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FOREWORD

International Electrotechnical Commission (IEC) is a worldwide organization for standardization con
national electrotechnical committees (IEC National Committees). The object of IECtis to p
rnational co-operation on all questions concerning standardization in the electrical and“electronic fig
end and in addition to other activities, IEC publishes International Standards, Technical Specifig

prising
romote
Ids. To
ations,

hnical Reports, Publicly Available Specifications (PAS) and Guides (hereafter’ referred to ap “IEC

lication(s)”). Their preparation is entrusted to technical committees; any IEC Natiorial Committee int
he subject dealt with may participate in this preparatory work. International, governmental an
ernmental organizations liaising with the IEC also participate in this preparation. IEC collaborates

the International Organization for Standardization (ISO) in accordance with conditions determi
eement between the two organizations.

formal decisions or agreements of IEC on technical mattets “express, as nearly as possil
rnational consensus of opinion on the relevant subjects since eacCh*technical committee has repres¢
h all interested IEC National Committees.

Publications have the form of recommendations for inteshational use and are accepted by IEC N
hmittees in that sense. While all reasonable efforts are made to ensure that the technical content
lications is accurate, IEC cannot be held responsible: for the way in which they are used or
nterpretation by any end user.

rder to promote international uniformity, IEC«Ndtional Committees undertake to apply IEC Publi
sparently to the maximum extent possible .invtheir national and regional publications. Any dive
veen any |IEC Publication and the corresponding national or regional publication shall be clearly indid
latter.

itself does not provide any attestatjon of conformity. Independent certification bodies provide cor
essment services and, in some areas; access to IEC marks of conformity. IEC is not responsible
ices carried out by independent certification bodies.

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

liability shall attach to IEC or its directors, employees, servants or agents including individual expe|
nbers of its technical committees and IEC National Committees for any personal injury, property dan
br damage of any nature whatsoever, whether direct or indirect, or for costs (including legal feqg
lenses arising out of“the publication, use of, or reliance upon, this IEC Publication or any oth
lications.

ntion is drawn“to the Normative references cited in this publication. Use of the referenced publica

ntion.is-drawn to the possibility that some of the elements of this IEC Publication may be the su
bnt rights. IEC shall not be held responsible for identifying any or all such patent rights.

brested
d non-
closely
hed by

le, an
ntation

ational
of IEC
or any

cations
rgence
ated in

formity

for any

rts and
age or
s) and
er IEC

ions is

ject of

er, a

technical committee may propose the publication of a technical report when it has collected
data of a different kind from that which is normally published as an International Standard, for
example "state of the art".

IEC TR 62001-4, which is a Technical Report, has been prepared by subcommittee 22F:
Power electronics for electrical transmission and distribution systems, of IEC technical
committee 22: Power electronic systems and equipment.
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This first edition of IEC TR 62001-4, together with IEC TR 62001-1, IEC TR 62001-21 and
IEC TR 62001-3"1, cancels and replaces IEC TR 62001 published in 2009. This edition
constitutes a technical revision.

This

edition includes the following significant technical changes with respect to
IEC TR 62001:

a) Clauses 10 to 16, 18, Annexes F and G have been expanded and supplemented.

The text of this document is based on the following documents:

Enquiry draft Report on voting

Full in
voting

This

A list
direct
filters

The ¢
the s
relate
e re
e Wi
e re

e an

A bilin

22F/379/DTR 22F/385A/RVC

indicated in the above table.

ublication has been drafted in accordance with the ISO/IEC Dire¢tives, Part 2.

can be found on the IEC website.

ability date indicated on the IEC website ufder "http://webstore.iec.ch" in the
d to the specific publication. At this date, thepublication will be
confirmed,

thdrawn,

blaced by a revised edition, or

hended.

gual version of this publication may be issued at a later date.

1 To

be published.

formation on the voting for the approval of this document can be found inxthe repprt on

of all parts in the IEC TR 62001 series, published under the ‘general title High-vpltage
current (HVDC) systems — Guidance to the specification“and design evaluation pf AC

ommittee has decided that the contents of this publication will remain unchanged until

data
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INTRODUCTION
IEC TR 62001 is structured in four parts:

Part 1 — Overview

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

Part 4 — Performance

This |part deals with current-based interference criteria, design issuesy'and special
applidations, field measurements and verification.

Part 3 — Modelling

This part addresses the harmonic interaction across converters, pre-existing harmonigs, AC
netwdrk impedance modelling, simulation of AC filter performance;

Part 4 — Equipment

This part concerns steady-state and transient ratings”of AC filters and their compopents,
power losses, audible noise, design issues and special applications, filter protection, se¢ismic
requinements, equipment design and test parameéters.
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HIGH-VOLTAGE DIRECT CURRENT (HVDC) SYSTEMS -
GUIDANCE TO THE SPECIFICATION AND DESIGN
EVALUATION OF AC FILTERS -

Part 4: Equipment

1 Scope

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

This document covers AC side filtering for the frequency range df+interest in terjns of
harmgnic distortion and audible frequency disturbances. It excludés. filters designed |to be
effect|ve in the power line carrier (PLC) and radio interference spectra.

It conperns the "conventional" AC filter technology and line-commutated HVDC converters.

2 Steady state rating

2.1 General

The talculation of the steady state ratings of the harmonic filter equipment i the
respopsibility of the contractor. Clause 2\gives guidance on the calculation of equipment
rating| parameters and the different factors to be considered in the studies. It is the
respopsibility of the customer to provide the appropriate system and environmental data and
also tp clarify the operational conditions, such as filter outages and network contingepcies,
which|need to be taken into account.

2.2 |Calculation method
2.21 General

Steady state rating“of filter equipment is based on a solution of the following circuit which
represents the . HVDC converter, the filter banks and the AC supply system. See Figure
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tri
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where

AC supply network:

Sp

- IEC

The symbols used in this figure are explained after Formula (1).

Figure 1 — Circuit for rating evaluation

harmonic current flowing in the filter is the summation of two componentg
bution from the HVDC converter and the contribution from,the AC supply network.

pbution to the harmonic filter current of order n from these two sources.

DC converter:

fn x . - 'Icn
Z +Z

sn fn

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

is the system harmonic current;

is the filter harmonic impedance;

is the network harmonic impedance.

w

[ii

U

here
¢, 1S the filter harmonic current from the system;

on I8 the existing system harmonic voltage.

The definition of network impedance is described in 2.5.

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

T

the

the principle of superposition, Formulae (1) and {2) can be used to evaluafe the

(1)

(2)

he harmonic current (/.,) produced by the rectifier or inverter of the HVDC station. It is
calculated for all harmonics (see IEC TR 62001-1:2016, Clause 5). 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
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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:—, Clause 3, should also be taken into account.

e The pre-existing system harmonic voltage, as discussed in 2.2.2.

e The harmonic impedance of AC network (Zg,), as discussed in IEC TR 62001-1:2016, 7.3.

Note that different values of Z, can be defined for the calculation of Iy, and Iiifn,
depending on how the pre-existing harmonic distortion is specified (see 2.2.3).

The harmonic impedance of the filter (Z;) needs to take account of the de-tuning and
tolerance factors discussed in 2.4.

In thel case of an HVDC link connecting two AC systems of different fundamental frequencies,
and pprticularly if the link is a back-to-back station, both converters may generate Currents on
their AC sides at frequencies other than harmonics of the fundamental. The.fundamental
frequencies either may be nominally different, for example 50 Hz and 60 Hz, or may be
nomirfally identical but differ at times by up to 1 Hz or 2 Hz. This additional gengrated
distorfion (interharmonics) will be at frequencies which are harmonics,\of the fundamental
frequency of the remote AC system, and will be transferred across the'ink. Interharmonics
may dive rise to specific problems not found with true harmonics, suCh.as

a) ingerference with ripple control systems, and

b) light flicker due to the low frequency amplitude modulation caused by the beating of a
hgrmonic 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.

The gffect of interharmonics (see IEC TR 6200%:1:2016, 4.2.7), although small, should also
be taken into account in the calculation of filtef<component rating.

2.2.2| AC system pre-existing harmonics

It is Jmportant that the effects of, pre-existing harmonic distortion on the AC systefn are
included in the filter rating calculations. Conventionally, this has been accommodated not by
direct| calculation as shown above, but by creating an arbitrary margin of a 10 % to|20 %
incregse in converter harmonic currents (/;,). However, such an approach may not
adeqyately reflect the low.order harmonic distortion (typically 3™, 5th and 7th) which exigts on
many|power systems. As:modern converter stations produce only small amounts of sugh low
order|harmonics, a simple enhancement of the magnitude may not adequately refleci their
potential contributignto filter ratings.

To magdel a multiplicity of harmonic current sources in a detailed network model is imprgctical
for the purposes of filter design. Therefore, it is proposed that a Thévenin equivalent vpltage
sourcg is'modelled behind the AC system impedance, as shown in Figure 1, to cregte an
open [circuit voltage distortion at the filter busbar, i.e. the level of distortion prjor 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.

2.2.3 Combination of converter and pre-existing harmonics
As there is no fixed vectorial relationship between Iifn and liifn, it is proposed that these

individual contributions to filter rating are summated on root sum square (RSS) basis at each
harmonic:

L=} +1;} (3)
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For pre-existing harmonics, of relatively low magnitude, RSS summation is reasonable, as
some harmonics may be in phase and others not, and as these relationships will vary with
time and operating conditions.

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

Linear addition should be considered for any pre-existing individual harmonic of such
magnitude that linear addition would significantly affect the current rating of the components.
Otherwise, if in practice the two sources were in phase for a period of time, the filter could
\Y u 1 . | 1Tl | u y u
that the conditions under which the two currents are calculated are consistent, ‘i/¢. the
calcullated currents can occur simultaneously in practice.

2.2.4 Equipment rating calculations
2241 General

The total filter current is derived as above for each harmonic order from 2"d to 50t inclusive.
It is important that this range is covered to ensure that any resonance conditions betwegn the
filters|and the AC network and between different filters are inherently considered. Harmonics
abovd the 50t order are unlikely to have a significant impact*on the total rating valuels and
can bg ignored.

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

2.2.4.p Capacitors

From [the spectrum of currents in the ‘capacitor bank (/¢,), the total RSS current can be
calculated as

]c: Z(Ifcn)z (4)

This ¢urrent is used-for capacitor fuse design, and both maximum and minimum valugs are
requined.

The magnitudes of the spectrum of most significant harmonic currents should be specifig¢d.

As the voltage tating of the high-voitage capacitors 15 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
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.
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The issue is therefore one of perceived risk against cost, and due to the diversity of existing
opinions it is not possible to give a clear recommendation here. Various approaches are
discussed below. All have been used successfully in practice on different HYDC 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=49
Umzzlfcn‘Xfcn (5)
n=1
wherg
Xien | is the harmonic impedance of order » of the capacitor bank.

Howeper, 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
harma@nics are in phase, and will result in an expensive capacitor design,

A mofe realistic method is to use Formula (5) but to assume that<enly a limited number of
harmgnics are considered to be in resonance (e.g. the two largest contributions) and all| other
harmagnics are evaluated against an open-circuit system or fixed impedance. Howevef, this
methqd still assumes that all harmonics are in phase, which,will‘hot be the case in practjce.

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

n=49
Um=U1 +Uno+Q’ZUn2 (6)
n=2

U, is the fundamentalicomponent;

wherg

U is the largest component of all harmonic voltages;
U is the individual harmonic components of order n excluding the largest component

The gbove _may be taken a step further by adding only the fundamental component fo the
RSS gummation of all harmonic components, again assuming resonance at all frequencies.

n=49
Um :Ul +‘ Z Unz (7)
n=2

This is less conservative than the method used in Formulae (5) or (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.
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Uy =Up [(10t011) (8)

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

NOTE In the above definitions, U, is used to denote a harmonic component (» = 1 to 49) and U, is used to
denote the capacitor bank rated voltage (as per IEC 60871-1).

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 r tcd vu:tayc ray havc tU bU ;IIUICGDUd tU ClIourc that thc ban:\o ovdarl VV;tthal d the

transipnt stresses, as discussed in 3.4.

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

Qc = 2 Ifcn2 Xfcn (9)

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

0.'=Uy /Xfcl (10)

Due tp the arithmetic or "quasi-quadratic" addition of harmonic voltages in Formula (14), O/’
normally exceeds Q.. However, in cases where the harmonic currents are large in
compagrison with the fundamental current, Q. can exceed Q.'. In such cases, an incrgased
rated |voltage may need to be specified*such that Q' = Q.. In practice, this may be dea|t with
by spgcifying the magnitudes of theimost significant individual harmonic currents.

2.2.48 Reactors

The hlarmonic current (/g,)'spectrum and the total RSS harmonic current need to be spgcified
to thel manufacturer o _ensure adequate thermal design is achieved and the basis of thermal
type tests is correctly.evaluated. The rating of the reactor is based on

n=49

Zlﬂnz (11)

n=l1

n=49

Z 2 Xy, (12)

where

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

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

n=49

Ulz\/azlﬂnXﬂn (13)
n=l1
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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.

2.2.4.4 Resistors

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

L= 21 (14)
n=l
The ppwer rating of the resistor is therefore
n=49
R = Z Ifran (15)

n=l

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

n=49

U =N2> I, R (16)
n=l1

frn

This figure, Uy, should become the basis for the' determination of the creepage distange for
resistpr internal support insulation (see als0~2.2.5). Although the choice of an arithmetic
sumniation of fundamental and harmonic.voltages appears to be unduly pessimistic gnd in
confligt with the general approach to insulator creepage distances, the internal insulatofs are
subje¢ted to unusual operating conditions. The effects of atmospheric pollution can resgult in
significant built-up of deposits onxjnsulator surfaces which are not subject to washipg by
rainfall. During normal operatioaithe insulators experience elevated temperatures, typically
100 °C to 300 °C, increasing-the risk of surface flashovers. Maintenance has typically| been
perfomed on an annual basisy but some customers are now extending maintenance intgrvals
to 3 years. Thus a consghvative approach on the above basis for internal insulation cre¢page
may He necessary.

During routine _switching of damped filters and under fast-fronted surge conditions as
discugsed in Clause 3, the resistors can experience very high stresses. These pregdicted
stresq levels\need to be included in the equipment specification.

2.2.5 |~ “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 3.

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.
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2.3 AC network conditions

Filter 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 excursions
in excess of this value, the time duration of the overvoltage should be specified.

2.4 De-tuning effects

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

ed for
ation,

ed for
pgrformance, extreme variations should be considered for rating. ,These extreme
canditions may be specified as continuous or for specific time periodsy The former will
ddfine continuous ratings whereas the latter will define short time overloads.

e Tgmperature variation: Whereas maximum and minimum average temperature shodld be
cansidered for performance studies, absolute maximum and“minimum temperatures
shlould be considered for equipment rating. As discussed previously, the temperatufte will
affect the capacitance value and hence will de-tung/the filter. In addition,| cold
temperature conditions are of particular importance for capacitor banks, especially for
energization conditions.

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

e Capacitor unit failure detection schemes normally have three set levels: alarm only (15t
stage), alarm plus impending timed trip-(2nd stage) and instantaneous trip (39 stage).
Capacitor bank rating caters for the loading condition when operating under the 2"d|stage
alarm. In some cases, only a 2 stage“scheme will be implemented, and rating needs only
cansider the 15t alarm stage.

e When multiple tuned banks of the same type are installed, it is important to consider
ssible circulating currents” between the banks due to differences in tuning.|Such
rrents will need to be“eonsidered for filter equipment rating. However, measutes to
ntrol this effect, suéh as the use of paralleling buses, can be used if the filter laylout is
itable.

»w O OT

2.5 |Network impedance for rating calculations

The frepresentation of the AC network harmonic impedance (Z,) for the purposes of
equipment_rating should be different from that used for predicting performance. As discpssed
in IEG TR.62001-1:2016, 7.3, a number of different distinct geometric shapes can be uged to
defing the” harmonic impedance for performance studies. This data should cover all normal
and plausible contingency network operating conditions and Toad conditions anticipated
throughout the lifetime of the equipment. For rating studies, a wider range of network
conditions may be used to ensure that equipment ratings are adequate for the anticipated
lifetime. This can be achieved by specifying larger search areas and/or increased system
angles. It is important to ensure that realistic levels of minimum resistance are considered to
avoid undamped resonance conditions occurring.

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

In some cases, the zero sequence impedance of the system may be required to evaluate the
voltage unbalance on the converter bus following un-symmetrical 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 34, harmonic filters.
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2.6 Outages

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

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

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

3 Transient stresses and rating

3.1 General

In addition to the steady state fundamental plus harmonic loading, harmonic filtefs will
experjence transient stresses due to a wide nariety of disturbances. These conditions will
need [to be investigated to ensure that the-“capability of the equipment is sufficignt to
accommodate the superimposed transient.duty.

Such [studies will require a transient” analysis computer program, such as EMTP,|ATP,
NETQMAC or EMTDCZ2, to mode| 'system parameters, including non-linear aspects such as
transfprmer saturation and surge arrester characteristics. The results of these studigs will
indicgte whether the calculated' stresses exceed the equipment’s capability. In such gases,
the gquipment rating will- need to be increased to accommodate the predicted | duty.
Alternlatively, surge arresfers can be used to limit the transient duty on the equipment.

Wher¢ necessarya the results of such studies may need to form part of the equipment
specification and,may also become the basis for acceptance test levels.

In thg case~of double tuned filters, the results of transient studies usually indicate thpat the
proposed ‘ratings of the low voltage filter components, based on steady state loading, are
inadefjuate 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 3 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
stated together with details of any auto-reclose schemes that operate on the supply network.

2 EMTP, ATP, NETOMAC and EMTDC are examples of suitable products available commercially. This
information is given for the convenience of users of this document and does not constitute an endorsement by
IEC of these products.
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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
equipment. These studies are required to establish equipment insulation levels and surge
arrester ratings. 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 3.2, comprises switching impulse studies such as routine filter
switching, auto-reclose events, system faults and fault application/clearance involving DC
link load rejection.

e The second group, as discussed in 3.3, includes fast fronted waveform studies, such as
lightning strikes and bus flashovers which result in rapid discharge of capacitor bankis.

3.2 |Switching impulse studies
3.21 Energization and switching

For epch type of filter available in the HVDC scheme, initial energization. studies need|to be
perfolmed to establish maximum levels of overcurrent, overvoltage (and energy. Poipt-on-
wave |studies will establish worst-case conditions based on enerdization from the h|ghest
realisfic system voltage. However, in more complex filter configurations, the same poipt-on-
wave [may not establish worst-case conditions for individual _items of equipment. These
studigs may also establish the need for switching overvoltage control devices in the brgdakers
(pre-ipsertion resistors, synchronized closing, etc.) and-the breaker switching cappbility
underfovervoltage conditions for overvoltage control.

Routipe switching of filters, with other banks already in service, will be the most common
transipnt duty on the filter components. The number of switching operations per annum may
vary widely between schemes. For example, adong distance HVDC scheme designed fgr bulk
power transmission may require very infrequent filter switching, whereas a back-tg-back
HVDG({ scheme with a reactive power contral facility may switch filters frequently. An estimate
of thg number of switching events will‘be needed to accompany the transient results and
shoul@ be included by the contractortin the individual equipment specifications. Frequent
switching of filters is of particular<importance for the capacitor banks as the high leyel of
dieledtric stress imposed during-the transient event has an impact on the equipment lifgtime.
rds on capacitor banks, such as the IEC 60871 series and IEEE Std 18, give guiflance
on th¢ acceptable levels of.transient voltage and current and the number of switching gvents

imilar manner to’ initial energization studies, point-on-wave studies of routine swifching
needed tovestablish 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
servide at themaximum realistic system voltage. Where shunt capacitor banks are ingtalled
as palrt of the reactive power control strategy, the particular case of parallel switchirlg will
need [to'be studied. In this case, the high levels of inrush current into one bank due fo the
disch i i ; acitor
equipment. 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 Figures 2 and 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
3.2.2 Faults external to the filter

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

ission Imes the strategy in the event of repeated falled re- closure attempts WI||
studied. In such cases, successive re-energization of the filters may result in"signlfi

guration of such transient studies would need to beschosen to cover all breaker
ions and to ensure that worst-case overload conditionssahd arrester energy absojrption
condifions had been reached. However, it is recognized thatyit is impractical to represent long
breakper clearing times, for example several minutes, indigital studies and a reduced period
can bg modelled as the clearing time for stuck breakercondition.

Figur¢ 4 illustrates a combination of fault conditions: at 25 ms, the HVDC conveiter is
blocked resulting in a severe overvoltage on he main filter capacitor bank. At 70 ms|, a 3-
phasg bus fault is simulated which is cleared at 100 ms, a reduced period to minimize
compptation 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
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3.2.3 Faults internal to the filter

The effects of faults within the filter will depend upon the type of filter and the electrical
arrangement of the filter. Using a single-tuned filter, as an example, a line-earth fault at the
HV terminal of the capacitor bank will apply the instantaneous DC voltage on the capacitor
directly across the low voltage reactor and any surge arrester, as discussed further in 3.3.2.
A line-earth fault at the capacitor LV terminal would simply bypass the reactor and result in
very little change in current in the capacitor bank which is the predominant filter impedance.

If the filter configuration were inverted, for example the reactor at the HV terminal and the
capacitor connected to the neutral, a line-earth fault from the reactor HV terminal would result
in a simi i i ine- )y fault
from the reactor LV terminal, for example the capacitor HV terminal, would resulf in a
consigdlerable fault current in the reactor, due to the low impedance of the reactor~comfpared
with the capacitor. To ensure that reactors would survive such an internal filter fault, a| short
circuif test of the reactor would be required.

Altholyigh the fault conditions considered above are normally worst-case\conditions for filter
transipnt duty, for more complex filter configurations, other credible ifitefnal fault conditions
would| need to be studied.

When| studying the effects of such faults on filter componént’and arrester ratings| it is
imporfant to consider the protective level afforded by the bus\drrester and to co-ordinate the
design of this arrester with the filter arresters to achieve anoverall optimized design.

3.24 Transformer inrush currents

Enerdization of the converter transformer, or adjacent conventional transformers, will result in
significant levels of inrush current that can be(sustained for considerable periods of time. As
the infush currents are asymmetric and with*a high harmonic content, particularly of low|order
harmagnics, they can result in harmonic current flow in adjacent filters. In applications where
low ofder harmonic filters are installed;”such effects will need to be studied. Althoygh in
normgl practice the converter transfermers would be energized prior to filter switching, during
fault fecovery conditions, transformer switching on adjacent converter poles, or switchjing of
adjacent grid transformers, energization can occur with filters connected. Studies will inflicate
the nped for overvoltage control devices in the breakers for the definition of ecopomic
insulation levels of the equipment and/or to decrease the occurrence of commutation faifures.

including both linear.and non-linear, for example saturation, inductances. The losses within

StUdicIS involving transformer inrush currents need to model the transformer in some |detail
the trgansformerywhich will dictate the decay of inrush currents, should be modelled.

3.3 Fast fronted waveform studies

3.31 General

Because of the large rates of change of voltage and current involved in these studies, it is
important that stray inductances and capacitances within the filter circuits and equipment are
modelled. Thus the physical location of the equipment, and particularly of surge arresters,
should be considered when modelling the filter.

3.3.2 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
double-tuned filters and may have a significant bearing on their insulation levels. Where
appropriate, applied lightning strikes should be simulated at various points within the HV
substation and at various distances along the AC lines from the station.
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3.3.3 Busbar flashover studies

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

3.4 Insulation co-ordination

From ination
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-levgl and
energly absorption capability and the voltage withstand capability of the protected equipment
will bg based on relative costs. Although low voltage station class arresterspare relatively
inexpensive, if significant energy absorption capability is required then paraliel housings are
needgd and costs may be high. In such cases increasing equipment insufation levels may be
the ogtimum solution.

When| modelling surge arresters, it is important to consider the ‘maximum tolerance gn the
r characteristic when evaluating protective levels and. the minimum tolerance [when
evalugting energy absorption capability.

Therel are a number of possible connection arrangements for filters with embedded |surge
arresfers. Typical examples for double-tuned filters are.shown in Figure 5.

= - - IEC

The results of the lightning and switching impulse studies will confirm that the required
margins between the equipment withstand levels and the corresponding surge arrester
protective levels, according to IEC 60099-4 or the customer’s specification, are achieved.
Note that margins in excess of those normally specified by IEC 60099-4 will result in
increased filter costs. The energy absorption duty imposed on surge arresters by lightning
surges will normally be less than the energy arising from the fault conditions discussed in 3.2.

In the case of the double- and triple-tuned filters, the results of the fault studies or switching
studies usually indicate that the maximum transient voltages on the low voltage capacitors
greatly exceed the steady state ratings as derived in 9.2.2. As the cost of such banks is
usually low, increasing the rated voltage such that overload capability complies with
predicted maximum transient voltage can give an acceptable design without incurring the
need for special designs of surge arresters.
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By establishing a coherent insulation co-ordination scheme throughout the filter, it is possible
to define the following parameters for the filter equipment.

o LIWL;

e SIWL (if appropriate);

e power frequency voltage;

e clearance (line-line);

e clearance (line-earth);

e creepage distance;

e trgnsient current through arresters and filter components;
e prptective levels of filter arresters;

o filfer arrester locations and requirements.

Thesg parameters can be defined at each terminal of the equipment or inthe case offlarge
HV capacitor banks at a number of points where support insulators, current transformers or
voltade transformers may be connected. The neutral points of each phase of the| star-
conngcted filter are normally individually isolated by a low, but consistent insulation level, and
then Bhrought 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.

4 Lpsses

4.1 |Background

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

An infroduction to HVDC converter station losses is given in Annex A.

Harmonic filters assdciated with the AC side of HVDC converter stations are typically
respohsible for up toJaround 10 % of the total converter station losses. Unlike many| plant
items|the losses {or harmonic filters can only be determined by calculation, especially [those
relating to losses at harmonic frequencies (although the loss figures for the indiyidual
compopnents-of.the filters may be available as the result of works tests).

The widely accepted standard procedure for calculating losses in HVDC stations is defiped in
IEC 61803 Thisproposes catcutatiom of fosses under essentiatty momimmatcomditions; which is
a fair basis for most HVDC plant.

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

The customer should therefore be aware that by following the guidance of IEEE Std 1198
(now withdrawn), he may not obtain a realistic estimate of probable AC filter losses.
Furthermore, as the losses pertaining to different AC filter designs vary substantially, he will
also not be able to make a fair comparison of the designs offered by different bidders.

The following items therefore offer guidance to the customer, where appropriate, on how to
define alternative conditions for calculating AC filter losses. It is suggested that the filter
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losses should be calculated both under the nominal conditions of IEC 61803, and under the
suggested alternative conditions described in 4.4 below, in order to provide all the
information needed by the customer.

4.2 AC filter component losses
4.21 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, Clause 6 in IEC TR 62001-1:2016 highlights the various advantages and
disadyantages of tuned filters, which typically produce low losses, against damped.[filters
which|generally produce higher losses on a per Mvar basis.

Furthér discussion with respect to overall filter component costs, taking intovaccouni their
losses, is provided in CIGRE WG 14.03.

4.2.2 Filter/shunt capacitor losses

For large high voltage capacitor banks having ratings of many Mvars, the loss angle beqomes
imporfant; the lower the loss angle, the lower the losses are for thé 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

Source of loss Loss
W/kvar
Internally fused unit Externally fused unit
Dielegtric 0,05 0,05
Dischprge resistors 0,05 0,05
Other]|(fuses and connections) 0,05 0,01
TOTAL 0,15 0,11

The gbove losses are-typical; guaranteed values would be in the order of 20 % hiigher.
Fuselgss capacitors have similar dielectric, discharge resistor and connection losses to|those
stated above. In respect of externally fused units, the losses due to the external fude are
additipnal to those quoted. With improvements in the choice and design of dielectriq, it is
noteworthy«that the losses in the capacitor unit discharge resistor now tend to dominatg. The
requinements and duty for such resistors are not within the direct control of the capacitor
manufacturer, but are dictated by discharge time requirements imposed by interngtional
standards or the cusiomer s own requirements. I an enhanced discharge requirement is
specified then the losses as shown in Table 1 will be higher.

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

The power losses of each individual capacitor bank, assuming that the loss angle is the same
at harmonic frequencies as at fundamental frequency, can be determined by:
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P, = tan(5)~nZ]:v]Cn2 x X, (17)
n=1
where
P, is the filter capacitor loss;
n is the harmonic number;
N is the maximum harmonic order (typically 49);
I, is the calculated current in the capacitor at harmonic order ;
X is the r‘alnar‘ifnr reactance at harmonic order »n:

cn

tan(s) is the tangent of the capacitor loss angle.

Shunf capacitor banks are often provided in addition to harmonic filters to provide/part pf the
total gonverter station reactive power requirements. Their losses, at both fupdamental and
harmgnic frequency, can be assessed in a similar manner to filter capacitors as discissed
abovdg. However, because the losses of the capacitor units themselves arellow, the effdcts of
losse$ in other components which may then become significant shouldnot be overlooked. In
this respect losses due to the following plant items can typically increase the losses que to
the cgpacitor units alone by some 50 %:

o the interconnecting cables and busbars;

o the capacitor bank switchgear;

o the capacitor bank (discharge) potential transformér (PT);
e the inrush reactor (when provided);

e the capacitor fuses;

o the capacitor bank internal connections.
4.3 |Reactor and resistor losses
4.3.1 General

In general, filter reactors (and.wWhere provided, resistors) are the dominant source of total
filter losses. This is particularly so for a filter bank that provides attenuation for low|order
harmagnics, either in the form of single frequency tuned filters or damped types.

For single frequency-tuned filters, the filter designer is often required to make a comprpmise
betwden the Q (quality) factor for the reactor at fundamental frequency and at the jtuned
harmaonic frequency. At fundamental frequency, to minimize losses, the requirement| is to
specify a Q factor as high as possible, whereas at harmonic frequencies, in particular the
tuned| frequency, it is desirable to specify a Q factor compatible with the filter performance
requrrement The requrred Q factor at the harmonlc frequency may be Iow when the frlter is

and/or ambient temperature range. The final balance can often be a compromise between
these conflicting requirements, especially when a filter reactor manufacturer's lowest initial
cost design is not optimal in respect of losses.

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

For damped filters, the choice of reactor Q factor at harmonic frequencies is generally
unimportant in terms of achieving the required performance and optimal rating, leaving the
filter designer a relatively free choice in specifying Q factor at fundamental frequency to
satisfy the balance between reactor cost and losses. However, for double-tuned damped
filters, the choice of reactor O factor at harmonic frequencies requires careful optimization to
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minimize the effects of circulating harmonic currents within the filter itself. Increasing the Q
factor may in certain circumstances increase the harmonic losses in the reactors.

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

(18)

wherg
P, isfthe filter reactor loss;

n is[the harmonic number;

N is the maximum harmonic order (typically 49);

I, isthe calculated current in the reactor at harmonic order #;
X, is the reactor reactance at harmonic order n;,

0, isthe reactor Q factor at harmonic order n.
4.3.2 Filter resistor losses

In determining the overall filter configuration, the. designer will have evaluated the ghoice
betwden tuned and damped type filters and alsotbetween the various types of damped filter in
terms| of minimizing filter resistor losses. In ¢his 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 itis necessary for single frequency tuned filters|to be
provided with an external resistor to_achieve the required filter Q factor at the tuned harmonic
frequéncy.

In dgtermining the choice( between the various types of damped filter, it should be
remembered that especially for AC filters connected to a high system voltage, the cost pf the
resistpr bank itself is notidirectly proportional to the required loss dissipation since the dost of
the inpulation required\can be a significant proportion of the total cost.

The ppwer lossgs in the resistor can be determined by

P =”levlmz xR, (19)
1=l
where
P, is the filter resistor loss;
n is the harmonic number;
N is the maximum harmonic order (typically 49);
R, is the resistance in ohms at harmonic order x;
I, is the calculated current in the resistor at harmonic order n.

rn

4.3.3 Shunt reactor losses

Shunt reactors may form part of an HVDC converter station to provide inductive
compensation for AC harmonic filters especially under light load conditions where a certain
minimum number of harmonic filters is required to satisfy harmonic performance
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requirements. The derivation of their losses is similar to that in conventional transmission
system applications. It should be noted that in general their losses at harmonic frequencies
are almost negligible in comparison to those at fundamental frequency.

4.4 Criteria for loss evaluation
441 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 6[1803 provides a set of criteria for assessing AC filter losses and is often specifijed by
purchpsers of HVDC converter stations/schemes. As such it usefully provides & medns of
assessing designs from a variety of potential bidders on an equal basis. However there are
instarjces where the criteria specified in this document do not always fully\reflect operating
condifions occurring in practice, which may give rise to losses of a-different magnitude.
Thesg particular instances are discussed later.

The vprious aspects that need to be considered when assessinglosses are

a) fupdamental frequency AC filter busbar voltage,
b) fupdamental frequency and ambient temperature,
) AC system harmonic impedance,

d) hgrmonic currents generated by the converter,

) pre-existing harmonic distortion, and

f) anticipated load profile of the converter station.

Thesg are discussed in turn in 4.4.2 to-44.7.

4.4.2 Fundamental frequency, AC filter busbar voltage

Since| the choice of AC filter busbar voltage is not a sensitive issue, i.e. it should pot in
generpl favour one design~of AC filter configuration over another, losses should be
determined for nominal AC\filter busbar voltage.

4.4.3 Fundamental frequency and ambient temperature

Initially it might:appear that in common with the choice of fundamental frequency AC system
voltage, loss-assessment should also be based on the nominal value of fundamental
frequency.

Whilst this approach is generally satisfaciory for the majority of other componenis comprising
the converter station, it may be inappropriate for AC harmonic filters, and the choice of
fundamental frequency and ambient temperature variation may be a sensitive issue.
Depending on the type of filter arrangement, the filter harmonic losses under the extremes of
frequency variations (and of ambient temperature where appropriate) can vary significantly
from those calculated using nominal frequency and a "nominal" temperature. This is
especially significant for arrangements which comprise single or double-tuned filter branches.
For damped filters the effect of such variations is however negligible.

Therefore, in order to provide the customer with a fuller knowledge of the losses possible
from each filter design, loss assessment for AC harmonic filters should be determined at the
extremes of fundamental frequency and ambient temperatures as specified for harmonic
performance calculations.
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This should be in addition to the calculation method using nominal frequency and an ambient
temperature of 20 °C (IEC 61803), which is of use in comparison of losses for the overall
converter station.

444 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 61803:1999/AMD1:2010, 5.3.1, recommends) 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".

Howeyer, this criterion neglects the fact that resonance between the AC filters and the_gupply
systen harmonic impedance can occur, leading to magnification of the harmori¢ cufrents
generpted by the converters (and any other sources).

A chajice of system harmonic impedance more representative of conditionsiactually occurring
in practice is to use the impedance employed for the determination of filter performance (the
alternptive use of the system harmonic impedance employed for filter‘rating conditiong may
be tog pessimistic for loss assessment).

As wi|th 4.4.3 above, this calculation could be done instead of, or in addition tg, the
calculation with open circuited AC system.

445 Harmonic currents generated by the converter

IEEE |Std 1158-1991, 4.3.1, and several 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 shodld be
neglegted.

Howeper, for several HVYDC schemes™it has been necessary to include low order harmonic
filtering specifically to attenuate residual non-characteristic harmonic currents to satisfy the
perfolmance criteria. In such cases, in order to obtain a realistic assessment of expgected
losse$, the filter loss calculation-should take these non-characteristic harmonics into acgount,
as they may have a significant impact on the magnitude of filter losses. Depending gn the
appropch adopted by the‘customer, this may be requested instead of, or in addition fo, an
assegsment which excludes non-characteristic harmonics.

In reppect of converter characteristic harmonic currents for loss assessment, VJalues
calculated for~performance" conditions are appropriate, i.e. those based typically on ngminal
value$ of delay’angle and commutation reactance.

If non-characteristic harmonics are to be considered, then values for reactance imbalgnces
between converier tfransformers comprising a TZ-pulse group, imbalances befween individual
converter transformer phases, and imbalances in delay angle between valve groups in a
12-pulse pair and within a 6-pulse valve group, should be based on "expected" levels rather
than "guaranteed" levels, subject to the agreement of the customer.

The effects of negative phase sequence voltages on losses in converter plant are often
overlooked in the assessment of 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 filters.
These losses can be substantial, and the customer is advised to obtain a realistic knowledge
of their likely level. For such a loss calculation, the level of negative phase sequence voltage
used should be that defined for the assessment of harmonic performance.
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4.4.6 Pre-existing harmonic distortion

Whether the effects of pre-existing harmonic distortion should be included in the loss
assessment or not largely depends on the requirements of the performance specification. If in
the assessment of performance the effects of pre-existing harmonic distortion are to be
neglected (see also IEC TR 62001-1:2016, 7.1.6) then it is also appropriate to neglect them
in loss assessment. On the other hand, where the performance requirements state that pre-
existing harmonic distortion should be included, losses should also be based on their
consideration.

Where the converter station includes power electronic reactive compensation, for example an
static var compensator (Q\/(‘)7 as part of the total pnr‘l(ngn7 such plant may itself bhe a source
of hafmonic current generation and to comply with the performance criteria may(rg¢quire
assodiated harmonic filters. Nonetheless, a certain level of its harmonic current will flo into
the harmonic filters associated directly with the converters and such levels should also be
taken|into account in their total loss assessment.

4.4.7 The anticipated load profile of the converter station

The epaluation of the economic cost of losses from the AC filters will_be heavily dependgnt on
the expected load profile for the converter station, which also takes into account the aiount
of time that each converter operates in rectifier and invetter mode (for bi-diregdtional
schemes) and operation under "ready" (or "standby") mode cenditions.

Ready mode is defined as the condition when all the_équipment necessary for operatjon of
the link is live and transmission may be established by.deblocking the valves. It is also| often
termefd 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.

For certain applications, it may be a requirement that in ready mode a minimum numbper of
filters| should be connected even thoughithe thyristor valves are blocked. The number of
filters|connected for such conditions wolld be that which satisfies the harmonic performance
requinements for the minimum feasible DC load condition and also satisfies the repctive
powefl balance requirement.

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

The Ipsses for each-of the individual loading conditions may then be weighted with syitable
factorp representative of the anticipated operating profile to determine the total equiyalent
losses. It should however be noted that depending on the approach adopted by the customer
for ejaluating the cost of losses, losses at fundamental and harmonic frequencies mpy be
weightted. differently, as may be those for ready mode and load losses.

5 Design issues and special applications

5.1 General

Clause 5 provides some guidance regarding a selection of more advanced design issues and
some special filter applications, always with reference to conventional passive AC filters.
Newer technologies, for example active filtering, are described in IEC TR 62001-1:20186,
Clause 10.

Experience from numerous HVDC schemes is condensed in the following. The subjects
discussed include topics which have arisen in a number of projects, as well as some more
unusual applications.
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Some of these topics may have an impact on the wording of the customer’s technical
specification, but most are included in order to assist the customer during the bid evaluation
stage and subsequent discussions with the bidders and later the contractor.

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

described in IEC TR 62001-1:2016, Clause 5. The particular influence of negative sequence
voltage on the generation of 3 harmonic is treated in IEC TR 62001-1:2016, 5.4.6.

Harmonic AC filters tuned for the characteristic 12-pulse harmonics behave as a capgcitive
impedance at lower frequencies. By nature the AC system harmonic impedance, Which is in
parallel with the filter impedance, creates parallel resonance phenomena .at conT/erter
busbdrs. In some HVDC schemes, therefore, low-order harmonic filters have been installed to
damp|such resonance (CIGRE WG 14.03) and to limit the distortion generated by some non-
charagteristic 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 funing
frequg¢ncy of the circuits, the filter reactors need to be .designed with unusually] high
inductance values and fundamental frequency ratings. Additionally, the losses, if damping
resistprs are provided, are relatively high.

This fype of filter may need to be in service overvthe whole range of converter|load.
Considering the reactive power requirements, thisswould have an impact on the number of
minimum filters possible at light load conditionsiand increase the reactive power exchange
with the AC system. In some schemes this surplus has been compensated with add|tional
shunt|reactors, while some other schemes operate the converters with increased firing gngles
and hjgher reactive power consumption.

The gccurate modelling of the harmonic AC system impedances at the second and third
harmaonic is important in order not_to overdesign such low order filters. For harmonics pelow
the 11th order, a detailed and’accurate representation is recommended to ensurg that
magnl|fication of harmonics is damped out to the optimum. If this is not possible during the
plann|ng stage some flexibility and allowance for risk should be given to the contragtor to
study|this phenomenon-during project execution and to mitigate any problem under his own
respopsibility at a later’stage of the project. In some cases, converter control with special
featunes could be used as a solution for low order harmonics problems instead of expgnsive
harmagnic filters(CIGRE WG14.03/cc.02 (JTF 01)).

It is also yital'to model accurately the harmonic interaction between AC and DC sides pf the
convdrter,~and the influence of the converter control system, when determining the negd for,
or th i - i -3.— ing Ithese
factors can result in completely misleading conclusions, and possibly the unnecessary
specification for a low-order filter to be installed.

A major disadvantage of low order filters (374 harmonic, or 3/5t" for example), is that they are
loaded not only by currents from the converter, but also from other harmonic sources in the
AC system. Often such sources are not the responsibility of or under the control of the
customer, may not be filtered locally, and their magnitude is not known. They may also have
come on line due to industrial development taking place after the design of the HVDC station.
The currents from such sources may, furthermore, be magnified by resonances within the AC
network. It is therefore difficult to predict how much network harmonic current may flow in the
low-order filters, and in the past low-order filters have been tripped or damaged due to such
overloads. Over-rating of the filters is the only solution, but it is difficult to predict how much
over-rating is needed to ensure security, and the filters can become very expensive.
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It is therefore advisable to expend considerable efforts, if necessary, in studying low-order
harmonic problems using accurate modelling, in order to try to avoid the necessity of
installing low-order filters. The customer should be aware of the issues and be prepared to
discuss with bidders any aspects of the technical specification, for example the prescribed
AC system impedance envelope, level of specified negative sequence voltage or individual
harmonics voltage limits, which may force the contractor to include low-order filter branches
in the design.

5.2.2 Definition of interference factors to include harmonics up to 5 kHz

In most technical specifications, the maximum harmonic order to be considered for AC filter
perfor. i ificati to be
consiflered up to the 83" harmonic at 60 Hz, i.e. 5 kHz. The impact on the filter desigjh and
costs|when considering harmonics higher than the order of 50 can be significant, and dareful
consi@leration should be given by the customer before making such a requirement.

Standard communication on analogue telephone lines should not be significantly affected in
per frequency band between the 50th harmonic and 5 kHz by the.Jevel 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 betwgen tuned AC filtens and
the AC system could be created. These would need to be studied in order to avoid excgssive
interference in the nearby communication systems. To obtain realistic results of such stldies,
proper modelling of frequency dependence for the majoriv“components such as [lines,
transfprmers and loads is of great importance. However, thefrequency dependence is largely
unkngwn in this upper frequency range and so such detailed studies are generally not
feasifle.

If high-pass damped filters are used in the converter stations, the higher order harmonics
injecteéd into the AC system will be negligiblez, However, the use of high-pass filters|large
enough and with sufficient damping to satisfy stringent performance criteria over this
extenfed frequency range may increase the filter costs and losses significantly.

The dqustomer is therefore faced with a dilemma — if the technical specification limiis the
perfO}mance requirements to the 50th harmonic, then the bidders may find that the| most

competitive filter design is one:using double-tuned filters at the characteristic harmonicg, with
an indluctive impedance at ffequencies above the 50th harmonic. Such a design would fulfil
the specified requirements,. but could create a resonance with the AC system at higher
frequgncies, amplifying-harmonics which would otherwise be negligible.

If however the customer extends the frequency range to say the 834 order at 60 Hz (or[100th
order|at 50 Hz)p.and if the levels of specified telephone interference factor (TIF), etg. 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 therefaore consider the options Parpfnlly hefare extending the spe cified
frequency range for AC filter performance above the 50t order. Two possible alternative
approaches could be considered:

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

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

5.2.3 Triple-tuned filter circuits

Double-tuned filter circuits have been established in the past as a standard design for
passive AC filters, as the savings in the high voltage capacitor banks and AC switchgear
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justify a filter design with more than one tuning frequency. In certain circumstances, further
optimization may be possible if more than two tuning frequencies can be achieved. In tenders
for recent projects, manufacturers have identified a cost saving advantage if triple-tuned
filters could be provided (see also IEC TR 62001-1:2016, 6.4.3).

In the past, the introduction of triple-tuned AC filters has been resisted, mainly on the
grounds that on site-tuning would be difficult. However, the use of modern instruments
eliminates any serious difficulties. Tuning is still more complicated than for single- or double-
tuned filters, but is quite feasible. Moreover, if the filter is designed so that sharp tuning is
only required at one of the frequencies, with broad-band damped characteristics at the other
two frequencies, then sufficiently accurate tuning can be readily achieved.

A triple-tuned filter will generally be attractive if the alternative design requires smal| filter
bank pizes at an extremely high AC system voltage. In order to achieve an econoni¢al design
of HV| capacitor, it is then desirable to filter several major converter harmonics“within one
filter pbank. If necessary, high-pass characteristics can be implemented. with add|tional
damp|ng resistors.

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

e combination of stringent THFF or TIF voltage distortion-.Combined simultaneously with low
IT|product limits;

e minimizing filter reactive power installation closedo“generators;
e loy order filtering combined with a 12/24th harmonic filter;
e saving in AC switchgear and space;

e loyer reactive power of a 3/12/24th harmonic filter at light load conditions comparef to a
3" harmonic + 12/24th harmonic circuit; thus reducing the need for shunt reactors;

e hi

jher redundancy for all types of.filter used.

Possiple disadvantages to be censidered (see also IEC TR 62001-1:2016, 6.4.3), apart from
the mpre complicated on-site-tuning, are as follows:

e sensitivity of the tuning.to blown capacitor fuses;

e nymber of current transformers (CTs) required to ensure protection of all components, or
pdssible overrating of unprotected low voltage components.

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

5.2.4 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 been
arranged with harmonic AC filters connected to a tertiary winding of the converter
transformers, for example Blackwater, McNeill and Vyborg HVDC converter stations.

Savings can be expected in the space and investment costs of the filter circuits, including the
AC filter breakers, because the limitations on economic minimum capacitor bank rating are
reduced by employing a lower connection voltage. In addition, identical voltage and Mvar
design of the components for both rectifier and inverter side can save costs in providing a
minimized number of spare items for the 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 filter protection
compared to a conventional HV filter design.
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Consideration should be given to filter outages. Any spare or redundant filtering has to be
provided on a per-transformer rather than a per-station basis, and this can significantly
reduce any cost advantage. Filters may be shared by the use of off-load disconnectors to
allow 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)opfimum
soluti}n. The following aspects relating to the converter transformer should alsg be takgn into
accoynt.

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 standardjzed item of equipment apd for
sytem studies a detailed transformer model needs to bé\déveloped by the contragtor to
prpve all the assumptions and ratings.

e THe converter transformer impedance selection has\to reflect the requirement to IirIit the
shlort circuit currents to acceptable limits; but on the other hand the choice of the
trgnsformer impedances has an impact on theroverall harmonic performance of the AC
filjers and needs to be chosen in such a way-that resonances between the filter c|rcuits
and the AC system are damped out to a mifimum.

e THe voltage profile at the tertiary filter busbars has to be considered when calculating the
repctive power compensation, and Gn general a larger reactive compensation will be
refiuired than if filters were installed*on the high voltage bus.

5.3 |Rating aspects
5.3.1 Limiting high harmonic currents in parallel-resonant filter circuits

Double-tuned or triple-ttined filters include parallel resonant circuits, which create thg anti-
resonpnce points between the tuned frequencies. For the component current and vopltage
ratings of these circuits the damping at harmonic frequencies is an important factor. Un|ess a
separpte damping-resistor is included in the circuit, the circulating harmonic current is I|mited
mainly by thesresistance of the reactor. Optimization between the feasibility of providing L-C
comppnents-with high harmonic current ratings and the alternative of loss intensive registive
damp|ng is_one of the major tasks for the filter designer.

An iterative design procedure is required, since if the reactor quality factor changes, the
current and voltage ratings in the parallel resonance circuit can vary significantly. Close co-
operation between the system designer and the component manufacturer is needed to obtain
an economic component design.

If in special cases, the quality factor of the reactors has to be reduced beyond what is
possible within the reactor itself, an additional series damping resistor can be connected to
the filter reactor coil or to the filter capacitor.

5.3.2  Transient ratings of parallel circuits in multiple tuned filters

For double-tuned and triple-tuned filters, experience has shown that the transient ratings of
the components of the low voltage tuning circuits are of major importance in the filter design.
Therefore it is recommended to include representative oscillograms for the worst-case
transient voltage stresses in the relevant component specifications.
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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
initiatipr—fauHt—duration—and—fau—elearing—seenaries—for—differenttoadinrg—anre—AG—system

conditions.

5.3.3 Overload protection of high-pass harmonic filter resistors

If resistors are provided in high-pass filters, different cases of overload conditions can stress
the rgsistors during emergency situations. Such cases need to be checked against the
prote¢tive scheme and the short-time overload ratings of the resistors. (Fypical exampleg are

e mismatch of filter configuration versus load,

e infernal faults or interruptions in the filter circuit,

e converter maloperation,

o frgquency deviation during emergency system conditions, and

+ fujure modification of the AC system impedance, feading to filter-AC system resonanfce.

In some HVDC schemes, the resistors are_net directly protected by their own clrrent
transfprmer. Some manufacturers’ protective*schemes include the ability to calculale the
resistpr stresses from other values measured within the filter circuit, as input to the protective
relaying scheme. However, if required,qit*is also possible to provide an additional rgsistor
current transformer and the related pratection functions. It is recommended to include fin the
specification the requirement for,Specific resistor protection but request the bidder to
propolse, as an alternative, another solution in accordance with his practical experience and
desigh philosophy, to be discussed during the bid evaluation process.

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

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

If tuned filters are used, the tuning reactors are sufficient to limit these inrush currents. |If one
or more{shunt capacitors in parallel are included in the design, it is recommended to pfovide
add|t| mmiting gacto n heo hin canacito han o—dampb he 'harge

Another additional advantage could be achieved, if the current limiting reactors are chosen so
that the shunt capacitor banks are tuned to some higher order characteristic harmonics or
alternatively — in case only 12th/24th filters are installed — to a frequency slightly lower than
the 35!, By this means, parallel resonances between the filters and the shunt capacitor will
avoid all characteristic 12-pulse harmonics higher than the 25t and can be shifted to non-
critical frequencies.

5.3.5 Short time overload — reasonable specification of requirements

Subclause 5.3.5 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 caused 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
levels need to be studied to determine the worst-case loading conditions.

As an example, typical short time durations to be considered can be classified as:

Normal system conditions: 10 minto 2 h duration
Distugbedsystemcomnditions: T to O gduration
Emergency system conditions: 1sto60s duration

Also, when designing filter components for all these requirements with respectito.lifetime and
risk, @ reasonable duty cycle should be clearly defined. These definitions shotld also rfeflect

the injtial and follow-up system conditions for the system duty cycles.

Evideptly, it would be desirable that the decisive rating of filter components should rot be
determined by abnormal situations of short-time duration. Oftenfilter components properly
rated [for steady-state conditions will also withstand short-timé conditions. However, |these
conditions should be calculated and the short-time capability of the filter compdnents

checkled.

In thel event that the short-time condition proves to bé decisive, the customer and contractor
together should consider whether it is economically{reasonable to specify the filter for the
short{ime condition in question, or whether in such'a possibly unlikely event the filter ghould
be allpwed to trip. The probability of the combination of short-time conditions with ma)imum

detun|ng conditions should also be questioned:

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

a)

Filter capacitors

Short time fundamental freqUency overvoltages may be decisive for the voltage rafing of
the capacitors. Due to théinworst-case harmonic voltage loading, capacitors include|some
inﬂwerent overvoltage capabilities as long as both maximum harmonic voltage ratings and

shlort time overvoltage do not occur at the same moment. If both the steady|state
hgrmonic ratings-and the short time system overvoltages are superimposed, the sum of
bdth should bereflected within the voltage-time characteristic of the capacitor.

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

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

Filter reactors

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

Filter resistors

Filter resistors are the components most sensitive to overload, due to the loss dissipation.
The overload stresses depend on all the impacts discussed above. In some recent
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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.

5.3.6 Low voltage filter capacitors without fuses

For double- and triple-tuned filter arrangements, the low voltage capacitors are generally not
stressed by fundamental frequency current and voltage. Therefore the fuses of these
capacitors need to be designed for the harmonic current stresses, which vary depending on
the loading conditions of the converters and on the actual number and type of the AC filters in
service—Erom these varying loading conditions the fuse operating currents have {o he co-

ordingted 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 iclear [failed
capaditor units due to the missing dominating fundamental frequency component in the
current. Therefore in some HVDC projects, low-voltage filter capacitors without fuses| have
been psed for parallel tuning circuits. In some cases, these have been designed for extremely
high harmonic current ratings (due to detuning and outages of filter banks). For example, in
somelfilters, 11t and 13" harmonic current ratings up to approximately 1 000 A RMS for low
voltage components of double-tuned filters have been required.

5.4 |Filters for special purposes

5.4.1 Harmonic filters for damping transient overvoltages

In some HVDC projects, harmonic filters of a low-orfder type are used for both steady| state
and tfansient filtering. Transient filters to limit temporary overvoltage (TOV) at the conperter
statiopn busbar can be used for limiting the “saturation overvoltages of the conpyerter
transfprmers after AC bus faults or load rejection. If the short circuit level at the AC bysbars
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 impegance
resonptes with the AC filters close to the second or third harmonic. In this case the ffilters
need to be designed to abserbva 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 voltgge to
betwgen 1,1 p.u. and.1,2 p.u. compared to the bus voltage prior to the fault.

As arn examplenfor the 1 000 MW Chateauguay HVDC converter station two filter panks
(2 x 135 MVAr-2nd harmonic high-pass filters) have been installed. Special design sfudies
were fexecuted for determination of the amount of energy to be dissipated in filter registors
and filter arfesters.

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

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

As an alternative approach to that discussed in 5.4.1 above, a special filter was designed and
successfully commissioned in Austria for the Dirnrohr and Vienna South-East HVDC
converter station. For one particular 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
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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 a 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 Dirnrohr stations was to install a non-linear filter
for the 2"d and 3" harmonic with the filter arrangement as shown in Figure 6. This filter
arrangement has practically no losses at fundamental frequency and inserts its filtering
capability from a certaln tr|gger IeveI (determlned by the arrester arrangement) A group of
parallg
transipnt |mpedance of the filter. The arresters have been designed for the worst case‘energy
dissipjation during fault conditions.

-t

l c1

o

L1 m A1 (R1)

C3

R2 _E_ ca l ‘2
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Figure 6 — Non-linear low order filter for Vienna Southeast HVDC station

5.4.3 Series filters for HVDC converter stations

filters| Some detailed investigations have been carried out in the use of a mixed configulration
of sefies and shunt filters_for Itaipu and one actual application, in the Uruguaiana balck-to-
back station in Brazil, has'given good operational experience.

Existing experience in AC harmonic filtering is based almost entirely on the use of shuT type

A serles filter is functionally similar to the wave trap used in power line carrier applications
and ig built withhan inductor (in the range of 1 mH to 2 mH) in parallel with a series-connected
capaditor plus’resistor (Figure 7), tuned to a single resonance frequency. If several
resonpnce” frequencies are required, a number of such filter circuits can be cascaded in
seried, €ach of them tuned to a particular harmonic frequency Multiple-tuned series ffilters
(Figure ' = = S ks for
carrier and/or for rad|o frequency may also be |ncIuded |f necessary) A damped band-stop
characteristic can also be achieved to filter a range of higher order harmonics.

The above mentioned investigations have indicated that, considering the converter as a
source of harmonic current, the use of a series filter is efficient only if it is associated with a
shunt impedance of relatively low impedance, such as can be obtained with a capacitor bank
and/or shunt filter. Therefore the application of a series filter should be done in a mixed
configuration of series and shunt filters (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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tages of series filter circuits are:

5S space requirements;

dundancy approachis acceptable);

e minimum of protection equipment.

Disad

e th

vantages oftseries filter circuits are:

Figure 8 — Triple-tuned series filter and impedance plot

wer capacitor units and smaller filter reactor size than for shunt filters;

b main_reactor has to carry the fundamental frequency line current;

e capaciter/overvoltage protection against short-circuit faults is expensive;
. n I , S , I i :

need for circuit breakers and associated switchgear, but only parallel discgnnect
itches (assuming that these can remove a faulted parallel branch on-load or if(a no-

o if high-pass resistors are provided, the resistor losses are relatively high;

e components need to be designed with a high short circuit capability;

e protective devices should be rated for full AC bus voltage;

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

o relatively complicated protection schemes.
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Therel are several applications with particular, hatmonic performance requirements and/or
convqrter station design requirements that could justify consideration of a mixedI filter
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Figure 9 — Mixed series and shunt AC filters-at Uruguaiana HVDC station

uration. Some of the application charactéeristics for which the mixed solution shoulld be

ned are discussed below.

The mixed filter configurations with\the shunt filters are hard to satisfy if low minimym AC
system impedance is combinedy with requirements for limited emission of harmonic
cUrrents into the AC system.

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

Injapplicationsin‘which the connected AC system includes important shunt capacitof bank
arld/or underground cables, these capacitors produce low impedance nodes for high|order
hgarmonics;~draining the major part of the harmonic currents into the AC lines. $eries
filjers could be the most economic means to limit these currents and the redulting
inferference level.

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

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

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

The mixed filter in the Uruguaiana back-to-back was installed in view of the requirement for
voltage and overvoltage control and the harmonic performance specified. With a shunt filter
scheme the reactive power to be installed would be 72 % (Base P4, = 50 MW) to comply with

the harmonic performance requirements, but would make the steady state voltage and
overv-\li-nnn caontrol itmnacaibla \ALth tha v A fildnr tha ohiint filtae 10 tha EN Ll oA~ COUId

P T ot O P oS oSToTC v v o -t o T AT O it et oo e it i tric—ouU—T 1= oracT

have [been only 24 % in order to have the same harmonic performance, but hadjjto be
incregsed to 48 % due to the station reactive requirements.

In stufies to be carried out to decide on the use of the mixed filter configuration’ the follpwing
effectp of this filtering on the converter station design and performance should be examiphed.

1) There will be a reduction in the short-circuit ratio (SCR), that couldcbé compensated by a
dgcrease in the converter transformer reactance, although  this solution produges a
cgrtain increase in the harmonic current generated by the converters.

2) In|case of error in the adjustment of the impedance angle’s of the series and shunt| parts
oflthe mixed scheme, there is the possibility of an increase’in the harmonic voltage fat the
pqgint of connection to the AC system.

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

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

5.4.4 Re-tunable AC filters

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

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

At Rafisson, this solution has been used to avoid interaction between AC side fifth harmonic
and PC side~“sixth harmonic for certain system conditions and in the presenge of
geompgnetically-induced currents (GIC). When the AC side fifth harmonic becomes gfeater

than a-pfedetermined value, the 36/48t harmonic AC filter is re-tuned to the 5t harmonic
(Figulﬁefbﬁmmmgﬁhrwmh—ﬁﬁmﬁmh—meﬂ—bﬁhe—mmn the

conditions have returned to normal.

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

Impact of new HVDC station in vicinity of an existing station

creasing number of new HVDC links are being plafnned with their terminal st
d in the electrical vicinity of existing HVDC coenverter stations. This entails
leration of the impact on performance and rating of the existing converter statig
as well as additional design requirements on the new converter stations. The obj
] be, as far as possible, to design the filters of the new converter stations w
ying the filters of the existing stations.

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

e performance parameter limits' should be specified with due consideration to the
the existing converter stations. In doing so, CIGRE WG14.03/CC.02 (JTF 02
GRE WG14.03/cc.02 (JTF01) can be used.

ection does not exXceed the permitted limits.

e effect of resonance between the filters of the existing and the new stations sho
en into account.

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

The thing aspects to be considered are as follows.
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e 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.

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

e 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
terms, the technical specification should be very clear on the boundaries of responsibility of
the customer and the contractor in relation to the AC filters at the two stations.
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5.6 Redundancy issues and spares
5.6.1 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 tendency to reduce costs by eliminating the
requirement for redundant filters, particularly in relatively low-power HVDC schemes.

However, redundancies in filter circuits can provide a number of advantages, even when the
investment costs for such a redundant system are a little higher compared to an otherwise
optimjzed filter arrangement. Apart from improving the reliability/availability of the converter
statiop, the use of redundancy can reduce the filter losses and component ratings-|n the
indivigual filter branches.

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

Thesg concepts can be illustrated by an example based on recent e€xperience. Supgosing
that 4nity power factor is required at rated load, two very economical solutions a) gnd b)
which|use double-tuned high-pass filters, are possible. Below, the relative merits of thege two
solutipns are compared.

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

In| this case two almost identical redundant filterstare assumed to provide adequate
chlaracteristics for harmonic performance and reactive power control. A common practice
is to start at light load conditions of the converters with one filter, then the second tircuit
will be energized in the range between 40 %-and 50 % of rated load. Typical harmonic
pgrformance requirements can be fulfiled?up to rated load. To fulfil unity power [factor
refluirements up to rated load only a simple shunt capacitor bank is required additionally.

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

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

¢ | reduced number of low-voltage (LV) filter components and space requirements.
THe disadvantages are asfollows.

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

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

b) SI])Iution with three identical double-tuned filters
T

The advantages of this solution are as follows.

isssolution uses three identical double-tuned filters with no shunt r‘npnr‘ifnr

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.

e 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.

5.6.2 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
increases the voltage stress on all other capacitor elements and will detune the filter circuit.

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

a) small subdivision of internal fused capacitor elements; and

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

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

The Igyout of a capacitor bank in the form of a bridge does'not increase the voltage withstand
or requndancy. The bridge connection is only for capaecitor unbalance protection basedq on a
sensifive detection of blown fuses.

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

° ijacitor voltage stress, or
I

o filfer detuning beyond specified*tolerance.
Normally, the number of failed\capacitor elements for permitted filter detuning is much|lower
than the allowed number for veltage stress.

5.6.3 Spare parts

The gptimum number of filter component spare parts is mainly dependent on redunfancy
requifements. In~the case of no filter redundancy being provided, as for example in|some
Scandinavian\.schemes, all types of filter components should be stored at the conperter
statiop, or-adjacent to it. To reduce down time following failures, some filter componpents,
such asdfilter 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.

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, it is desirable
where possible that the filter design uses identical capacitor units for each individual type of
AC filter.
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6 Protection

6.1 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 regarding

protewmmmmmm ecific
requepts. In this way the interests of the customer are safeguarded while still‘lgaving

maximum scope for the contractor’s preferred solutions.

The ¢ustomer should, however, be well aware of the different techniques of AC| filter
proteg¢tion, and in the bid evaluation stage be prepared to ensure that the.bidder’s proposed
solutipns meet the customer’s overall technical requirements. The.‘information given in
Clause 6 is mainly concerned with giving the customer the background information ngeded
for this stage of technical discussions with the bidder.

The IEC Standards with relevance to the protection of AC filters are the following: IEC 6/1869-
2, IELC 61869-3, IEC 61869-5, IEC 60549, IEC 60871-1,<]EC TS 60871-3, IEC 60931-3,
IEC 6P871-4.

6.2 General

In gemeral, the extent and type of protection equipment depends on technical requirements,
the sige of the filter or shunt capacitor bank>and on the cost of the protected compopents.
Specific decisions are made between

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

e prptection functions whichclimit damage to components (short circuit, earth| fault
prptection).

In eagh case the cost of protection should be carefully weighed against the cost of the high
voltage or power components that are being protected. On average, the value ¢f the
proteg¢tion equipment should not be higher than approximately 10 % of the value ¢f the
prote¢ted components.

It is therefore-not possible to specify the different types of protection units every filter or
shunt|capagcitor bank has. The selection should be made in each case depending on vdgltage,
power,S€curity 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.

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

e |s redundant protection equipment justified for the rated power of the filter or capacitor
bank?

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

As an alternative to redundant protection functions, some functions can be covered with
back-up protection functions. For example, differential protection is a partial back-up for short
circuit protection while earth fault protection is a less sensitive back-up for capacitor
unbalgnce protection.

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

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

a) prptection philosophy,
b) standard of PTs and CTs,
C) stIndard of protection,

d) prptection functions,

e) types of interfaces, including type and number of auxiliary switches for HVDC control,
switchyard control, alarm system, event recordihg system, etc.,

f) customer specific requests (e.g. design oftrip signal circuits),
g) mechanical standards,

h) type and number of auxiliary voltagés.

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

e refuirements for(auto-reclosing,

e cifcuit breakerlayout.
Filters are _normally arranged in a star connection with the star-point solidly earthe¢d. In
netwdrks with reactive earth fault compensation or isolated star-point, the protection ghould
be re¢ohsidered.

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

1) AC system faults,
2) transformer switching,

A W

commutation failures in the HVDC converters,

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

a

The AC filter protection should be co-ordinated with the AC switchyard protection.
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6.3 Bank and sub-bank overall protection
6.3.1 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.

6.3.2 Short circuit protection

Short circuit protection is only effective between the incoming line current transformer and
the lime side of the first components, depending on the total fault impedance of the_ dircuit.
The short circuit relay is normally a standard requirement for the protection of the conductors
betwden the current transformer and filter. Depending on the capacitor inrush @urrent, it is
somelimes necessary to delay the trip signal by 5 ms to 10 ms. The ratio af. CTs ir| filter
branches can be low in comparison with the ratio of line CTs. For short“circuit cprrent
protegtion it is important that CTs are accurate enough to reproduce theshort-circuit current
with full DC shift in the secondary circuit.

6.3.3 Overcurrent protection

This i also generally a standard protection requirement, sométimes in combination with the
short [circuit relay function. This protection is not very effective for filter and shunt capacitor
bankg, since only the reactor is really protected. For capacitors, the applied voltage, npt the
current, is the critical factor and only heavy faults in the ‘capacitor bank can be detectefl with
overclrrent. This function can be implemented eithet/with an inverse time characteristi¢ or in
the fgrm of current-definite-time steps. Normally no. separate evaluation of fundamental and
harmaonics is required, but a technically good<solution would be to check the impprtant
harmaonics separately for overcurrent. This&Omethod results in a very comprehgnsive
protegtion.

6.3.4 Thermal overload protection

This Kind of protection is one of\the most important functions, although an overall ové¢rload
prote¢tion can only protect the’weakest filter component with the shortest heatind time
constant that is carrying theumain filter current. Therefore it should be determined, in[ each
case,|whether an overall everload protection will be installed and/or if individual protectipn for
reactgrs and resistors~will be installed separately. Normally the overall overload protection
canndt protect a damping resistor because the current through the damping resistor fjs not
proportional to thetmain filter current. A damping resistor can only be protected by measguring
indivigual harmonics. In single-tuned filters the overall overload protection can be used for
both neactor and*capacitor. The following remarks should be borne in mind.

e THe coenstruction and function of an overload relay can vary from the simple up fo the
highest complexity.

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

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

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
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and so the evaluation of each harmonic current is different. In order to implement an
exact overload function, the more expensive digital type of equipment is required.

6.3.5 Differential protection

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

The dffferential protection detects phase to earth and phase to phase faults but cannot gdetect
isolatgd failures, such as an arc-over of components in the filter branch.

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

6.3.6 Earth fault protection

This function can be applied only in a star-point earthed network in the earthed filteq star-
point.|Earth fault protection works with an overcurrent\or inverse time characteristic and uses
the clirrent from the star connection of the three.phases to earth. It is a reliable but slow
back-pup function for differential protection (and also a rough back-up for unbglance
protegtion). It detects every asymmetry between the phases much like a diffefential
protegtion between phases. It also detects every asymmetry coming from outside the filter.

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

6.3.7 Overvoltage and undervoltage protection

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

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

The need for overvoltage protection should be decided separately from case to case.
Surge arrester protection is covered in 9.5.

The undervoltage protection is mostly a system control function and not a protection function.
This function can be also used as an interlock to avoid 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
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shunt capacitor switch-on-signal to the breaker should be interlocked to ensure complete
capacitor discharge.

6.3.8 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.

6.3.9 Busbar and breaker failure protection

Busbar and breaker failure protection are not specific filter and shunt capacitor.'protefrtions
but general substation protection requirements.

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

6.4 |[Protection of individual filter components
6.4.1 Unbalance protection for filter and shunt capacitors

The cppacitor units represent in financial terms the maincost in a filter and so the protgction
of capacitor units is one of the most important functions?

Usually the capacitor bank arrangement is in the form of a bridge with two pairs of idgntical
branches, each with series and parallel connected capacitor units. This construction allows
the ingtallation of a very sensitive unbalance’ protection, using the current (or voltage) jin the
transyerse connection. In most cases. capacitor units with internal fuses are used, byt the
unbalpnce protection system can also-be used with minor modifications (higher current|steps
in cage of fuse operations) for capagitor units with external fuses. Unbalance protection|is not
stitute for short circuit pfotection, but it can help protect an unfused capacitor

The design of a current_transformer to be used in an unbalance protection should be| done

the other hand it needs a very low transformation ratio. The CT saturation and secgndary
burdep also is taken into consideration. The rating of a current transformer for unbglance

capaditor branch, high frequency transients resulting in high current stresses on the cprrent
rmer can appear. The point of CT saturation should be selected such that in casg of a
high ghart circuit current in the primary, the secondary connected equipment of the unbglance
protecti i i i inding 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,
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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
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

accor
incregse or decrease during the lifetime of a filter due to voltage variation and primati
to the different heating of bridge arms caused by solar radiation. Every change ,in sym
of thel bridge arms such as the opening of an element fuse results in a change (increé
decrepse) in the unbalance current.

In recent years, especially with the introduction of digital protection systems, a high sta
of redolution can be achieved so that the balancing of the capacitor-bridge to a vel
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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.

6.4.2 Protection of low voltage tuning capacitors

In some filter configurations small additional low voltage capacitor arrangements are
required. For these capacitors an independent bridge construction with a current transformer
is generally too expensive because the cost of the capacitor bank is less than the cost of the
CT and associated protection. In such cases, it is recommended to design the bank for a
higher voltage-level — as a minimum, with one more capacitor unit in series than required —
for the designed voltage withstand. In certain types of filter it is often possible to protect the

low v “leg” (e.g.
through a resistor).

6.4.3 Overload protection and detection of filter detuning

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

Depending on the filter design, the reactors and resistors are gengrally situated on the|earth
side of the filter, while capacitors are situated on the high voltage side. This can also be
revergsed. In the first case, relatively inexpensive current transformers can be used for
measlring the reactor and resistor current for overload protection.

For the calculation of an overload condition of a sreactor, harmonic currents should be
evalugted in addition to the fundamental frequency.

In comparison to reactors, the overload protection for resistors is much easier becausge the
ohmiqd resistance is less dependent on frequency, and also the time constants fqor the
differegnt harmonic frequencies do not vary greatly. A true RMS measurement of curnent is
sufficlent as the basis for a digital or apalogue thermal model of the resistor. Although it is
dependent on the design of the filtef,*in general higher order harmonic currents tgnd to
overlqad the resistor while lower order harmonic currents tend to overload the reactor.

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

6.4.4 Temperature measurement for protection

The nrl:ethod of_direct temperature measurement at hot spots in components, such as ig used
in trapsformers, has, up to now, not been applied to conventional filter components sin¢e the
costs [are’foo high.

6.4.5 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.

In addition, a breakage in the capacitor/reactor wiring can also be detected with this method.
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6.4.6 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.

Extermat—capacitor fusestam ctear fautts—mside—the—capacitor unit—=and—extermat—capacitor

bushing flashovers. The advantage of external fusing is that blown fuses can be\Wisually
detecjed very easily and quickly. The disadvantage is that in the case of a fault ip one
capaditor element, the complete capacitor unit will be switched off. Further; the fyse is
expoded to the ambient conditions. The main application of external fuses/is in low and
mediym voltage capacitor banks with many parallel capacitor units and relatively few upits in
serieq.

Internfal capacitor fuses can clear capacitor element failures and:therefore are much|more
sensifive, given that every capacitor element in a capacitor unit has its own fuse.

Elemgnt 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
circuif impedances. Therefore the sensitivity of elementfuses should be much higher than the
maximum permissible element current.

The dffect of one blown internal fuse is less than with external fuses, the voltage stregss on
the r¢maining capacitor elements being relatively small for the loss of a single elegment.
Moregver, internal fuses are protected from ambient influences. The main application of
internpl fuses is in high voltage capacitor banks with several series connected capacitor
units.|It should be noted that internal~fuses do not provide protection against a short gircuit
betwgen internal connections or alshort circuit between active parts and casing, b¢th of
which|may lead to case rupture.

Fuselgss capacitors are discussed in IEC TR 62001-1:2016, subclause 10.2.4.

6.4.7 Protection and rating of instrument transformers

In ragial power _systems with auto-reclosing operations, the discharge of capacitors cpn 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
conngction between the capacitor and PT is secure. The rating of such discharge PTs ghould
be dgné/carefully. On the one hand, the high discharge DC current through the pfimary
windings—ef—the—PT{approximately—0-A—+to—5—A)is—~considered—inr—retation—te—its—eynamic
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
transformation to the secondary voltage during disturbances such as load rejection. The

y g the
overvpltage factor, which can be an advantage if one internal resonance frequency jof-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 protgection
purpoges, especially short circuit current protection.

The secondary windings of unbalance CTs, when shorted, should*withstand the effect pf the
primafy short circuit current.

6.4.8 Examples of protection arrangements

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

6.5 |Personnel protection

Each |capacitor unit should be discharged before energization. Complete discharge
earthihg is an unconditional requirement before any work or maintenance is performgd on
filter gnd shunt capacitor circuits.

All capacitor units are now-usually equipped with internal (or external) discharge resisfors in
parallgl with the capaciter: To reduce the losses (to minimize tan 0), the value of discharge
resistprs is very high.Depending on the resulting time constant, the discharge time can vary
betwgen a few minutes and a quarter of a hour.

Normally thecoperation and possible failure of internal (or external) discharge redistors
canndt be ehecked during operation and maintenance. There is no guarantee, thereforg, of a
complete \capacitor discharge after de-energizing. External discharge resistors cgn be
checKedmore easily during maintenance but they are exposed to the ambient conditionp 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 standards
of the country and utility should be followed. Special sets for earthing the capacitor units
before touching are recommended.
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7 Audible noise

71 General

An important consideration of converter station design is to prevent potential annoyance of
people living nearby due to intrusive audible noise. The intention of Clause 7 is to inform
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
significant, and the issue may also be prominent during bid evaluation discussions and the
subsequent project design (see IEC TS 61973).

It is feEcommended 1o retate the specification requirements to regutations on environmental
noise|for homes, residences and communities near to the converter station.

Requirements for attaining an acceptable noise environment may become a key parameter
for the layout of the converter switchyard, affecting both technical and econgmical aspects,
and mpay have an impact on the AC filter system design (e.g. circulating current in a double-
tuned| filter may give rise to unacceptable noise), as well as the.‘design of individual
comppnents. The inclusion of special sound-limiting measures in equipment design will add
to the|cost of that equipment.

Since| corrective measures for noise reduction during and after commissioning are usually
experlsive and time consuming, the customer should pay. due attention to audible [noise
requinements already during the preliminary planning stage when selecting the site pf the
convdrter station. Audible noise limitation is often an{important consideration in licensjng of
the cqnverter station site.

Audible noise may be defined as an assembly of acoustic waves in air at frequgncies
percejved by the human ear. Noise may consist of a monofrequency acoustic signal (tohe) or
of soynds containing a distribution of frequencies. For definitions of acoustic parametersg, see
IEC TS 61973.

Sound active components such as™AC filter reactors and capacitors should be designed and
arranged within the yard so as ¢0 minimize sound radiation to noise-sensitive areas afround
the cqnverter station.

7.2 |Sound active components of AC filters

The most prominent-electrical components which are sources for audible noise emanating
from pn HVDC station are the converter transformers, the DC smoothing reactors, [shunt
reactgrs 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,
the agoustic'noise caused by electrical discharges (corona noise) will contribute to the qverall
acougticoise.

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

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

In both cases, capacitors and reactors, the vibrations of the surface of the apparatus
generate acoustic noise which is radiated as airborne sound into the vicinity of the
equipment.
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Since these noise-generating forces are proportional to the square of the electrical load,
voltage or current, the frequency spectrum of force and thus of sound differs from the
electrical frequency spectrum.

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

Figure 14 depicts the vibration force components acting on the winding of the reactor. The
force consists of components with frequencies 2f, f,_1), f(n+1) @and 2f,.

A

Current

-

f In frequency
IEC

Figure 13 — Electrical spectrum

Jin=1y Sin+1) 2fn frequency

Force

IEC

Figure 14 — Force spectrum

In commion”’with any mechamcal structure a capacnor or reactor W|th d|str|buted mass and

V|brat|ons and thus mcreased sound generatlon may occur if one or several frequenues 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).

7.3 Sound requirements

The objective of sound requirements is to limit the level of noise around the converter station
in general and in particular to obey regulations on environmental noise for homes, residences
and communities near the station. This goal is accomplished by the noise management
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provided by the contractor for the complete converter station. Since the AC filters represent
only one of several noise-active components, it should be up to the contractor to apply
adequate sound criteria on the individual switchyard components (usually in terms of
maximum allowable sound power level) so as to meet the overall sound requirements.

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

The siound requirements for a converter station at stated operating conditions ane‘usually
specified by the customer in terms of a maximum allowed sound pressure level atparficular
pointd in the vicinity of the station, or at a specific contour surrounding the station,

Sometimes this contour is chosen to be the fence line around the converter station. Typical
value$ for achievable sound limits at the fence range from 50 dB(A) 16160 dB(A). However,
such [a requirement may result in a sound reduction strategy which is not necegsarily
adeqyate. The sound requirement at the fence might be met by.avoiding the installatjon of
sound-intensive components close to the fence. However, this may not lower the sound level
of nolise-sensitive areas further away from the station, which was the purpose of the
requinement.

Theregffore it is advisable to specify particular sound<critical points or a contour containing
these|critical points further from the station, where‘the impact of noise may be crucial and
statutpry sound requirements have to be met.

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

7.4 Noise reduction

The procedure for.meeting the sound criteria for converter stations can be categorized |n 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 lowtnoise
generption:

The firstmeasure—againstoise—Ts—themaximunTpossibte—separatiombetween—the area
designated for the erection of the sound-active components and the sound-sensitive area. It
is made by grouping sound-active components so as to hinder the propagation of sound
waves into sound-critical directions by making use of the natural topography of the area, or
using the sound screening effects of the converter house or other buildings. Care should be
taken in designing and locating these buildings adequately for acoustic requirements. For
example, it may be necessary to avoid the use of thin panels which could be excited by the
sound waves of nearby active sound components and could thus redirect and even amplify
the noise.

Components or groups thereof sometimes have a strongly non-uniform pattern of sound
radiation. Capacitor stacks for example may show a distinct directivity of sound radiated from
the stacked capacitor units. A potential incident by station sound at a critical nearby location
may be avoided by orienting the components so as to have no predominant sound radiation
in this critical direction.
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Low-noise design of the switchyard equipment requires minimizing the vibrational amplitudes
of the sound radiating surface of the components. For this purpose it is essential to properly
design the equipment so that the natural frequencies of the component do not coincide with
the frequencies of the major excitation forces. If the noise level however can still not be met,
then further sound reduction by providing sound reducing screens might be applied.
However, it should be borne in mind that such measures may be costly, depending on the
necessary extent for sound reduction.

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

Anotrjer measure to reduce the noise, not commonly used today, is to apply an activelspund-
cancgllation technique comprising, for example,

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

o loydspeakers installed close to the sound radiating component.
8 Speismic requirements

8.1 General

The intention of Clause 8 is to give the customer’s engineers dealing with AC filters sufficient
background information in order to understand the<implications of seismic requiremer]ts for
AC filter design, and to have a basis on which 10 discuss aspects of seismic design with
bidde[s. Any seismic requirements for the filters‘will be defined in the technical specification
in the|same way as the requirements for the.rest of the converter station.

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

The time variable ground motion during an earthquake results in a vibration response pf the
filter structure inducing )mechanical stresses in the foundation system and in the indiyvidual
compopnents of the filter structure. Further it causes displacements of the structure relafive to
other fequipment in\the switchyard.

The gim of.fhe’seismic design of the equipment is to achieve adequate performance pf the
structpre during earthquakes at acceptable expense. In the case of severe seismic loadls the
whole| «filter design may be affected, for example the choice of mechanically fobust
configurationmsTmay 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,

e adequate electrical connections and spacing to neighbouring structures with respect to
relative displacements are provided.

With respect to the special nature of electrical equipment which contains a large amount of
brittle material (porcelain), it is important that realistic loads and reasonable evaluation
criteria are defined by the customer. However, the seismic design qualification discussed in
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Clause 8 is the responsibility of the contractor. Information on the specification of seismic
requirements can be found in IEEE Std 693.

8.2 Load specification
8.2.1 Seismic loads

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

The maximum ground acceleration is expressed in fractions of gravity (g). The seléectjon of
the dgsign value of ground acceleration is a balance of site specific geophysicCs, "désired
reliabjlity of the equipment and costs. In earthquake-prone areas the horizontal camponent of
the maximum ground acceleration typically ranges from 0,1¢g to 0,5¢, while' the vertical
compopnent is typically 50 % to 80 % of these values. Certain sites can~have even|more
extreme values. Levels of ground acceleration up to around 0,15g ahd moderate pafety
factorp against failing of the members of the filter structure usually do notrequire extra ¢fforts
for sefjsmic engineering and thus no extra costs to achieve seismic performance are invglved.

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

The rgsponse spectra describe the dynamic properties of a seismic event in that the qurves
show | the anticipated amplification of the“movement of the structures as a function of
frequency. Usually the earthquake motions do not contain frequencies over about 33 Hz so
that the vibrations induced in structures” with natural frequencies above 33 Hz will not be
amplified.

If no response spectrum for_asspecific site is available to the customer then the "required
respopse spectrum” (RRS)‘of IEEE Std 693 may be used. As an example the RRS for
modefate seismic requirements is shown in Figure B.1. The maximum ground accelerafion in
this spectrum is 0,25g¢,

If the [filter structure.is mounted on a primary structure (building, platform, etc.) which gffects
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.

8.2.2 —Additionattoads

Additional loads which have to be considered acting simultaneously with the seismic loads
are

e dead weight,

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

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

In addition to the loads described above, the quality of the soil has to be considered. The
impact on the ground anchoring depends on the type of soil (rock, clay, sand, etc.). 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.

8.3 Method of qualification
8.3.1 General

The qualification_may be done by analytical methods or by testing. The customer should
specify which kind of qualification the contractor shall apply. If testing is preferred, thgn the
customer may accept a verification of the seismic performance based on results\of| tests
previqusly performed on structures of similar design and similar seismic requirements. For
details on seismic qualification by testing, reference is made to IEEE Std 693.

The upual practice for qualification however is by analytical methods.

8.3.2 Qualification by analytical methods

8.3.21 General

Seisnjic qualification by analytical methods requires the representation of the filter striicture
by anl equivalent model which is sufficiently detailed to, establish accurately the static and
dynamic behaviour of the equipment. For this purpo§é ‘it is assumed that the mass pf the
structpre is concentrated into a number of discrete parts of lumped masses which are
conngcted by elements representing the mechanical*properties of the structure.

The kind of the analytical method, staticor dynamic, mainly depends on the type of
equipment. Complex structures with natural mechanical frequencies within in the sgismic
frequency range (0,1 Hz to 33 Hz) usually)require a dynamic analysis which is mostly dgne by
the rgsponse spectrum method as described further below in 8.3.2.2. For simple strug¢tures
with fewer components, a staticxanalysis may be sufficient. In any case, the nymeric
calculation is carried out using a-generally accepted computer program.

8.3.2.p Response spectrum analysis

A struicture consisting of several spring/masses will have a number of different natural
vibrat|ons, denoted vibration modes. Each mode vibrates in a specific form (mode shape) at a
distin¢t natural (modal) frequency. The determination of the mode shapes and the modal
frequgncies is-ealled modal analysis. The response of the structure may be found hy the
superpositiontof the maximum responses of each individual mode which are obtaineq from
the response spectrum, scaled to the prescribed maximum ground acceleration valtie. In
practical/cases only a few modes need to be considered in the analysis to obtain adequate
accurbey-

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 %
modal damping is assumed for each mode shape. If increased structural damping is
employed, measurements are usually required to verify modal frequencies and modal
damping ratios.

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

This method may be applied on structures having one significant mode out of several other
modes. Then the seismic load on the structure may be supposed to be an equivalent static
load and the seismic forces on each component of the equipment are obtained by multiplying
the value of the mass of each component by the maximum acceleration (at a damping value
of 2 %) given in the response spectrum. Usually a safety factor (static coefficient) of 1,5 is
further applied to account for the effects of the other modes.

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

concentrated mass mounted on an insulator. The significant mode will be a rocking mode
excited hy the ehnl(ing of the grmmd inhorizantal direction

8.3.2.’l: Static analysis

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

8.3.3 Design criteria
8.3.3/ General

The design criteria define the required minimum saféty factors as well as the bugkling
requifements.

8.3.3.p Minimum safety factors

For epch member of the structure the stressSes caused by the combined loads from sgismic
and additional loads should be calculated\and depending on the type of material mirfimum
safety factors with respect to breaking afd yielding should be maintained.

a) Biittle materials

Fqr components containing brittle materials, such as ceramic insulators, a required safety
fagctor with respect to th€ breaking strength should be specified by the customeyn. The
breaking strength of the brittle component (insulator) is defined as the minimum stijength
vallue guaranteed by.\the manufacturer of the concerned component. If no value is
saecified for the required safety factor, then a minimum safety factor of 2 should bg used
fof insulators and-.ather components made of brittle materials.

b) Ductile matetials

Fqr compoenents made of ductile materials such as steel and aluminium memberg, the
refluiredsafety factor is defined with respect to the yield point or with respect {o the
gering

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

e 1,2 on the yielding strength,

e 2,0 on the ultimate strength.
8.3.3.3 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.
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Documentation for qualification by analytical methods

pecification may require one of the following levels of documentation:

a) Seismic statement

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

b) Seismic qualification report

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

8.4

In cag

d STort suimind4ary,

a drawing of the equipment and its support showing the major components,
a description of structure and the corresponding analytical model,

loads and load combinations,

a description of the analytical method and of the adequacy for application,

results from dynamic or static analysis (displacements, forces, and moments, str
on elements, foundation loads).

Examples of improvements in the mechanical design

e where the seismic load requirements are decisivé_ for the mechanical design

different filter structures some typical measures can be-taken:

° u

e of mechanically stronger material in structures (e.g. steel and porcelain) and

filfer component itself;

e usde of other geometrical design of supportstructure and insulators than common pr
(elg. support insulators mounted in an angled position instead of vertical);

e use of common foundation for severalfilter components;

e ude of stays, either inside the (Support structure to ground or outside to ground

combination of both;

e Vv

9.1

9.1.1

ration isolation of the structure from ground by the use of springs;

crease of structural damping by the use of dampers.

times two or mere-of the measures listed above are combined.

quipment design and test parameters

Gene'ral

esses

of the

n the

actice

or a

Iechnical Information and requirements

Depending on the chosen filter arrangement (see IEC TR 62001-1:2016, Clause 6) 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
protection system.

filter

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 Clauses 7, 8 and in IEC TR 62001-1:2016, Clause

9.

Claus

e 9 aims to give the customer some guidance for
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e particular technical information on the filter components the customer should provide in
his specification,

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

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

9.1.2 Technical information to be provided by the customer

The AC filters are commonly installed outdoors, although indoor installation is possible.
Unusual environmental site conditions should be brought to the contractor's attention, such
as sekere pollution (industrial or marine), severe seismic requirements, unusually high wind
velocity, stringent acoustic noise requirements, etc. Such requirements may be deeisiye for
the equipment design.

The customer should indicate particular information on operational aspects ofithe AC filters. If
appligable, the customer should indicate that the devices used for filter §witching shodild be
desighed for frequent switching operations, as this may be required|for reactive power
contrgl, and the customer should specify the expected number of operations per yeaf. Any
tempqrary overvoltage conditions under which the filter should be\disconnected should also
be spgcified.

9.1.3 Customer requirements
9.1.3./ Design, production, installation and maifitenance requirements

Since| the filter components are "live" parts, fencing of the filter equipment for achjeving
persopnel clearance may be used. Alternatively,-instead of fencing, the equipment miay be
mountied on special support structures which.€levates live parts to a height commensurate
with gersonnel safety standards. The customer may specify what method should be adopted
and he should specify the minimum safety-clearance.

It is recommended that the customer requires the contractor to specify the type of sdpport
insuldtors used for the mounting of the filter components and the capacitor bushings. Usually
the insulators and bushings are-of porcelain type. Sufficient creepage and clearance ghould
be prpvided for reliable operation of the equipment. Based on information available {o the
customer regarding the_pollution conditions encountered at the site, the customer ghould
prescfibe the minimumy\Creepage distance of the insulators. Typical values for specific
(see
IEC T|S 60815-1, bpage
i baring

ntical

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

The customer may impose a maximum height requirement for any equipment. He may further
require a maximum limit on weight of components (capacitor units for example) depending on
their location relative to other filter equipment. If the contractor exceeds those limits he
should provide appropriate tools for handling during installation and maintenance.

The outline of the filter components should be designed so as to eliminate as far as possible
any visible corona at voltage levels typically up to 20 % above rated voltage.

The customer may 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
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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 customer may require a static calculation of the filter
structures.

The customer may require the contractor to guarantee a maximum annual failure rate for
certain filter components such as capacitors, current transformers, etc. on condition that the
specified maintenance is provided.

9.1.3.2 Quality system and documentation requirements

It is rgcommended-thatthecostomerspecifies s TmmmumT requirermets o thecomntrgctor's
quality system to be applied by the contractor to the design, production, testing, installation
and maintenance of the AC filter equipment.

Usually, the quality programme is documented by the contractor's quality manuall The
customer should review the contractor's manual and he should reserve the right to audit the
quality system as described by the manual.

Further to the standard quality programme, the customer may state ‘specific requirements on
the kjnd and quality of materials and workmanship. These (should include for example
requiements on materials used for terminals and electrical/wiring, surface protectipn by
galvanizing or painting, specific requirements on welding.

The ¢ustomer may specify requirements on the contractor's documentation. Usually the
activifies for design and production inspection, testing, installation and commissioning are
based on inspection and test plans. The inspectionrand test plan should define hold points for
witnegsing inspection or testing by the customer or by an organization representing the
customer.

It is recommended that customer requésts the contractor to submit this documentatipn for
approjval during the detailed design stage of the equipment.

9.1.3.3 Test requirements

For general requirements the customer should refer as far as possible to the applicabJIe IEC
standfrds and recommendations, but ANSI or IEEE standards could be used for comparison.
It should be made cleéar on which standard body, IEC or ANSI/IEEE, the design, rating and
testing of the filter equipment is based.

The test program for component specific tests will depend on a number of parametery such
as thg generaltechnical concept of the filter, overvoltage protection, service experiencge with
specific components gained from other HVDC projects. The test program should ascertain
that the<specific component will provide the required performance and will withstapd 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.

Certified test reports on previously performed type tests on similar units may be accepted in
lieu of performing a type test. Relevant test reports should be submitted to the customer for
approval, including a report on deviations in design or technical data. If accepted in lieu of
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performing a type test, these reports should be included in the inspection and test report as
part of the documentation.

If applicable, the contractor should perform a seismic qualification for each equipment
component mounted on its support structure. Seismic qualification may be performed either
by analytical methods or by testing (see Clause 8).

9.1.4 Technical information to be presented by the bidder

The customer should require the bidder to provide a general description of the filter layout
including a schematic diagram clearly identifying the individual filter components. The
numbgrofumitsof fitter compoments-mctudimgspare umits shoutdbe-mdicated by thebidder.

The lIfsts of electrical data presented in 9.2 to 9.7 are intended to be a guideline for the
customer on how to specify a particular filter component. Further parameters.and further

infor
arres

infor;a:\tion may be requested by the customer if deemed to be usefuk ‘Such required

ation for example may refer to the thermal time constant of reactors, resistors and of
rs.

The rjumerical values of the individual parameters for each component are chosen hy the
bidde[ depending on his filter design. Since some of the values, in particular for tolefance,
may pe critical and sometimes difficult to achieve, such.%values are usually defined in

consyltation with the component sub-suppliers.

The customer may require the bidder to indicate the amount of manpower for maintenance (in
days per annum) necessary for reliable operation.of{the equipment under defined opefrating

conditions.

9.1.5 Ratings

The fgllowing ratings are required to be . §pecified for the various filter components.

Rated harmonic frequency

THe rated harmonic frequengcy is that frequency to which the relevant parametefrs for
hgrmonic filter performanceare referred. For single-tuned filters this frequency is ecJuaI to
the tuning frequency, for double-tuned filters this may be the geometric mean frequency
of|the two tuning frequencies or may refer to both tuned frequencies.

Vqltage rating

THe rated voltage Uy (RMS) assigned to an AC filter capacitor bank is discusged in
2.P.4.2. Thetated voltage of the capacitor units U, (RMS) should be higher than orfequal
to[the rated’voltage Uy of the capacitor bank divided by the number of series conrlected
units,

It Bhould be noted that there are considerable differences between IEC 60871-1:2014 and
IEEE Std 18-1992 in terms of permissible long duration overvoltage capabilities of
capacitors (see IEC 60871-1:2014, Clause 19, and IEEE Std 18-1992, subclause 5.2.3).

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 2.2.4.3 and 2.2.4.4. 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.

Current rating

The rated current is the square root of the sum of the squares of the current at
fundamental and harmonic frequencies (see 2.2.4).
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Capacitors

9.2.1 General

There are two internationally accepted standards applicable for the capacitors for AC filters:
preferably IEC 60871-1:2014, and IEEE Std 18-1992 for comparison. It is recommended to
refer to one of these two standards for general requirements on capacitors.

For clarification of terminology, the following definitions are used.

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

Capacitor can or unit: The metallic case including bushing(s), internal discharge and
grading resistors, capacitor elements connected in series and parallel, and) if lused,
elgment fuses.

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

Capacitor rack: A metallic framework containing one or several series groups including
inferconnection buswork and insulators as required.

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

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

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

9.2.2 Design aspects

The gontractor should illustrate the circuitry of the individual capacitor banks and capacitor

units fo show how the specified capaeitance values are arrived at.

The following considerations(are taken into account:

Capacitor units

Dgpending on the"environmental site conditions it may be advisable to make the cages of
the capacitor units” from stainless steel. The cases should be designed so as to allpw for
expansion and.contraction due to all ambient and loading conditions expected durifg the
lif¢ of thecunit including short term and transient conditions. The capacitor manufagturer
shiould_provide the criteria for determining when expansion of the case is normgl and
when it_is due to capacitor failure.

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

The dielectric fluid used within the capacitor unit 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.

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

Discharge resistors
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Each capacitor unit should be provided with internal discharge resistors in accordance
with [EC 60871-1 or IEEE Std 18. Longer discharge times (which will reduce losses) may

be possible if agreed by the customer.

e Fuses

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

operational condition.

The customer should indicate which type of fusing — internal, external or non-fusing — is
considered acceptable and he should define the criteria for alarm and trip level settings of
the unbalance protection. The contractor should show how his proposed fusing/unit

aW
e Racks

Ugually the capacitor racks are supplied fully equipped with all capacitor units)insulators,
anld connections. Lifting eyes should be provided to facilitate assembly of\the racks into
the stacks. Depending on the environmental site conditions it may be advisable to|make
the racks of hot dip galvanized structural steel or corrosion resistant.structural alum{nium.

N@ drilling should be permitted after galvanizing.

THe structural members of the racks should not be used as elegtrical buses. There ghould
bg only one single electrical bond between a group of capacitor units and the capacitor
ragk. All structural members of the rack should be electrically-connected together in|order
tolensure adequate earthing of the rack during maintenance’. The rack should be prqvided

with adequate connections for earthing.

Edch rack should be clearly labelled with the weight,'of the fully equipped unit, the phase
and bank of which it forms a part, and the<maximum and minimum capacitof unit
capacitances which may be substituted into thé rack as spares. Suitable warning |abels

shlould be affixed.

e Capacitor bank

Special attention should be drawn to~the capacitor bank design so as to meet acpustic
sgund power levels as specified in“the technical specification (see Clause 7). A sound

pdwer calculation should be provided for each bank.

9.2.3 Electrical data

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

equipment or to inform thecustomer of the design parameters.

Table 2 - Electrical data for capacitors

Capacitor design parameter Unit
Rated harmonic frequency Hiz
Rated capacitance per phase (at +20 °C) uf
Tolerance on rated capacitance + %
Maximum variation of capacitance versus temperature %/°C
Maximum total losses at rated voltage and rated temperature W/kvar
Maximum dielectric losses at rated voltage and rated temperature W/kvar
Variation of tan (3) versus frequency @
Rated voltage (U)) across capacitor bank including harmonics kV(RMS)
Harmonic voltage spectrum ?, steady state n/kV(RMS)
Minimum voltage across capacitor bank excluding harmonics kV(RMS)
Total current (including harmonics) A(RMS)
Harmonic current spectrum ?, steady state n/A(RMS)
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Capacitor design parameter Unit
Continuous voltage across capacitor bank for evaluation of sound power level including kV(RMS)
harmonics
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

Switching impulse withstand level (SIWL)

High voltage terminal to ground kyV

Low voltage terminal to ground ky

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

a8 THe variation of tan (d) with frequency from fundamental to the highest harmonic should be given as a [graph
orftable.

b THe harmonic voltage or current spectrum is specified in terms of the order number and the RMS vajue of
the individual harmonic voltages or currents.

9.2.4 Tests

Unlesps otherwise stated, routine tests and type tests should be performed in accordancg with
the rglevant clauses of IEC 60871-1 and/or IEEE.Std 18. Tests on support insulators, where
applidable, may be performed in accordance with IEC 60168. If the customer has add|tional
specific requirements for special or "other" tests and for verification of equipment
perfomance, then these should be stated.

Such requirements may include, for example, the following.

o Digcharge test

A discharge test of the capacitor unit should be performed by charging the capacitgr to a
DC voltage equal to 147 to 2,5 times the rated voltage and discharging it by a short-gircuit
bgtween the terminals. The DC voltage level to be used in the test should be agreed
bgtween customer and contractor.

¢ Measurementof'capacitance dependence on frequency and temperature

e Impregnant test

THe component supplier should propose tests to prove the adequacy of the chemical and
elfctrical characteristics of the applied impregnant.

e Verification of acoustic noise

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

e Seismic qualification
To be performed by the contractor or his sub-contractor, if applicable (see Clause 8).

9.3 Reactors
9.3.1 General

The standard usually applied for specifying AC filter reactors is IEC 60076-6 which contains a
clause dealing with filter reactors. Further, standard |IEEE Std C57.16 will be an applicable
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standard for future filter reactor specifications. This standard contains a normative appendix
specifically dealing with filter reactors.

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

9.3.2 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
reactgrsmstattedmareas of tighurbambasedpottutiomroroceamnic based—sattpottution, care
shoulgd be paid to the protection of the reactor winding against the adverse effe¢ts of
electrplytic deposition. Under such operating environments, tracking can occur on.the slirface
of AQ stressed dry-type air core reactors. It is therefore recommended that iif sal{ type
pollutjon can occur, the reactors should be coated with special coating such as RTV dingle-
compepnent, low temperature curing silicone elastomer, having special hydrophobic properties
to prejvent water filming on the winding surfaces directly exposed to the gnvironment.

The t¢mperature class of the insulation material usually is either glass B (130 °C) or class F
(155 9C).

Dry-type air-core reactors do not have an iron core. Therefore the magnetic field |s not
constfained and will occupy the space around the reactor’ winding. Although the magnetic
field neduces in strength with increase in distance frommthe reactor, the presence of thig field
should be taken into consideration for the installatiof/of dry-type air-core units. The exfent to
which|care has to be taken is largely a function of KVA and is lower for low kVA units.

Usually the reactors are mounted on supportiinsulators and support structures. The reason
for providing support structures may bg twofold, firstly to supply safety clearange for
substation personnel to the equipment @n high potential and secondly to provide sufficient
magngtic clearances to the foundationsion which the reactors are installed.

The dimensions of the electricalterminals of the reactor and the associated conngctors
should be kept as small as possible so as to avoid substantial eddy current loss due fo the
magnegtic field of the reactor.

The spupport structure 'should be designed so as not to have shorted loops otherwise cufrents
could| be induced, by’ the magnetic stray field of the reactor. Grounding of the sdipport
structure should-beraccomplished without creating closed loops in the grounding system|.

If nedessary;»the winding may be designed with intermediate tap positions for indudtance
variat|onr in) steps. Tap position setting is done off-circuit, by hand, without affecting the
reactgr'ssmain terminal connections.

Usually the filter circuits would require the use of reactors with Q values at harmonic
frequencies 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
resistors are connected in parallel with the reactors. An alternative to the use of a resistor is
the addition of a de-Q'ing structure on the reactor, which can reduce its Q factor. The de-
Q'ing structure typically consists of several coaxially arranged short-circuited metallic rings
which couple with the main field of the reactor. The induced currents in the closed rings
dissipate energy and thus lower the Q factor of the reactor.

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

9.3.3 Electrical data

Table 3 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 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 %
QO-value of reactor at fundamental frequency
Q-valtie of reactor at rated harmonic frequencies
Tolergnce on Q-value at fundamental frequency +|%
Tolergnce on Q-value at rated harmonic frequency @ +|%
Currept ratings:
Maximum continuous current, including harmonics A(RMS)
Harmonic current spectrum °, steady state n/A(RMS)
Maximum temporary current, including harmonics A(RMS)
Temporary harmonic current spectrum n/A(RMS)
Duration h
Currents for evaluation of sound power level n/A(RMS)
Maximum sound power level dB|(A)
Transient current
Amplitude kA(deak)
Time to crest s
Short circuit current, thermal © kA(RMS)
Short circuit current, mechanical © kA(geak)
Duration © 3
Rated AC voltage (including harmonics) kV(RMS)
Lightjing impulse withstand level (LIWL)
High voltage terminalto ground ki
Low voltage terminal to ground kv
High voltage\terminal to low voltage terminal
Switching impulsewithstand level (SIWL)
High-oltage terminal to ground ki
Low voltage terminal to ground kv
High—vottage-terminattotowvoltage-terminat S
Applied AC test voltage to ground (50 Hz or 60 Hz, 1 min) kV(RMS)

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

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

¢ If applicable.

9.3.4 Tests

Unless otherwise stated, routine tests and type tests should be performed in accordance with
the relevant clauses of IEC 60076-6 or IEEE Std C57.16. Tests on support insulators, where
applicable, may be performed in accordance with IEC 60168. If the customer has additional
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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 contractor should demonstrate by analytical methods the expected total sound power
level in dB(A) for each reactor at fundamental and harmonic currents as given in the
electrical data list above. As shown in Clause 7, audible noise measurements based on
fundamental frequency are of little significance.

e Seismic nlnsalifirnfinn

Tq be performed by the contractor or his sub-contractor, if applicable (see Clause 8)
9.4 |Resistors
9.4.1 General

To dafte there are no standards available which are specifically applicable for the resistors of
HVDQ AC filter circuits.

Since|the type of resistors applied in AC filters is usually dry-type, the following information
refers| to dry-type resistors with air cooling by natural convection.

9.4.2 Design aspects

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

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

Usually the resistor elements_are’mounted in an enclosure for protection against rain to|avoid
eventpal harmful effects of raih water during any mode of operation. The enclosures ghould
be degsigned so as to prevent the ingress of birds or other animals. Further they shouyld be
desighed so as to allew~simple opening for maintenance. Depending on the environmental
site donditions it may,-be advisable to make the enclosures of stainless steel, or hpt dip
galvanized structutal.steel or corrosion resistant structural aluminium.

The enclosure_should be electrically connected to one point of the resistor elements, typically

For the—etectrie : of esistorbanks—consistingof-seve sertes—cofecte e-medules,
consideration should be given to the effects of non-linear transient voltage distribution. See

the recommendation for lightning testing (see 9.4.4).

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

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

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

Depending on the electric scheme and the power rating of the resistors, they may sometimes
be incorporated in the reactor. In this case a protective cover on top of the reactor winding
may provide the necessary protection again rain water.

9.4.3 Electrical data
Table| 4 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 4 — Electrical data for resistors
Resistor design parameter Uhit
Rated harmonic frequency Hz
Rated resistance at rated current and frequency (at 20 °C ambient temperature) (D)
Tolergnce on rated resistance 2 +|%
Maximum inductance at rated harmonic frequency uH
Currept ratings
Maximum continuous current, including harmonics A(RMS)
Harmonic current spectrum °, steady state n/A(RMS)
Operating temperature at maximum céntinuous current, including harmonics °c
Maximum temporary current, including harmenics A(RMS)
Temporary harmonic current spectrum n/A(RMS)
Duration nfin
Operating temperature at-maximum temporary current, including harmonics °C
Transient current ©
Amplitude kA(geak)
Time to crest Us
Energy KJ
Rated AC voltage (including harmonics) kV(RMS)
Lightjing impulse withstand level (LIWL)
High veltage terminal to ground KV
Low-\eltage terminal to ground KV
High voltage terminal to low voltage terminal KV
Switcping“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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Tests

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

a) Routine tests

b) Type tests

Measurement of resistance

2016

The resistance should be measured at power frequency and at rated harmonic
frequency. The measured resistance corrected to minimum and maximum working

temperature should be within the specified tolerance limits.

Power frequency voltage withstand test

ThiS test is performed 10 check the insulation of the resistor elements to the encl
For the purpose of this test the electrical connections between enclosure and ‘¢
elements if existing are removed and the test voltage is applied for 1 min) be
resistor elements and enclosure. Since the high operating temperatureinsid
enclosure will impact the insulation performance, the test voltage should be cho
consider the effect of temperature, subject to agreement betwéen custome
contractor.

sure.
sistor
ween
e the
sen to
r and

In case of resistors consisting of several series connected pesistor modules, the test

voltage per module is reduced according to the number offseries connected md
by taking into account manufacturing tolerances.

The insulation should not suffer flashover during the tést:

Measurement of inductance

The inductance should be measured at-power frequency and at rated har
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.
resistance is independent from frequency within the range of specified harmonic

dules

monic

If the
5 then

the test current is the square® root of the sum of the squares of the current at

fundamental and harmonic frequencies.

If the resistance varies.with frequency then the calculation of the test current s
be made according to\the formula:

N
2 2 2
LR =Ie" - Re + D I,” - Ry

hould

(20)
n=2

where

Iy is the equivalent test current (50 Hz or 60 Hz);

T'_ is the maximum continuous fundamental mwrnnf;

Iy, is the maximum continuous n-th harmonic current;

Ry 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 equal to the rated power can be achieved.
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