 General

Clause 7 provides some guidance.regarding a selection of more advanced design issues gnd
some special filter applications;,valways with reference to conventional passive AC filtgrs.
Neper Other technologies, forexample active filtering, are described in IEC TR 62001-1 [1]

Experience from numefous HVDC schemes is condensed in 7.2 to 7.6. The subjects
disicussed include topies which have arisen in a number of projects, as well as some more
unusual applications.

Some of th€se topics may have an impact on the wording of the customer’s technical
speécification) ‘but most are included in order to assist the customer during the bid evaluatjon
stqge and-subsequent discussions with the bidders and later the contractor.

7.21 Low order harmonic filtering and resonance conditions with AC system

The mechanism of generating non-characteristic low-order harmonics is well known and
described in IEC TR 62001-1 [1]. The particular influence of negative sequence voltage on the
generation of 3™ harmonic is treated in IEC TR 62001-1 [1].

Harmonic AC filters tuned for the characteristic 12-pulse harmonics behave as a capacitive
impedance at lower frequencies. By nature, the AC system harmonic impedance, which is in
parallel with the filter impedance, creates parallel resonance phenomena at converter
busbars. In some HVDC schemes, therefore, low-order harmonic filters have been installed to
damp such resonance (CIGRE-WG-14-03 reported in [10] and [11]) and to limit the distortion
generated by some non-characteristic harmonics from the converters.
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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

shymtTeactors, witite some other schemes operate the converters withrimcreased firimgangjes

angl higher reactive power consumption.

The accurate modelling of the harmonic AC system impedances at the second“and third
hagfmonics is important in order not to overdesign such low order filters. For harmenics below
thg 11th order, a detailed and accurate representation is recommended.to ensure that
m4ggnification 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 givencto‘the contractors| to
study this phenomenon during project execution and to mitigate any problem under their own
regponsibility at a later stage of the project. In some cases, convertér control with spegial
fedtures could be used as a solution for low order harmonics problems instead of expensjve
hafmonic filters [12].

It ip also vital to model accurately the harmonic interaction.between the AC and DC sideq of
thg converter, and the influence of the converter contrahsystem, when determining the nged
for} or the design of, such low-order filters (see IEC.TR 62001-3 [3]). Ignoring these factprs
can result in completely misleading conclusions, and possibly the unnecessary specificatjon
for|a low-order filter to be installed.

A major disadvantage of low order filters (3™ harmonic, or 3/5t" for example), is that they are
logded not only by currents from the coniverter, but also from other harmonic sources in the
AQ system. Often such sources arelnot the responsibility, or under the control, of the
customer, may not be filtered locallyy‘and their magnitude is not known. They may also have
come on line due to industrial deyelopment taking place after the design of the HVDC statipn.
The currents from such sources may, furthermore, be magnified by resonances within the AC
nefwork. It is therefore difficultjto predict how much network harmonic current may flow in the
low-order filters, and in the,past low-order filters have been tripped or damaged due to sych
overloads. Over-rating, of the filters is the only solution, but it is difficult to predict how much
oveér-rating is neededstq ensure security, and the filters can become very expensive.

It is therefore advisable to expend considerable efforts, if necessary, in studying low-order
hafmonic problems using accurate modelling, in order to try to avoid the necessity of installjng
low-order filters. The customer should be aware of the issues and be prepared to discuss wWith
bidders_any aspects of the technical specification, for example the prescribed AC system
impedance envelope, level of specified negative sequence voltage or individual harmonlics
voltage” limits, which may force the contractor to include low-order filter branches in the
design.

D

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 to be
considered for AC filter performance is the 50t". However, a few specifications for LCC HVDC
have extended the range to be considered—up to higher frequencies, such as the 83
harmonic at 60 Hz, i.e. 5 kHz. The impact on the filter design and costs when considering
harmonics higher than the order of 50 can be significant, and careful consideration should be
given by the customer before making such a requirement. This requirement is increasingly
common with more VSC converters being built and more detail is provided in CIGRE
Technical Brochure 754 [2].
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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.

If high-pass damped filters are used in the converter stations, the higher order harmenjfics
injected into the AC system will be negligible. However, the use of high-pass filtersvlafge
enPugh and with sufficient damping to satisfy stringent performance criterian over this
exlended frequency range may increase the filter costs and losses significantly.

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

If however the customer extends the frequency range toj.say the 83rd, order at 60 Hz |(or
10pth order at 50 Hz), and if the levels of the specifiedytelephone interference factor (TIF),
etq., are those typically used for schemes with a maximum harmonic order of 50, then rather
large and highly damped filters may be needed, at-a.considerable extra cost.

The customer should therefore consider the ‘options carefully before extending the specifjed
frepuency range for AC filter performanceZabove the 50th order. Two possible alternatjve
approaches could be considered:

e |specify performance requirements@nly up to the 50th harmonic, but specify in addition that
the AC filters should have a damped characteristic above the 50t (possibly also definjng
the maximum permitted filter-impedance phase angle permitted at harmonics above the
50th); or

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

7.2.3  Triple-tuned filter circuits

Double-tuned-filter circuits have been established for many years as a standard design [for
passive ACfilters, as the savings in the high voltage capacitor banks and AC switchgear
justify, @ filter design with more than one tuning frequency. In certain circumstances, further
optimization may be possible if more than two tuning frequencies can be achieved. In-tendgrs

for—reTERta NUmMber of projects, manufacturers have raentified—a cost saving advantage if
triple-tuned filters could be provided (see also IEC TR 62001-1 [1]).

serious—difficulties: Tuning-is—still for triple-tuned filter circuits is more complicated than for
single- or double-tuned filters, but is quite feasible. Moreover, if the filter is designed so that
sharp tuning is only required at one of the frequencies, with broad-band damped
characteristics at the other two frequencies, then sufficiently accurate tuning can be readily
achieved.

A triple-tuned filter will generally be attractive if the alternative design requires small filter
bank sizes at an extremely high 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
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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;

L] III;II;III;L;IIU flitﬁl chbtivﬁ PMUWCI ;IIDtdiiat;Ull biUbU tU ycllUlatUlD,
e |low order filtering combined with a 12/24th harmonic filter;
e [saving in AC switchgear and space;

e |lower reactive power of a 3/12/24th harmonic filter at light load conditions_¢ompared tp a
3rd harmonic + 12/24th harmonic circuit, thus reducing the need for shunt reactors;

e |higher redundancy for all types of filter used.

Popsible 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 ensufr€ protection of all components,| or
possible overrating of unprotected low voltage compaohents.

The customer and contractor should therefore takewall these factors into account and gjve
sefious consideration to whether the use of tfiplé-tuned filters would provide the mpst
ecpnomic solution.

7.2.4 Harmonic AC filters on tertiary.winding of converter transformers

Some HVDC converters up to a rated-power of approximately 200 MW to 300 MW have bgen
arrenged with harmonic AC filters" connected to a tertiary winding of the convernter
trapsformers, for example Blackwater, McNeill and Vyborg HVDC converter stations.

Sapings can be expected inthe space and investment costs of the filter circuits, including the
AQ filter breakers, because the limitations on economic minimum capacitor bank rating are
requced by employingia“lower connection voltage. In addition, identical voltage and Myar
design of the components for both rectifier and inverter side can save costs in providing a
minimized numbeér ;of spare items for a back-to-back converter station. Further, with this
solution, the filter-reactors can be connected in the line side of the tertiary filter. Then, the
filter main capacitor can be made in a simple three-phase arrangement, simplifying the AC
filtgr protection compared to a conventional HV filter design.

Co S|derat|on should be glven to fllter outages Any spare or redundant f||ter|ng has to|be

any cost advantage F|Iters may be shared by the use of off-load dlsconnectors to aIIow
sharing 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 arrangement (high-pass filters only being needed for higher frequencies). If shunt
reactors are required, the tertiary busbar connection (typical voltage range between 30 kV
and 60 kV), allows air core type reactors to be provided, which are probably more economical
compared to oil immersed type HV shunt reactors.

The transformer costs compared to a conventional scheme will-slightly increase and the
savings in the filter areas have to be compared against this, to determine the optimum
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solution. The following aspects relating to the converter transformer should also be taken into
account.

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 converier transformer iImpedance selection has 1o reflect the requirement to Tmit the
short-circuit currents to acceptable limits; but on the other hand the choice. ofithe
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.

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
7.31 Limiting high harmonic currents in parallel-resonantfilter circuits

Double-tuned or triple-tuned filters include parallel resonant circuits, which create the apti-
reqonance points between the tuned frequencies. For-the component current and voltgge
ratjngs of these circuits, the damping at harmonic frequencies is an important factor. Unlesg a
separate damping resistor is included in the circuit{the circulating harmonic current is limited
mginly by the resistance of the reactor. Optimization between the feasibility of providing L-C
components with high harmonic current ratingsiand the alternative of loss intensive resistjve
damping is one of the major tasks for the filter'designer.

Anl itarativa decsian nrocedure ics reauited cince if the reactor auslitv faector chanaes ha
ARerathvve—aGesigh—pfroceatire 1S fFe Qe a—SHceHtmneffeactor—quaity—1actor—EnangesS;—{ne
cutrent and voltaae ratinas in-the natallel resonance circuit can-varv sianificantlyClose to
cHHFFet—anRc—Yorage-Ratihgs tHe—padnreresoRancecHeut—GCa Vay—Sigt Cahty-—o10560
obéeration between-the svsteam desiaher and-the component manufacturer is needed-to-obthin
opeiatoR—vBetweenthe-SysStem-aesigherahame-componReitMaRdiactidrer4Sheeaeatoootpghh

If, [in special cases, the @uality factor of the reactors has to be reduced beyond whaf is
possible within the reactor itself, an additional series damping resistor can be connected to
thg filter reactor coil er\to the filter capacitor or a de-Qing ring may be added to the reactor.

7.3.2 Transientratings of parallel circuits in multiple tuned filters

Fol double<tlined and triple-tuned filters, experience has shown that the transient ratings| of
thg components of the low voltage tuning circuits are of major importance in the filter design.
Therefore; it is recommended to include representative oscillograms for the worst-case
trapsient voltage stresses in the relevant component specifications.

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

For low order harmonic filters, extreme magnitudes of transient low order harmonic currents
and voltages can occur due to the harmonic current injection caused by transformer saturation
effects. For such filter components, the transient ratings in terms of currents, voltages and
energy dissipations may be the decisive cases. It is the responsibility of the contractor to
define these ratings and to prove that the filter design is adequate. The worst case for the
different components has to be selected out of various study cases varying fault initiation,
fault duration and fault clearing scenarios for different loading and AC system conditions.
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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 stress
the resistors during emergency situations. Such cases need to be checked against the
protective scheme and the short-time overload ratings of the resistors. Typical examples are

mismatch of filter configuration versus load,
internal faults or interruptions in the filter circuit,

converter maloperation,

In
tra
req
rel
cu

frequency deviatiomdurimgemergency systenT conditions, amd

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

some HVDC schemes, the resistors are not directly protected by their @wn curr
nsformer. Some manufacturers’ protective schemes include the ability to(calculate
istor stresses from other values measured within the filter circuit, as input fol.the protect
pying scheme. However, if required, it is also possible to provide an additional resis
rent transformer and the related protection functions. It is recommended to include in

spgcification the requirement for specific resistor protection but sequest the bidders
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pose, as an alternative, another solution in accordance with theitpractical experience ¢
5ign philosophy, to be discussed during the bid evaluation procéess.

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

b or more other bank(s) are connected. Such swit€hing tends to cause high inrush curr
he filter or capacitor bank being switched in.

uned filters are used, the tuning reactors dre’sufficient to limit these inrush currents. If g
more shunt capacitors in parallel are included in the design, it is recommended to prov
Jitional current limiting reactors in the shunt capacitor banks to damp the discha
ween the individual branches. For circuit breaker design aspects, refer to 11.7.

bther additional advantage could be achieved, if the current limiting reactors are chosen
t the shunt capacitor banks_are tuned to some higher order characteristic harmonics
brnatively — in case only.42th/24th filters are installed — to a frequency slightly lower th
35th, By this means, parallel resonances between the filters and the shunt capacitor

pid all characteristic. 12-pulse harmonics higher than the 25th and can be shifted to n
ical frequencies.

.5 Short time overload — reasonable specification of requirements

bclause(733.5 discusses how far inherent short time overloading of the filters due to syst
ergencies should be reasonably specified. Short time overload for filter components can

ca

sed.by one or more of the following system emergency conditions:
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short time overvoltages in the AC system;
short time AC system frequency deviations;

short time overload of the HVDC converters.

All combinations of frequency excursions, detuning of filter components and AC bus voltage

lev

As

els need to be studied to determine the worst-case loading conditions.

an example, typical short time durations to be considered can be classified as:
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Normal system conditions: 10 minto 2 h duration
Disturbed system conditions: 1 min to 10 min duration
Emergency system conditions: 1sto60s duration

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

Evidently, it would be desirable that the decisive rating of filter components should not be
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bd for steady-state conditions will also withstand short-time conditions. However, ~the
ditions should be calculated and the short-time capability of the filter compaone
cked.

the event that the short-time condition proves to be decisive, the customer and contrag
ether should consider whether it is economically reasonable to specify|ithe filter for
brt-time condition in question, or whether in such a possibly unlikely event the filter sho
allowed to trip. The probability of the combination of short-time conditions with maxim
uning conditions should also be questioned.

e effect of short time loading on the various filter components is discussed below.

Filter capacitors

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

The short time system frequency .range should be considered when calculating
maximum fundamental frequency;-woltages and currents across and within the fi
capacitors with the filter detuned” to the minimum/maximum extent. This may inclu
outages of capacitor units cand the worst-case tolerances assumed for the rat
calculations leading to the.highest voltage and current stresses for the capacitors.

The voltage and currept\rating of the filter capacitors has to be checked against the sh
time overload operation of the HVDC converters. However, normally, for convet
overload conditionsyall filters/shunt capacitors are energized, and so the loading per fi
is usually less (onerous than during the emergency cases assuming outages of fi
branches, occurring at partial loading conditions, which tend to determine the filter ratin

Filter reactors

The current stresses are of greatest interest for the filter reactors. The specified sted
stateTratings need to be checked against the short time overload stresses.

Filter resistors
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Filter resistors are the components most sensitive to overload, due to the loss dissipation.
The overload stresses depend on all the impacts discussed in 7.3.5. In some recent
projects, studies showed that the rating of the resistors is the critical point when

considering short time overloads.

Detailed calculations are necessary to determine the worst-case short time overload of the

filter resistors.

7.3.6 Low voltage filter capacitors without fuses

For double- and triple-tuned filter arrangements, the low voltage capacitors are generally not
stressed by fundamental frequency current and voltage. Therefore the fuses (if used) of these
capacitors need to be designed for the harmonic current stresses, which vary depending on
the loading conditions of the converters and on the actual number and type of the AC filters in
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service. From these varying loading conditions, the fuse operating currents have to be co-
ordinated with the maximum worst-case current loading conditions of the capacitor units.

For operating currents lower than the rated values, the fuses will not be able to clear failed
capacitor-units elements due to the m|ssmg domlnatlng fundamental frequency component in
the current. A A

been—used—f-er—pa%a#et—tumng—eweu%— Typlcally the Iow voltage CapaC|tor( ) will be of a fuse—
less design and with a de-rated 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 current ratings (due to detuning and outages of filter banks). For
exgmptemsomefitters, ¥+ —amd—t3%tarmoniccurrent Tatimgsuptoapproximatety 069 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
ang transient filtering. Transient filters to limit temporary overvoltage (TOV) at the conveiter
stqtion busbar can be used for limiting the saturation overvoltages of the convelter
trapsformers 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 harmehic transient overvoltages cauged
by|[the injected harmonic transformer currents can be-high, if the AC system impedarnce
rejonates 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 counterméasures such as filter tripping and SNVC
operation can be initiated. It is desirable to,hold the steady state load rejection voltage| to
befween 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 k 135 MVAr 2nd harmonic high-pdss filters) have been installed. Special design studjes
wefe executed for determination of“the amount of energy to be dissipated in filter resistprs
andg filter arresters.

7.4.2 Non-linear filters for low order harmonics/transient overvoltages

Nopn-linear filters can.be required to be designed for two different filtering performance
requirements. These )two requirements are filtering of harmonics in the steady state range,
ang transient filtering of non-characteristic harmonics during fault recovery conditions in orgler
to damp/limit_transient and/or temporary overvoltages. The non-linear characteristics of this
filter are créated by connecting non-linear metal-oxide arresters in series with other filter
turling devices.

As| analternative approach to that discussed in 7.4.1, a special filter was designed gnd
successfully commissioned In_Austria for the Durnronr and Vienna south-cast HvDC
converter station. For one particular AC system configuration, various studies were carried
out to detect the worst-case scenario for temporary and transient overvoltages. The damping
in the AC system was relatively low, and therefore low order harmonic overvoltages,
superimposed on the fundamental frequency overvoltages, were caused by transformer
saturation phenomena and amplified by the low damping of the AC system during low short-
circuit ratio (SCR) operating conditions of the AC system. These overvoltages occurred
almost undamped and the AC breakers seemed to be insufficient to clear against these fault
overvoltages. Studies recommended the installation of an SVC combined with low order
harmonic filters, to limit the transient and temporary overvoltages including transformer
saturation phenomena.

The decision for the Vienna Southeast and Dlrnrohr stations was to install a non-linear filter
for the 2nd and 34 harmonic with the filter arrangement as shown in Figure 6. This filter
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arrangement has practically no losses at fundamental frequency and inserts its filtering
capability from a certain trigger level (determined by the arrester arrangement). A group of
parallel connected arresters inside the filter configuration controls the steady state and
transient impedance of the filter. The arresters have been designed for the worst-case energy
dissipation during fault conditions.

IEC
Figure 6 — Non-linear low order filter for Vienna Southeast HVDC station

7.4.3 Series filters for HVDC converter stations

Ex|sting experience in AC harmonic filtering is based‘almost entirely on the use of shunt type
filters. Some detailed investigations have been carfied out in the use of a mixed configuratjon
of [series and shunt filters for Itaipu and ication—i i to-
ba¢ i i ih i i i practical applications| at
Urfiguaiana in Brazil and Outaouais in Canaga have given good operational experience.

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

A sgeries filter is functionally.similar to the wave trap used in power line carrier applicatians
ang is built with an inducter)(typically in the range of 1 mH to-2 4 mH) in parallel with a seriges-
connected capacitor plus resistor (Figure 7), tuned to a single resonance frequency. If sevgral
reqonance frequengi€s* are required, a number of such filter circuits can be cascaded| in
serfies, each of them tuned to a particular harmonic frequency. Multiple-tuned series filters
(Figure 8) can also be used, presenting two or more impedance peaks (impedance peaks [for
cafrier and/onfor radio frequency may also be included if necessary). A damped band-stop
characteristic'can also be achieved to filter a range of higher order harmonics.

The @boeve mentioned investigations have indicated that, considering the converter ag a
solr f harmoni rrent, th f ries filter is efficient only if it i i with a
shunt impedance of relatively low impedance, such as can be obtained with a capacitor bank
and/or shunt filter. Therefore the application of a series filter should be done in a mixed
configuration of series and shunt filters (Figure 9).

Depending on the specific requirements of the project and on an economic evaluation, one
single series filter for the whole converter station, installed between the shunt filter bus and
the AC line bus, or one filter for each line connected to the AC converter station can be used.
For the solution with a single filter for the whole station, the series filter should be formed by
several identical branches in parallel, due to reliability considerations.
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Figure 8 — Triple-tuned series filter and impedance plot

vantages of series filter circuits are:

fewer capacitor units and smaller filter reactor size than for shunt filters;
less space requirements;

no need for circuit breakérs and associated switchgear, but only parallel disconn
switches (assuming that:these can remove a faulted parallel branch on-load or if a
redundancy approach is‘acceptable); and

minimum of proteetion equipment.
advantages of\séries filter circuits are:

the main<eactor has to carry the fundamental frequency line current;
capacitor/overvoltage protection against short-circuit faults is expensive;

ng, reactive power support comparable with conventional shunt filters;
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components need to be designed with a high short-circuit capability;

protective devices should be rated for full AC bus voltage;

may introduce fundamental frequency or sub-harmonic resonance and stability problems;

relatively complicated protection schemes.
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Figure 9 — Mixed series and shunt AC filters at Uruguaiana HVDC station

verter station design requirements that .could justify consideration of a mixed fi
figuration. Some of the application characteristics for which the mixed solution should
mined are discussed below.

The mixed filter configurations with;the shunt filters are hard to satisfy if low minimum
system impedance is combined* with requirements for limited emission of harmo
currents into the AC system.

For areas of higher soil resistivity (greater than 1 000 W-m), the coupling between poy
and telecommunication-lines is high and potential interference problems may dictate v
low limits on harmoniccurrents in the AC system, thus favouring the use of mixed ser
and shunt filters.

In applications-in-which the connected AC system includes important shunt capacitor ba
and/or underground cables, these capacitors produce low impedance nodes for high or
harmonics, draining the major part of the harmonic currents into the AC lines. Series filt
could be\the most economic means to limit these currents and the resulting interferer
levels

The-ability of series filters to limit the harmonic current entering the AC system to desi
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values, independently of the equivalent harmonic impedance of the AC system vie

ed

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.

e) In those applications in which the steady state voltage control during light load and/or the

f)

control of the overvoltage during converter blocking impose limitation on the shunt fil
size and/or require the use of shunt reactor, the mixed filter configuration represents
attractive and economical solution, because for the same filtering performance t
configuration reduces considerably the size of the shunt bank to be installed.

ter
an
his

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 sche

me

could be limited to a simple capacitor, determined by the station reactive requirements,

and the series part would be a single reactor.


https://iecnorm.com/api/?name=e9612ebbec3faee8209d606fcee0ce21

—-42 - IEC TR 62001-4:2021 RLV © |IEC 2021

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 ltaipu 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
thg—trarmomic—performmance TequiTenments, but—woutd—Tmake the—steady state—vottage_3and
overvoltage control impossible. With the mixed filter, the shunt filter in the 50 Hz side~copld
haye been only 24 % in order to have the same harmonic performance, but hadto |be
indreased to 48 % due to the station reactive requirements.

In Btudies to be carried out to decide on the use of the mixed filter configurations the followjng
effects of this filtering on the converter station design and performance should‘be examined.

1) [ There will be a reduction in the short-circuit ratio (SCR), that could be compensated by a
decrease in the converter transformer reactance, although this solution produces a certpin
increase in the harmonic current generated by the converters.

2) |In case of error in the adjustment of the impedance angles-of the series and shunt partq of
the mixed scheme, there is the possibility of an increase-in the harmonic voltage at the
point of connection to the AC system.

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

w
>
—

The procedure to define the mixed filter scheme, ‘including its ratings, is not much differ
from the conventional methodology used for a<shunt scheme.

7.4.4 Re-tunable AC filters

In ppecial circumstances, the temporary re-tuning of AC filters to act at different frequencjes
mgy be an option, as illustrated byythe following example.

Fol the Quebec/New England’ Multiterminal HVDC system, re-tunable AC filters have bgen
USLd at Radisson and Niceolet substations. For both stations, this has been done as a retrpfit

acfion to solve problems that arose after the installation of the original filters had bgen
coimpleted.

At [Radisson, this-solution has been used to avoid interaction between AC side fifth harmopic
angd DC side-'sixth harmonic for certain system conditions and in the presence | of
gepmagnetically-induced currents (GIC). When the AC side fifth harmonic becomes greater
thgn aspredetermined value, the 36/48th harmonic AC filter is re-tuned to the 5" harmohic
(Fipute,~10) by opening the switch S1. The switch is closed by the operator when fthe

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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7.8 Impact of new HVDC station in vicinity of an existing station
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Figure 10 — Re-tunable AC filter branch

increasing number of new HVDC links are being plannéd or have been constructed with
ir terminal stations located in the electrical vicinity @f existing HVDC converter statiops.

st
st

Cl

cofsidered in this case in some depth.

Th

stations are as follows.

a)
b)
c)

d)

coivverter station AC filters as well as additional design requirements on the new conveilter

s entails due consideration of the impact on performance and rating of the existjng

tions. The objective should be, as far as possible, to design the filters of the new conveiter
tions without modifying the filters of the existing stations.

S5RE Technical Brochures 364 [13] sand 798 [14] discuss some of the issues to |be

b performance aspects to bersconsidered in the design of filters for the new convelter

D

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

Generator harmenic current limits, if applicable, should be such that the total effectjve
injection doesnot'exceed the permitted limits.

The effect@firesonance between the filters of the existing and the new stations should|be
taken intd/account.

The A€ system harmonic impedance to be used in the design calculations should |be
defined with due consideration of the existing station and its filters.

Th

e Tatmgaspectstobeconsideredareas fotows:

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.

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

ter

ms, 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.
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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
reliability, and constant improvements in filter component design are tending to increase this
reliability still further. There is therefore-a-tendenecy-toreduce an argument for reducing costs
by eliminating the requirement for redundant filters, particularly in relatively low-power HVDC
schemes.

Homwever he
inviestment se
oplimized filter arrangement. Apart from improving the reliability/availability of the cenyeiter
tion, the use of redundancy can reduce the filter losses and component ratings in the
ividual filter branches.

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

These concepts can be illustrated by an example based on recent ekperience. Supposing that
unity power factor is required at rated load, two very economical solutions a) and b) which yse
dopble-tuned high-pass filters, are possible. Below, the relativé ‘merits of these two solutigns
arg compared.

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

In this case, two almost identical redundant filiers are assumed to provide adequate
characteristics for harmonic performance and/seactive power control. A common practjce
is to start at light load conditions of the converters with one filter, then the second cirguit
will be energized in the range between 40)% and 50 % of rated load. Typical harmopic
performance requirements can be fulfilled" up to rated load. To fulfil unity power fadtor
requirements 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);

e reduced number of low=voltage (LV) filter components and space requirements.
The disadvantages are-as-follows.

e The ratings of filter components are higher if the filter has to be designed for|all
loadings duringioutage of any filter branch (one out of two in the whole operatjng
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 comparted
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).

e Component ratings of filter reactors, capacitors and resistors are significantly lower
compared to the components for solution a). Therefore, most of the filter components
are less expensive. This applies especially for filter damping resistors.

Operational losses are significantly lower, since mostly the harmonic losses are the
determining factor of the filter losses.

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

Component redundancy within a filter is not normally used, except within capacitors.
Depending on the kind of capacitor fusing — whether internal or external — some additional
capacitor elements and/or capacitor units can be built in as voltage redundancy. However,
true redundancy inside the filter is not possible, because every failure in a capacitor unit

o [ES % Ll o H ] + <l HHdat o £i14 H HE S
In CAdoCTo 1T V\JILCIUU SUToo Ul Adll ULNTTT LapdadUuitul TITTITTTIIO AlTu wWilTlh UTTUTIo e ThiteT irvurt

The voltage stress during normal operation conditions and after fuse blowing can befeduged
ang optimized with two measures:

a) | small subdivision of internal fused capacitor elements;

b) [higher rated voltage for the complete capacitor bank, which will reduce.the probability] of
capacitor element/unit break down.

In pddition, the smaller the capacitor subdivision, the less is the detuning of the filter in case
of la blown fuse. On the other hand, the smaller the capacitor<subdivision, the more fuses
thgre are to blow; thus the total de-tuning allowance for blown fises may be no smaller.

The layout of a capacitor bank in the form of a bridge does\not increase the voltage withstgnd
or fedundancy. The bridge connection is only for capacitor unbalance protection based on a
sensitive detection of blown fuses.

An|important design issue is how many fuses can blow (it makes no difference whether they
arg in series or in parallel connection) before maintenance and capacitor unit change is
required, considering

e |capacitor voltage stress, or

o |filter detuning beyond specified tolerance.

Normally, the number of failed(capacitor elements for permitted filter detuning is much lower
thgn the allowed number forvoltage stress.

7.4.3 Spare parts

The optimum number of filter component spare parts is mainly dependent on redundancy
requirements. Ihthe case of no filter redundancy being provided, as for example in some
Scandinavian)schemes, all types of filter components should be stored at the convelter
stgtion, or @djacent to it. To reduce down time following failures, some filter components, sych
as[filter-Fesistors, should be stored mounted in complete sets.

In tases where filter rndllndnnr\y is rnqnirnr‘l (1 outof 2 or 2 out of ’2), 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.

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-is could be desirable where possible that the filter design
uses identical capacitor units for each individual type of AC filter.
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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
protection techniques. It may also be affected by requirements on guarantees and on filter
performance. The detailed definition of AC filter protection equipment is normally left for the
contractor to determine.

The technical specification therefore is usually restricted to general requirements regardjng
prqtection, redundancy requirements, interface definitions and any customer specjfic
requests. In this way, the interests of the customer are safeguarded while stillAA€avjng
magximum scope for the contractor’s preferred solutions.

The customer should, however, be well aware of the different techniques” of AC filter
pratection, and in the bid evaluation stage be prepared to ensure that the bidder’'s propoged
solutions meet the customer’s overall technical requirements. The (information given|in
Clause 8 is mainly concerned with giving the customer the background'information needed [for
thig stage of technical discussions with the bidder.

The IEC standards with relevance to the protection of~AC filters are the followipg:
IEC 61869-2 [16], IEC 61869-3 [17], IEC 61869-5 [18], dEC'60549 [19], IEC 60871-1 [5],
IEC TS 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 of the filter or shunt capacitor bank and on‘the cost of the protected components. Specific
degisions are made between

e |protection functions which prevent damage to components (overload protection, unbalance
protection), and

e |protection functions whichxlimit damage to components (short circuit, earth f3ult
protection).

In pach case, the cost of ‘protection should be carefully weighed against the cost of the h|gh
voltage or power components that are being protected. On average, the value of the
prqtection equipment should not be higher than approximately 10 % of the value of {he
prqtected componeénts.

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

P i Il 1 H 4l £ 1 ol Lod: 1 1 4 4 H H| ol oo d
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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.

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.
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What is the normal standard elsewhere in the AC system?

Is redundant protection equipment justified for the rated power of the filter or capacitor

bank?

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

As an alternative to redundant protection functions, some functions can be covered with back-
protection functions. For example, differential protection is a partial back-up for short-
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a)
b)
c)
d)
e)

f)
g)
h)

Th
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Cuit protection while earth fault protection is a less sensitive back-up for capac
balance protection.

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

bach case, the customer should specify the minimum standard which\the contractor sho
vide in terms of

protection philosophy,

standard of PTs and CTs,

standard of protection,

protection functions,

types of interfaces, including type and number,of auxiliary switches for HVDC cont
switchyard control, alarm system, event recarding system, etc.,

customer specific requests (e.g. design of*trip signal circuits),
mechanical standards, and
type and number of auxiliary voltages.

e number of PTs and CTs in the banks and sub-banks should be optimized together w
PTs in the busbar, according to the protection philosophy. Important aspects for

planning and arrangement of inductive PTs are

[ ]
[ ]
[ ]
Fil
ne
be

maximum time for filterdischarge,

requirements for-auto-reclosing, and

circuit breakerJayout.

ers are_nermally arranged in a star connection with the star-point solidly earthed.

works with reactive earth fault compensation or isolated star-point, the protection sho
reconsidered.
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result in filter protection trip signals. Such disturbances include

1
2

A W

)
)
)
)
)

a

AC system faults,

transformer switching,

switching of parallel capacitor banks,
commutation failures in the HVDC converters, and
DC line faults.

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

ot
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8.3 Bank and sub-bank overall protection

8.3.1 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 fil
connections.

8.3.2 Short-circuit protection

Shtrt-circuit protection is only effective between the incoming line current transformer and
ling side of the first components, depending on the total fault impedance of the circhit, T

ter

he
he

short-circuit relay is normally a standard requirement for the protection of the conductprs

befween the current transformer and filter. Depending on the capacitor inrush current, it
sometimes necessary to delay the trip signal by 5 ms to 10 ms. The ratio @f_CTs in fi

ter

brgnches can be low in comparison with the ratio of line CTs. For shert-Circuit current
pratection it is important that CTs are accurate enough to reproduce the short-circuit currgnt

with full DC shift in the secondary circuit.

8.3.3 Overcurrent protection

This is also generally a standard protection requirement, sometimes in combination with
short-circuit relay function. This protection is not very effecCtive for filter and shunt capac
banks, since only the reactor is really protected. For capacitors, the applied voltage, not
cufrent, is the critical factor and only heavy faults in thé capacitor bank can be detected w
overcurrent. This function can be implemented eithetwith an inverse time characteristic o
thg form of current-definite-time steps. Normally,«no/separate evaluation of fundamental 3
hafmonics is required, but a technically good\ solution would be to check the import
harmonics separately for overcurrent. This method results in a very comprehensive protecti

8.34 Thermal overload protection

This kind of protection is one of theimost important functions, although an overall overlg
prqtection can only protect the - weakest filter component with the shortest heating ti
comstant that is carrying the main filter current. Therefore, it should be determined, in e3
case, whether an overall overload protection will be installed and/or if individual protection
regctors and resistors will be installed separately.Nermally—the—-overall A simple overld
pratection for the whale’ filter cannot protect a damping resistor as the current through
dataping resistor is netiproportional to the main filter current.-A-dampingresistorcan—onhy
pr4tected-by-meastuphg-individual-harmonies- However, protections which use a frequen
dependent calculation of the division of harmonic currents between the resistor and a para
regdctor have Jeen successfully applied. In single-tuned filters, the overall overload protect
can be used.for both reactor and capacitor. The following remarks should be borne in mind.

e | The construction and function of an overload relay can vary from the simple up to
highest complexity.
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e A fundamental prerequisite when deciding on the level of complexity is the level
knowledge of the reactor thermal time constants over the frequency range of interest.

of

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

and 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 loss
characteristic of the reactor. The ohmic resistance of a reactor depends on the frequency

and SO the evaluat|on of each harmonlc current is d|fferent —Iﬂ—eﬁde#te—mpmlement—an—e*aet;

)

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
belfiltered 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 différential
cufrent setting should be very low (20 % to 30 % of the main current).

D

The differential protection detects phase to earth and phase to phase faults but’cannot detgect
isolated failures, such as an arc-over of components in the filter branch.

Anpther kind of differential protection is a single-phase protection relay between high voltgge
ang low voltage zero sequence systems. But here again, the currents should be filtefed
against higher harmonic influence. With this kind of differential protection, it is not possiblg to
prqvide a phase segregated protection scheme.

8.3.6 Earth fault protection

Thls function can be applied only in a star-point_€arthed network in the earthed filter sfar-
point. Earth fault protection works with an overcurcent or inverse time characteristic and uges
thg current from the star connection of the threephases to earth. It is a reliable but slow bafk-
up|function for differential protection (and alse a rough back-up for unbalance protection)| It
defects every asymmetry between the phases much like a differential protection betwgen
phases. It also detects every asymmetry,.coming from outside the filter.

Fof the high trip threshold that is required to avoid spurious tripping on external events, either
thg time delay for the trip signal*should be very high, or the sum of the phase currents shojld
belfiltered 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:and undervoltage protection

Equivalent to the'‘avercurrent protection for reactors, the overvoltage protection is one of the
mast important.types of capacitor protection. Usually the busbar voltage is the source [for
overvoltage-protection, but the voltage from PTs in the feeder can also be used.

In [the (case of HVDC system operation, the valve control can usually reduce steady state
furjdatmental AC system overvoltages (not the harmonics). An immediate overvoltage trip| of
the VD€ Tonverters—and fittersduring transient overvottages, tike toad Tejectiomor 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
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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.

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.

Thg installation of a fast Fourier transform (FF 1) analyzer (refer to Clause 9) can be addeq to
enhance such protection.

8.3.9 Busbar and breaker failure protection

Bugbar and breaker failure protection are not specific filter and shunt capacitor protections put
geheral substation protection requirements.

Filler protection (adjustable rated values, interfaces, signals, etc.) should, however, be fo-
ordinated with any substation protection.

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

The capacitor units represent in financial terms the_main cost in a filter and so the protectjon
of capacitor units is one of the most important funetions.

Uspally, the capacitor bank arrangement is inithe form of a bridge with two pairs of identigal
branches, each with series and parallel connected capacitor units. This construction allgws
thg installation of a very sensitive unbalance protection, using the current (or voltage) in the
trapsverse connection. In most cases;\capacitor units with internal fuses are used, but the
unbalance protection system can also~be used with minor modifications (higher current steps
in case of fuse operations) for capacitor units with external fuses or fuseless types. Unbalance
pratection is not a substitute for-short-circuit protection;—but-it-can-help—protectan—unfuged
soposlior o no oot

The design of a current transformer to be used in an unbalance protection should be dagne
very carefully. On therone hand, the CT should be suitable for the short-circuit current, butfon
thg other hand, it'needs a very low transformation ratio. The CT saturation and secondary
burden also is taken into consideration. The rating of a current transformer for unbalance
prqtection should be specified very carefully because in the case of a partial short-circuit in a
capacitor branch, high frequency transients resulting in high current stresses on the currgnt
traphsformer can appear. The point of CT saturation should be selected such that in case gf a
high shaort-circuit current in the primary, the secondary connected equipment of the unbalance
prqtection will not be overstressed by excessive current or voltage. The primary winding of the
current transformer may be protected by means of surge arresters.

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

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

e detection of neutral voltage,

o different voltages over capacitor phases, and
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different currents through capacitor phases.

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

infl

uence 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.
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tordance with the measured tolerance in capacitance. This inherent unbalance currentd
rease or decrease during the lifetime of a filter due to voltage variation and primarily-due
different heating of bridge arms caused by solar radiation. Every change in symmetry
bridge arms such as the opening of an element fuse results in a change(increase
Crease) in the unbalance current.

recent years, especially with the introduction of digital protection systems, a high stand
resolution can be achieved so that the balancing of the capacitor-bridge to a very |
palance current is no longer needed.

pending on the cost and importance of the protected component, the unbalance protect
buld be provided with the following.

Fundamental frequency band pass for filtering theCunbalance current. Transient inry
oscillations within the transverse bridge arm can thus be eliminated in the protect
circuit.

Compensation of unbalance current in propertion with the main filter current to elimin
the voltage variation influence on unbalance’current.

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

Potential to re-adjust the effect of residual unbalance current to zero after changing brig
components.

Storage of the last fully compensated unbalance current value after filter switch off and
comparison with the current after switch on. With this approach, fuse failures at

moment of filter switch=on can be detected (the unbalance protection needs so
milliseconds after filterswitch-on, however, for full operation).

Comparison of compensated unbalance current against limits for alarm and trip signals.

Calculation of'the value of unbalance current deviation caused by the operation of g
capacitor element fuse, as well as the maximum permissible number of fuse operatio
Thus it will be possible to detect and count the number of failed capacitor elements.

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

rmally the Inherent unbalance current of a bridge can be calculated In the factory| i
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I'he possibility to detect the branch of the capacitor bridge where taulty capacitor units are

located. For this purpose, an additional voltage input is required for a power direct
measurement in the transverse connection of the bridge.

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

Check of the uncompensated unbalance current with respect to limits.

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

ion

for

or

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
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two capacitor banks. For this arrangement, a current direction measurement is also possible
to detect the faulty phase and bridge arm.

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 ¢urrent dependent overload protection is only necessary for reactor coils or resistors, put
not for capacitors.

Depending on the filter design, the reactors and resistors are-generally situated on the edrth
side of the filter, while capacitors are situated on the high‘voltage side. This can also |be
rejersed. In the first case, relatively inexpensive current” transformers can be used [for
measuring the reactor and resistor current for overload protection.

Fol the calculation of an overload condition of’ & reactor, harmonic currents should [be
evaluated in addition to the fundamental frequengy.

In comparison to reactors, the overload protection for resistors is much easier because the
ohmic resistance is less dependent on frequency, and also the time constants for the differgnt
hafmonic frequencies do not vary greatly. A true RMS measurement of current is sufficient|as
thg basis for a digital or analogue thermal model of the resistor. Although it is dependent|on
thg design of the filter, in generalthigher order harmonic currents tend to overload the resigtor
while lower order harmonic currents tend to overload the reactor.

In the event that there is, a-CT in a resistor branch, the level of fundamental frequency currgnt
can be used to determiné the extent of filter detuning. A filter with a fundamental frequency
turled bypass circuity*should have negligible fundamental current in the resistor branch
prqvided the fundamental frequency is near nominal.

8.4.4 Temperature measurement for protection

The method of direct temperature measurement at hot spots in components, such as is uged
in fransformers, has, up to now, not been applied to conventional filter components since the

coststare too high

8.4.5 Measurement of fundamental frequency components

Low voltage capacitors with series connected reactor (such as in a C-type filter) are often
used to minimize the fundamental frequency losses in parallel resistors. By filtering to obtain
the fundamental current in the resistor, a sensitive additional protection for the capacitor and
reactor can be achieved (refer to the attached high-pass filter protection scheme, Figure 12).
The fundamental current in the damping resistor branch should disappear to zero at rated
conditions (rated fundamental frequency). If the tuning capacitor in series with the filter
reactor changes reactance, caused by a disturbance in a capacitor element, the fundamental
current through the resistor can increase, in most cases by a higher amount than by normal
frequency deviations.
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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 curreni of
thg supply system should not affect the current limiting capability of element fuses.

External capacitor fuses can clear faults inside the capacitor unit and external“capacitor
bushing flashovers. The advantage of external fusing is that blown fuses can'be visually
defected very easily and quickly. The disadvantage is that in the case of & fault in gne
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 gnd
medium voltage capacitor banks with many parallel capacitor units and-relatively few unitq in
sefries.

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

Elgment fuses are, in general, not designed for overload protection of capacitor elements.
They have to resist very high inrush and dischargeyeurrents, which are limited only by the
cirguit impedances. Therefore, the sensitivity of ‘€lement fuses should be much higher than
thg maximum permissible element current.

The effect of one blown internal fuse is lesssthan with external fuses, the voltage stress on the
remaining capacitor elements being relatively small for the loss of a single element. MoreoWer,
internal fuses are protected from amhbient influences. The main application of internal fuseg is
in high voltage capacitor banks with"several series connected capacitor units. It should [be
nofed that internal fuses do not{provide protection against a short circuit between interpal
connections or a short circuit between active parts and casing, both of which may lead to cgse
rugture.

Fugeless capacitors are.discussed inHEC-TR-62001-1:2016,subelause10-2.4 11.2.2.

8.4.7 Protection and rating of instrument transformers

In [radial power systems with auto-reclosing operations, the discharge of capacitors can |be
ensured_using inductive PTs before re-energization. The arrangement of PTs can be either
directly on the filter feeder or on another feeder of the substation provided that the connectjon

be ween the capacitor and PT is secure. The rating of such discharge PTs should be dgne
afy On hinh diccharans NO AL irran + the ah thao nrivaaeg \ain dinac

care Ulully A= an th\.’ R hulld thu Illvll TToCTraTgC oo CUrToTt Lllluuull l3pav '.Illllluly VVIII\.‘IIIBO uf he

PT (approximately 10 A to 15 A) is considered in relation to its dynamic consequences; but,
on the other hand, the thermal load of the discharge is calculated. Normally, every inductive
PT, however, has to discharge overhead lines and cables and so the thermal and dynamic
stress during discharge of a capacitor, whose capacitance is comparable with that of an
overhead line, is generally not a problem. The main condition for PT rating is the total thermal
load from the permissible number of discharges per time unit (1 h). It is necessary to specify
and limit the number of discharges (capacitor switch on/off cycles) permitted per hour.
Common values for the number of discharges allowed are approximately five in the first hour
and one in every subsequent hour.

Discharge PTs can be connected from line to earth, but they can also be connected isolated
from earth across the capacitor line-side terminals. In such a case, the secondary winding
cannot be used for measurement or protection purposes.
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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
trapsformation to the secondary voltage during disturbances such as load rejection.\ The
internal resonance frequencies of the PT can be shifted up or down by changingthe
overvoltage factor, which can be an advantage if one internal resonance frequency of<the |PT
woluld otherwise coincide with a harmonic frequency.

CTls in filter branches mostly have a low current ratio. It should be confirmed that the
se¢ondary windings give a true reproduction of primary fault currents Aor all protectjon
pufrposes, 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 shown| in
Fiqure 11 and for a C-type filter in Figure 12. It shaotld be noted that protection schemes may
vafy considerably depending on the particular featires of a given filter design and on the
prqtection philosophy adopted.

-

8.9 Personnel protection

Earph capacitor unit should be discharged before energization. Complete discharge and
earthing is an unconditional requirement before any work or maintenance is performed |on
filter and shunt capacitor circuits.

Alllcapacitor units are nowusually equipped with internal (or external) discharge resistorq in
pafallel with the capacitor—To reduce the losses (to minimize tan 8), the value of discharge
registors is very high. Depending on the resulting time constant, the discharge time can vary
befween 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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Figure 12 — Example of a protection scheme for a C-type filter

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.

Before any work is performed on high voltage components, the relevant safe work standafds
of [the country and utility should be followed. Special sets for earthing the capacitor units
before touching are recommended.

9 | Audible noise

9.1 General

An|important consideration of converter station design is to prevent potential annoyance| of
peopple living nearby due to intrusive audible noise. The intention of Clause 9 is to infgrm
customers of the background to audible noise limitations (and the relevance to AC filter
design. The treatment of audible noise limitation in the /technical specification can |be
sighificant, and the issue may also be prominent during:\bid evaluation discussions and the
subsequent project design (see IEC TS 61973 [23]).

It iIs recommended to relate the specification requirements to regulations on environmental
noise for homes, residences and communities.near to the converter station.

Rejquirements for attaining an acceptable“noise environment may become a key parameter [for
thg layout of the converter switchyard;taffecting both technical and economical aspects, gnd
mdy have an impact on the AC filter'system design (e.g. circulating current in a double-turjed
filter may give rise to unacceptable noise), as well as the design of individual componerts.
The inclusion of special sound-limiting measures in equipment design will add to the cosf of
thgt equipment.

Since corrective measures for noise reduction during and after commissioning are usually
expensive and time-consuming, the customer should pay due attention to audible nojse
requirements already during the preliminary planning stage when selecting the site of the
converter station..Audible noise limitation is often an important consideration in licensing| of
thg converter station site.

Aufible-'noise may be defined as an assembly of acoustic waves in air at frequencjes
perceived by the human ear. Noise may consist of a monofrequency acoustic signal (tone) or
of pounds containing a distribution of frequencies. For definitions of acoustic parameters, gee
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
thg magnetic circuit.

In
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Sirjce these noise-generating forces are proportional to the square of the. electrical lo
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both cases, capacitors and reactors, the vibrations of the surface of the apparatus gener
pustic noise which is radiated as airborne sound into the vicinity of the equipment.

ltage or current, the frequency spectrum of force and thus of souhd differs from

an example, Figure 13 shows the current spectrum of a filter reactor. It is assumed that
rent consists of a component with fundamental frequency f“and one harmonic compon
h harmonic number n.

ure 14 depicts the vibration force components acting,"on the winding of the reactor. T
Ce consists of components with frequencies 2f, _fin_”,f(n”) and 2f,,.
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Figure 14 — Force spectrum

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
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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 objective of sound requirements is to limit the level of noise around the converterstatjon
in general and in particular to obey regulations on environmental noise for homes, residenges
angl communities near the station. This goal is accomplished by the noise managemgnt
prqvided by the contractor for the complete converter station. Since the AC filters represgent
only one of several noise-active components, it should be up to the coptractor to apply
adequate sound criteria on the individual switchyard components (usually in terms| of
mgximum allowable sound power level) so as to meet the overall sound_réquirements.

WhHhen specifying sound requirements, it is necessary that the customer clearly specifies valid
operating conditions for the station. For economical reasons, i(is advisable to consider only
nofmal operating conditions and to exclude short-time, or any-extreme, conditions from soynd
requirements. Here, normal operating conditions means¢steady-state conditions that Ipst
longer than a specific time, normally more than one day, but'possibly as short as a few ho(rs,
depending on any applicable regulation or code of practice.

The sound requirements for a converter station{at”stated operating conditions are usually
specified by the customer in terms of a maximum allowed sound pressure level at particylar
points in the vicinity of the station, or at a spe¢ific contour surrounding the station.

Sometimes, this contour is chosen to 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,
su¢h a requirement may result in\'a sound reduction strategy which is not necessarily
adequate. The sound requiremend at the fence might be met by avoiding the installation| of
solind-intensive components ¢lose to the fence. However, this may not lower the sound lejel
of [noise-sensitive areas further away from the station, which was the purpose of the
requirement.

Therefore, it is advisable to specify particular sound-critical points or a contour containjng
thgse critical points further from the station, where the impact of noise may be crucial gnd
statutory sound.requirements have to be met.

In |virtually—“all countries there exist public regulations for environmental sound. Suych
requirements are established by national, federal or provincial agencies specifying maximum

allpwable noise levels for various land-use categories. Usually, the maximum allowable nojse
le Tvi Tehi ifthe

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
radtatiomCapacitor stacks forexampte may strow g distinctdirectivity of soumdTadiatedfrpm
thg stacked capacitor units. A potential incident by station sound at a critical nearby locatjon
may be avoided by orienting the components so as to have no predominant sound radiation in
thig critical direction.

Low-noise design of the switchyard equipment requires minimizing the vibrational amplitudes
of fhe sound radiating surface of the components. For this purpose, it is esséntial to properly
design the equipment so that the natural frequencies of the component~do not coincide with
thg frequencies of the major excitation forces. If the noise level howeyvercan still not be met,
thgn further sound reduction by providing sound reducing screens might be applied. However,
it ghould be borne in mind that such measures may be costly, depending on the necessary
exient for sound reduction.

Consideration should also be given to the mounting structure’and to the electrical connectigns
of fhe sound-active components so as to avoid transmissjon of component vibrations to other
equipment.

Anpther measure to reduce the noise, not commonly used today, is to apply an active sound-
cancellation technique comprising, for exampley

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

o |loudspeakers installed close to.the sound radiating component.
10| Seismic requirements

10{1 General

The intention of Glause 10 is to give the customer’s engineers dealing with AC filters sufficignt
bagkground information in order to understand the implications of seismic requirements for AC
filter design<and to have a basis on which to discuss aspects of seismic design with biddgrs.
Anly seismic)requirements for the filters will be defined in the technical specification in {he
same way-as the requirements for the rest of the converter station.

A filters r*nneiefing of r‘apnr‘ifnrc1 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
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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,

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

L adcquatc UiUbtliba: bUIIIIUbtiUIID alluI bpdb;lly tU ||ciyhbumil|g ahuutwca vvith IGDPUbt tO
relative displacements are provided.

With respect to the special nature of electrical equipment which contains a largejamounf{ of
briitle material (porcelain), it is important that realistic loads and reasonable] evaluatjon
criferia are defined by the customer. However, the seismic design qualification-discussed in
Clause 10 is the responsibility of the contractor. Information on the specification of seismic
requirements can be found in IEEE Std 693™ [24]. Example of seismic reSponse spectrd is
shpwn in Annex A.

10)2 Load specification
10J2.1 Seismic loads

Proper seismic engineering for a specific project requires specification of the seismic actiyity
of the region of installation by quantitative engineering.parameters. Usually, this is done|by
defining a "design earthquake", that is a specification{of the seismic ground motion at sitq in
terms of the maximum ground acceleration and the€)so-called "response spectrum"”.

The maximum ground acceleration is expressed’in fractions of gravity (g). The selection of {he
design value of ground acceleration is a balance of site specific geophysics, desired reliability
of [the equipment and costs. In earthquake-prone areas, the horizontal component of the
mgximum ground acceleration typically-ranges from 0,1g to 0,5¢, while the vertical compongnt
is fypically 50 % to 80 % of these values. Certain sites can have even more extreme valugs.
Leyels of ground acceleration up(to around 0,15g and moderate safety factors against failjng
of [the members of the filter,_structure usually do not require extra efforts for seismic
engineering and thus no extra.costs to achieve seismic performance are involved.

A flesponse spectrum in_general is used to predict the maximum effect to be expected from a
givien type of impulsive loading acting on a simple structure. In the context of seismic
engineering, the(response spectrum is a family of curves of the estimated maximpm
acgeleration eyaluated for a structure consisting of a single spring and mass (single-degree-
of-freedom sfructure) of varying natural frequency, plotted over frequency, for different

es
, ) , of
frequency Usually, the earthquake motlons do not contaln frequenmes 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)

[P H
Sh PpUuiu veo HIVUII.

10{2.3 Soil quality

In |addition to the loads described in 10.2.1 and 10.2.2, the quality of the sail /has to |be
considered. The impact on the ground anchoring depends on the type of soil (rock, clay, sapd,
etd.). In areas with porous material, the whole filter area, or parts of it, may«<be anchored to
one common foundation. The soil properties should therefore be specified by the customer.

10/3 Method of qualification
10|3.1 General

The qualification may be done by analytical methods or‘by testing. The customer shopld
spegcify which kind of qualification the contractor shall apply. If testing is preferred, then the
customer may accept a verification of the seismic performance based on results of tests
prgviously performed on structures of similar design~and similar seismic requirements. for
defails on seismic qualification by testing, referente is made to IEEE Std 693 [24].

The usual practice for qualification, however,, is by analytical methods.

10J3.2 Qualification by analytical methods
10J3.2.1 General

Se|smic qualification by analytical methods requires the representation of the filter structure
by|an equivalent model whieh is sufficiently detailed to establish accurately the static gnd
dypamic behaviour of the~equipment. For this purpose, it is assumed that the mass of the
stricture is concentrated into a number of discrete parts of lumped masses which are
comnected by elemenis representing the mechanical properties of the structure.

The kind of theanalytical method, static or dynamic, mainly depends on the type] of
eqtipment, _‘Complex structures with natural mechanical frequencies within the seismic
freguency.range (0,1 Hz to 33 Hz) usually require a dynamic analysis which is mostly done|by
thg response spectrum method as described further in 10.3.2.2. For simple structures with
fewef,components, a static analysis may be sufficient. In any case, the numeric calculation is

catried out using a generally accepted computer program
~J J J = Ll = J

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

em

ployed, 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.
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3.2.3 Static coefficient method

s method may be applied on structures having one significant mode out of seweral other
des. Then the seismic load on the structure may be supposed to be an equivalent static

logd and the seismic forces on each component of the equipment are obtained by multiplyjng

thg
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value of the mass of each component by the maximum acceleration (at a\damping valug of
b) given in the response spectrum. Usually, a safety factor (static coefficient) of 1,5 is
her applied to account for the effects of the other modes.

example of this type of structure may be a head type current/transformer consisting of a

concentrated mass mounted on an insulator. The significant mode will be a rocking mqde
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safety factors{with respect to breaking and yielding should be maintained.

a)

tited by the shaking of the ground in horizontal direction.

3.2.4 Static analysis

s method is applicable when the equipment may/be assumed to be rigid, i.e. the natyral
chanical frequencies exceed 33 Hz. Then, the“seismic forces on each component of the
lipment are obtained by multiplying the «vajlue of the mass of each component by the
ximum ground acceleration.

3.3 Design criteria
3.3.1 General

b design criteria define. the™ required minimum safety factors as well as the buckljng
uirements.

3.3.2 Minimum:safety factors

- each member.of the structure, the stresses caused by the combined loads from seismic
] additionalsloads should be calculated, and depending on the type of material, minimpm

Britttesmaterials

For'components containing brittle materials, such as ceramic insulators, a required safety

b)

factor with respect 1o the breaking sirengin 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

The specification may require one of the following levels of documentation:

a) | Seismic statement

This comprises a short summary of the seismic verification, describjing)‘equipmgnt,
methods, loading and most important results.

b) | Seismic qualification report

The extent of this report should be sufficient to understand the analysis procedures gnd
models and to allow the verification of the major results. It should-eontain

e a short summary,

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

e a description of structure and the corresponding analytical model,

e loads and load combinations,

e a description of the analytical method and ¢f the adequacy for application, and
e results from dynamic or static analysis_ (displacements, forces and moments, stresses
on elements, foundation loads).

104 Examples of improvements in the'mechanical design

In case where the seismic load requirements are decisive for the mechanical design of the
different filter structures, some typical measures can be taken:

o |use of mechanically stronger material in structures (e.g. steel and porcelain) and in the
filter component itself;

o |use of other geométrical design of support structure and insulators than common practjce
(e.g. support instlators mounted in an angled position instead of vertical);

e |use of common-foundation for several filter components;

e |use of stays, either inside the support structure to ground or outside to ground of a
combination of both;

e |vibfation isolation of the structure from ground by the use of springs;

e |incfease 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

e |specific technical information on the equipment, which the customers should require~to|be
presented in the bidder's tender.

11]1.2 Technical information to be provided by the customer

The AC filters are commonly installed outdoors, although indoor installation is possihle.
Unusual environmental site conditions should be brought to the contractor}s -attention, such|as
seyere pollution (industrial or marine), severe seismic requirements,\unusually high wjnd
velocity, stringent acoustic noise requirements, etc. Such requirements’ may be decisive [for
thg equipment design.

The customer should indicate particular information on operational aspects of the AC filters. If
applicable, the customer should indicate that the devices used for filter switching should |be
desgigned for frequent switching operations, as this may be required for reactive power contyol,
angl the customer should specify the expected number of operations per year. Any temporary
overvoltage conditions under which the filter should/bé.disconnected should also be specifigd.

11]1.3 Customer requirements
11]1.3.1 Design, production, installation’and maintenance requirements

Since the filter components are "live*Nparts, fencing of the filter equipment for achievjng
pefsonnel clearance may be used, \Alternatively, instead of fencing, the equipment may |be
mdgunted on special support structures which elevates live parts to a height commensurate
with personnel safety standards. The customers may specify what method should be adopied
and they should specify the minimum safety clearance.

It iis recommended that the customers require the contractor to specify the type of support
insjulators used for the’mounting of the filter components and the capacitor bushings. Usually,
thg insulators and bushings are of porcelain type. Sufficient creepage and clearance shopld
be|provided forureliable operation of the equipment. Based on information available to the
customers regarding the pollution conditions encountered at the site, the customer shojld
prgscribe_the' minimum creepage distance of the insulators. Typical values for specific
crdepage—are from 25 mm/kV to 45 mm/kV depending on the site pollution level (gee
IEC TS.60815-1 [25], IEC TS 60815-2 [26] as well as IEC TR 62001-1 [1]). Creep3ge
requirements should be based on the maximum voltage (including harmonics) appearjng
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
ceftain filter components such as capacitors, current transformers, etc. on condition that'the
spécified maintenance is provided.

11]1.3.2 Quality system and documentation requirements

It is recommended that the customers specify their minimum requirements_on'the contractgrs
quality system to be applied by the contractors to the design, production testing, installatjon
angl maintenance of the AC filter equipment.

Uspually, the quality programme is documented by the confractor's quality manual. The
cugtomers should review the contractors’ manual and they should reserve the right to addit
thg quality system as described by the manual.

Fufther to the standard quality programme, the customers may state specific requirements|on
thg kind and quality of materials and workmanship. These should include for example
requirements on materials used for terminals and”electrical wiring, surface protection |by
galvanizing or painting, specific requirements on.welding.

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

It is recommended that customers request the contractors to submit this documentation |for
approval during the detailed design stage of the equipment.

11]1.3.3 Test requirements

Fol general requirements, the customers should refer as far as possible to the applicaple
IEC standards "and recommendations, but ANSI or IEEE standards could be used [for
comparison-“It should be made clear on which standard body, IEC or ANSI/IEEE, the design,
ratjng and testing of the filter equipment is based.

TheTest program for component speciiic 1ests 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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Ce

rtified 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).
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1.4 Technical information to be presented by the bidders

e customers should require the bidder to provide a general description of the filter-layput
luding a schematic diagram clearly identifying the individual filter components. The number
inits of filter components including spare units should be indicated by the bidders.

b lists of electrical data presented in 11.2 to 11.7 are intended to be, a'‘guideline for the
stomer on how to specify a particular filter component. Further parameters and further
brmation may be requested by the customers if deemed to beyuseful. Such required
brmation for example may refer to the thermal time constant of reactors, resistors and| of
esters.

e numerical values of the individual parameters for each-Component are chosen by the
der depending on his filter design. Since some of the ‘values, in particular for tolerange,
y be critical and sometimes difficult to achieve, (Such values are usually defined]in

e customers may require the bidders to indicate the amount of manpower for maintenance

days per annum) necessary for reliable”operation of the equipment under defined
brating conditions.

1.5 Ratings
e following ratings are required to be specified for the various filter components.

Rated harmonic frequency

The rated harmonic.frequency is that frequency to which the relevant parameters [for
harmonic filter performance are referred. For single-tuned filters, this frequency is equal to
the tuning frequéncy, for double-tuned filters this may be the geometric mean frequency of
the two tuning.frequencies or may refer to both tuned frequencies.

Voltage rating

The rated voltage Uy (RMS) assigned to an AC filter capacitor bank is discussed| in
4.242. The rated voltage of the capacitor units U, (RMS) should be higher than or equal
to’the rated voltage Uy of the capacitor bank divided by the number of series connecied

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]—29—14—&%!—%558%@!—18—4—992 for comparison. It is recommended to
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Fof clarification of terminology, the following definitions are used.
e |Capacitor element: In practice, normally an individual package (coil, roll)~consisting| of
aluminium foil and insulating paper and/or plastic film.

e |Capacitor can or unit: The metallic case including bushing(s), interndl discharge gnd
grading resistors, capacitor elements connected in series and parallel, and, if usgd,
element fuses.

e |[Series group: A set of capacitor units connected in parallel. Seyeral groups are connecied
in series to meet the voltage requirements.

e |Capacitor rack: A metallic framework containing one or'séveral series groups includjng
interconnection buswork and insulators as required.

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

e |[Capacitor bank: One or several capacitor stacks including inter-stack connections gnd
including the associated monitoring and¢protective equipment. Often, a capacitor bank
consists of sets of two identical stacks cennected in parallel so as to provide a bridge grm
for measuring unbalance between thefwo stacks.

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

11]2.2 Design aspects
11)2.2.1 General

The contractor shouldtillustrate the circuitry of the individual capacitor banks and capacitor
units to show how the 'specified capacitance values are arrived at.

The considerations in 11.2.2.2 and 11.2.2.3 are taken into account.

11]2.2.2. >\ €Capacitor unit design

11]22,2.1 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.


https://iecnorm.com/api/?name=e9612ebbec3faee8209d606fcee0ce21

IEC TR 62001-4:2021 RLV © IEC 2021 - 69—

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

capacitance or the tolerance class should be given on the capacitor unit nameplate,| in
ac¢ordance with IEC/IEEE standards.

Th curreant —valtaaes and k\/ar ratina of thg canacitar tnite a2¢ wall a¢ thg measttred
tHHeR+—Vo+ag o eH—aHRg —i3 aHacHeF—4 < We++—d Hh HReaSH

11]2.2.2.4  Unit configuration

The earliest capacitor designs involve the use of external fuses. A capagifor unit failtre
calised the fuse to operate resulting in the need to replace the fuse and\the capacitor upit.
The large change in capacitance due to the loss of a capacitor unit has~a’significant effect|on
thg capacitor bank design.

Supsequently, the internally fused capacitor unit was desigried* and is widely applied [for
hagmonic filters. These have fuses in series with each eleient built into the capacitor ynit
su¢h that an element failure results in a very small les§ of capacitance and a modpst
overvoltage across the remaining parallel elements. Afiér a number of element failures, the
ingreased voltage is excessive and the unit must be rgplaced.

In fecent years, fuseless capacitors have been used for harmonic filters. A commonly uged
design for use in filters has an internal consfriction consisting of a several parallel strinps,
eath string consisting of a large number of seties-connected elements (Figure 15). There are
no|parallel connections between the strings, except at both ends of the capacitor unit. The
compstruction of each element using aluminium foil interleaved with modern all-film dielecfric
m4gterial is such that a short circuit within an element creates an electrically good, welded jqint
befween the two foil electrodes of the failed element. A single element failure results in only a
limited release of energy, insufficient to damage adjacent elements or release significpnt
amounts of gas, and has a limited influence over the total capacitance of the unit and the
voltage distribution over thexrémaining healthy elements.
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b fuseless design offers a more economical celfstruction of capacitor unit, with fey
allel elements and interconnections, than 4n“an internally fused design. A furt
antage is that the discharge energy developed' at the failure spot is limited. This redugd
risk of damage to adjacent elements and @ther insulation components if a failure occur{
outer turns of the wound element.

5 especially attractive for the highsveltage, low capacity filter capacitors. However, it m
be suitable for low voltage, filtef\anks because one element failure would cause a la

b customers’ specificatienyshould permit the use of capacitors of an appropriate technold
the application of the’ capacitors. Satisfactory capacitor protection arrangements
nificant over-rating in place should be provided.

2.2.2.5 Discharge resistors

ch capaciter-unit should be provided with internal discharge resistors in accordance W
[ 60874~1) [5lerEEE-Std—18. Longer discharge times (which will reduce losses) may
5sible if agreed by the customer.
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Fuses are intended to protect the case of the capacitor unit from rupture due to capacitor
element failures. Internal fuses are intended to safely isolate failed elements during any
operational condition.

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

arr

angement will meet the customers’ requirement.
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1.

11.

2.2.3 Capacitor bank design
2231 Racks

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

sta
of

cks. Depending on the environmental site conditions it may be advisable to make the racks
hot dip galvanized structural steel or corrosion resistant structural aluminium. No drilling

should be permitted after galvanizing.
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whjch may be substituted into the rack as spares. Suitable warning labels-should be affixed
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structural- membersof theracksshould not beused-aselectrical buses—Thereshould be
y one single electrical bond between a group of capacitor units and the capacitor rack, |All
ictural members of the rack should be electrically connected together in order toe,ens
pquate earthing of the rack during maintenance. The rack should be provided w
bquate connections for earthing.

ch rack should be clearly labelled with the weight of the fully equipped unit,’the phase gnd
nk of which it forms a part, and the maximum and minimum capacitor unit capacitanges

2.2.3.2 Capacitor bank

ecial attention should be drawn to the capacitor bank design so as to meet acoustic soynd
ver levels as specified in the technical specification(see Clause 7). A sound power
culation should be provided for each bank.

2.3 Electrical data

ple 2 is a checklist of data which could, be-'used by the contractor for purchasing the
lipment or to inform the customer of the design parameters.

Table 2 — Electrical data for capacitors

Capacitor design parameter Unit

Réted harmonic frequency Hz
Rated capacitance per phase (at\+20 °C) uF
Tqlerance on rated capacitance +%
Maximum variation of capacitance versus temperature %/°C
Maximum total losses at rated voltage and rated temperature W/kvar
Maximum dielecttic losses at rated voltage and rated temperature W/kvar
Variation of(tan*(d) versus frequency a
Rated yoltage (U) across capacitor bank including harmonics kV(RMS
Harménic voltage spectrum P, steady state n/kV(RM$)
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

ire
ith
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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 valuge |of
the individual harmonic voltages or currents.

11]2.4 Tests
Unless otherwise stated, routine tests and type tests should be performed in’accordance with
thg relevant clauses of IEC 60871-1 [5] and/or IEEE Std 18 [6]. Tests on ‘support insulatgrs,

whiere applicable, may be performed in accordance with IEC 60168 [27]."If the customer has
addlitional specific requirements for special or "other" tests and foruerification of equipment
pefformance, then these should be stated.

Sugh requirements may include, for example, the following.

o [Discharge test

A discharge test of the capacitor unit should be-pérformed by charging the capacitor tp a
DC voltage equal to 1,7 to 2,5 times the rated/voltage and discharging it by a short-cirguit
between the terminals. The DC voltage level 'to be used in the test should be agrged
between customer and contractor.

¢ |Measurement of capacitance dependence on frequency and temperature
e |[Impregnant test

The component supplier should-propose tests to prove the adequacy of the chemical gnd
electrical characteristics of thé applied impregnant.

e | Verification of acoustic nojse

The contractor should\déemonstrate by analytical methods the expected total sound power
level in dB(A) for each capacitor bank at fundamental and harmonic voltages as given in
the electrical datalist.

e |Seismic qualification
To 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
capacitor banks.

11)3 . '*Reactors

11.3.1 General

The standard usually applied for specifying AC filter reactors is IEC 60076-6 [28] which
contalns a clause dealmg W|th fllter reactors —EH-Ft—th—Si—G-Hd—G—Fd—I—EEEStd—G%M—@—W—H—I—be—&H

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.


https://iecnorm.com/api/?name=e9612ebbec3faee8209d606fcee0ce21

IEC TR 62001-4:2021 RLV © IEC 2021 -73 -

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
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 hydrophaobic propertjes
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 clas$ F
(185 °C).

Dry-type air-core reactors do not have an iron core. Therefore, the magnetic field is pot
comstrained and will occupy the space around the reactor winding. Although.the magnetic fipld
requces in strength with increase in distance from the reactor, the(presence of this figld
should be taken into consideration for the installation of dry-type airzcore units. The exten{ to
whjch care has to be taken is largely a function of kVA and is lowen for low kVA units.

Uspally, the reactors are mounted on support insulators and.support structures. The reagon
for| providing support structures may be twofold, firstly’Mo supply safety clearance |[for
substation personnel to the equipment on high potential»and secondly to provide sufficient
magnetic clearances to the foundations on which the feactors are installed.

The dimensions of the electrical terminals ofithe reactor and the associated connectprs
should be kept as small as possible so as téravoid substantial eddy current loss due to the
mggnetic field of the reactor.

The support structure should be designed so as not to have shorted loops otherwise currepts
could be induced by the magnetic stray field of the reactor. Grounding of the support structure
should be accomplished without creating closed loops in the grounding system.

If pecessary, the winding-may be designed with intermediate tap positions for inductance
vaffiation in steps. Tap position setting is done off-circuit, by hand, without affecting the
regctor's main terminalconnections.

Usually, the filter_circuits would require the use of reactors with QO values at harmopic
frepuencies much lower than the "natural" reactor Q factor. This may be achieved [by
connecting _a<resistor in the circuit with the reactor to damp the filter response. Usually, the
reqistors are’/connected in parallel with the reactors. An alternative to the use of a resistor is
thg addition of a de-Q'ing structure on the reactor, which can reduce its Q factor. The de-Q'|ng
stricture typically consists of several coaxially arranged short-circuited metallic rings whjch
coliple with the main field of the reactor The induced currents in the closed rings dissipate
energy and thus lower the Q factor of the reactor.

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

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

Qqvatveof teactoratfurmdamentat-frequency

QO{value of reactor at rated harmonic frequencies

Tglerance on Q-value at fundamental frequency +%

Tqlerance on Q-value at rated harmonic frequency 2 +%

Cdrrent ratings:

Maximum continuous current, including harmonics A(RMS
Harmonic current spectrum P, steady state n/A(RM$)

Maximum temporary current, including harmonics A(RMS
Temporary harmonic current spectrum n/A(RM$)
Duration h

Currents for evaluation of sound power level n/A(RM$)
Maximum sound power level dB(A)

Transient current

Amplitude kA(peaK)
Time to crest us
Short-circuit current, thermal © kA(RMS)
Short-circuit current, mechadgieal © kA(peal)
Duration € s
Rated AC voltage (including harmonics) kV(RMS)

Lightning impulse withstand level (CIWL)

High voltage terminal\to’ ground kV
Low voltage terminal to ground kV
High voltage terminal to low voltage terminal kV

Switching impulsetwithstand level (SIWL)

High'wvoltage terminal to ground kV
Low voltage terminal to ground kV
High voltage terminal to low voltage terminal kV

AVV\I: aAC ¢+ toaolian toaroun d (B0 L=
pPrearrotesSortage e grothRaOouTr =6

P ATATE N R BTN Y l\ L
ooy y

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]-erEEE-Std-C57-16. Tests on support insulators,
where applicable, may be performed in accordance with IEC 60168 [27]. If the customers
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have additional specific 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.
e 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

frn—uunnnu ara of Lttla cianifinanan
CHotThCy—arCc— o T C—otgr i catcts

e |Seismic qualification

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

11]4 Resistors

11]4.1 General
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IEC TS 63014-1 [29] gives guidance with respect to both ratifig and testing of resistors since
thqg type of resistors applied in AC filters is usually dry-type, the following information referg to
dry-type resistors with air cooling by natural convection.

11)4.2 Design aspects

The resistors should be designed with negligible inductance and with low dependency| of
registance versus harmonic frequencies.

The resistors are made of wires (grid, type resistors), deployed metal sheets or cast matal
elgments. It is preferable to utilize active material with low variation of resistance Js.
temperature so as to minimize’ the variation of the filter characteristic with workjng
temperature at various loading.eonditions and ambient temperature.

Uspally, the resistor elements are mounted in an enclosure for protection against rain to avpid
evéntual harmful effects of rain water during any mode of operation. The enclosures shopld
be|designed so as(to ‘prevent the ingress of birds or other animals. Further they should [be
designed so as to.allow simple opening for maintenance. Depending on the environmental gite
comnditions, it<may be advisable to make the enclosures of stainless steel, or hot {ip
galvanized structural steel or corrosion resistant structural aluminium.

The enclosure should be electrically connected to one point of the resistor elements, typically
thg reSistor mid-point.

For the electrical insulation of resistor banks consisting of several series connected modules,
consideration should be given to the effects of non-linear transient voltage distribution. 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
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resistors requires the internal and external electrical connections of the resistors to be made

wit

h sufficient sag so as to avoid undue mechanical stress by thermal expansion.

The recommended intervals between internal inspections during maintenance should be
stated.

Usually, the resistor enclosures are mounted on support insulators to provide the necessary
electrical insulation to earth. The insulators may be mounted on a support structure for
providing safety clearance for substation personnel to the equipment on HV potential.

Depending on the electric scheme and the power rating of the resistors, they may sometinmes
belincorporated in the reactor. In this case, a protective cover on top of the reactor-windjng
may provide the necessary protection again rain water.
11]4.3 Electrical data
Taple 4 is a checklist of data which could be used by the contractornfor purchasing the
eqtipment or to inform the customer of the design parameters.
Table 4 — Electrical data for resistors
Resistor design parameter Unit
Rated harmonic frequency Hz
Rted resistance at rated current and frequency (at 20 °C ambient temperature) Q
Tqlerance on rated resistance @ +%
Maximum inductance at rated harmonic frequency uH
Cdrrent ratings
Maximum continuous current, including harmonics A(RMS
Harmonic current spectrum °, stéady state n/A(RM$)
Operating temperature at maximum continuous current, including harmonics °C
Maximum temporary current, including harmonics A(RMS
Temporary harmonic Current spectrum n/A(RM$)
Duration min
Operating tempeérature at maximum temporary current, including harmonics °C
Transient current ©
Amplitude kA(peal)
Time-to crest us
Energy kJ
Rated AC voltage (including harmonics) kV(RMS)
Lightning impulse withstand level (LIWL)
High voltage terminal to ground kV
Low voltage terminal to ground kV
High voltage terminal to low voltage terminal kV
Switching impulse withstand level (SIWL)
High voltage terminal to ground kV
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)

a

The specified tolerance should include manufacturing tolerance and resistance variation with ambient and

working temperature.

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

individual harmonic currents.

The resistor should endure the transient current after being permanently loaded with maximum continuous

current.
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11.4.4 Tests

In the absence of any standards for filter resistors, the following tests are suggested.

a) Routine tests

b)

Measurement of resistance

The resistance should be measured at power frequency and at rated harmo

nic

frequency. The measured resistance corrected to minimum and maximum working

Type tests

emperature snould pe within the speciltea tolerance Timits.

Power frequency voltage withstand test

This test is performed to check the insulation of the resistor elements to therenclosure.

For the purpose of this test, the electrical connections between enclosure and resis
elements if existing are removed and the test voltage is applied for ™ min betwe
resistor elements and enclosure. Since the high operating temperature inside
enclosure will impact the insulation performance, the test voltage.should be chosen
consider the effect of temperature, subject to agreement between customer &
contractor.

In case of resistors consisting of several series connected-resistor modules, the t

tor
en
he

to
nd

est

voltage per module is reduced according to the number ‘of series connected modules

by taking into account manufacturing tolerances.

The insulation should not suffer flashover during the‘test.

Measurement of inductance

The inductance should be measured <at power frequency and at rated harmo
frequency, with the resistor bank assembled as for service.

Temperature rise test

The test should be made with~thermally equivalent 50 Hz or 60 Hz current. If
resistance is independent from frequency within the range of specified harmonics th

nic

he
en

the test current is the .square root of the sum of the squares of the current| at
fundamental and harmenic’frequencies.
If the resistance varies with frequency then the calculation of the test current should|be
made according to Formula (20):
2 2 A
IRy =Ig" - Re + 3 Iy - Ry (gO)
n=2
where
A is the equivalent test current (50 Hz or 60 Hz);
I is the maximum continuous fundamental current;
Iy, is the maximum continuous n-th harmonic current;
R, is the AC resistance at test current frequency, corrected to maximum working
temperature;
RE is the AC resistance at fundamental frequency, corrected to maximum working
temperature;
Ry, is the AC resistance at n-th harmonic frequency, corrected to maximum working
temperature;
N is the highest specified harmonic.

If the test facilities available cannot permit the resistor to be subjected to rated current,

then the internal connections of the resistor may be reconfigured so that a power eq
to the rated power can be achieved.

ual


https://iecnorm.com/api/?name=e9612ebbec3faee8209d606fcee0ce21

- 78 - IEC TR 62001-4:2021 RLV © |IEC 2021

The test may be performed at any convenient ambient temperature. Loading of the
resistor with the test current should be maintained for at least 30 min after steady state
conditions are achieved. The temperature measured at the end of the test should be
corrected to maximum ambient temperature and should not exceed the expected
design temperature. The temperature of all resistor insulation (internal and, where
relevant, external) should also be measured to assess its withstand capability.

e Lightning impulse test

The test should be made with both negative and positive polarity applied to the high
voltage terminal with the low voltage terminal earthed. The wave form should be
standard Iighfning impulcn wave-1.2/50 IS Due to low resistance —shorter wave tails
may be acceptable. Since the high temperature of air inside the enclosure will imppct
the insulation performance, the contractor or his sub-contractor should verify the
impulse voltage performance at high temperature by suitable methods (either by tes{ or
by calculation) approved by the customer.

In case of resistors consisting of several series connected resistor| modules, the
impulse voltage test should preferably be performed on the complete resistor bank with
all modules connected in series. If this is not practicable due to laboratory limitatiops,
the impulse voltage test may be performed on a per module base. The contradtor
should demonstrate that the test voltage per module includes-a sufficient margin| to
account for the non-linearity of the transient voltage distribution of the resistor bank.

The insulation should not flash over during the test.
o Verification of short-circuit performance

The contractor or his sub-contractor should verify-by calculation and/or by test that the
resistor may withstand the mechanical and thérmal stresses imposed by the specifjed
transient current.

e Seismic qualification
To be performed by the contractor orhis sub-contractor, if applicable (see Clause 1Q).

11|5 Arresters
11)5.1 General

It s assumed that only gapless” metal-oxide surge arresters will be used for overvoltage
prqtection of the AC filters.

=

It |s recommended that the arresters comply with IEC 60099-4 [7], IEC 60099-5 [30] gnd
IEC 60099-9 [31].

The customereshould require the contractor to provide all surge arresters necessary for the
A( filter overvoltage protection, based on the minimum protective margins for the differgnt
trapsient overvoltages.

esters are usually connected to the AC filter bus and across specific filter componerts.

=< i DOTTE S - { C . O3 O I;' - ., ""
resistors all connected between the filter's high voltage capacitor and earth. The customer
should require the contractor to present the position of the arresters in the filter circuit and
their respective technical data in the arrester overvoltage protective scheme.

- U - ay UC iy a c U

The surge arresters should give consistent protection of their associated equipment against
overvoltages resulting from lightning or switching surges, any faults external to the AC filter
and other system disturbances.

The electrical data of the individual arresters such as rated voltage, continuous operating
voltage, protective characteristics and energy absorption capability should be indicated by the
contractor and confirmed by the contractor's system studies.
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11.5.2 Design aspects

The customers may or may not indicate a preference for arresters designed with housings
made of polymeric material.

The arrester may be of single-column or multi-column design.

The customers may require arrester accessories such as

arrester discharge counter and/or tele spark gap to record the number of arrester impu

Ise

filt

a)

b)

O
~

1

Ta
eq

It is not recommended to provide leakage current monitoring devices for arrestersyused in
¥

discharges (Tilter energization should usually not aclivate the discharge counters), and

leakage current device to monitor the arrester leakage current.

rs for the following reasons.

Modern arresters made with state-of-the-art technology do not usually“require leaks
current monitoring.

Leakage current is of low significance for arresters connected _across filter compone
when the arrester's actual continuous operating voltage is low, compared to its maxim
operating voltage.

High level of harmonics in the arrester's operating voltagé may lead the erratic results
leakage current monitoring.

5.3 Electrical data

ple 5 is a checklist of data which could be Used by the contractor for purchasing
Llipment or to inform the customers of the design parameters.

AC
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Table 5 — Electrical data for arresters

Arrester design parameter Unit

Continuous operating voltage @ kV(RMS)

Harmonic voltage spectrum P, steady state n/kV(RMS)
Rated voltage U, kV(RMS)
Nominal discharge current (8/20 pus) kA
High current impulse (4/10 ps) kA
Ldng auration current impulse (Z ms) A
Lipe discharge class
Maximum energy absorption capability (thermal) © kJ
Ré¢ference voltage kV(peak/2)
Ré¢ference current mA(peakl)

Tglerance on sharing of reference current between columns of multi-column arresters or between
arfesters intended for parallel operation

Ré¢sidual voltage at nominal discharge current kV
Ré¢sidual voltage at 0,5 kA (30/60 us) kV
Lightning impulse withstand level of arrester housing kV
Pressure relief capability kA(RMS

Lightning impulse withstand level (LIWL)

High voltage terminal to ground kV

Low voltage terminal to ground kV

Switching impulse withstand level (SIWL)

High voltage terminal to ground kV
Low voltage terminal to ground kV
Applied AC test voltage to ground (50 Hz o680 Hz, 1 min) kV(RMS

a The continuous operating voltage(tj, is the maximum permissible RMS value of power frequency voltad
including harmonics, that may_be ‘applied continuously between the arrester terminals.

o

The harmonic voltage spectrum is specified in terms of the order number and the RMS value of the
individual harmonic voltages:

¢ The value to be spetified refers to the total energy absorbed by the arrester at two long duration currgnt
impulses according to*[EC 60099-4.

11]5.4 Arrésters: tests

Unless otherwise stated, routine tests and type tests should be performed in accordance with
thg relevant clauses of1EC-60099-4 IEC 60099-9 [31]. Tests on support insulators, where
applicable, may be performed in accordance with IEC 60168 [27]. If the customer has
additional specific requirements for special or "other" tests and for verification of equipment
performance, then these should be stated.

11.6 Instrument transformers
11.6.1 Voltage transformers

The customer may require the contractor to provide inductive voltage transformers connected
in parallel to the AC filter capacitors. The main purpose of such voltage transformers is to
rapidly discharge the capacitors (usually in less than 0,5 s rather than around 5 min achieved
with the capacitor discharge resistors) after the filter has been switched off. This is
accomplished by the voltage transformers becoming saturated during discharge resulting in
considerable discharge current (up to about 15 A peak), whereas during normal operation the
current of the primary winding is typically less than 2 mA and the impact on the dissipation
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factor of the capacitor bank by the voltage transformers is negligible. The advantage of fast
capacitor discharge is to alleviate the voltage stress across the open filter bank breaker, and
to permit rapid re-energization of the filter without overstressing its components.

The voltage transformers for this particular application are designed to comply with the
thermal and mechanical stresses imposed by the discharge of the filter capacitors through the
voltage transformer. However, the standard applicable for inductive voltage transformers,
IEC 61869-3 [17], does not fully cover this application. It is therefore advisable that the
contractor and customer agree on an equipment specification including discharge
requirements described by the discharge energy and duty cycle and specifying details how to
prgvethedischarge withstarmdcapabitity of thevottagetransformer:

Vo|tage transformers connected to the converter bus, used for overvoltage and unbalance
pratection of the converter station as well as for providing the voltage signal for the\conveiter
control, are considered to be external to the AC filter equipment and are (therefore pot
discussed in this document.

11/6.2 Current transformers
11/6.2.1 General

The current transformers of the AC filters are part of the filter pretection system as descrihed
in Clause 8.

Current transformers for short-circuit current and overcurrent protection of a complete filter
cirguit are usually arranged at the filter bank feeder gr’at the earth side of the concerned filter
cirguit. For unbalance protection, they are arrangedin the bridge arm of parallel branches. For
prqtection of individual components, current transformers may be connected in series with
specific filter components.

IEC 61869-2 [16] is applicable for specifying current transformers for AC filters.

11]6.2.2 Design aspects

comstruction may be either.!live-tank (head) type, or dead-tank (hairpin or eyebolt) type.
Reference [32] provides(information on the design, construction, monitoring and quality
assurance of oil insulated.instrument transformers.

CU{rent transformers at the feeder side are usually of oil insulated design. The type| of

The customers (may specify requirements on the transient performance of currgnt
trapsformers. For-example, it may be required that a current transformer is of low reactarjce
(low leakage flux) design. In this case, the assessment of the transient performance of a
cufrent trabsformer can be simply made by measurement of the voltage/current characteristic
at pecondary winding, with the primary winding open. If the transformer is not a low reactance
desgign,-then a direct measurement of accuracy should be made at the accuracy limit current
(special test). This is a major problem since the test current can be very high and such test
sets are very uncommon. For further details, reference is made to IEC 61869-2 [16].

The customer may specify minimum requirements for the creepage distance of the insulators
and for cantilever load.

Earth side transformers are commonly designed with solid insulation.

The current transformers may be mounted on a support structure for providing safety
clearance for substation personnel to the equipment on HV potential.
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11.6.2.3 Current transformers: Electrical data

Table 6 is a checklist of data which could be used by the contractor for purchasing the
equipment or to inform the customer of the design parameters.

Table 6 — Electrical data for current transformers

Current transformer design parameter Unit
Rated frequency Hz
Highest voltage for equipment kV(RMS)
Cuirrent ratings
Primary winding
Maximum continuous thermal current A(RMS)
Harmonic current spectrum 2 n/A(RME)
Short time current rating A(RMS)
Harmonic current spectrum 2 n/A(RME)
Duration ms
Transient current rating kA(peak)
Time to crest us
Secondary winding A(RMS))
Maximum continuous thermal current A(RMS)
Core details
Measuring cores
Number of cores
Turns ratio
Rated burden VA
Accuracy class
Instrument security factor (FS)
Protection cores
Number of cores
Turns ratio
Rated burden VA
Protection class'’
Accuracy limit factor
Inpulation requirements_fo~earth
Power withstand voltage (1 min)
Rrimary winding (wet, if applicable) kV(RM$)
Secondary winding kV(RM$)
Lightning impulse withstand level of primary winding kV
Switching impulse withstand level of primary winding (if applicable to the voltage class) kV
a The har.monic current sp“ectrum is ‘s.peE:i‘fied in t‘erfns of the order number and the RMS value of the individyal
ndarmornic CUTTerts, usudily 1Mot dpplicdiie 10 unodidrice trdnsiorimers.
b See IEC 61869-2 [16]. Further data may be required depending on the specified protection class.

11.6.2.4 Tests

Unless otherwise stated, routine tests and type tests should be performed in accordance with
the relevant clauses of IEC 61869-2 [16]. Tests on support insulators, where applicable, may
be performed in accordance with IEC 60168 [27]. If the customer has additional specific
requirements for special or "other" tests and for verification of equipment performance then
these should be stated.
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Such requirements may include, for example, the following.

o Verification of transient current capability

The contractor or his sub-contractor should verify by calculation that the transformer will
withstand the mechanical and thermal stresses imposed by the specified transient current.

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

11.7 Filter switching equipment

11|7.1 Filterswitching-equipment:Introduction General

The switching of filter banks in general and those for HVDC systems in particular have pot
specifically been covered by any standard to date. The number of different) situatiops,
cufrents, superimposed frequencies and possible recovery voltages is difficult\to) bring under
genheral rules for worst conditions. In general, the system stresses in normal ‘Operation gnd
fadlt circumstances have to be determined during dedicated system studies, which normally
form an important part of an HVDC project. The results of those studies will reveal if {he
stresses on the filter breakers will be covered by existing standards or if additiopal
requirements are necessary.

As| explained earlier, AC filters are bi-functional: filtering harmonics and providing reactive
poyer. Therefore, the duties and stresses of filter and capacitor bank switching equipmgnt
show many similarities. Due to the relatively high valuge of the inductance present in filter
bapks, the amplitude of inrush currents will be mitigated-and frequencies of transients will|be
lower. On the other hand, it should be realized that,these relatively high inductances colld
caxse overvoltages under (fault) conditions withDavhigh rate of rise of the current. These
overvoltages form part of the insulation co-ordination of the HVDC station.

Fol the above-mentioned reasons, the listed design aspects in 11.7.2 will be approached
quglitatively. They should be considered’ as the main relevant items and as a guide|in
spécifying filter switching equipment.

If applicable, two types of swit¢hing equipment could be distinguished: circuit breakers gnd
H\| (load) switches. The latter will be referred to as "switch" hereafter. For economigal
regsons, the application ef\load switches could be considered in filter branches and sub-
banks. The most significant difference with circuit breakers is the capability of the latter| to
brgak short-circuit cufrrents, whereas a (load) switch can only break load currents apd,
ocgasionally, a limited+value of short-circuit current, if specified. In general, the above impljes
thg need for a circuit breaker in order to protect the bank as a whole against short-cirguit
fallts. The consideration whether to apply breakers or switches depends, amongst others,|on
ecpnomics, the-particular HYDC scheme and operational requirements.

Other switching equipment installed in filter banks, not primarily intended to switch currents,
tches, in general, do not need special requirements ot

this document.

11.7.2 Design aspects
11.7.2.1 General

Subclauses 11.7.2.2 to 11.7.2.4 are general aspects, 11.7.2.5 to 11.7.2.10 are more specific
for breakers and switches in filters.
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11.7.2.2 Existing international standards

There are two main international references dealing with circuit breakers, including test
requirements for capacitive switching: IEC 62271-100 [33] and the ANSI/IEEE C37 series
[34]. For HV switches, IEC 62271-104 [35] could be applied. However, the standards do not
cover the requirements of AC filter bank switching. Therefore, installing an IEC/ANSI tested
breaker does not necessarily ensure a good working, trouble-free installation.

11.7.2.3 Environmental conditions

rs,
nd

pollution (see IEC TR 62001-1 [1]) and seismic requirements (Clause 10 above).

11]7.2.4 System parameters

Important AC system parameters, in relation with the present case, are:

e |nominal system voltage, voltage range and special voltage requirements beyond the limits
of the steady state range, as mentioned in IEC TR 62001-1 [1]; any _temporary overvoltgge
conditions under which the filter should be disconnected should also be specified;

¢ |nominal power frequency;

e |[short-circuit power level;

e |duration of short circuit;

¢ [system earthing;

e |existence of other parallel connected capacitorand filter banks;
e |the ratio of X/R;

e |insulation levels.

HVDC system parameters are important as well since the Thévenin equivalent to which the

brgaker or switch is connected together with the filter bank is also dependent on the HVPC
converter, with control characteristics playing a role in the load rejection behaviour, etc.

11]7.2.5 Continuous current

The continuous current.consists of a superposition of the reactive current at power frequency
angl the harmonic currents. The filter in question is drawn from the AC system under|all
specified conditians=”In general, this load current will have a relatively low rated value|as
cofpared to bhréakers/switches in the main power circuit. However, it should be realized that,
due to the mentioned super-imposed current harmonics, more zero-crossings than those que
to the fundamental frequency alone could occur. Their occurrence is relevant to the current
brgakingscapacity in normal operating conditions. It is recommendable to specify the specjfic
purpose-of the breaker/switch explicitly.

11.7.2.6  Short-circuit current of the circuit breaker

The rated short-circuit capability should be at least equal to the system short-circuit level as
defined in 11.7.2.4 and should take into account future development.

If a short circuit occurs at the connections between the breaker and filter, full short-circuit
current has to be interrupted by the circuit breaker. In case of faults, such as flashovers,
inside the filter branch, the fault current through the breaker will be more or less reduced by
the remaining filter impedance, depending on the location of the fault.

A switch will be able to carry the short-circuit current for only a limited time; however, as
noted in 11.7.1, a limited short-circuit breaking capability might be available.
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11.

7.2.7 Switching duties and sequences

Depending on the particular station scheme, and due to operating conditions, such as fault
recovery strategies, switching duties and sequences of a circuit breaker different from those
specified in standards are possible. It is recommended to specify such duties.

In some exceptional cases, a fault inside the filter bank can occur during switching of normal
load current. This case, though rare, causes an extra stress and therefore could be specified

as

a special duty of the breaker.

Th
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11

Due to the relatively high number of switching operations, which are, in_general, norr
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ning operating sequence.

7.2.8 Dielectric withstand of the arcing medium

ctice in HVDC-stations, it is recommended to require the breakers to‘have the low
bsible restrike-probability. Restrikes, occurring during switching operations of filter (3
bacitor) banks, can cause high overvoltages with relatively ~high frequencies. T
currence of restrikes is strongly dependent on the moment of contact separation related
next current-zero and the design of the breaker. In IECB0056 [37], breakers w
sumed to be restrike free after (only) a limited number of tests\without restrike. However
[ 62271-100 [33] (revision of IEC 60056), distinction has been made between breakers w
and very low expected restrike probability, even after @<higher number of tests compa
h IEC 60056 [37].

7.2.9 Number of switching operations
s criterion is important for the following two.reasons.

Depending on the scheme, operating(strategies, number of capacitor and filter ban
(very) frequent switching may be narmal practice. This imposes high mechanical stresg
on the breaker/switch and, thereforg, it is recommended to give due consideration to f{
aspect. In such cases, special-purpose switchgear could be considered.

In case of a high number of‘switching operations, the probability of unfavourable arc
times will increase and with*this, the probability of restrikes. In general, short arcing tin
tend to be more unfavourable than longer ones.

7.2.10 (Transient)\recovery voltage (TRV)
b current interruption capability of switching equipment is highly dependent on
nsient) recovery voltage across the contacts after arc extinction. First of all, this voltage

pendent on“the earthing of the neutrals of the AC system and the filter bank. The latte
nerally earthed.

p.r€levance of the TRV-criterion in relation with HVDC is, in particular, determined by

P rated switching duty of a load switch, In general, IS limited to an opening and closihng-
s

es
his

ng
es

the value of the TOV at load rejection (blocking of the converter),

the strength/weakness of the AC system after recovery from a short-circuit or commutation

failure,

possible saturation of the converter transformers during fault recovery,
resonances with the AC system impedance during fault recovery,

rate of discharge of the capacitor bank,

switching strategies of other filter breakers in parallel,

harmonics due to filter bank currents,

AC filter arresters, and
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AC bus arresters.

A sustained DC voltage across an opened breaker can influence the voltage withstand
capability of some breaker types. Therefore, it is recommended to specify the discharge time
constant of the filter banks. The discharge is dependent on the value of discharge resistors
and the presence of (inductive) PTs.

System studies should prove if the TRV-stresses will exceed those specified in IEC and or
ANSI/IEEE. In that case, additional tests are recommended.
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an alternative, a breaker with a higher rating than the system voltage could be considers

7.2.11 Making current

er closing on a filter bank, an inrush current will flow. The current is limited\by the fi
ctor. The inrush current from capacitor banks depends on the damping leffects of

d/or filters, which are switched separately, may cause problems withCvery high unbalan
rents during switching. When one bank is switched on, all theothers already on-l
charge into the newly energized bank. The possibly very high transient current is damg
y by the impedances in the discharging circuit.

h regard to the making current, the following should be borne in mind.

When closing on a filter bank, prestrikes are probableyThe amplitude and frequency of
subsequent inrush current will be determined by/the parameters of the filter itself,
station configuration, the other banks actuallysconnected to the bus and the AC systqg
During a prestrike, the inrush current will flow through the not yet closed contacts and
arcing medium for a certain time. Some types of breakers/switches could be sensitivel
this phenomenon.

Inrush currents can cause overvoltages, the amplitude and frequency of which
determined by the above-mentioned-parameters and the moment of prestrike.

Attention should also be paid tothe transients in the AC system occurring when closing
a bank with (partly) charged ¢apacitors.

In order to meet the requirements, the contractor could choose, if necessary, differ
means to limit inrush currents and overvoltages at closing of the breaker. These consis
the application of "resistors or inductors or synchronous closing schemes. W
synchronized switching, the circuit breaker closes at a optimal instant and thus inru
current and component stresses will be minimized. The performance of synchrong
closing schemes is affected by the properties of the circuit breaker itself and the con
interface,~Since the breaker has to close around zero voltage, sufficient margin has to
allowed~for variations in voltage amplitude, system frequency, and the presence
harmenic distortion. Further, the closing accuracy will be affected by the stability of
clesing time of the breaker and closing order of the control interface and measuring errg

ter
he

bctive source impedance. The parallel operation of two or more shunt“capacitor banks
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he
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Breakers/switches should be capable of making a specified shorf-circuit current wh

en

closing on a short circuit.

11.7.3 Electrical data

Table 7 is a checklist of data which could be used by the contractor for purchasing the
equipment or to inform the customer of the design parameters.
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Table 7 — Electrical data for filter switching equipment

Filter switching equipment parameter Unit

Rated voltage kV(RMS)
Rated frequency Hz
Rated normal current A(RMS)
Insulation level to earth and across open switching device

Rated AC voltage kV(RMS)

gttt mputsewithstandtevet kv

Switching impulse withstand level (for rated voltage > 300 kV) kV
Rated short-time withstand current kA(RMS)
Rated peak withstand current kA
Rated duration of short-circuit s
Rated short-circuit breaking current kA(RMS)
Rated transient recovery voltage for terminal faults @
Rated short-circuit making current kA(peak)
Rated operating sequence
Rated single capacitor bank breaking current A(RMS)
Rfted back-to-back capacitor bank breaking current A(RMS)
Maximum permissible switching overvoltage when switching capaciter banks kV
Rated supply voltage of closing and opening devices and of auxiliary circuits Voe o Vaus
Rated supply frequency of closing and opening devices and of auxiliary circuits Hz
Rated pressures of compressed gas supply for operation-and for interruption MPa
Maximum deviation from closing time (if synchronols switching is used) ms

[

Determined by several parameters — see IE€.62271-100.

11]7.4 Test requirements

Type tests performed in accordance with IEC and/or ANSI/IEEE may not always cover the real
stresses of the present case. CIGRE WG 13.04 prepared a document [38] on shunt capacitor
swjtching. There aresseveral documents on shunt capacitor switching — CIGRE WG 1304
[39]; CIGRE TB 84%_[39], and IEC 62271 series [36]. As stated earlier, some of the stresses
on|breakers, in.this case in HVDC stations, can exceed those specified in standards. I{ is
thgrefore recommended to evaluate carefully the relevant criteria and compare the resulty of
system studi€s with those in the standards. Additional requirements may be necessary.

These in/particular refer to

e Tthe required number of switching operations in field conditions with regard to mechanical
load and probability of restrike,

e switching duties and sequences, and

¢ TRV-components, especially in relation with TOV-conditions in fault or special conditions.

The defined requirements in IEC and ANSI/IEEE regarding capacitive switching offer various
possibilities for test circuits, test duties and test voltages to be chosen.

Because of the station scheme, operating strategies, specified fault conditions and AC system
parameters, the test requirements of the breaker/switch should reflect as closely as possible
the actual situation.


https://iecnorm.com/api/?name=e9612ebbec3faee8209d606fcee0ce21

- 88 — IEC TR 62001-4:2021 RLV © |IEC 2021

If applicable, the accuracy of synchronous switching in relation to the affecting factors,
mentioned in 11.7.2.11, should be verified by laboratory tests or otherwise by specific
commissioning tests under real operating conditions. The test conditions should take account
of influencing factors such as ageing, environmental conditions and the number of previous
switching operations.
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Annex A
(informative)

Example of seismic response spectra (from IEEE Std 693-2005)
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Figure A.1 — Seismic response spectra
The above response_spectra Figure A.1 are derived by the empirical formula:

_(3,21-0,68-In(D))

g 2,1156

whpre

D is the percentage of critical damping expressed as 2, 5, 10, etc.

The factor g in this formula has no physical meaning. It is used to calculate the value of the
acceleration (in units of g) by the following:

0 Hz to 1,1 Hz 0,5724f
1,1 Hz to 8 Hz 0,6254
8 Hz to 33 Hz (6,63 — 2,64)/f— 0,23 + 0,33

33 Hz and over 0,25
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Part 4: Equipment

FOREWORD

The International Electrotechnical Commission (IEC) is a worldwide organization for standardization comprig
all national electrotechnical committees (IEC National Committees). The object of IEC" is to prom
international co-operation on all questions concerning standardization in the electrical and’electronic fields
this end and in addition to other activities, IEC publishes International Standards,Jechnical Specificatig
[Technical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred to as
Publication(s)”). Their preparation is entrusted to technical committees; any IEC_National Committee interes
in the subject dealt with may participate in this preparatory work. International, governmental and r
lgovernmental organizations liaising with the IEC also participate in this préparation. IEC collaborates clo
with the International Organization for Standardization (ISO) in accordance with conditions determined
agreement between the two organizations.

The formal decisions or agreements of IEC on technical matters express, as nearly as possible, an internatig
consensus of opinion on the relevant subjects since each techhical committee has representation from
interested IEC National Committees.

IEC Publications have the form of recommendations for international use and are accepted by IEC Natig
Committees in that sense. While all reasonable efforts afte\made to ensure that the technical content of
Publications is accurate, IEC cannot be held responsible for the way in which they are used or for
misinterpretation by any end user.

In order to promote international uniformity, IEC>National Committees undertake to apply IEC Publicati
transparently to the maximum extent possible(in™ their national and regional publications. Any diverge
between any IEC Publication and the corresponding national or regional publication shall be clearly indicate
the latter.

IEC itself does not provide any attestation of conformity. Independent certification bodies provide confory
assessment services and, in some_areas, access to IEC marks of conformity. IEC is not responsible for
services carried out by independent certification bodies.

All users should ensure that they. have the latest edition of this publication.

No liability shall attach to IEC/or its directors, employees, servants or agents including individual experts
members of its technical committees and IEC National Committees for any personal injury, property damag
other damage of any<nature whatsoever, whether direct or indirect, or for costs (including legal fees)
lexpenses arising out Jof the publication, use of, or reliance upon, this IEC Publication or any other
Publications.

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

Attentionis/drawn to the possibility that some of the elements of this IEC Publication may be the subjec]
patent rights. IEC shall not be held responsible for identifying any or all such patent rights.
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L TR 62001-4 has been prepared by subcommittee 22F: Power electronics for electri

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)
b)

general updating of the document to reflect changes in practice;
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.
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ist of all parts in the IEC TR 62001 series, published under the general titte-High-volt3
bct current (HVDC) systems — Guidance to the specification and design\evaluation of
brs, can be found on the IEC website.

e committee has decided that the contents of this document will remain unchanged until
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pcific document. At this date, the document will be
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INTRODUCTION
The IEC TR 62001 series is structured in five parts:
IEC TR 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

an | ctictomar cnanifind Aoramatare and raa A ANnte
PO StoOTTTICTopP e rme T parartioctCro ot ro Qo CTeTtos

IEC TR 62001-2 — Performance
This part deals with current-based interference criteria, field measurements andVerification
IEC TR 62001-3 — Modelling

Thls part addresses the harmonic interaction across converters, pre-existing harmonics, AC
nefwork impedance modelling, simulation of AC filter performance:

IEC TR 62001-4 — Equipment

Thi|s part concerns steady-state and transient ratings(of AC filters and their componerts,
poyer losses, audible noise, design issues and special applications, filter protection, seismic
requirements, equipment design and test parameters.

IEC TR 62001-5 — AC side harmonics and apprepriate harmonic limits for HVYDC systems with
voltage sourced converters (VSC)

Thls part concerns specific issues of>AC filter design related to high-voltage direct current
(V$C) systems with voltage sourced\converters (HVDC).
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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 part of IEC TR 62001, which is a Technical Report, provides guidance on the basic data
of AC side filters for high-voltage direct current (HVDC) systems and their components sych
as| ratings, power losses, design issues and special applications, protection, seismic
requirements, equipment design and test parameters.

Th|s document covers AC side filtering for the frequency range aof\interest in terms| of
harmonic distortion and audible frequency disturbances. It excludes/ filters designed to |be
effective in the power line carrier (PLC) and radio interference spectra.

It Joncerns the conventional AC filter technology and LCC (lihercommutated converter) HVPC
buf much of this applies to any filter equipment for VSC (voltage sourced converter) HVDC.

2 | Normative references

There are no normative references in this document.

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

ISO and IEC maintain terminoglogical databases for use in standardization at the followjng
adgiresses:

¢ |ISO Online browsing: platform: available at https://www.iso.org/obp

e |IEC Electropedia:“available at http://www.electropedia.org/
4 | Steady‘state rating

4.1 General

The—eatettation—of—the—steady—state—ratings—of—the—harmonic—fiter—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.
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NOJFE 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 components,
contribution from the HVDC converter and the contribution from the AC supply network.

Usjng the principle of superposition, Formula (1) and Formula (2) can be used to evaluate
contribution to the harmonic filter current of order n from‘these two sources.

a) |[HVDC converter:

i ZSn

I, =&—="—.]
" ZSn + an o

where

I, is the filter harmonic current from the converter;
I, is the converter harmonic current;

I, is the system hanmonic current;

Z
Z

. is the filter harmonic impedance;

s, I8 the netwiork harmonic impedance.

b) | AC supply agtwork:

i Uon
= o
ZSn +an

where
I, is the filter harmonic current from the system;
U,, Iis the existing system harmonic voltage.

The definition of network impedance is described in 4.5.

he

he

(2)

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

The pre-existing system harmonic voltage, as discussed in 4.2.2.

Th
tol
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that different values of Zg, can be defined for the calculation of 7, and Iii;
how the pre-existing harmonic distortion is specified (see 4.2.3).

depending|on

n’

e harmonic impedance of the filter (Z;) needs to take account of the deé:tuning gnd
brance factors discussed in 4.4.

he case of an HVDC link connecting two AC systems of different fundamental frequencips,
 particularly if the link is a back-to-back station, both converters may,generate currentsfon
ir AC sides at frequencies other than harmonics of the fundamental. The fundamerntal
huencies may either be nominally different, for example 50-Hz"and 60 Hz, or may |be
minally identical but differ at times by up to 1 Hz or 2 Hz: This additional generated

disftortion (interharmonics) will be at frequencies which are harmonics of the fundamental

fre
mg

a)
b)

Th
int

4.2

It

ing
no
20
ad

nquency of the remote AC system, and will be transferréd, across the link. Interharmoniics
y give rise to specific problems not found with true harmonics, such as

interference with ripple control systems, and

light flicker due to the low frequency amplitude modulation caused by the beating of a
harmonic frequency with an adjacent interharmonic.

EXAMPLE A 10 Hz flicker due to the interaction’of a 650 Hz 13" harmonic of a 50 Hz system with 660 Hz
11" harmonic penetration from a 60 Hz system,

b effect of interharmonics (see IECJTR 62001-1 [1]), although small, should also be taken
b account in the calculation of filter component rating.

.2 AC system pre-existing harmonics

s important that the- effects of pre-existing harmonic distortion on the AC system are
luded in the filter rating calculations. In many early HVDC projects this was accommodaged
by direct calculation as shown in 4.2.1 but by creating an arbitrary margin of a 10 %| to
% increase in\.converter harmonic currents (/;,). However, such an approach may pot
bquately reflect the low order harmonic distortion (typically 3, 5t and 7th) which exists|on

magny power.systems. As modern converter stations produce only small amounts of such low

ord
po

er harmonics, a simple enhancement of the magnitude may not adequately reflect their
ential ;eontribution to filter ratings.

To
for

model a multiplicity of harmonic current sources in a detailed network model is impractical
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

dis
ma

tortion at the filter busbar, i.e. the level of distortion prior to connection of the filters. The
gnitude 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

dis

tortion levels.

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

exi

1

sting harmonics.

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.

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

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

Li

m4ggnitude that linear addition would significantly affect the current rating of the components.
Otherwise, if in practice the two sources were in phase for a period of time, the filter could {rip
on|overcurrent protection. If linear addition is to be used, caré should be taken to ensure that
thg conditions under which the two currents are calculated are consistent, i.e. the calculated
cufrents can occur simultaneously in practice.

%ear addition should be considered for any pre-existing individual harmonic of such

4.2.4 Equipment rating calculations
4.2.4.1 General

The total filter current is derived as in 4:2.3 for each harmonic order of significant magnituge.
Trgditionally for LCC HVDC systems, dhe maximum harmonic order was generally taken as|49
or [50. However with the increasing\ prevalence of high power electronic equipment, higher
values of the maximum harmoni¢_order may be considered. For LCC it is important that this
rarijge is covered to ensure that any resonance conditions between the filters and the AC
nefwork and between different-filters are inherently considered.

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

4.2.4.2 Capacitors

Frgm the:spectrum of currents in the capacitor bank (I;,), the total RSS current can [be

calculated as
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
opimons—its ot possibteto—give a ctlear Tecommendation trere.Varifous approaches_are
disicussed below. All have been used successfully in practice on different HVDC schemes-

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

n=N
Un= Z Tten - Xton (5)
n=1
where
Xid,  is the harmonic impedance of order n of the capacitor (bank.

However, such an evaluation, especially when based on _simultaneous resonance between the
filters and the AC system at all harmonics, is overly-pessimistic, as it assumes that|all
hafmonics are in phase, and will result in an expensive capacitor design.

A more realistic method is to use Formula (5)\but to assume that only a limited number of
hafmonics are considered to be in resonance (e.g. the two largest contributions) and all other
hafmonics are evaluated against an open=cCircuit system or fixed impedance. However, this
mdthod still assumes that all harmonics_are in phase, which will not be the case in practice.

In |a further approach, all harmonics are assumed to be in resonance, but Formula (5) is
mdgdified such that only the fundamental and largest harmonic components are summed
arithmetically. All other harmenic components of voltage are summed on an RSS basis gnd
adgled arithmetically to the-sum of fundamental and largest harmonic components to evalugte
U,{- This "quasi-quadratic"-summation thus takes account of the natural phase angle divergity
befween individual harmonic components:

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

Whr:re

U»] ;D thc fulldalllUlltd: bUIIIPUIIUIIt,

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.

Un=""10-11) (8)

However, the value of Uy calculated from Formula (8) should be at leastCequal to the
magximum fundamental frequency voltage on the capacitor bank. If this is not the case, then
thg assigned Uy should be the maximum fundamental frequency voltage.

NOJ'E In the above definitions, U, is used to denote a harmonic component (» = 1 toyN) and U, is used to derfote
the|capacitor bank rated voltage (as per IEC 60871-1 [5]).

WHen low voltage capacitor banks are installed in filters, fof\example in double or triple
freguency filters, the rated voltages calculated as above may(not be suitable. For such banks,
thg rated voltage may have to be increased to ensure.thiat the banks can withstand the
trapsient stresses, as discussed in 5.4.

Fregm the spectrum of harmonic currents, the equivalent "thermal" reactive power rating of the
capacitor (single phase) can be calculated as

HEN 9
O = Z Itey”™ - Xtcn 9)

n=1

The reactive power rating of the.Capacitor (single phase) is based on rated voltage (Uy) gnd
furldamental frequency impedance (X;.¢) as

2

Due to the arithmetic or "quasi-quadratic” addition of harmonic voltages in Formula (14), D'
normally exceeds Q.. However, in cases where the harmonic currents are large in comparigon
with the fundamental current, Q. can exceed Q.. In such cases, an increased rated voltgge
mgy need to be specified such that Q' = Q.. In practice, this may be dealt with by specifyjng
thg magnitudes of the most significant individual 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

n=N

U=3 (- Xr1n)? (13)

n=1

Dufing routine switching and when the filter is subjected to fast-fronted surges; very hjgh
trapsient stresses can appear across the reactors. These need to be allowed forin the reagtor
design and hence included in the equipment specification.

4.2.4.4 Resistors

The thermal current loading can be expressed from the harmonig‘current (/) spectrum as

I = nle 2 N4
r= Z frn ( )
n=1

The power rating of the resistor is therefore

n=N 2
B= |3 1,2 R (15)
n=1

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

n=N
Uy = (Ifrn * Ry,
1

)2 (f16)

n

This figure, U,, should become the basis for the determination of the creepage distance [for
redistor-internal support insulation (see also 4.2.5). Although the choice of an arithmetic
summation of fundamental and harmonic voltages appears to be unduly pessimistic and| in
conflict with the general approach to insulator creepage distances, the internal insulators are
subjected to unusual operating conditions. The effects of atmospheric pollution can result in
significant 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.

Hofwever, it would be unduly pessimisiic i these voltages become the basis for the calculafjon
of external insulation creepage distances. The voltage to be used for the calculation ,of-tqtal
crgepage distance should be the quadratic sum of the steady state fundamental and ©armopic
voltages. Thus different external creepage distances would be evaluated at various, locatigns
within a filter with graded insulation.

4.3 AC network conditions

Filler equipment should be rated for operation at the steady state yoltage range of the AC
system, typically 0,95 p.u. to 1,05 p.u. of nominal on an EHV systetn,‘for voltage excursians
in ¢xcess of this value, the time duration of the overvoltage should’be specified.

4.4 De-tuning effects

Tol|ensure that filter equipment rating is sufficient to withstand lifetime operation, the followjng
fagtors need to be considered.

e |Equipment tolerances: The extreme guaranteéd range of tolerances should be used [for
rating studies. Unlike other effects considered here which are subject to cyclic variatipn,
any effects due to manufacturing tolerance ‘will persist for the equipment’s lifetime.

e |Frequency variation: Whereas normaltanticipated frequency variations should be used [for
performance, extreme variations-ishould be considered for rating. These extreme
conditions may be specified as\continuous or for specific time periods. The former Will
define continuous ratings whereas the latter will define short time overloads.

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

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

e [Capactitor unit failure detection schemes normally have three set levels: alarm only (15t
stage), alarm plus impending timed trip (29 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 Eome cases, the zero sequence impedance of the system may be required to evaluate {he
voltage unbalance on the converter bus following un-symmetrical faults, such as a.ling| to
eafrth fault. The resultant negative sequence voltage component is used for the plrpose| of
short time (0,1 s to 1,5 s, depending on line protection philosophy and auto-reclose.featurgs)
rating of low order, mainly 3", harmonic filters.

4.4 Outages

Filler equipment is rated to withstand the increased harmonic loading-which will occur when a
defined number of filters are out of service. The specific outage reguirement will vary from
praject to project and will depend upon the number of filters available and the level of power
trapsfer required. Typically, the outage of one switched filter or filter group should not resulj in
an|overload of the remaining filters or the need to reduce power transfer. In the event of qne
filter or filter group being out of service for maintenance and-va trip occurring on a second filter
or [filter group, the converter control system will typically: reduce DC power to prevent filter
ovtrload and hence cascade filter trips. The specification should clearly define the customer's
specific outage requirement criteria to be followed-by)the contractors in the preparation of the
prgposal.

In f[order to avoid the costs associated with installing redundant filters, or rating filter
eqbipment for filter outages, the customer:may choose to allow a reduction of transmitted PC
poyer to avoid filter overload. Such a.strategy can have a significant effect in reducing filter
costs, especially in relatively low power schemes where the number of installed filters| is
smiall.

In |cases where switched filters are used as part of the reactive power control, the 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 filters will
experience transient stresses due to a wide variety of disturbances. These conditions Will
need<to be investigated to ensure that the capability of the equipment is sufficient| to
accommodate the superimposed transient auty:

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
stqted together with details of any auto-reclose schemes that operate on the supply networK.

Although the transient studies will be performed and reported at the contract stage, the bidder
will need to perform a few studies at the tender stage in order to cost the station ‘equipmgnt.
These studies are required to establish equipment insulation levels and surge arfester ratinpgs.
The extent of any such studies should be at the bidder’s discretion.

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

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

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

5.2 Switching impulse studies
5.2.1 Energization and switching

Fol each type of filter available in the HVDC scheme, initial energization studies need to|be
pefformed to establish maximum levels of overcurrent, overvoltage and energy. Point-pn-
wape studies will establish worst-case conditions based on energization from the highpst
redlistic system voltage. However;, in more complex filter configurations, the same point-pn-
waje may not establish worst-case conditions for individual items of equipment. These
studies may also establish thé,need for switching overvoltage control devices in the breakgers
(pre-insertion resistors, synchronized closing, etc.) and the breaker switching capability unger
overvoltage conditions, for, overvoltage control.

Ropjtine switching~of/filters, with other banks already in service, will be the most comnjon
trapsient duty on the filter components. The number of switching operations per annum nay
vafy widely between schemes. For example, a long distance HVDC scheme designed for bulk
poyer tramsmission may require very infrequent filter switching, whereas a back-to-back
HVDC seheme with a reactive power control facility may switch filters frequently. An estimate
of [the ‘number of switching events will be needed to accompany the transient results gnd
should”be included by the contractor in the individual equipment specifications. Frequent
swiiching of Tfilters is of particular importance for the capacitor banks as the high Tevel 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
Fallts on the AC supply network can enc¢ompass both isolated faults, such as line-line gnd
three-phase faults, and faults involving earth, whether single-phase, two-phase or thrge-
phase faults. Such faults may involvé,rejection of the DC load, for example blocking of the
converters, leading to a large prospective recovery voltage. This voltage, exacerbated by the
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scenarios, it is important testepresent accurately the operating strategy of the HVDC sche
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basis for their energy rating. When studying such fault application and load reject

terms of breaker fault-Clearance times, filter tripping strategy and de-blocking of
verters. Normally, ‘harmonic filters are not switched during dynamic overvoltage (DC
ditions to avoid @ny restriction of operation following the DOV. However, if filters do swi
, this will impo&eja significant duty on the circuit breaker and also on any discharge voltg
nsformers (DVAT), if installed.

ere single-phase auto-reclose schemes are used on the circuit breakers of the incom
nsmission lines, the strategy in the event of repeated failed re-closure attempts will need
studied. In such cases, successive re-energization of the filters may result in signific

sence of the filters, will be limited by system line-to-earth surge arresters and is normally
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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

5.24.3 Faults internal to the filter

The effects of faults withinsthe filter will depend upon the type of filter and the electrical
arrgngement of the filter.\Using a single-tuned filter, as an example, a line-earth fault at the
H\| terminal of the capacitor bank will apply the instantaneous DC voltage on the capacitor
dirgctly across the lew:voltage reactor and any surge arrester, as discussed further in 5.3.1|. A
ling-earth fault atthe’/capacitor LV terminal would simply bypass the reactor and result in very
little change in eutrent in the capacitor bank which is the predominant filter impedance.

If fhe filter_configuration were inverted, for example the reactor at the HV terminal and the
capaciterconnected to the neutral, a line-earth fault from the reactor HV terminal would regult
in fa Similar transient duty on the reactor as in 5.2.2 However, a line-earth fault from the
redctof 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
trapsformers would be energized prior to filter switching, during fault recovery conditions,
trapsformer switching on adjacent converter poles, or switching of adjacent grid transformgrs,
energization can occur with filters connected. Studies will indicate the need for overvoltgge
comtrol devices in the breakers for the definition of economic insulation levels. of the
eqtipment and/or to decrease the occurrence of commutation failures.

—

Stydies involving transformer inrush currents need to model the transformer-in some defail
indluding both linear and non-linear, for example saturation, inductances: The losses within
thg transformer, which will dictate the decay of inrush currents, should be.modelled.

5.3 Fast fronted waveform studies
5.3.1 General

Befause of the large rates of change of voltage and current involved in these studies, if is
important that stray inductances and capacitances within’the filter circuits and equipment are
mqdelled. Thus the physical location of the equipmént, and particularly of surge arrestgrs,
should be considered when modelling the filter.

5.3.2 Lightning strikes

Although direct lightning strikes on filter, equipment are unlikely, especially if overhead earth-
wire protection is provided, the effect;of strikes on the remote AC system transferred to 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
dotible-tuned filters and may. thave a significant bearing on their insulation levels. Where
appropriate, applied lightningostrikes should be simulated at various points within the HV
substation and at various distances along the AC lines from the station.

5.3.3 Busbar flashover studies

A flashover to earth on the filter HV busbar will cause a rapid discharge of the filter capacitor
bank throughithe filter components. Such an event may occur during a high system voltage;
however, the*capacitor fuses should not operate for this condition as they are tested| to
withstand-»short-circuit currents. Due to the short time of these discharges (a few
mi¢roseconds), 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.

L
—

IEC
Figure 5 — Typical arrangements of surge arresters

The results of the lightning and switching impulse studies will confirm that the requi
mgrgins between the equipment withstand levels andy*the corresponding surge arreg
pratective levels, according to IEC 60099-4 [7] or thé/customer’s specification, are achiev
Nofe that margins in excess of those normally spgcified by IEC 60099-4 [7] will result
ingreased filter costs. The energy absorption duty imposed on surge arresters by lightn
surges will normally be less than the energy arising from the fault conditions discussed in 5

In the case of the double- and triple-tuné&d-filters, the results of the fault studies or switch
studies usually indicate that the maximum transient voltages on the low voltage capacit
grgatly exceed the steady state ratings. As the cost of such banks is usually low, increas
thg rated voltage such that overload capability complies with predicted maximum transi
voltage can give an acceptable design without incurring the need for special designs of su
arresters.

By|establishing a coherent insulation co-ordination scheme throughout the filter, it is possi
to fdefine the followingiparameters for the filter equipment:

e |LIWL;

o |SIWL (if appropriate);

e |powerifrequency voltage;

e |cléarance (line-line);
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o Ttearance (fime-earthy;

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
capacitor banks at a number of points where support insulators, current transformers

HV
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—foreach-offered
9 4 g 7 g y

design.

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

Hafmonic filters associated with the AC side of LCC HVDC converter stations are typically
regponsible for up to around 10 % of the total converter station losses. Unlike many plant
itens, the losses for harmonic filters can only be determined by calculation, especially thgse
relating to losses at harmonic frequencies (although the loss figures for the individual
components of the filters may be available as the result of works tests):

The widely accepted standard procedure for calculating losses int HVDC stations is defined in
IEC 61803 [8], which proposes calculation of losses under-essentially nominal conditiops,
whijch is a fair basis for most HVDC plants.

However, for AC filters, the calculated losses can\Vary over a wide range depending |on
fadtors such as detuning, AC network resonanceg{and level of negative sequence compongent
in the AC supply voltage. Consequently, a calculation made under nominal conditions ¢an
greatly underestimate the likely level of losse&unhder realistic operating conditions.

Cuptomers should therefore be aware that, by following the guidance of IEC 61803 [8], they
mgy not obtain a realistic estimate .of ;probable AC filter losses. Furthermore, as the losges
pertaining to different AC filter designs vary substantially, they will also not be able to make a
faif comparison of the designs offered by different bidders.

The information in Clause 6 therefore offers guidance to the customer, where appropriate, |on
hoy to define alternative ‘eonditions for calculating AC filter losses. It is suggested that the
filter losses should bevcalculated both under the nominal conditions of IEC 61803 [8], gnd
unger the suggestedalternative conditions described in 6.4 below, in order to provide all the
infpormation needed by the customer.

6.2 AC filter component losses

6.2.1 /General

The“AC fi . . : . | of . I L 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

Th
Fu

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

b losses in Table 1 are typical; guaranteed values would be in the prder of 20 % high
seless capacitors have similar dielectric, discharge resistor and confiection losses to thd

stqted above. In respect of externally fused units, the losses due;torthe external fuse

ad
no
reg

jitional to those quoted. With improvements in the choice and design of dielectric, it
eworthy that the losses in the capacitor unit discharge resister-now tend to dominate. T
uirements and duty for such resistors are not within thé direct control of the capac

s
Sp¢

Th

mjnufacturer, but are dictated by discharge time requir€éments imposed by internatio
t

ndards or the customer’s own requirements. If an_‘enhanced discharge requirement
bcified, then the losses as shown in Table 1 will behigher.

b losses discussed above refer to new capacitor. units. Dielectric losses tend to reduce w

ti

e, reaching their minimum figure within a few hundred hours of operation for all-film ty

capacitor units. However, the reduction is.minimal, and because the dielectric loss is
longer the major contributor to losses, the effect of the reduction on the total filter lossed
minimal. Tests conducted by capacitor manufacturers also confirm that the losses at low or

ha
fre

Th
at

monics (in terms of W/kVAr) arg, similar to the values given above at fundamer
uency.

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

~ = 3

cn

X,

tan

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

on is the capacitor reactance at harmonic order »;

(0) 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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the interconnecting cables and busbars;

the capacitor bank switchgear;

the capacitor bank (discharge) potential transformer (PT);
the inrush reactor (when provided);

the capacitor fuses;

the capacitor bank internal connections.

6.3 Reactor and resistor losses

6.3
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likgly to be subjected to wide detuning effects because of\large system frequency variatiq
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.1 General

er reactors (and where provided, resistors) are a major source of total filter losges. This
ticularly so for a filter bank that provides attenuation for low order harmonics, either
form of single frequency tuned filters or damped types.

r single frequency tuned filters, the filter designer is often required to-make a comprom
ween the QO (quality) factor for the reactor at fundamental frequéncy and at the turn
monic frequency. At fundamental frequency, to minimize losses,/the requirement is
bcify a Q factor as high as possible, whereas at harmonic freguencies, in particular
ed frequency, it is desirable to specify a Q factor compatible*with the filter performan
uirement. The required Q factor at the harmonic frequenCyymay be low when the filte

j/or ambient temperature range. The final balance can often be a compromise betws
se conflicting requirements, especially when a filter-reactor manufacturer's lowest ini
5t design is not optimal in respect of losses.

ans are however available to the reactor designer (at least for naturally air cooled react
open construction) to control or optimize “this balance of Q factor requirements at
ious frequencies by means of additionalhde-Q’ing coils installed on the reactor, or even
use of self-tuning filters.

filt
sa

un}mportant in terms of achieving the required performance and optimal rating, leaving

r designer a relatively free™ choice in specifying Q factor at fundamental frequency
isfy the balance betwgen' reactor cost and losses. However, for double-tuned dampg

filt
mi

fadtor may in certain ¢ircumstances increase the harmonic losses in the reactors.

Th

tolerance around a nominal value. For the calculation of losses, the minimum QO (i.e.
highest resistance) rather than the nominal value should be used.

The power losses in the reactor can be determined by

brs, the choice of reactor O factor at harmonic frequencies requires careful optimization
imize the effects «f\circulating harmonic currents within the filter itself. Increasing thqg

reactor @<factor at harmonic frequencies is generally defined with a certain range
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is the filter reactor loss;

is the harmonic number;

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

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

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
freguency.

In [determining the choice between the various types of damped filter, it ,should |be
remhembered that, especially for AC filters connected to a high system voltage, the cost of the
redistor bank itself is not directly proportional to the required loss dissipation since the cos{ of
thqg insulation required can be a significant proportion of the total cost.

The power losses in the resistor can be determined by

n=N

R=73 1,7 R, (19)
n=1

wheere

P, | is the filter resistor loss;

n | is the harmonic number;

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

R,| is the resistance in ohms at harmonic otder ;

I..| is the calculated current in the resistor at harmonic order n.

6.3.3 Shunt reactor losses

Shpunt reactors may form part of an HVDC converter station to provide inductive compensatjon
forfAC harmonic filters especially under light load conditions where a certain minimum number
of harmonic filters is required to satisfy harmonic performance requirements. The derivatior] of
thgir losses is similar to that in conventional transmission system applications. It should|be
nofed that in general‘their losses at harmonic frequencies are almost negligible in comparigon
to those at fundamental frequency.

Criteria_for loss evaluation

.1 General

Loss evaluation is often given a high profile by customers purchasing HVDC convelter
stat . . - SR . 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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fundamental frequency and ambient temperature,
AC system harmonic impedance,

harmonic currents generated by the converter,
pre-existing harmonic distortion, and

anticipated load profile of the converter station.

These are discussed in turn in 6.4.2 to 6.4.7.

6.42 Fundamental frequency AC filter busbhar voltage

Sinfce the choice of AC filter busbar voltage is not a sensitive issue, i.e. it should\ nof]
general favour one design of AC filter configuration over another, losses should

defermined for nominal AC filter busbar voltage.

6.4.3 Fundamental frequency and ambient temperature

Inifially, it might appear that in common with the choice of fundamentalfrequency AC syst
voltage, loss assessment should also be based on the nominal)'value of fundamer
freguency.

WhHilst this approach is generally satisfactory for the majoritycof other components compris
thg converter station, it may be inappropriate for AC harmonic filters, and the choice
furlJdamental frequency and ambient temperature vafiation may be a sensitive iss
Depending on the type of filter arrangement, the filter harmonic losses under the extremeg
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converter station.

6.4.4 AC system'harmonic impedance
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5.3
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Huency variations (and of ambient temperature where appropriate) can vary significar
M those calculated using nominal frequency “and a "nominal" temperature. This

brefore, in order to provide the customerwith a fuller knowledge of the losses possible fr
ch filter design, realistic loss assessment for AC harmonic filters should also consider

formance calculations.

s should be in addition to the calculation method using nominal frequency and an ambi
nperature of 20 °C (IEC-63803 [8]), which is of use in comparison of losses for the ove

ensitive.issue. HVDC project specifications have tended to indicate (and IEC 61803:20
.1, [8]requires) that for loss assessment the AC system should be assumed to be of
cuited \“so that all [the converter] harmonic currents are considered to flow into the
Brs”,

becially significant for arrangements which comprise single or double-tuned filter branches.
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b choice of an~appropriate system harmonic impedance for the calculation of losses is aJso
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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.


https://iecnorm.com/api/?name=e9612ebbec3faee8209d606fcee0ce21

IEC TR 62001-4:2021 © IEC 2021 - 29 —

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 thUy Illay hGVU [} O;sll;f;ballt ;Illpabt Tl thc |||a9||;tudc Uf fl:tcl :UDOUO. DUPUIId;IIs A\VAR] he
approach adopted by the customer, this may be requested instead of, or in addition to\ [an
asgessment which excludes non-characteristic harmonics.

In |respect of converter characteristic harmonic currents for loss assessment, valdes
calculated for "performance" conditions are appropriate, i.e. those based typically on nomipal
values of delay angle and commutation reactance.

befween converter transformers comprising a 12-pulse group, imbalances between individpal
converter transformer phases, and imbalances in delay angle<between valve groups in a
12ipulse pair and within a 6-pulse valve group, should be based on "expected" levels rather
thgn "guaranteed" levels, subject to the agreement of the custaomer.

If ]:on-characteristic harmonics are to be considered, then values fer\reactance imbalanges

The effects of negative phase sequence voltages on(losses in converter plant are ofien
oveérlooked in the assessment of losses. Such voltages present at the converter station AC
supply system result in positive sequence third fhiarmonic currents being produced by each
converter and therefore influence the losses in_any associated low-order harmonic filtgrs.
These losses can be substantial, and the custemer is advised to obtain a realistic knowledge
of their likely level. For such a loss calculation, the level of negative phase sequence voltgge
used should be that defined for the assessmient of harmonic performance.

6.4.6 Pre-existing harmonic distortion

Whether the effects of pre-existing harmonic distortion should be included in the Igss
asg$essment or not largely depends on the requirements of the performance specification. If| in
thg assessment of perfofmance, the effects of pre-existing harmonic distortion are to |be
neglected (see also IEC TR 62001-1 [1]), then it is also appropriate to neglect them in lgss
asg$essment. On the other hand, where the performance requirements state that pre-existjng
harmonic distortion'should be included, losses should also be based on their consideration.

WhHhere the converter station includes power electronic reactive compensation, for examplg¢ a
stdtic var compensator (SVC), as part of the total package, such plant may itself be a soufce
of [harmenic current generation and to comply with the performance criteria may reqdire
ass$ociated harmonic filters. Nonetheless, a certain level of its harmonic current will flow ipto
thg 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).

fagtors representative of the anticipated operating profile to determine the total equivalgnt
logses. It should however be noted that depending on the approach adopted by the customer
for| evaluating the cost of losses, losses at fundamental and harmonic frequengies may |be
wejghted differently, as may be those for ready mode and load losses.

Tfi losses for each of the individual loading conditions may then be weighted with suitaple

7 | Design issues and special applications

7.1 General

Clause 7 provides some guidance regarding a selection of morenadvanced design issues gnd
some special filter applications, always with reference to, conventional passive AC filtgrs.
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 subjects
discussed include topics which have arisen in a,number of projects, as well as some more
unpsual applications.

Some of these topics may have an impact on the wording of the customer’s technigcal
specification, but most are included in order to assist the customer during the bid evaluatjon
stgge and subsequent discussions withthe bidders and later the contractor.

7.2 Performance aspects
7.2.1 Low order harmonicfiltering and resonance conditions with AC system

The mechanism of generating non-characteristic low-order harmonics is well known 3and
described in IEC TR 62001-1 [1]. The particular influence of negative sequence voltage on the
geheration of 3™ harmonic is treated in IEC TR 62001-1 [1].

Harmonic AC)filters tuned for the characteristic 12-pulse harmonics behave as a capacitive
impedance at lower frequencies. By nature, the AC system harmonic impedance, which iq in
pafallel_wwith the filter impedance, creates parallel resonance phenomena at convelter
busbars.)In some HVDC schemes, therefore, low-order harmonic filters have been installed to
dap‘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
fegturesTouldbeUsEdas = Sofutionm for fow order frarmorics probtrems - msteadof expersjve

harmonic filters [12].

It ip also vital to model accurately the harmonic interaction between the AC and, D€ sideq of
thg converter, and the influence of the converter control system, when determining the nged
for} or the design of, such low-order filters (see IEC TR 62001-3 [3]). Ignoring-/these factprs
can result in completely misleading conclusions, and possibly the unnecessary specificatjon
for|a low-order filter to be installed.

A major disadvantage of low order filters (3" harmonic, or 3/5th for'‘é€xample), is that they are
logded not only by currents from the converter, but also from other harmonic sources in the
A(Q system. Often such sources are not the responsibility, or under the control, of the
customer, may not be filtered locally, and their magnitude js‘not known. They may also hgve
e on line due to industrial development taking place after the design of the HVDC statipn.
The currents from such sources may, furthermore, be magnified by resonances within the AC
nefwork. It is therefore difficult to predict how much_network harmonic current may flow in the
low-order filters, and in the past low-order filters_hayve been tripped or damaged due to sych
overloads. Over-rating of the filters is the only solution, but it is difficult to predict how mych
over-rating is needed to ensure security, and thefilters can become very expensive.

It is therefore advisable to expend considerable efforts, if necessary, in studying low-orger
hafmonic problems using accurate modelling, in order to try to avoid the necessity of installjng
low-order filters. The customer should*be aware of the issues and be prepared to discuss with
bidders any aspects of the technical specification, for example the prescribed AC system
impedance envelope, level of ;specified negative sequence voltage or individual harmonlfics
voltage limits, which may farce the contractor to include low-order filter branches in the
design.

7.4.2 Definition of-interference factors to include harmonics up to 5 kHz

In | most technical” specifications for LCC HVDC, the maximum harmonic order to |be
considered for"AC filter performance is the 50t". However, a few specifications for LCC HVPC
haye extendé€d the range to be considered to higher frequencies, such as the 834 harmoniq at
60| Hz, i.ex"5 kHz. The impact on the filter design and costs when considering harmonlics
higher (than the order of 50 can be significant, and careful consideration should be given|by
th easingly common

R 2 cal

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

frepguercies, amptifyimgarmonics whichrwoutd otherwise beegtigibte————————————

If however the customer extends the frequency range to, say the 834, order at 60~Hz |(or
100th order at 50 Hz), and if the levels of the specified telephone interference factor (TIF),
etd., are those typically used for schemes with a maximum harmonic order of 50, !then rather
large and highly damped filters may be needed, at a considerable extra cost.

The customer should therefore consider the options carefully before extending the specifjed
frequency range for AC filter performance above the 50th order. Two possible alternatjve
approaches could be considered:

e |specify performance requirements only up to the 50th harmonie, but specify in addition that
the AC filters should have a damped characteristic above-the 50t (possibly also definjng
the maximum permitted filter impedance phase angle“permitted at harmonics above the
50th); or

e |[specify performance requirements up to the 83’4 order, but increase the maximum linjits
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.

7.4.3 Triple-tuned filter circuits

Double-tuned filter circuits have been.established for many years as a standard design [for
passive AC filters, as the savings in“the high voltage capacitor banks and AC switchgear
justtify a filter design with more than one tuning frequency. In certain circumstances, further
oplimization may be possible ifimore than two tuning frequencies can be achieved. In a
number of projects, manufacturers have identified a cost saving advantage if triple-turjed
filtgrs could be provided (seealso IEC TR 62001-1 [1]).

Tuping for triple-tunéd: filter circuits is more complicated than for single- or double-tuned
filtgrs, but is quite \feasible. Moreover, if the filter is designed so that sharp tuning is oply
required at onewof-the frequencies, with broad-band damped characteristics at the other fwo
frepuencies, then sufficiently accurate tuning can be readily achieved.

A friple=tuned filter will generally be attractive if the alternative design requires small filter
bapk sizes at an extremely high AC system voltage. In order to achieve an economical desjgn
of HW.\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 customer and contractor should therefore take all these factors into account and gjve
sefious consideration to whether the use of triple-tuned filters would provide the mpst
ecpnomic solution.

7.2.4 Harmonic AC filters on tertiary winding of converter transformers

Some HVDC converters up to a rated power of approximately 200 MW _t6,,300 MW have bgen
arranged with harmonic AC filters connected to a tertiary winding of the convefter
trapsformers, for example Blackwater, McNeill and Vyborg HVDC conveérter stations.

Sapings can be expected in the space and investment costs ef the filter circuits, including the
AQ filter breakers, because the limitations on economic minimum capacitor bank rating are
requced by employing a lower connection voltage. In addition, identical voltage and Myar
desgign of the components for both rectifier and invertér side can save costs in providing a
milrimized number of spare items for a back-to-back converter station. Further, with this
solution, the filter reactors can be connected in ghe/line side of the tertiary filter. Then, the
filter main capacitor can be made in a simple<three-phase arrangement, simplifying the AC
filter protection compared to a conventional H¥Afilter design.

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

With this solution, the seriessconnected transformer impedance between the filter and the HV
system side reduces the contribution of the higher order harmonics and this can simplify the
filtgr arrangement (high-pass filters only being needed for higher frequencies). If shunt
regctors are required;-the tertiary busbar connection (typical voltage range between 30([kV
ang 60 kV), allows aif core type reactors to be provided, which are probably more economigal
compared to ojltimmersed type HV shunt reactors.

The transfermer costs compared to a conventional scheme will increase and the savingg in
thq filter jareas have to be compared against this, to determine the optimum solution. The
following aspects relating to the converter transformer should also be taken into account.

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.


https://iecnorm.com/api/?name=e9612ebbec3faee8209d606fcee0ce21

- 34 - IEC TR 62001-4:2021 © IEC 2021

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
se{arate damping resistor is included in the circuit, the circulating harmonic current is limited

mginly by the resistance of the reactor. Optimization between the feasibility of providing™ll-C
components with high harmonic current ratings and the alternative of loss intensive‘resistjve
damping is one of the major tasks for the filter designer.

If, in special cases, the quality factor of the reactors has to be reduced. b€yond whaf is
pogsible within the reactor itself, an additional series damping resistor can'be connected| to
thq filter reactor coil or to the filter capacitor or a de-Qing ring may be added to the reactor.

7.3.2 Transient ratings of parallel circuits in multiple tuned filters

Fof double-tuned and triple-tuned filters, experience has shewn that the transient ratings| of
thg components of the low voltage tuning circuits are of mdjor‘importance in the filter design.
Therefore, it is recommended to include representative™oscillograms for the worst-cgse
trapsient voltage stresses in the relevant component spéecifications.

In |[some cases with extreme low damping in_the “circuit, voltage oscillations have to |be
considered for the decisive voltage-time curvefor the capacitor voltage ratings, for example
N§MA characteristics. The transient voltages.across capacitors are used to design for the
diglectric stresses inside the capacitor units:

Fol low order harmonic filters, extreme  magnitudes of transient low order harmonic currepts
ang voltages can occur due to the harmonic current injection caused by transformer saturatjon
effects. For such filter components, the transient ratings in terms of currents, voltages gnd
energy dissipations may be the decisive cases. It is the responsibility of the contractor| to
define these ratings and fo.prove that the filter design is adequate. The worst case for the
different components has“to be selected out of various study cases varying fault initiatipn,
faylt duration and faulticlearing scenarios for different loading and AC system conditions.

7.3.3 Overload'protection of high-pass harmonic filter resistors

If resistors ate-provided in high-pass filters, different cases of overload conditions can stress
thg resistors during emergency situations. Such cases need to be checked against the
prqtective.scheme and the short-time overload ratings of the resistors. Typical examples ar¢

=

e |misSmatch of filter configuration versus load

internal faults or interruptions in the filter circuit,

converter maloperation,

e frequency deviation during emergency system conditions, and

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 10 provjde
addlitional current limiting reactors in the shunt capacitor banks to damp the dischafge
befween the individual branches. For circuit breaker design aspects, refer to 11.7.

Anpther additional advantage could be achieved, if the current limiting reactors.are’ chosen|so
thgt the shunt capacitor banks are tuned to some higher order characteristic’harmonics| or
altgrnatively — in case only 12th/24th filters are installed — to a frequency_ slightly lower than
thg 35t. By this means, parallel resonances between the filters and thé\shunt capacitor will
avoid all characteristic 12-pulse harmonics higher than the 25t andycan be shifted to nén-
crifical frequencies.

7.3.5 Short time overload — reasonable specification of requirements

44

Supclause 7.3.5 discusses how far inherent short time overloading of the filters due to system
emergencies should be reasonably specified. Short time(overload for filter components can|be
cayised by one or more of the following system emergenhcy conditions:
e |short time overvoltages in the AC system;

e [short time AC system frequency deviations;

e |short time overload of the HVDC convetters.

Alllcombinations of frequency excursions, detuning of filter components and AC bus voltage
leviels need to be studied to determine the worst-case loading conditions.

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

Nprmal system conditions: 10 minto 2 h duration
Djsturbed system conditions: 1 min to 10 min duration
Emergency systém conditions: 1sto60s duration

Aldo, when designing filter components for all these requirements with respect to lifetime gnd
risk, a reasonable duty cycle should be clearly defined. These definitions should also reflgct
thq initiat-and follow-up system conditions for the system duty cycles.

Evidently it would he desirable that the decisive rating of filter components should notlbe
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

. it il I I I o . Thi . de
outages of capacitor units and the worst-case tolerances assumed for the .ratjng
calculations leading to the highest voltage and current stresses for the capacitors.

The voltage and current rating of the filter capacitors has to be checked against the short
time overload operation of the HVDC converters. However, normally, Afor, conveifter
overload conditions all filters/shunt capacitors are energized, and so the l6ading per filter
is usually less onerous than during the emergency cases assuming |eutages of filter
branches, occurring at partial loading conditions, which tend to determing the filter ratings.

b) | Filter reactors

The current stresses are of greatest interest for the filter reactors. The specified steady
state ratings need to be checked against the short time overl¢ad stresses.

c) | Filter resistors

Filter resistors are the components most sensitive to overload, due to the loss dissipatipn.
The overload stresses depend on all the impacts(discussed in 7.3.5. In some recent
projects, studies showed that the rating of th€ resistors is the critical point when
considering short time overloads.

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

7.3.6 Low voltage filter capacitors without fuses

Fol double- and triple-tuned filter arrangements, the low voltage capacitors are generally pot
stressed by fundamental frequency current and voltage. Therefore the fuses (if used) of thgse
capacitors need to be designed for the harmonic current stresses, which vary depending|on
thg loading conditions of the_Converters and on the actual number and type of the AC filterg in
sefvice. From these varying-loading conditions, the fuse operating currents have to be to-
ordinated with the maximum worst-case current loading conditions of the capacitor units.

Fol operating currents lower than the rated values, the fuses will not be able to clear failed
capacitor elements’due to the missing dominating fundamental frequency component in the
current. Typically the low-voltage capacitor(s) will be of a fuse-less design and with a de-rajed
voltage rating such that the probability of dielectric element failures at steady-state conditigns
is hegliblexTn some cases, these have been designed for extremely high harmonic currgnt
ratlngs'(due to detuning and outages of filter banks). For example, in some filters, 11th gnd
13fHafmonic current ratings up to approximately 1 000 A RMS for low voltage componentq 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
and filter arresters.
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.2 Non-linear filters for low order harmonics/transient overvoltages

h-linear filters can be required to be designed for two different filtering pérformar
uirements. These two requirements are filtering of harmonics in the steady-state ran
j transient filtering of non-characteristic harmonics during fault recovery conditions in or
damp/limit transient and/or temporary overvoltages. The non-linear characteristics of {
br are created by connecting non-linear metal-oxide arresters in series with other fi
ing devices.

an alternative approach to that discussed in 7.4.1, a special filter was designed &
ccessfully commissioned in Austria for the Dirnrohr ands Vienna South-East HV

converter station. For one particular AC system configuration, various studies were carr
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to detect the worst-case scenario for temporary and transient overvoltages. The damp
the AC system was relatively low, and therefore~low order harmonic overvoltag
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safuration phenomena and amplified by the low damping of the AC system during low short-
cirguit ratio (SCR) operating conditions of the YAC system. These overvoltages occur
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ost undamped and the AC breakers seemedto be insufficient to clear against these f3
rvoltages. Studies recommended the installation of an SVC combined with low or
monic filters, to limit the transient .and temporary overvoltages including transforn

safuration phenomena.
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b decision for the Vienna Southeast and Dirnrohr stations was to install a non-linear fi
the 2nd and 3" harmonic With the filter arrangement as shown in Figure 6. This fi
angement has practicallycno losses at fundamental frequency and inserts its filter
bability from a certain trigger level (determined by the arrester arrangement). A group
allel connected arrestérs inside the filter configuration controls the steady state 3
nsient impedance ofithe filter. The arresters have been designed for the worst-case ene
sipation during fault conditions.
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Figure 6 — Non-linear low order filter for Vienna Southeast HVDC station
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7.4.3 Series filters for HVDC converter stations

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.

A
an

beries filter is functionally similar to the wave trap used in power line carrier applicatid
j is built with an inductor (typically in the range of 1 mH to 4 mH) in parallel with<a-seri

connected capacitor plus resistor (Figure 7), tuned to a single resonance frequency: If sevd
reqonance frequencies are required, a number of such filter circuits can be~cascaded

se
(Fi
ca

ies, each of them tuned to a particular harmonic frequency. Multiple-tuned series filt
gure 8) can also be used, presenting two or more impedance peaks (impedance peaks
rier and/or for radio frequency may also be included if necessary). A ‘damped band-s

characteristic can also be achieved to filter a range of higher order harmonics.

Th
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b above mentioned investigations have indicated that, considering the converter as
rce of harmonic current, the use of a series filter is efficient only if it is associated wit
nt impedance of relatively low impedance, such as can_be_obtained with a capacitor b3
j/or shunt filter. Therefore the application of a series\filter should be done in a mi

configuration of series and shunt filters (Figure 9).

De

pending on the specific requirements of the project and on an economic evaluation, d

single series filter for the whole converter station, installed between the shunt filter bus 3
thgd AC line bus, or one filter for each line connected to the AC converter station can be us

Fo
se

 the solution with a single filter for the whole station, the series filter should be formed
eral identical branches in parallel, duecto reliability considerations.
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Figure 7 — Single-tuned series filter and impedance plot



https://iecnorm.com/api/?name=e9612ebbec3faee8209d606fcee0ce21

IEC TR 62001-4:2021 © IEC 2021 -39 -

A

o

Line trap N\
VY [\

C1 L1 R1 },". I\\. ‘,"‘ I"‘.. ’-’I \'\

>_| Li YIYTLAANA / \\'., .,f"“ .:"-.‘ ,v".l \
/ AV \/

WSSV

Cy, Ly Ry =

n

q

g

IEC
Figure 8 — Triple-tuned series filter and impedance plot

vantages of series filter circuits are:

fewer capacitor units and smaller filter reactor size than for shunt filters;
less space requirements;

no need for circuit breakers and associated switchgear, but\only parallel disconn
switches (assuming that these can remove a faulted parallel{branch on-load or if a
redundancy approach is acceptable); and

minimum of protection equipment.
advantages of series filter circuits are:

the main reactor has to carry the fundamentalfrequency line current;
capacitor/overvoltage protection against short=circuit faults is expensive;
no reactive power support comparable with conventional shunt filters;

if high-pass resistors are provided, the‘resistor losses are relatively high;
components need to be designed.with a high short-circuit capability;
protective devices should be_ rated for full AC bus voltage;

may introduce fundamentalfrequency or sub-harmonic resonance and stability problems;

relatively complicated protection schemes.

ect
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Figure 9 — Mixed series and shunt AC filters at Uruguaiana HVDC station

verter station design requirements that could justify consideration of a mixed fi
figuration. Some of the application characteristics for which the mixed solution should
mined are discussed below.

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

For areas of higher soil resistivity (greater than 1 000 W-m), the coupling between poy
and telecommunicatiop-lines is high and potential interference problems may dictate v
low limits on harmonic-currents in the AC system, thus favouring the use of mixed ser
and shunt filters.

In applications-in.which the connected AC system includes important shunt capacitor b4
and/or undergreund cables, these capacitors produce low impedance nodes for high or
harmonics, draining the major part of the harmonic currents into the AC lines. Series filt
could be\the most economic means to limit these currents and the resulting interferer
level,

The-ability of series filters to limit the harmonic current entering the AC system to desi
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valles, independently of the equivalent harmonic impedance of the AC system view

ed

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.

e) In those applications in which the steady state voltage control during light load and/or the

f)

control of the overvoltage during converter blocking impose limitation on the shunt fil
size and/or require the use of shunt reactor, the mixed filter configuration represents
attractive and economical solution, because for the same filtering performance t
configuration reduces considerably the size of the shunt bank to be installed.

ter
an
his

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 sche

me

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 ltaipu 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
thg—trarmomic—performmance TequiTenments, but—woutd—Tmake the—steady state—vottage_3and
overvoltage control impossible. With the mixed filter, the shunt filter in the 50 Hz side~copld
haye been only 24 % in order to have the same harmonic performance, but hadto |be
indreased to 48 % due to the station reactive requirements.

In Btudies to be carried out to decide on the use of the mixed filter configurations the followjng
effects of this filtering on the converter station design and performance should‘be examined.

1) | There will be a reduction in the short-circuit ratio (SCR), that could be compensated by a
decrease in the converter transformer reactance, although this solution produces a certpin
increase in the harmonic current generated by the converters.

2) | In case of error in the adjustment of the impedance angles.of the series and shunt partq of
the mixed scheme, there is the possibility of an increase-in the harmonic voltage at the
point of connection to the AC system.

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

11
>
—

The procedure to define the mixed filter scheme, ‘including its ratings, is not much differ
from the conventional methodology used for a<shunt scheme.

7.4.4 Re-tunable AC filters

In ppecial circumstances, the temporary re-tuning of AC filters to act at different frequencjes
may be an option, as illustrated bythe following example.

Fol the Quebec/New England’ Multiterminal HVDC system, re-tunable AC filters have bgen
USLd at Radisson and Nicelet substations. For both stations, this has been done as a retrpfit

acfion to solve problems that arose after the installation of the original filters had bgen
coimpleted.

At [Radisson, this-solution has been used to avoid interaction between AC side fifth harmopic
angl DC side-'sixth harmonic for certain system conditions and in the presence | of
gepmagnetically-induced currents (GIC). When the AC side fifth harmonic becomes greater
thgn aspredetermined value, the 36/48th harmonic AC filter is re-tuned to the 5" harmohic
(Fipute,~10) by opening the switch S1. The switch is closed by the operator when the

conditions have returned to normal

At Nicolet, the problem was due to a system resonance around the 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

ir terminal stations located in the electrical vicinity ©of existing HVDC converter statio
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comsidered in this case in some depth.

Th

a)

b)

c)

d)

s entails due consideration of the impact on pgerformance and rating of the exist

COﬂ\VSr’[er station AC filters as well as additional design requirements on the new conveifter

tions without modifying the filters of the existing stations.

5RE Technical Brochures 364 [13] sand 798 [14] discuss some of the issues to

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

Generator harmonic current limits, if applicable, should be such that the total effect
injection doesmot’exceed the permitted limits.

The effectofiresonance between the filters of the existing and the new stations should
taken into/account.

The A€ system harmonic impedance to be used in the design calculations should
definéd with due consideration of the existing station and its filters.

increasing number of new HVDC links are being plannéd or have been constructed with

tions. The objective should be, as far as possible, to design the filters of the new conveiter

be

e performance aspects to becconsidered in the design of filters for the new conveilter
stqtions are as follows.
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Th

e Tating aspectsto be considered—are as fottows:

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

7.6
7.6
Fi

customer and the contractor in relation to the AC filters at the two stations.

Redundancy issues and spares

.1 Redundancy of filters — Savings in ratings and losses

of
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However, redundancies in filter circuits can provide a number of advantages,‘even when
inviestment costs for such a redundant system are a little higher comparedxto an otherw

op
nd

If g

These concepts can be illustrated by an example based©n recent experience. Supposing t

uni

dotible-tuned high-pass filters, are possible. Below,\the relative merits of these two solutig

areg

a)

ability, and constant improvements in filter component design are tending to increase\t
ability still further. There is therefore an argument for reducing costs by eliminafing
uirement for redundant filters, particularly in relatively low-power HVDC schemes.

imized filter arrangement. Apart from improving the reliability/availapility of the conver
tion, the use of redundancy can reduce the filter losses and compenent ratings in
ividual filter branches.

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

ty power factor is required at rated load, two very.@¢onomical solutions a) and b) which {

compared.

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

In this case, two almost identical réedundant filters are assumed to provide adequ
characteristics for harmonic performance and reactive power control. A common pract
is to start at light load conditions\of the converters with one filter, then the second cirg
will be energized in the range, between 40 % and 50 % of rated load. Typical harmo|
performance requirements can be fulfilled up to rated load. To fulfil unity power fag
requirements up to rated.load, only a simple shunt capacitor bank is required additionall

The advantages of this.solution compared to solution b) are as follows:

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

e reduced ndmber of low-voltage (LV) filter components and space requirements.
The disadvantages are as follows.

e The ratings of filter components are higher if the filter has to be designed for
loadings during outage of any filter branch (one out of two in the whole operat
range). This has a great impact on the harmonic current ratings and rated power
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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.
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).

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

Component redundancy within a filter is not normally used, except within capacitdrs.
Depending on the kind of capacitor fusing — whether internal or external — some ddditiopal
capacitor elements and/or capacitor units can be built in as voltage redundancy:~\Howeer,
trup redundancy inside the filter is not possible, because every failure in a capacitor ynit
ingreases the voltage stress on all other capacitor elements and will detune the filter circuit

The voltage stress during normal operation conditions and after fuse blewing can be reduged
angl optimized with two measures:

a) | small subdivision of internal fused capacitor elements;
b) | higher rated voltage for the complete capacitor bank, whieh will reduce the probability] of
capacitor element/unit break down.

In pddition, the smaller the capacitor subdivision, the leSs' is the detuning of the filter in case
of fa blown fuse. On the other hand, the smaller the’ capacitor subdivision, the more fuges
thgre are to blow; thus the total de-tuning allowange for blown fuses may be no smaller.

The layout of a capacitor bank in the form of a‘bridge does not increase the voltage withstgnd
or redundancy. The bridge connection is _ofly for capacitor unbalance protection based onf a
sensitive detection of blown fuses.

An|important design issue is how many fuses can blow (it makes no difference whether they
arg in series or in parallel connection) before maintenance and capacitor unit change| is
required, considering

e |capacitor voltage stress, or

o |filter detuning beyond specified tolerance.

Normally, the number of failed capacitor elements for permitted filter detuning is much lower
thgn the allowednumber for voltage stress.

7.4.3 Spare parts

The optlmum number of f|Iter component spare parts is malnIy dependent on redunda cy

Scandlnawan schemes aII types of fllter 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

Th +ypn of filter prnfnr\finn to he installed rlnpanrlc to 2 cignifir\nnf extent on the r\nnfignraf on

of [the different AC filter branches and on the contractor’'s normal practice and preferfed
prqtection techniques. It may also be affected by requirements on guarantees and-on filter
pefformance. The detailed definition of AC filter protection equipment is normally left for the
contractor to determine.

The technical specification therefore is usually restricted to general requirements regardjng
prqtection, redundancy requirements, interface definitions and any'“Customer specijfic
requests. In this way, the interests of the customer are safeguarded while still leavjng
magximum scope for the contractor’s preferred solutions.

The customer should, however, be well aware of the different techniques of AC filter
pratection, and in the bid evaluation stage be prepared to ehsure that the bidder’'s propoged
solutions meet the customer’s overall technical requirements. The information given]in
Clause 8 is mainly concerned with giving the customer the. background information needed [for
thig stage of technical discussions with the bidder.

The IEC standards with relevance to the .protection of AC filters are the followipg:
IEC 61869-2 [16], IEC 61869-3 [17], IEC 61869-5 [18], IEC 60549 [19], IEC 60871-1 [5],
IEC TS 60871-3 [20], IEC 60931-3 [21], IEC60871-4 [22].

8.2 General

In general, the extent and type of protection equipment depend on technical requirements, the
size of the filter or shunt capacitorbank and on the cost of the protected components. Specific
degisions are made between

e |protection functions which prevent damage to components (overload protection, unbalarnce
protection), and

e |protection functions which limit damage to components (short circuit, earth f3ult
protection).

In pach case) the cost of protection should be carefully weighed against the cost of the h|gh
voltage «or.power components that are being protected. On average, the value of the
prqtection’ equipment should not be higher than approximately 10 % of the value of the
prqtected 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

forrm—mwm—mmmmm of
acluating signals.

As|an alternative to redundant protection functions, some functions can be covered'with bagk-
up| protection functions. For example, differential protection is a partial back-up” for short-
cirguit protection while earth fault protection is a less sensitive back-up|Afor capacitor
unbalance protection.

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

In pach case, the customer should specify the minimum standard which the contractor shopld
prqvide in terms of

a) | protection philosophy,

b) | standard of PTs and CTs,
c) | standard of protection,

d) [ protection functions,

e) [types of interfaces, including type.and number of auxiliary switches for HVDC contfol,
switchyard control, alarm system, @vent recording system, etc.,

f) [customer specific requests (e.g, design of trip signal circuits),

9
h

~

mechanical standards, and

~

type and number of auxiliary voltages.

The number of PTs and CTs in the banks and sub-banks should be optimized together with
thg PTs in the busbar, according to the protection philosophy. Important aspects for the
planning and arrangement of inductive PTs are
e |maximumime for filter discharge,

¢ |requirements for auto-reclosing, and

e |cifeuit breaker layout.

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

3)

4) commutation failures in the HVDC converters, and
5) DC line faults.

switching of parallel capacitor banks,
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The AC filter protection should be co-ordinated with the AC switchyard protection.

8.3 Bank and sub-bank overall protection

8.3.1 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
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ling side of the first components, depending on the total fault impedance of the [circuit. T
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.2 Short-circuit protection
brt-circuit protection is only effective between the incoming line current transformer*and

bri-circuit relay is normally a standard requirement for the protection of (the conduct
ween the current transformer and filter. Depending on the capacitor infush current, it

nches can be low in comparison with the ratio of line CTs. For:short-circuit curr
tection it is important that CTs are accurate enough to reproduce the short-circuit curr
h full DC shift in the secondary circuit.

.3 Overcurrent protection

s is also generally a standard protection requirement; sometimes in combination with
pri-circuit relay function. This protection is not very effective for filter and shunt capac
nks, since only the reactor is really protected. For eapacitors, the applied voltage, not
rent, is the critical factor and only heavy faults/in”the capacitor bank can be detected w

form of current-definite-time steps. Normally, no separate evaluation of fundamental 4
monics is required, but a technically~good solution would be to check the import
monics separately for overcurrent. Thiss-method results in a very comprehensive protecti

.4 Thermal overload protection

s kind of protection is one.lof the most important functions, although an overall overlg
tection can only protectithe weakest filter component with the shortest heating ti

5e, whether an overall overload protection will be installed and/or if individual protection
ctors and resistorswwill be installed separately. A simple overload protection for the wh
br cannot protecta damping resistor as the current through the resistor is not proportio
the main filtex_current. However, protections which use a frequency-dependent calculat
the division“0f harmonic currents between the resistor and a parallel reactor have bsg
ccessfullyyapplied. In single-tuned filters, the overall overload protection can be used
h reactor and capacitor. The following remarks should be borne in mind.
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The’ construction and function of an overload relay can vary from the simple up to

he

Righest complexity.

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

of

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

and plausibility.

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 1o, the
inrbsh resonance between filter and transformer zero sequence impedance. The differential
cufrent setting should be very low (20 % to 30 % of the main current).

D

The differential protection detects phase to earth and phase to phase faults but'cannot detect
isolated failures, such as an arc-over of components in the filter branch.

Anpther kind of differential protection is a single-phase protection relay between high voltage
angl low voltage zero sequence systems. But here again, the currents should be filtefed
against higher harmonic influence. With this kind of differential protection, it is not possiblg to
prqvide a phase segregated protection scheme.

8.3.6 Earth fault protection

This function can be applied only in a star-point eafthed network in the earthed filter star-
point. Earth fault protection works with an overcurrént*or inverse time characteristic and uges
thg current from the star connection of the three phiases to earth. It is a reliable but slow bafk-
up|function for differential protection (and also«a rough back-up for unbalance protection)|. It
defects every asymmetry between the phases much like a differential protection betwgen
phases. It also detects every asymmetry goming from outside the filter.

Fof the high trip threshold that is required to avoid spurious tripping on external events, either
thg time delay for the trip signal should be very high, or the sum of the phase currents shojld
belfiltered 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 and undervoltage protection

Equivalent to the overcurrent protection for reactors, the overvoltage protection is one of the
mast important_types of capacitor protection. Usually the busbar voltage is the source [for
overvoltage pretection, but the voltage from PTs in the feeder can also be used.

In [the case”of HVDC system operation, the valve control can usually reduce steady state
furlJdamental AC system overvoltages (not the harmonics). An immediate overvoltage trip| of
thg FY/DC converters and filters during transient overvoltages, like load rejection or switch{off
due—toovertread— D€ timefaitures, taminmcrease the amptitudeof the—overvoittage—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

Bugbar and breaker failure protection are not specific filter and shunt capacitor protections put
geheral substation protection requirements.

Filler protection (adjustable rated values, interfaces, signals, etc.) should, however, be fo-
ordinated with any substation protection.

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

The capacitor units represent in financial terms the main cost in\a filter and so the protectjon
of gapacitor units is one of the most important functions.

Uspally, the capacitor bank arrangement is in the form ©f a bridge with two pairs of identical
brgnches, each with series and parallel connected-gapacitor units. This construction allgws
thqg installation of a very sensitive unbalance protection, using the current (or voltage) in the
trapsverse connection. In most cases, capacitor units with internal fuses are used, but the
unbalance protection system can also be used with minor modifications (higher current steps
in ¢ase of fuse operations) for capacitor units,with external fuses or fuseless types. Unbalance
pratection is not a substitute for short-circtit protection.

The design of a current transformef\to be used in an unbalance protection should be dgne
very carefully. On the one hand, the CT should be suitable for the short-circuit current, butfon
thg other hand, it needs a very‘low transformation ratio. The CT saturation and secondary
burden also is taken into consideration. The rating of a current transformer for unbalance
prqtection should be specified very carefully because in the case of a partial short-circuit ip a
capacitor branch, high frequency transients resulting in high current stresses on the current
trapsformer can appeat. The point of CT saturation should be selected such that in case df a
high short-circuit current in the primary, the secondary connected equipment of the unbalance
pratection will not'be overstressed by excessive current or voltage. The primary winding of the
current transformer may be protected by means of surge arresters.

Nofmallys—the unbalance current protection is in principle an overcurrent relay with different
seftings_for alarm and trip. The function detects not only the operation of capacitor elemenf{ or
cal)acitor unit fuses but also all other asymmetries in the bridge, including earth faults gnd
open circuits. Criteria for alarm and trip signals should be decided by the contractor after
discussion with the customer.

D

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
thg bridge arms such as the opening of an element fuse results in a change (increase| or
degrease) in the unbalance current.

In recent years, especially with the introduction of digital protection systems, a high*standard
of resolution can be achieved so that the balancing of the capacitor bridge\to“a very low
unbalance current is no longer needed.

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

a) | Fundamental frequency band pass for filtering the unbalance current. Transient inrysh
oscillations within the transverse bridge arm can thus /e eliminated in the protectjon
circuit.

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

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
components.

e) | Storage of the last fully compensated.dnbalance current value after filter switch off and|its
comparison with the current after.switch on. With this approach, fuse failures at {he
moment of filter switch-on can(be detected (the unbalance protection needs some
milliseconds after filter switch-on} however, for full operation).

f) | Comparison of compensated unbalance current against limits for alarm and trip signals.

g) | Calculation of the valuerof unbalance current deviation caused by the operation of gne
capacitor element fuse,/as well as the maximum permissible number of fuse operatiops.
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
number of counted blown fuses is higher than a pre-set value, an alarm and/or a {rip
signal should*be given.

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

J) The pnqcihili’ry to_select different Qntfingq faor the numbers of failed r‘nlnnr‘ifnr units Ifor
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
sidg—of the fitter, white capacitors are situated—omnm the high voftage side. T his can aiso |be
rejersed. In the first case, relatively inexpensive current transformers can be uséd: [for
megasuring the reactor and resistor current for overload protection.

Fof the calculation of an overload condition of a reactor, harmonic currents“should |be
evaluated in addition to the fundamental frequency.

In comparison to reactors, the overload protection for resistors is much)easier because the
ohmic resistance is less dependent on frequency, and also the time constants for the differgnt
hafmonic frequencies do not vary greatly. A true RMS measurement(of current is sufficient|as
thg basis for a digital or analogue thermal model of the resistor.“Although it is dependent|on
thg design of the filter, in general higher order harmonic currents*tend to overload the resistor
while lower order harmonic currents tend to overload the reactor.

In the event that there is a CT in a resistor branch, the level of fundamental frequency currgnt
can be used to determine the extent of filter detuning. A filter with a fundamental frequency
turled bypass circuit should have negligible fdndamental current in the resistor branch
prqvided the fundamental frequency is near nominal.

8.4.4 Temperature measurement for protection

The method of direct temperature measurement at hot spots in components, such as is uged
in fransformers, has, up to now, nof\béen applied to conventional filter components since the
costs are too high.

8.4.5 Measurement of fundamental frequency components

Loy voltage capacitors_with series connected reactor (such as in a C-type filter) are ofien
useéd to minimize the.\fundamental frequency losses in parallel resistors. By filtering to obtpin
thg fundamental curréent in the resistor, a sensitive additional protection for the capacitor gnd
regctor can be achieved (refer to the attached high-pass filter protection scheme, Figure 12).
The fundamental current in the damping resistor branch should disappear to zero at rajed
conditions ((rated fundamental frequency). If the tuning capacitor in series with the filter
regctor_changes reactance, caused by a disturbance in a capacitor element, the fundamental
cufrent.through the resistor can increase, in most cases by a higher amount than by normal
freguency 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.

Elgment fuses are, in general, not designed for overload protection of capacitor elements.
They have to resist very high inrush and discharge currents, which are limited only=by the
cirguit impedances. Therefore, the sensitivity of element fuses should be much-higher than
thg maximum permissible element current.

The effect of one blown internal fuse is less than with external fuses, the violtage stress on the
rermaining capacitor elements being relatively small for the loss of a singleyelement. MoreoVer,
intgrnal fuses are protected from ambient influences. The main application of internal fuseg is
in high voltage capacitor banks with several series connected capacitor units. It should |be
nofed that internal fuses do not provide protection against a short circuit between interpal
comnections or a short circuit between active parts and casing,. both of which may lead to case
rugture.

Fugeless capacitors are discussed in 11.2.2.

8.4.7 Protection and rating of instrument transformers

In radial power systems with auto-reclosing ‘eperations, the discharge of capacitors can |be
ensured using inductive PTs before re-energization. The arrangement of PTs can be either
dirgctly on the filter feeder or on another, feeder of the substation provided that the connectjon
between the capacitor and PT is secure. The rating of such discharge PTs should be dgne
carefully. On the one hand, the high\discharge DC current through the primary windings of {he
PT| (approximately 10 A to 15 A)cis considered in relation to its dynamic consequences; Hut,
on|the other hand, the thermal load of the discharge is calculated. Normally, every inductjve
PT| however, has to discharge overhead lines and cables and so the thermal and dynamic
stress during discharge @fj)a capacitor, whose capacitance is comparable with that of |]an
overhead line, is generally not a problem. The main condition for PT rating is the total thermal
logdd from the permisSible number of discharges per time unit (1 h). It is necessary to spegify
and limit the number of discharges (capacitor switch on/off cycles) permitted per haur.
Common values. for the number of discharges allowed are approximately five in the first hour
ang one in every subsequent hour.

Digcharge-PTs can be connected from line to earth, but they can also be connected isolafed
from_earth across the capacitor line-side terminals. In such a case, the secondary wind|ng
capnot’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.
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.8 Examples of protection arrangements

example of a typical protection scheme for a simple shunt capacitor bank is shown| i

ure 11 and for a C-type filter in Figure 12. It should be noted that protection schemes n
y considerably depending on the particular features of a given filter designy'and on
tection philosophy adopted.
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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.

Before any work is performed on high voltage components, the relevant safe work standafds
of [the country and utility should be followed. Special sets for earthing the capacitor units
before touching are recommended.

9 | Audible noise

9.1 General

An| important consideration of converter station design is to prevent potential annoyance| of
peopple living nearby due to intrusive audible noise. The intention of Clause 9 is to infgrm
customers of the background to audible noise limitations (and the relevance to AC filter
design. The treatment of audible noise limitation in the /technical specification can |be
sighificant, and the issue may also be prominent during:\bid evaluation discussions and the
subsequent project design (see IEC TS 61973 [23]).

It iIs recommended to relate the specification requirements to regulations on environmental
noise for homes, residences and communities.near to the converter station.

Rejguirements for attaining an acceptable“noise environment may become a key parameter [for
thg layout of the converter switchyard;taffecting both technical and economical aspects, gnd
mdy have an impact on the AC filter'system design (e.g. circulating current in a double-turjed
filter may give rise to unacceptable noise), as well as the design of individual componerts.
The inclusion of special sound-limiting measures in equipment design will add to the cosf of
thgt equipment.

Since corrective measures for noise reduction during and after commissioning are usually
expensive and time-consuming, the customer should pay due attention to audible nojse
requirements already during the preliminary planning stage when selecting the site of the
comverter station..Audible noise limitation is often an important consideration in licensing| of
thg converter station site.

Aufible-'noise may be defined as an assembly of acoustic waves in air at frequencjes
perceived by the human ear. Noise may consist of a monofrequency acoustic signal (tone) or
of pounds containing a distribution of frequencies. For definitions of acoustic parameters, gee
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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