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HIGH-VOLTAGE SWITCHGEAR AND CONTROLGEAR -

Part 306: Guide to IEC 62271-100, IEC 62271-1 and other
IEC standards related to alternating current circuit-breakers

ODCAALAD

FOREWORD

he International Electrotechnical Commission (IEC) is a worldwide organization for standardization comp
| national electrotechnical committees (IEC National Committees). The object of IEC is |to prg

pechnical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred to as
Liblication(s)”). Their preparation is entrusted to technical committees; any IEC National*Committee inter

vernmental organizations liaising with the IEC also participate in this preparation. YEC collaborates cl
th the International Organization for Standardization (ISO) in accordance with"“conditions determineg

he formal decisions or agreements of IEC on technical matters express, as nearly as possible, an interna
nsensus of opinion on the relevant subjects since each technical committee has representation froj
terested IEC National Committees.

bmmittees in that sense. While all reasonable efforts are made 'to ensure that the technical content o)
Liblications is accurate, IEC cannot be held responsible for\the way in which they are used or fo

pnsparently to the maximum extent possible in theirrnational and regional publications. Any diverg
btween any IEC Publication and the corresponding-national or regional publication shall be clearly indica

sessment services and, in some areas, aeccess to IEC marks of conformity. IEC is not responsible fo
brvices carried out by independent certification bodies.

| users should ensure that they have the latest edition of this publication.
b liability shall attach to IEC or jts;directors, employees, servants or agents including individual expert
her damage of any nature‘\whatsoever, whether direct or indirect, or for costs (including legal fees

penses arising out of the, publication, use of, or reliance upon, this IEC Publication or any othe
Liblications.

tention is drawn te- the Normative references cited in this publication. Use of the referenced publicatig
dispensable for the.correct application of this publication.

tention is drgwn' to the possibility that some of the elements of this IEC Publication may be the subjs
htent rights<JEC shall not be held responsible for identifying any or all such patent rights.

main task of IEC technical committees is to prepare International Standards. Howev
ical commlttee may propose the pubhcatlon of a techmcal report when it has colle

ising
mote

ternational co-operation on all questions concerning standardization in the electrical and ele€tronic fields. To
tHis end and in addition to other activities, IEC publishes International Standards, Technical Specifica

ions,
“IEC
bsted
non-
psely
d by

ional
m all

ional
f IEC
any

tions
ence
ed in

rmity

I any

5 and
ge or
and
IEC

ns is

ct of

br, a
cted

example "state of the art".

, for

IEC 62271-306, which is a technical report, has been prepared by subcommittee 17A: High-
voltage switchgear and controlgear, of IEC technical committee 17: Switchgear
controlgear.

and
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The text of this technical report is based on the following documents:

Full i

Enquiry draft Report on voting
17A/1003A/DTR 17A/1021/RVC

nformation on the voting for the approval of this technical report can be found in the

report on voting indicated in the above table.

This publication has been drafted in accordance with the ISO/IEC Directives, Part 2.

A ligt of all parts in the IEC 62271 series, published under the general title High-vo

switg

The|document follows the structure of IEC 62271-1 and IEC 62271-100. The topics addre

hgear and controlgear, can be found on the IEC website.

appear in the order they appear in IEC 62271-1 and IEC 62271-100.

The [committee has decided that the contents of this publication will(remain unchanged [until
the stability date indicated on the IEC web site under "http://webstore.iec.ch" in the Hata
related to the specific publication. At this date, the publication will be

* neconfirmed,

* withdrawn,

+ rneplaced by a revised edition, or

* 3gmended.

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

IMPORTANT - The 'colour inside’' Togo on the cover page of this publication indicates

that

understanding of its contents: Users should therefore print this document usin

colag

it contains colours which are considered to be useful for the cornect
j a

ur printer.

fage

ssed
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HIGH-VOLTAGE SWITCHGEAR AND CONTROLGEAR -

Part 306: Guide to IEC 62271-100, IEC 62271-1 and other
IEC standards related to alternating current circuit-breakers

1 General

1.1 Scope

This| part of IEC 62271 is applicable to a.c. circuit-breakers designed for indoorfor“outfoor
instgllation and for operation at frequencies of 50 Hz and 60 Hz on systems having voltages
aboye 1 000 V.

NOTE While this technical report mainly addresses circuit-breakers, some clauses((e.g. Clause 5) apply to
switchgear and controlgear.

This| technical report addresses utility, consultant and industrial.engineers who specify|and
apply high-voltage circuit-breakers, circuit-breaker development engineers, engineerp in
testing stations, and engineers who participate in standardization. It is intended to prgvide
bacKground information concerning the facts and figures in the standards and provide a hasis
for gpecification for high-voltage circuit-breakers. Thus, its*scope will cover the explanaLion,
interpretation and application of IEC 62271-100 and IEC 62271-1 as well as related standpards
and ftechnical reports with respect to high-voltage circuit-breakers.

Rulgs for circuit-breakers with intentional non-simultaneity between the poles are coverefd by
IEC [62271-302.

This|technical report does not cover cirguit-breakers intended for use on motive power unifs of
electrical traction equipment; these are*covered by the IEC 60077 series.

Gengrator circuit-breakers installed between generator and step-up transformer are not wjithin
the gcope of this technical report.

This| technical report does not cover self-tripping circuit-breakers with mechanical tripping
devites or devices which cannot be made inoperative.

Disconnecting circuit-breakers are covered by IEC 62271-108.

By-dass switches in parallel with line series capacitors and their protective equipment arg not
with|n /the scope of this technical report. These are covered by IEC 62271-109 [and
IEC 60143-2.

In addition, special applications (among others parallel switching, delayed current zero
crossings) are treated in annexes to this document.

1.2 Normative references

The following documents, in whole or in part, are normatively referenced in this document and
are indispensable for its application. For dated references, only the edition cited applies. For
undated references, the latest edition of the referenced document (including any
amendments) applies.

IEC 60060-1:2010, High-voltage test techniques — Part 1: General definitions and test
requirements
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IEC 60071-1:2006, Insulation co-ordination — Part 1: Definitions, principles and rules
IEC 60071-2:1996, Insulation co-ordination — Part 2: Application guide

IEC 60376, Specification of technical grade sulfur hexafluoride (SFg) for use in electrical
equipment

IEC 60480, Guidelines for the checking and treatment of sulfur hexafluoride (SFg) taken from
electrical equipment and specification for its re-use

IEC [62146-1, Grading capacitors for high-voltage alternating current circuit-breakers?
IEC 62271-1:2007, High-voltage switchgear and controlgear — Part 1: Common spéecificatipns

IEC62271-4, High-voltage switchgear and controlgear — Part 4: Handling ‘procedureg for
sulphur Hexafluoride (SFg) 2

IEC [62271-100:2008, High-voltage switchgear and controlgear — Parf(1,00: Alternating-cufrent
circyit-breakers
Amgndment 1:20123

IEC 62271-101, High-voltage switchgear and controlgear —Part 101: Synthetic testing

IEC62271-102:2001, High-voltage switchgear and conirolgear — Part 102: Alternating cufrent
dosgonnectors and earthing switches

IEC62271-110, High-voltage switchgear and controlgear — Part 110: Inductive load switcHing

IEC 62271-310, High-voltage switchgearsand controlgear — Part 310: Electrical endurgance
testing for circuit-breakers above a ratéd voltage of 52 kV

2 Evolution of IEC standards for high-voltage circuit-breaker

Queptions arise frequently concerning the basis and interpretation of standprds
IEC62271-100 and IEC'62271-1. In most cases, these questions were due to a lack of
bacKground knowledge)of the values and requirements laid down in these standards.

A selected numper of reference textbooks is listed in the Bibliography. It must be remembgred
that| the techtiology of high-voltage circuit-breakers is continuously progressing and| will
continue te-do so in the future. Therefore, it is advisable to use such textbooks primarily ps a
source, 6f yinformation on network behaviour, such as switching conditions, transients, ptc.,
and not.for switchgear design.

As the installation of standard equipment in general is more economical than special designs,
the application guide will help the utility and industrial engineers in the selection of the
appropriate ratings to conform to their needs and specifications. It will enable them to judge
which rating is necessary when specifying their circuit-breakers. This should take into account
that in future high-voltage networks which will be worked harder and closer to their limits and
that high-voltage circuit-breakers of present day technology are designed and procured for a
lifetime of several decades. It is recognised that certain conditions may necessitate
requirements which are outside the circuit-breaker standards. In such cases, the technical

1 To be published.
2 To be published.
3 To be published.
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report will help to specify the various ratings or possible additional testing to verify the
suitability of the circuit-breaker for a specific application or condition.

Standards should be written fit for purpose, i.e. they should reflect general system
requirements to ensure that the installed equipment works properly. Although it is recognised
that not 100 % of all conditions occurring in service can be covered, long term experience
with high-voltage switchgear standards shows that system conditions are generally covered
adequately. Nevertheless, the feedback from service and new developments in equipment
and networks must be taken into account in their revision, making standardization an ongoing
process. This technical report will be a forum to provide the necessary information concerning
the background of changes in the standards.

Tecilmical specification aspects are not generally considered in standards. However, |this
application guide will address such aspects where appropriate.

As high-voltage transmission and distribution systems and high-voltage | Circuit-breakers
devegloped it was found necessary to provide standards for circuit-breakers) first on national
basis. For example, already in 1923 the first edition of the British Standard'B.S.S. No. 116 for
circyit-breakers was issued.

In the late 1920s it was recognized that an international agreement should be obtained for a
spegification for high-voltage circuit-breakers, particularly ,with respect to their behayiour
under short-circuit condition. This lead to the establishmentief the "IEC Advisory Commjttee
No. [17" which met for the first time in Stockholm in 1930 and drafted some prelimipary
recommendations on the international standardization 6f circuit-breakers.

Aftef a series of specially convened meetings the first IEC Specification No. 56| for
Alternating-Current Circuit-Breakers, Chapter |ixRules for Short-Circuit Conditions, was isgued
in the summer of 1937, with international apprsoval and recognition as a basis upon whigh to
estaplish national specifications. The first<edition of IEC 56 was bilingual and consistdd of
55 pages.

Also at that time, already, the need was seen to have Certificates of Ratings issued by
approved Testing Authorities to.confirm the compliance with Standard Specifications.

The|second world war interclpted the further work on the IEC circuit-breaker standards$. In
1954 the second editioh, was published which used and continued the concept of the|first
editipn. It was intended that the IEC Specification No. 56 should ultimately incorporate|five
chapters which were to be discussed in the following order:
Chapter | Rules for short-circuit conditions.

First edition of Publication 56 to be revised and enlarged in a second editiop.

Chapterlll Rules for normal-load conditions.

Part 1 — Rules for temperature-rise

Part 2 — Rules for operating conditions.

Chapter Il Rules for strength of Insulation.

Chapter IV Rules for the selection of circuit-breakers for service.
Chapter V Rules for the maintenance of circuit-breakers in service.
Actually, the second edition, as the first one, did not progress beyond Chapter I|. It was

bilingual and had a total of 77 pages. According to its scope it covered a.c. circuit-breakers of
1 000 V and above.

Some major features were:

— the breaking capacity was expressed in MVA by 2 values, one for a symmetrical and the
other for an asymmetrical breaking current;
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the TRV, defined as "restriking voltage", was of single frequency. The amplitude factor or
crest value and the TRV frequency or rate-of-rise were not specified but to be evaluated in
the tests;

the first-pole-to-clear factor in general was 1,5. However, in a note allowance was made to
use 1,3 for circuit-breakers for earthed systems;

50 Hz and 60 Hz were no problem, as for making and breaking tests the tolerance of the
frequency was +£25 %;

the short-circuit current breaking tests consisted of test-duties 1 to 5 with 10 %, 30 %,
60 % and 100 % of the rated symmetrical and the rated asymmetrical breaking current.

Edition 3 was issued in 1971 with a new structure. It applied to high-voltage a.c. gireuit-

bregkers rated above 1 000 V and had six parts which were published as separate bogdkl€els:

Publication 56-1: Part 1: General and definitions.

Publication 56-2: Part 2: Rating.

Publication 56-3: Part 3: Design and construction.

Publication 56-4: Part 4: Type tests and routine tests.

Publication 56-5: Part 5: Rules for the selection of circuit-breakers for service.
Publication 56-6: Part 6: Information to be given with enquiries, tenders and orders|and

rules for transport, erection and mainienance.

IEC |56 consisted of 294 pages when it was issued, but~over the years a large number of

amehdments was added. Out-of-phase was covered bylits own publication, IEC 267.

The|third edition was the first comprehensive |IEC Standard on high-voltage circuit-breakers
meeting the originally intended goals. It included, also, the general requirements which| are

now|compiled in IEC 62271-1.

Compared to the second edition a large-number of changes were introduced:

pr the first time mechanical tests, tests on insulation properties, tests on auxiliary|and
ontrol circuits, temperature rise tests, etc., were specified;

he R 10 series is used fortated normal and breaking currents;

efinitions as usedwp-to today are installed;

Dbr rated voltagesup to 100 kV the first-pole to clear factor is 1,5, for 123 kV and aboje it

f

q

t

the TRV (first time to-uSe this term) representation by two or four parameters and| the
q

f

is alternatively. 1;3 or 1,5;

the supply side rate-of-rise of TRV for 123 kV and above for terminal fault is 1,0 kV/up for
TD 4, 2;0-kV/us for TD 3 and 5,0 kV/us for TD 2;

thesshort-line fault is introduced. The specified surge impedance is 480 Q for lines wfth 1
qonductor/phase (52 — 245 kV < 40 kA), 375 Q for 2 conductors/phase and 330 Q for|3 or
4 conductors per phase. The line side peak factor is 1,7, 1,6, or 1,5, respectively. The
source side rate-of-rise is 0,67 kV/pus;

test for capacitive current switching (line and cable charging, single capacitors) are
prescribed;

not only type tests, but also routine test procedures are defined.

Edition 4 of IEC 56, published 1987, followed the scheme of the 3" edition. However, to avoid
a duplication of requirements in the various standards for high-voltage switching equipment,
IEC 56 was reduced to those requirements that were specific for high-voltage a.c. circuit-
breakers. The "common clauses for high-voltage switchgear and controlgear" was published
as a separate standard in 1980 with reference number IEC 694.
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Edition 4 of IEC 60056 consisted of one book of 329 pages. To conform with actual service
conditions some major changes were incorporated:

as all systems rated 245 kV and higher are effectively earthed only a first-pole-to-clear
factor 1,3 is specified for these voltage levels. For 100 kV to 170 kV alternatives 1,3 and
1,5 are specified,;

based on a large number of network investigations the supply side rate-of-rise of TRV is

increased to 2,0 kV/us for 100 %, 3,0 kV/us for 60 % and 5,0 kV/us for 30 % rated
breaking current;

to take into account the clashing of the conductors of a line phase due to the forces of the
hUIt u;luu;t uuncut, VVh;bh IIIGII\UD It O;III;:GI tU d D;Ily:c \JUIIdU\JtUI, [=} ull;fUlIll OJrge
mpedance of 450 Q is specified for all short-line fault tests. The line side peak yalye is
1,6, the supply side rate-of-rise 2,0 kV/us;

J

the initial Transient Recovery Voltage (ITRV) is introduced for rated voltages(f and above
100 kV;

ut-of-phase specifications are included;

b prove that capacitive current breaking is performed without restrikesthe number of fests
er duty is increased;

0t 0O

Iso, the number of operations during mechanical type tests{is increased from 1 000 to
000.

Do)

And|still, IEC 60056 continued to grow. The 4" edition«wa$ revised, resulting in the [first
editipn of IEC 62271-100 published in 2001. The first (edition of IEC 62271-100 had|575
pagg¢s. The structure of the document was retained-but its content was revised taking|into

accqunt service experience and requirements by the)utilities:

glassifications of circuit-breaker are intraduced with respect to mechanical and| (for
medium voltage) electrical endurance angd, restrike behaviour when switching capaditive
Ipads;

more severe test conditions are prescribed for circuit-breakers to prove a very|low
grobability of restrikes in capacitive current switching;
f]

br type tests the number of test-specimen is limited;
gome test procedures are:prescribed in more detail;
gritical current tests and\single-phase and double-earth fault tests are treated in particular;
tplerances are given.on practically all test quantities during type tests;

gpecial cases time’constants, longer than 45 ms, are specified for the different leve|s of
rated voltages:

Theffirst edition of IEC 62271-100 was revised and the second edition was published in 2D08.

The [following major changes were made:

the{introduction of harmonised (IEC and IEEE) TRV waveshapes for rated voltages of
00 kVand—above (amendment 1o the firsteditiony);

the introduction of cable and line systems with their associated TRVs for rated voltages
below 100 kV (amendment 2 to the first edition);

the inclusion of IEC 61633 (Guide for short-circuit and switching tests procedures for
metal enclosed and dead tank circuit-breakers) and IEC 62271-308 (Guide for
asymmetrical short-circuit breaking test duty T100a).

IEC 60694 covered common matters for equipment falling under the responsibility of
subcommittees IEC SC 17A and SC 17C, such as circuit-breakers, disconnectors and earthing
switches, switches and their combinations with other equipment, gas-insulated substations,
etc. Mainly, these specifications concerned normal and special service conditions, ratings and
tests on dielectric withstand, normal and short-circuit current carrying auxiliary and control
circuits, and common rules for design and construction. The first edition had 78 pages.
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The experience with this standard on common specifications was very positive. Therefore,
when the decision was made to revise IEC 694 this was largely to take into account items
which had not been covered by standards, so far. Very little had to be changed or updated in
the existing clauses of the first edition. This second edition with title "Common specifications
for high-voltage switchgear and controlgear" published in 1996 with reference IEC 60694,
has, among others, additional chapters which deal with safety aspects of electrical,
mechanical, thermal and operational nature. This had, in particular, consequences for the
rules for design and construction as well as tests which now, also, covered topics such as
interlocking, position indication, degree of protection by enclosures and tightness. A new and
important item that was introduced was electromagnetic compatibility (EMC). Naturally,
service and test experiences which had been gathered on the basis of the first edition
reflgCted 1N the revision. For example, the number of test specimen became limited,] the
conditions for identification of the test object became more pronounced, and the criferfa to
pasg the test were written in a more exact manner.

The|second edition of IEC 60694 was revised and published in 2007 as thg first editign of
IEC62271-1.

Manpfacturers, users and test laboratories recognize that the reliability of high-voltage
swit¢hgear is of crucial importance for the safety and availability, of'the supply of electric
energy. The overall high level of reliability and performance whiCh.is common today hap its
root$ in the very good quality of the standards for high-voltage, switchgear and controldear.
They are continuously updated to reflect the actual status of the respective technologies.

3 [Classification of circuit-breakers

31 General
IEC 62271-100 defines the following classes.@f circuit-breakers:

— (Class E1 and E2 of electrical endurance are defined in 3.4.112 and 3.4.113 of
IEC 62271-100:2008;

— (lass C1 and C2 for capacitive)current switching are defined in 3.4.114 and 3.4.11[5 of
I[EC 62271-100:2008;

— (lass M1 and M2 of /mechanical endurance are defined in 3.4.116 and 3.4.11f of
IEC 62271-100:2008;

— (Class S1 and S2-for'specific system application are defined in 3.4.119 and 3.4.120 of
IEC 62271-100:2008.

The |different classes and their specific applications are discussed in detail in this subclause.

3.2 Electrical endurance class E1 and E2

Two|classes are defined for circuit-breakers rated < 52 kV:

— Class E1: basic electrical endurance;
— Class E2: electrical endurance covering the expected operating life of the circuit-breaker.

A circuit-breaker class E1 has a basic electrical endurance, whereas a circuit-breaker of class
E2 is designed such as not to require maintenance of the interrupting parts of the main circuit
during its expected operating life.

There is no mandatory requirement for electrical endurance for circuit-breakers rated > 52 kV
in IEC 62271-100.

Class E2 is defined in IEC 62271-310 for circuit-breakers > 52 kV in the same way as for
circuit-breakers < 52 kV. This application is restricted to circuit-breakers used for overhead
lines. IEC 62271-310 proposes a unified test procedure for this class E2.
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Class E2 is intended for a low maintenance circuit-breakers used for applications where
frequent fault currents are switched.

3.3

Capacitive current switching class C1 and C2

Two classes are defined:

Class C1: low probability of restrike;
Class C2: very low probability of restrike.

The term "restrike-free" has been deleted from the standard because it did not correspond to

a phlysical reality.

The|standard introduces the term of "restrike probability" during the type tests, correspon

to

IEC62271-100:2008, depends on many parameters. For this reason the fterm canno
quantified in service.

The|main differences in restrike performances between class C1 and,€2 type tests are
numper of tests shots and the allowable number of restrikes.

For

restijikes occur, the test series has to be repeated permitting*only one additional restrike.

For

ratedl short-circuit current. No restrike is permitted gh'the total number of the required nur
of tgsts. If one restrike occurs the test series has:to be repeated without any restrike.

Thechoice for the user between class C1 and“C2 depends on:

Clag

Clag

3.4

Two|classés are defined:

certain probability of restrike in service, which, as explained in~Annex K

class C1 one restrike is permitted on the total number of 48 tests to be performed. If]

class C2 the circuit-breaker has to be preconditiohed by 3 interruptions at 60 % of

the service conditions;
the operating frequency;
the consequences of a restriketo the circuit-breaker or to the system.

Mechanical endurance class M1 and M2

ding
of
t be

the

two

the
nber

s C1 is acceptable foymedium voltage circuit-breakers and circuit-breakers applied for
infrgquent switching of transmission lines and cables.

s C2 is recommended for capacitor bank circuit-breakers and those used on frequéntly
switthed transmission lines and cables.

Class MT, normal mechanical endurance, a circuii-breaker mechanically type teste
2 000 operations;

for

Class M2, extended mechanical endurance, a circuit-breaker mechanically type tested for

10 000 operations).

As a general rule, the number of operations of high-voltage circuit-breakers switching
transmission lines is relatively small, and class M1 is sufficient.

For particular applications, such as frequent switching of reactors, capacitor banks, industrial
applications, specification of class M2 is recommended.

It should be noted that it is always possible, in the case of a very special use (pumping
station, etc.), to request a larger number of operations than that recommended for class M2.
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3.5 Class S1 and S2
3.5.1 General
Two classes are defined:

— Class S1, circuit-breakers intended for use in cable systems;

— Class S2, circuit-breakers intended for use in line systems or in a cable system with direct
connection (without cable) to overhead lines.

3.5.2 Cable system

A cgble system is a system in which the TRV during breaking of terminal fault at 100 % of
short-circuit breaking current does not exceed the two-parameter envelope derived from
Table 1 of IEC 62271-100:2008.

NOTKE 1 This definition is restricted to systems of rated voltages higher than 1 kV and less than.100 kV.
NOTKE 2 Circuit-breakers of indoor substations with cable connection are generally in cable-systems.

NOTE 3 A circuit-breaker in an outdoor substation is considered to be in a cablefsystem if the total length of
cablg (or equivalent length when capacitors are also present) connected on the sdpply side of the circuit-breaker is
at legst 100 m. However if in an actual case with an equivalent length of cable sharter than 100 m a calculatiop can
show| that the actual TRV is covered by the envelope defined from Table™1, of IEC 62271-100:2008, then this
system is considered as a cable system.

NOTE 4 The capacitance of cable-systems on the supply side of circuit-breakers is provided by cables gnd/or
capagitors and/or insulated bus.

3.5. Line system

A line system is a system in which the TRV duriag breaking of terminal fault at 100 % of short-
circyit breaking current is covered by the_two-parameter envelope derived from Table |2 of
IEC62271-100:2008 and exceeds the two-parameter envelope derived from Table [I of
IEC62271-100:2008.

NOTE 1 This definition is restricted to, systems of rated voltages equal to or higher than 15 kV and less| than
100 KV.

NOTE 2 In line-systems, no cable’is connected on the supply side of the circuit-breaker, with the pogsible
exception of a total length of cable.dess than 100 m between the circuit-breaker and the supply transformer(s).

NOTE 3 Systems with overhead lines directly connected to a busbar (without intervening cable connectiong) are
typicql examples of line-systems.

3.6 Conclusion

A cifcuit-breaker is defined by its complete rating, i.e. the basic short-circuit rating and|, for
example,~With or without out-of-phase switching, with or without overhead line capaditive
current switching as well as by the endurance classification such as E1, M2, etc.

It is the technical and economic responsibility of the user to select the type of circuit-breaker
and its endurance classes according to:

— the technical needs, derived from the point of application and the proposed usage on the
user’s system;
— the management of the user’s circuit-breaker population;

— the user’'s maintenance policy, which is increasingly linked to the system availability and
life cycle costs;

— the cost of the circuit-breakers, with preference for the purchase of standard circuit-
breakers.
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4

4.1

Insulation levels and dielectric tests

General

Insulation co-ordination is defined as follows (see 3.1 of IEC 60071-1:2006).

insulation co-ordination

selection of the dielectric strength of equipment in relation to the operating voltages and
overvoltages which can appear on the system for which the equipment is intended and taking
into account the service environment and the characteristics of the available preventing and
protective devices

[SOURCE: IEC 60050-604:1987, 604-03-08, modified]

Dealing with insulation co-ordination, it should be kept in mind the difference” between
"volfage surges" stressing the insulation in service, and "voltage impulses" used in

con

TC

entional tests.

P8 has classified the different types of overvoltages that can appear in the system|and

related those to a standardized test voltage. This relationshipis” given in Table || of

IEC

60071-1:2006 and is repeated here for convenience (see Table1).

The|current insulating levels for switchgear and controlgearWere prepared in 1971 by a fjoint

17A] when longitudinal and phase-to-phase insulations, were not dealt with by the editi
IEC
two

For
gap

worKing group with experts from CIGRE Study Committee, A3 and from IEC Subcomrrgittee

n of
60071-1 valid at that date. It was considered thatythe longitudinal insulation might have

very different purposes:

the working function, that is the separation of'two parts of a network;
the isolating function, to ensure that nooltage is applied on a part of the network where
people might be working.

the isolating function, it was considered that the dielectric withstand of the interrupting
of a load switch or of a circuit‘breaker was not reliable enough, due to its pollution by arc

by-pfroducts. The isolating functien should be provided by a device meeting the requiremlents

of IHC 62271-102 for its expected life.

Whgn an insulation cogrdination study is made in accordance with the process describgd in

IEC

60071-1, all theé ‘electric stresses likely to occur at a given site and with a dgiven

probjability are takenJinto account. This is done with respect to the insulation phase-to-eprth,
phage-to-phase«and longitudinal stresses. These are classified according to their front
durdgtion whatever their origins. The influence of any voltage protective devices is Jalso
congidered;\see Table 1 of IEC 60071-1:2006. Note that what is called "tempotary"
overyvoltage includes the stresses generated at various frequencies, such as harmonics.|[The

numrerous correction factors are applied to each of them to take care of:

performance criterion: the basis on which the insulation is selected so as to reduce to an
economically and operationally acceptable level the probability that the resulting voltage
stresses imposed on the equipment will not cause damage to equipment insulation or
affect continuity of service;

statistical distribution: it is normally accepted to disregard those overvoltages which have
a probability of occurrence less than 2 %;

inaccuracy of input;
effect of the equipment test assembly;
dispersion in production;

ageing in service: if not otherwise specified, an ageing factor of 15 % is considered for
internal insulation and 5 % for external insulation;

altitude correction.
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To reduce the duration and the costs of the tests, only two types of test voltage shapes are in
practical use. These are the power frequency and the standard lightning impulse voltages, for
equipment up to and including 245 kV (Range I), and the standard switching and standard
lightning impulse voltages, for equipment above 245 kV (Range II). For voltage range I the
inherent switching surge strength (in p.u.) is higher than the magnitude of the surges at that
voltage. In other words, the amount of insulation that is required to satisfy the lightning
impulse and power frequency tests automatically exceed the requirements for the maximum
switching surges that can occur on the system. Conversion factors are given in IEC 60071-2
so that "slow-front overvoltages" in range I or short-duration overvoltages of range II be
covered by the selected test voltage shapes.

In uging this approach, it follows that:

— 1o overvoltages larger than those used to assess the insulation levels are thoughtlikefy to
gccur on the incoming terminal of a switching device;

different probability uncertainty and performance criterion can be appliédydepending on
vhether they apply to the working function or to the isolating function\By conventign, it
vas decided that the insulation of the "isolating distance" be thecclosest value tol the
FC 60071-1 value but with a 15 % excess over the phase-to-earth-instlation;4

—_— < = 0

Ithough no power frequency tests are required by IEC 60071-1 for range Il it cap be
greed that product standards may add them when necesSary, which is the case |with
witchgear and controlgear, due to their elaborated design,\and because it is a convenient
oltage shape for routine tests (IEC 60071-1 deals only/with type tests and does| not
onsider the safety aspects).

O < (0 0 Q)

Thefe are some differences between the insulation lévels stated in IEC 60071-1 and thoge in
IEC 162271-1:

— not all of the insulation levels of IEC 6007 1%1-are taken into IEC 62271-1. This is bec@use
the first standard is designed for every.type of equipment and some of its values arg not
ysed in the latter for switchgear;

the switching impulse withstand voltage of longitudinal insulating is lower in IEC 622741-1.
It should be noted that there are only two cases where longitudinal insulation sfress
qccurs:

4 when a line crosses andther line or a busbar;
4 and the case of switchgear and controlgear.

In the first case, itis\easy and economical to use longer clearances; it is more difficylt to
increase the longitudinal insulation of switchgear and controlgear, and not really
necessary, as.explained in 4.6. In fact, the insulation levels specified in IEC 62271-1 Iave
Reen used successfully for more than twenty years (for rated voltages of 800 kV or lgss),
and IECAEC 28, responsible of IEC 60071, agreed that switchgear standards keep their
values_(se€ minutes of meeting RM 3606/TC 28).

The|splifting into two voltage ranges is done mainly in consideration of neutral ea
systbateeinre ; ; trals are v on .
voltage stresses are lower. This explains why the same lightning withstand voltage is required
for 245 kV and for 300 kV.

P
=
@

Background information on insulation levels and associated testing is provided in 4.6.

4 Nevertheless, the only safe condition to work on a network is to earth it on each side of the work site.
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Longitudinal voltage stresses

Normally a circuit-breaker does not have a disconnecting function, this is the duty of the
disconnector.

NOTE Circuit-breakers having a disconnecting function are covered by IEC 62271-108.

For its working function, it has firstly to withstand the recovery voltage after having
extinguished the arc. In the open position it may be stressed by the power frequency voltage
on one terminal with the other stressed by any of the following voltages:

the D.C voltage resulting from the trapped charge of the overhead line in the case of
no-load line or capacitor bank switching;

power frequency voltage in out-of-phase condition, in the case when busbar$ or
denerators are switched;

g slow-front surge in the case of a switching operation at the remote end;
g possible fast front surge in the case of a lightning stroke.

The|open circuit-breaker is normally isolated by a disconnector and may be stressed onl
a shiort period. That is normally not the case for shunt reactor, capacitor bank, filter and
tie (pusbar) circuit-breakers. For bus tie circuit-breakers the two bus voltages rarely ha
largé phase shift. Exposed situations where complete out-ofsphase voltages will be pre|
for minutes do exist, e.g. in the case of circuit-breakers used for synchronisation purpg
sompetimes with a higher component on the generator side:

4.3 | High-voltage tests

The[standard dealing with high-voltage insulation tests is IEC 60060-1, but the various t
and |values of dielectric tests are specified in?|EC 60071-1, because their statistical mea
is to|be taken into account in the process of designing insulation co-ordination. It must be
in mind that each test voltage shape is atconventional shape to evaluate the behaviour o
insulation when stressed by various vagltage stresses, short duration, slow-front or fast

(seel Table 1 of IEC 60071-1:2006),

Disrpptive discharge voltages‘.are subject to random variations and usually a numbsg
obsgrvations must be madé_in order to obtain a statistically significant value of the withs
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voltage. ldeally, the best would be to use a test procedure providing some statistical reslults.

To do that, it is necessary to have an idea of the limit and therefore to have at least
disryptive discharge.\But if the test object includes a non-self-restoring part in its insul
system, to reachthe’limit would mean some destructive effect. In many cases, the insul
is cpmposed ,efiself-restoring parts and of non-self-restoring mixed together. There
sevgral procedures are proposed, supposedly having the same severity, which means tha

one
tion
tion
ore,

the

probability-that a "good" specimen is rejected (risk of the manufacturer) is the same as a [bad

spegimen"ybeing accepted (risk of the user):

porcelain), the "up and down" procedure provides the Usy, value, the critical disruptive
level, and an estimate of the standard deviation. It is called "procedure D" in IEC 60060-
1:2010;

for clearly defined non self-restoring insulation, "procedure A" of the same standard
assess an assumed withstand voltage (three shots without disruptive discharge);

for insulation systems composed of mixed self-restoring and non-self-restoring insulation,
a compromise was found with procedures B or C, where no disruptive discharges are
allowed on the non-self-restoring part of the insulation. Subclause 5.3.4 of
IEC 60071-2:1996 shows how procedure B and C give the same probability to pass a test
at 90 % of the maximum withstand value. This is with a much better selectivity with
procedure B. The question most likely to be raised in the laboratory occurs when the last
(or last two) applications of the test voltage leads to disruptive discharges, and whether
they are on self-restoring insulation or not. For this reason IEC 62271-1 requires 5 non-
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disruptive discharges to conclude the test. This is aimed at giving confidence that the non-

self-restoring insulation is likely to be sound.

Another problem may exist when applying atmospheric correction factors for external
insulation in the case that the insulation system of the switchgear and controlgear consists of
internal and external insulation in parallel. Subclause 4.3.6 of IEC 60060-1:2010 gives some
guidance on how to perform the tests.

The following additional concerns may exist:

4.4

the test voltage across longitudinal insulation or phase-to-phase is higher than the

test

oltage phase-To-earth. Procedures for thosé cases are given in 6.2.5.Z2 of IEC 62
:2007;

\
1

three-phase switchgear and controlgear in the same enclosure: test voltages @re us
gpplied between phase and earth, across longitudinal insulation of each polefand phas
phase separately.

Impulse voltage withstand test procedures

4.4.1 General

The |purpose of this subclause is to explain the basis for the several impulse voltage withs
test methods used to verify the insulation integrity of high-voltage switching devices.

In 6]2.5 of IEC 62271-1:2007 the application of the test vOltage and test conditions are gi
This| subclause prescribes several test series, suchlds testing across the open switc
devire, to earth, and between phases, as well as/tests with power frequency and impu
with| positive and negative voltage polarity. Each. of these test series has to be consid
individually as each of them has to show that.the individual insulation under test meets

particular requirements. According to thegphilosophy of insulation coordination tlese

requirements are based on a flashover probability of 10 %. This should be met by
individual insulation, as well as by the whole switching device. Consequently, adding u
testg performed on the switching device’is not justified and does not give any informatio

the

vithstand probability of the whole device.

4.4.2 Application to high-voltage switching devices

For

mpulse tests, the following two procedures are given in 6.2.4 of IEC 62271-1:2007:

FProcedure B of (IEC 60060-1:2010: 15 consecutive impulses at the rated lightnin
gwitching impulses at the rated withstand voltage for each test condition and each pol3
The test object is considered to have passed the test if the number of disru
discharges(flashovers) on the self-restoring part of the insulation does not exceed tw
gach series of 15 impulses and if no disruptive discharge occurs on non-self-restd
ihsulation. This method is referred to as the 15/2 method;
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As.an alternative, procedure C of IEC 60060-1:2010 may be applied. In this case the

test

consists of three consecutive Impulses tor each test condition and each polarity. I'he

test

has been passed if no disruptive discharge occurs. If one disruptive discharge (flashover)
occurs on the self-restoring part of the insulation, then 9 additional impulses may be
applied. If no disruptive discharge occurs during these additional impulses the test object

is considered to have passed the test. This test procedure is referred to as the
method. The 3/9 method is accepted only when all three phases are tested.

The theory on which the test procedures are based is described in 4.4.5.

3/9
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44.3 Additional criteria to pass the tests

4.4.3.1 Procedure B

Based on the 15/2 method, IEC 62271-100 states additional criteria to pass the tests. If
disruptive discharges occur during the application of 15 test impulses it shall be demonstrated
that they did not occur on non-self-restoring insulation (SFg gas is considered self-restoring).
Evidence that damage has not occurred to non-self-restoring insulation can be confirmed by
five consecutive impulse withstands following the last disruptive discharge. If permissible
disruptive discharges occur within the last five test impulses sufficient additional verification
impulses may be applied |n order to achleve five consecutive withstands. A disruptive

dISC-\nv-nn lo—narmicoibla A ein tha odd: nalvarificatian e le e f Al Ao ool Ao b arge
aTrgCTo PTTITIToSToTC uullll\d e uuuluullul vVeT T oTtroOTT TP oS T o I OTITy - OTTC—outTT OrSCTH g

occyrred during the first 15 test impulses. This procedure leads to a maximum possible
numper of 25 impulses per series.

4.4.3.2 Procedure C

The|original test method required in ANSI/IEEE C37.09 was the so-called| 3/3 method. Three
test impulses are applied with the following possibilities:

— gll three impulses are withstands, then the test is successful andycomplete;

— if one disruptive discharge occurs, then three further impulses ‘are applied and all mugt be
withstands for the test to be successful;

— if two disruptive discharges occur, the test is a failure.

This| method was later modified to the 3/9 method which simply means a disruptive discharge
in the application of the first three impulses shall be followed by 9 withstands. The tolerance

on the peak voltage is 63 % in accordance with-ANSI/IEEE C37.09, whereas it is £3 }6o in
accqrdance with IEC 62271-1.

4.4.4 Review and perspective

The|statistical sampling plans on which the various test methods discussed above are based
are gescribed in 4.4.5.

Sub¢lause 6.2.4 of IEC 622/71-1:2007 states that the 15/2 method is the preferred |test
progedure and further that procedure C of IEC 60060-1:2010 “may be used when all three
poleg are tested”. Neither of these statements is of the “mandatory” or “advisory” nature|that
one |[expects to find-invan IEC standard and presents both the manufacturer and user with a
choife to be made~ The attributes of both test series are shown in Table 2 and will be
discpssed fromstwo perspectives, namely, insulation coordination and quality assurance.

Table 2 — 15/2 and 3/9 test series attributes

TFest series Probability of passing Risk
the test (%)
(%)
Manufacturer User
(o) (B)
15/2 76 4,9 29,2
3/9 82 4,6 53,6
NOTE The values in column 2 are based on a flashover probability of 10 %.

The principles and practices of insulation coordination are described in IEC 60071-1 and
IEC 60071-2. In the context of insulation coordination, withstand voltage is defined as the

voltage at which there is a 10 % probability of flashover.

Figure 1 is derived from the

operating characteristics of the two test series shown in Figure 4. The 15/2 test series has a
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76 % probability of passing the test which compares favourably to the 82 % probability for the
3/9 test series. The former test series is thus the more onerous.

100

(<]
a

——15/2

920 \\ —e—3/9
: .
) \-\ \

) N\
70 \ -
0 5 10 1
Probablity of flashover (%)

Probability of acceptance (%)

5 20

Figure 1 — Probability of acceptance (passing the test)\for the 15/2 and 3/9 test series

Taking the quality assurance perspective, it is reasomably argued that a 10 % probabilify of
flashover is too high and that 5 % is a more réasonable and applicable number. Figyre 2
shows that the probability of acceptance at §% probability of flashover are 94,86 % |and
94,71 % for the 15/2 and 3/9 test series, respectively. The corresponding probabilities of
rejec¢tion are 5,14 % and 5,73 %, respectively, and the argument continues that, on this basis,
the [wo test series are statistically equivalent. However, it is not legitimate to compare|two
statistical sampling plans at one point.6hly; in fact, equivalent plans would have both similar
manufacturer risks at 95 % probability of acceptance (Figure 2) and user risks at 10 %
probability of acceptance as shown’in Figure 3. With reference to Table 2, the manufaciurer
riskg are near equal but there js a significant difference in the user risks with the 3/9(test
serigs giving the higher risk:



https://iecnorm.com/api/?name=d503520b41bcdeec0159df19acf15511

-32 - TR 62271-306 © IEC:2012(E)

100

99

98

——15/2
97

.__.______555‘ ——3/9
96 |

93

92

Probability of acceptance (%)
©
Y

91

90

4 4.5 5 5.5 6
Probablity of flashover (%)

Figure 2 — Probability of acceptance at 5 % probability
of flashover for 15/2 and 3/9 test series

20 \\\\
18
\\\> —m—15/2
16 —
\\ ‘\\\ —e—3/9
14

10 \ \

Probability of acceptance (%)

o N A O ©

25 30 35 40 45 50 55 60 65
Probablity of flashover (%)

Figure 3 — User risk at 10 % probability of flashover
for 15/2 and 3/9 test series

In reality, the 3/9 test series is used and accepted only in the United States and the 15/2 test
series is favoured elsewhere.

The purpose of type testing is to demonstrate that the test object meets the requirements. If it
does not pass the test, the reason has to be shown, and exactly what has to be improved or
changed in order to justify the repetition of the test. For the new test, a new test object should
be submitted which should be an improved device. One should not use the same test object
or a second one of the same kind in the expectation of success in a second or third attempt.
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4.4.5 Theory
4.4.51 General

Originally invented to test insulators, and described in IEC 60060-1, the statistical
considerations from which the impulse voltage withstand test procedures were derived
actually apply to batches (or lots), i.e. to testing of a relatively large number of samples.
Therefore, they are suited in a limited way, only, to prove the quality of individual items, such
as switchgear.

Nevertheless, as the procedures have been generally accepted for impulse voltage withstand
tical

background.

4.4.5.2 Additive probabilities
According to one axiom of probability the probability function for mutually excldsive evens is

additive [1] 5. For example the probability of event A or event B is the sum of their individual
respiective probabilities providing the two events are mutually exclusive:

4.4.5.3 Special law of multiplication

According to the special law of multiplication the probability, that a number of independent
events will all occur is the product of their individual respective probabilities [1]. For example
the probability of event A and event B is the product of their individual respective probabilities
providing the two events are independent.

4.4.5.4 Binomial distribution

The([relative merit of the individual plans is @nalysed by means of the binominal probability
distribution and two other relations from probability theory. However, the probability theory
has @ limited applicability when the number of samples is small or, in the extreme case, when
this humber is down to one. Yet, this analysis may be useful to understand the backgrournd of
the test procedures defined in IEC.60060-1 and 6.2.4 of IEC 62271-1:2007 and IEC 62PR71-
100.

Impuilse tests are statisticallyja set of repeated trials. Letting “»” represent the number of frials

and [‘#” the number of test failures, the tests can be analysed using the binominal probability
distribution on the basis:that the following assumptions apply [1]:

sually assignithe outcome associated with “/” as a success, without inferring that sucgess

a) There are only“two possible outcomes for each ftrial, “success” or “failure”. (Textbpoks
1
is necessarily a desirable outcome. In our particular case we are designating the outcome

“w_»

gdssociated with “/” a failure because in the context of dielectric testing a disruptive
discharge is a failure.);
:

[he“probability of failure is constant from trial to trial and is denoted as “p”; the probability
of success is thus (1 - p);

b)

c) There are “n” trials, where “n” is a given constant;

d) The “n” trials are independent.

The probability of r failures in n trials for a probability of failure p is given by:

5 Numbers between square brackets refer to the references in the bibliography.
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where (:J = r'(+lr)|

It follows from the axiom described above that the cumulative probability of » or fewer failures
in n trials is:

B(r,n,p) is the probability of acceptance of the test based on a single sampling plan-whdre a

maxjmum of “” failures are allowed.

In the case of sampling schemes consisting of more than one sampling plan’the cumulative
probability distributions for the respective plans are combined in accordance with the axiom

and [law described above to yield the probability of acceptance for variols,'values of “p” using
that|scheme.

P_ will be denoted as the probability of acceptance using a particutar sampling scheme.

a

To illustrate the application of the theory, the 3/9 method.Yis considered. The acceptable
outcpmes are 3/0 or (3/1 and 9/0):

P, - [gJP% _pP 0 |:[13]p] (1-pP~"x [gjpo(l - p)g—o}

- 6(3?{ 0)! (1‘P)3 +{ﬁp(1—p)2 xﬁ(’l—p)g} = (1—p)3 +3p(1—p)11

The|plot of P, as a function of “pl-is usually called an operating characteristic curve.

An gquation and associated-Operating characteristic curve can be similarly developed fof the
15/2 test series [2].

The |operating charaecteristic curves for the 15/2 and 3/9 test series are plotted in Figure 4
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Figure 4 — Operating characteristic curves for:15/2 and 3/9 test series

4.4.5.5 Comparison of the different test methods

4.4.5.51 General

The|various test methods are actually statistical sampling plans developed to distinguish
between “good” and “bad” products out of allarger number of samples, the 15/2 method bling
a siphgle sampling plan and the 3/9 method being a double sampling plan. The notion of
sampling implies risk: the manufacturer’s risk is that a “good” product will be rejected (fails
the {est) and the risk of the user is-that a “bad” product will be accepted (passes the tesf). In
reality both risks are mitigated, by-design safety margins and the ultimate question is which
plan|gives the best product quality.

To Iake a comparisomybetween the different methods, two quantities need to be defined
(agdin, it must be remmeémbered that these considerations apply to a large number of samples
and jnot to testing of an’ individual test object).

4.4.5.5.2 Manufacturer’s risk (« risk)

The |manudfacturer’s risk is the probability that a “good” lot will be rejected by the sampling
planl This' risk is usually set at 5 % (corresponds to 95 % acceptance) and is stated in
conjunction with a numerical definition of “good” quality such as an Acceptable Quality Level
(AQL). Ideally the AQL is the value of “p” corresponding to a value of P, equal to 95 %. The
AQL is thus the maximum percent defective that, for the purpose of sampling inspection
(testing in this case), can be considered satisfactory as a process average.

4.4.5.5.3 User’s risk (g risk)

The user’s risk is the probability that a “bad” lot will be accepted by the sampling plan and is
stated in conjunction with a numerical definition of “bad” quality such as a Lot Tolerance
Percent Defective (LTPD). In quality assurance procedures, when checking and selecting the
acceptable samples out of a lot, a user’s risk of 10 % is common and LTPD is the lot quality

(i.e. value of “p”) for which there is a 10 % probability of acceptance, i.e. 10 % of such lots will
be accepted.
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The « and g risks for the operating characteristic curves of Figure 4 are shown in Figure 5
and Figure 6 and summarized in 4.4.6.

Another measure for comparison of sampling plans is to consider how well the plans
discriminate between “good” and “bad” lots. An ideal plan would discriminate absolutely
between the “good” and “bad” lots as is shown in Figure 7 for an AQL of 10 %; all lots to the
left of the vertical acceptance line will be accepted and those to the right will be rejected. The
closer the actual sampling plan comes to the ideal plan, the better its discrimination.

Readers interested in a more detailed description of statistical sampling are referred to the
referenced-textbooks—onqualitycontret-{3—4—6}

4.4.6 Summary of 15/2 and 3/9 test methods

The [theoretical analysis is summarized in Table 3 and in Figure 5, Figure 6 andckigure 7.

Table 3 — Summary of theoretical analysis

Mpthod Description Number of AQ LTP Comments
acceptable L D
outcomes (%) (%)

5/2 As for 15/2M except that one 38 5 29,2 _J)| Addresses the disadvantageg of
(1) disruptive discharge the 15/2 and 15/2M while
permissible in the verification retaining the principle of
impulses if only one such maximum two (2) disruptive
discharge occurred in the discharges permissible

basic 15 impulses

3/9 Basic 3 impulses, one (1) 3 4,6 53,5 | Used only in the United Statq
disruptive discharge
permissible in which event
nine (9) further impulses
applied with no disruptive
discharges permissible

2]

100

99
98

—=—3/9
97 |

96

Probability of aceeptance P, (%)

o I
92 y
91
920
4 4,5 5 5,5 6

Probability of flashover p (%)

Figure 5 — a risks for 15/2 and 3/9 test methods


https://iecnorm.com/api/?name=d503520b41bcdeec0159df19acf15511

TR 62271-306 © IEC:2012(E) - 37 -

6l O\ N\
16 \ \ —9—:/9127
o\ AN

i \ A}
1 \ AN

/
/|

Probability of acceptance P, (%)

\\0\
20 30 40 50 60
Probability of flashover p (%)

Figure 6 — S risks for 15/2 and 3/9 test methods
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Figure 7 — Ideal sampling plan for AQL of 10 %

4.4.7 Routine tests

It should-be noted that routine tests are detailed in the relevant standards. The power
frequency test is used because it is most suitable for factory conditions.

4.5 Correction factors
451 Altitude correction factor
4511 General

In the determination of the required withstand voltages, a number of factors have to be taken
into account: the atmospheric correction factor k,; and a safety factor k. These factors are
multipliers to be applied to the insulation level (see 4.5.1.2).

An effect of altitude is the reduction of the atmospheric pressure. A reduced atmospheric
pressure reduces the disruptive voltage of a given gap in air. Subclause 4.2.2 of
IEC 60071-2:1996 provides equations for derating insulation levels according to the voltage
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shape and to the electrode configurations based on measurements made in HV laboratories.
The difficulty occurs when it comes to switching surges. So, in IEC 62271-1, it was proposed
and accepted to simplify the altitude correction factor as shown in Figure 1 of this standard. In
addition, these equations are general for any altitude above sea level. But in the process of
assessing insulation level in IEC 60071-1, a correction is already included to cover use up to
1 000 m. As a consequence, the insulation levels stated in IEC 62271-1 are valid up to 1 000
m and, for higher altitudes, the equation for the correction factor is modified accordingly.

The altitude correction is applicable to external insulation only and is incorporated into the
atmospheric correction factor, since the air density is a function of the altitude. The dielectric
strength is dependent on the air density. The altitude dependence on the atmospheric

presisure is given in [EC 60721-2-3 in tabular form. IEC TC 28 (Insulation coordination)| has
trangferred the information given in IEC 60721-2-3 into Equation (1) that deviates by ho'fpore
than| 1 % from the information given in IEC 60721-2-3:
bo _ 1/8150
—=
. (1)
whefe
by ip the standard barometric pressure, 101,3 kPa (or 1 013 mbar);
b ip the pressure at altitude H above sea level (Pa);
H i the altitude above sea level (m).
The |air density correction factor is given as (IEC 60060+1):
kg =™
R (2)
with| 5= 2 23+ 10
bo 273+t
whefe,
kq ip the air density correction factor;
o i the air density;
to ip the standard reference temperature, 20 °C;
t ip the actualambient temperature;
m ip an expohent dependent on the minimum discharge path and other attributes. Valugs of
i can\be derived from Figure 4 of IEC 60060-1:2010. These values are based on
measurements performed at altitudes up to 2 000 m.

The fixed (and conservative) values for m are given for convenience, more detailed values are
given in IEC 60071-2. The values are reproduced here from IEC 62271-1 (see Table 4):

Table 4 — Values for m for the different voltage waveshapes

m Power frequency Switching impulse Lightning impulse
Phase-to-earth 1 0,75 1
Phase-to-phase 1 1 1
Longitudinal 1 0,9 1
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Combining Equations (1) and (2) and assuming standard reference temperature applies, the
following equation is obtained for the altitude correction factor:

em[*”h;’Oj (3)

Subclause 2.2.1 of IEC 62271-1:2007 specifies the following altitude correction factor:

kalt =

a) altitudes up to and including 1 000 m: /&4 =1

1000
m( )
. . fow = e 8 150
b) altitudes higher than 1 000 m: “alt (4)
whefe
kai | is the altitude correction factor;
H is the altitude in m above sea level,
m is an exponent.

The|specification of the altitude correction factor as given in IEC 62271-1 has been basef on
the following considerations.

The|safety factors used are kg = 1,05 for external jnsdlation and kg = 1,15 for intgrnal
insulation.

Consgidering the overall correction ki, = (kg1 x\ks) as a function of the altitude at congtant
humjdity and temperature, assuming m = 1, the following can be determined:

Extgrnal insulation: at 0 m k;, = 1,05 and'at 1 000 m k4, = 1,19
Intefnal insulation: i, = 1,15 (independent of altitude)

For B circuit-breaker having internalFand external insulation in parallel (which is frequently the
casqg), the overall correction factors are nearly equal at 1 000 m. This means that the safety

factor of 1,15 covers the requirements for both internal and external insulation up t¢ an
altityde of 1 000 m.

As the safety factor.is_included in the required withstand voltages, these voltages are valid up
to apd including 1 000 m.

4.5.1.2 Examples of application of the altitude correction factor

Example 1: A 245 kV circuit-breaker is going to be installed in a substation at an altitude of
1 800.mvabove sea level. The user specification for the insulation level is 1 050 kV at|site
level-Whichcircuit-breaker witt futfirthese requirements?

The required insulation level at standard atmospheric conditions (sea level) will be obtained
applying the altitude correction factor (Equation (4)) and the following considerations:

— For lightning impulse and power frequency m = 1, hence ky; = 1,103. This means that the
circuit-breaker needs to be tested at sea level with a voltage of 1 050 x & = 1 158 kV.

— The nearest standardized impulse voltage is 1 175 kV, which belongs to a system voltage
of 362 kV.

— The requirement for the power frequency withstand at sea level is 507 kV (dry and wet).
Regarding the test to earth this is not fully covered by the requirements for a 362 kV
circuit-breaker. However, a 362 kV circuit-breaker has been tested with switching impulse
(dry and wet), which gives higher stresses on the external insulation compared to the

alt
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power frequency test, hence one can safely assume that a 362 kV circuit-breaker fulfils
the requirements of a 245 kV circuit-breaker used at 1 800 m above sea level.

Conclusion: The 245 kV circuit-breaker fulfilling the requirements for an altitude of 1 800 m
will be a circuit-breaker having an insulation level belonging to a system voltage of 362 kV.
Application of surge arresters with the intent to lower the insulation level of the substation
may result in a more advantageous choice of equipment.

Example 2: A 245 kV circuit-breaker is tested in a testing station that is located at an altitude
of 800 m above sea level. What are the correct test values?

Tesivalues and conditions for testing of switchgear and controlgear is referring to stanfard
atmgspheric conditions. As the testing station is located at 800 m above sea level. the|test
valups for external insulation need to be corrected to the standard atmospheric (¢onditions.
Applying Equation (3) using 4 = 800 and m = 1 gives k,; = 1,103.
The| test values for external insulation in the testing station may“\be reducedq to
1 050/kg1t = 952 KV peqy for the lightning impulse withstand test and 417 kV r.m.s. for the power
frequency test, providing the circuit-breaker has external insulationconly. When the cirguit-
bregker has both internal and external insulation, k&, = 1.

Example 3: The circuit-breaker of Example 2 is tested in,the same testing station at an
altitude of 800 m for application at an altitude of 1 800 m. What'is the correct test voltage~

The|testing values at sea level have been derived indExample 1 and are 1 158 kV foi the
lighthing impulse withstand test and 507 kV r.m.s. for'the power frequency withstand test.

Application of Equation (3) (calculated in Example 2) to these values give the following regult:
— llghtning impulse withstand test: 1 050V ¢ 4;
— power frequency withstand test: 460°kV.

Agaln, this is only valid for the extefnal insulation of the circuit-breaker.

4.5.2 Humidity correction factor

IEC 62271-1 deviates from*IEC 60060-1 with respect to the humidity correction factor % tp be
appI(Led during dry tests of switchgear and controlgear having a rated voltage above 1 kV|and
up t¢ and including(52-kV.

In fgct, the correction factors as defined in IEC 60060-1 do not fully apply to switchgear|and
controlgear.'\having a rated voltage above 1 kV and up to and including 52 kV in which
dielgctrig-stress implies short distances and highly stressed insulating surfaces, and where
the |ogation and length of the disruptive discharge are practically impossible to define.[The
disruptive diQr‘hargp depends on temperature and h||mir'lity as shown in Figurp 8:

e in area 3 and 4, the external insulation behaves as an air gap;

e in area 2, due to high absolute moisture content, it is observed that disruptive discharges
generally occur along the insulating surface and cannot be considered as if in air. In case
of high moisture content with condensation, the weakest point may become the surface
instead of the air gap;

e the cases corresponding to area 1 practically do not exist except for the zone near the
standard conditions.

In order to avoid varying interpretations and have a practical approach for laboratories, a
simplified method to determine w values is preferred to the calculation as given in
IEC 60060-1. It was based on the experience of IEC 60694:1981 in which the factor w value
equal to 1 had been used for long time by laboratories with satisfactory results especially in
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area 3 of Figure 8 (& < 11 g/m3), and on recent results in area 2 (k > 11 g/m3) showing that
taking w = 0 gives good correlation with experimental data.

Saturation curve

[7]
g/m3

4.6
4.6.1
4.6.

MOp=—===="7""2 Slandard
conditions

[4]

20 Temperature °C

Figure 8 — Disruptive discharge mode of external insulation of switchgear and
controlgear having a rated voltage above 1 kV up to and including 52 kV

Background information about insulation levels and tests
Specification

| General

The
appl
and
to al
cons
cont

4.6.

The

rated insulation levels<aré mainly based on the requirements of IEC 60071-1.
cation guide IEC 60074-2 explains the relationship between the nominal system vol
the standardized insulation levels. However, these standards are intended to be ap
| types of equipment: insulators, cables, power transformers, etc. Therefore, some rel
iderations need-to be addressed in applying them to high-voltage switchgear
rolgear.

.2 Phase-to-earth

for g

The
fage
plied
hted
and

insuwlation levels have been selected taking into account the values most commonly Tsed

witchgear and controlgear.

In addition to IEC 60071-1, a rated short-duration power-frequency withstand voltage is
required for rated voltages higher than 245 kV, in order to verify internal insulation voltage
withstand capability with respect to temporary overvoltages.

4.6.1.3 Phase-to-phase

No changes are made to the specifications of IEC 60071-1 for the insulation between poles.

4.6.1.4 Longitudinal insulation

Since no other IEC product standards specify requirements for longitudinal insulation, SC 17A

has

developed its own set of rated withstand values.
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4.6.1.5 Isolating distance

In addition to the requirements of insulation coordination, the standard specifies insulation of
the “isolating distance”. This is to cover special conditions which are to be met by
disconnectors to provide an additional safety factor (1,15) (see 5.102 of IEC 62271-
102:2001).

The intent of the isolating distance is not to provide fundamental-coordination but to require
that any disruptive discharge occurs phase-to-earth on the switching device rather than
between its open contacts. Exceptions may occur, for example when high creepage distances
to earth are required. However, it is generally recognized that when work has to be carried out

on

to earth. Local safety rules should apply.

4.6.1.6 Combined voltage tests

high-voltage conductor, safety is assured only when the conductor is directly connelcted

A cqmbined voltage test is one in which two separate sources, generating voltages against
earth, are connected to two terminals of the test object (see Clause 9,.0f IEC 60060-1:2010

and [Tables 2a and 2b of IEC 62271-1:2007).

lon

voltgge between two live parts is specified to be higher than the phase-to-earth value.

Suclr tests are required for switchgear and controlgear of 300 k¥, 'and above to demonsjrate

gitudinal voltage withstand capability. They may also be useful for testing where the|test

The|components of the combined voltage tests have Heen specified based on the following

congiderations:

a)

b)

c)

bhort-duration power-frequency withstand voltage

The specified power-frequency withstand-voltage values correspond to the most sejere
gituation of full load rejection after «disconnection of a generator at full load. |[The
gvervoltage on the generator side ofithe switching device may reach up to 1,5 timeq the
gystem voltage and may last up to@ s with a possible phase shift. At the same time| the
network side of the switching device is energized at the normal operating voltage.|The
qum of the two voltages in*out-of-phase condition is 2,5 times the system voltage,
gxtended here to 2,5 the rated voltage.

$witching impulse withstand voltage

The switching impulse voltage value specified phase to earth in Column 4 of Table |2 of
IEC 62271-1:2007-is-designed to cover the highest slow-front overvoltage likely to occlr at
the switching dévijce terminal. This occurs at the remote end of a line after fast reclgsing
from the other.end on a trapped charge. This highest overvoltage is of the same polarity
gs the power-frequency voltage of the network at this instant and therefore is not tp be
ysed when'the maximum stress across a switching device is the consideration. [The
maxipditm longitudinal stress takes place when an overvoltage occurs on the polgrity
gpposite to the power-frequency voltage of the system. The maximum value for this ¢ase
qcelrs on closing from the remote end and is lower than the value occurring on recloging.
Therefore, the values of switching impulse specified in Column 6 of Table 2 of IEC 62271-
1:2007 are lower than those of Column 4 of Table 2 of IEC 62271-1:2007.

Lightning impulse

In the process of designing insulation coordination, IEC 60071-1 takes into account the
probability of occurrence of a particular event in order to determine the performance
criteria. The likelihood that the maximum fast-front overvoltage occurs on the terminal of a
switching device at the instant when its opposite terminal is energized with the maximum
system voltage at opposite polarity is small. Therefore, the specified lightning impulse to
be considered in this particular case need not be as high as for the general case. The
reduction of about 5 % of the power frequency voltage that appear in IEC 60694 has been

changed in IEC 62271-1 to a tolerance on the total test voltage of TS’ %.
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4.6.2 Testing
4.6.2.1 Test of the longitudinal insulation with the alternative method

To be strictly in compliance with the preferred method, the voltage between the energized
terminal and the base frame U; should be equal to the rated withstand voltage phase to earth.
But it is difficult to control this voltage during the test of the longitudinal insulation. The value
of U; has been fixed considering the following facts:

the test voltage between any terminal and the base frame cannot exceed the rated phase
to earth withstand voltage without risk;

them, and to a lesser extent on the voltage to earth;

the determination of the rated withstand voltage of the isolating distance (s not [that
ccurate;

safety factor is included in the process of insulation coordination (see |EC 60071-1) to
ccount for such testing difficulties.

4.6.2.2 Test between phases for rated voltages above 245 kV

4.6.2.2.1 Voltage sharing between the two switching impulse components of the
phase-to-phase test

The|actual ratio of the two components may have any«alue in the network. In ordgr to
simplify the tests, IEC 60071-1 decided to specify balanced components (same amplitude |[with
opp¢site polarities). Since this leads to a less severel condition, the total test voltage [was
incr¢gased to cover any realistic case (see AnnexA of IEC 60071-2:1996). Therefore, if the
total test voltage is applied by an unbalanced sharing of the components, the tept is
difficult than required.

In reality few laboratories have two impulse generators and the peak of a power-frequéncy
voltage may replace one component. However, this leads to power-frequency voltages higher
than| specified phase-to-earth and for\a rather long duration. Therefore, some compromige is
necgssary depending on the actualyphase-to-earth withstand voltage of the switching dgvice
and pn the facilities of the laboratory.

4.6.2.2.2 Wet tests

No et switching impulse tests are normally necessary between phases for the following
reaspons:
— @nclosed ipsulation does not need wet tests;

— ipsulation_between phases exposed to precipitation is atmospheric air only and is| not
gensijtive to this influence for switchgear and controlgear of rated voltage above 245 kY.

4.6.3 Combined voltage tests of longitudinal insulation

4.6.3.1 Tolerance on the power-frequency voltage component

According to IEC 60060-1, the tolerance of the power-frequency component voltage for a test
with a duration longer than 1 min should be maintained within +3 % of the specified level. This
allows for some variations from the main voltage without permanent adjustment. During a
combined voltage test, however, the laboratory has also to monitor many other parameters
from the impulse voltage source. Therefore a higher tolerance is acceptable for the power
frequency component with the understanding that the test voltage to be considered is the
actual total voltage across the open contacts or the isolating distance. The tolerance on the

total voltage is fo3 %.
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4.6.3.2 Atmospheric correction factor

For atmospheric corrections the parameter g (4.3.4.3 of IEC 60060-1:2010) shall be
calculated considering combined or composite test voltage value. The parameter k1 and &,
(4.3.4.1 and 4.3.4.2 of IEC 60060-1:2010) shall be calculated for the higher of the two test
voltages and be applied to both.

4.7 Lightning impulse withstand considerations of vacuum interrupters
4.71 General

The
charnacteristics that must be considered when testing. The breakdown voltage between
open contacts of a switching device in general depends on two things.

— the gaseous material between the contacts, and

— the contact surfaces.

In cpses with high pressure gases at or above the normal atmospheric pressure, the|gas
exefts a major influence on breakdown in comparison to the contactsyh cases with vacuum
gapg the contact surfaces exert the major influence.

Electrical breakdown between the contacts in a gas gap is called avalanche breakdown.|The
elecfrons that are accelerated by the electric field between\the contacts collide with neptral
atoms or molecules and knock off an increasing numbef)of new electrons until a complete
breakdown of the gap occurs. A key parameter influencing these collisions is the mean|free
path[. The mean free path is the distance between collisions of electrons with neutral atoms or
molgcules as the electrons are accelerated by the.electric field between the contacts. In algas
gap, the mean free path is a very small fractionrof a millimetre and hence an even smpller
fracIon of the contact gap. Hence breakdownrbetween the open contacts of a gas interrdpter
depe¢nds largely on the type of gas and thexgas pressure.

In al vacuum gap, the gas pressure(is’ 8 to 10 orders of magnitude less than the nofmal
atmogspheric pressure. In contrast,.the mean free path in a vacuum gap is 10 or more times
greater than the distance betwegn'the contacts. Hence breakdown between the open confacts
of ajvacuum interrupter is detefnined largely by the condition of the contact surfaces.

4.7.2 Conditioning during vacuum interrupter manufacturing

The| procedure used-to increase the breakdown voltage of a vacuum gap is called
“conlditioning” or«!seasoning”. Conditioning is of great practical importance to improve| the
withgtand voltage' capability and achieve the required lightning impulse withstand voltage
performance of vacuum interrupters. At the end of the manufacturing process all vacuum
interrupter-will go through a conditioning process. The common procedure used by all leading
vacyum \interrupter manufacturers to condition vacuum interrupters is voltage conditioning
whefe.the contacts are blocked in the open position and an a.c.-voltage is applied acrosg the
open contact gap. The conditioning voltage Tevel Is chosen such that the vacuum intefrupter
can subsequently be able to pass its rated lightning impulse withstand voltage and can
therefore be safely applied at the required voltage rating in circuit-breakers that comply with
standards like, e.g., IEC, IEEE.

If the lightning impulse withstand voltage test is done immediately after the seasoning
operation when the contacts are still in the blocked open position, the impulse voltage
withstand performance is at its best. However, after the contacts are allowed to touch, some
microscopic roughness occurs that reduces to a small degree the lightning impulse withstand
voltage performance of the interrupter. In addition, mechanical cycling of a switching device
once the interrupter is installed can also result in some small reduction of the lightning
impulse withstand voltage performance of the interrupter.
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4.7.3 De-conditioning in service
Most common causes for de-conditioning in service are:

e high inrush currents during contact closure, for example during the making of an
capacitive current with a high peak inrush current;
e interruption of high short-circuit currents (> 10 kA);

e passage of high currents (> 10 kA) through closed contacts.

The interruption of many high short-circuit currents often reduces the lightning impulse

withstapnd—voltage—capabiitv—So—overtime—the—impHse—withstand—voltage—capabilitv—of the
R e—o+tag SHaeHY~ V-o—HRe—H HRP-LH WS AR E—-o+ag aHoaH t

-----
vacyum interrupter may be reduced below the rated value.

4.7.4 Re-conditioning in service

In gontrast, various phenomena can improve the lightning impulse voltage withsfand
performance, such as one or more breakdowns during impulse voltage ‘testing or arcing
between the contacts when breaking current. The interruption of load currents or lower fault
currents (< 5 kA) can often re-condition the contacts from the effects afiinrush currents or jhigh
currents passed through the vacuum interrupter contacts.

4.7.5 Performing lightning impulse withstand voltage tests

NOTIE 3 of 6.2.4 of IEC 62271-1:2007 may be applied for the preliminary impulse volfage
testg. This note does not specify how many preliminary tests nor how many breakdowng are
accgptable.

Aftef the completion of the preliminary impulse voltage tests, the official certification tesfs at
the fated withstand voltage are performed in accordance with 6.2.4 of IEC 62271-100:2008.

5 Rated normal current and temperature rise

51 General
This| section of the guide also applies to other switchgear and controlgear componenis of

similar basic construction to circuit-breakers and hence it is written making referencg to
switchgear and controlgear rather than circuit-breakers alone.

5.2 | Load current-carrying requirements
5.2.1 Rated{normal current

The|switchgear and controlgear is designed for applications where the load current doeqg not
excgedthe rated normal current under specific conditions. These conditions are:

— the altitude above sea level for the application is 1 000 m or less;

— the ambient temperature does not exceed 40 °C and the average value, measured over a
period of 24 h, does not exceed 35 °C.

NOTE 1 No correction factor is applied for altitudes up to 2 000 m. For altitudes higher than 2 000 m refer to
5.2.2.4.

When choosing the switchgear and controlgear for an application the following parameters
should be taken into account:

— the expected maximum load current. The rated normal current of the switchgear should be
selected from the R10 series, specified in IEC 60059.

NOTE 2 The R10 series is based on the work of a French army engineer (Col. Charles Renard), who proposed in
the 1870s a set of preferred numbers for use with the metric system. His system was adopted in 1952 as
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international standard ISO 3. Renard's system of preferred numbers divides the interval from 1 to 10 into 5, 10, 20,
or 40 steps. The factor between two consecutive numbers in a Renard series is constant (before rounding), namely
the 5th, 10th, 20th, or 40th root of 10 (1,58; 1,26; 1,12 and 1,06, respectively), which leads to a geometric
sequence. This way, the maximum relative error is minimized if an arbitrary number is replaced by the nearest
Renard number multiplied by the appropriate power of 10.

i
The R10 series is based on the following equation: R(i) =10 10 , where i is the i'" element of the series.

— the expected maximum ambient temperature around the switchgear. For ambient
temperatures up to 40 °C no special requirements are given.

5.2.2—leoad-eu eRt-63 e
temperature and load

5.2.2.1 General

The[rated normal current is based on the maximum permissible total temperature limitafions
of vtrious parts of the switchgear and controlgear when it is carrying its rated normal cufrent
at an ambient temperature of 40 °C. The total temperature of these~parts under seifvice
conditions depends both on the actual load current and the actual ambjent temperature.|lt is
thergfore possible to operate at a current higher than the rated_.nérmal current when| the
ambjent temperature is less than 40 °C, provided that the allowable temperature limit id not
excgeded. Similarly, when the ambient temperature is higher than 40 °C, the current musgt be
reddced to less than the rated normal current to keep the-total temperature within| the
allowable limits.

The| methods of calculating the allowable current™under various conditions of ambient
temperature and load are given in 5.2.2.2 thtough 5.2.2.4. For some high ambient
temierature conditions, it may not be practical terreduce the current sufficiently to keep the
totall temperatures within their allowable limitsi.*Forced air cooling will help in many cdses.
Temperature limits of associated equipment-such as cables and current transformers musgt be
congidered as this heat transfer is not taken into account during type testing. However no
advice can be given for these cases or;the similar effects of solar radiation which also must
be cpnsidered.

5.2.2.2 Continuous load current capability based on actual ambient temperature

ambient temperature_is above 40 °C, parts of the switchgear and controlgear [may
excged the specific limits-given in Table 3 of |IEC 62271-1:2007, when carrying its rpted
normal current. In thisscase a higher rated normal current range for the switchgear|and
controlgear has tosbe’ selected. For load currents which are lower than the rated nofmal
currgnt of the circlit-breaker, a permissible maximum ambient temperature for that [oad
currént can bergalculated with the help of Equation (5):

I 1,8
a = Omax _[_a} X (er) (5)

where

is the allowable continuous load current, in A, at actual ambient temperature 6, (I, is
not to exceed two times /;);

I is the rated normal current, in A;

Omax I8 the allowable hottest spot total temperature (6,4 = 6; + 40), in °C;

A is the allowable hottest spot temperature rise at rated normal current, in K;
A is the allowable or actual ambient temperature, in °C.

NOTE The exponent would normally be 2, since the heat development in the switchgear and controlgear is
proportional to the square of the current. Due to radiation and convection, the exponent may vary. Experience has
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shown that the exponent, depending on switchgear and controlgear design and components within the switchgear
and controlgear, generally is in the range of 1,6 to 2,0. A value of 1,8 represents a compromise that covers most
cases and is used in this application guide.

If Equation (5) is solved for the current 7, the allowable continuous load current at an actual
ambient temperature 6, can be calculated as given in Equation (6).

11,8

Omax —0a |

1, zl{%j (6)
r

The|design features of switchgear and controlgear dictate the appropriate values of 6.;,|and
6, t¢ be used in the calculation. The major components of a circuit-breaker haveseyeral
different temperature limitations which are specified in Table 3 of IEC 62271-1¢2007.|The

valups for 6,,,« and 6, should be determined as follows:

a) if the actual ambient temperature is less than 40 °C, the component with the highest
$pecified values of allowable temperature limitations should be used for, 6,5, and 6,;

b) if the actual ambient temperature is greater than 40 °C, the component with the lowest
gpecified values of allowable temperature limitations should be used for 6,,,,, and 6.

The|use of these values in the calculation will result in an allowable continuous current which
will not cause the temperature of any part of the switchgear {6/exceed the permissible limifs.

Example: A circuit-breaker that has been tested for,3150 A rated normal current at an
ambjent temperature of 40 °C will carry a maximuf)load current of 2 500 A. What ig the
highest permissible ambient temperature?

As rlhe estimated load current is less than tated current a higher ambient temperatule is
permissible. For the calculation 6,,,, and é:'should be chosen as described under b).

In this case the lowest specified value~in Table 3 of IEC 62271-1:2007 is 6,4« = 90 °C|and
6. =150 K for the bare bolted connection in air. With Equation (5) the maximum permissible
ambjent temperature in this example is

1,8
ea = emax - (j_aj X (Hmax - 40) =57 °C

r

5.2.2.3 Short-time load current capability

Whgn switehgear and controlgear has been operating at a current level below its allowjable
continuous-load current I, it is possible to increase the load current for a short time |to a
valup {greater than the allowable current without exceeding the permissible tempergture
limitettons—Fhere—aro—difforentfactors—which—influence—thelength—of timeperied+—of the

overcurrent /. These are:

— the magnitude of the current I itself;

— the magnitude of the initial current J; carried prior to the application of I;

— the thermal time characteristic (thermal time constant) of the switchgear and controlgear;
— the ambient temperature prior to and during application of overcurrent .

The allowable duration of current /g can be calculated directly by use of the Equation (7) and
Equation (8):
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tg =7/ —I{1- Omax ~¥ — 0 (7)
Y<(IS /158 —1>
P 1,8
Y = (@max _40)X(_|j (8)
[I'
whefe
Oma is the allowable hottest spot total temperature (see Table 3, IEC 622/1-1:2(007),
in °C;
A is the actual ambient temperature in °C;
I is the initial current carried prior to application of I, in A (maximum current cafried
by the circuit-breaker during the 4 hour period immediately pteceding the application
of current I,);
I is the short-time load current, in A;
1, is the rated normal current, in A;
T is the thermal time constant of circuit-breaker; derived from temperature rise tept in
h;
ts is the permissible time for carrying current'?; at ambient 6, after initial current J;, time
is given in the same unit as 7, h;
Y is the a coefficient used for convenjence, in K.
The|time duration of the current I determined in this way will not cause the total tempergture
limits of the switchgear and controlgear to be exceeded, provided that the following

req:]irements are fulfilled:
a) the switchgear, and in particular the main contacts, shall have been well maintained|and
in essentially new condition;

b) the value used for current J; is the maximum current carried by the switchgear during the 4
hour period immediately preceding the application of current /. To achieve the cufrent
\

alue it is necessary to have a record of the current flow over the last 4 hours;

c) at the end of.the period, the current /g is reduced to a value which is not greater thar the
gurrent 7;

d) the value-of current /g is limited to a maximum value of two times rated normal current /.
Otherwise actual overheating may occur as the heat from hot spots cannot be distributed
fl

pastienough to colder regions.

NOTE |If the temperature rise due to the short-time load current /s does not exceed 6nax, Is is in an acceptable
steady state. Thus the allowable time ¢ is indefinite. Use of Equation (5) gives the information regarding the need,
or otherwise, to apply Equation (7) and Equation (8).

Example: An SFg gas-insulated metal-enclosed switchgear with rated normal current carrying
capability of 7. = 3 150 A (having a temperature rise of 65 K at 3 150 A) will carry a short-time
load current I of 3 600 A. Before application of the short-time load current the initial current 7,
was 2 500 A, the ambient temperature 6, is 30 °C.

The highest total temperature 6,,,, = 115 °C is taken for bolted silver-coated connections in
SFg.The thermal time constant, derived from the type test, is 1,5 h. Generally, the time

constant can be considered independent of the load and the temperature of the equipment.
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With Equation (7) and Equation (8) the allowable time ¢4 is calculated to

fro

t =1, -In{1-—119=Y=30 _1}_5 99

18
(3800
2500

Equation (8):

Afte
can

5.2.1
If th

Y =(115-40)2500/3150)"® = 49 5K

[ 2 h and 13 min the current has to be reduced to the maximum allowable'current 7, W
be calculated with the help of Equation (6).

.4 Influence of the altitude of switchgear and controlgear(location

b switchgear and controlgear relies on natural circulation of the ambient air and is loc

at an altitude between 2 000 m and 4 000 m, correction is unnéecessary. The reason for th

that
air i

the increase of temperature rise at higher altitude due to'the reduced cooling effect o
5 compensated for by the reduced maximum ambient.temperature at that altitude

Table 5). Consequently the final temperature is relatively uhchanged at a given current.

Table 5 — Maximum ambient temperature versus altitude (IEC 60943)

Altitude Maximum ambient air temperature
m °C
0-2000 40
2 000 - 3 000 30
3 000 - 4 000 25

hich

hted
is is
f the
see

5.3 | Temperature rise testing

5.3.1 Influence of power frequency on temperature rise and temperature rise test1

A tept performed. at a specific frequency is considered to be valid for the same current rating
at a|lower rated-frequency.

In the case of open type switchgear and controlgear without ferrous parts adjacent tq the
currentdpath a test performed at 50 Hz is also valid for 60 Hz provided that the temperdture
rise vatyes—recorded duﬁlly the—50—Hz—testdonotexceed—935—%—ofmaximum pcnn;o ible
values.

Caution is needed when tests performed at 50 Hz on switchgear and controlgear with ferrous
parts are to be used to prove the performance of the switchgear and controlgear when rated
for 60 Hz. The reason is that the ferrous parts adjacent to the current-carrying parts will have
a frequency dependant heating effect due to the magnetic and eddy current losses. This will
influence the temperature rise of the switchgear and controlgear.

5.3.2 Test procedure

The test procedure, the test arrangement and the tolerances for current, frequency and
ambient temperature are given and described in 6.5 of IEC 62271-1:2007. The temperature
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rise is defined as the difference between the temperature of the part under consideration and
the ambient temperature.

The duration of the test is determined by the time constant of the test object and the
requirement to reach a stable value for the temperature rise. This condition is assumed to be
satisfied when the increase of temperature rise does not exceed 1 K/h. This case will normally
be met after a test duration of five times the thermal time constant of the test object. Care
should be taken that this requirement is checked at the temperature rise values for each
measurement point in relation to the ambient temperature (see Table 6). The change of the
ambient temperature during the last quarter of the test period shall not exceed 1 K/h.

for steady state conditions

Table 6 — Some examples of the application of acceptance criteria

Value

Example 1

Example 2

Example 3

Example 4

Chapge of absolute
temperature during
the last 1 h on the

meagurement point
in K

1,8

0,5

1.1

0,8

Chapge of ambient
temperature during
the [gast 1 h in K

0,1

1,2

051

-0,6

Chapge of
temperature rise of
the measurement
poinf during last 1 h
in K

1,7

-0,7

1,0

Resqlt

Steady state not
reached.

Change of
temperature rise
exceeds 1 K/h.

Steady state ‘not
reached

Change ‘of ambient
temperature exceeds
1-Kih.

Steady state
reached.

All criteria fulfilled.

Steady state not
reached.

Change of
temperature rise
exceeds 1 K/h.

In Fjgure 9 the values are shown which have to be taken into account to check the st¢ady

statg condition. At steady state the following conditions need to be fulfilled

— the increase of temperature rise (A6,) does not exceed 1 Kin 1 h;

— the change in @mbient temperature (A8,) during the last quarter of the test duration ¢loes

not exceed 1. K.in 1 h.

The|values Ag, and Ag, are shown in Figure 10 which is an expansion of the relevant se

of Flgure-'9:*As mentioned above this condition will normally be reached after a test tim

five fimes-the time constant of the test object (see Figure 9).

tion
e of
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Figure 9 — Temperature curve and definitions
6. (°C) 6 (°C)
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_____________________ 7 A6,
1h
81 24
22 23 24
Time (h)

Figure 10 — Evaluation of the steady state condition
for the last quarter of the test duration shown in Figure 9

5.3.3 Temperature rise test on vacuum circuit-breakers

The temperature rise tests on vacuum circuit-breakers are performed in the same manner as
for other types of circuit-breakers and switchgear and controlgear. However, it is not possible
to connect a thermometer or thermocouple to the main contacts of the interrupter unit. As
stated in IEC 62271-1 the temperature at the terminals or connection parts of the vacuum
bottle is taken as the qualifying measurement. The temperature rise of these parts shall not
exceed the limits given in Table 3 of IEC 62271-1:2007.
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5.34 Resistance measurement

The procedure for measurement of the resistance of circuits is described in 6.4 of IEC 62271-
1:2007.

The recommended minimum value of the injected current is 50 A d.c. to ensure that any
surface contamination (sulfides or oxides) is broken down and that there is a sufficient voltage
drop such that it can be measured accurately.

5.4 Additional information

5.4. Table with ratios I,/I,

In Table 7 the following variables are used:

is the allowable continuous load current, in A, at actual ambient temperature é,;

is the rated normal current, in A;
max IS the allowable hottest spot total temperature (6. = 6, + 40), in 1C;

— @ is the allowable hottest spot temperature rise at rated normal current, in K.

Table 7 — Ratios of 1,/I, for various ambient temperatures based
on Table 3 of IEC 62271-1:2007
Mgximum Limiting temperature of different switchgear components
ambient °C
temperature
°C
Omax 70 80 90 100 105 115 120 130 155
6 30 40 50 60 65 75 80 90 115
Ratios of 1,/1,
60 @ 0,54 0,68 0,75 0,79 0,81 0,84 0,85 0,86 0,89
50 a 0,79 0,85 0,88 0,90 0,91 0,92 0,92 0,93 0,05
40 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00 1,00
30 b 1,17 1,13 1,10 1,08 1,08 1,07 1,06 1,06 1,04
20 b 1,32 1,25 1,20 1,17 1,16 1,14 1,13 1,11 1,09
10 b 1,47 1,36 1,29 1,25 1,23 1,20 1,19 1,17 1,013
0 b 1,60 1,46 1,38 1,32 1,30 1,26 1,25 1,22 1,18
-10 b 1,72 1,56 1,46 1,40 1,37 1,32 1,30 1,27 1,2
-20 b 1,84 1,66 1,54 1,46 1,43 1,38 1,36 1,32 1,p6
-30 b 1,95 1,75 1,62 1,53 1,50 1,44 1,41 1,37 1,80

a for limiting current at this ambient temperatures, use lowest §__ and 0.

b for limiting current at this ambient temperatures, use highest 6__ and ¢,

54.2 Derivation of temperature rise equations

The temperature rise equations used for calculation of allowable time of a overload current
are derived in the following manner:
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s is the total temperature, in °C, that would be reached if the overload current /g were
applied continuously at ambient 4,;

6. is the total temperature, in °C, due to continuous current I; at ambient 6,;
6, is the total temperature, in °C, at some time ¢ after current is raised from I; to /.

i is the initial current carried prior to application of /g, in A (maximum current carried by the
circuit-breaker during the 4 hour period immediately preceding the application of current
L);

Ig ig the overload current. in A:
I, ig the rated normal current, in A;
Then
6; = (65 -ei)x(1-e‘”f)+ 6, (9)
Let P =6Opax ; solve for z.
Then
tg =—tln LM (10)
93 _Hi
whefe
1,8
o, :(emax =40 OC)x(j—iJ +6, (11)
r
and
1,8
( o ]S
s = Omax —40 C)x S| 16, (12)
r
For the speciahcase where the initial current is zero, the equations in this form are usefu|. By
subgtitution (and further manipulation, the equations given in 5.2.2.3 in terms of Y| are
obtafined; these are convenient to use in the more usual case where the initial current i not
zero|.

6 Transient recovery voltage

6.1 Harmonization of IEC and IEEE transient recovery voltages
6.1.1 General

The Transient Recovery Voltage (TRV) is defined by a waveform of voltage versus time and is
the voltage impressed by the circuit across the opening contact gap in the circuit-breaker. The
TRV peak is generally higher than the power frequency recovery voltage peak. However, as
the TRV is damped out, the voltage across the opening contact gap in the circuit-breaker
becomes the power frequency recovery voltage within a couple of milliseconds and that
recovery voltage is then the system voltage of the circuit being interrupted. TRV waveform
requirements were first specified in IEC and |IEEE circuit-breaker standards in 1971. At that
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time, the two standards organizations each chose different waveforms to describe the same
basic electrical transient. The TRV waveforms have been harmonized through a common work
done by IEC SC 17A and the IEEE Switchgear Committee between 1997 and 2009. Since the
approval of the relevant IEEE standards concluded in November 2009, TRV envelopes and
parameters are (with few exceptions) harmonized for rated voltages higher than 1 kV and up
to and including 800 kV. On the IEC side, the revisions were implemented first in
amendments 1 and 2 to the first edition of IEC 62271-100 and additional changes were
introduced in edition 2.0.

The first changes made to IEC 62271-100 and the relevant C37 series of IEEE standards on
high-voltage circuit-breakers focused on TRVs for rated voltages of 100 kV and above. These
TRV| changes were adopted by IEC in May 2002.

The|second set of changes was focused on voltages above 1 kV and less than 100 kV, where
the waveforms used by IEC and IEEE were basically the same in that they bothCdescribgd a
ine waveform. The main differences were that the IEC values for the (TRV peak Were
lowgr and the Rate of Rise of Recovery Voltage (RRRV) was slower, whichhs a charactefistic
of cable connected systems. The IEEE values for the TRV peak were higher and the RRRV
was|faster, which is a characteristic of line connected systems. The.'harmonization progess
resuflted in a compromise such that each standard adopted the other’s’set of values and|that
the less severe set of values was intended for application in cablelconnected systems and the
mor¢ severe set of values for application in line connected systems. In summary,
manpufacturers and users will have two sets of TRV requirements to choose from that| are
distinguished by the application as in primarily cable ¢«connected distribution circuity or
overhead line connected distribution circuits. The TRY ‘changes to IEC for voltages above
and less than 100 kV were adopted in October~2006. These same TRV changes yere
late adopted by IEEE.

6.1. A summary of the TRV changes

6.1.2.1 The TRV harmonization plan

Working Group 23 of IEC SC 17A was formed in 1995 to prepare and execute a plan to
harmonize power test procedures_used in short-circuit testing of high-voltage circuit-breaKers.
The|working group initially addressed differences in the table of tests to be performed. Upon
completion of changes to the(iest procedures, the differences in TRV were then the| key
remaining differences thaty,* required harmonization. The following summarizes | the
harmonization approach developed.

6.1.2.2 Affected standards

The |affected documents at the time the harmonization project began were the following.

— |EC 60056’ (all parts), High-voltage alternating current circuit-breakers;6

EE-C37.04:1979, IEEE standard rating structure for ac high-voltage circuit-breakers
ted on a symmetrical current basis;

— ANSI C37.06:1979, AC high-voltage circuit-breakers rated on a symmetrical current basis
— Preferred ratings and related required capabilities;

— |EEE C37.09:1979, |IEEE standard test procedure for ac high-voltage circuit-breakers
rated on a symmetrical current basis;

— |EEE C37.011:1979, IEEE application guide for transient recovery voltage for ac high-
voltage circuit-breakers rated on a symmetrical current basis.

These documents cover the rating, testing and application of high-voltage circuit-breakers.
They were revised during the harmonization process.

6 This series of standards was withdrawn.
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6.1.2.3 Similarities between the standards

The Key similarities between IEC and IEEE TRVs at the beginning of the harmonization
activity were as follows:

a)

b)

d)

6.1.2.4 Differences between the standards

RRRYV at 100 % of rated I . (short-circuit current);
— both standards used 2 kV/us as the RRRYV;

— both standards used a time delay of 2 us.
Peak TRV;

both standards used a first-pole-to-clear factor (£ ) of 1 3 for effectively grounded
Ll \ pp/ 7 J ~

systems at 245 kV and above;

+ both standards had maximum peaks of the TRV wave that are nearly the~-same|and
which are reached at about the same time.

$hort-Line fault (SLF)

+ both standards used the same surge impedance of 450 Q and the.same time delays of
either 0,2 ps at rated voltages less than 245 kV or 0,5 us at rated,voltages of 24p kV
and above;

+ both standards used a peak factor of 1,6;
Ipitial TRV (ITRV)
both standards had the same requirements.

The|key remaining differences between IEC and IEEE TRVs at the time the harmonization

proj¢ct began were the following.

a)

b)

c)

d)

e)

IEEE used an exponential/1-cosine wave{Ex-Cos) description which defines all poinfs as
curved function of time. The Ex-Cas“wave shape can be explained with an analytical
pproach to TRV calculation. The initial exponential part of the TRV is the response|of a
arallel L — Z circuit consisting of.the inductance L of the local sources in parallel with the
urge impedance Z of the lines(onnected to the bus. The later 1-cosine part of the TRV is
n approximation to the TR\.wave later in time when the exponential TRV that travelled
s a wave out on the transmission system returns as a positive reflection from the|first
pen circuit discontinuity.) This analytical approach allows the TRV to be calculated for a
iven application econdition and provides a similarly derived rated envelope| for
omparison.

IEC used a 44parameter straight line description which allowed a TRV wave tq be
escribed in<terms of simple straight lines. The 4-parameter TRV did not correspond tg the
sponse_6f-a circuit that can be analysed. However, the 4-parameter TRV did allow the
sults of_.a measured or a calculated TRV wave to be described as simple straight lines

for comparison to a similar set of straight lines as the rated envelope.

he Ex-Cos and the 4-parameter TRVs were comparable initially and at their peaks] but
they diverged in the middle as shown in Figure 11, which shows both TRV envelopes for
100 % of rated short-circuit current at 145 kV.

Other differences existed between the TRVs at fractional ratings. For example, at 30 % of
the rated short-circuit current; IEC used a 4-parameter envelope while IEEE used a
1-cosine (2-parameter) TRV. In addition, the peak voltages and times to peak were close,
but not the same at both 30 % and 10 % of the rated short-circuit current for TRV peaks at
rated voltage less than 245 kV.

Finally, in 1999 IEEE set the first-pole-to-clear factor to be 1,3 for voltages under 245 kV
while IEC had values listed for both 1,3 and 1,5.

Overall, the differences in TRV requirements between the two standards were judged to be
small.
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‘: 1-cos TRV 3 Both standards have approximately the samg
peak

Figure 11 — Comparison of IEEE, IEC and harmonized TRVs,
example for 145 kV at 100 % I with k,, = 1,3

6.1.2.5 The importance of harmonization of TRV standards

Both-methods—ef-deser RV i Adustry—very-well.
This is supported by the fact that very few failures of circuit-breakers in service have been
attributed to an excessive TRV stress, regardless of which of the two standards was used to

design, test and apply the circuit-breakers.

WG 23 of IEC SC17A studied the TRV descriptions in the standards and also reviewed some
of the literature describing the origins of these standards. The harmonizing changes
recommended to the TRV descriptions in both standards were then considered equitable by
WG 23 whose members represent both the IEEE Switchgear Committee and IEC SC 17A.

The recommended changes are summarized in Table 8 and explained in detail in 6.1.3.1.


https://iecnorm.com/api/?name=d503520b41bcdeec0159df19acf15511

TR 62271-306 © IEC:2012(E) - 57 -

Table 8 — Summary of recommended changes
to harmonize IEC and IEEE TRV requirements

Item Changes to IEEE

A1 Adopt the 4-parameter TRV as the rated TRV description at 100 % and 60 % /, and
Adopt the 2-parameter TRV as the rated TRV description at 30 % and 10 % I

A2 Adopt the same RRRVs, time delays and delay line descriptions as IEC at 100 % and 60 % I,

A3 Adopt the peak voltage values of u  (E, in IEEE) and times to peak of ¢, presently in IEC standards at
100 % and 60 % of rated /

Itesn Ghanges—to1EG

B1 Adopt the 2-parameter TRV as the rated TRV description at 30 % 7,

Item Changes to IEEE and IEC

C1 Adopt new harmonized values for u, and ¢, as a compromise between IEEE and IEC to(harmonize tte 2

standards around the middle of the TRV wavefront where the major differences presently exists:
Present |IEC: uy = 1,0 per unit, with (t2/ t1) =3;
Present ANSI: u, = 0,5 per unit, with (z,/¢,) = 5,5 approximately

Harmonized: u, = 0,75 per unit, with (z,/¢,) = 4

C2 Adopt the new compromise peak TRV voltage values of u (E,) and times to peak of #; (7,) at 30 % gnd
10 % of rated I,

C3 Use these new harmonized TRV values for the source side TRV under short-line fault conditions

C4 Use these new harmonized TRV values for the source side TRV under out-of-phase switching
conditions

C5 Develop new common 2-parameter TRV values for special purpose fast rate of rise TRV conditions

such as transformer fed faults based on the new trial use standard IEEE C37.06.1-1997

6.1.3 Revision of TRVs for rated voltages of 100 kV and above
6.1.3.1 TRVs for terminal faults

WG |23 recommended that IEC.and IEEE adopt a common compromise value for u, the|first
TRV voltage parameter that qcCurs at time ¢,. The recommended values are given in Tablg 9.

Table 9 — Recommended u4 values

1 u,
% I, p.u.
100 0,75
60 0,75

Where 1 p.u. for u4 is defined as:

U2
V3

effectively grounded systems and kop = 1,5 for the special case of non-effectively earthed
systems.

1p.u. = kpp x and the first-pole-to-clear factor kop = 1,3 for the standard case of

These values represented a compromise and, moreover, were also consistent with reported
system data.

— |EC used a single value of u4 = 1,0 p.u. for all currents. This was a simple compromise
choice made in the original IEC or CIGRE working group. However, the system data
reported in Figure 7 of report 13-10 presented at CIGRE session 1968 [6], shows that for
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currents of 25 kA and above, a u4 value of 0,75 p.u. is adequate and 1,0 is too high.
Therefore, the recommended change in IEC standards to 0,75 p.u. at 100 % and 60 % was
made to bring things into better compliance with reported system data.

— |EEE did not specify a u4 value. However, applying the 4-parameter method to the Ex-Cos
envelope as shown in Figure 11 suggests an apparent u, of approximately 0,5 p.u. at
100 % and 60 % Is.. At such values, there was a large perceived difference between ANSI
and IEC.

Therefore, the recommended changes in both IEC and ANSI/IEEE standards of u4 = 0,75 p.u.
at 100 % I and 60 % Is. brought IEEE and IEC into harmonization and brought the standard
TRV _into better compliance with reported system data as well.

Morgover, a value of 0,75 preserves a simple relationship between u4, 1 and u, t, as-follqws:

At 1D0 % of rated /g:

— pgresent IEC standard, with x4 = 1,0 p.u. and RRRV = 2 kV/us;
t2 =3 x t1,
— pgroposed harmonized standard, with x4 = 0,75 p.u. and RRRV =2 kV/us;

tp = 4 x t4 results in the same ¢, values as presently used inIEC standards.
At 6D % of rated I .:

— gresent IEC standard, with u4 = 1,0 per unit and RRRV = 3 kV/ps;

fz = 4,5 X t1,

— pgroposed harmonized standard, with x4 = 0,75 per unit and RRRV = 3 kV/us;

tp = 6 x t4 results in the same ¢, values as(presently used in IEC standards.
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Four parameter TRV 1 New u, = 0,75 p.u. and ¢, = t,/4
Exponential TRV 2 A new line to connect the new u, and u,
1-cos TRV
Harmonized TRV
Figure 12 — Comparison of IEEE, IEC and harmonized TRVs with compromise values
of'uy and ¢4, example for 145 kV at 100 % /5. with k,, = 1,3
After intreduction of these first recommended changes, the two standards were fufther
harrTonized with the same values of RRRV for all terminal fault and short-line fault test dufies.

In the past ANSI/IEEE used a first-pole-to-clear factor of 1,5 for all rated voltages. However, a
change was adopted in 1999 to reduce the first-pole-to-clear factor to 1,3. This change was
motivated by the following:

— arecognition that most power systems are effectively earthed at these voltages;

— a recognition that this change would move in the direction of harmonization with IEC, at
least at the upper end of the spectrum of rated voltages.

After extensive discussions within the IEEE TRV Working Group, a decision was made for
rated voltages equal or higher than 245 kV to use the value of k,, = 1,3 as the preferred value
and to retain the value of k,, = 1,5 to allow users to specify this traditional value in case of
three-phase ungrounded faults.
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IEC uses a first-pole-to-clear factor of 1,3 for effectively earthed neutral systems and first-
pole-to-clear factor of 1,5 for non-effectively earthed neutral systems. An exception is made
for terminal fault test duty T10 where &, is 1,5 for all rated voltages. This deviation was
introduced in edition 2.0 of IEC 62271-100 in order to cover transformer-limited fault
conditions with Xp/X; higher than 3,2 (e.g. non-effectively earthed transformers in effectively
earthed neutral systems, or cases of transformers having one side effectively earthed and the
other connected to non-effectively earthed neutral systems). The TRV specified covers also
cases of 3-phase line faults with effectively earthed neutral systems (kp, = 1,3) where coupling
between phases can lead to an amplitude factor of 1,76.

The amplitude factor in IEC is 1,76; 1,54; 1,5 and 1,4 for T10, T30, T60 and T100,
respiectively for effectively earthed and non-effectively earthed neutral systems. These vTues
li

have been adopted by IEEE in all cases for T60 and T100, and also for T10 and T30"in"¢ase
of efffectively earthed neutral systems and grounded faults. IEEE has kept thehamplifude
factgrs of ANSI C37.06 — 1979 for T10 and T30 in case of non-effectively earthed, systenjs or
ungrounded faults in effectively-earthed systems i.e. 1,64 for T10 and 1,58 for~I:30.

6.1.3.2 TRVs on the supply side for short-line fault interruption

For the supply side in short-line fault conditions, IEC and IEEE adepted TRVs as defined
already in IEC but with a lower u4 value set in the same manner<as described for T60|and
T100.

6.1.3.3 TRVs for out-of-phase switching

For bise in out-of-phase switching conditions, IEC and~|EEE adopted TRVs as defined alr¢ady
in IHC but with a lower u4 value set in the same maqner as described for T60 and T100.

The|first-pole-to-clear factor is 2,0 in both standards in case of effectively-earthed neptral
systems, in IEEE it follows that this value isqused for rated voltages 170 kV and above.

The [first-pole-to-clear factor is 2,5 in both standards in case of non-effectively-earthed neptral
systems.

6.1.4 Revision of TRVs fonTrated voltages less than 100 kV
6.1.4.1 General

Follgwing extensive studies done by several CIGRE working groups from 1983 to 1998,(IEC
starfed in 2001 the revision of TRVs for circuit-breakers with rated voltages higher than [l kV
and [less than 100.kV. This revision lead to TRVs defined in amendment 2 to edition 1]0 of
IEC 62271-100/

At the same time the IEEE Switchgear Committee started revising the TRVs for high-voltage
circyitbreakers in standards ANSI/IEEE C37.04, C37.06, C37.09 and C37.011. In the range
Of r tUd VU:tGHUO :UOD thall 1CC :\‘VI, thU :EEE VVUI:\;IIH 3|uupo ;II uhalgc Uf thU ICV;O;UII Uf heir
respective standards decide to adopt the revised IEC values. As a consequence, the TRVs
proposed were expected to be fully harmonized between IEC and ANSI/IEEE standards in this
rated voltage range.

6.1.4.2 Revision of IEC 62271-100

In IEC the input coming from former Working Groups (WGs) of CIGRE Study Committee (SC)
A3 (High-voltage Equipment) was used. These working groups studied the necessity to adapt
the TRV requirements for circuit-breakers rated less than 100 kV. In 1983, a CIGRE SC A3
Task Force reported on Transient Recovery Voltages in Medium Voltage Networks, the results
of the study have been published in Electra 88 [7]. Another working group, WG 13.05, studied
the TRVs associated with clearing transformer fed faults and transformer secondary faults.
The results of the work of WG 13.05 were presented in Electra 102 [8]. In 1992 together with
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CIRED (Congrés International des Réseaux Electriques de Distribution), CIGRE SC A3
created WG CC-03 to investigate again the definition of TRVs for medium voltage switching
devices. The results of these investigations were published in CIGRE Technical Brochure 134

[9]. t

hey are in line with earlier studies.

The IEC work lead to amendment 2 to the first edition of IEC 62271-100. The main feature is
the distinction between two types of systems that can be met in the range considered of rated
voltages higher than 1 kV and less than 100 kV:

— Cable-systems have a TRV during breaking of terminal fault at 100 % of short-circuit
breaking current that does not exceed the two-parameter envelope shown in 3. Standard

\'

——> Voltage

alues of TRVs for cable-systems are as in the first edition of IEC 62271-100.

h practice, a circuit-breaker in an outdoor substation with cable connection tocoverh
nes is considered to be in a cable system if the total length of cable connected on
upply side of the circuit-breaker is at least 100 m. It has to be noted-dlso that

ables and/or capacitors and/or insulated bus.

reaking current higher than the envelope defined for cable systems'but not exceeding

ircuit-breakers.
h line-systems, no cable is connected on the supply side” of the circuit-breaker, with

he supply transformer. Systems with transmission<lines directly connected to a bug
vithout intervening cable connections, are typical examples of line systems.

re 13 shows the comparison of TRVs for cable-systems and line-systems. The RRR
5ystems is approximately twice the value for cable-systems.

ead
the
the

apacitance of cable systems on the supply side of circuit-breakers can’be providef by

ine systems have a TRV during breaking of terminal fault at 400 % of short-cifcuit

the

wo-parameter envelope shown in Figure 13. For the purpose©f-harmonization, stanfdard
alues of TRVs for line-systems are those defined in ANSI/IEEE C37.06 for outfoor

the

ossible exception of a short length of cable between the circuit-breaker and the line($) or

bar,

for

Key

1
2

Envelope of a line system TRV

Envelope of a cable system TRV

Figure 13 — Comparison of TRV’s for cable-systems and line-systems
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Explanatory notes on the revision of TRVs for circuit-breakers of rated voltages less than
100 kV are given in Annex G.

6.1.4.3 Revision of ANSI/IEEE C37.04 and 06

In the process of harmonization of IEC and IEEE standards for high-voltage circuit-breakers,
the IEEE Switchgear Committee has adopted the corresponding revision of TRVs. As
illustrated by Figure 14, the aim is to have fully harmonized requirements with IEC in the
voltage range between 1 kV and 100 kV.

TRVs in edition
1.0 of

ANSI C37.06
TRVs outdoor

IEC 62271-100 circuit breakers
13 Feat

N ANSI C37.06
R_ewsmn TRVs indoor
in IEC circuit breakers

/Revision in IEEE

TRVs in edition .
Common 1.2 of TRVs line

TRVs IEC 62271-100 HHENS

Figure 14 — Harmonization of TRVs for circuit-breakers < 100 kV

Following the approved revision of IEEE_ €37.04 [10] and IEEE C37.06 [11], the harmonizition
of TRVs in IEC and IEEE standards far‘high-voltage circuit-breaker was completed in 2009.

6.2 | Initial Transient Recovery Voltage (ITRV)
6.2.1 Basis for specification

Due|to travelling waves_on the busbar and reflections from the first major discontinuity ajong
the pusbar, a high-ftequency oscillation occurs which is similar to the one observed ¢n a
faulted line under short-line fault conditions. As the busbar is usually on the network side of
the gircuit-breaker this oscillation, which is called “Initial Transient Recovery Voltage (ITRV)”
is syperimpaosed-to the very beginning of the terminal fault TRV.

The|ITRV )is mainly determined by the busbar and line bay configuration of the substati
Compacted with the short-line fault, the first voltage peak is rather low, but the time to the|first
peak y ; I, withi

mode of interruption may be influenced.

CIGRE WG 13-01 studied nearly all the basic network configurations and established the
basic considerations with representative figures which served as the basis for ITRV
specification [12] [13]:

— the initial part of ITRV depends only on the surge impedance of the connection and on the
current;

— based on the dimensions of the busbar and the connections to them a surge impedance of
260 Q is considered as a good estimate for practical applications with rated voltages up to
550 kV;
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— the time to the first peak of ITRV is twice the travelling time of the wave to the main
discontinuity. It depends on the dimensions of the substation, which is related to the rated
voltage (see Table 10) and thus on the arrangement of the busbar;

— in practice, the main discontinuity is either a division in two branches of the busbar or the
presence of a capacitance of more than 1 000 pF;

— the velocity of the wave propagation along the busbar was found to be about 260 m/us.
6.2.2 Applicability

As the ITRV is proportional to the busbar surge impedance and to the current, the ITRV

re ramante canthan ha noalectad in tha followina casae-:
quirements-can-then-be-neglested-in-thefollowing-cases:

pr all circuit-breakers with a rated short-circuit breaking current of less than 25 kA,

pr circuit-breakers installed in metal enclosed gas insulated switchgear (GIS)-becaude of
he low surge impedance;

f

f]

t

fpr circuit-breakers with a rated voltage below 100 kV because of the small'dimensions of
the busbars.

fpr circuit-breakers directly connected to a busbar with a connectionlhaving a capacitance
Righer than 800 pF. The value of 800 pF was chosen such that the corresponding ftime
q
t

onstant is higher than the arc time constant for high currenttinterruption in SFg. Thg arc
me constant is approximately 0,3 pus.

If a gircuit-breaker with a rated voltage equal or less than 800 kV has a short-line fault rafing,
the ITRV requirements are covered if the short-line fault tests are carried out using a line |with
insignificant time delay (see 6.104.5.2 and 6.1093y'of IEC 62271-100:2008) unless poth
terminals are not identical from an electrical point of view (for instance when an additional
capgcitance is used as mentioned in the note)::When terminals are not identical fromp an
electrical point of view, test circuits which produce an equivalent TRV stress across| the
circyit-breaker may be used.

For |circuit-breakers with a rated voltage higher than 800 kV, the ITRV requirements| are
congidered to be covered if the short-line fault tests are carried out using a line |with
insignificant time delay and a surge impedance of 450 Q unless both terminals are| not
iderr;tical from an electrical pointlof view (for instance when an additional capacitance is {ised
as njentioned in the NOTE), \When terminals are not identical from an electrical point of jiew,
test [circuits which produce an equivalent TRV stress across the circuit-breaker may be used.

NOTE Where the breaking\capability of the circuit-breaker is not sufficient to interrupt a short-line fault, addifional
capagitance at the line/side’ of the circuit-breaker or parallel to the breaking unit(s) can be used, both during the
test gnd in service. Thevalue and the location of this additional capacitance used during the tests should be dtated
in thg test report.

Depending on the size of the additional capacitance (in pF) in relation to the circuit of interest (i.e. test circpit or
servige conditions), the line side time delay increases while the surge impedance of the line may be reduced|} The
latter|will result in a lower rate-of-rise of the line side TRV.

D i aun toctina th nracn. ting TR\, (aivan in Tkl Q fl1EC 62274 100-2009)\ ic valuatad aaithaout th r, 't_
uring—+ testing-the—prospestiveFRYA(giveninTFable-8-eof HEC-622741006:2008)is—evaluated-withoutthe—elrcui

breaker or its additional capacitance present. It should be observed that the TRV values measured during the test
will be different as a result of the influence of the circuit-breaker and its additional capacitance.

6.2.3 Test duties where ITRV is required

As interruption is influenced by ITRV mainly for high values of the short-circuit current, testing
under ITRV conditions is required for T100a, T100s and Lgj.

If the circuit-breaker has a short-line fault rating, the ITRV requirements are considered to be
covered if the short-line fault tests are carried out using a line with insignificant time delay,
unless both terminals are not identical from an electrical point of view (for instance when an
additional capacitance is used).
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6.24 ITRV waveshape

The ITRV is defined by the voltage u; and the time f. As shown on Figure 12b of
IEC 62271-100:2008, reproduced hereafter as Figure 15.
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Iy Source side time delay
Figure15 — Representation of ITRV and terminal fault TRV
The|rate of rise\of the ITRV is dependent on the interrupted short-circuit current ang its
amplitude dep€nds upon the distance to the first discontinuity along the busbar.
The[inherent waveshape shall follow a straight line drawn using the 20 % and the 80 % point
of tqe [FRV peak voltage u; and the required rate of rise of the ITRV.

6.2.5 Standard values of ITRV

A multiplying factor f; is used to determine the amplitude of the first peak u; as function of the
r.m.s value of the short-circuit breaking current.

Values of time to peak ¢ are given in Table 7 of IEC 62271-100:2008 (reproduced here for
convenience of reading as Table 10). These values were developed from the average
distances from the breaker to the first discontinuity for the various system voltages [12].

The standard values cover both three-phase and single-phase faults. They are based on the
assumption that the busbar, including the elements connected to it (supports, current and
voltage transformers, disconnectors, etc.), can be roughly represented by a resulting surge
impedance Z; of about 260 Q in the case of a rated voltage lower than 800 kV and by a
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resulting surge impedance Z; of about 325 Q in the case of a rated voltage of 800 kV. The
relation between f; and ¢ is then:

fi=tixZixoxy2
where

o = 27f, is the angular frequency corresponding to the rated frequency of the circuit-breaker.

Table 10 — Standard values of initial transient recovery voltage —
Rated voltages 100 kV and above
Rated voltage Multiplying factor to determine u; as function of the Time
r.m.s. value of the short-circuit breaking current Isca
U, £ 4
kV kV/KA us
50 Hz 60 Hz
100 0,046 0,056 0,4
123 0,046 0,056 0,4
145 0,046 0,056 0,4
170 0,058 0,079 0,5
245 0,069 0,084 0,6
300 0,081 0,098 0,7
362 0,092 0,112 0,8
420 0,092 0,112 0,8
550 0,116 0,139 1,0
800 0,159 0,191 1,1
1100 0,173 0,208 1,5
1200 0,473 0,208 1,5
®  The actual initial peak voltages are obtained by multiplying the values in these columns by the r.m.s. valje of
the short-circuit breaking current.
6.3 | Testing
6.3.1 ITRV.measurement
The|ITR¥ should be handled as for the short-line fault TRV. Consequently it is necessafy to

mear:-ure the inherent ITRV circuit value.

As connections between the ITRV circuit and the supply circuit can also contribute to the
initial part of the TRV, the inherent ITRV is that of the complete circuit from the circuit-breaker
terminal to the first discontinuity i.e. the delay capacitor. Other contributions from the supply
circuit, apart from ITRV and the normal two or four parameters TRV, must be damped by
appropriate RC circuits.

As ITRV is characterized by a very high frequency in the MHz range, caution is recommended
when measuring its inherent value. Diodes used in current injection methods must have short
characteristic times (duration during which it differs notably from an ideal circuit-breaker),
otherwise measurement could show a falsely damped ITRV with reduced RRRV [14].

The inherent waveshape shall mostly follow a straight reference line drawn from the beginning
of the ITRV to the point defined by u; and #. The inherent ITRV waveshape shall follow this
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reference line from 20 % to 80 % of the required ITRV peak value (see Figure 15). Deviations
from the reference line are permitted for an ITRV amplitude below 20 % and above 80 % of
the specified ITRV peak value.

6.3.2 SLF with ITRV

Where short-line fault duties are to be performed, it may be convenient to combine the ITRV
and SLF requirements in the line side circuit.

Figure 16 shows a typical graph of line and source side TRV in the case of line side TRV with
time delay and source side with ITRV
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2 Time to peak(ofy[TRV u* Line side TRV
Uy Induced voltage drop across the line u Source side TRV
inductabce
u, First.peak of the ITRV ur First peak of TRV across the circuit-breaker
Figure 16 — Typical graph of line side TRV
with time delay and source side with ITRV

The first peak voltage across the circuit-breaker (ut) is equal to sum of the line side TRV (uL*)
and the source side TRV (ug ). Annex A of IEC 62271-100:2008 gives the calculation of these
TRVs.

When the ITRV is combined with the transient voltage of a short line having a time delay ¢4
as specified in Table 4 of IEC 62271-100:2008, the total stress is, for practical considerations,
considered to be equal to the stress of a short line with insignificant time delay.

Further justification of the equivalence can be found in [15].

Subclause 6.109.3 of Amendment 1 to IEC 62271-100:2008 states the following.
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Where applicable, a circuit-breaker with rated voltage higher than 800 kV can be tested with a
line having an insignificant time delay and a surge impedance of 450 Q (see 6.104.5.1 of
IEC 62271-100:2008). If the circuit-breaker fails during this test procedure after a time
corresponding to the first peak of ITRV, the test can be repeated with the required test circuit
having the specified ITRV and a line having a surge impedance of 330 Q and the specified
time delay (74, ). For both cases it is not required to perform T100s and T100a with circuits
reproducing the rated ITRV.

6.3.3 Unit testing

As for SLF, ITRV circuit inductance must be divided by the number of breaks in series while
time| 7 is unchanged.

If the circuit-breaker has distribution capacitors, one capacitor shall be put in parallel tq the
unit under test.

7 Bhort-line faults

71 Short-line fault requirements
71.1 Basis for specification

Short-line fault (SLF) tests are made to prove the capability~of a line circuit-breaker to bfeak
faults which occur from a few hundred meters up to several km down the line. They are dye to
numjerous causes such as lightning, tree interfering with(a line, etc.

Thesge faults are characterised by a high short-cifeuit current and a rate of rise of the transient
recovery voltage (RRRV) which is generally much higher than the values specified for qther
testg duties. The transient recovery voltage (TRV) applied to the circuit-breaker |s a
compination of a source side component, with a RRRV comparable to the value required for
termiinal fault tests, and a high frequency-line side component.

The |latter is caused by a travelling‘wave. This is initiated at the moment of current interruption
and |sent into the line to be reflected at the fault. The reflected wave is of triangular wave-
shape and has a high RRR\.which is imposed on the circuit-breaker open contacts on thelline
side

The|RRRV and the amplitude of the line side TRV as well as the magnitude of the short-circuit
currgnt depend on'the distance of the fault location from the circuit-breaker, as well ag the
rated voltage and\the source-side conditions.

in cpse (of*"SLF by the relation between the corresponding short-circuit current /7 and the
terminal fault current /5. of T100 for the same source-side conditions: For example, in cage of

In sfandardization it has been found advantageous to define the stress on the circuit-berer
the 90~% shorttime fautttestduty Lo 7 = 0,9 < 1.

Lgg corresponds to a fault distance of a few hundred meters to less than 2 km, the 75 % short-
line fault test duty L,5 to 1 km to 5 km.

An SLF interrupting capability is required for circuit-breakers designed for direct connection to
overhead lines in systems having a rated voltage of 52 kV and above and a rated short-circuit
current higher than 12,5 kA. This is explained below in the technical comment.

When required, SLF test duties are applicable to all types of circuit-breakers, regardless of
their interrupting medium or technology. They must break short-line faults occurring at any
practical value of line length. As explained in SLF testing (7.2.3.1) the range of currents
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specified is such that critical values for all kinds of interrupting medium and circuit-breaker
technologies are likely to be covered.

The procedure to calculate the line side and source side transient recovery voltages under
conditions of a short-line fault is described in detail in Annex A of IEC 62271-100:2008.

71.2 Technical comment

For rated short-circuit currents lower than or equal to 12,5 kA the requirements in terms of
RRRV and current (or di/d¢) are considered to be covered by the basic terminal fault test
duties

For pxample, during SLF test duty Lgq a circuit-breaker rated 100 kV, 12,5 kA — 50(Hz" wjould
have to withstand a RRRV of 2,25 kV/us while interrupting 11,25 kA (di/dt = 5,A/ps). Uhder
terminal fault test duty T100 at 100 % of 12,5kA (di/dt = 5,5 A/us) it is tested(to-withstapd a
RRRV of 2 kV/us.

For poltages lower than 52 kV the situation is discussed in CIGRE Technical Brochure 134 [9]
whefe it is recognised that the majority of connections to line circuits\is ‘made via cables,|and
in these systems SLF tests are generally not necessary. In the case’of systems with overmead
lineg connected directly to the circuit-breaker without any length of cable, it is recommended
to verify the SLF interrupting capability of the circuit-breaker.

7.1.3 Single-phase faults

SLF|testing of circuit-breakers is based on single-phase faults because these faults are by far
the most frequent. In addition, in effectively earthed systems, it corresponds to the condjtion
of the last pole-to-clear which is the more sevete_condition for a three-phase fault.

This|test condition covers also the case of the first-pole-to-clear of a three-phase fault in hon-
effegtively earthed systems.

7.1.4 Surge impedance of the line
7.1.4.1 Surge impedance-sélection

For standardization purposes a surge impedance of 450 Q adequately covers overhead|line
conffjgurations up to andsincluding 800 kV (see [16]).

For fated voltages.of 1 100 kV and 1 200 kV, the surge impedance is 330 Q.

7.1.4.2 Technical comment

The|sdrge impedance is a function of many characteristics of a line (diameter, nuniber,
spading,—height of r\nnrllmfnrc), circuit r*nnfignrnfinn (eingln or r'ImlhIn), earth resistivityland

presence/type of earth wire.

For a symmetrical transmission line, the surge impedance for a single-phase fault (or the
surge impedance for the last pole to clear a three-phase fault) is related to the positive and
zero sequence surge impedances in the following way:

_ ZZ1+ZO (’]3)
3

VA

where
Z, is the positive sequence surge impedance;
Zy is the zero sequence surge impedance.
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Typical values are given in 7.4.

Subclause 7.4 shows that for single circuit arrangements, the surge impedance is maximum

when a pole clears when the others are already opened. This is also the case for do
circuit constructions.

uble

On transmission lines of system rated voltages up to and including 800 kV using bundled sub-
conductor phase construction, the sub-conductors of a faulted phase are attracted together to

constrict the effective diameter of the bundle during fault conditions. This changes the
impedance for that phase during the duration of the fault. This fact has been taken

line
into

accqunt-when evaluating-and-standardising-the value of surge impedance.-Forrated \lnlfﬁges
J J ~J Ll

of 11100 and 1 200 kV the value of 330 Q is based on the fact that the individual conduc¢to
the bundle do not make contact under the influence of a short-circuit.

Calqulations performed on 420 kV lines have shown that the surge impedance-is bety
434 1 and 456 Q when bundle contraction during fault is considered [16].

s in

een

Thetefore, in the 4" edition of IEC 60056 a single value of 4507 was standardised

irregpective of the number of conductors per phase as short-circuit.conditions were simil
thosk of a single conductor line.

Even though values for single conductor lines could be found to be slightly higher, a s
impgdance of 450 Q adequately covers all practical cases for rated voltages up to
inclyding 800 kV and 330 Q for 1 100 kV and 1 200 kV, because when evaluating
pargmeters only the worst conditions are considered {1V1:

— three-phase short-line fault at a critical distangce;

if is assumed that the supply has a single-phase short-circuit current equal to 100 % o
ated (3-phase) short-circuit current. Jn\practice this is unlikely to happen as 10

ases lower than the three-phase shaort-circuit current (see 7.2.6);

— ip addition it is assumed thatthe impedance of earth return is negligible, whereg
gractice this impedance effectively reduces the short-circuit current and the rate-of-rig
recovery voltage.

71. Peak voltage factor
7.1.51 Definition and selection of value

The|peak factor (k)-is the ratio of amplitudes of the first peak of the TRV on the line side
to tHe peak valtage at the circuit-breaker terminals prior to interruption (uq) (see Figure 1
IEC62271-100:2008).

As ghéwn in 7.1.5.2 and 7.4, the standardised value of 1,6 adequately covers all pradg

i
r
deneration is generally not available and the single-phase short-circuit current is in npany
q

ar to

Lirge
and
SLF

F the
D %

S in
e of

l/lL*)
6 of

tical

values-

7.1.5.2 Technical comment

The peak factor (k) is given by:

u
k=L
U

The rate of rise of recovery voltage on the line side is equal to the product Zx%,

(14)
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where

Z is the surge impedance;

di \/— . oL . .
o x| x+2 is the current derivative before interruption.

The time to the first peak u * is equal to two times the reflection time from the circuit-breaker
to the fault point (time necessary for the travelling wave to reach the fault and be reflected
back to the circuit-breaker):

whefle
A ip the distance from the opening circuit-breaker to the fault;
v i the velocity of light.

The |rate-of-rise of recovery voltage is then given by:

i |, di
0 dr

It follows that the first peak of the line side TRV is given by}

dissy
Uup ZXLXEX]L\/E (16)
whefe
X, ip the line reactance per unit length.
From Equations (14), (15) and(16):
=20 (17)
XL Xy
X, = (2L4y + Loy )@ (18)
3
whefe
L4, is the positive sequence power frequency line inductance per unit length;
Ly, is the zero sequence power frequency line inductance per unit length.
e [g
! (19)
1
V=
VhG (20)
where

Ly is the high-frequency positive sequence line inductance per unit length;
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Cq

is the high-frequency positive sequence line capacitance per unit length.

From Equations (19) and (20):

Z_y,
14

Combining Equation (17) with Equation (13), (18) and (21) gives:

oy [0 ZO\

If th
Equ

In p
loss

the peak factor obtained by Equation (23) is a conservative value.

Sub
the
cong

7.1.4

7.1.6.1 General

The

il =3 is assumed for high-voltage networks,

cL\e+——_—)

_ 21
B 2L1W + LOW

e high-frequency inductance L, is equal to the power frequency inductance,of the line
htion (22) simplifies to:

22+ 20
Z4

2+ Low
Llw

k=

"

k= 0,4(2+20)
Z1

actice the high frequency inductance L, is lower than the power frequency value Ly,,,
s which are always present_have been neglected in the calculation. For these rea

Clause 7.4 gives values.of peak factors calculated for HV networks 72,5 kV to 550 k\}
values obtained are. equal or lower than 1,55. The specified value of 1,6 is therq
ervative.

Rate-of-Rise of Recovery Voltage (RRRV) factor "s"

(21)

(22)

L1w’

(23)

(24)

and
Jils

. All
fore

it is

RRRYV on the line side is given by Z% or Zxa)xIL\/E. For practical applications

sometimes useful to express the RRRV as follows:

RRRV = sx I, With s = Zxw2 and o =27,

For rated frequencies (f;) of 50 Hz and 60 Hz, and with Z= 450 Q, the RRRYV factor s is then
equal to:

Jr =50 Hz s = 0,20 kV/uskA
Jr =60 Hz s = 0,24 kV/uskA
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7.2  SLF testing
7.21 Test voltage

As SLF tests are based on single-phase faults, the test voltage is equal to the phase to earth
voltage i.e. the rated voltage divided by V3, with a first-pole-to-clear factor kpp =1,0.

7.2.2 Operating sequence

SLF is mainly a single-phase fault on a line. During network operation the fault is cleared by a
circuit-breaker performing its rated operating duty: an auto-reclosing duty as usual for
overhead 1ine Networks:.

In ofder to reproduce service conditions, IEC 62271-100 requires circuit-breakerscto-perform
theirl rated operating duty during testing.

7.2. Test duties
7.2.3.1 General

The|[severity of SLF tests depends on the position of the fault.along the line length as it
determines the magnitude of the current (and di/d#) and the ‘transient recovery voltage
chanacteristics: RRRV (proportional to di/d¢) and first peak value/(proportional to the refle¢tion
time| from the circuit-breaker to the fault). Circuit-breakers “must break short-line faults |[with
any practical values of line length corresponding to fault currents ranging from tens of percent
to albout 90 % of the rated short-circuit current.

For example for a 145 kV, 40 kA, 60 Hz circuit-breaker, a short-line-fault test at 90 % of the
ratedl short-circuit current corresponds in practice to a fault on the line occurring 330 m gway
from the circuit-breaker.

The|critical percentage of short-circuit gurrent is dependent on the interrupting medium of the
circyit-breaker.

An arc in SFg has a very short time constant (less than 0,5 us) i.e. its resistancg or
condquctance changes rapidtyduring the transient recovery period. Therefore interruptign is
affe¢ted by the very high. frequencies of TRV met in Lgg test duty and the associated figh
values of the short-circuit.current [18].

An drc in high pressure air has a longer time constant (typically 10 times the value in SFg), so
inteqruption is miostly affected by the lower frequencies and higher amplitudes met in L,5.

Othgr technologies such as oil or vacuum circuit-breakers have proved to be insensitie to
short-line_fault conditions, as long as they have the corresponding terminal fault bredking
capability. 1

In order to cover the possible critical values of short-circuit current, two ranges of currents are
specified for short-line fault tests, in percentage of the rated short-circuit current:

— test duty Lgg with 90 % (-0 %, +2 %) of Ig;

— test duty Lygwith 75 % (-4 %, +4 %) of I4.

If there is a significant increase of arcing time when the current is reduced from 90 % I . to

75 % I, an additional series of tests with 60 % (+ 5 %) I (Lgg) is required to confirm that
there is no critical current in the 60 % to 75 % region.
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7.2.3.2 Technical comment

Compared to terminal fault conditions and assuming the same source side impedance as in
the case of a 100 % terminal fault (T100) the short-circuit current in a short-line fault is lower
as the line between circuit-breaker and fault introduces an additional impedance into the total
circuit.

Standard values of the current I related to line length are specified corresponding to a
reduction of the a.c. component of the rated short-circuit current to 90 % (Lgg) and 75 % (L5).

In IEC 62271-100 the line length has been standardised

As :Ihe line length represented in a test may differ from the standardised value(“withiin a
tolenance given in Annex B of IEC 62271-100:2008, the short-circuit current during [tests [may
varylin the following ranges for circuit-breakers having rated voltages of 48,3 k\V-and abov:

Loo:| 1L =90 % of Iy (line length = standardised value)
I, =92 % of Iy (line length = standardised value — 20%)
Lys:| 1L =71 % of I, (line length = standardised value + 20%)
I, =79 % of I, (line length = standardised value —20%)

In cases (see c) of 6.109.4 of IEC 62271-100:2008) where atest duty Lgq is required:

Lgo:| 1L =55 % of I (line length = standardised value + 20%)
I, =65 % of Iy (line length = standardised value — 20%)

These values are derived from calculations givenin 7.5.

NOTE Since the network topology and layout for 48(3-kV is identical to those of 52 kV and 72,5 kV, the value of
48,3 KV has been chosen as the lower value.

For gircuit-breakers with voltage ratings equal to or higher than 15 kV and lower than 48,8 kV
only|test duty L,g has to be performed with a line length equal to the standardized value |with
a tolerance of +0 % and -20 %.

7.2.4 Test current asymmetry
7.2.41 General

The|test current is symmetrical at contact separation (with a d.c. component less than 20 %)
becjuse the most severe condition is obtained in the thermal phase of interruption when the

currént derivative (%) and the RRRV (Z%) are maximum.

7.2.4.2- Technical-comment

It is recognised that lightning strikes are the most likely events leading to a short-line fault. As
these are random events in relation to the point on the voltage cycle they will generally lead to
asymmetrical currents. However the d.c. component of this current decreases more rapidly for
a line fault than for other faults due to the high value of resistance in the earth return circuit.
Therefore for the most likely system condition giving SLF, although asymmetrical at initiation,
will approach the symmetrical condition or at least a low degree of asymmetry, by the time of
current interruption by the circuit-breaker.

Based on the above SLF breaking tests need not be asymmetrical. As a result the simpler test
regime of symmetrical testing has been standardised on for this duty.
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SLF breaking tests with asymmetrical currents are also not required because when compared
with symmetrical conditions, the % at current zero and RRRV (Z%) applied on circuit-

breakers are reduced.

7.25 Line side time delay

The local capacitance always present in a substation between the circuit-breaker and the line
introduce a time delay ¢4, in the initial part of the line side TRV. This capacitance represents
the typical capacitance that can be met in actual networks. It is for example introduced by
supparts and stray capacitance of the connection between the circuit-hreaker and the faylted

line.

For fated voltages equal and lower than 170 kV, the time delay ¢y, is standardisedta/0,2 s.
For fated voltages equal to and higher than 245 kV, it is standardised to 0,5 us:

Thege values correspond to a line side phase to earth capacitance Cj| €qual to 445 pF|and
1 110 pF, respectively.

NOTE In order to cover the ITRV requirement, where it is specified on the supply side (see 6.104.5.2 and 6./109.3
of IEC 62271-100:2008), the SLF tests are generally performed with an jAsignificant time delay (less than 01 us)
on thg line side. ITRV specification is not applicable to circuit-breakers in Gas Insulated Substations.

7.2.6 Supply side circuit
7.2.6.1 Supply side circuit definition

The|short-circuit impedance of the supply side circuit is such that the rated short-circuit
currgnt is obtained in terminal fault conditiefis. This is due to the fact that the single-phase
short-circuit current is assumed to be equal*to the three-phase short-circuit current.

For fated voltages equal to or higher-than 15 kV and less than 100 kV, it is assumed thaj the
TRV frequency and the amplitude’factor of the supply circuit are the same as for a tHree-
phage terminal fault. It follows that the RRRV of the supply side circuit is equal to the RRRV
of the circuit for terminal fault\test duty T100s divided by 1,5, and the amplitude factor is 1[,54.

For rated voltages equal™o 100 kV and above, the supply side RRRV is equal to the RRRV
spegified for three-phase faults.

The|supply side~FRV is adjusted to obtain the crest value according to the first-pole-to-¢lear
factgr 1,0 andyamplitude factor 1,4. The RRRV of 2,0 kV/us is retained. The time parameters
(t3 or 14 and~fy) are adjusted accordingly.

7.2.6.2 Technical comment

System studies have shown that the supply side RRRYV is, as a first approximation, equal to
the RRRYV defined for three-phase faults [19]. Such an approximation is justified as the RRRV

is equal to the product Z%, with the supply side surge impedance Z and the current

derivative (%) having similar values for single-phase and three-phase conditions.

Generally speaking the supply side RRRV for single-phase faults is slightly lower than for
three-phase faults. This has been supported by TRV studies in 420 kV networks [19].
However, as there is a large scatter of values, the RRRV for a single phase terminal fault,
corresponding to the supply side TRV in the case of a short-line fault, has been standardised
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to be the same value 2 kV/us for rated voltages equal or higher than 100 kV as defined for
three-phase faults.

During a SLF breaking operation, the voltage at the circuit-breaker terminals at current zero is
equal to the voltage drop on the faulted line and is not zero as would be the case under
terminal fault conditions. It follows that the TRV voltages on the supply side during SLF
interruption are accordingly lower than the inherent values defined previously.

During test duties Lgy and L;g, and neglecting the influence of the circuit-breaker, the source
side TRV peak is reduced by a factor 1,36/1,4 and 1,30/1,4, respectively. The derivation of

TRVpeak—valdes—is-explairedin-Anrnrex-~A-eoft=EC-62271-100-2008-

7.3 | Additional explanations on SLF
7.3.1 Surge impedance evaluation

7.3.1.1 General

The|surge impedance is the ratio of the TRV slope (% or RRRV) divided by the cufrent

deriyative % The RRRYV is defined as the slope between the~points corresponding to 40 %

and |80 % of the line side TRV peak of the inherent test cirguitresponse.

7.3.1.2 Technical comment

In the case of very short lines between the -opening circuit-breaker and the fault, [with
t <[5 tqL, the wave shape of the line side TR\.'is deformed and cannot be compared [to a
triangular shape with an initial time delay.

The|curves presented in 7.6 show that:for a correct evaluation of the surge impedance]it is
necgssary to define the rate of rise of\the line side recovery voltage as the slope betweer) the
poian corresponding to 20 % and 80 % of the peak voltage, as in this region the shape ig not
influenced by the time delaying-capacitance.

Althpugh the previous 10 %10 90 % method leads also to correct values where ¢ > 5¢4 | this
20 % to 80 % method_is.generalised for the evaluation of inherent line side TRVs in th 15t
editipn of IEC 62271+100.

1%

7.3.2 Influence* of additional capacitors on SLF interruption

7.3.2.1 General

Add t|onal capaC|tance connected between the circuit-breaker terminals (gradlng capacitor or

— it decreases the oscillation frequency and the RRRYV of the line side TRV;
— it increases the time delay of the line side TRV.

Both effects tend to ease the interruption, and capacitors are sometimes used to increase the
short-line fault breaking capability of circuit-breakers.

Historically resistors where used in air-blast circuit-breakers resistors to reduce the RRRV

where R is the resistor

and facilitate the interruption. RRRV is reduced by a factor

value and Z the surge impedance of the line.
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7.3.2.2 Reduction of the line side RRRV by a phase to earth capacitor

2(E)

As SFg circuit-breakers are more sensitive to the initial part of the TRV (first us) the use of

addi

tional capacitors has proved to be more efficient.

When capacitors mounted across the circuit-breaker terminals are used to meet a SLF
breaking capability, caution is recommended as high values of capacitance could lead to
ferro-resonance with electromagnetic instrument transformers connected between the circuit-
breaker and a de-energized line or connected to a supposedly de-energized bus.

If th

side

RRR
Defi

Cadd
L

The

e _capacitor is connected phase to earth on the line side the reduction of the line
V can be estimated by a simple calculation:
hitions:

is the additional line-to-earth capacitance;

is the line inductance;

is the line surge impedance;

is the total line capacitance = —

Z

is the equivalent line capacitance.

equivalent line capacitance C, is defined as the capacitance which, together with

ctance L, gives the line frequency of oscillation:

1

= ufie,

period of oscillation is equal to

uE=2X|_><I|_\/E and (z—t;j =Z><a)><[|_\/5
L

It follows that:

the

(25)

(26)

Z X
A= 4x,
From Equations (25) and (26):
4L 4CL
Co=—57—F5=—-—=04C
° 7[2 x 72 7z2 t

(27)

If an additional capacitance is added at the line entrance, the RRRV on the line side is

redu

ced in the same manner as the line frequency of oscillation:

27, LCq

27[1[L(Ce + Cadd )

(;—L;:Zxa)le\/E
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Using Equation (27) gives:

du vCL du G
—=Z><a)><]|_\/§ ,or—=Z><a)><I|_\/§ -t (28)
dt JCL +2,5C,qq dt CL +2,5C544
. L
with a=—7%
72
E quatien{28}canbeusedinpractice—to-estimate—the—effectofaphaseto—earth-eapacitance

C.qd on the line side rate of rise of recovery voltage.

The|method presented in 7.6 can also be used to evaluate the effect of a capacitante on the
line [side TRV in more detail. The time delay ¢4, is calculated by taking into acgcount the fotal
capacitance on the line side, i.e. line capacitance plus additional capacitance,from the circuit-
bregker (see Figure 17).

The|reduction of the line side RRRV by a phase to earth capacitor_isCespecially importapt to
be reproduced in synthetic testing where the capacitor must be instalted in parallel to the [line.
If, for practical reasons the capacitor is connected in parallel to the circuit-breaker, thep its
valug shall be calculated (by Electromagnetic Transient Program’ or equivalent) to produce an
equivalent TRV.

kM 60

50

40

30

20

10

Key

Figure 17 — Effects of capacitor size on the short-line
fault component of recovery voltage with a fault 915 m from circuit-breaker
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Influence of the location of phase-to-earth capacitors

In a substation it can be advantageous to take into account the existing phase-to-earth
capacitances between the circuit-breaker and the line (such as cables, GIS bus, CVTs) in
order to define the necessary additional value of the phase-to-earth capacitor which has to be
delivered with the circuit-breaker. However caution is recommended if the circuit-breaker is to
be moved to a different location.

For maximum effectiveness the capacitor should be close to the circuit-breaker terminal.

lowsd

gh to the circuit-breaker to influence current interruption. Figure 18 shows that if
citor is located too far from the circuit-breaker, the time delay of the recovery)voltage is
eased and the amplitude of the first voltage jump is increased, both effects resulting]i
ring of the benefit of the capacitance to the circuit-breaker interruption capability.

Bas¢d on these considerations if a smaller value of the phase-to-eafth" capacitor is {ised

com
the

Tran
for t

This
conf
cabl

Recovery voltage (kV)

psting.

e is substituted by a bus bar connection).

30
Faultvoltage

Circuit-breaker opens
at circuit breaker/<
20

J L

1/
20 \ A

pared to that applied for type testing to take the existing phase-te-ground capacitange in
ubstation into account, it is recommended to calculate its finahyvalue by Electromag
sient Program or equivalent to produce an equivalent TRV of the lumped capacitor

l<ed

calculation has to be repeated if the location of the. circuit-breaker or the substation
guration changes (a CVT is substituted by anothef,one having a different capacitange, a

30, T

\_\___

Time (us)

4 500 pF at the circuit-breaker
4 500 pF at 76 m from the circuit-breaker
4 500 pF at 152 m from the circuit-breaker

Figure 18 — Effect of capacitor location on short-line fault component
of transient recovery voltage with a fault 760 m from circuit-breaker
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7.3.2.4

Relative influence of phase to earth and parallel capacitors

When circuit-breakers are fitted with capacitors between terminals (grading capacitors for
example) the frequency of the line side oscillation is reduced in a similar way as with a phase
to earth capacitor, but the effect of a given value of capacitance is different as the TRV is
affected on both sides of the circuit-breaker. A lower value of capacitor is needed to obtain a
given reduction of the TRV if it is connected between the terminals instead of phase-to-earth.

Figure 19 shows the TRV calculated obtained during a Lgq test duty on a 145 kV, 50 kA, 60
Hz circuit-breaker with an additional capacitor of 3 nF connected phase-to-earth (curve 1:
maximum slope from the instant of interruption = 6,91 kV/us) or between terminals (curve 2:

max

As t
rele
capg
side

It sh

mum slope from the instant of interruption = 6,18 kV/pus).

TRV.

modjfied by the capacitor does not need to be compensated.

ne effects of parallel (between terminals) or phase-to-earth capacitors are not the san;
is important to indicate in the type test report the position of any additional eapacitor.
ant capacitance is the one measured at the circuit-breaker line side~terminal.
citance used for measurements is already taken into account in the adjustment of the]

ould be noted that the parallel capacitor is part of the circuit‘breaker and that the

e, it
The
The
line

TRV
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Red frace Additional capacitor of 3vnF connected phase-to-earth

Blue frace Additional capacitoc-of 3 nF connected between terminals

Figure 19 — TRV obtained during a Ly, test duty on a 145 kV, 50 kA, 60 Hz
circuit-breaker

7.4 | Comparison-of surge impedances

Table 11 shows a comparison of the typical values of the surge impedances for single-p:l:ase
faulfl (or the>third pole to clear a three-phase fault) and the first pole to clear a three-plase
faulfl.
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Table 11 — Comparison of typical values of surge impedances for a single-phase fault
(or third pole to clear a three-phase fault) and the first pole to clear a three-phase fault

U, (kV) 123 245 420
Z,(Q) 375 350 365 300 240 235
Zy (Q) 680 655 585 465 450 445
peak factor £ (p.u.) 1,55 1,55 1,52 1,43 1,41 1,34
Z single-phase fault (Q) 476 452 438 355 310 305
Z 1* pole to clear a three-phase fault (Q) 440 414 416 340 284 279
Z is|the surge impedance.
Z, i$ the positive sequence surge impedance.
Z, i$ the zero sequence surge impedance.

7.5 | Calculation of actual percentage of SLF breaking currents

The |line reactance corresponding to the standardised line length can bé calculated with

1- 1L stand
Isc

7 X Xsource
L,stand

XL,stand =
Isc
whefe

I st4ng is the short-line fault breaking current ‘corresponding to the standardised |line
length;

Xl stang IS the line reactance corresponding:to the standardised line length;
Xsoukce I8 the reactance correspondingito the rated short-circuit breaking current.
If thé reactance of the actual line differs from the reactance corresponding to the standardised
line |length within the tolerances ef -20 % for Lgy and +20 % for L;5 and Lgp, as statgdd in
6.109.2 of IEC 62271-100:2008;,the related current values can be calculated as follows:
I act = Gr
L,act =

\/E(XL,act + Xsource )

where
I act Is the shert-line fault breaking current corresponding to the actual line length;
X| a¢t is the'line reactance corresponding to the actual line length.

The| actual' line length is calculated considering the standardised line length and| the
percentage deviation of the actual line length from the standardised one:

d
Loot =1 1T+ —
act stand( 100 j

where

Istang IS the standardised line length;

l,ct 1s the actual line length;

d is the deviation of the actual line length from the standardised one in percent.

The actual line reactance is calculated using the following equation:
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) d
X act = X x—act _ x 14—
L,act L,stand lstand L,stand 100

The actual percentage short-line fault breaking current 7,5, 5t is determined by the following
equation:

[L,act %100 = Iperc,stand

Isc d Iperc,stand
1+ x| 1—
100 100

I perc,act =

In Tlable 12 the actual percentage short-line fault breaking currents are stated(for ¢ach
standardised short-line fault breaking current /¢, stang taking the maximum tolerances fof the
line Jength into account.

Table 12 — Actual percentage short-line fault breaking currents

Standardised short-line fault Deviation Actual’short-line fault breaking

breaking current current
g o Lo

90 -20 91,8

90 0 90

75 -20 78,9

75 +20 71,4

60 =20 65,2

60 +20 55,5

7.6 | TRV with parallel capacitance

The|short-line fault TRV from.an idealised distributed parameter line is known as a triangular
wave shape. In the Laplaceldomain, this can be written as follows:

wlZ

S2

TRV(s) = (1-2e7L%) (29)

whefe
t. ip the_ time to peak without capacitance;

is.theangular frequency of the breaking current;

(4]
1 isthe breaking current peak;
Z is the surge impedance;
s is the Laplace operator.

Equation (29) is valid for 0 < ¢ < 2¢ . If the TRV for ¢ > 2| is required, Equation (29) should be
replaced by the following:

TRV(s) =22 (126700 + 267215 4 ......) (30)
S
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In order to introduce damping of the wave, the term 2e™'* in Equation (29) should be
replaced by 2ke ™™, where k < 1,0.

The TRV can be represented by the product of the breaking (= injection) current and the
impedance, also in the Laplace domain. The injection current in the Laplace domain can be
approximated such as:

(corresponding to wlit in the time domain)

Then the impedance of the distributed parameter line in Laplace domain is:

The
side

Con
follo

whe

tgL |

The

Z(1-2e7%)

lumped capacitance impedance in the Laplace domain is represented by:

where C = capacitance

producing the inherent 74 of the line and the additional capacitance, if any.

hecting the two impedances represented hy Equations (30) and (31) in parallel,
wing equation is obtained for the total impedance in the Laplace domain:

Z(1-2e7L%) ~ Z(1-2e7L%)
Cs(Ci +z 2765y (I+1iqs)—2tg 58
S

0ns

e tdL =ZC.

5 applicablealso for conditions with parallel additional capacitances.

product of the injection current (w//s2) and the impedance Equation (32) is the TRV

parjllel capacitance in the Laplace domain:

_ —l|_S
olZx (-2 )

S (1+ldLS)—2[dLSG_

ns

:a)IZ{ix 1 1, 2

s A+tys 57 (1+tys)

(31)

capacitance value includes both the lumped capacitance at the circuit-breaker terminal

the

(32)

with
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t th 2t 22 12
:a)IZi—i+$—2e’”[iz— € a4 d j (33)

s s A+tys s s A+tys  (1+tys)

The second line of Equation (33) is valid for ¢ < ¢ < 2 only.

By inverse Laplace transformation, SLF TRV with parallel capacitance in time domain is
calculated as follows:

OSZSfL:

t

TRV|(t)=wIZ|t+1g | " -1 (34)

n<p<2y

t t'
TRV, (1) = TRV4(1)- 20 1Z| | e "o +1|€2iq |e ‘& —1 (35)

with|' =t — ¢

Using equations (34) and (35), the correct waveshapes of SLF TRVs with line inherent 74 |and
for dqonditions with additional parallel capacitance can be calculated.

For tases ¢ > 2t , Equation (30) instead of Equation (29) should be applied. When damping is

intrdduced, 2ke - should be used instead of 2e™.* in Equation (29) as mentioned before.
The [total calculation process is'then slightly modified.

For gvery case, with offwithout parallel capacitance, the peak value of the TRV is quasi gjqual
to wfZt, . Dividing Equations (34) and (35) by wiZt, gives the following equations.

t

TRV(10) =10 | L e fa _q (36)
i | tdL
-t -t
2 | I oL

TRV(20) = TRV(10) - eld 1+1]+2 efd —1 (37)

L]t

The TRV wave shape given by Equations (36) and (37) can be normalised such that the peak
value is unity and time unit is in ¢y, . The parameter is 7 /¢y .

Figure 20 shows the results of a calculation for 1/t = 4,0. Multiplying the Y-axis value by
wlZt and X-axis value by ¢4, the actual wave shape is obtained.
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Figure 20 — TRV vs. IZ as function of t/ty, when ¢ [ty = 4,0

8 Put-of-phase switching

8.1 Reference system conditions

8.1.1 General

Althpugh the out-of-phase switChing condition is a rare occurrence, two cases are considpred

to illustrate the background(to'the standard requirements of IEC 62271-100.

Casg A Instability ef'a system in service, due to overloading, load rejection, or other major
disturbance such as that caused during a severe storm, etc.;

Case B ErroneouUs switching operation during synchronizing.

8.1.2 CaseA

The| system conditions illustrated above are often considered in power system stapility

stud’es. In such events, as the parts of the system separate the out-of-phase occurs agross

an i i b i ] t_of_

phase breaking is initiated by a protective system detecting the voltage phase a
difference across the impedance and sending a tripping signal to the associated circuit-
breakers. The first to open of these will experience the out-of-phase condition. Studies
indicate that during such disturbances, the phase angles of the individual generators scatter
so that it is unlikely that the two sections will have a simple, uniform phase angle between
them. Also, a densely connected part of a system can rarely be separated to be out-of-phase

with

the rest of the system.

ngle
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System A

CB Line

Figure 21 — Typical system configuration for out-of-phase breaking for case A

2(E)

Figure 21 is a representation of a separating system where a line is the link between the two

separate parts_ie system A and system B The rnnnpr‘ting line (nr impedance such

AsS a

tran
a sy

Cas
cons

Cas
toT

8.1.3

Syn
COVE

A m

intefffaces with a system, via a step up transformer. The right-hand side system short-ci

pow
sSyng
tran

- 4

— g

J

stem operating at its T30 to T60 short-circuit level.

idered exceptional.

ps with a weak sub-system on one side can be considered covered-py case B with re
RV parameters.

Case B

Figure 22 — Typical system configuration for out-of-phase breaking for Case B

thronizing between relatively (strong systems can be considered a rare case an
red by case A with regard to TRVs.

ore typical system layeout for synchronizing is shown in Figure 22, where a gene

br can be congidered to be corresponding to a T60 level. In such system
hronizing operation is mostly performed at the high-voltage side of the ste
sformer. Typical characteristics are:

eneratorsub-transient reactance is 0,3 p.u.;

tep-up-transformer reactance is 0,1 p.u.

Pres

ent’day maximum ratings of generator units are in the order of 600 MVA and 1 300

sformer) exists in between. Each of system A and B is considered to be correspondir|g to

bs where the short-circuit power of both systems A and B correspond te~F100 can be

pard

ator
rcuit
5, a
D-Up

MVA

for 245 kV and 550 kV, respectively. Introducing, also, the short-circuit reactance of the
system, the out-of-phase breaking current (generator-side short-circuit current on the high-
voltage side) is 0,5 kA up to 8 kA for most common applications.

The

following points are also to be considered:

— due to the connection of the transformer windings, i.e., A on the LV side and Y on the HV
side, for solidly earthed systems, the zero sequence reactance of the generator side is far
lower than that of positive sequence, i.e. ca. 25 %. Therefore the pole-to-clear factor is
maximum for the 3™ pole, and is 1,0;

— the recovery voltage of the generator after the fault current has been cleared is heavily
damped, giving a damping factor in the order of 0,8;
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— statistically a 180 degree out-of-phase condition very rarely occurs in practice and an
additional factor of 0,8 can be introduced.

8.2 TRV parameters introduced into Tables 1b and 1c of the first edition of
IEC 62271-100

8.2.1 General

As rated TRV parameters in tables 1b, 1c and 1d of the first edition of IEC 62271-100
published in 2001, system requirements and experiences based on circuit-breaker
characteristics and other duties, i.e. terminal faults, etc., are to be considered.

8.2.2 Case A
8.2.2.1 Breaking current

The [breaking current listed is 25 % of the rated short-circuit breaking current.

As dhown before, actual out-of-phase occurs between the portions of @ system via a ceftain
impgdance. As already noted, it is unlikely that a perfect 180 degree ©f lout-of-phase will pver
occyr. The value 25 % is taken to cover the majority of cases.

8.2.2.2 First-pole-to-clear factor

A fifst-pole-to-clear factor of 2,0/2,5 is specified by AEC 62271-100 for effectively/hon-
effe¢tively earthed systems, respectively.

The|theoretical maximum values are 2,6/3,0, but:stability studies have shown that the phase
angles of the individual generators are scatteted. This fact has been taken into accourjt by
intrgducing a factor of 0,8. Furthermore, thepmajority of today’s effectively earthed systems
have a first-pole-to-clear factor of 1,15 at.the most. Therefore, the values of 2,0/2,5| are
congidered to be conservative.

8.2.2.3 Amplitude factor

An gmplitude factor of 1,25 is-specified by IEC 62271-100.

The|theoretical maximum -value can be 1,4. However, due to the statistical displacement
between the timings,of:the TRV peaks of the two parts of the system, a factor of 07 is
intrdduced to coverthe’ effect of the two randomly over-swinging parts, i.e.:

(2 + 24204 x 0,7)/2 = 1,28

Consgidefing the higher value of the first-pole-to-clear factor, the value 1,25 is appropriate.

8.2.24 RRRV

The rate-of-rise of recovery voltage is specified by |IEC 62271-100 as 1,54 kV/us or
1,67 kV/us depending on the earthing conditions.

uq = 0,75x(N2N3)xUpxkyy,
— The value depends on the system layout and is common to other breaking duties, i.e.
T100, T60, etc.

— The factor 0,75 was agreed between IEC SC 17A and the IEEE PES Switchgear
Committee as a harmonised value.

t4 = us/RRRV;

ug = (V2IN3)x U, x(first-pole-to-clear factor)x(amplitude factor);
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The ¢, value mainly depends on the system scale and is to be common to the other duties, i.e.
T100, T60, etc. The value specified for T100 is satisfactory as system requirement.
Laboratory experience shows that the 7, value introduces no significant influence on circuit-
breaker performance.

Like the RRRV condition above, the case of direct connection to a line can be excluded for ¢4
values. The value of ¢4 also depends on the system layout and, based on experience, the T60
time delay can be applied as rated value with no detriment.

8.2.3 Case B

Figure 24 and Figure 25. In this study a 1 500 MVA synchronous generator (at preseni the
highest capacity available) is connected to a 550 kV system through a step-up tfansformer.
The|550 kV system has a short-circuit current of 30 kA. The generator parametérs-used phere
are fhe actual parameters as supplied by the manufacturer:

Simtlation calculations have been performed and the results are shown in, Figurg| 23,

— 4qub-transient reactance ca. 0,3 p.u.
— transformer short-circuit reactance ca. 0,1 p.u.

The [following conditions apply:

— two parameter TRV waveshape;

— generator/transformer side contribution is predominant for the TRV across the cirguit-
Rreaker terminals due to higher voltage drop in thesé reactances;

dque to the step-up transformer winding connections (A/Y on the generator side/HV side,
respectively), the positive sequence reactance.is four times the zero sequence reactance.
Hence the third-pole-to-clear sees a maximum TRV of 1,0 p.u. (as for a solidly earthed
gystem);

— the generator side recovery voltage ‘just after current interruption shows signifijcant
damping (in the order of 0,7 — 0,8) afid then gradually recovers to the original value;

— due to the statistically rare occurrence of a full 180 degrees out-of-phase condition a
factor of 0,8 is applied to the.\first-pole-to-clear factor, which, corresponds to an out-of-
phase condition of up to 115 degrees depending on the neutral earthing conditions.

Bas¢d on these assumptions, for effectively earthed neutral systems, TRV parameters| are
well|covered by those oftT10. Specifying TRVs for case B is not necessary.

For pon-effectively'earthed neutral systems, u, is higher than that of T10, but not higher than
for gase A. In aetual systems of the voltage class applying non-solidly earthed neutral,|it is
necgssary to-consider the multi-frequency TRV wave shapes, and the voltage drop portign in
the penerator/transformer reactance, etc. Hence lower u. and/or RRRV are probable. Based
on that TRV ratings for case B are not considered necessary.

8.2.4— TRV parameters for out-of-phase testing

As mentioned before and from laboratory experience, t,, t4 and ¢ values are viewed as less
dominant on out-of-phase breaking phenomena provided the other test duties (T10 to T100,
SLF, etc.) are performed. For rating purposes, the 1, value is that of T100s as specified in
Tables 1a, 1b, 1c and 1d of the first edition of IEC 62271-100. However, for convenience of
testing and since the influence of ¢, is not considered critical, the testing values given in
Tables 14a and 14b of the first edition of IEC 62271-100 extend this value up to two times
that for T100s.

System requirement basis is considered appropriate.

ty» £ Lowest side values as used for T60
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Again the system basis is used.

Figure 23, Figure 24 and Figure 25 represent a typical simulation result for a case B study.
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Figure 23 — Voltage on both sides during CO under out-of-phase conditions
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9 Switching of capacitive currents

9.1 General
Capacitive currents are encountered in the following cases:

— switching of no-load overhead lines;
— switching of no-load cables;
— switching of capacitor banks;

— switching of filter banks

2(E)

Inteqruption of capacitive currents is generally a light duty for a circuit-breaker, becaus§g
currgnts are normally a few hundred amperes. There is however a risk that restrikes
occyr, which may lead to undesirable overvoltages or high frequency transients(affecting
power quality in the network. Restrikes may also cause damage to the breaking:unit.

the
will
the

Enefgisation of capacitive loads may lead to overvoltages or high currents. Two such cases

are fhe switching of parallel capacitor banks and the switching of no-load,lines.

Type¢ testing is designed to be representative of the service conditions up to the point of e
cleafring, reigniting or restriking. Because the actual valug( of overvoltage and trans
respjonse is totally system dependent, tests cannot replicaté-these effects. By providi
means of assessing the likelihood of restrike occurrence:the user can determine what

ther
ient
g a
est

suitg their application. It is assumed that since capacitor-switching is not the only sourde of

overvoltage, other protection systems are employed{and in the case of unacceptable p
qualjty for sensitive electronic equipment a sufficiently low number of likely events
selepted. A separate study of actions relative tospower quality on energisation must als
made.

In the selection of the rating for the _circuit-breaker for capacitive current switching
following needs to be considered:

a) 4gpplication, i.e. overhead line¢able, capacitor bank or filter bank;

b) power frequency of the network;

c) egarthing situation of the\nétwork;

d) presence of single oritwo phase-to-earth faults.

From the application)the restrike performance class of the circuit-breaker can be determ
(C1Jor C2) as welhthe mechanical endurance class (M1 or M2). The earthing situation o

wer
are
D be

the

ined
the

network, presence of single and two phase-to-earth faults are important factors that deterrrine
I

the recovery voltage across the circuit-breaker which, in its turn, determines the test voltage
of the cireuit-breaker.

In the—felewing-etauses—the—general-theoryofcapacitive—eurrent—switehing—is—given—as—well as
the application and testing considerations.

9.2 General theory of capacitive current switching

9.21 De-energisation of capacitive loads

9.2.1.1 Capacitor banks

9.2.1.11 General

The single-phase equivalent circuit shown in Figure 26 may be used to illustrate the

conditions when de-energising a capacitor bank.
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Source voltage (r.m.s.) Uy Voltage across the circuit-breaker’(r.m.s.)
Source side inductance u. Voltage across the capacitor bank (r.m.s.)
Resistor representing the losses in the i Capacitive current (r.m.s{)

circuit

Source side capacitance (stray C Capacitive load (eapacitor bank)

capacitance)

Source side voltage (r.m.s.)

Figure 26 — Single-phase equivalent circuit
for capacitive current.jnterruption

1.2 Capacitive current
capacitive current i, flowing in the circuit™is given by the following equation:
. wsCxu wsC xu
e = 2, - 2
1-0°LsC 1_ s
a),2

4 27f5, where f; is’'the system frequency in Hz

Lz&yfi, where f, is the inrush current frequency in Hz (see also 9.2.2.2)

LsC

With @ >> ws, Equation (38) transforms to i, = wsC xu

9.2.1.1.3 Recovery voltage

Figure 27 shows the current and voltage shapes at interruption.

(38)
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Ugy Voltage across the circuit-breaker
ug Voltage on the source side of the circuit-breaker

Figure 27 — Voltage and current shapes at capacitive current interruption

Aftef interruption of the current, the supply side voltage ug will be more or less unaffegted.
Thege is only a minor decrease in amplitude, associated with the disappearance of| the
capacitive load. The transition to the new <amplitude value is associated with a glight

oscillation, the frequency of which is determined by Lg and Cs.

From the moment the current is interrdupted, the charge of the capacitor bank C is trapped.
The|voltage u| will therefore remain.gonstant at the value it had at current zero (namely the
peak value of the supply voltage).

recovery voltage makes it ‘relatively easy for the circuit-breaker to interrupt. Some cirguit-
bregkers may interruptieven if the current zero would occur immediately after contact
separation. Half a cycle after current zero, the recovery voltage has risen to an amplitude of
twice the peak value ;of the supply voltage. Consequently, a rated frequency of 60 Hz is more
sevgre than 50 Hz. ‘The circuit-breaker may then not be able to withstand the high value of the
recovery voltage' across a relatively small contact gap. Dielectric breakdown may ofccur
between thel contacts and current would start to flow again.

Togjt/ther with the low currentvamplitude to be interrupted, the low initial rate-of-rise of the

ret28 shows current and voltage wave shapes in a case where voltage breakdown ocfcurs

-E-H/—610 O = y—oHage—peaik- oa¢e ge—voHage-w Rg—dp—te—a—voeiage
that ideally (without damping present) reaches three times the supply voltage peak u,. The
oscillation frequency of the current and voltage after the breakdown is determined by L and C
(assuming C=Cg). The circuit-breaker may easily interrupt the current again at one of its
current zeros, with the result that the voltage across the capacitor may attain a new constant
value, perhaps higher than before. Further breakdowns associated with even higher
overvoltages across the load may then occur (see also Figure 29).
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i Capacitive current

ich Current through the circuit-bre@ker

u Voltage on the load side of the circuit-breaker
Ugy Voltage across the cir¢uit-breaker

u Voltage on the seurce side of the circuit-breaker

Figure 28 — Voltage and current wave shapes in the case of a restrike

Voltage breakdowns at capacitive current interruption are divided into two categories:
1. Re-ignitions.
oltage breakdown during the first 1/4 cycle following current interruption.

2. Restrikes.
oltage breakdown 1/4 of a cycle or more following current interruption.

Another phenomenon, which has been observed predominantly on vacuum circuit-breakers,
may occur during capacitive current and short-circuit breaking current tests, but also at lower
currents and voltages. This phenomenon is known as a Non Sustained Disruptive Discharge,

or NSDD. For further details regarding NSDDs refer to 9.3.

Restrikes will lead to overvoltages across the capacitive load (maximum 3 p.u. for a single
restrike, where 1 p.u. is the peak value of the phase-to-earth voltage) while re-ignitions will
not produce any overvoltages (theoretically max. 1 p.u.). Re-ignitions are acceptable, but they

may cause power quality problems.
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Figure 29 — Voltage build-up by successive restrikes

ality there are no restrike-free circuit-breakers. It would take an infinite number of
to verify this. For this reason.the concept of restrike performance was introd

n interrupting small capagitive currents, some circuit-breaker types may exhibit cu
ping. Current chopping is a distortion of the current prior to current zero and is us
ed by the high arc, voltage. Different types of circuit-breakers have varying degres

ent choppingwwill cause an interruption prior to the current zero of the power frequ
ent. This also means that the trapped charge on the capacitive load will not be at its p
h results'in a lower recovery voltage peak and a lower stress on the contact gap o

test

iced

rent

Lally

s of

Ency
eak,
the

ase

case. Figure 30 shows as an example the recovery voltage of the first-pole-to-clear in a case
with a non-effectively earthed capacitive load. The recovery voltage initially has a shape that
would lead to a peak value equal to three times the supply voltage peak (dotted line). When
the two last poles interrupt 90 electrical degrees after the first, there is however, a
discontinuity in the slope and the final peak value for the first-pole-to-clear is 2,5 times the
supply voltage peak (see also 9.2.1.4).
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Figure 30 — Recovery voltage of the first-pole-to-clear at interruption
of a three-phase non-effectively earthed capacitive load

9.2.1.2 No-load cables
9.2.1.21 Cable charging current
The|cable charging current is a function of thé’following characteristics:
a) system voltage;
b) ¢able geometry;
c) insulation dielectric constant;
d) ¢able length.
The|shunt capacitive reactance can be obtained from the cable manufacturer, or if| the
phygical constants of the‘cable are known, the shunt capacitive reactance can be calculagted.
For [single-conductor.and three-conductor shielded cables (for the different three-condyctor
cablp configurations/see Figure 32 and Figure 33) the shunt capacitive reactance canp be
written as:
Xe = Mlni(MQ per phase per km, see NOTE) (39)
fsgr c
where
Jfs is the system frequency, in Hz;
& is the dielectric constant of cable dielectric material, in F/m;
r; is the inside radius of shield, in mm;
r. is the conductor radius, in mm.

NOTE When using the quantity MQ per phase per km, the shunt capacitive reactance in MQ for more than 1 km
decreases because the capacitance increases. For more than 1 km of cable, therefore, the value of shunt
capacitive reactance as given above is divided by the number of km of cable.
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Figure 31 — Cross-section of a high-voltage cable

g the capacitive reactance, the cable charging current can be calculated and comp
the rated cable charging current of the circuit-breaker given in IEC 62271-100. If

ared
the

Ilation exceeds the rating, the manufacturer should be consulted. Before an application
be made, the inrush current rating should alsg.be checked (see 9.2.2.6).

Figure 32 — Screened cable
with equivalent circuit

Figure 33 — Belted cable
with equivalent circuit
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9.2.1.2.2 Recovery voltage

In the case of a screened cable, the recovery voltage is similar to that of a capacitor bank with
earthed neutral (see 9.2.1.1.3). In the case of a belted cable, the recovery voltage is similar to
that of uncompensated overhead lines (see 9.2.1.3.1.2).

9.2.1.3 No-load overhead lines
9.2.1.31 Uncompensated overhead lines

9.2.1.3.1.1 Line charging current

A ng-load overhead line can generally be represented by a capacitance. In the case ,ofl ghort
lineg (< 200 km) this capacitance can be considered concentrated, but in the case)of [ong
lineqd it must be considered distributed. Typical capacitance values vary from 9,1 nfF/km| per
phage for single conductor overhead lines to 14 nF/km per phase for four-conductor bujndle
overhead lines (see also [21]).

9.2.1.3.1.2 Recovery voltage

Ovefhead lines have capacitance both between phases and to  egrth.

Recovery voltage p.u.

T 1 A d 1

'] 'l 1 ]
1 2 3 7 10 20 50 70 100

Positive sequence Capacitance _ C4
Zero sequence.capacitance Co

Figure 34 shews the peak value of the recovery voltage in the first-pole-to-clear as a fung¢tion
of the capacitance ratio C4/C (positive to zero sequence capacitance). It has been assumed
that|the(amplitude approaches 3 p.u. This is the case without capacitance to earth|and
yed interruption of the second phase. An example of the voltages in such a case is given

N O s 1 - 0, ' cl », a c
earth only. The recovery voltage peak is then 2 p.u. as in a single-phase case.
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Overhead lines in transmission systems typically have C,/C, ratios in the order of 2,0. In this

cass

Figu
volt3
couy
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Recovery voltage p.u.

30 p
28 |
326 |
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3
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A—A

Positive sequence capacitance (4
Zero sequence capacitance Co

re 34 shows that the recovery voltage peak is approXimately 2,4 p.u. The reco
ge peak is the differential voltage of the source andxline sides, including the effec

hg to cover three-phase interruption is™\equal to 1,2. Figure 30

T 1 A 4 i

1 'l ]
1 2 3 7 10 20 50 70 100

Pesitive sequence capacitance _ ¢4
Zero sequence capacitance Co

very
s of

led voltage on the first cleared pole. It follows that-the voltage factor for single-phase

and

Figure 34 assume that the second and third poles interrupt 90° after the first.

When the characteristics of the voltage in service (shape and peak value) are deviating from
those of the test voltage, the restrike probability may increase. For example, if the line is
compensated, the line side component is not a trapped voltage resulting from the trapped
charge, but a voltage oscillating with a frequency determined by the compensating reactors

and

the line side capacitance (see 9.2.1.3.2).
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Figure 34 — Recovery voltage peak in the first-pole-to-clear as a function
of C4/C,, delayed interruption of the second‘phase

e C4/Cy ratio is greater than 2, higher voltages may be Goupled to the first-pole-to-c

ulted since circuit-breaker designs are sensitive to beth current magnitude and reco
ge waveshapes.

3.2 Compensated overhead lines

.3.2.1 General

ent of the line. The compensation™factor (k) of an overhead line is given by the rat

tor, in equation:

X~
kL _ C,line

X L, reactor

, reactor
compensadted.

.3.272 Line charging current

ear,

Iting in increased probability of restrike. In this casé the manufacturer should als¢ be

very

ging
o of

capacitive reactance (Xgine) f0ythe inductive reactance (X reactor) Of the compensating

(40)

> Xg\lines the line is undercompensated, a line with X| | qactor < X jine IS Clled

The

compensated line charging current 1s given by I ¢ =oAL )

where

I, . is the line charging current of the compensated line;

Cc

I.' is the line charging current of uncompensated line;

k. is the compensation factor.

Assuming a line compensated at 60 % (i.e. k&, = 0,60), the line charging current is

I,.=1(1-0,6) = 0,41, or 40 % of the uncompensated value.
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9.2.1.3.2.3 Recovery voltage

If the line is compensated, the line side component of the recovery voltage is no longer a d.c.
voltage, but an oscillation of which the frequency is determined by the compensating reactor
and the line capacitance.

The resonant frequency is approximated by:

1 Xc,line
L= =/fs ’ = fskL (41)
27\ LC | XL reactor
whefe
L is the resonance frequency of the compensated line (Hz);
is the inductance of the reactor (H);
C is the total capacitance of the line (F);
Js is the system frequency (Hz);
ki is the compensation factor.

In ofher words: the resonance frequency of a compensated lin€ is dependent on the degrge of
compensation. Since the compensation usually is less than{t, this resonance frequengy is
less| than the system frequency, resulting in a reduction, of the recovery voltage. Typical
curregnt and voltage waveshapes are given in Figure 35/

~ . g
; o Line s
Ve
N \/voltage y
= i Time
Ve
e
e
Bus -
voltage

Recovery voltage

Figure 35 — Typical current and voltage relations for a compensated line

The Liirst—haleyele—of recoverr—voltage—is—for—this—example—as—shown—in—Figure! 36.
Compensation thus results in a decrease of the probability of restrike at a particular current.
Under these conditions improved performance may result, the circuit-breaker becoming
restrike-free or possibly able to interrupt higher values of charging current. The manufacturer

should be consulted on applications which markedly alter the recovery voltage.
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Figure 36 — Half cycle of recovery voltage

9.2.1.3.3 Switching the charging currents of long overhead lines

Very long overhead lines in excess of 300 km, even those of simple~construction type, pre
a special case not covered by the requirements of 6.111.7 of\I[EC 62271-100:2008 o
notes. Where such long lines are to be switched, consideration should be given to the hi
value of peak recovery voltage present on interruption. Somgsdea of the ability of a partic
circyit-breaker for making and breaking of this requirement can be gained by considering
out-pf-phase switching evidence which may exist. /Such evidence will usually pro
adequate demonstration of the elevated recovery veoltage. For full compliance, evidence
be required to satisfy the capacitive current switching requirements of 6.111 of IEC 62
1002008, but to the elevated values required by the specific application.

Some users may be concerned about rare oroccasional switching operations from one en
a series of long lines. This can occur during the early development stages of a system v
intefmediate substations may not be fully'equipped or may even be by-passed. In such ¢
it may be appropriate to consider thelout-of-phase capability in relation to the combined
presented by the series of linesx D satisfactory for the current and voltage conditions
spegific testing for the severe sapacitive current switching duty of IEC 62271-100 woulg
be rnecessary at the enhanced-levels of the extended line. They would be required for
swit¢hing duty of the individual lines of the series, as normal.

9.2.1.4 Voltage factors for capacitive current switching tests

Depgnding on thercapacity of a high-power laboratory, capacitive current switching tests
be performed<{as' three-phase tests or single-phase tests. For the higher voltages (364
420 kV, 550\kY and 800 kV) unit tests are sometimes made.
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Whgn<gsingle-phase tests are made to cover three-phase application, the test voltage

fl ctdtha Annlinatinns AF tha ~Atr~i it heaalear 1 thA FinlA YA ~AF tha font~re tnfliiAanain~ 4
refldet-the-apphcation-of-the—cireuit-breakerin-thefield—One-of thefactors—influeneingH

is is

the earthing situation of the network. The other is the presence of single or two-phase faults.

Subclause 6.111.7 of IEC 62271-100:2008 gives the following voltage factors for single-phase
test voltage (see Table 13). The test voltage measured at the circuit-breaker location prior to
interruption shall not be less than the rated voltage Ur/\/3 and the voltage factors given in

Table 13.
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Table 13 — Voltage factors for single-phase
capacitive current switching tests

Voltage factor Application

ke

1,0 Tests corresponding to normal service in solidly earthed neutral systems without significant
mutual influence of adjacent phases of the capacitive circuit, typically capacitor banks with
solidly earthed neutral and screened cables.

1,2 Test on belted cables and line-charging current switching a) corresponding to normal service
conditions in solidly earthed neutral systems with mutual influence of adjacent phases of the
capacitive circuit for rated voltages 52 kV and above.

14 T breakimg duTiTg ToTTTa SeTvice CoMaitions 1T SyStems taving a non-efifectivety earfhed

’ neutral including screened cables a,
breaking of capacitor banks non-effectively earthed neutral;
test on belted cables and line-charging current switching b corresponding”to nofmal
service conditions in effectively earthed systems for rated voltages less than'52 kV;
4  breaking in the presence of single or two-phase to earth faults in,systems having a
solidly earthed neutral.

1,7 Tests corresponding to breaking in non-effectively earthed systems in'the presence of single
or two-phase to earth faults o,

a) When a significant capacitance to earth on the source side is present, the factor will be reduced.

b) Pnder the condition that the line can be replaced partly or fully by a concentrated capacitor bank.

c) [The factor 1,7 is derived from the fact that the healthy phase sees the\phase-to-phase voltage.

Notgs to Table 13:

— |The voltage factors for line-charging current switching tests Jof 1,2 and 1,4 are applicable to single-cifcuit

line construction. Requirements for multiple overhead lineonstructions may be greater than these factofs.

— |The 1,4 factor is a compromise and is valid for breaking of capacitive currents in non-effectively earfhed

systems, where the second and third-pole-to-clear interrupt 90° after the first.

— |When the non-simultaneity of contact separation in the different poles of the circuit-breaker exceeds 1/6| " of

a cycle of rated frequency, it is recommended, to’raise the voltage factor or to make only three-phase tes}s.
The [voltage factor 1,4 is explained\ds follows (see Figure 37):
3
3
= —_—
g -
%I 25 1 Single-phase testwith k.= 1,4 -
I R
2}
[
>
[]
S 2t
(12
Three-phase test

4

160 180
Angle (degrees)

170

Figure 37 — Recovery voltage on first-pole-to-clear for
three-phase interruption: capacitor bank with isolated neutral
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When the current in the first pole is interrupted, the voltage across the circuit-breaker will rise
as if the voltage factor would have been 1,5. When the second and third poles interrupt 90°
later, there is a discontinuity and the resulting recovery voltage peak across the first-pole-to-
clear will have a voltage factor of 1,25. The recovery voltage is indicated by the solid line in
Figure 37. By using a voltage factor of 1,25 (dotted line in Figure 37), the initial portion of the
recovery voltage across the first pole is not adequately covered. Using a voltage factor of 1,5
will result in a too high stress. A voltage factor of 1,4 as indicated by the dashed curve in
Figure 37 is a compromise that adequately covers the actual recovery voltage.

Careful consideration should be given to these voltage factors when circuit-breakers are
relocated to other parts of the system where the application is different from that of the
original location.

The|voltage factors specified in Table 13 are associated with single circuit line constructfions
and |are chosen to accommodate all known physical arrangements of the conduc¢tors of such
circyits. Note a) to Table 13 indicates that switching in the case of multipleyoverhead|line
congtructions which have parallel circuits may require a voltage factor greater than 1,2]and
1,4.|This is because such circuits are likely to have an enhancement torthe line side residual
voltage following interruption. This is associated with the coupling (pick-Up) from the parallel
circyit and may add a power frequency peak voltage of up to 0,2 p«u. This is dependent ypon
the geometry of the conductor systems of the two circuits.

In agldition, the effect of these changes on the line side voliage, following interruption by the
firstypole-to-clear, does affect the shape of the TRV across that opening pole. Consideration
of this may require additional testing if the existing factor does not adequately cover| the
compined effects. Alternatively, the higher of the <given values, e.g. 1,4 for 1,2, can be
selepted to encompass the specific waveshape.

On pccasion utilities have specified a voltage factor of 1,3 instead of 1,2 for their double
circuit lines.

9.2.2 Energisation of capacitive loads
9.2.2.1 General

Energisation of capacitive loads by closing a circuit-breakers results in voltage and cufrent
transients. Those transientsare the following:

a) inrush currents;

b) qvervoltages caused by the system response to the voltage dip when energising capagitor
Banks (see.9:2.2.2);

c) Qqvervoltages caused by travelling waves on transmission lines and cables.

In this,settion the phenomena associated with energisation of capacitor banks, lines|and
cablpsis’ treated.

9.2.2.2 Capacitor banks
9.2.2.21 General

Since the use of capacitor banks for compensation purposes is increasing, it is common that
more than one capacitor bank is connected to the same bus. This has no influence on the
conditions at interruption. The current at closing, however, is affected to a high degree. Two
different situations may occur:

a) The capacitor bank is energized from a bus that does not have other capacitor banks
energized. This is called single (isolated) capacitor bank switching.

b) The capacitor bank is energized from a bus that has other capacitor banks energized. This
is called back-to-back capacitor bank switching.
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The conditions for isolated and back-to-back capacitor bank switching are given in 9.2.2.2.2
and 9.2.2.2.3. Even energized capacitor banks in nearby substations may contribute to the
inrush current such that a back-to-back situation occurs.

In particular, the second case may give rise to an inrush current of very high amplitude and
frequency which sometimes has to be limited in order not to be harmful to the circuit-breaker,
the capacitor banks and/or the network. The magnitude and frequency of this inrush current is
a function of the following:

a) applied voltage (point on the voltage wave at closing);

b) anacitance of the circuit:
L 7

c) ipductance in the circuit (amount and location);
d) any charge on the capacitor bank at the instant of closing;

e) any damping of the circuit due to closing resistors or other resistances in the Circuit.

It is lassumed that the capacitor bank is discharged prior to energisation. Jhis is a reasonfable
assymption, as capacitor units are fitted with discharging resistors that‘will discharge| the
capacitor bank. Typical discharge times are in the order of 5 min.

The [transient inrush current to a single (isolated) bank is less than the available short-cifcuit
currgnt at the capacitor bank terminals. It rarely exceeds 20\times the rated current of the
capacitor bank at a frequency that approaches 1 kHz. Since‘a circuit-breaker must meef the
makjng current requirements of the system, transient inrush current is not a limiting factor in
sing|e (isolated) capacitor bank applications. For this reason making tests with inrush cufrent
are pot required for single (isolated) capacitor bank switching.

When capacitor banks are switched back-to-back, that is, when one bank is switched While
another bank is connected to the same bus, transient currents of prospective high magnitfude
and (with a high natural frequency may flow between the banks on closing of the cirfuit-
breaker. The effects are similar to that:of a restrike on opening. This oscillatory currept is
limited only by the impedance of the.capacitor bank and the circuit between the enerdized
bank or banks and the switched bank. This transient current usually decays to zero |in a
fraction of a cycle of the system-frequency. In the case of back-to-back switching,| the
component supplied by the source is at a lower frequency and so small it may be neglected.

9.2.2.2.2 Single (or. isolated) capacitor bank

A bpnk of shunt capacitors is considered single (isolated) when the inrush currenf on
energisation is limited by the inductance of the source and the capacitance of the bank bging
enengized. A capacitor bank is also considered single (isolated) if the maximum rate of
change, with-réspect to time, of transient inrush current on energising an uncharged tank
doesg not exceed the maximum rate of change of the symmetrical short-circuit current at the
voltage at which the current is applied. The limiting value is equal to

where
% is the rate of change of inrush current, A/s;
Ige is the rated short-circuit current, in Ar.m.s,;

g = 27f is the system frequency, in rad/s and fg is the power frequency, in Hz.

The single-phase equivalent of a circuit where two capacitor banks (C4 and C,) are connected
to a busbar is shown in Figure 38. L, and L, represent the stray inductance (or stray
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inductance plus additional damping inductance). The inductance Lg of the supply network will
be several orders of magnitude higher than L and L,.

CB Bus Ls R cB
—— Y Y Y —
CB, CB, CB, CB,
11 12
[1 Iz
Lq Ly 3 ; @ L Ly
c C )
—|_ 1 —|_ ’ e e
- -
Key
CB Busbar circuit-breaker
CB1, 082 Capacitor bank circuit-breakers
L, 1, Capacitor bank current
L, {, Stray inductance plus additional damping inductance
C s Capacitor bank
Figure 38 — Parallel capacitor banks
The|case of energising a single (isolated) capacitor bank s equal to energisation of C; when
C, ig not connected in the circuit described in Figurg 38. The circuit consists then of| the
source inductance Lg in series with the capacitor bank)Cy. L, can be disregarded here, gince
Lg>3L4. In this case, the peak of the inrush current (i ,e4k) @and inrush current frequency ()
are |limited by the source impedance L.
NOTE Busbar circuit-breaker CB will not be exposed\to back-to-back capacitor bank switching.
Assuming that bank C; is to be connegted to the busbar and bank C, is not connected] the
following equations apply:
C
ij=1 —1 sin it (43)
S
and
1
fi=—— (44)
2r (LS +L1)C1
whefé
I is the inrush current, in A;
i is the peak of the source voltage, in V;
w; = 27f; is the angular inrush frequency in rad/s, where f; is the inrush current
frequency, in Hz.
with Ly >> L4, the frequency of the inrush current is:
1
(45)

N odic
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The highest inrush current peak is obtained when switching the capacitor bank at the peak of
the supply voltage.

. C
iipeak =2 |+ (46)
LS
With Ig = “ and 11 = wguCq, Equations (45) and (46) transform to
Wslg
ISC
Ji=Jsy 7 (47)
14
and
li max :\/E\Ilsch (48)
whefe
Js is the power frequency, in Hz;
Iy is the short-circuit current of the source, in A (r.m.s%);

1y is the current through capacitor bank 1, in A (r.ms.);
i mak is the maximum peak of the inrush current.

In the three-phase case the same equations may.be applied. The voltage u is then the phgase-
to-earth voltage.

9.2.2.2.3 Back-to-back capacitor bank

Thelinrush current of a single (isolated) bank will be increased when other capacitor banks
are ¢onnected to the same bus.

If in|Figure 38 bank C, is cepnected to the busbar and bank C, is to be connected, the infush
current associated with, the charging of bank C, is supplied by bank C; (back-to-back
switthing). As stated-in*9.2.2.2, capacitor bank C, is discharged prior to energisation.|The
peak and frequency afthe inrush current are now limited by L, and L,, in equation:

C

fipeak = V2 [~ (49)
eq
with
o= —1C2 (50)
q C1 +C2
and
Leq = L1 +L2

(51)
This can reach extreme values since the magnitude of Leg can be arbitrarily small.

The frequency of the inrush current is now:
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1

fie——
2 Leqceq

(52)

Inserting Equations (50) and (51) in Equations (49) and (52) gives the following equation for

the i

nrush current peak and frequency:

141 141 141
o 2 [ B [t

uwsLeq(l4+12) sLeg(11+13) HsLeq(l1+12)

(53)

In E

Con

and

To
subg
by L

Ceq

With

and

f-:i wgu(ly+13) _ 1 |29y +13) _, | fsully+13)
'2r\ Leglilz 27 LeqI4I2 Leg112

fuations (53) and (54) it is assumed that 74 = osCqu and I, = wsCou (see.also 9.2.1.1.2

hecting bank C, .4 with n banks in parallel that are already connected:

btain the inrush current peak and_frequency can be done by using Equation (49)
tituting C4 by C' and C, by C,,4 indEquation (51). Leg can be obtained by substitutin
and L, by L,, 4 in Equation (54).

_ C'xCpq

= and Lo, = L'#L
C'+C,H_1 eq n+1

L1 :L2: ........ =Ln+1 =L and C1 :C2: ......... :Cl’l+1 :C, L'=L/n and C'=nC,

(54)

(59)

(56)

and
g L4

(57)

"= onic

(58)

In a three-phase case the same equations may be applied. The voltage u is then the rated
phase-to-earth voltage U, /\/g.

In th

is case Equations (53) and (54) transform to:
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2(E)

3
i poak = 1070, 1l _13556 |—rifa 43500 | YUthilz (50
7;]"3\/§><10' Leg(I1+12) JsLeq(11+12) SsLeq(11+12)
and
1 3 271030, (14 + 1 Up(I1+1
fl-:2_><103 79(‘8 _Gr( 1 2) z9,5 fSLr(;I 2) (60)
% V3 x108 Leq1i1, | Lealtl2

whefe
fi is the inrush current frequency (kHz);
Js is the system frequency (Hz);
1y, I is the capacitor bank currents (A, rrm.s.);
lipeqk IS the inrush current peak (A);
U, is the rated voltage (kV);
Leq is the equivalent inductance (pnH).
Typical amplitudes of the inrush currents for back-to-back energisation of capacitor bankg are
sevgral kA with frequencies of 2 kHz to 5 kHz. Typical\'values are given in Table P of
IEC 62271-100:2008. Capacitors can normally withstand*amplitudes up to 100 times [heir
changing current.
If the inrush current amplitude and frequency{ exceed those stated in Table 9 of
IEC62271-100:2008, it may be necessary to limit them. This can be done by insertiogn of
additional series inductance in the circuit, or, by using pre-insertion resistors (see 9.2.R.7).

Another possibility is to use controlled switching.

9.2.2.3 Cables

9.2.2.3.1 General

dutigs. Prior to energisation-the cable is usually at earth potential, but can have a tra
charge from a previoustswitching operation. A cable may be switched from a bus that

not have other cables\energized (single or isolated cable) or against a bus that has on
mor¢ cables energized (back-to-back).

A cifcuit-breaker may be required to energize a no-load cable during its normal operiting

Besides these ~widely known effects also other phenomena may occur during ¢
energisation\at rated voltages of 420 kV and above.

ped
oes
e or

able

Whgn.eperating the cable nearly fully compensated the phenomenon of delayed current

generators (see Annex B).

The simplified single-phase equivalent circuit is shown in Figure 39.
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»
lc
i
u L I O
R
Key
u Phase-to-earth voltage R Resistance to earth of compensating reacfor
CB Circuit-breaker i Current through the circuit-breaker
C, Cable capacitance to earth i Current through-the compensating reactor
Inductance to earth of compensating reactor i Current through the cable

Figure 39 — Equivalent circuit of a compgénsated cable

Whgn energising the compensated cable by closing\the circuit-breaker the current starts
flow|ng in the cable (i,, momentary value of the curtent is not continuous and may change
suddenly) and in the reactor (i, momentary value of the current is continuous due to the|fact
that|di/ds at a inductance is zero at the instant of closing the circuit-breaker). The sum of poth
currents flows through the circuit-breaker (i, )

Due|to the fact that the instantaneous current value in the reactor before energising and the
curregnt value directly after energisings\must be identical (di/ds = 0), a d.c. equalizing cufrent
flows depending on the making angle and the instantaneous value of the making voltpge,
respectively. The change of the “current through the inductance when closing the cirguit-
bregker causes a magnetic field. Due to the continuity requirement this magnetic field is
compensated. The equalizingymagnetic field causes the d.c. equalizing current.

If the circuit-breaker s closed at voltage maximum, the equalizing current is zero and when
clos|ng at voltage zero the equalizing current is at its maximum due to the 90° phase [shift
between voltage and current for an inductance.

This| d.c. edqualizing is superimposed on the inductive a.c. current of the reactor to the fotal
reacftor curtent i . Due to the resistance of the reactor the d.c. current decays over time.

AALHA-O—FAAL

Th PN H diffoarant nocac o
e romowimg—two—ameToTmoastsa

— a fully compensated cable;
— a partly compensated cable.

9.2.2.3.2 Fully compensated cable

When operating a fully compensated cable the inductive a.c. current and the capacitive a.c.
current will be of the same amount. Hereby the capacitive current i, has the opposite sign of
the inductive current i .

The idealized graphs of the inductive current i, the capacitive current i; and the total current
through the circuit-breaker i, are shown in Figure 40 for making at voltage maximum and full
compensation.
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S

S
\ S NS NS NS NS N\

Key

Blug trace Inductive current i

Red trace Capacitive current i,

Grepn trace Total current through the circuit-breaker i

Figure 40 — Currents when making at
voltage maximum and full compensation

Thelidealized graphs of the inductive current i, the capacitive current i, and the total cufrent
thropugh the circuit-breaker i, are shown in Figure-44 for making at voltage zero ang full

compensation. The transient effects of the suddenly)changing capacitive current when cldsing
the ¢ircuit-breaker are not considered.

Current

I T
WALWASWA

=]

Key

Blue trace Inductive current i

Red trace Capacitive current i,

Green trace Total current through the circuit-breaker i

Figure 41 — Currents when making at
voltage zero and full compensation

It can be seen that the inductive current i, and the capacitive current i; in both cases always
show zero crossings.

In case of making at voltage maximum, the current through the circuit-breaker for a fully
compensated cable is zero due to the fact that the inductive current i, and the capacitive
current i, have the same magnitude and opposite polarity.
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In case of making at voltage zero the current through the circuit-breaker does not show zero
crossings for several periods. If within this time period the circuit-breaker is tripped it may
have severe difficulties to interrupt the current. This will be described in detail further in this

clau

Se.

9.2.2.3.3 Partly compensated cable

If the cable is partly compensated (undercompensated) the inductive a.c. current is smaller
than the capacitive a.c. current. The idealized graphs of the inductive current i, the
capacitive current i, and the total current through the circuit-breaker i, are shown in
Figure 42 for making at voltage maximum and partial compensation (e.g. 80 %).

Key
Blug
Red
Gre

The
thro
com
whe

Time (ms)
trace Inductive current i,
trace Capacitive current i,
bn trace Total current through the,circuit-breaker i

Figure 42— Currents when making at voltage
maximum and partial compensation

idealized graphs of.the inductive current i, the capacitive current i, and the total cu
Ligh the circuit-breaker i, are shown in Figure 43 for making at voltage zero and pa
pensation (e.g:80 %). The transient effects of the suddenly changing capacitive cu
h closing the-circuit-breaker are not considered.

rent
rtial
rent
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Blug trace Inductive current i

Red trace Capacitive current i,

Grepn trace Total current through the circuit-breaker i

Figure 43 — Currents when making at
voltage zero and partial compénsation

Alsg in case of undercompensated operated cables if\can be seen that the inductive curregnt i
and fthe capacitive current i in all cases always show zero crossings.

In case of making at voltage zero the current’through the circuit-breaker also does not ghow
zeror crossings for several periods even ‘ifsthe amplitude of the d.c. equalizing current is
smajler due to the lower inductive currentrat partial compensation.

9.2.2.34 Summary

The|amplitude of the d.c. equdlizing current depends on the degree of compensation and the
instant of making. The duration of the time period of missing current zero crossings dep¢nds
on the X/R ratio, the damping of the compensation reactor and the degree of compensation.

In the past the resistance of the compensation reactors was comparably high. Thereforg the
XIR fatio (equivalent to the d.c. time constant ) was low and the d.c. equalizing current(was
damped fast €nough to create current zeros. Nowadays the resistance of the compensation
readtors is reduced further in order to minimize the ohmic losses.

The|phenomenon of delayed current zero crossings may become problematic if the circuit-
o, ) . . oS nas. . o

— prevention of the occurrence of currents with delayed zero crossings;

— choice of a circuit-breaker suitable for the application.

To prevent currents with delayed zero crossings the making must always occur around the
voltage maximum in each phase. This can be done using controlled closing (point-on-wave
closing). Controlled closing ensures that the making occurs in all phases at or near voltage
maximum. The disadvantage of this method is the occurrence of switching overvoltages.

If the making at voltage zero cannot be prevented, the decay of the d.c. equalizing currents
can be increased by using circuit-breaker types equipped with pre-insertion resistors. Due to
the additional resistance the X/R ratio is decreased and hence the first zero crossing of the


https://iecnorm.com/api/?name=d503520b41bcdeec0159df19acf15511

TR 62271-306 © IEC:2012(E) - 113 -

current iy, occurs significantly earlier. The resistance value of the pre-insertion resistor
should be dimensioned in a way that the first zero crossing occurs about 10 ms after making.
In this case a successful opening operation can also be ensured for the worst-case (e.g.
opening command is already given during closing of the circuit-breaker). For each application
an individual calculation must be performed due to the different parameters of reactor and
network parameters as well as a different degree of compensation.

If no suitable resistance value can be determined or controlled switching is not possible, the
current shows delayed zero crossings. Hence a suitable circuit-breaker type must be chosen
to ensure a successful current interruption at all cases. The arc in the circuit-breaker during
the breaking operation represents a non-linear resistance which also leads to a decreased X/R
ratig and therefore to an earlier occurrence of zero crossings. With special tests| the
pargmeters for an arc model can be determined for each circuit-breaker type. Using’thi§ arc
model the influence on the current i, can be determined. Depending on the amplitude|and
time| constant of the d.c. equalizing current circuit-breaker types with high arc voltages majly be
necgssary. Also with this method for each application an individual calculation mus} be
perfprmed due to the different parameters of reactor and network parnameters, diffgrent
parameters of the circuit-breaker arc as well as a different degree of compensation.

9.2.2.4 Single (isolated) cable

A cdble is defined as single (isolated) if the maximum rate of change, with respect to timg, of
trangient inrush current on energising an uncharged cable doésnot exceed the rate of change
of clirrent associated with the maximum symmetrical interrupting current. This limiting vallie is
numerically equal to

[ﬂ - w2 S 272 I, (61)
dt max
whefe
di] is the maximum rate of changé of inrush current in A/s;
d[ max
Ige is the rated r.m.s. short-circuit current, in A;
og = 2nf; is the system frequency in rad/s, where f; is the power frequency in Hz.

By this definition it is possible to have cable circuits which are physically back-to-back| but
are |considered single) (isolated) for application purposes provided a large inductange is
located between the two cable circuits. The inductance must be large enough so that by itself
it wquld limit faulf\current to a value less than or equal to the circuit-breaker rating.

9.2.2.5 Back-to-back cables

rate of change of transient
tdted)

Cablessare considered switched back-to-back if the maxim
Lol thna
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9.2.2.6 Cable inrush current
9.2.2.6.1 General

The energisation of a cable by the closing of a circuit-breaker will result in a transient inrush
current. The magnitude and rate of change of this inrush current is a function of the following:
— applied voltage (including the point on the voltage wave at closing);

— cable surge impedance;

— cable capacitive reactance;
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— inductance in the circuit (amount and location);

— any charges on the cable at the instant of closing;

2(E)

— any damping of the circuit because of closing resistors or other resistance in the circuit.

The transient inrush current to a single (isolated) cable is less than the available short-circuit
current at the circuit-breaker terminals. Since a circuit-breaker must meet the making current
requirements of the system, transient inrush current is not a limiting factor in isolated cable

appl

ications.

When cables are switched back-to-back (that is, when one cable is switched while other
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The
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indu
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ES are connecied 10 the same bus), transient currents of high magnitude and miual
of change may flow between cables when the switching circuit-breaker is close
ikes on opening. This surge current is limited by the cable surge impedances.and
ctance connected between the energized cable(s) and the switched cable. Fhig’trang
pnt usually decays to zero in a fraction of a cycle of the system frequency. Dy

igh
d or
any
ient
ring

-to-back cable switching, the component of current supplied by the source is at a Ipwer

of change and so small that it may be neglected. Due to the very high damping of
h current, the switching of parallel cables usually does not represent a probleni
ern circuit-breakers. Therefore no problems are expected for” back-to-back ¢
gurations. The case of back-to-back cable switching is not addréssed in IEC 62271-1

bical circuit for back-to-back cable switching is shown in Figure 44.

inductances L4, Ly, and L, between the cables are ‘often very small with respect tg
ctance Lg of the source. In many cases they~will be less than 1 % of the so
ctance. They consist of the inductances fromy the cables to the circuit-breakers,

the

for
able
DO.

the
urce
the

it-breaker inductances, and the bus inductance of the current path. Values of inductance

depg¢nd upon the physical configuration andare hence site specific and unable tg

stan

dardised. However, a representative range’is 0,66 uH to 1,0 uH per phase per m.

be

CB; L4 i1 cable 1
system )
A > Zi= Gy
A\ , Ly
\/ CBz Lo 1o cable 2
)
Z;—
Key
CB, Circuit-breaker
CB Circuit-breaker, open for single (isolated) cable switching, closed for back-to-back switching
Lg Source-thductance
Ly, L, Inductance between cables 1 and 2 and bus
Zy, Z, Surge impedance of cables 1 and 2
Cy, G, Capacitance of cables 1 and 2
Ly Inductance of bus connecting the cables

Figure 44 — Typical circuit for back-to-back cable switching

9.2.2.6.2 Single (isolated) cable

In switching a single (isolated) cable, if the source inductance is greater than 10 times the
cable inductance, the cable can be represented as a capacitor. Otherwise, under transient
conditions the cable can be represented by its surge impedance. An expression for surge
impedance [22] is given for single-conductor and three-conductor shielded cables by
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a

7

where

Z is the surge impedance, in Q;

L is the distributed inductance of cable, in H/m;
C is the distributed capacitance of cable, in F/m;

¢ is the dielectric constant of cable dielectric material;

¢ the inside radius of sheath, in mm;

2
r4 i$ the outside radius of conductor, in mm.

Typical values of ¢ range from 2,3 (polyethylene) to 4 (fluid impregnated papen); a typical
valup for Z is 50 Q.

To qalculate the inrush current for a single cable, Figure 44 may be used,|with Z, = 0.

) Un —Uy Z4
i(t) = =" —1 11— exp(-—1t (63)
i(7) Z { p( 7 )}
Un-U
With| i gk = —T—"
lipeak 7

whefe

Un is the crest of applied voltage;

Ui is the trapped voltage on cable beihg switched;

Js is the source frequency (powetf frequency);

i is the inrush current;

/i peqk IS the peak of the inrush.current;

Z4 is the cable surge impedance;

L is the source inductance.

Um _Ut

The|initial ratezof-rise (di/dr at ¢+ = 0) of the inrush current is . For application

purposes ik should be compared to the value given in Table 9 of IEC 62271-100:2008.

The|cable/inrush current is not oscillatory in the usual frequency-related sense, but the ipitial
slope ‘can be used to determine an equivalent frequency which can be compared with the
rated inrush frequency. In general,

dj;
L =24 T 64
( P jr 27fie Lir (64)

where

(%) is the rate-of-change of rated inrush current in A/s;
t r

fir is the rated inrush current frequency;

I is the rated peak inrush current.

ir
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equivalent frequencyfeq for a cable inrush current is then obtained as follows:

Um _Ut

Ll

should be less than the rated inrush current frequency.

9.2.2.6.3 Back-to-back cable inrush current

which gives fgq :%and for proper circuit-breaker application, feq

Neglecting the source contribution, back-to-back cables can be represented as shown in

Figure 45.
L
CB
Unm 1 Z Ut 1 Z>

Key

U, Crest of applied voltage

U, Trapped voltage on cable being switched

Zy ¥, Cable surge impedance

Total inductance between cable terminals
CB Circuit-breaker
Figure 45 — Equivalent circuit for back-to-back cable switching

The |initial pulse of current as+a front expressed as

i(t) = Um Ut 1- exp(—ﬂt)
Z1 + Zz L

Assyiming thatythe L/(Z, + Z,) time constant is less than 1/5 of the travel time of the cable

and

appl

backs-the initial crest of the inrush current is then (U, — U)/(Z; + Z,), which
cation should be less than the rated peak inrush current.

(65)

out
for

The inrush current when energising a cable with another already connected to the bus is
given by

and

Um _Ut

I =
ipeak Z1 n Zz

(66)
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feq = fs

L } (67)
oLy + Lo )y

The inrush current when energising a cable with an equal cable already connected to the bus
is given by

fipeak _Un U (Als) (68)
27
and
U -U
=f|—m "t I(H 69
feq S|:w(L1+L2)Iiri|( Z) )

Diffgrentiating the expression for the current at + = 0, will give the makimum initial rafe of
change of the inrush current, in equation

[le — Um _Ut (A/S) (70)
d ), 1

This|can reach extreme values since the magnitude of -can be arbitrarily small.

Additional inductance may be added in series with the inductances making up L to meef the
ratedl inrush frequency requirement.
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9.2.2.6.4 Alternate configurations

Other combinations of circuit elements can produce inrush currents associated with cable
switching. For example, a cable can be switched from a bus which has a capacitor bank
connected as shown in Figure 46. The inrush current can be calculated using the equivalent
circuit of Figure 47.

CB; cable
(
system { )
Lo D) 7
O "
CB:
I C
Key
CB, Cable circuit-breaker
CB Capacitor bank circuit-breaker
Lg Source inductance
Ly Total inductance between bank and cable
Z Cable surge impedance
C Capacitance of bank
Figure 46 — Bank-to-cable switching circuit
—Nibr\m—/
Un I__ C Uy I Z
Key
Un Crest of applied voltage
Ui Trapped voltage on cable being switched
VA Cable surge impedance
b Circuit inductance between bank and cable
C Capacitance of capacitor bank

Figure 47 — Equivalent bank-to-cable switching circuit

The maximum initial rate of change of current is given by the expression

(dl] =Um_Ut (A/S) (71)
d ), 1,
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and, as before, is limited by the loop inductance L,. The equivalent frequency is determined
as in 9.2.2.6.2, and required adjustments can be made by increasing the value of L, (e.g.
insertion of a reactor).

The form of the inrush current is a function of the circuit parameters which, in the equivalent
circuit, form a series RLC circuit. Using standard methods of analysis, the maximum peak
inrush currents are

2
" .o Z Ly . Uy —-Ui
Critically damped circuit: 2 lipeak = 0,7367 (72)
, . /
Underdamped circuit: Z—<L—b i peak ___Ym U exp(—ﬁ;)
4 C VLo /C-27214 4 L1724
(73)
z* L Unm —Ut ’ f
—_— > ii peak = m [€r1 m —erz""] (74)
4 C [,2
2z°14-LyIC
whefe
Inrlr
fy = — 23 (75)
nar
2
Z Z 1
H=——F. = —— (76)
2Ly 2L, Ly
2
VA VA 1
rp=——==— —— (77)
2L, 2L, Ly
For |application, the(peak inrush current should be checked against the capability of| the
circyit-breaker in question.
Manly other combinations of banks, cables, and lines will occur in practice. For example, a
cable may-be” used to exit from a substation and then connect to an overhead line after a
short distance. One possible approach when considering circuits of this type is to comparg the

con
simplifications can be used for other configurations.

9.2.2.7 Energisation and re-energisation of overhead lines

When an overhead line is switched onto an energized network, a voltage wave is imposed on
the line. The resulting phenomena are similar to those of energising a cable. The imposed
wave will be reflected at the far end of the line and when the line is open at the far end (or
terminated by a high impedance load for high frequencies), the reflected wave results in
doubling of the amplitude as shown in Figure 48.
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MNPV VNI S
N | | Network
| ! diagram

1 Travelling

-
waves

Key

X Source inductance
B Circuit-breaker

L Overhead line

Figure 48 — Energisation of no-load lines: basic phenomena

An pven higher voltage is obtained when the line has. a trapped charge before bfing
enelgized and the circuit-breaker happens to close dt an instant when the polarity off the
network voltage is opposite to that of the voltage that was present on the line. The voltage on
the [ine can, after reflection of the wave, theoretically be up to three times the netyvork
voltage. This situation can occur in conjunction,with auto-reclosing of a line.

Even higher voltages can develop on a three*phase line, when the three circuit-breaker poles
are not closing simultaneously. A wave on\one phase will then generate induced waves on the
other phases and under unfavourable.gircumstances this can lead to a further rise in voltage
on another phase.

An gfficient way of reducing the*overvoltages during energisation and re-energisation of no-
load|lines is to equip the cifcuit-breaker with pre-insertion resistors to ensure that the clgsing
takep place in two stages.*A pre-insertion resistor is a device that connects a resistor in s¢ries
with|the overhead linesat*a predetermined time before the closing of the main contacts of the
circyit-breaker (see-Figure 49).

I .
X B4 B L
Y

@ B2

Figure 49 — Pre-insertion resistors and their function

In the first stage of closing, a resistor (R) is switched in series with the line (L) by the resistor
contacts (B4) and a voltage division is obtained. This reduces the amplitude of the imposed
wave on the line.

In the second stage, the main contacts (B,) close and at the same time the resistor is short-
circuited. This gives rise to a new wave on the line, but the amplitude of this wave is also
reduced. The resistor contacts are reset (opened) before the main contacts are opened.
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The optimum value of the resistance of the pre-insertion resistor is usually of the same order
of magnitude as that of the surge impedance of the line. The insertion time should be 6 ms to
8 ms in order to be effective.

Surge arresters have also been successfully used to control voltage transients when
energising transmission lines. See IEEE C62.22 [23].

Another way of reducing overvoltages is using controlled closing see also 9.4.8.3.

9.3 Non-sustained disruptive discharge (NSDD)

NSODs (Non-Sustained Disruptive Discharges) have been discussed, up to now, in a rgther
controversial manner. This phenomenon, which has been observed predominantly of\vacuum
circyit-breakers, may occur during capacitive current and short-circuit breaking current tests,
but also at lower currents and voltages. NSDDs have not been identified in actual‘service.

An NSDD is defined as follows:

nontsustained disruptive discharge

disryptive discharge associated with current interruption, which® does not result in| the

Oscillations following NSDDs are associated with the parasitic capacitance and inductance local to|or of

SDD exhibits itself as a partial voltage change. Such changes can sometimes be clgarly

the fesult of a shift in the voltage of the parasitic neutral capacitance to earth of a non-sqlidly
earthed load produced by an NSDD. Anexample of this is seen in Figure 50. Howevel, in
othefr cases, a clear identification\~of an NSDD may require a high time resoldtion
measurement to observe the high frequency current or voltage pulse of an NSDD as segn in
Figure 51.

Further examples of NSDDs.are given in Figure 52, Figure 53 and Figure 54.

Theloccurrence of NSDDs does not affect the performance of the switching device. Therefore,
thein number is of(no significance to interpreting the performance of the device under fest.
However, they need to be reported in order to distinguish them from restrikes.

N.S.0.D.

Figure 50 — NSDD in a single-phase test circuit
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Figure 51 — NSDD (indicated by the arrow) in a three-phase test
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Figure 52 — A first example of a three-phase test with an NSDD causing
a voltage shift in all three phases of the same polarity and magnitude
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d
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R ['sr U1

Recovery voltages in R, S and T phase, respectively

Figure 53 — A second example of three-phase test with,.an NSDD (indicated by th
arfow) causing a voltage shift in all three phases of the'same polarity and magnitu

e

Key

U1S, U2S, U3S
U1L, U2L, U3L
U1TO, U2TO, U3TO

Source side voltages of the first, second and third phase
Load side voltages of the first, second and third phase

Voltage across the first, second and third pole of the circuit-breaker

Figure 54 — A typical oscillogram of an NSDD where a high resolution measurement
was used to observe the voltage pulses produced by the NSDD
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9.4 General application considerations
9.4.1 General

The capacitive current switching capability of the circuit-breaker is depending on its rated
voltage, rated frequency, the particular application (i.e. overhead line, capacitor bank, etc.)
and the earthing conditions of the network.

Caution should be exercised when applying older circuit-breakers that have not been tested to
IEC 62271-100.

9.4.2 Maximum voltage for application

The|operating voltage should not exceed the rated voltage since this is the upper-limit for
opetation.

9.4.3 Rated frequency

Therated frequency for circuit-breakers is 50 Hz or 60 Hz. As described/in 9.2.1.1.3 a rated
frequency of 60 Hz results in a more severe stress on the circuit-bréaker, since the voltage
peak occurs earlier (at 8,3 ms) than in the case of 50 Hz (10 ms).

Special consideration should be given when comparing tests/péerformed at 60 Hz to covdr 50
Hz requirements or vice versa. At lower frequencies, the capacitance current switching ability
will be adequate. The switching capability demonstrated at 60 Hz covers the requirementg for
50 Hz with the same voltage factor.

9.4.4 Rated capacitive current
9.4.4.1 General

The| preferred values of the rated capacitive switching current are given in Table P of
IEC62271-100:2008. Not all actual cases of capacitive current switching are covered by|that
tabl¢. The values for lines and,_cables cover most cases, the values of the curren{ for
capacitor banks (single and bagk-to-back) are typical and representative of actual valugs in
servjce.

9.4.4.2 Overhead lines' and cables

Whgn very long lings and cables are considered, the no-load current may exceed that givegn in
Table 5 of IEC 62271-100:2008.

The| following) may serve as an example: The no-load current of an overhead line is
approximately 1,1 A/lkm at 50 Hz and 1,3 A/km for 60 Hz. Without considering the Ferfanti
effe¢t {see 9.2.1.3.3), the charging current of a 500 km line would be 605 A at 50 Hz and|715
A at|60'Hz. Ferranti rise on a 500 km line would increase the charging current by about 4 p6 at
50 Hz and 6 % at 60 Hz. This is not covered by Table 9 of IEC 62271-100:2008.

The higher current does not pose a problem for circuit-breakers of present design, since the
higher current tends to increase the minimum arcing time resulting in a wider contact gap
when the recovery voltage reaches its peak. The possible peak recovery voltage present on
interruption could be a problem (see 9.2.1.3.3).

For altitudes exceeding 1 000 m the capacitive current does not have to be corrected,
provided that it does not exceed the corrected rated normal current.
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9.4.4.3 Capacitor and filter banks

The same remark as given under 9.4.4.2 applies to capacitor and filter bank currents. The
current is depending on the size of the capacitor bank and in certain cases the capacitor bank
considered may have a current rating higher than that given in Table 9 of IEC 62271-
100:2008. This does not pose a problem for circuit-breakers of present design.

9.4.5 Voltage and earthing conditions of the network

Subclause 6.111.7 of IEC 62271-100:2008 gives the multiplication factors for single-phase
tests for the different conditions, refer to 9.2.1.4. They range from 1,0 for solidly earthed
systEmMs 1o 1,7 for non-efiectively earthed systems In the presence of single- or two-phage to
earth faults.

BotH user and manufacturer must be aware of these earthing conditions in order to, specify the
correct circuit-breaker suitable for the application.

Harmonic filter switching usually results in a recovery voltage that contains several harmlonic
components. The recovery voltage may have a shape as indicated' in” Figure 55. Cafeful
system study should be done to define realistic requirements regarding the recovery voltage.
In spme cases filter banks switching tests may need to be performéd because capacitor hank
switthing tests do not cover the required recovery voltage waveshape. This needs tp be
congidered when making the proper choice of circuit-breaker{/From the voltage waveshapfe as
indigated in Figure 55 it can be seen that the usual definition of re-ignition and restrike jmay
no Ignger apply to a recovery voltage that does not have a1 — cos waveshape.

In case of a multi-frequency recovery voltage the definition of re-ignition and restrike shjould
be based on the amplitude of the breakdown voltage. If the amplitude is less than 1,0 p.y. of
the pystem voltage it is a re-ignition. If the amplitude is equal to or above 1,0 p.u. of the
system voltage it is a restrike. These dgfiffitions of restrike and re-ignition are genegrally
accgptable but may lead to expensive solutions. More economical solutions may be obtafined
by permitting restrikes in a zone wereqtests have demonstrated that they are not harmfll to
the ¢ircuit-breaker.
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Figure 55 — Example of the recovery voltage across a filter bank circuit-breaker

9.4.6 Restrike performance

As gll circuit-breakers have a certain restrike probability in service, it is not possible to dgfine
a rgstrike-free circuit-breaker. It is\"more logical to introduce the notion of a resfrike
performance and this has been dane in IEC 62271-100.

The restrike probability in service depends on the service conditions (for example the number
of operations per year, network condition, maintenance policy of the user, etc.). So|it is
impgssible to introduce a.common probability level related to service condition.

To dlassify their restrike performance, two classes of circuit-breakers have been introdufced:
clasg C1 and elass C2. It should be noted that the restrike performance is based ¢n a
spegified test.duty.

9.4.7 Class of circuit-breaker

Th RN bl 1 £ oo Y Il H H ol Q1
€ thotfce o the CirassS o circutr-oreaker S atrScusSsSed 1o o-

9.4.8 Transient overvoltages and overvoltage limitation
9.4.8.1 General

An important consideration for application of circuit-breakers for capacitive current switching
is the transient overvoltage which may be generated by restrikes during the opening
operation. The transient overvoltage factor is defined as the ratio of the transient voltage
appearing between a circuit-breaker disconnected terminal and the neutral of the
disconnected capacitance during opening to the operating line-to-neutral crest voltage prior to
opening.
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The selection of the class (see 9.4.7) of circuit-breaker to be applied should be coordinated
with the insulation capability of other components on the system.

9.4.8.2 Overvoltages

9.4.8.2.1 General

When switching capacitive currents, transients are generated. These transients
associated with the restrikes when de-energising a capacitive load and with the energisation
of capacitive loads. These transients may cause:

are

ipsutatton degradation and possibie fatture of the substation equipment,
gperation of surge arresters;

interference in the control wiring of the substation;

ihcrease in step potentials in substations;

yndesired tripping or damage to sensitive electronic equipment.

The|magnetic fields associated with high inrush currents during back-<to-back switchin

eith

e¢r the no-load transmission line conductors or the earthingnHgrid during back-to-

swit¢hing can induce voltages in control cables by both capacitive and electromag

cou
con

pling. These induced voltages can be minimised by shieldingthe cables and using a r
figuration for circuits (circuits completely contained within one cable so that indu

loopp are not formed).

9.4.

9.4.I.2.2 Switching of capacitor banks

2.21 General

The|[switching of capacitor banks is assoejated with voltage and current transients

9.2.
the

.1 and 9.2.2.2). As most modern circuit-breakers have a very low probability of rest
majority of the switching transients-will be generated when energising capacitor ban

The|effects of the transients will exhibit themselves locally and at remote locations on
power system.

The

other equipment in the circuit' as well as the circuit-breaker. Wound-type current transforr

will

nave turn-to-turn insulation stressed because of the high rates of rise of current and

resuflting voltage thatsis developed across inductance in the circuit.

9.4.8.2.2.2 Local effects

The|local effects are as follows:

voltage transients resulting in dielectric stresses on nearby equipment;

g in
pack
etic
dial
ctive

see
rike,
K(S).
the

high-frequency transient\inrush current associated with back-to-back switching can sfress

ners
the

fectrical, mechanicat and etectromecharnicat forces caused by the MrusT Current:

9.4.8.2.2.3 Remote effects

The remote effects are as follows:

transfer of capacitively coupled fast transients through transformer windings;

reflections of travelling wave transients on open ended lines or transformer terminated

lines;

excitation of near resonant portions of the power system by the oscillatory transient

frequency.
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9.4.8.2.3 Switching of lines and cables

When energising lines and cables, high overvoltages may be created depending on whether
or not the line or cable was precharged as a result of a preceding breaking operation (i.e. in
the case of an auto-reclosing). These overvoltages may result in damage of insulation.

9.4.8.3 Overvoltage limitation

There are several means available to reduce the overvoltages generated by the switching of
capacitive currents:

ted

ith back-to-back switching. They do not limit the remote overvoltages.

. re-insertion resistors limit the inrush current and remote overvoltages. ItCis“a Hasic
olution widely used on circuit-breakers. They are usually fitted on circuit-bréakers and as
uch add to the complexity of the equipment. Depending on the design, the added
omplexity may or may not result in a reduced availability of the equipment (see |also
.4.16).

e pre-insertion reactors also limit the inrush current and remote(evervoltages. They| are
ysually fitted on circuit-switchers and their effect on compleXity and availability off the
gquipment is sometimes equivalent to pre-insertion resistors; ‘depending on the design of
the devices.

OO (0 (0

gontrolled closing reduces the magnitude of the inrush\Current depending on the ppint-
gn-wave of the voltage prior to the prestrike betwéen the contacts. A simple waly of
neducing the transients is to let the circuit-breaker Contacts close at a voltage zero. [This
method is called controlled closing. The controlier also adds to the complexity off the
gquipment and can influence its availability.

9.4.9 No-load overhead lines
9.4.9.1 General

A circuit-breaker may be required to“energize or de-energize a no-load transmission|line
duripg its normal operating duties{_Prior to energisation, the line may or may not contdin a
trapped charge (see also 9.2.1.8). Consideration may need to be given to line energisation
following load rejection (see [2H).

9.4.9.2 Line charging current

Whgn considering the assigned line charging current rating, application is determined by the
valup of the line.charging current. This current is a function of system voltage, line length,|and
line ponfiguration:

Figufre 56 ;gives an approximation of the line charging current per kilometre of different|line
confijgurations at 60 Hz. If the estimated current is greater than 90 % of the preferred|line
A i S i he i i i 10ds

similar to that discussed in [21] should be used.
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Figure 56 — RMS charging current versus system voltage
for different line configurations at 60 Hz

From Figure 56 the capacitive reactance can be-derived as follows:

Assyime a system with a rated voltage of 245 kV, 60 Hz. The charging current is 0,5 A

The [linear capacitive reactance X' is then:

Xc :L,_ v M:0,283Mgkm,

oC I 3 x0,5Akm

whefe

Xc' |is the linear capaeitive reactance of the line in MQ km;
C' |is the capacitance of the line in F/km;

I' |is the charging current of the line in A/km.

For| a 50~"Hz system frequency the corresponding value of

0,283 xﬂ =0,34 MQ km
50

X'

800

would

km.

be

To calculate the reactance X of a line with a given length / the linear reactance X' has to be

divided by the length:

Assume a length of 100 km for the example above. The reactance X is then:

Xc 0,83 MOkm

=2,83kQ.
) 100 km

Xc =
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9.4.9.3 Compensated overhead lines

As described in 9.2.1.3.2, very long lines (> 200 km) are often compensated with shunt
reactors to reduce the amount of charging current required of the system. Similar effects as
indicated in 9.2.2.3.2 may occur for fully compensated overhead lines.

If the circuit-breaker rating is chosen based on /;, the line could not be switched without the
compensating reactor(s) connected. The voltage rise caused by the Ferranti effect and also
the location of the reactor(s) will change the line current slightly.

9.494 No-load line recaovery voltage

The|line-charging breaking current rating is assigned on the basis of a standard-recojyvery
voltage associated with this type of circuit. For solidly earthed systems, the no-load|line
changing current switching tests require a maximum voltage of 2,4 times (see als09.2.1.3|1.2)
the rated phase-to-earth voltage across the circuit-breaker one half-cycle after interruption
(assumes C; = 2C, where C, is the positive-sequence capacitance and “C, is the Zero-
sequence capacitance). This is the difference voltage of the source and<line sides, including
the effects of coupled voltage on the first-pole-to-clear. The test voltage‘requires a 1-cgsine
waveshape.

For gdouble circuit lines with higher voltage factors refer to 9.2.174.

Devlations from the test voltage characteristics may increase or decrease the probabilify of
the circuit-breaker restriking. As described in 9.2.1.3.2],a compensated line will have a lpwer
peak of the recovery voltage, which will reduce the restrike probability.

9410 Capacitor banks
9.4.10.1 General

A cifcuit-breaker may be required to .swjtch a capacitor bank from a bus that does not have
other capacitor banks energized (singlé or isolated) or against a bus that has other capagitor
banks energized (back-to-back). di_the application of circuit-breakers for capacitor switching
duty} consideration must be giveh.to the rated single (isolated) shunt capacitor bank switching
currgnt, rated back-to-back.shunt capacitor bank switching current, rated transient infush
current, and rated transient\inrush current frequency (see also 9.2.1.1 and 9.2.2.2).

9.4.10.2 Capacitor bank current

Circlit-breakers.are to be applied according to the actual capacitive current they are required
to interrupt. The-rating should be selected to include the following effects.

a) Voltage=The reactive power rating of the capacitor bank, in kVar, is to be multiplied by the
fatio\of the maximum service voltage to the capacitor bank nameplate voltage when
¢alcdlating the capacitive current at the applied voltage. This ratio can be as large as|1,1,
since capacitors can be operated continuously up to 10 % above the capacitor rated
voltage.

b) Capacitor tolerance. The manufacturing tolerance in capacitance is -0 to +15 % with a
more frequent average of -0 to +5 %. A multiplier in the range of 1,05 to 1,15 should be
used to adjust the nominal current to the value allowed by tolerance in capacitance.

c¢) Harmonic component. Capacitor banks provide a low-impedance path for the flow of
harmonic currents. When capacitor banks are non-effectively earthed, no path is provided
for zero-sequence harmonics (third, sixth, ninth, etc.), and the multiplier for harmonic
currents is less. A multiplier of 1,1 is generally used for a solidly earthed neutral bank and
1,05 for a non-effectively earthed neutral.

In the absence of specific information on multipliers for the above factors, it will usually be
conservative to use a total multiplier of 1,25 times the nominal capacitor current at rated
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capacitor voltage for non-effectively earthed neutral capacitor banks and 1,35 times the

nom

inal current for solidly earthed neutral capacitor banks.

9.4.10.3 Methods for calculating transient inrush currents

9.4.10.3.1 Single or isolated capacitor bank

A bank of shunt capacitors is considered single (isolated) when the conditions described in
9.2.2.2.2 are fulfilled. Table 14 gives the equations that apply for calculation of the inrush
current for single (isolated) capacitor bank energisation.
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0.3.2 Back-to-back capacitor bank

inrush current of a single bank will be increased when other capacitor (banks
ected to the same bus (see also 9.2.2.2.3).

back-to-back capacitor bank switching, neglecting resistance. These~equations are b
e theory described in 9.2.2.2.

Tab:[e 14 gives the equations for calculating inrush current and frequency. for both isofted

bical circuit for back-to-back switching is shown in Figure 57 /T he inductance in the ci

s, Ly and L,, and the inductance of the capacitor banks, L 4 and L., and any additi
tance inserted. The total inductance between capacitor banks, L 4 + Ly + Ly, + Ly +
bry small with respect to the inductance of the),‘source Ls;. In most cases, the

the contribution of transient current from the source can be neglected.

inductance of the bus can be calculated-similar to a transmission line using values

0.3.3).

inductance within the capacijtor’bank itself is not easy to obtain, but in general it is o

ge levels are given in-Table 15.

rent resistance-of-the circuit causes rapid decay of the transient current so that the

applicablento* both solidly earthed or non-effectively earthed banks and with Y

ever, inherent resistance of the circuit will affect these currents by the factors indic

abo

e.

are

sed

Fcuit
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first

actually may only reach 90 % to 95 % of the maximum value calculated. These values
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Circuit-breaker energising capacitor bank 1
Circuit-breaker energising capacitor bank 2
Source inductance
{Lco Capacitor bank inductance
L, Bus inductance between switching devieg€ and capacitor bank

Inductance of bus between switchihg devices

Figure 57 — Typical circuit for back-to-back switching

equations in Table 14 for baek-to-back switching will give correct results when switc

ected to the bus, the“gorrect value of equivalent inductance to be used for
pination of banks connected to the bus is not easily obtained. For example, W
Ching a bank against three other banks energized on the bus, the calculated curren

current which (is,too low. If exact solutions cannot be made, conservative results sh
sed in calculating inrush currents by using the inductance divided by the numbsg
citor banks, recognising that the results will be 20 % to 30 % higher (see also 9.2.2.
n more(than two banks are installed on the same bus, a more exact calculation of
h curfent parameters is obtained using an electromagnetic transient program.
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Table 14 — Inrush current and frequency for switching capacitor banks

Condition Quantity When using currents
Energising an isolated bank I peak (A) 1,41 Isc ><]1
/i (Hz) 1 Isc
s I
Energising a bank with another on i A
the same bus i peak (A) 13500 Uil
\ JsleqU1+12)
Leq(I1x 1)
Enefgising a bank with an equal i A
bank energized on the same bus i poak (A) 9545 Uil
steq
fl‘ (kHz) 1375 fSUl’
Leq[1

Key

Sy is the system frequency (Hz);

Leq is the total equivalent inductance per phase between_€apacitor banks, in pH;

I, 1 are the currents (in A) of banks being switched afid of bank already energized, respectively. [The
capacitor bank being switched is assumed uncharged, with closing at a voltage crest of the solirce
voltage. The current used should include the effect of operating the capacitor bank at a voltage alove
nominal rating of the capacitors and the effect,of a positive tolerance of capacitance. In the absende of
specific information, a multiplier of 1,15\ times normal capacitor current would give conservdtive
results;

I; pe is the peak value calculated without damping. In practical circuits it will be about 90 % of this value

U, is the rated voltage in kV;

Iy, is the symmetrical short-circuit<«current, in A r.m.s.

9.4.10.3.3 Considerations for transient inrush currents

Thelinrush currents_of)different types of compact multi-section banks with minimum spdcing
between the individual sections may differ by as much as 20 %. Consequently, these infush
currgnts can be-reduced significantly by increasing the lengths (inductance) of the cirguits

between the_sections.
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Table 15 — Typical values of inductance between capacitor banks

Rated maximum voltage Inductance per phase of busbar Typical inductance between banks *

(kV) (uH/m) (uH)

17,5 and below 0,702 10-20
36 0,781 15-30
52 0,840 20-40
72,5 0,840 25-50
123 0,856 35-70
45 6,856 20-80
170 0,879 60-120
245 0,935 85-170

[ypical values of inductance per phase between capacitor banks. This does not include inductance of
Capacitor bank itself. Values of 5 pH for banks below 52 kV and 10 pH for banks above 52°kV are typica
he inductance of the capacitor banks.
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| Il Bank 3 - 12 Mvar

| — Il Bank 2 - 12 Mvar

|| Il Badkot - 12 Mvar

Key

U, 123 kV (the rated capacitor bank voltage is 115 kV)

Lg Source inductance, = 3,77 Q, 10 mH (f, = 60 Hz)

LI, Ly Ibndukctance between circuit-breaker and capacitor bank; including inductance of capacitor
an

Ly.d Inductance of bus between switching devices

CB.| CB Circuit-breakers

Short-circuit of source: 18 600 A at 123 kV

Figure 58 — Example of 123 kV system

The|capacitor banks shown havea nominal rating of 12 Mvar (capacitors rated 100 KVar,
13,28 kV, five series sections with-eight capacitors in parallel). Nominal current per bank is
60 qe In determining the rating_of the circuit-breaker required, the increase in current dye to
appljed voltage, capacitanceé tolerance, and harmonics should be considered. The increage in
currgnt at maximum rated-voltage is: maximum voltage to capacitor rated voltage = 123/1{15 =
1,07, Assume a positive tolerance of capacitors of +10 %, multiplier of 1,1 and assume a
multjplier for harmonic_content for a solidly earthed neutral bank of 1,1.

The [total multiplier used to determine the single (isolated) and back-to-back current rating is
1,07 x 1,1 X1 = 1,29, giving a current of 1,29 x 60 = 78 A. With capacitor banks 2 ahd 3
enefgizedsthe current through CB, is 156 A.

The Lcircuit-breakers intended for this duty have the following ratings: rated voltage 123 kV,
rated current 1600 A, rated short-circuit current 40 kA, rated single (isolated) and
back-to-back capacitive switching current 400 A.

The transient inrush current and frequency are calculated using the equations in Table 14. In
the example, L4', L," and L' are the inductances between the respective capacitor banks and
the circuit-breakers, including the inductance of the capacitor bank. L, ¢ is the inductance of
the bus between the circuit-breakers.

The inductance values in Table 15 can be used or values can be calculated for the actual bus
configuration used. In the example given below, the added reactance between the circuit-
breaker and capacitor bank is:

Ly =20,0 pH
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L2' = L3' = 27,1 p,H

The inductance of the busbar L, ¢ = 38,5 uH.

In determining inrush current and frequency, the currents 7, and I, as used in Table 14 should
include the effect of operating the capacitor bank at a voltage above nominal rating of the
capacitors and the effect of a positive tolerance of capacitance. In the example, the multiplier
to be used is 1,07x1,1 = 1,18. The currents are /; = 60x1,18 =71 A and I, =71 A or 142 A,
depending on whether bank 2 or 3 or both banks are energized.

Cas;q ated

bank

imaxpeak = 1:44/Isc x 11 =1,44/18600x 71 =1,44132x10* =1625A

==
Il

7, | fsc :60\/18600 =971 Hz
I 71

The|calculated rate of change of current for the single (isolated) bank switching is

(ﬁ — 2 pea = 27x971x1625=9,9 Alps

dt max

This|is less than the maximum rate of change for.a rated short-circuit current of 40 kA which

is equal to 27;7‘3\/513C =21,3 Alus and therefore meets the requirements of isolated capagitor
bank switching.

Caseg Il. Energisation of bank 1 with\bank 2 energized on the bus (back-to-back switghing
against an equal-size bank),

i poak =9 545 |1

J sLeq

Thelequivalent inductance L, is the sum of L' + Ly, + L,' = 20,0 + 38,5 + 27,1 = 85,6 pH.

eq’

imaxfpeak =2 545“% =9 545V170 =12445 Apeak

=135 | LUt :13,5\/w ~13,5\1,21 = 14,9 kHz
"2 85,6 71

The calculated back-to-back inrush current and frequency must be compared with the
back-to-back switching capability listed in Table 5 of IEC 62271-100:2008. For a maximum
voltage of 123 kV, the assumed rated values are 20 kAp.,c and 4,25 kHz. The calculated
value of the inrush current peak is within this rating, the inrush current frequency exceeds that
assumed and inductance must be added between the capacitor banks to reduce the inrush
current frequency. Adding an inductance of 1 mH will limit the inrush current to 3,5 kA and the
frequency to 4,18 kHz, both of which are below the assumed capability.

Case lll. Energisation of bank 1 with banks 2 and 3 energized on the bus. For this case,
assume the equivalent inductance of banks 2 and 3 equal to one half of L,' or (27,1)/2 =
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13,6 uH. The total current of banks 2 and 3 is 142 A, which is under the assumed isolated
bank switching capability of 400 A as listed in Table 9 of IEC 62271-100:2008. For this case,
I, = 71 A, I, =142 A, and the equivalent inductance between the capacitor bank being
energized and the banks already energized is the sum of L,'/2 + L s + L' = 13,6 + 38,5 + 20

=72,

1 pH.

iipoak = 13500 Urllixla) a0 [123x71x142 15660 Ajpu
Js eq(l1+12) 60x72,1x213

and

==
I

Of t
exce
IEC
indu
resp
123

Ul +15) _ g . [60x123x213

=95 |——— =14,0 kHz
Leq(I1x13) 72,1x71x142

he calculated values of inrush current peak and frequency, the frequency of 14,0
eds the assumed back-to-back switching capability of 4,25 kHz listed in Table
62271-100:2008. As in the previous case of switching identical banks, adding
ctance of 0,71 mH will limit the inrush current and frequencyde(4,7 kApqq¢ and 4,24
ectively, both of which are below the assumed back-to-back SW|tch|ng capabilit
kV circuit-breaker.
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Basg¢d on the system and conditions studied, a circuit-breaker having the following rafings

wou
swit
with
bank

9.4.1

Circ
thro
the

d be applied: rated short-circuit current of 40~KA and rated isolated capacitor

ank

ching current of 400 A. The assumed back-to-back’'rating of 20 kA and 4,25 kHz that goes

this rating will be exceeded unless additionaliinductance is added between the capa
s. A value of 0,71 mH is sufficient to keep ‘Wwithin the assumed ratings available.

1 Switching through transformers

itor

Lit-breakers may be required in.some applications to switch capacitors, lines, or cables

Igh an interposed transformer.(The current switched by the circuit-breaker will be N t
capacitor, line, or cable current on the other side of the transformer, where N s

trangformer turns ratio.
Switching charging curfent through a transformer may be less difficult than switching
samg current directly.The capacitive elements of the circuit will oscillate with the transfo

indu
alo
limit
that

ctance, which may also saturate, producing a less severe transient recovery voltage
ver probability., of restrike. If a restrike should occur, the additional inductance will he
the inrushicurrent. Saturation may also occur when de-energizing a remote transfo
is fed through a long cable. The stress on the transformer is not considered harmful.

< value of N is greater than 1 switching through a transformer will have the effe

mes
the

the
‘mer
and
p to
rmer

bt of

voltage CII’CUIt breakers can result in effect|ve I|ne chargmg currents in the 750 A to 1000 A
range. The capacitive switching rating of circuit-breakers which may be exposed to this type
of duty must be carefully checked before application is made.

Voltage and current relations are shown in Figure 59 as an example of capacitor switching
through an interposed transformer. It can be seen that due to the reduced recovery voltage,

the i

ncreased current is not a problem for the circuit-breaker.
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Blue line Voltage on the load side of the circuit-breaker
Red line Voltage across the circuit-breaker

Figure 59a — Voltage relations
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r;gulc 59b Cullcllt IG:Ct;UIID
Figure 59 — Voltage and current relations for capacitor switching
through interposed transformer

9.4.12 Effect of transient currents
9.4.12.1 General

In the application of circuit-breakers in stations having banks of capacitors it may be
necessary to investigate the effects of transient currents and other special situations upon
circuit-breakers other than those specially equipped for and assigned to the routine capacitor
switching.
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The transient currents of capacitor banks may be considered in two aspects: the inrush
currents upon energising of the banks and the discharge currents into faults. Where the
quantity of parallel capacitor banks installed in a station is large, the transient currents may
have significant effects upon the circuit-breaker.

The transient currents may have large peaks and high frequencies which may affect circuit-
breakers in the following ways:

a) a circuit-breaker may be subjected to a transient inrush current which exceeds its rating.
This may occur with the circuit-breaker in the closed position or when closing into solidly
earthed faults.

b) i
ver the secondaries of current transformers or the associated control wiring.

Circ
sect
of ¢
Figu

Seldom will the inrush current exceed the capability of the circuit-breaker. However, a c
be required to determine if the rate of change of inrush current will cause overvoltages

may
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the
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pacitors when they are located on bus sections on both sides of the circuit-breaker
re 60, CB,).

ne secondary of current transformers on the circuit-breaker or in the current path bety
apacitor banks.

2.2 Exposure to total capacitor bank discharge current
substation where parallel capacitor banks aredocated near or on a busbar, any cir
ne banks located behind the circuit-breaker.” In Figure 60, CB, will be subjected to
citor discharge current, occurs with a bolted three-phase fault where capacitor bankg

effectively earthed and for a case of*a three-phase-to-earth or a line-to-earth fault w
citor banks are solidly earthed.
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on or bus coupler) may be exposed to the transient inrush currents from energising banks
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discharge current with a fault occugring at location A. The worst case, or highest

are
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Key
CB,

, CB, Circuit-breakers

Figure 60 — Station illustrating large transient inrush currents
through circuit-breakers from parallel capacitor banks



https://iecnorm.com/api/?name=d503520b41bcdeec0159df19acf15511

- 140 - TR 62271-306 © IEC:2012(E)

The total discharge current (peak) of all banks behind the circuit-breaker is equal to the
algebraic sum of the individual banks of capacitors. Neglecting resistance, the discharge
current of an individual capacitor bank is equal to:

[dpeak :%Ur\/g (78)

Iy peak is the crest value of discharge current;

where

U, [stherated-voliage;
C |is the capacitance per phase of individual bank;
L |is the inductance per phase between capacitor bank and fault location.

Thelinductance L is primarily made up of bus conductors and any additional inductance added
to thle bank for limiting the inrush currents.

approximately equal inductance to the fault, then the total discharge_current is approximately
equal to the sum of the crest current of each bank or »n times that of one bank. Thjs is
dempnstrated as follows:

If t)—iere are n capacitor banks of approximately equal capacitance-and separated by an

Idpeak \/§Ur Lin \/gUrn\/C/L

In agldition to the checking of the crest current;.itymay be necessary also to check the rate of
change of the discharge current with the manufacturer.

The|transient discharge current passingithrough a circuit-breaker must also be examined for
its effects upon the current transformers’ The discharge currents may substantially exceed the
maghitudes and the frequency of the inrush currents described in 9.4.12. This occurs becgause
the ¢ontribution may come from asnumber of capacitor banks and is not limited by the infush
impgdance seen when energising a bank of capacitors.

9.413 Exposure to capacitive switching duties during fault switching

Whdre parallel banks_of capacitors are located on bus sections in a station, caution mugt be
exercised in the,fault switching sequence so that the last circuit-breaker to clear is| not
subjected to a,capacitive switching duty beyond its capability. This is especially a concerp for
a cifcuit-breaker used as a bus section tie circuit-breaker with capacitors located on poth
sidep of thecircuit-breaker as shown in Figure 60, CB;.

The|worst case occurs in a station where the bus section tie circuit-breaker is last to cleaf the
bus for a fault that leaves one or more phases of the capacitor banks fully energized. In this
situation, the bus tie circuit-breaker must be properly equipped and rated for the parallel
switching of the capacitor banks remaining on the bus section to be de-energized. In the
example of Figure 60, this means that the tie circuit-breaker must be capable of switching two
banks of capacitors in parallel with two banks of capacitors on the source side. Another
solution is to coordinate if possible the clearing times so that the tie circuit-breaker is always
first to clear to avoid the capacitor switching duty.

9.4.14 Effect of load

The situation can occur where a circuit-breaker is called upon to switch a combination of a
capacitive current and a load current. The circuit-breaker will have the required switching
capability if the total current does not exceed the rated continuous current of the circuit-
breaker and either
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a) the power factor is at least 0,8 leading, or

b) the capacitive current does not exceed the rated capacitive switching current of the circuit-
breaker.

Where the above conditions are exceeded, the capability and performance of the circuit-
breaker is not defined by the standards and the manufacturer should be consulted. When the
power factor is below 0,8 leading, the voltage may be sufficiently out-of-phase with the
current to cause unacceptable restriking. The situation will be more severe if there is also a
bank of capacitors located on the source side of the circuit-breaker.

9.4.

Up tp twice normal inrush currents are possible when reclosing is applied to a circuit-brepker
swit¢hing capacitive loads. When capacitor bank current is interrupted at or near a nofmal
current zero, the voltage remaining on the bank may be near peak value. Reclosing a cirguit-
bregker against such a charged capacitor bank may produce high inrush current:

Whegn a capacitor bank is connected to the load side of a feeder circuit-bneaker equipped |with
autgmatic reclosing, high inrush currents can be avoided by isolatingcthe capacitor bank from
other loads after the circuit-breaker is tripped and before reclosing./The switching device lised
for fegular capacitor bank switching can be employed for disolation. This techniqu}e is
particularly recommended where other capacitor banks are connected to the same station
bus.

A s¢cond technique to avoid high inrush currents dufing reclosing is to increase reclgsing
time| delay. Normally, the discharge resistors insidet\each capacitor unit will reduce residual
voltage or other deliberately introduced discharging*devices.

Disdharge curves are available from the capacitor supplier and should be consulted where
reclgsing time is delayed.

9.4.16 Resistor thermal limitations

For | capacitor bank circuit-breakers equipped with pre-insertion resistors, the thefmal
capgbility of the resistors must be considered in determining the time interval between
capdqcitive current switching operations. The resistance value is related to the size of| the
capdqcitor bank and the_pre-insertion resistors should normally have a thermal capability as
defined by the rated dufy.cycle.

If capacitive current-switching field tests are planned which exceed the number of operafions
as defined by the' thermal capacity of the pre-insertion resistors, or which utilise a spedially
designed circuit-breaker, the manufacturer should be consulted regarding the frequendy of
opetations:

9.4.17 .Y Application considerations for different circuit-breaker types

9.4.17.1 General
The switching of capacitive current poses different stresses on the different types of circuit-
breakers. Restrikes on opening and prestrikes on closing may or may not be a problem. The

considerations given below are general and are based on experiences gained by laboratory
tests, field tests and field experience.

9.4.17.2 Oil circuit-breakers
9.4.17.2.1 Restrikes

Depending on the design (contact speed, electrode shape, etc.) an oil circuit-breaker
generally has long arcing times when interrupting. The restrike probability increases with
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increased current, because gas bubbles reduce the effective amount of oil between the
contacts causing a reduction of the dielectric strength of the contact gap. These circuit-
breakers deserve special consideration when used or relocated to a system where the line
charging current exceeds the rating.

Some oil circuit-breakers are pressurised to reduce the size of the bubbles and therewith
increasing the dielectric strength of the contact gap. Some oil circuit-breakers may be fitted
with breaking resistors, to reduce the effects of a restrike.

An oil circuit-breaker will normally not interrupt the high frequency current associated with the

restrike—and-the high-arc impedance-introduces an-additional - damping of the restrike current
4 ™ Lt~ -

This|will reduce the risk for multiple restrikes.

Oldgr contraction type oil circuit-breakers are known to produce multiple restrikes/that [may
resuflt in voltage escalation and subsequent development of an evolving fault.

9.4.17.2.2 Prestrikes

Oil gircuit-breakers are especially sensitive to high-frequency prestsikes when energising
capdqcitor banks. The prestrikes cause a shock wave in the oil. As©il-is not compressible| the
shogk wave causes mechanical stresses on the internal componénts of the breaking chanjber.
As g result of the exposure to these high mechanical stresses, ‘the breaking chamber insulator
may| shatter and even stationary contacts may crack. Application of an oil circuit-breakef for
capdcitor bank switching requires a severe reduction efsthe inrush current frequencly or
spegial design of the oil circuit-breaker (e.g. using pre-insertion resistors).

Bulk| oil circuit-breakers have been applied using.a*limitation of 20 kAkHz for over 30 ygars
with|no documented problems.

For minimum oil circuit-breakers a value of ‘I*kAkHz is suggested.

9.4.17.3 Vacuum circuit-breakers
9.4.17.3.1 Restrikes

The|voltage withstand of the jcontact gap of a vacuum circuit-breaker rises very fast and the
restiike probability is low. When a restrike occurs, the contact gap is small and the vacuum
circyit-breaker is usuadlly® capable of interrupting the high-frequency restrike current, which
may|result in voltage‘escalation.

9.4.17.3.2 NSDDs

NSODs (see. 9.3) are normally associated with vacuum circuit-breakers and are generally not
a concern.

9.4.17.3.3 Prestrikes

The duration of the prestrike in a vacuum circuit-breaker is short. Shock waves are not a
problem for this type of circuit-breaker.

The high-frequency discharge together with contact bouncing may lead to micro contact
melting, especially when the arc is burning in the anode-spot mode (this occurs with currents
higher than 10 kA). The breaking of welded points during a subsequent breaking operation
with a very low current can damage the contact surface and this may reduce the dielectric
withstand of the contact gap. However, a subsequent breaking operation with higher current
may increase the dielectric withstand to its original condition. A subsequent no-load test may
flatten the micro spot resulting in an increased dielectric strength.
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9.4.17.4 SFg circuit-breakers
9.4.17.41 Restrikes

The interrupting capacity of SFg circuit-breakers is limited by the recovery voltage, which
means that the frequency and earthing conditions (i.e. whether the circuit is effectively or non-
effectively earthed) are important factors in the determination of the capability of the circuit-
breaker.

The capacity of clearing the high-frequency restrike current is low for puffer circuit-breakers
and even lower for self-blast (or arc assisted) circuit-breakers. This also means that the risk
for Jjoltage escalation 1s low. HOWeVer, a resitrike may cause tracking andjor puncture o] the
insulating material between the contacts (e.g. nozzle, sleeve, etc.).

9.4.17.4.2 Prestrikes

The[duration of the prestrike is depending on many parameters (e.g. the voltage per bregking
unit,| the closing speed, etc.). Regarding inrush current peak and frequency there is refdrred
to 944.10.3.3.

9.4.17.5 Air-blast circuit-breakers
9.4.17.5.1 Restrikes

In general, the restrike probability of an air-blast circuit-breaker is higher than that of an|[SFg
circyit-breaker. The flashover characteristic of air hasa wider scatter than that of SFg.| Air-
blast circuit-breakers can interrupt the high-frequency discharge current, which means|that
theylhave a higher probability of multiple restrikes, which may lead to voltage escalation.

9.4.17.5.2 Prestrikes

The|considerations given in 9.4.17.4.2 also apply to air-blast circuit-breakers.

9.5 | Considerations of capacitive currents and recovery voltages under fault
conditions

9.5.1 Voltage and current‘factors

Some requirements, general ratings and tests for capacitive current switching are based on
swit¢hing operations(in) the absence of faults. The presence of a fault can increase the Vjalue
of RQoth the capakitive switching current and recovery voltage. This is recognised by
IEC 62271-100 by the specification of two voltage factors when breaking in the presende of
faults. Thesevoltage factors are given in 9.2.1.4 and are 1,4 for effectively earthed sysfems
and |1,7 forsnon-effectively earthed systems. Tests for these conditions are not mandatory. An
examplesof such a fault is a circuit-breaker switching an overhead line that interrupts fault
currenfin one phase and capacitive current in the other two phases.

The fact that the capacitive switching current increases in the presence of earth faults is
recognised in 6.111.9.3 of IEC 62271-100:2008, where the line and cable charging currents
are multiplied by 1,25 for effectively earthed neutral systems and 1,7 for non-effectively
earthed systems. The number of tests is reduced to reflect the fact that such operations do
not occur frequently.

For capacitor banks the situation is different. No tests are required for switching of solidly
earthed neutral single (isolated) capacitor banks in solidly earthed neutral systems. Switching
of non-effectively earthed neutral capacitor banks in solidly earthed neutral systems is not
considered a normal system condition and no requirements or tests have been specified.
Switching back-to-back is not considered a normal system condition and no requirements and
tests have been specified.
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9.5.2 Reasons for these specific tests being non-mandatory in the standard

In service, circuit-breakers have been successful in interrupting capacitive circuits under
faulted conditions for a number of reasons. Principal reasons for successful operation include:

a) the probability of a fault occurring at minimum operating conditions of the circuit-breaker
and its operating mechanism is extremely small;

b) the capacitance of the faulty phase is likely to be discharged before contact separation
takes place;

c) the voltage factor used for single-phase tests is in excess of the service condition giving

the tested circuit-breaker added mnrgin;

d) Ipboratory tests are performed using a minimal voltage jump, resulting in shont_afcing
times. This condition is more severe than the actual network condition;

9.5.3 Contribution of a capacitor bank to a fault

Consider the network situation given in Figure 60. A single line simplification is given in
Figure 61. A fault has occurred on the line that is interrupted by the)circuit-breaker.|The
capdqcitance of the capacitor bank will modify the TRV across the circuit-breaker to a 1}cos
waveshape having a moderate rate-of-rise with an enlarged amplitudefactor compared tq the
casg without the presence of the capacitor bank.

L' C
% LYY |

R

Figure 61 < Fault in the vicinity of a capacitor bank

Whegn the ITRV is negligible, the circuit-breaker will attempt to interrupt at the first available
currgnt zero following-gontact separation, resulting in a relatively small contact gap. Ag the
recojvery voltage increases across the gap, a re-ignition might occur and the capacitor lbank
will discharge inte the fault through the circuit-breaker. The amplitude of the discharge cufrent
dep¢gnds on the ‘voltage across the circuit-breaker contacts at the time of re-ignition and the
frequency of the discharge current is determined by the inductance between the capafitor
bank and the Tault location.

The[high frequency discharge current is superimposed on the fault current, which crefates
additional current zeros. Depending on the type of circuit-breaker (oil, air-blast, vacuum or
SFg), the high frequency current may be interrupted causing high overvoltages. For further
information, please refer to [24] and [25].

A similar situation may occur, when circuit-breaker CB closes into a fault. The capacitor bank
discharges into the fault and depending on the magnitude of the inductance between the
capacitor bank and the fault location, the discharge current can reach peak values and
frequencies that exceed those given in Table 9 of IEC 62271-100:2008 (see also 9.4.12.2).

For these specific outrush cases the manufacturer should be consulted. For further treatment
of this subject, see IEEE 1036 [26].
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9.5.4 Switching overhead lines under faulted conditions

The voltages and currents which occur when switching a faulted transmission line are affected
by the circuit parameters and the sequence in which the three phases interrupt. IEC 62271-
100 lists the maximum value of recovery voltage for switching an unfaulted transmission line

U2

as 2><1,ZT:2,4 p.u. When switching a faulted line this value may be exceeded, as may
be the rated capacitive switching current value as listed in Table 9 of IEC 62271-100:2008
(see also [27]).

Whegmswitctimg—a no-toad—overhead—time—with—a ptase-to—earth—fautt,the—highest—vottage
occUrs on the unfaulted phase which interrupts prior to the faulted phase (see Figure g2a).
The |highest current occurs on the last phase to interrupt when the faulted phase is.the firgt to
intefrupt. The current for this case is not a sine wave but is distorted, as shown in-Figure p2b.
Undgr these conditions, the voltages and currents may exceed those on which’the design
testg are based.
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Voltage
\\
]
Voltage
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Time Time

Maximum recovery voltage 2,74 x Uy, Maximum current 1,09 x rated current
(phase-to-earth)

Figure 62a — Recovery voltage and current for first-phase-to-clear
when the faulted phase is the second phasejto-clear

Voltage
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Voltage
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\

\V LV 7
Time Time
Maximum recevery voltage 2,18 x U ax Maximum current 1,77 x rated current

(phase-to-earth)

Figure 62b — Recovery voltage and current for last-phase-to-clear
when the faulted phase is the first-phase-to-clear

Figure 62 — Recovery voltages and currents for different interrupting sequences

For the phase-to-phase fault condition, the recovery voltage and capacitive current are less
severe than for the two phase-to-earth fault condition, see also [26].

9.5.5 Switching capacitor banks under faulted conditions

9.5.5.1 General

The voltages and currents which can occur when switching a faulted capacitor bank depend
upon the earthing conditions, whether the fault is to the bank neutral or to earth, and on the
sequence in which the three phases interrupt. IEC 62271-100 lists the maximum value of
recovery voltage in switching an unfaulted shunt capacitor bank as 2,8 p.u. When switching a
faulted bank, this value may be exceeded, as may the rated capacitive switching current
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value. In the sections below a comparison is given between the recovery voltages and
currents of a reference condition and two faulted conditions: a fault to neutral in the capacitor
bank and a fault to earth in one phase.

NOTE The factor 2,8 for the maximum recovery voltage specified in IEC 62271-100 is valid when switching a non-
effectively earthed capacitor bank where the second and third phases clear 90 degrees after the first. This is true
for modern circuit-breakers. For older circuit-breakers, where the second and third phases do not clear 90 degrees
after the first, this factor is 3,0.

9.5.5.2 Reference condition

9.5.5.2.1 General

The reference condition is illustrated in Figure 63. The neutral of the source and the capak:itor
bank may be solidly earthed and/or non-effectively earthed. The size of the capaciton bank is
such that the current is equal to the rated single (isolated) capacitor bank current;

Equivalent Capacitor,
Circuit-breaker bank

X

N

© ©@ ©F
\ -

Figure 63 — Reference condition

9.5.5.2.2 Recovery voltage

The[highest recovery yaltage (2,5 p.u.) is obtained in the first-pole-to-clear when eitheq the
neufral of the capacitorbank, the neutral of the source or both are non-effectively earthed|and
poles 2 and 3 clear 90 degrees after the first.

The|voltages-obtained with this reference condition (unfaulted balanced system) are covgred
wheh testing-single-phase with a voltage factor of 1,4 as required in IEC 62271-100. Althgugh
the poltage across the last poles to interrupt when at least one of the neutrals (source or
bank).is non-effectively earthed can reach 2xU, (3,46 p.u.), the two phases are in series so

that neither is stressed to more than 2,8 p.u.

9.5.5.2.3 Capacitor bank current

In all cases the capacitor bank current does not exceed the rated single (isolated) capacitor
bank current.

9.5.5.3 Fault to neutral in one phase (one capacitor bank phase short-circuited)

9.5.5.3.1 Recovery voltage

The highest recovery voltage (2><Ur\/§=3,46 p.U.) is obtained when at least one neutral is
non-effectively earthed and the first-pole-to-clear clears a healthy phase. This is in agreement
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with the voltage factor of 1,7 specified in IEC 62271-100. If the first-pole-to-clear interrupts an
unfaulted phase, it is subjected to a recovery voltage of 3,46 p.u. until the second and third
phases interrupt.

The highest recovery voltage in the remaining phases is 3,46 p.u., but it is shared by two
interrupters in series.

9.5.5.3.2 Current

The highest capacitive current is obtained in the cases described under 9.5.5.3.1 when the

faul

9.5.5.4 Fault to earth in one phase

d phase is the first-pole-to-clear and is equal to 3 times that of the reference case

Mos| systems are effectively earthed and the highest recovery voltage is obtained when the
first{pole-to-clear interrupts a non-faulted phase. In this case the maximum fé¢overy volfage

peak will be 2,8 p.u.

The|most severe case is when the source is non-effectively earthedGand the bank neutrgl is
solidly earthed. If an unfaulted pole is the first to interrupt, the cGirent may reach V3 times
that|of the reference condition and the recovery voltage 3,46 p.u." The remaining poles| are
subjected to the same current, but upon interrupting, share,the 3,46 p.u. recovery voltpge.
Whgn the faulted pole is the first-pole-to-clear, the currentsmay be 3 times the rated cufrent

valup and the recovery voltage 2x1,25x

U2
73

. The second pole to interrupt will have a lpwer

currént but a higher recovery voltage of 2><Ur\/§ = 3,46 p.u. which will be shared with the third
polel If the faulted pole reignites, one of the\unfaulted poles will then interrupt and| the

conditions will be as previously described wheh an unfaulted pole was the first to interrupt

9.5.5.5 Other fault cases

For

phase-to-phase earth faults, or phase-to-phase non-effectively earthed faults, with the

source solidly earthed and the_bank neutral non-effectively earthed, recovery voltages|and

currénts are no more severe th@an for the standard no-fault condition.

9.5.6 Switching cables-under faulted conditions

The [normal frequency-capacitive currents and recovery voltages on a faulted cable circuif will

be the same as for a’solidly earthed capacitor bank under faulted conditions.

9.5.7 Examples of application alternatives

Othgr application options available are listed below.

a)

b)

c)

d)

Use a circuit-breaker of a higher rafing in those cases of earth faulis on non-effeciively
earthed systems where the recovery voltage and current, or both, exceed the
requirements of IEC 62271-100.

Reduce the capacitance of the existing capacitor bank size so that the current under
faulted conditions does not exceed the rated capacitive switching current of the circuit-
breaker.

Use a high-speed switch to earth the source or capacitor bank neutral before switching the
capacitor bank under faulted conditions.

Use a A configuration for the capacitor bank instead of a non-effectively earthed Y.
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9.6 Explanatory notes regarding capacitive current switching tests
9.6.1 General

Subclause 6.111 of IEC 62271-100:2008 deals with capacitive current switching tests. In the
1°! edition of IEC 62271-100 a new test procedure has been introduced for the two classes of
capacitive current switching that deserve some explanation.

9.6.2 Restrike performance

See 9.4.6.

9.6.3 Test programme

In defining the test programme for these two classes, the following elements have:béen taken
into jaccount:

he average number of operations per year carried out by circuit4breakers switching
apacitive loads;

t
Q
the ability to reduce the number of tests by performing an increased number of switching
gperations at the minimum arcing time, usually the most difficult capacitive switching
gperation for circuit-breakers, thus keeping a high level of reliability;

t

q

he recommendations of CIGRE working group A3.04. The expected restrike probability is
xclusively related to the type tests

The|proposed number of tests may be questioned~because of different assumptiong for
probyability calculations. Nevertheless, these valueS’ répresent a good compromise (whigh is
the fole of the standard where conflicting views. exist), reflecting the needs of userg (in
response to market demand) and above all they’avoid unrealistic demands. These testq are
not reliability tests but type tests to demonstrate a satisfactory capacitive current switching
capability of the equipment in service.

9.6.4 Subclause 6.111.3 of IEC 62271-100:2008 — Characteristics of supply circuit

The|paragraph concerning facten k; /k,, (from earlier versions of the standard) where k. ig the
voltage factor as described in.9.2.1.4 and k,, is the first-pole-to-clear factor has been deleted
becquse there is neither use_nor need for testing.

The|variation of the pawer frequency voltage has been chosen as 5 % for test-duty 2 (LC2,
CC2 and BC2) and(2,% for test-duty 1 (LC1, CC1 and BC1). These values are a compromise,
taking limitations\of testing laboratories into account. Considering the type test as a wiole,
because of the-different stresses in the individual test-duties, any undue reduction of the
electric stress)during the tests is avoided. The actual values for the power frequency voltage
vari%tion (depending on the short-circuit power of the system and the capacitive load) is in} the

range of"+% to 2 %.

9.6.5 Subclause 6.111.5 of IEC 62271-100:2008 — Characteristics of the capacitive
circuit to be switched

The interval after final arc extinction, in which the voltage decay shall not exceed 10 %, has
been changed from 100 ms to 300 ms based on service conditions.

9.6.6 Subclause 6.111.9.1.1 of IEC 62271-100:2008 — Class C2 test duties

Performing these capacitive current switching tests for class C2 equipment on a
preconditioned circuit-breaker is, on the one hand, a recommendation of CIGRE working
group A3.04; on the other hand, it draws closer to the real conditions of service, without
prejudice as to whether this preconditioning improves the capacitive current switching
performance of the circuit-breaker or not.
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Close-open operations may be performed with no-load closing operations. In any case, the
complete sequence shall be tested in order to test the circuit-breaker during opening in a
dynamic condition, i.e. during the motion of the fluid caused by the previous closing operation.

9.6.7 Subclauses 6.111.9.1.1 and 6.111.9.2.1 of IEC 62271-100:2008 — Class C1 and C2
test duties

The tolerance of the testing current values for test-duty 1 (LC1, CC1 and BC1) were increased
from the old range 20 % to 40 % to the new range 10 % to 40 % in order to give more freedom
during testing for combined test-duties for different applications.

The|proposed test sequences have been tested in a laboratory (particularly the adjustmept of
the minimum arcing time by steps of 6°) and are well adapted to the philosophy of the.testk.

Perfprming some tests at rated pressure is a more pragmatic approach to thernotion of ftype
testing, knowing that the circuit-breaker does not always stand under the worst functioning
conditions.

9.6.9 Subclauses 6.111.9.1.2 and 6.111.9.1.3 of IEC 62271-100:2008 — Single-phase¢
and three-phase line- and cable-charging current switching tests

In tgst-duty 2 of single-phase line-charging and cable-charging tests (LC2 and CC2), the fests
are gplit into open operations and close-open operations (6.1441.9.1.3) to follow more or|less
the pctual service conditions. However, for practical reasons, due to the small numbgr of
testg, in three-phase tests (6.111.9.1.2) in test-duty 2(LC2 and CC2), close-open operafions
are performed exclusively.

9.6.9 Subclauses 6.111.9.1.2. to 6.111.9.1.5'of IEC 62271-100:2008 — Three-phase and
single-phase line, cable and capacitor bank switching tests

Cloge-open operations are important for\capacitor bank switching because of the effe¢t of
inrugh current. Close-open operations™ are not significant for line- or cable-switching
app"cations, therefore for line- and eable-switching tests, only a small number of close-¢pen
opernations are requested (closingunay be performed as a no-load operation).

A rolgh parity of the number of three-phase and single-phase tests has been maintained.

The |mandatory natureSfor capacitor bank switching tests is due to the necessity to introguce
the ¢ffect of inrush eurrent at the beginning of the tests.

9.6.10 Subclauses 6.111.9.1.4 and 6.111.9.1.5 of IEC 62271-100:2008 — Three-phase
and single-phase capacitor bank switching tests

Because. of the large number of operations in actual service compared with the limited number
of operfations during type testing, a high number (80 or 120 respectively) of close-¢pen
operations shall be carried out in capacitor bank tests 1o simulate the wear in service even if
the close-open operation is not the normal switching sequence.

For capacitor bank switching tests test-duty 1 (BC1) also needs to be performed, even if the
actual service switching duty is always at 100 % nominal current, for the following reasons:

— the tests at 10 % to 40 % nominal current cover an increased number of actual currents;

— knowledge of the capacitive current switching performance is improved.
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10 Gas tightness

10.1 Specification

From a maintenance or environmental approach, it would be advisable to specify a "leakage-
free" or "fully-tight" equipment. Unfortunately it is not realistic for at least two reasons:

— perfect tightness does not exist: every wall allows gas to get through (the flow of SFg gas
through a cast aluminium wall has been measured);

— tightness is measured by the leakage rate, and the smaller the specified leakage rate, the
more difficult to measure it _in Ir\qrtimllﬂr to cover decades of years.

As g result, specification should be based on the actual need, which depends on the sygstem
clasp and on the use. Since the standard was addressed to any type of high-voltage circuit-
bregker, it was necessary to classify the different pressure systems. At the time, of the|first
issqe of tightness specification for high-voltage circuit-breakers, the main concern was tq link
the fightness to the maintenance schedule.

"Controlled pressure systems" are automatically replenished. This class,applies mainly tq air-
blasf circuit-breakers and pneumatic operating mechanisms. For~external tightness of
compressed air systems, there is no ecological question and the“specification for tightness is
only| linked to the compressor plant performance. Controlled Skg gas pressure systemg are
not fecommended for SFg switchgear and controlgear.

"Cloped pressure systems" are those which are replénished only periodically, for instance
during maintenance. Tightness can be specified frofn)an ecological approach. By specifying
the Annual gas leakage rate in %/year, easy calculation of the amount of gas escaped| per
year| is possible. Subclause 5.15.2 of IEC 62271-1:2007 specifies tightness for SFg W|th
valups of 1 % and 0,5 %/year. The original value of 3 %/year specified in Annex EE of th 4"

editipn of IEC 60056 published in 1987 is no-ltonger specified, because service records ghow
that|1 %/year can usually be met.

"Sedled pressure systems" are designed not to need replenishment during their whole
expgcted service life. The tightnéss of gas insulated switchgear and controlgear should be
dempnstrated accordingly, to show that the minimum functional density will not be attajined
befofre the expected end of fife:

10.2| Testing

The|leakages rates.used in IEC 62271-1 to specify the tightness characteristic of sealed|and
closed pressuressystems for gas at ambient, high and low temperatures can be measpred
dire¢tly with-a{fairly good accuracy. To check these characteristics, the method genefrally
used during:type tests is to measure the leakage rate of the complete assembled cirgcuit-
bregker (ising a cumulative test method as mentioned in 6.8 of IEC 62271 1:2007. In ¢ase
age
1 the
leakage rate of the total gas system is to be determmed by summatlon of the component
leakage rates as described in Annex E of IEC 62271-1:2007.

During routine tests, a cumulative test method is preferred but such a test may be impractical
in industrial environments. For routine tests, as mentioned in 7.4 of IEC 62271-1:2007, a leak
detection using a sniffing device may be used instead of using a cumulative test method.
IEC 62271-1 specifies a minimum sensitivity of sniffing device of 10-8 Pa m3/s.

This required minimum sensitivity corresponds to a single leak of less than 0,04 %/year for a
typical 245 kV SFg circuit-breaker having an internal volume of 200 litre filled at a pressure of
0,5 MPa(abs) and if the moving speed of the sniffer detector around sealing joints is relatively
slow, for instance, not exceeding 1 cm/s. Obviously, if the filling pressure, volume or moving
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speed of the leak detector are different then the leakage rate sensitivity changes. Each case
shall be evaluated individually.

If a leak is detected when using a sniffing device, then the leakage rate cannot be quantified
since this device is only giving an alert if a leak is detected. As mentioned in 7.4 of
IEC 62271-1:2007, in case of a detection of a leak with the sniffing device, the leakage rate
should be then quantified by repeating the tightness test by using a cumulative test method.
Only cumulative test method can be used to quantify a leakage rate.

10.3 Cumulative test method and calibration procedure for type tests on closed

10.3|1 Description of the cumulative test method

The

leakp which can occur in closed pressure systems such as for SFg circuit:breakers.
}v}od consists of erecting a relatively gastight enclosure (e.g. plastic’tent or siPlar

met
enc
rela

part] components or subassemblies. The circuit-breaker should be_filled as in service, 4
rated filling pressure. The measurement consists of measuring the tracer gas content incr¢ase
(e.g] SFg) within the enclosure(s) during a sufficient time period.*With the today's avajé
measuring equipment, a time period of 1 h is generally sufficient. If enclosure(s) of
volume are used, then this measuring period can be reducedy For very large enclosures,
time| period may need to be increased. As a rule of thumb, the time period should be
enough that the calculated tracer gas content in the_édclosure for the maximum permis
leakpge rate should be at least 3 times the minimum\resolution of the measuring equipn

Fro
the
has
tem

The lcumulative test method steps can'be summarized as follows:

—pressure systems

cumulative test method is the recommended test method for the determifnation of

Ipsure, see NOTE 2) around the complete test object or by erecting several sm

ively gastight enclosures (plastic tents or similar enclosures, seelNOTE 2) around

gas
This

ller
ach
t its

the tracer gas content increase within the enclosure(s) during a given time period,
nnual leakage rate can be calculated. This.method is considered to be very accurate
been widely used during type tests on’ circuit-breakers at ambient, low and

peratures.

install a relatively gastight ‘enclosure(s) over the entire test object or over p
gomponents or subassembli€s;

pressurize the circuit-breaker at its rated filling pressure with its specified gas or
mixture, pure SFg instead of gas mixture, or with a tracer gas such as helium;

determine the enc¢losure(s) volume 7, (m3);

rmeasure the tracer gas concentration Cg (p.p.m,,. or cc/m3) within the enclosure(s) at
reference time' 7, (s);

measurelthe final gas concentration Cy (p.p.m,. or cc/m3) within the enclosure(s) at
th (s)

ble
mall
this
ong
sible
ent.
then
and
high

arts,

gas

time

time

galeulate the leak rate using the following equation:

AC _6
F=V,xP.x—x10
m % Te X

is the leakage rate, in m3Pa/s;
is the enclosure gas volume, in m3;
is the atmospheric pressure, in Pa;

is the tracer gas concentration increase (C¢-Cy), in p.p.m,. during the measuring
period;

is the measuring time period, in s.

time
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NOTE 1 A fan installed inside the enclosure helps to get an homogeneous gas tracer content within the
enclosure. This applies mainly to large enclosures used around a complete circuit-breaker.

NOTE 2 The enclosure does not need to be as tight as a pressure vessel since the pressure within the enclosure
is equal to the atmospheric pressure outside the enclosure. Thus, the air inside the enclosure (including traces of
the tracer gas) is not forced to escape from the enclosure nor the air outside the enclosure is forced to enter within
the enclosure.

10.3.2 Sensitivity, accuracy and calibration

The accuracy of the cumulative method depends on three main factors: sensitivity of the
tracer gas detector, volume of enclosure and duration of the measuring period. For example,
a minimum threshold sensitivity and resolution of 0.01 p.p.m,. is recommended when SFg is
used as the tracer gas. Such gas detectors are commercially available.

NOTE 1 Infrared photo acoustic spectroscopy method is widely used to measure SFg¢ concentration.

The|uncertainty concerning the enclosure volume can be considerably reduced by using a
suitable calibration technique. The recommended calibration procedure consists of injectihg a
known quantity of tracer gas into the enclosure.

NOTE 2 Experience gained from measurements showed that the estimation error.of'the enclosure volume ig less
than 10 %.

Thelenclosure volume (7,,) should be determined by calibration! A small tracer gas quantity,
Vinjekted (cm3), is injected into the enclosure volume V. Thelinjected gas quantity shoulfl be
in the same order of magnitude than the gas quantity~ corresponding to the maximum
allowable leakage rate.

The|tracer gas concentration Copm (p.p.m,.) hasto be measured before and after injection by
the gas detector. The enclosure volume is thenicalculated as follows:

Vm(m3) = Vinjected(cm3) / ACppm

This| procedure should be repeated twice in order to get a better evaluation of the enclogure
volume. The average value of thextwo measurements should be used as the enclosure volume
Vin-
10.3|]3 Test set-up and test procedure

For [type test, the testobject should be pressurized at its nominal filling pressure with its
assigned gas mixture (if applicable). Nevertheless, industrial environments and safety fules
may|require a deviation from service conditions. For instance, some tests could be performed
using pure SFg/instead of the assigned gas mixture or other tracer gas such as helium maly be
used. The filling pressure may also be reduced. Nevertheless, for type tests it is| not
recommended to use a lower filling pressure since the applied forces on the circuit-brepker
sealp dre-feduced. All deviations from service conditions have to be carefully evaluated to| see
theiLimpacts on the measurement sensitivity

In order to have an effective test set-up, the following is recommended:
— the enclosure volume shall be as small as possible in order to obtain a better sensitivity of
the tracer gas concentration within the enclosure;

— a fan should be installed inside the enclosure in order to provide an homogeneous gas
content within the enclosure;

— the gas detector device should be able to measure accurately half of the maximum
allowable leakage rate.

For low and high ambient temperature tests, the following additional recommendations are
given:
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thermocouples should be installed at different heights along the test object inside the
enclosure. The ambient temperature to be reached during test is the temperature

measured inside the enclosure;

controllable electric heaters should be installed inside the enclosure in order to he
fulfil the temperature increase of 10°C/h specified during the low temperature

Ip to
test

sequence. For the high temperature test, the temperature decrease of 10°C/h within the

enclosure can be met by making a temporary opening of the enclosure since the leak

rate

determination is not required during this test part of the test. Required temperature

variations have to be met within the enclosure.

It may be necessary to use an ambient temperature in the climatic room slightly lower than the required

tempfrature for Tow temperature test or snghily higher for high temperature test i order to get the require
temperature inside the enclosure.

The

yea

1 (see 5.15.2 of IEC 62271-1:2007) is calculated as follow:

0,5%><VtoXPtOX[(273K+Tte3t)/(273K+200C))Xy

365 days x 24 hours x 60 minutes x 60 seconds

whefe

F is the leakage rate, in m3Pals;

Vio is the circuit-breaker gas volume, in m3;

Py is the rated filling pressure at 7= 20 °C, in Pa‘absolute;

Ties is the ambient temperature during leakagermeasurement, in °C;

equ

is the percentage of tracer gas in the circuit-breaker gas volume.

Finj:ly, the leakage rate per year (%/year) can also be directly expressed by the follo

tion:

Latm % 365 days x 24 hours x AC x V,,

Vio X Bo % ((273 K Ttest)/(273 K+20 OC))X yxt

F(%) =

whefe

F(%) is the leakage Tate, in %/year;

test

maximum leakage rate (m3Pa/s) based on acceptance leakage rate limit of 0,5 %| per

ving

N be

time

Pl is the atmospheric pressure during measurement (a default value of 101,3 kPa ca
used);
AC is-the tracer gas concentration increase (C¢-Cy), in p.p.m,. during the measuring
period;
v e tha analacien gas obima o 3
m O UTC CTTuTUOouUT U ao VUTUTITG, 11T y
Tiest IS the ambient temperature during leakage measurement, in °C;

is the percentage of tracer gas in the circuit-breaker gas volume;
is the measuring time period.

10.3.4 Example: leakage rate measurement of a circuit-breaker during low tempera

test

ture

The test object is filled with its gas mixture SFg/N, at nominal filling pressure and ambient
temperature. A relatively gastight enclosure is installed over the circuit-breaker. A calibration

by i

Tab

njection method is performed in order to evaluate the enclosure volume.

le 16 shows the results of a calibration of the enclosure.
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Table 16 — Results of the calibration
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of the enclosure

Description Quantity of SF Concentration of Variation of Calculated volume
gas injected within | SF; gas measured concentration of Ven
the enclosure within the SFg gas within the
enclosure enclosure

(cm?) (p.p-m,) (p.p-m,) (m?)
Before test - 0,05 -
First injection 10 1,03 0,98 10,20
Second injection 10 2,06 1,03 9,71

Thu
with

5, the enclosure volume is considered to be the average value of the volumes determ
both injections e.g. 9,96 m3.

Then, if a circuit-breaker having an internal volume of 0,375 m3 filled with"a gas mi

cons

and
(20

isting of SFg and N, at a pressure of 1,0 MPa(abs) and the SFg/Nymixture is 30 %
70 % N,, the 0,5 %/year permissible maximum leakage rate at|ambient tempers
C) corresponds to a maximum concentration of tracer gas within-the enclosure duri

meagsuring period of 1 h is:

AC =

F(%)x Vio % Pg X((273K+Tte8t)/(273K+20°C)jx7xt
Patm % 365 days x 24h x 7,

AC =

0,5 %x 0,375 m® x 1MPa abs x ((273 K+20 °C)(273 K +20°C

0,1013 MPa x 365 daysx 24 hx 9,96 m°

))x30%><1h

Accordingly, if the same enclosure is\used for low temperature test, the maximum allow

gas
25°

and

11

1.1

concentration increase for a measuring time period of 1 h at an ambient temperature
C will be:

273K -25°C
3x F(%)=3x0,063 p,p.m, x (( )(273 K 420 OC)) =059 p.p.m,
accordingly at 50 °C

6x F(%) = 6x0063 p.p.m, x ((273 K-50 °C)( ~0,287 p.p.m,,

273K +20 oc)j

=0,063 p.p.m|,.

ined

ture
ture
ng a

able
of -

Miscellaneous provisions for breaking tests

Energy for operation to be used during demonstration of the rated operating
sequence during short-circuit making and breaking tests

For circuit-breakers equipped with operating mechanisms having the possibility to store more
energy than consumed by a single operation (for example hydraulic and pneumatic operating
mechanisms), it is needed to specify the minimum levels of energy at which the breaking
capacity still is guaranteed. Consequently, each test operating sequence shall be carried out
at the relevant minimum energy level. In particular, minimum energy levels are specified for
O, CO and O-CO operating sequences, which will ensure that the circuit-breaker will interrupt
at the last O operation.
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For the auto-reclose operating sequence O-t-CO-£-CO the following conditions shall be
fulfilled:

NOTE This O-z-CO start energy is often termed the auto-reclose lock-out setting.

the capability of the circuit-breaker for each short-circuit type-test duty must be
demonstrated during performance of the rated operating sequence O-t-CO-¢'-CO;

demonstration is by three valid breaking operations during the sequence O-t-CO-1'-CO;
the minimum and maximum arc duration shall be demonstrated during the tests;

the starting energy for the O-+-CO part of the operating sequence cannot be less than the
energy that takes account of the energy consumption of the O-+-C operating sequence to
enable the final O operation to be performed at an energy down to (in practice during
testing, at) the opening lock-out condition;

the circuit-breaker shall be able to perform the required three valid shots atthe minimnum
nctional pressure (i.e. minimum operating energy) for the specified operating sequence
s described in 6.102.3.1 of IEC 62271-100:2008;

here appropriate, the gas pressure for interruption shall also be at it§ lock-out setting|.

The|combination of events necessary to produce such boundary condition requirements are
credible in practice, i.e. lowest gas, lowest operating pressure, minimum and/or maximunj arc

dur

tion operation, and full short-circuit current rating and as such they should be tested.

Each operating sequence shall be initiated at the lowest applicable energy: the O-CO and CO
test |sequence should be performed setting the operating”energy at the declared O-CO|and

CO

ockout energy, respectively.

If single-phase tests in substitution for three-phase conditions are performed under dire¢t or

synthetic conditions, the rated operating sequence may be split in sub sequences.

For

example, for synthetic testingi; the O=CO will be split in a single Os (breaking operation

using synthetic circuit) for the 1°° O @nd in a subsequent Od-COs, where Od is a bredking

operation using a direct circuit (i.e.,at reduced voltage).

The|single O operation is hefe reproducing the 1% O of an O-CO sequence and shall be

carried out at the O-CO lockout energy.

Even if a single O operation performed at minimum operation energy is not explicitly foregeen

int

e symmetrical fest cases, the last O in the O-CO and CO sequences are performed gt an

operating energytequal to the O lock-out condition, since the operation energy has been

congumed by previous operations (O-C and C, respectively).

The|breaking capacity for single O operations carried out at O lockout condition is verifigd in

the

and

[ 1004 test duty, since that test duty consists of single O operations (minimum, maxivlnum

intermediate nrr‘ing fimn)

11.2 Alternative operating mechanisms

11.2.1 General

During the lifetime of a circuit-breaker or due to new developments of operating mechanisms
a type tested circuit-breaker may be operated with an alternative operating mechanism that is
different from the one type tested. To limit the quantity of tests for this new combination of
operating mechanism and circuit-breaker, a statement is included in 6.102.7 of IEC 62271-
100:2008 that repetition of type tests is not necessary for short-circuit, out-of-phase and
capacitive current switching tests.
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This statement applies if the type tested combination of operating mechanism and circuit-
breaker and the alternative operating mechanism with the same circuit-breaker if the following
conditions are fulfilled.

a)

the mechanical characteristics under no-load conditions of the circuit-breaker with the
alternative operating mechanism shall be within the limits defined in 6.101.1.1 of
IEC 62271-100:2008;

a T100s test shall be done with the circuit-breaker and both operating mechanisms. Also
here the mechanical characteristics shall be compared according to 6.101.1.1 of
IEC 62271-100:2008;

------- eReara OFA H-aecordanee—wi £ s of

Additionally, the circuit-breaker with alternative operating mechanisms shall pass a' T100a|test
if the operating times are such that the circuit-breaker will fall into a differentCcategory of

minimum clearing time (see 11.2.4.3 and subclause 3.7.159 of IEC 62271-100:2008);

11.2]2 Comparison of the mechanical characteristics

If a%{ requirements are met, the alternative operating mechanism combined with the fype

d circuit-breaker is deemed to have the same characteristics and;all’'type tests performed
e original combination are also valid for this new configuration{

The|mechanical characteristics of both operating mechanisms shall be recorded under the
samg no-load conditions with the same type of circuit<oreaker. In the ideal case both clgsing

and |opening travel curves of the alternative operating mechanism should fall into the #
toleance band of the type tested operating mechanism. The tolerance band is drawn fron

5 %
the

beginning of the mechanical characteristics to. the instant of contact touch for the clgsing

opetlation and from the instant of contact separation to the end of the contact travel for

the

opening operation. The mechanical characteristics of the alternative operating mechanism is

dire¢tion until one of the envelope-gurves covers the curve of the alternative oper
mechanism. This gives the following maximum tolerances over the mechanical characteri

— '010%,
- 0 %;

- o %

placed into the envelope of reference curve. The envelope can be moved in the vei

tical
ting
ics:

The|displacement.of 'the envelope can be used only once for the complete procedure in ¢ach

test fin order to-obtain a maximum total deviation from the reference characteristic of 10 %
example is shown in Figure 64.

. An



https://iecnorm.com/api/?name=d503520b41bcdeec0159df19acf15511

- 158 - TR 62271-306 © IEC:2012(E)

————» Stroke

——— > Time

Key
Red traces

Blagk trace

Example 1:

As ¢an be seen ‘in.Figure 64, the alternative operating mechanism (solid black line) h
tly different travel curve. But the comparison fulfils the requirements of 6.101.1.

sligh

IEC62271-100:2008. Even in the case that the curve during closing is leaving the refer
travel boundaries is acceptable as the travel during closing shall be within the bound
until.contact touch has taken place. This is before the end position of the circuit-brea

only

Closing operation Opening operation

Envelope of the reference<mechanical characteristics

Mechanical characteristics of the alternative operating mechanism

Figure ;64 — Comparison of reference and
alternative mechanical characteristics

A
1

!

For the given example the requirement of the no-load characteristic is fulfilled.

s a
of
nce
ries
er.
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---------------------------------------------------------------------------------------------------

Stroke

Key
Red traces Envelope of the reference mechanical characteristics
Blagk trace Mechanicaklcharacteristics of the alternative operating mechanism
Figure 65 — Closing operation outside the envelope
Example 2:

In Flgure 65 _the closing operation of another alternative operating mechanisms is shown. In
this |case-the closing speed of the alternative operating mechanism is different. Accordirlg to
the |requirements of 6.101.1.1 of IEC 62271-100:2008 the mechanical characteristicd for
clos|ng.do not fulfil the requirements.

Therefore the alternative operating mechanism should be tested for all relevant short-circuit,
out-of-phase and capacitive current switching duties.

11.2.3 Comparison of T100s test results

As mentioned in |IEC 62271-100, the number of tests shall be limited when qualifying an
alternative operating mechanism. One test-duty to be performed is T100s. This test was
chosen as it should demonstrate the ability of the circuit-breaker to close against a short-
circuit and to clear a 100 % short-circuit current. As the original circuit-breaker is deemed to
be fully type tested, results of the T100s tests are available. Therefore only the new
combination of the type tested circuit-breaker and the alternative operating mechanism has to
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be subjected to a T100s test. The test shall be done under the same conditions as during the
original type test.

The new combination shall pass the test according to the procedure of IEC 62271-100.
Additionally, the mechanical characteristic during opening under the conditions of longest
arcing time shall be compared with the travel curve of the original type test. The travel curve
shall fulfil the requirements according to 6.101.1.1 of IEC 62271-100:2008.

In Figure 66 an example of the comparison of travel curves is given. The reference curve
(red) was taken durlng a T100s test with the orlgmal operatlng mechanlsm Iongest arcing

lack
ves)
g the
requirement B of 6.102.7 of IEC 62271-100:2008.
]
X
s s U SO0 2 S
n
— > Time
Key
Red traces Envelope of the reference mechanical characteristics
Black trace Mechanical characteristics of the alternative operating mechanism

Figure 66 — Mechanical characteristics during a T100s test
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11.2.4 Additional test T100a

11.2

4.1 General

In some cases the opening time of the operating mechanisms can vary and the alternative
operating mechanism may fall into a different category of minimum clearing time (see 3.7.157

of |

EC 62271-100:2008 and Tables 15 to 22 of IEC 62271-100:2008). According

to

IEC 62271-100, in this case a test duty T100a shall be performed on the circuit-breaker with
alternative operating mechanism.

As the aim of the test procedure of 6.102.7 of IEC 62271-100:2008 is to reduce the number of

test§ during quarification of an alternative operating mechanism Iwo cases are mvestigaied.
11.204.2 Case 1

Datg of the original test:

— Opening time 25 ms

— $hortest arcing time 12 ms

— Test frequency 50 Hz > Relay time 10 ms

— Network time constant 45 ms - Table 15 of IEC 62271-100:2008

Datg of the alternative operating mechanism:

— Opening time 19 ms
— $hortest arcing time 12,5'ms
The|travel curve of the alterpative operating mechanism will be within the boundaries

com
time|

original tests.

circuit-breaker was tested according to row 3 of Table 15 of IEC 62271-100:2008 ag
mum clearing time 7. ,gar min 1S

t =25ms+12ms+ 10 ms =47 ms

clear min

43.5ms < ¢ 64 ms = row 3 of Table 15 of IEC 62271-100

clear min <

is only a result of.a.longer reaction time on the trip command of the drive used fol

tolear min =219 ms+ 12,5 ms + 10 ms = 41,5 ms

t < 43,5 ms = not row 3 of Table 15 of IEC 62271-100:2008

etear min

’)’),’-'\ ms AQ,R ms—=row 2 of Table 15 of |IEC 62271-100:2008

1
Clear min =

the

if a

parison is made according to 6.101.1.1 of IEC 62271-100:2008. The difference of opegning

the

As the combination of circuit-breaker with alternative operating mechanism falls into a higher
severity class for the T100a test, this test has to be performed with the alternative operating

mec

hanism.

11.2.4.3 Case 2

Data of the original test:

— Opening time 17 ms

— Shortest arcing time 12 ms

— Test frequency 50 Hz > Relay time 10 ms
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Network time constant 45 ms = Table 15 of IEC 62271-100:2008

2(E)

The circuit-breaker was tested according to row 2 of Table 15 of IEC 62271-100:2008 as the

min

Dat

imum clearing time is

telear min = 17 ms+ 12 ms + 10 ms = 39 ms

22,5ms <t 43,5 ms 2 row 2 of Table 15 of IEC 62271-100:2008

clear min <

a of the alternative operating mechanism:

Opening time 23 ms
$hortest arcing time 12,5 ms

The([travel curve of the alternative operating mechanism will be within the boundaries

time|is only a result of a longer reaction time of trip command.

=23ms+12,5ms +10 ms =45,5 ms

Iclear min

43,5 MS < tg1ear min < 64 ms > row 3 of Table 15 of IEC(62271-100:2008

As the combination of circuit-breaker with the alternative operating mechanism falls into a

sev

opefjating mechanism. The stress for the circuit-breaker under the conditions o

asy

mmetric short-circuit is less for the circuit<kreaker with the alternative oper

mechanism as the d.c. component will be smallerduring the arcing time. The original test

the

higher d.c.-component covers the smaller dc-component.

11.2|5 Conclusions

An

alternative operating mechanism " is qualified when the requirements of 6.102.

IEC [62271-100:2008 are fulfilled.

Tes
ope
d.c.

12

fflating mechanism is shorter, such that the circuit-breaker should be tested with a hi
component.

Rated and.test frequency

12.1] General

if a

parison is made according to 6.101.1.1 of IEC 62271-100:2008. The difference of opgning

less

gre class for the T100a test, this test does not ne€d to be performed with the aIternItive

an
ting
with

ff duty T100a should only be performed when the minimum clearing time of the alternative

gher

Two| different frequencies are used in electric power systems. These frequencies are S(f Hz

and

O Hz

All circuit-breakers have to operate properly for each test duty and their rated frequency.

The rated frequency has an influence on the following tests:

temperature rise;

short-time withstand current;
terminal fault tests;
short-line fault test;

capacitive current switching.
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The different test circuits used during testing also have an influence on the switching
performance. These circuits are:

— direct test circuits;
— synthetic test circuit with voltage injection;

— synthetic test circuits with current injection.
12.2 Basic considerations

12.21 Temperature rise tests

The|maximum temperature rise is dependent on the test frequency and the type of apparatus
(Gl or AIS equipment) to be tested.

12.2{2 Short-time withstand current and peak withstand current tests

The|short-time withstand current test is characterised by the duration of theIshort-circuit.

The [tolerance of the frequency is £10 %, but for convenience of testing a wider tolerange is
allowed. IEC 62271-1 contains a cautionary note that care should be taken when interprg¢ting
test results when 50 Hz test are used to cover 60 Hz and vice versa.

Thehighest dynamic stress on the contacts and connections\occurs during the peak withstand
current test. The peak of the current is determined by the,time constant of the network [see
Annex A) and the rated frequency. IEC 62271-1 specifies three values for the peak factor|(k =
Ipea/isym)- They are:

— 2,5 for a rated frequency of 50 Hz and a time ‘¢constant of 45 ms;
— 2,6 for a rated frequency of 60 Hz and a time constant of 45 ms;
— 2,7 for rated voltages higher than 800 kV, where the standard time constant is 120 ms,
independent of the frequency.

The|special cases time constants.are covered by a preferred peak factor of 2,7.

12.2{3 Short-circuit making.current

The[peak of the making. current is determined by the time constant of the network and the
rated frequency. IEC,62271-100 states the following values for the peak factor (k = Ipeak/iE :
— 2,5 for a rated.frequency of 50 Hz and a time constant of 45 ms;
— 2,6 for a rated frequency of 60 Hz and a time constant of 45 ms;

— 2,7 for_rated voltages higher than 800 kV, where the standard time constant is 120| ms,
independent of the frequency;

— 3,7%for all special cases time constants, independent of the frequency.

12.2.4 Terminal faults

A higher frequency leads to a shorter arcing window, because the time between two current
zeros is correspondingly lower. For example, when the minimum arcing time of a circuit-
breaker is 12 ms, the maximum arcing time that has to be demonstrated for single-phase
testing at 50 Hz is 21 ms (12 — 1 + 10 ms). At 60 Hz the maximum arcing time is 19,5 ms
(12 -0,8 + 8,3 ms).

For test-duty T100a, a separate test may be necessary to prove that the operating mechanism
has sufficient energy in case of 50 Hz application when the test has been performed using a
60 Hz current source, even if longer arcing times derived from 50 Hz requirements have been
tested. The same is applicable for metal enclosed and dead tank circuit-breakers due to
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higher exhaust energy at longer arcing times, which can influence the phase-to-phase or
phase-to-earth insulation.

The ITRV stress for different rated frequencies in live-tank circuit-breaker application is not
taken into consideration when:

— the short-line fault test is carried out with a line-side time-delay ¢4 equal to zero without
significant differences in arcing time between short-line fault and terminal fault tests;

— the arcing window covers the corresponding frequency.

12.2|5 Short-line fault

For ghort-line fault tests both the rate-of-decay of the short-circuit current,before current gero
and the arcing window are important factors. A higher rated frequency means a higher ratg-of-
rise [of the line side TRV. Since the rate-of-rise of the line side TRV |influences mainly the
thermal interrupting behaviour of a circuit-breaker, it is importantythat the di/d¢ in the|test
repdrt equal to or higher than required for the specified frequency

For example a 90 % short-line fault test performed at 50 Hz<with a line impedance of 450 Q
for @ rated short-circuit current of 40 kA results in a libe-side rate-of-rise of the TR)V of
7,2 ;V/ps, whereas the same test performed at 60 Hz would have a 20 % higher rate-of-rige of
the line side TRV.

Therefore tests performed at 50 Hz are only~valid for 60 Hz provided that the tests| are
performed with a synthetic test circuit where the di/d¢ is adjusted to 60 Hz.

If the test is performed at 60 Hz, it is only valid for a rated frequency of 50 Hz provided|that
the maximum arcing time for 50 Hz is\covered. However, this is only possible in synthetic|test
circyit because any arcing time can-be chosen.

12.2|6 Capacitive current switching

Whegn the interrupting performance of a circuit-breaker for different rated frequencigs is
compared in capacitivesswitching tests, the only important factor is the recovery voltagg as
function of time. lt~is“characterised by the voltage peak and the time to peak. Since| the
withstand capability-of a circuit-breaker is a function of time, the higher frequency results|in a
higher stress oon<the circuit-breaker at arcing times close to zero. For example, the time to
peak for 50 Hz'is 10 ms, whereas it is only 8,3 ms in 60 Hz applications.

Whgn dntefrupting with arcing times longer than the minimum arcing time, the contact gap is
widgr ‘and therefore the voltage withstand of the circuit-breaker is higher. Maximum aicing
time is therefore not an important factor when comparing tests performed at different
frequencies.

To obtain the correct voltage stress between circuit-breaker contacts, synthetic capacitive
circuits can be used.

12.3 Applicability of type tests at different frequencies
12.3.1 Temperature rise tests

Applicability of the tests for the different frequencies is given in Table 17.
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Table 17 — Temperature rise tests

Test frequency Test results acceptable at other
(Hz) frequency?
50 Yes, see NOTE
60 Yes

NOTE Tests performed at 50 Hz on circuit-breakers having no ferrous components
adjacent to the current-carrying parts cover the performance at 60 Hz, provided that
the temperature-rise values recorded during the tests at 50 Hz do not exceed 95 %
of the maximum permissible values.

12.3|2 Short-time withstand current and peak withstand current tests

Applicability of the tests for the different frequencies is given in Table 18 and Table 19.

Table 18 — Short-time withstand current tests

Test frequency Test results acceptable)at other
(Hz) frequency?
50 Yes
60 Yes

Table 19 — Peak withstand current tests

Test frequency Test results acceptable at other
(Hz) frequency?
50 Yes, if 60 Hz peak factor is used
60 Yes

12.3(3

Short-circuit making current test

Applicability of the tests for\the different frequencies is given in Table 20.

Table 20 — Short-circuit making current tests

Test frequency Test results acceptable at other
(Hz) frequency?
50 Yes, if 60 Hz peak factor is used
60 Yes

12.3.4 Terminal faults (direct and synthetic tests)

It is widely accepted that, for presently available technologies, the applicability of the tests for
different frequencies is as presented in Table 21 and Table 22. However, in order to ensure
the best possible clarity and accuracy for (type) testing, and to avoid any doubt about the
applicability of results, IEC 62271-100 requires that tests be made at the rated frequency.
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Table 21 — Terminal faults: symmetrical test duties

Test frequency Test method Test results acceptable at other frequency?
50 Hz 60 Hz Direct Synthetic
X No, di/dt for 60 Hz not covered, see NOTE
X X Yes, provided di/dt for 60 Hz covered
X Yes, if arcing window for 50 Hz is covered
X Yes, provided arcing window for 50 Hz is
covered
NOTE Tt is recognized that for vacuum circuit-breakers d:i/dz Is not a relevant criterion for comparison and.igsts
at 5D Hz are acceptable for 60 Hz ratings, but not vice versa.

Table 22 — Terminal faults: asymmetrical test duties

Test frequency Test results acceptable at other'\frequency?
50 Hz 60 Hz
X X Yes, if the asymmetry requirements and arcing times of
IEC 62271-100 are met

12.3

5 Short-line fault (direct and synthetic tests)

It is widely accepted that, for presently available technologies, the applicability of the tests for
diffefent frequencies is as presented in Table 28, However, in order to ensure the |pest
posgible clarity and accuracy for (type) testing, ahd to avoid any doubt about the applicability
of rgsults, IEC 62271-100 requires that tests be'made at the rated frequency.
Table 23\~ Short-line faults
Test frequency Test method Test results acceptable at other frequency?
50 Hz 60 Hz Direct Synthetic
X X No, di/dz for 60 Hz not covered, see NOTE
X X Yes, if di/dt for 60 Hz covered
X X Yes, if arcing window for 50 Hz is covered
X X Yes, if arcing window for 50 Hz is covered
NOTE It is recognized that for vacuum circuit-breakers di/d¢ is not a relevant criterion for comparison and tgsts
at 5D Hz are accéeptable for 60 Hz ratings, but not vice versa.

12.3]6 ¢ Capacitive current switching

App

licability of the tests for the different frequencies is given in Table 24.

Table 24 — Capacitive current switching

Test frequency Test results acceptable at other
(Hz) frequency?
50 No
60 Yes

Tests performed at 50 Hz are only applicable to 60 Hz if the recovery voltage at any point
from zero to the first peak equals to or exceeds the required 60 Hz recovery voltage
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waveshape. This means that a higher test voltage needs to be used. To fully cover a 60 Hz
test with a 50 Hz voltage, the test voltage needs to be increased with a factor of 1,44
compared to the 50 Hz test voltage.

13 Terminal faults

13.1 General

This clause treats short-circuit currents and their arcing time and the associated transient
recovery voltages.

Tesi requirements for symmetrical terminal fault conditions are covered by short-circuit|test
dutigs T100s, T60, T30, and T10. The asymmetrical duty T100a and the various)shorttline
faulf and out-of-phase duties are considered elsewhere in this document.

The| purpose of this clause is to provide a background framework for”some of these
requirements where it may not be clear from the latest revision of the standard, or from readily
available text books, how they were derived. Aspects covered in this clause are those relating
to the short-circuit current, particularly to the arcing time and ,the-voltages, both power
freqliency and transient recovery voltage (TRV), associated with te€rminal faults.

The|system may be earthed in different ways depending onsystem voltage and application.
The [following definitions apply (Clause 3 of IEC 62271-100:2008 and as noted below):

solidly earthed (neutral) system (3.1.106 of IEC 6227%1-100:2008)
a syptem whose neutral point(s) is (are) directly eafthed

[IEC|60050-601, 601-02-25]

effegtively earthed neutral system (3.1.128 of IEC 62271-100:2008)
system earthed through a sufficiently low* impedance such that for all system conditionq the
ratig of the zero-sequence reactancexto the positive-sequence reactance (Xy/X,) is pogitive
and [less than three, and the ratio of the zero-sequence resistance to the positive-sequénce
reactance (Ry/X4) is positive andless than one. Normally such systems are solidly earthed
(neutral) systems or low impedance earthed (neutral) systems.

NOTE 1 For the correct assesSment of the earthing conditions the physical earthing conditions of the total system
should be considered ratherthan just at the relevant location.

nonteffectively earthed neutral system (3.1.129 of IEC 62271-100:2008)
system other than  effectively earthed neutral system, not meeting the conditions given in
3.1.128. Normally such systems are isolated neutral systems, high impedance earthed
(nedtral) systems or resonant earthed (neutral) systems

NOTE 2, For the correct assessment of the earthing conditions the physical earthing conditions of the total system
should\be Considered rather than just at the relevant location.

13.2 Demonstration of arcing time

Throughout IEC 62271-100 and related documents the terms arcing time, arcing window and
interrupting window are used, especially in relation to the interruption of short-circuit currents.
To understand the requirements of the various subclauses of IEC 62271-100:2008, such as
6.102.10, it is necessary to understand the meaning of these terms and that of the terms
minimum and maximum arcing time in particular.

A circuit-breaker is required to interrupt short-circuit currents regardless of the point on the
cycle of power frequency current its interrupter contacts separate mechanically. When this
mechanical separation occurs the contacts are said to have parted and when the subsequent
arcing ceases, the current is interrupted. The time between contact parting and current
interruption in all three phases is the arcing time that is being considered here. Arcing time is
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measured in milliseconds (ms), or in electrical degrees (e.g. 10,0 ms at 50 Hz and 8,3 ms at
60 Hz are 180°). The shortest arcing time at which the circuit-breaker is able to interrupt is the
minimum arcing time.

Depending on the point of contact parting and the particular current, the arcing time of a
circuit-breaker will vary between this minimum value and a maximum value. The difference
between these values is called the arcing window (or more rarely the interrupting window).
Although different designs of circuit-breaker will be capable of interruption over different
ranges there is a basic requirement which is applicable to all modern designs of circuit-
breaker. For these circuit-breakers the minimum arcing time is short or relatively short, and in
addition they have limited capability for prolonged arcing as their quenching period is also
shor.

During each test-duty series (e.g. T100s or T60) it is necessary to demonstrate [this Hasic
arcimg window. The minimum and maximum arcing times cannot be demonstrated in a single
valid test. In the case of fault interruptions involving three-phases, the minimum-arcing time is
obtained in one of the valid tests of a test-duty with the first-pole-to-clear’and the maximum
arcing time is obtained in another valid test with the last pole(s) to clear.

For single-phase faults the maximum arcing time is the period to th€.end of the arcing window
of the faulted phase, consisting of the minimum arcing time plus one loop of fault cufrent
minys 18°. This 18° is related to a deliberately specified step, ‘of)equal duration for 50 Hz|and
60 Hz, giving a point of contact separation a short time |latér than that giving the minignum
arcing time. At this setting the arcing time is too shott for satisfactory clearance as a
minimum, by definition, and an additional loop i.e.180°, has to be endured until the |hext
currgnt zero. Clearance at this later zero gives the.maximum arcing time and the end of the
arcing window. The specified step of 18° is the “smallest practical value for such a [step
gengrally achievable at testing stations being 1.msat 50 Hz and 0,8 ms at 60 Hz.

13.3| Demonstration of the arcing time for three-phase tests

The [arcing time requirement must be demonstrated during the sequence of three valid tesfs of
each of the specified short-circuit test-duties.

Whgn three-phase symmetrical® current tests are to be demonstrated using direct |test
techpiques, the possible arcing times are automatically obtained by changing the setting of
contact separation by .a’.duration of 40° between each of the three required opening
opernations of the operating sequence (refer to 6.102.10.1.1 of IEC 62271-100:2008). In|this
way/ taking into aceount that current passes through zero on one of the phases every 60°| the
minimum arcing time’is determined with a precision of less than 20°.

For synthetic testing the procedure is defined in IEC 62271-101.

13.4| Power frequency recovery voltage and the selection of the first-pole-to-clear
_{actors 1,0, 1,2, 1,3 -and 1,5

13.41 General

The first-pole-to-clear factor (k,,) is a function of the earthing arrangements of the system. As
defined in 3.7.152 of IEC 62271-100:2008 it is the ratio of the power frequency voltage across
the interrupting pole before current interruption in the other poles, to the power frequency
voltage occurring across the pole or poles after interruption in all three poles. For non-
effectively earthed neutral systems this ratio is or tends towards 1,5. For rated voltages less
than 170 kV such systems are quite common, particular within Europe and Japan.

For effectively earthed neutral systems, the realistic and practical value is dependent upon
the sequence impedances of the actual earth paths from the location of the fault to the
various system neutral points (the ratio X;/X;). The value used in IEC 62271-100 is taken to
be < 3 (see Equation (80)). The Xy/X, value is a standard value confirmed by system studies
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of various networks. Hence, for rating purposes, IEC 62271-100 considers two values for the
three-phase short-circuit condition. These are adequate for the many, different, system
earthing arrangements:

a) the non-effectively earthed, to cover all unearthed systems and those with some
deliberate additional impedance in the neutral system. A standardised value for kpp of 1,5

s used for all such systems;

b) all effectively earthed systems where it is accepted that some impedance exists. For
standardization purposes for power systems operating at 800 kV and below the value for
k., used is 1,3. For ultra-high-voltage (UHV) power systems operating above 800 kV
is 1,2 based on an X,/X, ratio of 2.
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app}oaching 1,0. In general the users of such systems are aware of this possibility and o

’ kPP

the last-pole-to-clear is considered. For this condition kop is 1,0.

cularly in major urban systems. The high number of transformer neutrals conne
tively to earth causes the value of 1,3 to be questioned. Although this has
idered, the text of IEC 62271-100 does not take these developments into account.
rtant for users with such systems to note that as kp decreases.towards unity the valy
second-pole-to-clear factor will fall. In addition, the value<of the phase currents
ge. The three phases become three independent single-phases each with

to consider the actual system conditions when assessing the suitability of their spec
irements and the test evidence they are offered against these.

large transformers that contribute a relatively:large part of the total short-circuit cur

re the ratio of three-phase to single-phase earth fault current is 1,0, k., is also
ever, although this is normally assumed to be adequately covered by the use of the th
e requirements and the associated k., of 1,2 or 1,3, it is important that evidend
ided to demonstrate the extended arc condition of the single-phase fault. For a sir
e fault an appropriate fullxarcing window must be demonstrated.

ould be noted that\in accordance with 6.108 of IEC 62271-100:2008 specific reco
ge conditions are required to demonstrate the ability of a circuit-breaker to clear sin
e and double earth faults.

2 » ‘\Equations for the first, second and third-pole-to-clear factors

ansmission voltages there has been an increase in interconnection and transformPon

arding earthing of the test circuit, reference is made to 6.103.3 of IEC 62271-100:2008.
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first-pole-to-clear factor is function of theXp/X; ratio that is in this case equal or lpwer
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equation for the first-pole-to-clear tactor is :

3X,
kpp =——
X1 +2X0

(80)

where X, is the zero sequence, and X, the positive sequence reactance of the system.
Table 25 gives the k,, values for various earthing arrangements based on the definitions
given in 13.1.
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Table 25 — First-pole-to-clear factors kpp

Earthing arrangement X/ X, System voltage kop

Solidly earthed 1 1
<800 kV

Effectively earthed 3 1,3
Effectively earthed 2 > 800 kV 1,2
Non-effectively earthed © <170 kV 1,5
NOTE Calculation of kpp for the effectively earthed case (X,/X, = 3) gives kpp = 1,286 which is then rounded to
1,3.

Follpwing interruption of the first pole, the remaining two phases continue to conduct fault
current.

In systems with non-effectively earthed neutrals the second and third poles‘interrupt in s¢ries
under the phase-to-phase voltage so that for the second and third pole,

J3

k, =§|——, where ky is the pole-to-clear factor of the individual polés.

In systems with effectively earthed neutrals the second pgle clears with a pole-to-clear fgctor
of,

3(XE + XpXq + X7
kpz\/( 0 041 7) (81)
X0+2X1

Equation (81) can be expressed as a function of the ratio a = Xy/X;:

\/5 a?+a+1

k =
P 2+«

For the third-pole-to-clear in an effectively earthed system &, = 1.Table 26 gives k, for ¢ach
clearing pole as a function of X,/X, as appropriate.

Table 26 — Pole-to-clear factors for each clearing pole

XolX4 Pole-to-clear factor

Ratio First Second Third
3 1.3 1.27 1.0
2 1,2 1,15 1,0
1 1,0 1,00 1,0
© 1,5 0,866 0,866

The respective multiplying factors for the peak value of the TRV (u.) are given in Table 6 of
IEC 62271-100:2008. It is important to note that the amplitude factor is the same for each
pole. The multiplying factors are as applied to the power frequency voltages.
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13.4.3 Standardised values for the second- and third- pole-to-clear factors

As discussed above, IEC 62271-100 has standardised values for the second and third-pole to
clear factors for three-phase testing. Subclause 13.7 deals with this topic in relation to
demonstration of arcing times for these poles and the appropriate pole factors relevant to
each opening pole. It is important to note that on systems where the neutral earthing is solid,
both the first-pole-to-clear factor of 1,3 and the values provided above for second- and third-
pole-to-clear factor, may be significantly different to the actual system requirements. This is
likely to be a rare occurrence, generally associated with urban systems where there are
numerous effectively earthed transformers in close proximity. Where such differences are
significant, the user is generally aware that it may be necessary to consider specifying system
Sped ific |cqui|c|||c||tb anmd—tests—NOTE—+—to—6-163-3 'u) of HE€6227+=166-2668—makes
refefence to this matter.

Circliit-breakers are rated on the basis of their ability to interrupt a three-phase(t¢.earth fault
in either an effectively or non-effectively earthed system. Taking former case,the three poles
cleaf in sequence:

o FHirst pole clears with kop given by Equation (80) leaving a two-phaseg,to-earth fault.

$econd pole clears with &, given by Equation (81) leaving a single-phase to earth fault.
For the case of a two-phase to earth, the kop for the first clearing pole is also giveph by
Equation (81).
:

[hird pole with ky = 1 which is also applicable to the singlé-phase to earth fault case.

Similar logic can be applied to faults in non-effectively earthed systems. A summary of the
poletto-clear factors for the different fault cases is given'in Table 27.

Table 27 — Pole-to-clear factors,for various types of faults

Type of fault First-pole-to-clear. Second-pole-to-clear Third-pole-to-cleay
Phase-to-earth 1 - -
Twdg-phase not involving Simultaneous -epéning of Simultaneous opening of
earth )

both.poles: both poles:
Twdg-phase-to-earth
PR V3Va? +a +1 1 .
PP 2+a
Thrge-phase not involving Simultaneous opening of Simultaneous opening of
earth 1.5 \/5 \/g
both poles: 5 both poles: >

13.5] ‘Characteristics of recovery voltage

13.5.1 Values of rate-of-rise of recovery voltage and time delays

The values for the rate-of-rise-of-recovery-voltage (RRRV) for the first-pole-to-clear, and the
associated time-delay values, were derived from system studies, supported by system tests
performed in and before the mid-1970s. The values adopted (2 kV/us etc.) have been shown
by this work to be adequate for all developed systems, and are generally acceptable for
others. IEC 62271-100 gives multipliers for the RRRV for the second and third poles-to-clear.
These values were derived by calculation.
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13.5.2 Amplitude factors

2(E)

The values of the amplitude factors are given in 6.104.5 of IEC 62271-100:2008. These
values where adopted into IEC 62271-100 as a result of system studies and generally remain
acceptable.

13.6

Arcing window and kp requirements for testing

Separate procedures exist for tests performed in substitution for three-phase conditions by
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procedure as defined is for circuit-breakers to be installed in systems with non-effect
ned neutral and separately for those with effectively earthed neutrals. The-rel€
lauses in IEC 62271-100:2008 are 6.102.10.2.1 and 6.102.10.2.2.

required arcing window must be demonstrated for each condition ‘in~the cas

also applies to short-line fault and the out-of-phase test-duties OP®yand OP2). Whg
esting is for three-phase test requirements, or single-phase tests lin” substitution fof
b-phase condition, it is important that the arcing window ,and’ associated TRV
pnstrated for the relevant system condition. In the case of afsingle-phase test, the t
of the duty are demonstrated on that single pole, as it is the representative samp
ircuit-breaker, as allowed in 6.102.2 of IEC 62271-100:2008.

required arcing windows for circuit-breakers applied in a non-effectively earthed syj
own graphically in Figure 67. If contact parting is at the minimum arcing time (z5,¢ mil
pole, then that pole clears at 0° in Figure 67 and is followed by the other two poles|
. The minimum three-phase arcing time is f iomin + 90°. If contact parting is now del
8°, the first-pole-to-clear on one of the _other two phases will interrupt the curre
min — 18°%) + 60° =1, nin + 42°. As beforg, the other two poles will clear 90° later givi
mum three-phase arcing time of 7, 4in+ 132°.

1,6

1,5

1,4
Eirst pole
1,2

0,8
Second and
0,6 third poles

kp (pau)

vely
vant

. of
ote,
ther
the
are
nree
e of

tem

on
90°
yed
t at
hg a

~

0,4

0,2

0 20 40 60 80 100 120 140

Electrical degrees

Figure 67 — Arcing windows and k, value for three-phase fault
in a non-effectively earthed system
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A practical example of this case is shown in Figure 68.
clears first at the minimum arcing time of 12 ms at 50 Hz and the currents the red and green
each phase shift by 30° to become equal and opposite and are interrupted 90° later. In the
lower trace, contact parting is delayed by 18° and the first suitable zero crossing for current
interruption occurs on the red phase at 12 ms + 42°. The blue and green phases then clear at
12ms + 42° + 90° = 12 ms + 132° = 19,33 ms. At 60 Hz the corresponding maximum arcing

time is 18,1 ms.

The required arcing windows for circuit-breakers applied in effectively earthed systems at
800 kV and below are shown in Figure 69 and at voltages above 800 kV are shown in

In the upper trace, the blue phase

Figure 70.
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Figure 68 —Three-phase unearthed fault current interruption
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Figure 69 — Arcing windows and % values for three-phase fault to earth

in an effectively earthed system at 800 kV and below
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Figure 70 — Arcing windows and &, values for three-phase
fault to earth in an effectively earthed system above 800 kV

Refdrring to Figure 69 and Figure 70;.if’,Contact parting is at the minimum arcing time on|one
polel then that pole clears at 0° in either figure. The transition from a three-phase to a ftwo-
phage fault causes a phase shifting’ of the currents in the other phases and the second [pole
will ¢lear at 77°. A further transition and phase shift results in the third pole clearing 43° later.
The|minimum three-phase .areing time is t5,c min ¥ 77° + 43° = t3c min * 120°. If conptact
parting is delayed by 18°, the first-pole-to-clear will interrupt the current at (¢3¢ min — 18°) +
60°,|the second pole 77 later and the third pole 43° later still. The maximum three-phase
arcing time is given byy(t5,c min — 18°) + 60° + 77° + 43° = ¢, min * 162°. Figure 71 shoys a
simylation of a thfee-phase fault current interruption. The first-pole-to-clear interrupts| the
currgnt at about 156 ms followed by the second and third poles at approximately 161 ms|and
163 |ms, respectively. The phase shifting of the current at first and second pole clearirlg is
obvipus.
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Figure 71 — Simulation of three-phase to earth fault current interruption at 50 Hz

13.7| Single-phase testing to cover three-phase testing.requirements

As discussed in 13.6, Figure 67, Figure 69 and Figure 70 show the arcing windows
assqciated k, values for individual pole clearing @f three-phase faults. From Figure 67
accgptable to perform a single-phase test with & Na 1,5 and arcing times in the range ¢,
to 1 ke min *+ 132°. Likewise from Figure 69 and I-Ji)gure 70, it is acceptable to perform a sir
phage test with either k,, = 1,2 or 1,3 as applicable and arcing times in the range 7. |
tarc hin * 162°. These tests are acceptable-because the test requirements for each poleg
equalled or exceeded and has the advantage that only three valid interruptions are require

IEC62271-100 recognizes that thé testing described above is more onerous and allowsg

and
it is
E min
gle-
in to
are
d.

the

testg may be split into individualifor each pole and earthing arrangement case (see subclause

6.102.10.2.5 of IEC 62271-100:2008). For the non-effectively earthed case (Figure 67),
test|series are: the first at k ) = 1,5 and arcing time in the range t;,c min 10 farc min * 42°
the second at k&, = 0,87+and arcing times in the range t;,c min * 90° t0 75;c min + 132°. Fo

two
and
the

effeg¢tively earthed cases (Figure 69 and Figure 70), three test series are correspondingly

required to address ali'three pole clearing requirements.

13.8| Combination tests for kpp =1,3 and 1,5

For [a requitement with a first-pole-to-clear factor of 1,3 it is possible to adapt the
procgedure’during tests for a factor of 1,5. Two alternatives exist:

test

a) test with kop = 1,5 but ensure the arcing window (see 13.2) covers the range (180° — de);

b) test with k,, = 1,5 for its normal arcing window of (150 — da) plus an additional test
kpp = 1,3 and an arcing time of minimum arc time plus (180 — da). As stated in 6.102.1
IEC 62271-100:2008 all additional testing of this nature should be performed as
operations.

with
0 of
CcoO

13.9 Suitability of a particular short-circuit current rated circuit-breaker for use at an

application with a lower short-circuit requirement

Subclause 8.101 of IEC 62271-100:2008 states that:
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Circuit-breakers which have satisfactorily completed type tests for a combination of rated
values (i.e. voltage, normal current, making and/or breaking current) are suitable for any lower
rated values (with the exception of rated frequency), without further testing.

The reason for this is related to the combination of the transient-recovery-voltage (TRV)
requirements and the current values for the basic short-circuit test duties. This can be
demonstrated by using the following example where a circuit-breaker tested for a rated
voltage U, of 420 kV, 50 kA rating is considered for an application requirement of 420 kV,
30 kKA.

At 20.k\/ _the T1ﬂn, TRﬁ, T30 and T10 rhlfy TR\ values are detailedin Table 26 of
IEC62271-100:2008 and reproduced in an abbreviated form below for convenience.

The[circuit-breaker being considered satisfies the TRV peak and rate-of-rise etc.-of ithe d{ities
shown in the upper part of Table 28. Those for the application are shown in aimilar form in
the llower part of the table and are compared as illustrated by the arrows.

Thble 28 — Example of comparison of rated values against application (U, = 420 kY)

Quty for circuit- T100 T60 T30 T10

breaker

(current) (50 kA) (30 kA) (15 kA) (5 kA)
TRV peak value 624 669 669 787
Rat¢ of rise 2,0 3,0 5,0 7,0

{ { {
Duty of application - T100 T60 T30 T10
(current)
(30 kA) (18 kA) (9 kA) (3 kA)

TRV peak value - 624 669 669 787
Ratg of rise - 2,0 3,0 5,0 7,0

As
sign

an be seen from Table:x28, the evidence from the upper part of the table pro

ides
ficant overlapping evidence for the application shown in the lower part. This is the re\lson

why|8.101 of IEC 62271+100:2008 is acceptable in this case.

between the rating‘and the requirement is so great that the requirements of the application
becgme far removed from the evidence provided by type testing. In such cases discussgions
may|be required with the supplier. Additional test evidence may be required.

Users should exercise due diligence in all cases and most particularly where the differjnce

13.1p-"Basis for the current and TRV values of the basic short-circuit test-duty T10

Test duty T10 is detailed in 6.104.5.5 of IEC 62271-100:2008 and represents a transformer
limited fault condition with the circuit-breaker under consideration clearing a fault on the
remote side of the transformer. In such circumstances the fault current is limited by the
impedance of the transformer to a value, chosen for standardization purposes, of
approximately 10 %. The value of 10 % is historic having been established from system
studies and modelling using the typical impedance values of transformers of standardised
ratings.

For this duty, the fault-current is limited by the value of the impedance of the transformer. The
TRV is also dominated by the transformer characteristics which give it a (1-cos) wave-shape
form. The values given in IEC 62271-100 for amplitude factor, time coordinates and delay line
have been established from system studies and modelling during the 1960s and before. The
present values are accepted as being adequate for the vast majority of systems.
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It must be recognised that the first-pole-to-clear factor is 1,5 for all rated voltages. As the
damping of the TRV oscillation in a high-voltage transformer is less than in a network, an
amplitude factor of 1,7 has been standardised except for line systems, with a voltage
reduction across the transformer of 0,9 for voltages of 100 kV and above. Thus, the TRV peak
u; for test-duty T10 becomes:

a) for rated voltages below 100 kV

1) for circuit-breakers in cable systems

ug =kpp xkat 4/(2/3)xU; where ky is equal to 1,7.

4

b) f
(

Som
char

requirements.

betw
circu
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healthy phases/that is produced by the first fault to earth.

Suc:l\ a situation can oceur if, after a single phase-to-earth fault, the two other phases
J

¥) Tor circuit-preakers in line systems

ug =kpp x kgt 4/(2/3)xU; where k is equal to 1,8.

9 x1,7=1,53.

e large transformers, particularly those of present design, have different impedances
acteristics to those considered above giving rise to different current and

een the standard T10 and T30 values, the present characteristics for the contrg
it-breaker(s) do not adequately cover the site specific requirements, then additi
ng may be needed.

Double earth fault

Basis for specification

test requirement is limited to applications in non-effectively earthed systems.

ccordance with 6.108 of IEC 62271-100:2008, circuit-breakers applied in non-effect
hed neutral systems shall be(capable of clearing single-pole the short-circuit curn
h may occur in case of double earth faults i.e. earth faults on two different phases, of
h occurs on one side of the-circuit-breaker and the other one on the other side.

ized long enough*to allow another fault to earth to develop on another phase.
tion is unlikely to happen if the healthy phases are opened in a relatively short time
bccurrence of\the initial fault. However it may be provoked by the voltage elevatio

pr rated voltages of 100 kV and above: ug =kpy X kgt N@2I3)xU,, where kg is equal to

and
TRV

If users have a specific transformer installation® where, by extrapolation

lling
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vely
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N

0 ¢

Figure 72 — Representation of a system with a double earth fault

FiguILre 72 illustrates the case where a fault is present in phase\S. Due to the voltage incrg¢ase
on the healthy phases a fault develops on the other side of the’circuit-breaker in phase T.[The
totall fault current needs to be interrupted by pole S.

From Figure 72 it can be seen that one pole of the ‘eircuit-breaker is required to interrypt a
shont-circuit under phase-to-phase voltage. As the‘recovery voltage is higher than in gther
terminal fault test duties, this breaking conditienrcould be more severe than a terminal fault
T100 condition, but, as explained in 14.4, thg, short-circuit current is only 87 % of the rpted
short-circuit current.

This| condition is not covered by test duty T100 and, since it has a low probability of
occyrrence, IEC 62271-100 requires only one breaking test to be performed. When |this
standard was established it was considered that it is only necessary to test with the rEost
sevgre condition of arcing time’i.e. with a long arcing time corresponding to a high engrgy
content of the arc and with @ moving contact position close to the fully open position.

14.2| Short-circuit current

The|calculation of\the short-circuit current is detailed in 14.4.

A symmetrical current is specified in testing, as in test duty T100s, because a symmefrical
condition-leads to the highest TRV peak possible when compared to the value specified for
test [duty 7100.

143 TRV

The RRRYV is the same as for terminal fault test duty T100s. The voltage factor for the double
earth fault is V3, since the full phase-to-phase voltage is applied to one pole, whereas it is 1,5

for terminal fault. The di/d¢ is obtained by multiplying the T100s value by @ It follows that
B B

X 1
2

the rate of rise of recovery voltage is equal to the values of T100s multiplied by

’

Specified TRVs with two parameters (rated voltages less than 100 kV) and four-parameters
(rated voltages equal or higher than 100 kV) are determined from the RRRV and a pole-to-
clear factor of V3. They are given in Table 28 of IEC 62271-100:2008.
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In the case of a two-parameter TRV, 5 is derived from u., and the RRRV.

In the case of a four-parameter TRV, u4 and u, are calculated on the basis of a pole-to-clear
factor of V3, ¢4 is derived from u, and the RRRV and 1, = 4 x t,.

14.4 Determination of the short-circuit current in the case of a double-earth fault
Figure 73 shows a schematic representation of the fault case illustrated in Figure 17.

Phase supply voltage is U.

Ur
Ir
O
Us
Is
BT E—

Ur

©

Figure 73 — Representation of circuit with double-earth fault

The|use of symmetrical components leads to the following equations:
IR:O—) I1+12+10:O

US=0—> U0+82U1+aU2:0

UT=0—> U0+aU1+a2U2=0

with

a=¢l2n/3 = -1/2.4jV3/2

U1 = U—X1I1 (82)
U2 = —X2[2 (83)

this gives:

-Xolp + @2(U — X411) — aXpl, = 0
-Xolp + a(U — X414) — a2X,I, = 0
11 + 12 + IO =0

or,

a2Xq Iy + aX,l, + Xyl = a2U (85)
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Multiplying Equation (86) with “a” and subtracting Equation (85) leads to:

Multiplying Equation (85) with “a” and subtracting Equation (84) leads to:

aX Iy + a2X,l, + Xyly = al

L+ +15=0

X1[1(1-a) + (a‘1)X0[0 = (1-a)U > X1I1 —Xolo =U

A syjstem of 3 equations with 3 unknown is obtained:

L+, +1y=0
Xolp = Xolg

Resoplution of Equations (90), (91) and (92):

Xolo

I+ +15=0
1 X2 0
X2+X0 _ 11Xo
o=y, =N lo="Tq
XoX. XoX?2
X111+L><11:U1 or I{Xﬁ——sz = I1=
X2+X0 X2+X0 X,|+
and Ioz_ﬁ
X2 +XO
11X
12:_11_10:_)(1—0
2+Xo

U

XoXo

X2+Xo

(86)

(87)

(88)

(89)

(90)

(91)

(92)

(93)

(94)

(95)

The lcurrent in phase S is given by:
Lad J J

[S = IO + 82[1 + alz

From Equations (94) and (95), and with the standard hypothesis X, = X;:

Xl

Ig=-——11_
ST X+ X

IS _ —X1+82X1+82X0—8X0 _

+8211 —a

with  a=el2™3 =_.1/2 + j\3/2

Xolq
X1 +X0

2

—X1[3/2+j\/§J—jX0\/§

[1 X1+XO

X1+X0
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Using the equation for /; given in Equation (93), the current for the double earth fault (/44) is
then:

Tyet =1Is

—_U‘/g [£+l+jﬁ]

:X1+2XO 2 2 X1

For non-effectively earthed networks X; >> X, which gives:

__ U3 ¥g U3
X1+2X0 JX»] JZX1

lyef F

V3
The [three-phase short-circuit is given by I, = U/X{—> Igef =—j%[sc, or |Iyef| =087|75c] -

Fault currents relative to the three-phase short-circuit current are shown |in Figure 74 for| this
casg and for other fault cases.

ﬁ\ ——e— SLG Fault

1.6
K\ e=== Phase-to-Phase
14 Fault

egr=== DE Fault: Line
1.2 Current

Ratio: Fault current/TPG fault current

0.6
0.4
0.2
0
0 1 2 3 4 5
X,/X,
Key
SLG fault Single-line to earth fault TPG fault Three-phase-to earth fault
DE fault Double earth fault Solid line  Three-phase to earth current

Figure 74 — Fault currents relative to the three-phase short-circuit current

15 Transport, storage, installation, operation and maintenance

15.1 General

The purpose of this clause is to provide additional information to assist in ensuring that the
circuit-breaker is transported, stored, installed, operated and maintained in a manner that
maximises reliability and availability for the life of the equipment.
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The circuit-breaker should have been routine tested before transportation to prove that it is of
suitable quality and considered by the manufacturer to be suitable for use on a high-voltage
network. It must then be transported, stored, installed, operated and maintained in
accordance with the instructions given by the manufacturer. These instructions should be
provided before the delivery of the equipment. Ideally they should be available at the time of
purchase or technical assessment for purchase.

The recommended approach to the management of the circuit-breaker asset evolves during
the life of the equipment from the basis of the initial recommendations of the manufacturer.
This initial program can be optimised using the experience of the user and the manufacturer.
The development of management strategies for circuit-breakers is outside the scope of
IEC62271-100. CIGRE provides important reference documents covering reliability, [28],
condition monitoring [29] and life management [30] of circuit-breakers.

15.2 Transport and storage

A cifcuit-breaker that has met all factory testing and inspection requirements“is considergd to
be gorrectly manufactured and suitable for use on a high-voltage network. It is thergfore
impartant to ensure the circuit-breaker is transported and stored in & manner that doeq not
cauge damage to the equipment.

IEC62271-1 emphasises the need for protection from damage caused by moisture [and
vibration during transport and storage. Appropriate instructions must be provided by| the
manufacturer and should include packing units, packaging description, dimensions, weights
and [storage requirements.

Congideration may also be necessary for any special conditions that may be imposed by the
circumstances of the project when determining. transport and storage options. This incllides
any |environmental changes that are likely to be experienced during transportation [and
storage, for example ambient temperaturey(pressure, humidity and pollution especially from
salt | (sea/coastal) environments. A particular consideration may be whether the pag¢ked
equipment should be capable of being,stored outdoors for a defined period without being
damjged. Equipment should also be-packed or crated in a manner suitable for stacking|and
for handling by forklift or other appropriate means and arranged so that complete items of
plant may be delivered to separate sites independently. Packing of switchgear |and
confrolgear with insulation other than ceramic insulation should be suitably protected against
invagion by vermin.

Each packing case should contain a list detailing the contents of the case. There shoulf be
clear indication of lany special handling conditions, which should preferably be repeated on
the pontainer. Shoc¢k indicators are a useful method of determining whether the equiprhent
has peen subjected to high impacts during transportation.

Any|valves*or other fittings liable to damage during shipment should have covers or sha|l be
repl:fced by plugs.

A power supply may also be required for connection to the anti-condensation heaters during
storage. Clear instructions must be provided to ensure safe connection of such supplies and
potential damage to sub-components adjacent to the heaters.

The requirements for the packing and storage of spare parts need to be considered to ensure
they can be appropriately stored, identified and handled.

Any damage or doubts regarding the condition of the circuit-breaker should be referred to the
manufacturer.
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15.3 Installation

Subclauses 10.2.1 to 10.2.4 of IEC 62271-1:2007 describe the unpacking, lifting, assembly,
mounting and connections to the circuit-breaker. Connections include the high-voltage and
current connections, auxiliary circuits, liquid or gas systems and earthing.

It is important that the required information is provided for the safe and effective unpacking,
lifting and assembly of the circuit-breaker on the appropriate foundations.

Responsibilities for installation and commissioning of the circuit-breakers need to be defined
before these activities are commenced. It is important to ensure that the installation and
commissioning staff are competent and there is adequate expert supervision. Involvemept of
the manufacturer should be considered and there may be a need for qualification ef ‘stdff in
the Installation and commissioning of each type of circuit-breaker. Responsibility should [also
be defined for the supply of SFg, other gases, and hydraulic oil where appropriateyfor filling to
opefational pressure.

Confirmation should be made that correct gas transport pressures havefbeen maintained|and
subgequent filling is to the correct pressure. The use of recycledlrgas complying |with
IEC 60480 is encouraged provided there is agreement withy the manufacturer. [The
manufacturer is to state any requirements for the use of recycled“gas. All necessary testing to
provie the quality of the gas is recommended.

Within the bounds of practicality there is to be no discharge of SFg due to the impact of|SFg
on the environment and potential health and safety implications. SFg should not be released
imprudently to the atmosphere. Any unwanted ok waste SFg should be recovered for
recygling. More information regarding recovery and“equipment for recovery of SFg is proviided
in IHC 62271-4 7.

Confirmation should be made of all connections including high-voltage, secondary |and
earthing connections. The high-voltage terminal connectors should be installed as designed to
ensure terminal loading forces and.Support bending moments are not exceeded fof all
envifonmental, operational, fault and" seismic conditions. This requirement is importanf for
adjacent equipment as well as the‘circuit-breaker.

Chegks should include corfect assembly, avoidance of damage, correct gas pressures|and
correct earthing.

15.4] Commissioning

Commissioning)tests are recommended to be performed following installation. The purpoge of
thesg tests is'to confirm the following:

— fransport and storage have not damaged the circuit-breaker;

— gepdrate units are compatible;

— assembly has been performed correctly;
— the circuit-breaker will operate correctly.

Commissioning tests are particularly important when a large part of the assembly and/or
adjustment is performed on site.

Repetition of the full program of routine tests already performed in the factory should be
avoided.

7 To be published.
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If major sub-assemblies are combined at site, without previous tests on the complete circuit-
breaker, then a minimum of 50 no-load operations are to be performed on site. Deferred
routine tests may be included in the 50 operations because both site routine tests and
commissioning tests confirm the correct operation of the circuit-breaker.

The manufacturer should provide instructions for inspection and tests that should be made
after installation and all connections have been made. The results should be provided in a
commissioning test report. The commissioning test program should be based on the
manufacturer’s recommendations and should be agreed before the program is commenced.

Sub
com
inclu
excl
congider the type and construction of the circuit-breaker as well as the~gonditiong

o

trangportation, storage and installation. Subclause 10.2.101 of IEC 62271-100:2008 incl

testg and checks in the following categories:

eneral checks including assembly, tightness, external insulation, paint, corrg

g
protection, operating devices, earth connection and operations counter;

Q.

o)

nd lighting;

ghecks of the insulation including filling pressure ¢and quality (in accordance
I[EC 60376, IEC 60480 and IEC 62271-4 for SFg);

g¢hecks on operating fluids including levels, filling{pressure and purity;

gite operations;
[
pressures;

ihcluding lockout, low pressure alarm, safety valve and pumping device cut-in and cut-
power consumption during operations;

Verification of the operatingcsequence;

glosing and opening times' of each pole including control and auxiliary contacts;
necharging time of thevoperating mechanism;

nechanical trayel~characteristics where the circuit-breaker has been assembled
omplete circuit-breaker for the first time or where all or part of the routine tests
een performed on site;

haintenance. Due to differences in the measurement equipment, the results may g

f
Q
k
These mechanical travel characteristics may be used as a reference for fU
/
frofr the information provided by the manufacturer;

des

sion

hecks of electrical circuits including wiring, position indication, alarms, lockouts, heating

with

ihsulating and interrupting fluid alarm _and lockout pressures on rising and fdlling

gharacteristic rising and falling operating pressures for hydraulic and pneumatic sysfems

Dut;

S a
ave

ture
iffer

opening, closing and auto reclosing at the minimal functional pressure for operation;

the time during which the circuit-breaker remains closed during a CO operation inclu
an anti-pumping check;

ding

behaviour of the circuit-breaker on a closing command while an opening command is

already present;

the application of an opening command on both releases simultaneously;

protection against pole discrepancy;

dielectric tests on auxiliary circuits taking care not to damage vulnerable sub compone

measurement of the resistance of the main circuit.

nts;
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Procedures need to be included in the instructions for any adjustments that may be needed
for correct operation.

Recommendations shall also be provided for any relevant measurements that should be made

and

The

15.5

eart

recorded to assist with future maintenance decisions.
instructions need to be sufficient for final inspection and putting into service.

Operation

elevant safety requirements and the actions that must be taken for operation,(isola
ning, maintenance and testing. These instructions should preferably be_agreed

undérstood by the user prior to installation and ideally at the time of purchase.

15.6
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Maintenance

manufacturer should provide a maintenance manual that ingludes the extent

d de—st detens—and : O athable
¢rstanding of the equipment characteristics and principles of operation. This must incjude

tion,
and

and

hency of the recommended maintenance and a description «of. the maintenance work.

bble drawings should clearly identify assembles, sub-assemblies and significant s
5 necessary for the maintenance and repair of the equipment. Measurement values
ances should be included which may require correctivesaction. Specifications should

bare
and
also

cluded for any materials and tools needed during maintenance. The manufacturer shiould

be prepared to state their policy for the continued supply and availability of spares.
tenance manual and any training must adequately cover the various hazards that

The
may

create: a risk to personal safety; a risk to the environment; or damage to the circuit-bregker.
be hazards may include electrical, mechanicalj'thermal, operational and chemical aspgcts.

The

The
shol
and

It is

user needs to ensure maintenance staff are suitably competent for the task. The
Id also ensure suitable records arekept of the history of service, maintenance, fail
measurements taken.

important that suitable information is exchanged between the manufacturer and

ser
res

Lser

durimg the life of the equipment: This should include failure information, special instrucfions

and
part

Furt
effe

refinements to the recommended maintenance procedures. It is important that
es provide information.

ner tools and techniques are available to optimise the performance of the equipment

both

and

ttiveness of the“maintenance effort. On-line condition monitoring and Reliability Centred

Main
bre

tenance (RCM) are examples of emerging strategies that can be applied to cirguit-

kers. Information gained by the use of such techniques should be shared with

the

manufacturer. CIGRE provides comprehensive analysis of the strategies available in these
aregs [29,)30].

16

16.1

Indu

Inductive load switching

General

ctive load switching covers the following cases:

e shunt reactor switching;

e motor switching;

e unloaded transformer switching.

IEC

62271-110 covers requirements and testing for motor and shunt reactor switching.
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Circuit-breakers in general have no difficulty interrupting small inductive currents, the current
in fact is usually forced to a premature zero by a phenomenon known as current chopping.
However, the resultant chopping overvoltages and those due to subsequent re-ignition (in the
circuit-breaker), the magnitude of which are dependent on both the characteristics of the
circuit-breaker and the circuit, can be of such significance as to require some form of
limitation (e.g. surge arresters and controlled switching — point on wave switching). The duty
is thus very interactive and due diligence should be exercised in selecting a circuit-breaker for

this

purpose.

The general theory of inductive current switching is essentially common to all of the above-
noted switching cases. On this basis, shunt reactor switching is considered in detail and

unlo

16.2
16.2
The

L0

e

All t
reac

Typi
char

16.2

The
indu
incld
betw

neufral reactor but dees-hot influence first-pole-to-clear considerations and can be ignoreq.

aded transformer and motor switching as extensions to that case.

Shunt reactor switching
1 General
three shunt reactor switching cases to be considered are:

olidly earthed shunt reactors usually applied at HV (72,5 kV < Up< 245 kV, where
he rated voltage) and EHV (300 kV < U, < 800 kV);

hree cases can be readily analysed by first considering the general case of the ne
tor earthed shunt reactor and extending it to the other two cases.

acteristics in 16.6.

2 Chopping overvoltages

general case is shown ini-Figure 75 where the shunt reactor is represented b
ctance L and capacitance-C_ and the neutral reactor correspondingly by Ly and Cy

een the circuit-breaker and the shunt reactor. Cy is the inherent capacitance of

[/

is

eutral reactor earthed shunt reactors usually applied at EHV;
nearthed shunt reactors usually applied at U, < 52 kWbut also up to 170 kV in some
ountries.

utral

cal shunt reactor characteristics are provided in 16.5 and related system and station

its
CL

des the inherent capacitance of the shunt reactor and the capacitance of all components

the
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Circuit-
breaker I
L1 |
T
L Ly
[ 1 Y Yy y\
_I_J_ CL CN::F:: =
L
— _L
T
Key
C, Load side capacitance of the shunt reactor Cy Inherent capatitance of the neutral reacto
L Single-phase shunt reactor inductance Ly Inductange of the neutral reactor

Figure 75 — General case for shunt reactor switching

Aftef contact parting as the current goes towardsvzero, an unstable interaction occurs
between the arc and the capacitance in parallelwith the circuit-breaker (refer to 16.7). [This
intenaction results in a negatively damped oscillation in the current which eventually crogses
the zero line thus chopping the current prior tothe power frequency zero crossing as shown in
Figure 76. The chopping of the current leaves stored energy in the shunt reactor resulting in
an gvervoltage referred to as the suppression peak overvoltage. The task now is to calcylate
the magnitude of this overvoltage and<apply it to the first-pole-to-clear case for the cirguit-
bregker. The highest suppression peak overvoltage may actually occur on the second or third
pole|to clear due to higher current’chopping at the associated longer arcing times.
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Current instabitity
leading to
current chopping

Effective current
. chopping level

(a}
Recovery voltage peck
overvoltage
Load side
oscillation
{b}
Influence of \__-__Source side“power
arc voltage frequency vgltage
Suppression peak
overvoltage
(a) Current through circuit-breaker
(b) Voltage across shunt reactor

The
is th

Figure 76 — Current chopping phenomena

to b¢ earthed through an infinite bus.

L
1 Y Yy |
L1
_— CL
Key
i Chopped current C, Load side capacitance of the shunt reactor
L Single-phase shunt reactor inductance Ly Inductance of the neutral reactor

Circuit-
breaker ic L
O] S Y
| N |
C
L Ly

1
L

first-pole-to-clear representation for the general case (Figure 75) is shown in Figure 7]
chopped current in the first-pole-to-clear and the second and third poles are consid

7.0
bred

Figure 77 — General case first-pole-to-clear representation

AH | HH A

The single-phase equivalent circuit for the first-pole-to-clear is derived from Figure 77 and
shown in Figure 78.
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CcB i

I I ~

| I -
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@ Uo(1+x) —_] @

2
§ L § L § Ln

CB i

I I —

L -

Ua

Uo(1+x) = — (. L(1+x)
Key
Uy Power frequency crest voltage to earth at the u, Arc voltage
instant of current interruption
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Figure 78 — Single phase equivalent circuit for the first-pole-to-clear
k is defired-by-considering-the-totaHoad-inductancef—asfellows:

L‘:L{H;}:L[ﬂx] (96)

For solidly earthed shunt reactors, Ly = 0, « = 0 and L' = L; for non-effectively earthed shunt
reactors Ly =o; k=0,5and L'=1,5 L.

U, is the peak voltage at the reactor at the associated load current and is the 1 p.u. voltage.
u, is the arc voltage (see Figure 79) and the voltage at C| just prior to current chopping is Uy
+ u, since the arc voltage is in phase with the current and of opposite polarity to Uy. Uy + u, is
referred to as the initial voltage and is expressed as k;, in p.u. as shown in Figure 79.
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Figure 79 — Voltage conditions at and after current interruption
kip - Uotua 4 Ua
Uo Uo
Ug = UO(kin _1)
Refgrring to Figure 77 for the. first-pole-to-clear, the energy stored E in the capacitance ¢ at
the instant of current choppingis given by:
1 1 2 1 2
Ec =:ECL[UO(1+K)+ ¥ =ECL[U0(1+K)+ Uokin = 1)] =5CL[U0(kin +x)]
Similarly, the-eniergy E| stored in the inductance L(1 + «) is given by
1 .2
E - EL(1+/<)zC

The maximum voltage U,,, actually an overvoltage occurs when the total available energy E
is stored capacitively in C:

1 1 1
Er=Ec+E :ECL[UO(kin +x)] 2+EL(1 +K)i2 :ECLU%

2
U, J L .
U_m = \/(kin + k) +((1]LJ —(1+x) =k inp.u.

L
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k, is the overvoltage with respect to the shifted neutral (Figure 80) and the so-called
suppression peak with respect to earth &, in p.u. is given by:

N2
ka=kb—;<=\/(kin+x)2+(i] L (ak) -k (97)

Up) G

Equation (97) is the general equation for k, and is directly applicable to the neutral reactor
earthed reactor case. For the solidly earthed neutral case, ¥ = 0 and Equation (97) becomes

2

) L
[ N - 98
a \/ n (UO J C|_ ( )

and [for the non-effectively earthed neutral case, k¥ = 0,5 giving
[ NE ?45L

2 lc )
kg =,\kn+0,5)+| —| — -0,5 99
a n (UO J C ( )

Vo

K¢

Figure 80 — Shunt reactor voltage at current interruption

With regard to Equation (99), especially for high current reactors (low values of L), the se¢ond
term under the~6ot sign may be insignificant and &, is dependent only on the arc voltage.

The|valuevof the chopped current is dependent on the capacitance C; seen from the cirguit-
bregker terminals including the source side capacitance Cg, the grading capacitor capacitance
Cp, lhe.number N of interrupters in series per pole and the so-called chopping number iTor a
single interrupter, which is a characteristic value of the circuit-breaker. The chopping current
level is given by:

ion = Ay NCy (100)

CC
where Ct =Cp +—sLt
CS + CL

The chopping number approach can be applied for all current circuit-breaker types except
vacuum circuit-breakers, where the basic Equation (97) must be used. The approach is valid
provided that the circuit as seen by the circuit-breaker can be considered as an equivalent
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parallel capacitance in the relevant range of frequencies. Where this is not the case a
computational approach using EMTP or other method is required [31].

Typical chopping numbers are given in Table 29. For gas circuit-breakers in particular, current
chopping increases with arcing time and likewise the chopping number.

Table 29 - Circuit-breaker chopping numbers

Circuit-breaker type Chopping number 4
AF-O,S
Minimum oil 5,8 x 104 to 10 x 104
Air blast 15 x 104 to 20 x 104
SFg puffer 4 x10% to 19 x 104
SFg self-blast 3 x 10% to 10 x 10%
SFg rotating arc 0,39 x 10% t0 0,77 x 10%

The|maximum value of C; leading to the highest chopping leveh and subsequent highest
supgression peak overvoltage occurs when Cg >> C| and C; is given by:

Ct:CP+C|_ (101)

Substituting for iy, (from Equations (100) and (10%)) in Equation (99) gives k, on a chopping

numper basis:
NL A 2 C
ka =(1+K) 1+m[U—0j [C—FL’+1J—K (102)

A mjore useful variation of Equation (102) based on the shunt reactor rating Q in var|and
taking U, as the peak value of\the system voltage to earth is:

~ 1,5 \ NA% | Cp
ka—(1+K)\/1+(1+KJ(Q—QJ[E+1J—K (1103)

For solidly €arthed shunt reactors, « = 0 and k, is given by:

L 1582 (Cp )

b]
Ka_ T -+t 1

VT Q kCL

04)

—~

For non-effectively earthed shunt reactors, x = 0,5, N = 1, Cp is negligible compared to C| and
k, is given by:

2
ky = \/(km +0,5)? +M[i+1] -05 (105)
wQ G

k, and the subsequent recovery voltage peak overvoltage k. stress the shunt reactor, the
latter being given by (refer to Figure 80):
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ke = 2K +kg (106)

The transient recovery voltage peak imposed on the circuit-breaker is k., (refer to Figure 80)
given by:

ky =14+2x+k4 (107)

The influence of the earthing arrangement is reflected in the 2« factor, the multiplier of 2
being due to the fact that the oscillation is about the shifted neutral point.

16.2]3 Re-ignition overvoltages

Whgn a re-ignition occurs in the circuit-breaker the load side voltage rapidly tends to the
source side voltage but overshoots producing a re-ignition overvoltage as shown.in Figure| 81.

Main circuit

/ oscillation

ki
ka J 1|1 AL ¢ "
Up=1p.u. T
Second parallel | Ug'
oscillation ‘
¥ ¥ ks
\Reignition
. overvoltage
Load side _ oscillation
oscillation

\— Reignition

Uy Power frequengy crest voltage to earth at instant of current interruption
kg Suppression peak overvoltage in p.u. of Uy

kp Re-jgnjtion overvoltage peak to earth in p.u. of Uy

kg Re:ignition overvoltage excursion in p.u. of Uy

Us __ G ([, G
Up GCs+CL| 2Cs)

Figure 81 — Re-ignition at recovery voltage peak for a circuit
with low supply side capacitance

Figure 81 shows the case for a circuit where Cg > C.The re-ignition overvoltage in the worst
case occurs when Cg << C and its magnitude k;, in p.u. to earth assuming damping (p) is
given by:

kp:1+,8(1+2/<+ka) (108)

The damping factor g is usually taken as 0,5 based on actual field experience.
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The excursion of the re-ignition transient kg in p.u. is given by:
ks = (1+ )1+ 25+ ky) (109)

Re-ignitions are normal occurrences but may be harmful to the interrupters [32] and also to
the shunt reactor windings particularly at voltages of 245 kV and above (see Annex B of IEEE
C57.21 — 2006 [33]).

Figure 82 shows an actual 500 kV shunt reactor switching event illustrating chopping and re-
ignition overvoltages. The circuit-breaker in this case exhibits an extraordinary number of re-
ignitfjons as compared to the typical case of re-ignition at one zero crossing only.
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Uppler trace Voltage to earth at shunt reactor
Midflle trace Voltage across circuit-breaker
Lower trace Shunt reactor current

Figure 82 — Field oscillogram of switching out a 500 kV 135 Mvar
solidly earthed shunt reactor

16.2.4 Oscillation circuits
16.2.4.1 General

Four oscillation circuits play a role in shunt reactor switching and can be generally described
by considering the solidly earthed shunt reactor case (refer to Figure 82). The first oscillation
circuit relates to current interruption and the other three circuits to the re-ignition process.
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L Circuit-breaker Ly

Source inductance Connection series’inductance

Source side capacitance C, Load side capacitance

First parallel circuit inductance and capacitance L Reactor.inductance

Figure 83 — Single-phase equivalent circuit

4.2 Load side oscillation

ccessful shunt reactor current interruption results n a’decaying load side oscillation
rapped energy oscillating between the inductance)L and the capacitance C| (Figure
frequency of this oscillation is:

L= L

5e peak value is given by.Equation (107).

4.3 First parallel oscillation

narge of capacitance Cp through the circuit-breaker (Figure 81 and Figure 83).
lency of thistescillation is given by:

1

27Z'ﬂLC|_ (

is typically in the range 1 kHz 10 5 kHz for EHV and HV shunt reactors and up to 30
MV shunt reactors. 1| is the frequency of the circuit-breaker transient recovery vol

n a re-ignition occurs in the circuit-breaker, a first parallel oscillation occurs due tg

fp1 - 272'1[LPCP (

with
83).

110)

kHz
fage

the
The

111)

and is typically in the range 1 MHz to 10 MHz. The circuit-breaker will not interrupt the current
associated with this oscillation and therefore it has no significance with respect to

over

16.2

voltages.

.4.4 Second parallel oscillation

The second parallel oscillation follows the first parallel oscillation involving Cg, C| and Ly and
results in equalization of the voltages on Cg and C| (Figure 83). The frequency of this

oscil

lation is given by:
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1

fp2 =

Cs CL ]

27 Ly stk
b[cs+q

(112)

and is typically in the range of 50 kHz to 1 MHz. This transient voltage is steep and may be
unevenly distributed across the shunt reactor winding, stressing in particular the entrance
turns of the winding. The re-ignition itself is particularly hazardous to the entrance turns.

16.2

4.5

Main circuit oscillation

Und
OSCi
its fn

and

16.2

Som
The

fin=m

is in the range 5 kHz to 20 kHz.

5 Overvoltage limitation

er certain circumstances (Cg and C of the same order of magnitude), a main circuijt
lation follows the second parallel oscillation (Figure 83). This oscillation is compléx and
equency in its simplest form is given by:

Lg+L

~ 27 | LsL(Cs + )

Table 30 — Chopping and re-ignitionsovervoltage limitation method

evaluation for shunt.reactor switching

(113)

e method of overvoltage limitation is usually applied ‘in all shunt reactor switching cases.
various methods and their relative effectiveness aré.reviewed in Table 30.

OV

ervoltage limitation
method

How does the method
work?

Advantage

Disadvantage

Ope

hing resistor

Resistor causeSphase
shift of current’with
respect foivoltage
resulting-in current
intercuption by resistor
switch at lower point on
voltage halfwave thus
reducing k, and
consequently &,
significantly.

Very effective on circuit-
breakers with very high
chopping numbers, i.e. air-
blast and dual pressure
SFg circuit-breakers.

Adds significantly to
mechanical complexityland
maintenance requirements
of the circuit-breaker; pot

viable — technically or
economically — on single
pressure SF¢ circuit-
breakers; re-ignitions ¢an
still occur.

Surg
shun

e arresters_to earth at
t reactor.

Limits overvoltage to earth
(k,) at shunt reactor.

Passive.

—
]

Effective only for circu
breakers producing
suppression peak
overvoltages in excesd of

the surge arrester
protective level; re-ignition
overvoltages still occur at
up to twice the protective
level of the surge arrester
with no reduction in the re-
ignition overvoltage
excursion frequency.
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Overvoltage limitation
method

How does the method
work?

Advantage

Disadvantage

Metal oxide varistor (MOV)
across circuit-breaker [34]

Limits the recovery voltage
(kpy) across the circuit-
breaker to the protective
level of the varistor and
subsequent re-ignition
overvoltages to maximum
1+pk,., where k__ is the
protective level of the
arrester in p.u. of V.

Passive; effective for all
circuit-breaker types;
particularly suitable for
use on circuit-breakers at
< 52 kV; magnitude and
probability of re-ignitions
significantly reduced;
energy absorbed by surge
arrester is minimal.

Adds to complexity of
circuit-breaker; surge
arresters must be able to
withstand forces
associated with circuit-
breaker operation; some
re-ignitions will still occur
albeit at low voltage
levels.

Surde capacitor

Decreases frequency and
thereby rate of rise of the
load side oscillation;
decreases frequency of re-
ignition overvoltage
excursion.

May reduce probability of
re-ignitions; reduces
frequency of the voltage
excursion imposed on the
shunt reactor winding; may
reduce value of k_ for
vacuum breakers where
chopping current is
dependent mainly on
contact material.

Does not influence k] for
circuit-breakers other than
vacuum type; leads to
increased,.chopping
current but-not necesshrily
increaséd suppression
peak overvoltages; dog¢s
not/eliminate re-ignitiops;
may have the effect of
reducing the minimum
arcing time such that
probability of re-ignitiohs
is unchanged; require
space.

Confrolled switching Ensures contact parting Eliminates re-ignitions. Suitable only for
with respect to current mechanically consistent
wave such that circuit-breakers with
interruption occurs at the appropriate minimum
first subsequent current arcing times; requires
zero. independent pole

operation.
16.2(6 Circuit-breaker specification and selection
16.2.6.1 General

Shunpt reactor switching.is a very unique switching duty and requires diligent specification

and

seleption of the circuit;breaker. The intent should be to specify the circuit-breakers in t¢rms

under the control ef’the manufacturer and to select the circuit-breaker to perform the
minimizing-.the overvoltage impact on the application which is under the control of

whilg
usel|.

16.2(6.2

On

Circuit-breaker specification

duty
the

[ | H oot Lo Aol ol £ £ H HE S N [l H 4 Halk b 4
NS vdolo Uial 11T UtTUILalCu purpuotc Ul UTC LITULUTNt"UTTANTT 1o tU oWIlLIT a oltulit 17T

ctor

only, the following characteristics should be specified. If short-circuit current interruption
capability is required then this duty must also be specified.

e dielectric withstand requirements;

e rated short-time and peak withstand currents (assumes no fault clearing);

e shunt reactor rating;

e shunt reactor current;

e load side characteristics: Inductance L of the shunt reactor and C, the total effective
capacitance of the load side circuit including the shunt reactor and all connected

equipment;
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overvoltage limitation: The suppression peak overvoltage (k,) should be stated; a k, value
of 2 p.u. is recommended for applications at or above 72,5 kV and 2,5 p.u. for applications
at < 52 kV. Note that no limitation for re-ignition overvoltages should be stated since these
overvoltages are very circuit dependent;

earthing arrangement whether solidly earthed, non-effectively earthed or neutral reactor
earthed. In the latter case, the inductance of the neutral reactor should be stated;

mechanical endurance: Shunt reactor circuit-breakers are usually subject to frequent
operation and class M2 should be specified.

16.2.6.3 Circuit-breaker selection

Ovefvoltages can be limited either by proper selection of the circuit-breaker or by ;suitable
protection schemes (e.g. surge arresters and controlled switching — point-on-wave switch|ng).

For

leve|s can be exercised by considering the quantities N, 1 and Cp as follows [33]:

N:

Cp:

For
refe
equ

~
— ~ N N S ==

HV circuit-breakers, by reference to Equation (104), a degree of control of overvolfage

rv can be reduced by minimizing the number of interrupters in series on the cirguit-
reaker.

Choose a circuit-breaker with a low chopping number. For _gas’ circuit-breakers,| the
hopping number tends to increase with arcing time and therefore the minimum aicing
me should be as short as possible.

'he grading capacitance value should be as low as possijble.

vacuum circuit-breakers, where the chopping <humber approach is not applicable,
ence is made to Equation (99) and 16.6. The only circuit-breaker characteristic in the
ation is the chopped current level i.. To provide'some overvoltage level control, the choice

is tq select a vacuum circuit-breaker with contact material that minimizes current chopjping

[36]

The

selection of circuit-breakers for non-effectively earthed shunt reactor switching at

voltgges < 52 kV differs from that of.the HV and EHV cases. At these voltages the cufrent
maghitudes are in the range of hundreds to thousands of Amperes (refer to 16.5) and arc
voltage rather than current chopping is the consideration. Each application should be relpted
to the TRV requirements for T10/T30 in Table 13 of IEC 62271-100:2008. The procedure tp be

followed is as follows:

a)

Calculate the frequency of the load side oscillation:
1

f = —
1" 221506,

b) Calculate™ky from Equation (105). Note that the second term under the square roof will

c) Calcutate &, from Equation (107):

dsually-b& negligible and k, can thus be taken as equal to k;,.

Ry = & T Kip

d) Calculate the time to peak I of the recovery voltage oscillation:

1

t, = ——
Pr2f

e) Calculate the ¢5 value:
t3=0,87 x 1,
f) Calculate the rate of rise of the recovery voltage RRRV:

RRRV =

U2
73

Xkrv/l‘:;
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g) Select the circuit-breaker rating from the above-noted table where both the recovery
voltage peak and the rate of rise of recovery voltage equal or exceed the T10/T30 TRV
values in the table.

16.2.7 Testing

EHV and HV circuit-breaker shunt reactor switching tests are normally unit tests in single
phase circuits. The representation of the shunt reactor side circuit is of the essence. The test
should be carried out using a directly connected HV shunt reactor and not a transformer
coupled shunt reactor. This ensures that the load side oscillation is single frequency (as it
should be), that the load side effective capacitance (C|) can be exactly defined and that the

ropeF mtoract: haotwaoan tha cirort bheaalear oanmd tha o~ o oaocoire Thaoa aovaect daofinit: n Of
p efHhtefractHoR—petweeh—the—teHetHtpfreaker—ahRathe—CeHetHtoeeuFS—rRe—eXxatctaeHitg

the |oad side effective capacitance, which includes the stray capacitances in the circuit{and
the gircuit-breaker grading capacitance, is mandatory in order to determine the true(chopping
menpber of the circuit-breaker.

By reference to Equation (99), the worst case for suppression peak overvoltage generation is
at r:linimum current giving the highest inductance value (L). The purpose/of'the testing ig not
so much to demonstrate interrupting capability — the current is after all-forced to a premgture
zerol — but rather to establish that the circuit-breaker meets certain petformance criteria and to
deriye its chopping current and chopping number characteristics{_These characteristics| are
depg¢ndent on arcing time for most circuit-breaker types and a ldarge number of test shotd are
required in order to provide confidence in the results. In a typical test, the required number of
test|shots are applied over the expected range of arcing.fime and the suppression peak
overvoltages are measured. Equation (99) is used tecalculate i; (x = 0) and fthen
Equation (100) to calculate 1. A regression analysis is fequired to derive the chopping number
chanacteristic and, once derived, the characteristic can be used to predict actual performance
in thie field [37].

To Pe judged as suitable for shunt reactor switching, a circuit-breaker must meet the following
two performance criteria:

a) fhe circuit-breaker shall interrupt.the current with at most one re-ignition leadinpg to
onduction of another loop of power frequency current. This criterion applies to all three
ircuit-breaker poles in three-phase tests;

NOTE Multiple high frequency re:ighitions in any one current zero crossing are counted as one re-ignition.

b) 3ll re-ignitions should eccur between the arcing contacts.

The|application of laboratory test results to actual shunt reactor applications is describgd in
16.8. Statistical equations associated with 16.8 are given in 16.9.

No [testing (is)*required for circuit-breakers used in unearthed shunt reactor switching
app}cations. These applications lack the commonality of the chopping number approach|and

it would,'\be impossible for any laboratory to carry the range of reactor sizes required fof the
purpose’ However, because the applications can be related to the T10/T30 valueg as
described above, these tests constitute proof of the breaker capability for the application.

16.3 Motor switching
16.3.1  General

High-voltage AC motors are typically in the range 2 kV to 14 kV and 100 kW to 40 MW and
can be classified as follows [38]:

e asynchronous squirrel-cage motors, direct starting, starting current 6 to 7 times rated
motor current, power factor 0,1 to 0,2;

e asynchronous slip-ring motors, starting current generally less than 6 times rated motor
current;
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e synchronous motors, often started by means of a squirrel-cage rotor, starting current 3 to
5 times motor rated current, power factor 0,25 to 0,3.

From a circuit-breaker (or contactor) perspective, the direct started asynchronous motor is the
most important category. The characteristics of this application are [38]:

a) Starting current

high current (I = 6...7 x motor rated current);
low power factor (cos ¢ ~ 0,1...0,2);

infrequent operation;

b)

c) L

With

due to the higher interrupted current the chopping current can attain higher values;

the arcing time for some switching devices may be longer than when the“mot
running;

according to practical experience the overvoltages when breaking the ‘starting cu
are usually higher than when breaking no-load or load-current. In_addition to pos
higher chopping currents, overvoltages are also caused by re-igfitions, which us
are much more numerous when starting current is interrupted.

lo-load current

Dr is

rent
Sible
hally

the no-load current of a small HV motor may be lower than the chopping current level

of the circuit-breaker;

the power-frequency recovery-voltage is very smallcompared to the case of bre
the starting current. As the rotor is running a~Voltage is induced in the stator w
frequency equal to the power frequency durifg'the first periods;

re-ignitions are not likely as the recovery.voltage is low;

low power factor (cos ¢ = 0,1).

oad current

high power factor (cos ¢ = 0,7%°0,9);
power-frequency recovery voltage is low;

low overvoltages, no_réxignitions.

regard to breaking.capability and overvoltage generation, it is clear that the breakin

starfing current is the-most severe case. This case is discussed in the following based on

CIG

16.3

The

RE motor switching equivalent circuit approach.

2 Chopping and re-ignition overvoltages

motorsswitching equivalent circuit is shown in Figure 84.

king
th a

g of
the
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Motor substitute circuit
Circuit

Source Busbar breaker L X

Cable

3 AL N[
Lm} 3 T | i — Cp Rp

98¢

g
]
il

Key

u Rated voltage Rp Motor substitute parallelresistance
Z Earthing impedance L, Inductance of connectians

Ly Source side inductance L Motor substitute-inductance

C, Supply side capacitance R Motor substitute resistance

Ly, Inductance of capacitors and connections Cp Motor substitute parallel capacitance

Figure 84 — Motor switching equiyvalent circuit

Motor switching is analogous to the non-effectively &arthed shunt reactor switching case|and
the ¢quations for this case as shown in 16.6 can be“applied with the following qualifications:

[

a) (| is the total motor and cable capacitance-per phase. The cable is treated as a lumped
apacitance;

b) the equations for k, and kg are applicable for the single re-ignition case shown in Figure
81, i.e. no voltage escalation. Voltage escalation is discussed in 16.3.3 below;

c) the chopping number approach(s not applicable to vacuum circuit-breakers or contactors.

16.3|3 Voltage escalation

A characteristic of vacuum circuit-breakers or contactors is their ability to interrupt figh
frequency currents. Fhis can lead to repeated prestriking and interruption during a closing
opefation and repeated re-ignition and interruption during an opening operation. In both cases
this |can result_in.a phenomenon referred to as voltage escalation [39 — 43]. Voltage
escglation ocelirs when successive re-ignitions and interruptions result in increasing valugs of
the |nitial vdltage for the load side oscillations and hence increasing TRV values acrosq the
circyit-breaker.

Volt:
turn winding insulation by the steep fronted re-ignition overvoltage excursions. However,
voltage escalation can be suppressed by RC dampers or by gapped metal oxide surge
suppressors on the load side of the motor [44 — 46].

16.3.4 Virtual current chopping

Virtual current chopping is the suppression of one current (power frequency load current) by
the superposition of another (induced high frequency current). The chopping is caused by the
coupling of a re-ignition in one phase to one or two of the other phases. This mutual coupling
is the reason for the inclusion of an open busbar section in the test circuit shown in Figure 83
[49]. The occurrence of virtual current chopping is limited to small motors (20 kW to 100 kW)
operating at the higher voltages of 6,6 kV or 11 kV [46, 47].
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16.3.5 Overvoltage limitation

Some method of overvoltage limitation is applied in all motor circuits with the intent of
protecting the motor insulation against steep front re-ignition overvoltage transients. The
various methods and their effectiveness are reviewed in Table 31. The re-ignition circuit is
that equivalent to the second parallel oscillation circuit described in 16.2.4.4.

Table 31 — Re-ignition overvoltage limitation method evaluation for motor switching

motgr terminals [46, 47]

at the motor.

Overvoltage limitation How does the method Advantage Disadvantage
method work?
Surde arresters to earth at | Limits overvoltage to earth | Passive. Effective only for circuft-

breakers producing
suppression_peak

overvoltages._in excesq of
the surge-arrester

protective level; re-
ignitions can still occul at
up'to twice the above
protective level with ng
reduction in the re-ignifion
overvoltage excursion
frequency; has little or|no
influence on multiple r¢g-
ignitions associated wifh
vacuum circuit-breakets.

Surde suppressors at
circyit-breaker terminals
[43, 44]

Limits overvoltage to earth
at the motor.

PasSive] more effective
than surge arrester given
that it consists of a metal
oxide varistor (MOV) in
series with gap thereby
resulting in a lower
protective level.

Similar to that for surgg
arresters but more
effective in limiting
multiple re-ignitions.

Surde capacitors at motor
termlinals [46, 47]

Decreases frequency of
the motor circuit recovery
voltagé.and also frequency
of the re-ignition
overvoltage excursion.

Effective for circuit-
breaker types other than
vacuum circuit-breakers;
may reduce k, for vacuum
circuit-breakers where the
chopping current is
dependent mainly on
contact material

Multiple re-ignitions wi
still occur with vacuum
circuit-breakers; singlg re-
ignitions will still occur
with other circuit-brealer
types.

RC damper at motor
termlinals [41,(42, 43]

Introduces losses into the
re-ignition circuit; high
frequency re-ignition
current damped and
becomes exponentially

Properly selected can
eliminate multiple re-
ignitions, voltage
escalation and virtual
current chopping in

Cost of losses in resisfor;

each installation may Have
to be treated as unique
thereby restricting use|of
standard components;|no

decaying current with no
zero crossing.

adjacent phases.

waveshaping effect of
capacitor; fast surges up
to 3 p.u. still possible.

Zinc oxide (ZnO) RC-
damper at motor terminals
[47]

ZnO surge arrester is
applied across the resistor
and operates when the re-
ignition overvoltage
exceeds < 1,5 p.u.
inserting the capacitor.

Offers the advantages of
both surge capacitors and
RC-dampers; overvoltages
can be limited to 2 p.u.

Cost of losses in resistor;
each installation may be
unique.
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Overvoltage limitation
method

How does the method
work?

Advantage

Disadvantage

Series reactors [45]

Applied in series with the
circuit-breaker provides
damping of the high
frequency re-ignition
currents.

Damps the high frequency
re-ignition currents and
limits the voltage
escalation process;
reduces the steepness of
the surges imposed on the
motor windings.

Does not eliminate
multiple re-ignitions and
voltage escalation; not in
common use having been
applied only in Japan at
voltages up to 6,6 kV; cost
of losses; noise.

MOV across circuit-

Limits the voltage across

Magnitude and probability

Does not eliminate

bredker [48]

the circurt-breaker at
which re-ignitions can
occur to the protective
level of the varistor.

of re-ignitions are
reduced; multiple re-
ignitions and voltage

escalation are suppressed.

multiple re-ignitions_and
voltage escalation; stepp
surges can still be

imposed on_motor eve
though the magnitude pf
the overvoltages may be
limitedh

16.3|6
16.3.6.1 General

The

Circuit-breaker specification and selection

specification and selection of circuit-breakers (or contactors) for motor switching is

simpler than for the case of shunt reactors. While shunt‘reactor switching devices are gften
custpmized, off-the-shelf devices are generally used for motor switching. This is enablefd by

the
devite.

16.3(6.2

Circuit-breaker specification

The [following characteristics should becspecified:

e (ielectric withstand requirements)

e rpotor rating;

e motor starting, load and\no-load currents;

application of overvoltage limitation measures/as appropriate to the type of switching

o Ipad side characteristics: motor starting equivalent inductance and the total effe¢tive

gapacitance includihg the connecting cable;

e rnechanical enddrance: class M1 or M2 in accordance with expected frequency of

gperation.

16.3(6.3

Circuit-breaker selection

The |[two’predominant circuit-breaker technologies in use for motor switching today at medium

voltage are SF4 based on self-extinguishing and vacuum. While both technologies offer equal
or relative performance with regard to application characteristics, both are well-suited for
motor switching [48]. The choice of technology will in most cases be based on the installed
cost of the circuit-breaker and associated overvoltage limitation measures.

16.3.7 Testing

The circuit-breaker should be tested in accordance with the requirements of IEC 62271-110.
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16.4

Unloaded transformer switching

16.4.1 General

Due to the enormous variations in transformer ratings and the non-linear behaviour of the
core, it is not possible to model the switching of no-load transformers using linear components
in a test laboratory. A test on an available transformer would only be valid for that transformer
at the particular level of excitation used and would not be representative for other excitation
levels on the same transformer and certainly not for other transformers. In summary, type
testing for no-load transformers is not required for two reasons. Firstly, the duty is less severe
than any other switching duty and secondly, the duty cannot in any case be correctly modelled

in a

test laboratory.

In e
man
refe
tests

16.4

The
circy
this
any
for 1
circy
circy
exal

Key

CB

kceptional cases at voltages of 52 kV and below where there is an agreement with
ufacturer and the user to test a specific combination of circuit-breaker and transfor
ence can be made to the French National Standard?8 for unloaded transformer|switc
for circuit-breakers rated at 1 kV to 36 kV.

2 Oil-filled transformers

the
mer,
hing

switching of no-load oil-filled transformers from the high-voltage;side using high-vol

hodern low-loss transformers. The load side TRV is an’dnder-damped oscillation w
it parameters can be derived from the factory core.measurements and impulse
it. The equivalent circuit for the unloaded transformer is as shown in Figure 85
nple of an actual unloaded transformer TRV field(measurement is shown in Figure 86.

CB T CB

|

Source aoltage im Magnetizing current of the transformer
Circuitsbreaker L,R,C Components representing transformer

Transformer

Figure 85 — Unloaded transformer representation for TRV calculation

age

it-breakers is not considered onerous or to deserve particularattention. The reason for
is that the stresses imposed on the circuit-breakers are very.much less severe than for
other switching duty. The magnitude of the current is nedligible, generally less than[1 A

ose
test
An

8 UTE C64-115, February 1990.
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Voltage

Restrike and transient Time
recovery voltage.

Transient Recovery Voltage
10 a
[

¢« 100ms —

Figure 86 — TRV on switching out an unloaded 500 kV, 300 MVA transformer bank

16.4/{3 Dry type transformers
16.4.3.1 General

In systems at < 52 kV the use of dry type transformers is common. Such transformers| are

oftep switched with vacuum circuit-breakers. This“\case has certain similarities to njotor

switching including the fact that there is usually a.length of cable between the circuit-brepker

and |the transformer [50]. The transformers can)be treated, as for both shunt reactors|and

motdrs, as a capacitance in parallel with anginductance. The effective capacitance is much
}

lowdr than for oil-filled transformers and isyn the order of 200 pF to 500 pF. The inductange is
the magnetizing inductance of the transformer and the magnetizing currents are typically in
the fange 1 % to 3 % of rated full load’current. For example, a 13,8 kV, 5 MVA transfofmer
with| 3 % magnetizing current would have a natural frequency of 3,8 kHz (C = 50(Q pF,
L = 3,52 H) assuming that the coré.losses are insignificant.

16.4,3.2 Overvoltages

Ovefvoltages are not_an‘issue when switching out high-voltage transformers using SFg|gas
circyit-breakers. However, vacuum circuit-breakers are now used up to 145 KkV buti no
infofmation is available on how they perform in this regard. In any case, transformers| are
alwgys protectet-by a surge arrester for other reasons.

Studies have shown that the overvoltage level on switching unloaded dry-type transformeys is
depg¢ndent on the length of cable between the circuit-breaker and the transformer [39].|The
resuftsfindicate that the longer the cable the lower the overvoltage level, but the overvolfage
level  téends fo Increase with increasing MVA for constant cable Tength. The highest
overvoltages occur on multiple re-ignitions and voltage escalation to as high as 3,5 p.u;
interruption of inrush current can result in overvoltages in excess of 5 p.u. [49].

16.4.3.3 Overvoltage limitation

Overvoltage limitation is considered by reference to that for motor switching as discussed in
Table 31.

Surge arresters: studies indicate that surge arresters applied at the transformer terminals
are effective in limiting overvoltages to earth for transformers.
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Surge capacitors: surge capacitors have the effect of reducing the surge impedance of the

load

and thereby the overvoltage levels [39].

RC dampers: effectiveness similar to that described for motor switching applications, i.e. will

prev

ent multiple re-ignitions in vacuum circuit-breakers [50].

ZnO-RC dampers: effectiveness similar to that described for motor switching. Whether such
devices have been applied in this context is unknown.

Series reactors and controlled switching are not viewed as being applicable to this switching

duty
16.43.4 Circuit-breaker specification and selection
In most cases, circuit-breakers rated at 52 kV and below are specified and selected|according
to rgquirements other than unloaded transformer switching. The reason for this’is thaf the
circyit-breakers are taken to inherently have this capability with due regard to possible
overvoltage limitation.
16.5| Shunt reactor characteristics
16.5|1 General
At 72,5 kV and above, shunt reactors are generally directly cennected to station busbars ¢r to
trangmission line terminations and are solidly earthed or through a neutral reactor (sometimes
refefred to as a four-reactor scheme). At voltages below 72,5 kV, reactors are commponly
connected to system transformer tertiary windings and“are usually unearthed
16.5|2 Shunt reactors rated 72,5 kV and above
The|majority of the installed shunt reactors~at 72,5 kV and above are in the 30 Mvar to
300 |Mvar (three-phase) range. The largest single-phase units have a rating of 400 Mvar ps a
threg-phase group.
The|characteristics of shunt reactors depend to a great extent on the design, which can bg:
o three-legged gapped iron-core;
o fljve-legged gapped ironh-core;
o ghell-type gappediiron-core;
e goreless (air-cored).
Table 32 gives 'some typical shunt reactor characteristics.
Table 32 — Typical shunt reactor electrical characteristics
Applied Rating Power Rated Inductance Capacitance Natural
voltage frequency current frequency
kV Mvar Hz A H nF kHz
765 150 — 300 60 113 — 226 5,17 - 10,35 1,7-4,0 1,1-1,7
735 330 60 259 4,34 1 2,4
525 135 60 148 5,43 1,8-4,0 1,1-1,6
400 120 — 200 50 173 — 289 2,55 - 4,25 1,9-3,2 1,4-23
236 125 60 306 1,18 2,1 3,2
132 55 50 240 1,0 1,3 4,4
115 25 60 126 1,4 2,9 2,5
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Applied Rating Power Rated Inductance Capacitance Natural
voltage frequency current frequency
kV Mvar Hz A H nF kHz
60 20 60 190 0,48 2,0 5,1
36 35-100 50/60 560 — 1 600 98 — 34 0,8-22 9-16°
24 35-100 50/60 840 — 2 400 44 - 15 0,8-22 14 - 24 b
17,5 40 - 80 50/60 1400-2 20-10 0,8-212 21-29°b
600
42 40——F5 56+66 +966—3 +0—=5 6-6—2-2 20—44 b
600

Dil-filled reactor capacitance phase-to-earth ignoring internal capacitive coupling between phases:

Applicable to first-pole-to-clear.

In t

gap

He range 72,5 kV to 245 kV, reactors are most commonly oil-filled and‘*have three-leg
ed cores with layer, continuous disc or interleaved disc windings. Air-cored dry

reactors in the range 69 kV to 145 kV are in use.

At 300 kV to 550 kV, reactors are single-phase or three-phase units with three-legged,

legg

con

At 7

con

The

con

ran

Effe
abo
high

win

d or shell-type cores (with the wound core legs gapped)< The windings are of the Iz
tinuous disc or interleaved disc type.

gtructions as for 550 kV single-phase units.

effective capacitance values of the.feactors are dependent on the design
gtruction. For oil-filled units, the capacitance is composed of bushing capacitance, win

seriJs capacitance and winding capacitances to earth or to shields. Bushing capacita

e from 500 pF to 800 pF.

t 3 500 pF, layer windings’ having the lowest values and interleaved disc windings

dings to earth and winding series capacitance. Both of these values are low, the lattg

because of the large,number of turns inherent in such coils, and the effective capacitan
in the range 300 pFto-500 pF.

For
can

give

peneral réactor switching application and laboratory testing purposes, oil-filled reaq
reasonably be assumed to have an effective capacitance of at least 2 000 pF. This
natural frequencies of 1 kHz to 5 kHz for reactors rated 72,5 kV to 800 kV, the Iq

frequencies being applicable at the higher voltages and vice versa.

16.5.3

ged
type

five-
yer,

B5 kV and 765 kV, reactors are almost exclusively.banks of single-phase units with similar

and
ding
hces

ctive winding capacitances\vary from a minimum of about 1 200 pF to a maximum of

the

st values. For dry coil_units, no bushings are involved and capacitance is that due to

r so
e is

tors
will
wer

Shunt reactors rated below 72,5 kV

Shunt reactors rated below 72,5 kV are either oil-filled, three-legged iron-core units or dry coil
units. Table 32 gives some typical shunt reactor characteristics in this range.

Table 32 illustrates the wide range of current and natural frequency applicable in this voltage
range. For dry-coil reactor units, the capacitance to earth is in the range 300 pF to 500 pF
and the corresponding natural frequencies will be two to three times those given in the above
table.
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16.6 System and station characteristics
16.6.1 General

System (source) and station characteristics interact with the circuit-breaker during the
switching of shunt reactors and must be considered in the application of circuit-breakers for
this purpose.

16.6.2 System characteristics

The system characteristics which impact on reactor switching are the source inductance and
the sourcesideTapacitance T e source mductance camm be derived from theprevaitimgshort-
circyit level at the station. The source side capacitance is in general very much greater/than
the load side capacitance. For circuit-breaker type testing purposes, the former capacitange is
assymed to be at least 10 times greater than the latter.

16.6{3 Station characteristics

Direftly connected shunt reactors are connected either to station busbars or to overhead
lineg. A worldwide survey has shown that connection to busbars is three times more common
than| that to transmission lines. The characteristics which are of relevance are the inductance
of the connecting busbar or line and any capacitances in addition to that of the reaftor.
Typical values are given in Table 33.

Table 33 — Connection characteristics for shunt reactor installations

Connection Inductance Capacitance
pH/m pF/m
Busbar/line 1 10
Cable 0;2-0,5 200 - 400
GIS 0,2 60

Thelinductance of even the longest connection lengths (150 m to 200 m) is not significant
compared to the inductance\'of high-voltage reactors, but does influence the re-ignjition
procgess. The capacitance.of’long connecting busbar/line lengths (up to 170 m reported),|and
relaEvely short cable «or~busbars in gas insulated substations (GIS) lengths is significant

compared to that of the reactor and must be considered. Additionally, other connefcted
equipment between_the circuit-breaker and the reactor will also contribute to the overall |oad
side|capacitance.and may also require consideration. Capacitance values for such equipment
are given in Table 34.
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of various station equipment

16.7

Whs
to th
whig
circy

Curn
insta
the

arc

follo|
thro
initia
curr

Equipment Capacitance?
nF
Capacitive voltage transformers 2_-16
Current transformers 0,15-1,2
Voltage transformers 0,15 - 0,45
Surge arresters 0,08 - 0,12
Switch disconnectors 0-06—0-20
Busbar support insulators 0,05
GIS air entrance bushings
- SFP 0,03 - 0,15
- Capacitor® 0,10 — 1
- Epoxyd 0,10 - 1

@ Variation is with voltage rating.
b without capacitive voltage grading.
C Qil-filled with capacitive voltage grading.

d Resin impregnated with capacitive voltage grading.

Current chopping level calculation

n interrupting small inductive currents, circuit-breakers will force the current to zero
e natural current zero. This phenomenonls referred to as current chopping, the degre
h and associated resultant overvoltages, depends on the type of circuit-breaker and
it involved.

ent chopping is caused by an(unstable interaction between the arc and the circuit.
bility is defined as any abrupt change in the conductivity of the arc occurring away
natural zero in the current-foop and having its origin in the arc characteristic and/oj
cooling mechanism. In_the early 1960s Rizk showed for arcs in gases and oil
wing a rapid change of arc current, the arc voltage will approach a new stationary V|

| static arc conditions of a current I, giving an arc voltage of U,, the response to a
ent change of ol is:

Drior
e of
the

Arc
rom
the
hat,
alue

igh an exponentialkcurve, which is characterized by a time constant [51, 52]. Assuming

step

where

¢

I
~

L
~

Ua

Ry is the static arc resistance;

a

and @ is the thermal time constant of the arc. @ is proportional to the current and is dependent
on the circuit-breaker cooling mechanism [51, 52].
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Ua

Ia _> ia

Figure 87 — Arc chapacteristic

La R|

Figure 88 — Rizk’s equivalent circuit for
small current deviations from steady state

Rizk| recognized-that the above behaviour could be represented by means of an equivalent
circyit assuming that the static characteristic of the arc is given by the equation:

.a _
Yala =7 ¢14)

where u, is the arc voltage, i, the arc current, « a constant and » a statistically random
variable.

The equivalent circuit for the arc is shown in Figure 88.

In the equivalent circuit, R, is as defined above and

aR
i:__a (115)
1+a
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and

6R,

L. =
a 14 a

(116)

The single-phase equivalent circuit for inductive current switching is shown in Figure 89.

Ls Circuit-breaker

[ ]

Key

Ly Source side inductance

L Load inductance

Cq Source side capacitance

C, Load side capacitance

C Capacitance across the circuit-breaker

Figure 89 — Single'phase equivalent circuit

Ls gnd L are large enough to prevent rapid current changes and local bus inductande is
assymed small enough to be neglected. Therefore, the external circuit which interacts with the
arc ifs Cp (grading or stray capagcitance) in parallel with Cg and C| in series and designated as
C in|the following.

The|combined arc/external-circuit circuit that can be used to calculate the instability limit Is as
shown in Figure 90,
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Ra

Figure 90 — Circuit for calculation of arc’/instability

Thelimpedance Z of the circuit is:

7 Ra(Ri+j0)La) " 1 (117)

Ry +R4jol, joC

or
A A 118
Z=R +j oL ——— (18)
oC
whefe
2 2
2" _ RaRi(Ra + R)+ & RaLy 19)
(Ry + R + w12
and
o= Laly (120)

(Ry + R P + 012

The circuit becomes unstable when the real part of Z, i.e. R, becomes negative resulting in
negative damping. This occurs, then, at an angular frequency of o, (the instability limit) when

RyR(Ry + R)+ 0?RyI2 <0 (121)

Substituting for R; and L, (Equations (119) and (120)) in Equation (121) gives
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Ja
At o, the arc behaves like a pure inductance
" LaR,
Loi=———""55
(R + R)+ 0 L
Again substituting for R; and L_, this gives
*
L oi =Ry (123)
Now,
1 1
or
aRaC =0 (124)
The|circuit will become instable and chop the currént when Equation (124) is fulfilled. If |/ is
the ¢hopped current, then at chopping
R. = Uac
a [C
but Uge =nl giving
Ry =ni! (f125)
Substituting for R, in/Equation (124)
anlf'C=6
or
1
I :(%xc] at (126)

Io=|"c (127)
0
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or

I, =2JC (128)

Equation (130) has been shown to be valid for air-blast [53, 54], minimum oil [54, 55] and SFg
circuit-breakers [54, 56, 57]. The frequency of the instability oscillation is high and chopping
can be considered to be instantaneous.

16.8 Application of laboratory test results to actual shunt reactor installations

16.8|]1 General

The|purpose of this subclause is to describe the procedure, based on laboratory teést'resjults,
to be followed to estimate the overvoltage levels that will occur in actual Shunt regctor
installations and to determine the suitability of a particular circuit-breaker for the-purpose.

The|procedure described applies principally to shunt reactor installations with solidly earthed
neufrals. The procedure may however be applied with suitable adaptation to the unearfhed
and |neutral reactor earthed cases. Due to the statistical nature of overvoltage generation||it is
necgssary to apply statistical methods to estimate the risk for ovefyvoltages at or above ceftain
leve|s. Applicable statistical equations are given in 16.9 for convenience.

16.8/2 Overvoltage estimation procedures

16.8.2.1 Chopping number of one interrupter
The|main characteristic evaluated in the laboratory test is the chopping number (4).|The
chopping number is an inherent characteristic of the circuit-breaker and is ustally

independent of the circuit. The chopping. atmber can therefore be used to estimate| the
behaviour of the circuit-breaker in other circuits than the test circuit.

The|chopping number varies statistically and must be expressed in terms of:

e g mean value;
e g standard deviation;

e (dependence on arcing time (if applicable).

The|chopping number for a single interrupter circuit-breaker is defined by:

A =ign 14Cy h2s)

whefe

icp, 1S The chopped current value; and
C; is the total capacitance in parallel with the circuit-breaker.

The value of chopped current should, if possible, be directly measured for each test and
current zero at which interruption is attempted or achieved.

If actual measurement is not possible, then i;, can be calculated for solidly earthed reactors
using Equation (130):

. G
ich =Uo T"(’ff _ki%) (130)
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A is then calculated using Equation (129).

Equation (130) is restricted to single-phase reactors or solidly earthed reactors. The
determination of the chopping number is usually made in single-phase tests.

If only three-phase tests with unearthed reactors are available for estimation of the chopping
number, Equation (131) can be used.

im=L@J{%7hé+05F—@m+05F] (131)

If C\| is not explicitly known, it can be calculated from the load oscillation frequency'sincg the
effe¢tive inductance can be assumed equal to the power frequency value, L, whichis always
known. Refer to 16.2.4.

The|values of i, and A will vary statistically from test to test. If the yalues show no ¢lear
depg¢ndence on the arcing time, the statistical variation is usually a_normal distribution| On
this |basis, the mean value, 1,04, @and the standard deviation s are“calculated according to
16.9,

In the event that i, and A exhibit a clear dependence on.arcing time, a linear relationjship
can |pe assumed as a first approximation:

Amean = A + Big (132)

mean

whefe ¢, is the arcing time. The constants Atand B can be derived by performing a linear
regression. The dispersion around the regression line will probably be wide and therefore]it is
also|necessary to derive the standard deviation of the regression line (generally referred fo as
the standard error of estimate). Refer t0.16.8.3 and 16.9.

16.8/2.2 Estimation of choppingjovervoltages in shunt reactor installations

For |the first case, where th€,chopping number is independent of the arcing time,| the
maxjmum chopping number{for one interrupter is given by:

Aoy = Ao+ 20 (133)

max mean

Stat|stically, this.is-the 2 % value, i.e. the value that will be exceeded in less than 2 % of the
switthing opefations.

To gstimate the maximum suppression peak overvoltage to earth for a circuit-breaker with N
inteqrupters in series, the applicable value of A, is inserted in Equation (102) of its

VD W-W-N\ /4

derivati gquations {13y or(1047):

For the second case, where the chopping number is dependent on arcing time, the maximum
chopping number will occur at the maximum arcing time, ¢, 5. The maximum chopping
number (2 % value) for a single interrupter is given by:

ﬂ'max = (A + Bta max + 2Se) (134)
where S, is the standard error of estimate defined in 16.9.

The maximum suppression peak overvoltage is calculated using Equation (136).
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16.8

.2.3 Estimation of re-ignition overvoltages in shunt reactor installations

It is important to note that overvoltages occurring in laboratory tests due to re-ignitions have
no relevance for the estimation of re-ignition overvoltages in actual shunt reactor installations.
Estimated re-ignition overvoltage levels are derived on the basis described in 16.2.3.

For

the case where the chopping number is independent of arcing time, re-ign

overvoltages k, and kg are given by Equations (108) and (109), respectively.

This

16.8

The

o f

16.8

16.8

sing
Tabl

ition

ar - : ar] €an
rally be considered as the longest arcing time, 7, ,5¢ €SS one half-cycle. The appligable
mum chopping number is thus:
Amaxr = A + Bty +2 5, (f35)
value is then used in Equations (102) or (135) to derive the actual value of kj oy -
Finallly, k;, max and kg may are derived using equations (108) and (109)-fespectively.
2.4 Evaluation of recovery voltage stress across circuit-breaker
maximum recovery voltage across the circuit-breaker (ki¢g4,) in per unit value is given by
the following:
pr solidly earthed reactors:
kr max = 1 + ka max (136)
pr unearthed reactors:
krmax=2+kamax=1'5+kbmax (137)
pr neutral reactor earthed reactors:
krmax =1+ 2 K+ kg max (p38)
3 Case studies
3.1 General
Laboratory tests_were carried out at 141 kV on a single interrupter SFg circuit-breaker |in a
e-phase_<ircuit as shown in Figure 89. The details of the test circuit are givep in
le 35.
Table 35 — Laboratory test parameters

Parameter Load circuit 1 Load circuit 2
Current (A r.m.s.) 337 84
L (H) 1,125 4.5
Cg (nF) 20 10
C, (nF) 2 1

As required by IEC 62271-110, the initial voltage (k;, p.u.), the suppression peak overvoltage
(k; p.u.) and the associated arcing times were measured.
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The measured values of k;, and k, are shown in Figure 91 and Figure 92, respectively. The
chopped current values are calculated using Equation (131) and the chopping numbers using
Equation (129) and shown in Figure 93 and Figure 94, respectively.

F

A

Arcing time (ms)

Figure 93 — Calculated choppedccurrent

igu

megq

levels versus arcing time

re 95 shows the linear regression of all test points using the equations given in 16.8:

W =7755t,— 19869 and A,y = 7 755 t, — 196
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Figure 94 — Calculated chopping
numbers versus arcing time
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Figure 95 — Linear regression for alktést points
The|results are now applied to a two-interrupter 500<%V circuit-breaker switching a 52§ kV,

135 [Mvar shunt reactor at 50 Hz. 1 p.u. voltage = 525v2/\3 = 428 kV.

16.8.3.2 Case 1, solidly earthed shunt reac¢tor Cp/C_ << 1 and no overvoltage limitation

applied

t, =[13 ms

Amal = 100 619 AF-05

kin 91,13 p.u.

From Equation (104):

From Equation (136):

1,5x100 6192 x 2
k = 1,132 55 =1,4p.u.
amex \/ 314 x135x 108 P

kr max = 2,4 p.u.

(1 027 kV)

16.8.3.3 Case 2: As for Case 1 except Cp/C|_=0,5

ke max = 2,93 p.u.

16.8.3.4 Case 3: As for Case 1

Amax = 61 844 AF-0.5

kin = 1,08 p.u.

(1 084 kV)

except controlled switching applied at {, = 8 ms
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1,5%618442 x2
k - [1,08%2 4+ -1,2 p.u.
amax \/ 314x135x108 P

kr max = 2,2 P.U. (942 kV)

16.8.3.5 Case 4: As for Case 2 except controlled switching applied at t, =8 ms

K max = 2,25 p.u. (963 kV)

16.836—Case 5 As for Case texceptTeactor meutratearthedthrough1t600CQTeacior
(x=10,3)

From Equation (103):

-0,3=1,42 p.u.

kam

2
i z\/1’432+ 1,5:1.3:100 61572
314x135x10

From Equation (138)

ke mdx = 3,02 p.u. (1 292 kV)

16.8/.3.7 Case 6: As for Case 2 except reactor neutral earthed through 1 600 Q reagtor
(x=0,3)

kr mdx = 3,16 p.u. (1 352 kV)

16.8.3.8 Case 7: As for Case 5 except controlled switching applied at t, =8 ms

= 61 844 AF-0.5

ki, 91,08 p.u.

~0,3=1,2 p.u.

kam

2
- :\/1,3824— 1,5><1,3><61 8446><2
314%135x10

ke mdx = 2,8 p.u. (1 198 kV)

16.8/.3.9 . Case 8: As for Case 6 except controlled switching applied at t, = 8 ms

ke mde & 286 pu. (1224 kV)

16.8.3.10 Summary of cases 1 through 8

The calculated transient recovery voltage values are summarized in Table 36.
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Table 36 — 500 kV circuit-breaker TRVs

Case Reactor ColCy (_:on'frolled ' max
switching (Y/N) KV peak

1 Solidly earthed 0 N 1027
2 0,5 N 1084
3 0 Y 942
4 0,5 Y 963
5 Neutral reactor 0 N 1292

earthed

[§] 0,5 N 1352
7 0 Y 1198
8 0,5 Y 1224

Con

a) |
f

For

ments on the &

rmax

values in Table 36:

for applications where the reactor is earthed through™a neutral reactor, it is common
ractice to earth the neutral point using a single-pole_disconnector prior to switchin{hout
he reactor. The benefit to the circuit-breaker transient recovery voltage requirements is
bvious from Table 36.

comparison, the test results applied toc¢ay*1 000 kV, 330 Mvar reactor using a

For solidly earthed reactors, controlled switching is usually applied without except|and
esults in a limiting of the transient recovery voltage across th€lcircuit-breaker. Howgver,
he circuit-breaker should be capable of successful current‘interruption at the maxigpnum
rcing time and associated higher transient recovery voltage;

four

intefrupter circuit-breaker, and assuming that' neutral is always solidly earthed prigr to

swit

For
500
and

Ching, are shown in Table 37.

Table 37 — 1 000 kV circtiit-breaker transient recovery voltages

CplCy Controlled switching Ky max
(Y/N) kVpeak

0 1925
0,5 N 2015
0 Y 1779
0,5 Y 1811

the cases where controlled switching is not applied, re-ignitions are a possibility. For the

k\/ circuit-breaker cases, the maximum values of kp and kg (derived using Equations ([107)
(108)) are shown in Table 38.

Table 38 — 500 kV circuit-breaker: maximum re-ignition overvoltage values

Case Reactor CPICL k) max kg max

kg/peak kVpeak

1 0 942 1 540
Solidly earthed

2 0,5 970 1626

o Neutral reactor 0 1074 1938

6 earthed 05 1104 > 028
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16.9 Statistical equations for derivation of chopping and re-ignition overvoltages

16.9.1 General

TR 62271-306 © IEC:2012(E)

The purpose of this subclause is to provide, for convenience, the statistical equations used in

the derivation of chopping and re-ignition overvoltages.

16.9.2 Chopping number independent of arcing time

With reference to Equation (132):

n

1
Amean = ; Z i
i=1

and

whefe
n ip the number of test shots;

i @hopping number corresponding to the ith test shiot:
16.9{3 Chopping number dependent on arcing time

Caldulate values for S,,, S,, and §,, as follews:

n ) n 2
S [F 12 a1 | Lt
i=1 i=1

Sy F nZn“zf —(Zn:ziT

i=1 i=1

(139)

(140)

where n and 4; are as noted above and t,; is the arcing time corresponding to the it test shot.

With reference to Equation (132):

n n
A= izﬂ’l _Eztai
i=1

i—1 n5

(141)

(142)
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53 = —2)(Syy - BZSXX) (143)
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Annex A
(informative)

Consideration of d.c. time constant of the rated short-circuit
current in the application of high-voltage circuit-breakers

A.1  General

A time constant of 45 ms is generally adequate on systems rated 800 kV and below. For 1
100 kV and 1 200 kV systems, the standardized d.c. time constant has been defined as
120 |ms mainly because the use of multi-conductor bundles on transmission lines. Alternative
spedgial case d.c. time constants, related to the rated voltage of the circuit-breaker) shpuld
covgr cases where the standard d.c. time constant 45 ms is not sufficient. This may“apply, for
example, to systems with very high rated voltage (for example 800 kV systems. having higher
d.c. |time constant for lines e.g. when multi-conductor bundles are used), to-'some medium
voltage systems with radial structure or to any systems with particular system structure orfline
characteristics. Alternative special case d.c. time constants have been, defined in subclause
4.101.2 of IEC 62271-100:2008 taking into account the results ofcthe survey by CIGRE

WG13.04 [58].

Whgn specifying an alternative special case d.c. time constant; the following considerafions

should be taken into account:

a)

b)

c)

d)

e)

f)

g)

The d.c. time constants referred to in IEC 62271-100 are only valid for three-phase fault
urrents. The single-phase to earth short-circuit-d.¢. time constant is generally lower than
hat for three-phase fault currents.

or maximum asymmetrical current, the initiation of the short-circuit current has to ftake
glace at system voltage zero in at least . one phase.

he d.c. time constant is related to the maximum rated short-circuit current of the circuit-
Qreaker. If, for example, higher d.¢z;time constants than 45 ms are expected but wllth a
ghort-circuit current lower than rated, such a case may be covered by the asymmefrical
ated short-circuit current test<using a 45 ms time constant (see following paragraphs$ for
gquivalency examples).

he d.c. time constant ¢f a complete system is a time-dependent parameter considergd to
e an equivalent constant derived from the decay of the short-circuit currents in| the
arious branches of.that system and is not a real, single and unique d.c. time congtant
alue.

arious methods for the calculation of the d.c. time constant are in use, the resul{s of
hich may/differ considerably. Caution should be taken in choosing the right method.

hen choosing an alternative special case d.c. time constant, it has to be kept in mind,
that the circuit-breaker is stressed by the asymmetrical current after contact separation.

time is defined as one half-cycle of power frequency. If the protection time is longer this
should be taken into account.

The choice of a single special case value of the d.c. time constant minimises the number
of tests required to demonstrate the capability of the equipment.

For example, a test carried out on a circuit-breaker at 63 kA with a d.c. time constant of 45
ms does not automatically cover the performance of a circuit-breaker having a rating of
50 kA with a d.c. time constant of 75 ms, actual test parameters should be known in order
to determine if the equivalency can be made.

Some general important aspects need to be considered. In order to state the equivalency
of a certain circuit-breaker for another fault current rating and d.c. time constant, the
following parameters have to be examined carefully in relation to the interrupting
technology used:


https://iecnorm.com/api/?name=d503520b41bcdeec0159df19acf15511

TR 62271-306 © IEC:2012(E) - 225 -

3) amplitude of the last current loop before interruption;

4) duration of the last current loop before interruption;

5) arcing time window;

6) arc energy;

7) di/dt at current interruption;

8) TRV peak voltage u. and first reference voltage u4, as applicable.

A.2 Basic theory

One|of the duty that a circuit-breaker has to perform is to interrupt all short-circuit currentL up
to ifs rated short-circuit current. The short-circuit current may be symmetrical, ppartly
asymmetrical or fully asymmetrical depending on the instant where the fault was initiated.

Asymmetrical occur in all type of inductive circuits and the level of asymmetry depends on the
instgnt of fault initiation and the d.c. time constant (7) of the circuit under-évaluation.

NOTE The d.c. time constant of a circuit is sometimes expressed as the~X/R ratio of a circuit, Where
X =Raf xt, where f'is the power frequency in Hz and R represent the losses (®) in the circuit.

The|simplified single-phase circuit shown in Figure A.1 illustrates the studied case.

L R CB
+
Key
u(t) Source voltage, u{s)'= Usin(wt + a) R Losses in the circuit
L Source indugtanee CB Circuit-breaker

Figure A.1 — Simplified single-phase circuit

In case ofspower systems wL is generally >> R.

By using differential equations, the resulting current is:

I(t):%x{sin(wt+a—(p)—e_% xsin(a—(o)} (A.1)

where
U is the peak of the applied voltage u(z);

Z is the circuit impedance: Z = \/R2 + 0?12 ;

is the angular frequency: 27f;

is the fault making angle (instant) on the applied sinusoidal voltage;
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s the phase angle of the circuit impedance ¢ = tan{%‘j = tan'(%j

7 is the d.c. time constant (L/R) of the circuit.

2(E)

The resulting fault current has two components, the first part of the equation being the

sinu

soidal part and the second being the exponential decaying d.c. component.

From Equation (A.1), the d.c. component will be maximum when sin(a—¢)=10or a- ¢= ”2.

The

Equ
d.c.
sym
max

For
d.c.

inp,

_t
I(t)max = I{Sln(a)t-i-%)—e 4}
peak value of the current will occur when sin(wt + %) =-1or ot = 7 giving
_t
ka =—1(1+e 4)

ptions (A.2) and (A.3) are for the negative d.c. componenicase and, to obtain the pog

component case, multiply the right side by —1. I =, UfZ and further equal to V2 times
metrical r.m.s. interrupting current rating of the circuit-breaker under consideration.
mum peak current occurs when the circuit is made at a voltage zero crossing.

he standardized d.c. time constants (45 ms.and 120 ms) and the alternative special
time constants given in IEC 62271-100(60 ms, 75 ms and 120 ms), the d.c. compon
u. of the peak symmetrical current are shown in Figure A.2.

A.2)

A.3)

itive
the
The

case
ents

3?100
=
g 90 1 7,=120ms I
?é 80 73=75ms I
8
— |
5 70 ‘aﬂ\.\% 7=60ms |
(] ‘5\
g 60 <+ <=
= \ ‘\\~ /L ~~~‘\~
8 50 \\\ ‘5\\ —
S -~ S~
8 40 R =
:'g / \\ “T- - -4
OJ 30 - —
c / -4
o \ s.~§.
g- 20 ir1=45ms I \L
Q —
© 10
ot
T 0

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90

time (ms)

Figure A.2 — Percentage d.c. component in relation to the time interval from the

initiation of the short-circuit for the standard time constants and for the alternative

special case time constants (from IEC 62271-100)
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Asymmetrical current related values of X/R and /., are power frequency dependent as
summarized in Tables A.1 and A.2. The /., values in brackets are the recommended values

used for standardization purposes in IEC 62271-100.

Table A.1 — X/R values

v =LIR 50 Hz 60 Hz
ms XIR tan~! X/R XIR tan~! X/R
45 14 85,9 17 86,6
60 19 86.9 22,6 87.4
75 23,5 87,5 28,3 87,9
120 37,7 88,5 45,2 88,7
Table A.2 — I, values
©=LIR ook (p-u.)

ms 50 Hz 60 Hz

45 2,55 (2,5) 2,59 (2,6)

60 2,61 (2,7) 2,65 (2,7)

75 2,65 (2,7) 2,68 (2,7)

120 2,72 (2,7) 2,73 (2,7)

For
fault
instd

The

1o

1

I(pA(t)

o) =~

(pC(t): %X

sin(wt +a—p- 2%)— e_% xsin(a — ¢ — 27[3)

Sin(a)t +a—-@+ 2%)— ei% xsin(a — ¢ + 27[3)

% x {sin(wf +a-— go)— e_% x sin(a — (p)}

A three-phase fault initiated simultaneously;in the three phases, the asymmetry lev
initiation of the most asymmetrical phasélis always ranging from 87 % to 100 % what
nt the fault is initiated on the applied voltage.

current equations for a three-phase fault initiated simultaneously on the three phases

p| at
ever

are:

A.4)

A.5)

A.6)

In the first edition of IEC 62271-100 (and earlier editions of IEC 60056), the concept of d.c.
component of the rated short-circuit current was used together with the asymmetry level at
contact separation. At that time, a single unified standardized d.c. time constant of 45 ms was
specified. With the introduction of new alternative special cases d.c. time constants, the
concept of defining asymmetry level at contact separation has been changed to the concept of
last current loop parameters since this is the important aspect to consider for arc energy and
di/dz prior to interruption. This concept also allows performing tests on a circuit-breaker with a
test circuit having a different time constant than the rated one and does also permit to validate
more than one rating from the results obtained from a single T100a test series.

The considerations given in this section are based on the assigned ratings of the circuit-
breaker and on the actual test parameters measured during the T100a test-duty.
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The purpose of this subclause is to give guidance how to use test results for validating other
ratings with other d.c. time constants from a single test series results and to give guidance on
how to modify the test parameters in order to obtain the required last current loop parameters.
However, in doing this, the scope of this section is limited since the amplitude, duration and
the di/dr at current zero all change as the d.c. time constant changes. A higher asymmetry
results in a lower du/dt and peak value of the TRV, reducing the stress during the recovery
process. This fact has been disregarded in the subclause dealing with equivalency and
therefore the results can be considered conservative when the results obtained from a test
series validating a lower d.c. time constant are used to validate an higher d.c. time constant
rating. On the contrary, care should be exercised on the TRV parameters when the results
obtained from a test series validating an higher d.c. time constant are used to validate a lower
d.c.[Time constant rating. Annex P o1 IEC 6227 1-100:2008 gives the methodology] for
calcllating TRV parameters during asymmetrical fault condition.

IEC62271-100 introduces tolerances for testing purposes during the last cufrent loop of
arcing interval prior to interruption. A +10 % tolerance is specified on both last current Joop
amplitude and duration. There is an additional allowance if the tolerances on cufrent
amplitude or current loop duration cannot be fulfilled then the product A x ¢’, “I” beind the
peak value of the last current loop and “# being the duration of theé last current loop, is
between 81 % and 121 % of the required values.

The|application of generator circuit-breakers with delayed current zeros is beyond the s¢ope
of thiis section and this specific case is covered in Annex B.

A.3| Network reduction

The|rate of decay of the d.c. component is usually~expressed as the d.c. time constant of the
short-circuit current.

It should be noted that the d.c. time constant of the short-circuit current at the point of the
fauly is not the simple ratio of L/R _dypically obtained by network reduction short-circuit
programs because each component of the network has its own d.c. time constant. Experi¢nce
has |shown that using the R andxL’values obtained by the typical network reduction short-
circyit program will give the cofrect short-circuit current. However, the d.c. time congtant
based on the ratio of these yalues will generally be less than the correct value.

Trarlsient calculation programs need to be used in order to obtain the correct d.c. ftime
congtant of a particular)network location.

A.4| Special-case time constants

With the(publication of the first edition of IEC 62271-100 the concept of a circuit-breaker being
able| to/deal with d.c. time constants other than the standard time constant of 45 ms |was
introdueedforthe-firstHmeEC62271-100-specifiesadditional—specialcasestme-constants”

of 60 ms, 75 ms and 120 ms in 4.101.2. In 4.101.2 b) of IEC 62271-100:2008 the following
insight is provided:

— 120 ms for rated voltages up to and including 52 kV;

— 60 ms for rated voltages from 72,5 kV up to and including 420 kV;

— 75 ms for rated voltages 550 kV and 800 kV.

Moreover, Amendment 1 of the second edition of IEC 62271-100 introduces a second

standardized d.c. time constant of the rated short-circuit current of 120 ms for circuit-breakers
rated above 800 kV.
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application of circuit-breakers on power systems, IEC 62271-100 calls attention to the fact

that not all applications fall within the confines of existing standard. This is a logical extension
for the following reasons:

For
indi

A.5| Guidance for selecting a circuit-breaker

A.5

mad

gre

To }valuate the effect of different d.c. time constants some genefal”observations carE.‘ be

the lower voltage circuit-breakers will frequently be applied close to generation or step
down transformers or current limiting reactors which exposes the circuit-breakers in such
locations to the much longer d.c. time constants;

at the higher system voltages, bundled conductors may be used on transmission lines and
the circuit-breaker again may be close to transformers. The bundled conductors and the
transformer reactance will contribute to the higher d.c. time constant.

the circuit-breaker application engineer this raises the question of how to evaluatg the
Vidual applications. This clause tries to provide some guidance.

A General

. For cases in which the actual short-circuit current is less but-the d.c. time constant is

ter the di/dt of the current at current zero and the amplitude of both current loops will be

less|than the rated values. The arc energy represented by the_area under the major cufrent
loop| is probably one of the most important consideration., The” amplitude and duration of the

maj

or current loop are directly related to the d.c. time constant of the short-circuit current.

In ah effort to evaluate the effect of different d.c. 4ime constants, the standardized d.c. ftime

con

and 120 ms were examined.

gtants of 45 ms and 120 ms, and special case\d.c. time constants of 60 ms, 75 ms, 90 ms

IEC62271-100 specifies criteria on the “Mast current loop amplitude and duration. [The
impgrtant parameter to be considered is;the arc energy from contact separation to interruption
and |the last current loop is of prime_importance because generally most of the arc energy is
with|n that last current loop, at leastyfor modern circuit-breakers. The exact result would have
been to compare the integral of the current waveshape from contact separation to cufrent

zer

but this type of calculation is not practical in test laboratories. It is not all |test

laboratories having proper(digital data acquisition systems or sufficient calculation tools to
perform such calculation. ‘Instead |IEC 62271-100 asks to compare the parameters of the|last
current loop (Ipeak, loop:duration and product "I x ¢"). Such measurements are easy to perform

and |can be done in-all-test laboratories without any specific constraints.

The |methodolgogy to evaluate the effect of different time constants is as follows:

a)

b)

c)

etermine the last current loop parameters (amplitude and duration) obtained ddring
100a’ test series (last loops (minor and major if tested single phase) or major|and
xtended major current loop amplitudes and durations if tested three-phase.

Use Equation (A.1) to find the current waveshape of the specific case to be studied. Use
an "o" of 0 rad in order to obtain the full asymmetrical offset.

Determine where the interruption will take place. The time sequence events in the
operation of a circuit-breaker that always precede the actual interruption and tend to
establish the most likely time for interruption are:

— relay time;
— circuit-breaker minimum opening time;
— minimum arcing time;

— The sum of the above times is defined in IEC 62271-100 as the minimum clearing time.
The next full major current loop found is the earliest full major loop or extended major
current loop that the circuit-breaker can see in service.
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IEC 62271-100 has tabulated the last loop current parameters for standardized and
alternative special cases d.c. time constants for both 50 Hz and 60 Hz systems. Equation
(A.1) can also be used to find the exact (non-rounded) current loop parameters.

Some assumptions have been taken:

a) The arc voltage is constant during the period of arcing. This allows the arc energy of the
last current loop to be represented by the "I x ¢"” product;

A smaller symmetrical fault current with a longer d.c. time constant (compared with the
rated short-circuit-current and the standard time constant) has a larger percentage of d.c.

ponent-and-the 3 8 i mith-the-highest
ated short-circuit current. In such case, the circuit-breaker should still be able intefrupt at

b) If the arc energy represented by the "I x ¢” product is less than 121 % ofthe”stanfdard
ave, the interruption will be generally successful (see NOTE);
c) the energy represented by the "I x (" product is greater than 121°% of that of] the
gtandard interruption, the interruption could be unsuccessful.
NOTE Some circuit-breaker technologies use the arc energy as the main source of energy for current interruption.
For guch technologies, a lower arc energy may result in longer arcing times and/the ability of interrupting Jower

curreht should be carefully evaluated. Care should be exercised in the evaluation,of the minimum arcing time]. The
arc epergy associated with minor current loops are lower for higher d.c. time (copstants which may result in a Ipnger
mininfum arcing time and thus in a longer maximum and medium arcing times,

The [determination of the area X under the current curve may be obtained by solving Equation
(A.5). This equation is the exact calculation method.

)
X = ji(z)dt A7)
&

whefe

i(z) is the total current i, as given in Equation (A.1);

t1 i the time of contact separation;

to ip the time of current zero where interruption could occur.

As daid beforesthis method cannot be easily used in test laboratories because it necessifates
digitpl data acquisition systems with proper software which are not always available. Instead,
the tomparison of the last current loop arcing energy by using the current loop parameters
"I x {" is\a)quite reasonable approximation (within 5 %) of the last current loop integral [see
A.5.5)\

The general guidance is to de-rate a circuit-breaker one class or approximately 80 % to deal
with greater d.c. time constants. The question that must be answered is whether this is
sufficient. For test purposes IEC 62271-100 gives the following asymmetry criteria to be
fulfilled when performing T100a:

— last current loop amplitude;

— last current loop duration;

— arc energy during the last current loop (product "I x ¢")

— asymmetry level at current zero.

Using the above methodology the following cases were examined.
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Assumptions: Circuit-breaker ratings: I: 63 kA, =45 ms and = 60 Hz.

— Relay time 8,33 ms;

— Minimum opening time 17 ms;

— Minimum arcing time (interruption after minor loop) 8 ms;

— Frequency 60 Hz;

— Time constant 45 ms;

ith the rated values.

A.3 shows a comparison of the last major loop parameters for case 1.

Table A.3 — Comparison of last major current loop parameters, case 1

hted

Row Symmetrical Time Amplitude Duration of Produgt
current constant of the last the last " ,
rating major major Ixt
current loop |\ current loop
kA r.m.s. ms KApeakl% Of | ms/% of the | As/% of the
the reference reference referenge
casé case case
1 63 45 12475 10,55 1314
Refg¢rence case associated
with| test values equal to the
rateld values
2 50 60 106,1/85,2 11,15/105,7 1183/90,p
3 50 75 111,3/89,4 11,6/110,0 1291/98,B
4 50 120 120,7/96,9 12,55/119,0 1515/114,3
Part|cular points of Table A.3:
It sHould be noted that_the conclusions given below are only valid if the test performed to
valigate the reference rating (63 kA and r = 45 ms) had last current loop parameters equpl to
100 |% of the rated yalues as shown in the last three columns of row 1.
a) Row 1 provides the reference values for a 63 kA rating with = 45 ms as obtained dyring
test duty, T100a;
b) The 2"%%ow shows the requirements for a 50 kA rating with = 60 ms. The product "] x ¢"
af the_last current loop is in accordance with the criteria defined in IEC 62271-100, fthus
E

ssufing a satisfactory application;

c) Inrow 3, the rating is still 50 kA but the time constant has been increased to 75 ms. As for
the second row, the product "I x ¢" of the last current loop is in accordance with the criteria
defined in IEC 62271-100;

d) In row 4, the rating is still 50 kA but the time constant has been further increased to
120 ms. The "I x ¢" product of the last major current loop has increased even more. This is
still satisfactory because the product "I x " of the last current loop is in accordance with

the criteria defined in IEC 62271-100.

The equivalence shown before should be carefully studied with the actual waveform of the last
current loop parameters used during tests for the demonstration of the reference rating (63 kA
and 7= 45 ms). According to IEC 62271-100 and IEC 62271-101 (in case of synthetic testing),
it is permissible to have the amplitude and the duration of the last current loop reduced by


https://iecnorm.com/api/?name=d503520b41bcdeec0159df19acf15511

- 232 -

TR 62271-306 © IEC:2012(E)

10 % from the rated values. In such case, the last current loop parameters as shown in Table

A.4 are obtained.

Table A.4 — Comparison of last major current loop parameters, case 1: test parameters
used for the reference case set at the minimum permissible values

Row Symmetrical Time Amplitude Duration of Product
current constant of the last the last " "
rating major major Ixt
current loop | current loop
kA r.m.s. ms KAoqi/% Of | ms/% of the | AS/% of the
e rercrerice rercererice Feierense
case case case
1 63 45 112,52 9,5° 1,069
Reférence case associated
with| test values equal to the
rateld values
2 50 60 106,1/94,3 11,15/147 ,4 1183/114,7
3 50 75 111,3/98,9 14,6/122,1 1291/120,8
4 50 120 120,7/107,3 12,55/132,1 1 515/141,7
5 40 120 96,6/85,9 12,55/132,1 1212/113,4
@ last current loop amplitude equal to 90 % of the rated value as permitted by IEC 62271-100 and IEC 62271-
01.
® |ast current loop duration equal to 90 % of the rated Aalue as permitted by IEC 62271-100 [and
EC 62271-101.

Part|jcular points of Table A.4:

It sh
validate the reference rating (63 kA and r = 45 ms) had a last current loop parameters €

to 9

a)

b)

c)

d)

% of the rated values.

ow 1 provides the minimum-permissible (90 %) reference values for a 63 kA rating
= 45 ms;

ould be noted that the conclusions«given below are only valid if the test performed to

qual

with

he 2" row shows the requirements for a 50 kA rating with 7= 60 ms. The product "] x ¢
f the last currentJoop is in accordance with the criteria defined in IEC 62271-100 [thus
ssuring a satisfaetory application;

he 3™ row shews the equivalence for a 50 kA rating with z =75 ms. The product "I x[¢" of
the last cuerent loop is close to the upper maximum limit of the "I x ¢" criteria defingd in
IEC 62271+100;

s for the case shown in row 3, the rating is still 50 kA but the time constant has heen
ihcreased to 120 ms. Here the "I x (" product exceeds the upper tolerance stated in
IEC62277-T00 and the reference rating does not demonsirate the performance of the

circuit-breaker for this fault current (50 kA) and a time constant of 120 ms;

e) The last row shows the requirements for a 40 kA rating with z = 120 ms. The product

"I x " of the last current loop is in accordance with the criteria defined in IEC 62271
thus assuring a satisfactory application.

-100

From the above examples, it can be shown that the actual test parameters obtained during
tests are of major importance to determine to which extent the reference test can be used to
demonstrate the circuit-breaker ability to interrupt other fault currents with different d.c. time
constants. From these examples, it has been shown that the one or two de-rating steps from
the R10 series may be needed to cover lower short-circuit currents with higher d.c. time

con

stants.
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Finally, the comparison with the last major current loop parameters may be not enough to
state if a particular circuit-breaker may be used for lower rated short-circuit current and higher
d.c. time constant values. Some circuit-breaker technologies use the arc energy as the main
source of energy for current interruption. For such cases, the "I x ¢" product of the last minor
loop will always be much less than 81 % of the rated values (see Table A.3). Careful
evaluation of the minimum arcing time needs to be done. Comparison of minimum arcing
times obtained during T10, T30, T60 and T100s can be used as a tool to evaluate the
increase of the minimum arcing time due to the reduced arc energy on the minor current loop.
If the minimum arcing times found during T10, T30 and T60 are not greater by more than a 4
cycle from that measured in T100s, then it can be considered that a similar minimum arcing
time on the minor loop than the reference case would be obtained. If this is the case,
comms is
sufficient. If not, additional tests may need to be performed to ensure that the minimum_afcing

time|will not be significantly longer than the reference case.

Table A.5 — Comparison of last minor current loop parameters, case 1

Row Symmetrical Time Amplitude Duration of Produgt
current constant of the last the last " \
rating minor miinor I'xt
current loop /) current loop
KA r.m.s. ms KA oo/ % of ms/% of the As/% of the
the refereénce reference referenge
cdsé case case
1 63 45 46,3 5,5 254,7
Ref¢rence case associated
with| test values equal to the
rateld values
2 50 60 30,4/65,7 5,0/90,9 152,0/59,f
3 50 75 25,5/55,1 4,5/81,8 114,8/45,(
4 50 120 17,0/36,7 4,0/72,7 68,0/26,7
5 40 120 13,6/29,3 4,0/72,7 54,4/21,4
A.5.B Case 2

Assyimptions: Circuit-breaker ratings: 7 = 20 kA, =45 ms and /= 50 Hz.

- H

~
- 1

-

Relay time 10 ms;

requency 50 Hz;
[ime constant 45 ms.

inimum opehing time 22 ms;

inimum.arcing time (interruption after minor loop) 8 ms;

A comparison of the last loop parameters is shown in Table A.6.
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Table A.6 — Comparison of last major current loop parameters, case 2

Row Symmetrical Time Amplitude Duration of Product
current constant of the last the last " "
rating major major Ixt
current loop | current loop
kA r.m.s. ms KA oq/% Of | ms/% of the | As/% of the
the reference reference reference
case case case
1 20 45 37,6 12,15 456,8
Reference case associated
withrtestvatuesequat-tothe
rateld values
2 16 60 32,6/86,7 12,9/106,2 420,5/92 /1
3 16 75 34,2/90,9 13,5/111,0 461,7/101,1
4 16 120 37,6/100 14,6/120,2 549,0/12(,2
5 12,5 120 29,3/78,0 14,6/120,2 427,8/93,p
Part|cular points of Table A.6:
As mentioned in Table A.1, it should be noted that the conclusions given below are only yalid

if the¢ test performed to validate the reference rating (20 kA and t = 45 ms) had a last cu

loop
1 of
a) |
b)

As 3
diffe
refe

pargmeters during the reference test were at the minimum tolerance stated by IEC 62271

and

parameters equal to 100 % of the rated values asshown in the last three columns of]
Table A.6.

Row 1 contains the reference values for 50 Hz;»20 kA rating;

h rows 2 to 5 it can be seen that a reduction of one step in the R 10 series will covq
ases for r = 60, 75, 90 and 120 ms. For all these cases, the product "I x " of the
najor current loop is in accordance, with the criteria defined in IEC 62271-100
ssuring a satisfactory application.

Iso mentioned for case 1, the @pplicability of a reference case to other fault currents
rent d.c. time constants ‘depends on the actual test parameters measured for
ence case. As an exireme case, if we consider that the last major current

IEC 62271-101 thenithe current loop parameters of Table A.7 are obtained.

rent
row

r all
last
thus

and

the
loop
100
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used for the reference case set at the minimum permissible values

Row Symmetrical Time Amplitude Duration of Product
current constant of the last the last " "
rating major major Ixt
current loop | current loop
KA r.m.s. ms KA oq/% Of | ms/% of the | As/% of the
the Teference reference reference
case case case
1 20 45 33,9° 10,94 ° 370,9
Refg¢rence case associated
with| test values equal to the
rateld values
2 16 60 32,6/96,2 12,9/117,9 420,5/113,4
3 16 75 34,2/100,9 13,5/123,4 461,7/124.,4
4 16 120 37,6/110,9 14,6/133,5 549,0/144,0
5 12,5 120 29,3/86,4 14,6/133,5 427,8/114,3
@ last current loop amplitude equal to 90 % of the rated value as permitted by |IEC.62271-100 and IEC 62271-
01.
® last current loop duration equal to 90 % of the rated value as~permitted by IEC 62271-100 |and

EC 62271-101.

Part

It sH
valid

to 90 % of the rated values.

cular points of Table A.7:

ould be noted that the conclusions given below are only valid if the test performegd to
ate the reference rating (20 kA and r = 45"'ms) had a last current loop parameters equal

a) Row 1 provides the minimum permissible (90 %) reference values for a 20 kA rating [with

=45 ms;

b) The 2" row shows the requirements for a 16 kA rating with = 60 ms. The product "] x ¢"
af the last current loop is_in~accordance with the criteria defined in IEC 62271-100 fthus
gssuring a satisfactory application;

c) The 3™ and the 4" wows show the equivalence for a 16 kA rating with r = 75 ms|and
120 ms. For these~Cases, the resulting "I x " products exceed the upper tolerance stpted
ih IEC 62271-100,-and the reference rating does not demonstrate the performance of the
gircuit-breakenfor these cases;

d) The last roW shows the requirements for a 12,5 kA rating with z = 120 ms. The product
"I x ¢" ofithe last current loop is in accordance with the criteria defined in IEC 622711100
thus (@ssuring a satisfactory application.

From—the—abeve—examples—it-canbeshewn—asferease—t—that the—actual-test parameters

obtained during tests are again of crucial importance to determine to which extent the
reference test can be used to demonstrate the circuit-breaker ability to interrupt other fault
currents with different d.c. time constants. From these examples, it has been shown that the
one or two de-rating steps from the R10 series may be needed to cover lower short-circuit
currents with higher d.c. time constants.

A.5.4 Case 3

The examples given in A.5.2 and A.5.3 were based on single-phase tests. For three-phase
tests on medium voltage circuit-breakers, very short minimum arcing times may be observed
in particular for vacuum circuit-breakers. As an extreme example, Figure A.3 shows the

resu

Iting current curves for a circuit-breaker having a minimum arcing time of 1 ms.
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For the first valid operation, the interruption occurs on phase A for which the asymmetry
criteria is met.

1st valid operation; T =45 ms

2 JP I’n\ 2 P i ol sl %
F J X b} F i LY L 5 r W
3 A Ao
g- O -!' i' “t 5 L} F F % u‘\ LY
- % F 4 kL ¥ FIor B F kY F Ny N 5 L F 4 r
?’ -1 by = ‘{ % = Y %”
¢ -2 N L
-3
0 0,01 0,02 0,03 0,04 0,05 0,06 0,07 0,08 0,09 o
Time (s)
Phase A Phase B Phase C Maximum arcing time

Figure A.3 — First valid operation in case of three<phase test (=45 ms)
on a circuit-breaker exhibiting a very shortiminimum arcing time

This|example shows that the maximum possible arcing\time on the asymmetrical phase is|less
than| half of the major loop duration. The actual arcing“time represents only 40 % of the nmajor
loop| duration.

For the second test, the procedure given indEC 62271-100 has been followed and the cufrent
oscillogram shown in Figure A.4 is obtained:

2nd.yalid operation; T =45 ms

3
: l’n
¢ 2 =<\ =N ——~
:: 1 -.-l:‘ 5 "" F % "I “i‘\
g o0 £ AT ANT Y =
g 3 N/ 7 N A X NS
é -1 | b W F 4 F L . F i — L F B

) S AN N e

0 0,01 0,02 0,03 0,04 0,05 0,06 0,07 0,08 0,09 o
Time (s)
Phase A Phase B Phase C Maximum arcing time

Figure A.4 — Second valid operation in case of three-phase test
on a circuit-breaker exhibiting a very short minimum arcing time

The interruption occurs on phase B on an extended major current loop. This example shows
that the maximum possible arcing time on the extended major loop is slightly less than the
extended major loop duration. The actual arcing time represents 86 % of the extended major
loop duration.

Finally, for the third valid operation, the curves of Figure A.5 are obtained:
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3rd valid operation; Tt = 45 ms
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The
operf

the major loop duration. The actual arcing time represents 46.% of the major loop duration.

The
the 1
IEC

enerngy for the interruption on the major curreht.loop will be not more than 50 % of the

calc
shoV

Simi
very
curr

Figure A.5 — Third valid operation in case of three-phase test onfa circuit-breake
exhibiting a very short minimum arcing time

interruption occurs on phase C on a major current loop. Here also, as the first
ation, the maximum possible arcing time on the asymmetrical phase is less than hg

fact that this type of circuit-breakers exhibiting veryshort minimum arcing time do not
ull major and extended major loop, this raises<he’question if the "I x " method statg
62271-100 is still valid for such circuit-breakers. For the case shown before, the

Ilated for the full major current loop. Ford@he extended major loop, energy calculation

lar calculations have been done. with a d.c. time constant of 120 ms and the results
similar, mainly regarding the(relative arc energy associated with the major exter

arci
oth
less

bnt loop. For that particular_case, the energy associated with the maximum pos
g time represents 88 %-.of the total prospective arc energy of that current loop. Fo

than the 45 ms case _(less than 40 % of the loop duration).

vn that 89 % of the relative full extended-loop energy will be seen by the circuit-breaker.

alid
If of

see
din

arc
one
has

are
ded
Sible
the

r valid operations on the)major current loop, the maximum arcing time window is slightly

Because the relative,arc energy associated with the extended major loop is quite cloge to

100

breagkers tested-three-phase and exhibiting short minimum arcing times (e.g. < 3 ms).

A.5.

%, it is reasonable to use the same equivalency criteria ("/ x ¢" product) for cir

b Validity of the equivalence method prescribed by IEC 62271-100

IEC

Cuit-

2971100 recommends - a simnle and nractical wav for thg avaluation of the arc anerd
g oFecommehRasSa-SHnpreahcplractca-Wayf+or+the-e8\adaHohRottheafrcehed

y of

the last current loop prior to interruption. It suggests multiplying the loop amplitude b37 the

loop

duration to obtain a representative loop area ("I x " product) for comparison.

Table A.8 gives the results of the relative arc energy calculations for the different 60 Hz
currents and d.c. time constants for interruption at the end of a major loop.
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Row Current Time Area of Peak Last Ixt Ratio: Ratio: Difference
rating constant the last of last loop area of | product | to integral
major major | duration major Ixt method
loop by loop 1 loop
the exact
integral
method
kA r.m.s. ms As kA ms As %
symmetrical peak
(1 (2) (3) 4) () (6) (1) (8) 9) (10
1 63 45 805,8 124,5 10,55 1314 1 1 1
2 50 60 718,2 106,1 11,15 1183 | 0,891 3 | 0,900 3 1,0
3 50 75 777,8 111,3 11,60 1291 | 0,9653 | 0,9825 1,7
4 50 120 890,5 120,7 12,55 1515 | 1,105 1 1,153 0 4,3
5 40 120 712,4 96,6 12,55 1212 | 0,884 1 /10,922 4 4,3

The|ratio area of column (8) is derived from column 4 divided by 805,8 and the ratio area*of column (9) from

divigion of column (7) by 1314.

Similarly, Table A.9 gives the results of the relative arc energy calculation for the diffgrent
50 Hz currents and d.c. time constants for interruption at the end of a major loop.

Table A.9 — 50 Hz comparison between the integral method
and the method prescribedby IEC 62271-100

Row Current Time Area of Peak Last Ixt Ratio: Ratio: Differeince
rating constant the last of last loop area of | product | to intepral
major major | duration major Ixt methpd
loop by loop 7 loop
the exact
integral
method
kA r.m.s. ms As kA ms As %
symmetrical peak
(1 (2) (3) (4) (5) (6) (7) (8) (9) (10
1 63 45 893,2 118,5 12,15 1440 1 1
2 50 60 802,0 101,5 12,90 1309 | 0,8979 | 0,9090 1,24
3 50 75 875,2 107,1 13,50 1446 | 0,9798 | 1,004 2 2,4
4 50 120 1019,2 117,4 14,60 1714 | 1,141 1 | 1,190 3 4,3
5 40 120 815,3 93,9 14,60 1371 ] 0,9128 | 0,952 1 4,3

The|ratiorarea of column (8) is derived from column 4 divided by 893,2 and the ratio area of column (9) from

divigion of-Column (7) by 1 440.

Particular points of Tables A.8 and A.9:

a) Row 1 is the reference case;

b) Inrows 2 through 5 the IEC 62271-100 the "/ x " method is compared to the exact integral
method for determining the relative arc energy of the last major current loop prior to
interruption;

c) Rows 2 through 5 show that the relative difference between the two methods remains
below 5 %.

With a difference of less than 5 % for a d.c. time constant variation from 45 ms to 120 ms it is
shown that the "I x " method as stated in IEC 62271-100 is fully adequate for adjustment of
test circuit parameters as well as to extend test results for another current and d.c. time


https://iecnorm.com/api/?name=d503520b41bcdeec0159df19acf15511

TR 62271-306 © IEC:2012(E) - 239 -

constant ratings. The integral method should be considered as the exact method to calculate
the equivalent arc energy during the last current loop and also during the whole arcing period
but cannot be implemented in all test laboratories because of the different capabilities of
measuring system used. Therefore, the "I x " method was proposed to ease and speed-up
the result analysis after a test.

A.6

Discussion regarding equivalency

The method of analysis described for demonstrating the equivalency is not difficult to perform
but access to the actual test results for the reference case is necessary. It must also be

whefe one of the phases has always an offset ranging from 87 % to 100 % of the full

offs
asyn
phas

defi

This
are
(dep

reccfnized that this investigation is only addressing a simultaneous three-phase fault

t depending on the point-on-wave initiation. It is the resulting current from\that
hmetrical phase that has been compared. The fault currents that circulate in the"othen
es will have significant reduced d.c. components and the ability of the cifcuit-break

ed by IEC 62271-100.

investigation supports the recommendation that if d.c. time constants greater than 4
encountered on a system, the selection of a circuit-breaker rated one or two step
ending on actual test parameters for the reference case) in the R10 series above

expe

cted system fault current for d.c. time constants up ta’120 ms should be satisfac

compinations of three-phase fault currents and related d.¢. time constants as a predict

the

Figu
diffe

WhiE the number of cases investigated is limited the method can be applied to almost

aximum amount of energy involved.

re A.6 and Figure A.7 show selected plots for Case 1 and Case 2 of the currents
rent d.c. time constants for both 60 Hz and 50 Hz respectively. An examination of

figues suggests that it is possible to use thistmethod to evaluate different test combinati

For
curr
adju
curr
that
tool

IEC
d.c.
di/d
can
have
accq
useq
the

bxample one could use it to evaluate a‘test current at 50 Hz to show equivalence to a
bnt at 60 Hz. Since most such tests-will be done using synthetic circuits the di/ds ca
sted to the correct value at the\time of interruption. By varying the amplitude of
ent, the arc energy can be adjusted to be equivalent. For the manufacturer and/or
knows the interrupting characteristics of a circuit-breaker, the outlined method is a u
for the evaluation of differént interrupting capabilities under asymmetrical fault conditi

62271-100 recogniZes ‘the problems associated with testing circuit-breakers with diffq
time constants. /t\is fundamental that the circuit-breaker sees the correct prospe
and at the time of interruption. As mentioned earlier, if synthetic test are conducted
be adjusted te-the correct value. If direct tests are used, the current level is adjusts
the correct.di/ds at the time of interruption. One fundamental consideration that mug
unted for)is the d.c. time constant of the test station whether direct or synthetic test
. Theseffective arc energy level under the last current loop can be adjusted by sele
nitiation instant of the short-circuit current (e.g. asymmetry level) or by adjusting

Case
d.c.
fully
two
br to

inte:Lrupt these currents is not considered more difficult than those of all ether test-dities

ms
5 up
the
ory.
any
br of

with
the
ons.
test
h be
the
user
seful
bNs.

rent
ctive
this
d to
t be
are
ting
the

curr

pntlevel or a combination of both to obtain the correct last current loop paramg

ters

(amplitude and duration). Clause A.7 gives examples of waveshape adjustments during
testing.
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Figure A.6 — Plot of 60 Hz currents with indicated(d;c. time constants
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Figure A.7 — Plot of 50 Hz currents with indicated d.c. time constants

A.7 Current and TRV waveform adjustments during tests

A.7.1 General

The examples given in this clause are based on standardized cases and give guidelines how
to use the asymmetry criteria defined in 6.106.6 of IEC 62271-100:2008 in an actual test. It is
usual that the rated d.c. time constant of the circuit-breaker is different than the d.c. time
constant of the test circuit and some adjustments on the test parameters are necessary.
Three different cases are given covering the major cases that may occur in test laboratories.
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DQ

Three-phase testing of a circuit-breaker with a rated d.c. time constant of the
rated short-circuit breaking current constant longer than the test circuit time
constant

Rated voltage of the circuit-breaker: 24 kV

First-pole-to-clear factor: 1,5

Rated d.c. time constant of the rated short-circuit breaking 120 ms

current:

Test circuit time constant: 60 ms

Minimum arcing time: 7,5 ms

Mi||1imum opening time: 32,5 ms

component at contact separation: 70,2 %
Minimum clearing time: 40 ms
Frequency: 50 Hz

The [time constant of the test circuit differs from the rated d.c. time constant of the rated short-
circyit breaking current. The adjustment method chosen in order to reach the required data is
the pre-tripping method together with controlled closing.

NOTE 1

order|to vary the initial d.c. component of the test current.

Table A.10 — Example showing the test parametersiobtained during a three-phas

Controlled closing means the initiation of the test current at a chosen instant on the applied voltage in

telst when the d.c. time constant of the test circuitiis shorter than the rated d.c. time
constant of the rated shart-circuit current

Harameters

Requirements
(calculated values, rounded values
are given in Table 18 of
IEC 62271-100:2008)

Test data when using pre-tripping
and controlled closing methods

Deviafion
betwden
required

values|and
test vajues

Major loop with
first clearing pole

Second-pole-to-
clear

major/minor loop *°

Major loop with
first clearing pole

Second-pole-to-
clear

major/minor loop °

D.CJcomponent 62,1 54,2 -13
at cyrrent

interruption (%)

di/dq at current 80,1 86,9 +8
interruption (%)

Peak of the lagt 1,66 1,34/0,72 1,61 1,32/0,76 -3
currént loop (p.ul) -1,5/+4,6 °
Durgtion of the 14,5 13,2/7,65 14,4 13,05/7,8 -2
last fufrént loop -1/+3°
(ms

At (ms) ° 3 3,3 +10
Ixt(p.u. ms) 24,07 23,18 -3,7

a

NOTE 2).

Second-pole-to-clear.

Values calculated for a non-effectively earthed neutral system using a network calculation program (see

At is the time interval between the first-pole-to-clear and the last-pole-to-clear.

Result: It is possible to fulfil the requirements by using the pre-tripping and controlled closing
options. The TRV and di/d¢ values will be higher than required, but still within the given
tolerances. The arcing time for the second clearing pole will be slightly longer than the
required one. The test data cover the required values. Tighter tolerances may be achieved by
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changing test current and/or the TRV amplitude factor. The results are illustrated in

Figure A.8.
I(p.u) 3-phase interruption after major loop _
2 - centrolled delayed closing regmred wavesh
£, with t= 120 ms
15 L contact
' separation 4
1 L tested wavesha
with t =60 ms
by
o
0
05
14 F
1.9
2 ! ! \ \ \ ! |
0,02 0,03 0,04 0,05 0,06 0,07 0,08 )
NOTE Due to the shorter time constant of the test circuit the¢Short-circuit current is initiated later (pre-tri

meth
requi

Fig

As seen in Table A.10, the ratings of the’circuit-breaker given in A.7.2 are fully covered by

test
Zero
is Nnd
cons

arcing time and the d.c. time constant of the test circuit. The test parameters to be fulfilleg

thos

NOTH
netw
by hg

bd, see NOTE 1 of 6.106.6.3 of IEC 62271-100:2008) andtochoose the closing angle in a way to achie\
ed d.c. component at current zero (controlled closing).

ure A.8 — Three-phase testing of a circuit-breaker with a rated d.c. time constant
the rated short-circuit breaking curréentlonger than the test circuit time constant

data. Attention should be paid.t0 the fact that the percentage of asymmetry at cu

rmal because the value assigned by the manufacturer is based on the specified d.c.
tant of the rated short-circuit breaking current of 120 ms, it does not take into accoun

e described for thedast current loop as defined in 6.106.6 of IEC 62271-100:2008.

E 2 The easiest way to calculate the required three-phase or single-phase waveshape characteristics ig
rk calculationtprogram such as EMTP, MATHLAB, etc. The waveshape characteristics can also be calcy
nd from the{fundamental three-phase or single-phase short-circuit current equations.

ape

pe

(s)

bping
e the

of

the
rent

is lower than the rating giveniby the manufacturer at contact separation. This differ¢nce

time
the
are

by a
lated

he
nt

A.7.8 Single phase testing of a circuit-breaker with a rated d.c. time constant of t
rated short-circuit breaking current shorter than the test circuit time constg

Rated~voltage-of-the-circdit-breaker: 560 v
First-pole-to-clear factor: 1,3
Rated d.c. time constant of the rated short-circuit breaking current: 45 ms
Test circuit time constant: 60 ms
Minimum arcing time: 7,5 ms
Minimum opening time 32,5 ms
DC component at contact separation 389 %
Minimum clearing time: 40 ms

Frequency: 50 Hz


https://iecnorm.com/api/?name=d503520b41bcdeec0159df19acf15511

TR 62271-306 © IEC:2012(E)

— 243 -

The time constant of the test circuit differs from the rated d.c. time constant of the rated short-
circuit breaking current. The adjustment method chosen to reach the required data is the
controlled closing method.

Table A.11 — Example showing the test parameters obtained during a single-phase
test when the d.c. time constant of the test circuit is longer than the rated d.c. time
constant of the rated short-circuit current

Parameters

Requirements
(calculated values, rounded values
are given in Table 15 of

Test data when using controlled
closing method

Deviation
between
required

IEC 0227 1-TUVU.2UVUO)

valuE'S'Ind
test values

%

Major loop with Minor loop with Major loop Minor loop
longest possible | shortest possible
arcing time arcing time
D.CJcomponent 28,9 37,9 28,6 4072 -1,0
at current +6,1
interruption (%)
di/dq at current 97,8 89,9 97,3 89,6 +0,5
intefruption ? (%) -0,6 1
Peak of the last 1,33 0,59 1,32 0,57 -0,8
currént loop (p.u.) -3,4 1
Durgtion of the 12,3 7,35 12,15 7,35 -1,2
last furrent loop 0°
(ms
u, ® 96,5 % 949 % 96,0 % 91,3 % -0,5
-0,7
7 92,3 % 97,9 % 91,9 % 97,1 % -0,4
0,9
I x t|(p.u. ms) 16,36 4,34 16,04 4,19 -2,0t
-3,5

o

b

Minor loop.

h case of synthetic-testing it is possible to control these values independent from the time constant.

Resplt:- All test requirements can be fulfilled by using the controlled closing method| All
valuesxobtained are very close to the required values Tighter tolerances may be achieved by

changing the test current amplitude and/or the TRV amplitude factor of the TRV shaping
circuit. The values for u4; and u. have been derived from the equations of Annex P of
IEC 62271-100:2008. The results are illustrated in Figure A.9.


https://iecnorm.com/api/?name=d503520b41bcdeec0159df19acf15511

— 244 —

TR 62271-306 © IEC:2012(E)

2 r required waveshape contact
15 with t =45 ms /4 separation
o T~/
I
1 L
0,5 - controlled
cIosmg
I(pu) 0
05 tested waveshape \f
’ with T = 60 ms
-1 | | | ; ; |
0 0,01 0,02 0,03 0,04 0,05 0,06 0,07
1(s)
Figure A9a - Interruption in a current zero following a minor loop
2 - required waveshape
with 1 =45 ms
15 L ggg:g[tion peak last halfwave
! / e
1 L
05 closm
I(pu) 0 - \
32 \/ ~ —~
A N duration of last
0,5 tested waveshape halfwave
with T = 60 ms
-1 ; ; | \ \ \ |
0,02 0,03 0,04 0,05 0,06 0,07 0,08
t(s)
Figure A.9b — Interruption in a current zero following a major loop

Figure A.9 — Single phase testing of a circuit-breaker with a rated d.c. time constant of
the rated short-circuit breaking current shorter than the test circuit time constant

As seen in Table A.11, the ratings of the circuit-breaker given in A.7.2 are fully covered by the
test data. Attention should be paid to the fact that the percentage of asymmetry at current
zero is lower than the rating given by the manufacturer at contact separation. This difference
is normal because the value assigned by the manufacturer is based on the specified d.c. time
constant of the rated short-circuit breaking current of 45 ms, it does not take into account the
arcing time and the d.c. time constant of the test circuit. The test parameters to be fulfilled are
those described for the last current loop as defined in 6.106.6 of IEC 62271-100:2008.
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Single-phase testing of a circuit-breaker with a rated d.c. time constant of the

rated short-circuit breaking current longer than the test circuit time constant
Rated voltage of the circuit-breaker: 550 kV
First-pole-to-clear factor: 1,3
Rated d.c. time constant of the rated short-circuit breaking current: 75 ms
Test circuit time constant: 60 ms
Minimum arcing time: 7,5 ms
Minimum opening time 32,5 ms
DCJcomponent at contact separation 56,7 %
Minfimum clearing time: 40 ms

50 Hz

Frgquency:

The [time constant of the test circuit differs from the rated d.c. time constant of the rated short-
circyit breaking current. The adjustment method chosen in order to reach"the required fata

was|the controlled closing method.

able A.12 — Example showing the test parameters obtained during a single-phas

telst when the d.c. time constant of the test circuit is shortérithan the rated d.c. time

constant of the rated short-circuit current

Parameters Requirements Test data when using controlled Deviat|on
(calculated values, rounded values closing method betwepn
are given in Table 16 of required
IEC 62271-100:2008) values pnd
test vallues
%
Major loop with Minor leop with Major loop minor loop
longest possible shortest possible
arcing time arcing time
D.c.|component at 47,2 56,4 39,2 48,6 -20
currént interruption -16,6|°
(%)
di/dq at current 90,2 80,2 94,1 84,9 +4.3
intefruption* (%) +5,8[
Peak of the last 1,51 0,41 1,44 0,44 -4,6
currént loop (p.u.) +7,3
Durgtion of the last 13,65 6,15 13,5 6,75 1,1
current loop (msj +9,8[°
u, ® 88,1 % 82,8 % 92,3 % 82,1 % +4.4
+5,2f
7 81,3 % 90,9 % 86,6 % 94 % +6,Eb
Ix¢(p.u. ms) 20,61 2,52 19,44 2,97 -5,7
+17,9°

®  Minor loop.

® In case of synthetic testing it is possible to control these values independent from the time constant.

Result: All test requirements can be fulfilled by using the controlled closing method. All
values, except the d.c. component, are very close to the required values. In this case
additional pre-tripping is necessary to achieve the allowed tolerances (-5 % +10 %). Tighter
tolerances may be achieved by changing the test current amplitude and/or the TRV amplitude
factor of the TRV shaping circuit. The values for u; and u. have been derived from the
equations of Annex P of IEC 62271-100:2008. The results are illustrated in Figure A.10.
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Figure A.10a — Interruption in a current zero following a ' major loop
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Figure A.10 — Single-phase testing of a circuit-breaker with a rated d.c. time constant of
the rated short-circuit breaking current longer than the test circuit time constant

As seen in Table A.12, the ratings of the circuit-breaker given are fully covered by the test
data. Attention should be paid to the fact that the percentage of asymmetry at current zero is
lower than the rating given by the manufacturer at contact separation. This difference is
normal because the value assigned by the manufacturer is based on the specified d.c. time
constant of the rated short-circuit breaking current of 75 ms, it does not take into account the
arcing time and the d.c. time constant of the test circuit. The test parameters to be fulfilled are
those described for the last current loop as defined in 6.106.6 of IEC 62271-100:2008.
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A.8 Conclusions

a) Based on this work, a circuit-breaker applied at an interrupting current level one or two
steps below the circuit-breaker rating in the R10 series may be satisfactory for d.c. time
constants above the standard test value of 45 ms;

b) This evaluation showed, for the limited cases studied, that the one step reduction in the
R10 series may cover applications up through a d.c. time constant of 120 ms depending
on the last current loop parameters obtained during tests for the reference ratings of the
circuit-breaker;

c) The "I x ¢" product method defined in IEC 62271-100 can be used to evaluate equivalence
ftestsdomeat 50 Hzor 60 Hzatomedctime constanttocover appticationsat 561z or
0 Hz with different d.c. time constants;

¢

6

The "I x t" method defined in IEC 62271-100 is the only method that can be usédto check
tplerance last current loop parameters during test-duty T100a;
:
q
M

d)

he application engineer needs to determine the actual expected fault current including its
.c. time constant at the system point of interest to determine the required circuit-brepker

ating.

e)
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Annex B
(informative)

Interruption of currents with delayed zero crossings

B.1 General

This technical report does not cover generator circuit-breakers as they are not in the scope of
IEC 62271-100. The circuit-breakers referred to in this annex are either located on the high-
voltggeside of the step-up transformer (€-g-as STowIT i F1gure B. ) but CloSe to generation,
or copntrolling networks with a high density of generation and large motor loads (e.g. as sHown
in Figure B.13).

An gxample is the high-voltage circuit-breaker in the connection between a power plant{and
the high-voltage network (circuit-breaker CB1 in Figure B.1). Examples of the latter cap be
found on off-shore oil platforms, in the auxiliary networks of large power/plants, or in ceftain
industrial sites.

Thelintention of this annex is to show that it can be determin€diby calculation whether a
circyit-breaker can interrupt currents with delayed zero crossings under given circumstances
provided that the performance of that circuit-breaker has beefr tested in a circuit with currents
of mlore than 100 % asymmetry.

B.2| Faults close to major generation

B.2. Overview

All gircuit-breakers manufactured today are alternating current circuit-breakers, i.e. cirguit-
bregkers that need current zeros to intérrupt. However, there are occasions when the fault
currgnt does not have current zerosi“how can today’'s SFg circuit-breakers manage $uch
situgtions?

B.2.p General

Undgr certain conditions faults occurring close to a power station may lead to the genefator
curregnts not passing through zero. Since circuit-breakers can only clear at a current zero| this
means that such currents could not be interrupted immediately and interruption would be

regdrded as a non-linear resistance which adds to the ohmic resistances of the other cifcuit
ele i i i Tt ent,
whereas the a.c. component remains unaffected.

With regard to the degree of fault current asymmetry the theoretical worst case condition is a
non-simultaneous unearthed fault. As an example this fault can be a line-to-line short-circuit
at voltage zero across two phases which after 90° becomes a three-phase fault at line-to-
earth zero voltage in the third phase. This non-simultaneous fault inception produces the
theoretically highest d.c. component of 136,6 %, i.e. it is 36,6 % higher than that of a
simultaneous three-phase fault at line-to-earth voltage zero.

B.2.3 Fault location

The conditions for the occurrence of fully asymmetrical fault currents are closely linked to the
resulting time constant of the d.c. component ¢ = L/R, i.e. mainly to the ohmic resistance of
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the short-circuit path. Therefore, to be able to assess the interrupting capability of circuit-
breakers in this particular case, only fault currents supplied by generators which — together
with their transformers — account for the smallest X/R ratios, should be taken into
consideration.

In case of a fault which is being fed from a generator and also from the network via a
transmission line the total fault current is not likely to be fully asymmetric because of the
relatively high ohmic resistance of the line.

In the basic circuit diagram in Figure B.1 only faults at location F4, which circuit-breaker CB,

has to-interrupt-—should therefore be taken into-account—Eault-currents-at location-E-—with its
Ll Z

circyit-breaker CB, are subject to normal current zeros.

System F,

System

CB; F,

CB;

Key
F1, F2: Fault locations
CB,,CB,: Circuit-breakers

G: Generator

Figure B.1 — Single line diagram of a power plant substation
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B.2.4 Effect of the generator operating conditions
B.2.4.1 Underexcited operation of the generator

With respect to current asymmetry the maximum stress on the circuit-breaker is determined
by the generator loading as well as by the particular instant of fault inception. In underexcited
operation, when the generator produces active power and consumes reactive power, not only
does the initial value of the d.c. component becomes larger than that of the a.c. component,
but the time constants and reactances of the generator transverse axis, which are more
unfavourable than those of the longitudinal axis, also affect the variation of the a.c.
component.

100

0 | ] ] ] | |
75 50 25 0. 25 50 75

% —=——underexcited Sg overexcited Sg — - %
) n

Figure B.2 — Performance charty(power characteristic) of a large generator
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to: Two-phase fault at phase-to-phase voltage zero
t,: transition to three-phase fault at third phase voltage zero

Figure B.3 — Circuit-breaker currents i and arc voltages u,,. in case of a three-phase
fault following underexcited operation: Non-simultaneous fault inception
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For a generator taken as an example an initial load of P = 30 % and Q = -35 % in accordance
with the performance chart in Figure B.2 was found to be particularly critical.

Calculated currents and arc-voltages for non-simultaneous and simultaneous unearthed fault
inception under these conditions are shown in Figure B.4 and Figure B.5. As there is no arc

voltage involved during the first 55 ms these currents (at 50 Hz) can be considered inherent
for the initial 55 ms.

Yigy T \ \/

2L sl |
25 5

Phase B fnr *u

Phase C uf o *u

u

y 1 Il
ac ! g 10z 00t s 006

§——

Figure B.4 — Circuit-breaker currents i and arc voltages u,,. in case of a
three-phase fault following underexcited operation: Simultaneous fault
inception.at third phase voltage zero

c) 25 5
k¥ kA

Phase A fu f

Uien y

-25 -5

257 5

kv kA

Phase B T ok * 0

Uigs 's

25l 5L
251 Sr
1 kA
Phase C x ok f 0

u

81 h

-5k -5
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Figure B.5 — Circuit-breaker currents i and arc voltages u,,. in case of a
three-phase fault following underexcited operation: Simultaneous fault
inception at third phase voltage crest
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In Figure B.3 the initially two-phase fault occurred across the upper two phases at time ¢,.
The third phase was subjected to the now three-phase fault at time #,. It can be seen that a
further d.c. component is added in the first phase to the d.c. component of the two-phase fault
current resulting in an asymmetry of the current in this phase of more than 100 %.

In the second phase current zeros continue to occur, while the d.c. component in the third
phase is, also, above 100 %, but not as high as in the first phase.

For a given SFg circuit-breaker, the arc voltage of which has been determined experimentally,
it has been assumed that an effect|ve arc voItage appears between the openrng contacts
m|II|econds for the development of the fuII gas flow The current in the second pha<
interrupted at the next current zero. Consequently, a phase shift takes place in the a:¢. an
the fd.c. components in the other phases: the d.c. component in the first phase ‘decredgses,
whilg it increases in the third phase there leading to an even higher current offset. Howgver,
due|to the effect of the arc voltage, which acts as an additional resistanée-R, and [thus
reduces the momentary value of the d.c. time constant to r = L/(R + R,)\the currents are
forceéd through zero in the first and third phase, as well, and are interrupted:

Figure B.4 and Figure B.5 show simultaneous unearthed faults which occur at time ¢,.|The
d.c. components are less pronounced and the interruption takes a‘similar course as descrjibed
for Higure B.3.

The|arc voltage will also cause the fault currents to pass through zero in the event jof a
genTrator transformer fault (Figure B.6) but with the\«conditions otherwise the same gs in
Figure B.3.

257 5

kv | KA
PhaseA | (| },
Uipn Ty
250 o5 |
25§ 51 I !
kv kA i
Phase B Dol o " )
Uigs ' ‘ i :
5L 'SL
25 B
KV kA | A
Phase C i | e, W Y
Uigr tr |
25k s '
] N4
Uare 1§ 002 1D f 0 5008

Figure B.6 — Circuit-breaker currents i and arc voltages u,,. under conditions of a non-
simultaneous three-phase fault, underexcited operation and failure of a generator
transformer

B.2.4.2 Overexcited operation of the generator

Fault clearance following overexcited loading of the generator, i.e. active-power and reactive-
power output, subjects the circuit-breaker to lower stresses (Figure B.7). The maximum
displacement of the currents from the zero line under fault conditions following full load
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operation is much smaller than that of the currents due to underexcited operation (Figure
B.3).

51
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Phase C f 0
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-25

i L 1

|
Uarc 0 0,02 0,0% s 0,06

Figure B.7 — Circuit-breaker currents i and arc voltages u,,. under conditions of a non-
simultaneous three-phase fault following full load operation

B.2.4.3 No-load operation of the generator

The[calculated currents and arc voltagés due to a non-simultaneous fault developing fron] no-
load| operation of the generator are 'shown in Figure B.8. As in case of a fault following full
load|operation (Figure B.7) the displacement of the currents from the zero line is smaller than
for ynderexcited operation.
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Figure B.8 — Circuit-breaker currents i and arc voltages u,.. under conditions
of a non-simultaneous three-phase fault following no-load operation

B.2.p Unsynchronized closing

It can be seen from Figure B.9 that not-only fault conditions but also attempting to
synghronize at an unsuitable differential angle may cause the current zeros to be delayed.
Owing to the mean electrical moment which thereby occurs and the resulting speed varigtion
the gurrents can be constricted to such’an extent that they may no longer pass through gero
in any of the phases. However, this does not occur until after a prolonged period becauge of
the [much higher mechanical time’ constants. Should the circuit-breaker operate in|this
congtriction range it still can interrupt the current due to the higher arc voltage as shown in
Figure B.9.
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B.2
B.2.

Normally, testing of a high-voltage circuitzbreaker under these conditions can, only, be ca

out
d.c.

ratig giving a d.c. time constant r'‘ef’possibly several hundred ms. The test voltage must &

leas

the

covgr the a.c. companent of the short-circuit current of the generator considering
conditions stated in B.2.2 and B.2.3.

In practice the ftest procedure in order to subject one pole to a short-circuit current
delayed current zeros is as follows (Figure B.10, Phase A).

In most ‘cases the tests are made single-pole on one interrupter unit. The first two phasg
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Figure B.9 — Circuit-breaker currents i and arc voltages u,,.. under conditions
of unsynchronized closing with 902 differential angle

G.1 Testing

components greater than 100 %-for several cycles the test circuit must have a high

ast phase-to-clear in.an”earthed system. The a.c. component of the test current hg

estcircuit are switched in by a make-switch when their phase-to-phase voltage pa

ried

bingle-phase, i.e. on the circuit-bre@ker pole with the highest d.c. component. To proguce

XIR
e at

as high as the rated phasevoltage or in case of unit testing as high as the rated volfage
across the most highly stressed interrupter for the first-pole-to-clear in an unearthed fau

It or
s to
the

with

s of
5ses

ugh zero. The third phase Is switched in a quarter cycle later. By varying the delay o

the

making in the third phase the amount of asymmetry of the short-circuit current can be
adjusted. Figure B.10 shows the oscillogram of the current not affected by the arc, i.e. the
inherent current of the test circuit. It can be seen that at the transition to the three-phase
circuit a further d.c. component is added to the d.c. component of the two phase current with

the

effect that the current in phase A is displaced by more than 100 %. The short-ci

rcuit

generators should not be superexcited to delay the current zero by several cycles due to the
decaying a.c. component.
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Exaniple:
Test joltage: 70 kV 1°' current minimum: 850 A
Test furrent: a.c. component: 2,63 kA-f.1.s. 2" current minimum: 450 A
Currgnt peak: 8,5 kA 3™ current minimum: 260 A
Figure B.10 — Prospective (inherent) current
The|contacts of the-test breaker should be set to part about 1 ms after the initial inceptign of
the purrent flows:Thus, the test circuit-breaker is subjected to the maximum asymmetrical
current aftep~contact separation. The arcing time is then varied systematically in ordgr to
detefrmine the’minimum and maximum times for each a.c. current and voltage step.
B.2.5:2 Calculation of the performance of a circuit-breaker

The arc characteristics measured during the tests are converted into a mathematical model in
order to obtain details about the interrupting capability of the circuit-breaker in other situations
or under the varied fault conditions, respectively. The model must be a true representation of
the arc voltage variation from contact separation until arc extinction. The instantaneous
values of the currents and corresponding arc voltages, which were taken from actual test
oscillograms, produce the distribution of dots shown in Figure B.11 together with the mean
tolerance band. The wide variation of the readings results from the instable and rather
inconsistent arc behaviour.
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Figure B.11 — Arc voltage-current characteristic for a SFg
puffer type interrupter

In agldition to the voltage-current chatacteristic of the arc, the variation of the gas pressufe in
the arcing chamber, the extension of‘the arc by the gas flow and the contact distance which
riseg with the arcing time must be-“taken into account. These circuit-breaker characterigtics
can pe expressed mathematically by a standardized assessment function e(¢) with a maximum
valup of 1 (Figure B.12). Strictly speaking this function has no physical significance.

Y0

0 5 10 15 20 25 30 ms 35

Figure B.12 — Assessment function ¢(7)

The total function of the arc voltage — as a function of time, the circuit-breaker characteristics
and the instantaneous current value — is obtained by multiplying the individual functions
shown in Figure B.11 and Figure B.12.

Ugpe(t, 1) = ugo(i) x e(t)
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Using this total arc voltage function u,,. the arc drawn between the opening contacts may be
regarded as a non-linear ohmic resistance which mainly reduces the d.c. time constant of the
fault current, while the a.c. component remains unaffected.

Other methods of calculation have also been developed to compare testing and simulation
[59] and [60].

B.2.7 Distributed generation and large motors

In d|str|but|on voltage systems fault currents with delayed zero crossings may occur either in
the
orina combmatlon of both. Even vacuum circuit-breakers with their reIatlver low arc vol age
may| be well suited to clear under these conditions, provided they are designed to withstand
the high current peak values associated with such faults. Also, their contact configuration
mus}f be able to withstand prolonged arcing. In any case it will be necessary to investigatg the
conditions of the particular application to determine the actual stress upon thercircuit-breaker.

B.2.B Conditions for fault currents with delayed zeros

In distribution voltage networks with an extremely large concentration of generation and motor
load, the probability that short-circuit currents with a d.c. compenent well above 100 % will
occyr is even higher than in high-voltage systems. The d.c. ¢ime constant r may be in the
order of some hundreds of milliseconds. This means the current in at least one phasel will
have no current zeros for several cycles.

ZG@

13,8 kV

0,44 kV 6,0 kV

Figure B.13 +Network with contribution from generation and large motor load

If lafge high-voltage motors are present short-circuits with delayed current zeros will not jonly
occyr due to_a non-simultaneous fault, but they are even possible in case of a simultang¢ous
(bolted) fault (Figure B.13). If there is a fault the motors act as generators and feed back|into
the $ystem a current with a high d.c. component. As they are slowing down they will gradtally
became” out-of-phase with respect to the feeding system. The frequency of the cuirent
generated by the motors will drop below the generator frequency. As Figure B.14 shows, even
if the short-circuit current from the generators has current zeros the superposition of the
current generated by the motors results in a total short-circuit current with delayed current
zeros.
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Uppler traces: Total fadlt.cdrrent.

Lower traces:
— |solid lines: g€nerator fault current, d.c. time constant = 180 ms

— |dotteddlines: fault current generated by the motor

Figure B.14 — Computer simulation of a three-phase simultaneous fault
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From Figure B.14 it can be determined that the probability of occurrence of a short-circuit
current with delayed zeros is higher if the generator short-circuit current has a large d.c.
component with a long d.c. time constant. This is the case if the fault location is close to the
generators. If generation and motor load are located close to each other, the damping of the
short-circuit current d.c. component is particularly low and the conditions assumed in Figure
B.14 are met. Typical examples are offshore oil platforms where generation and load may be
in the order of or even above 50 MVA and the connections are short and industrial plants
which may be run in certain parts on their own power supply.

In industrial plants which are fed via transmission lines or cables these lines or cables act as
damping elements for the d.c. component, and the resulting total fault current most probably
has zeros in all three phases continuously from the fault inception.
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B.2.9 Three-phase interruption of currents with delayed zeros

Most distribution class voltage circuit-breakers have a common mechanism which is linked to
the three poles via a common shaft. Therefore, all making and breaking operations are carried
out three-phase. Accordingly, studies whether such a circuit-breaker is able to interrupt a fault
current with delayed zeros must be carried out on a three-phase basis.

The sequence of a three-phase interruption may be shown taking a non-simultaneous fault in
an unearthed system as an example. Consequently, the a.c. components and the d.c.
components in the three phases add up to zero, respectively.

To ctover the extremes it is considered that the short-circuit may occur at voltage zero as|well
as aft voltage crest of one phase. The vector diagrams Figure B.15 and Figure B.16.show the
a.c.|and d.c. components of the currents in all phases at inception of the three-phase fault
and |after the interruption by the first-pole-to-clear. The a.c. components of thécthree-phase
currgnt are normalized to 1 p.u. and their decay is neglected in the vector diagrams. Likevise,
no decay of the d.c. components is taken into account.

3 ph. fault —_— 2 ph. fault

=1
B _
1|1 A
0,5 4 \
0,866
1 ¢!
C )
0,5 0,75,

Ek B45—Shortcircuitatvolt ot A-frmmaxt - i

phase A) with transition from three-phase to two-phase fault

If a short-circuit occurs at voltage zero one phase has the maximum possible offset. This is
considered to be phase A in Figure B.15, with a d.c. component of £1 p.u. Consequently, the
d.c. components in the two other phases are -0,5 p.u. In these phases there are always
current zeros giving the corresponding circuit-breaker poles the possibility to clear. After
interruption of the first phase (e.g. by pole B) there is a phase shift in the remaining two
phases: their a.c. components become +0,866 p.u. and their d.c. components +0,75 p.u. Even
the originally fully offset phase will have current zeros now and all circuit-breaker poles are
able to clear.

Generally speaking, in case of a fault at voltage zero this phase shift will lead to a reduction
of the d.c. component in the most offset last phase. In most cases there will be current zeros
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now also and the two last-to-clear poles are able to interrupt as well. Even if there are no
current zeros immediately after the phase shift the current offset is reduced, leading to current
zeros after one or two further cycles.

_T_ __T__
= 0,866 0,866

0,866

I

0,866

0,866

Figure B.16 — Short-circuit at voltage crest of phase B (phase B totally symmetricgl)
and transition from three-phase to two-phase fault

(phase B in Figure B.16). The other two phases then have<a d.c. component of +0,866]|p.u.
Accordingly, as long as this is a three-phase short-circuit all phases have current zeros. If the
symmetrical current in phase B is interrupted first the’)phase shift will change the|a.c.
components in the other two phases to £0,866. The d:¢. components in those phases remain
unchanged. This means that the a.c. and d.c. components have equal amplitudes and the
current will now only touch the zero line.

In C{se of a short-circuit at voltage crest the current in one phase will be totally symmefrical

To determine whether a circuit-breaker is ablé“to clear such a fault, it is therefore importapt to
congider how the a.c. components and the“d.c. components develop during the short-cincuit.
Both decay in a different manner. The*a.c. components consist of a subtransient and a
trangient short-circuit current. While-the subtransient short-circuit current decays with a fime
congtant of 20 ms to 30 ms, the(transient time constant may be in the order of seyeral

last [phases. The arc in these two circuit-breaker poles will now have to burn for another|one
ort i ircuit- ibutes
to the reduction of the d.c. time constant, the d.c. components will decrease further and
current zeros will occur again giving the circuit-breaker to finally interrupt.

Therefore, of the two conditions of fault inception, the three-phase short-circuit at voltage
crest might be considered more severe for three-phase interruption as there may be a
possibility for the last poles-to-clear only with prolonged arcing. However, a short-circuit at
voltage zero will stress a circuit-breaker with a higher d.c. component and thus with an overall
higher current peak. These considerations show that each circuit configuration has to be
regarded individually in order to determine the critical stress imposed upon the circuit-
breaker. Above all it is necessary to evaluate, at the moment of contact separation, the
amplitudes of the a.c. and the d.c. component and their time constants.
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B.2.10 Application of distribution voltage class circuit-breakers

As pointed out, already, the application of distribution class voltage circuit-breakers for the
clearance of faults with delayed current zeros is based upon the assumption that these circuit-
breakers will always be interrupted by three-pole operation. Accordingly, all analytical
considerations and tests have to be carried out on a three-phase basis.

Although the arc voltage, as for vacuum circuit-breakers, may only be in the order of about
100 V experience shows that it has a non-negligible effect upon the decay of the d.c.
component.

Whgn tested according to IEC 62271-100 or IEEE C37.013 [61], the circuit-breaker heis to
cleaf a symmetrical short-circuit current or a short-circuit current with a d.c. component of
somg tens of percent at a moment when the power frequency recovery voltage isfat-its ¢rest
or near to it. This leads to a transient recovery voltage with a relatively high peak valug. In
casq of a short-circuit current with a very high d.c. component the momenthof current gero
almgst coincides with the moment of voltage zero of the power frequency~récovery voltage.
Thug, the transient recovery voltage stress immediately after current jinterruption becomes
relafively low.

A cifcuit-breaker suited to clear faults with delayed current zeros. must be able to make|and
withgtand very high current amplitudes due to the d.c. components in the order of 130 %.
Also], the contacts must be able to withstand thermally aré<«durations of two or even three
cycles and still interrupt a fully offset short-circuit current. €onsequently, it is advisable toluse
in sich case a circuit-breaker with a higher short-cireuit’current rating than that which the
particular application suggests.

Acc;rding to test experience the contacts designed to absorb the energy connected with the
bregking of such rated short-circuit current without being overheated are most likely caplable
to w|thstand the arc duration required to clearunder the conditions of delayed current zergs.

B.2.11 Testing

To demonstrate the capability of distribution voltage class circuit-breakers to withstand and to
cleaf faults with delayed current-zeros three phase tests should be carried out in a similar
circyit as described in B.2.6-1\ The test circuit parameters (test voltage, frequency, TRV) g$hall
corrgspond to those rated for a system of the particular application. The tests should cpver
bothl conditions as described in B.2.9:

a) with the maximgm~d.c. component in one phase, i.e. one phase fully offset, corresponding
Jo a short-circuit occurring at voltage zero;

b) with practical no d.c. component in one phase, i.e. one phase fully symmetiical,

gorrespending to a short-circuit occurring at voltage crest.

To gchieve the maX|mum offset current with a Iarge d.c. time constant a speC|aI sequence

phases are SW|tched in when thelr phase to phase voltage passes through zero. The third
phase is closed a quarter cycle later. By varying the delay of the making in the third phase the
amount of asymmetry of the short-circuit current can be adjusted. The short-circuit generator
should not be superexcited.
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Annex C
(informative)

Parallel switching

General

Parallel switching occurs when two or more circuit-breakers are tripped to interrupt a shared

fault
and

The
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ing mixed quite randomly as stations are extended.

current. This is typically the case for such bus arrangements as double breaker, breaker-
- ; —and=a-ti i . ; freuit= uld
rupt at the same current zero and this would probably be the case if all circuit-breakers
of the same type and technology, and contact parting was simultaneous. In reality| the
tion of circuit-breakers has resulted in different circuit-breaker types andtechnoldgies

purpose of this annex is to examine this switching case and to relate it to oil, air-blast,
and vacuum circuit-breakers operating in parallel in various combinations. Experi¢nce
ates that parallel switching is not so much an issue of concern butiit'is a frequently asked
tion and the purpose of this annex is to provide a better undefrstanding of the switghing

In this context it is important to note that circuit-breakers do not have a parnallel
ching rating but rather a certain inherent capability for the duty. Parallel switching is
nced primarily by circumstances relating to the progréssive development of cirguit-
kers and their actual application by and under the control of the users. It is therefdre a
matter and this annex provides guidance as 10 how the user can assess pa
ching with the necessary technical support fromi\the circuit-breaker manufacturers. Note
parallel switching should not be confused with ‘evolving faults, the latter being a diff¢rent

Circuit-breaker characteristics

llel switching is influenced by the types of circuit-breakers involved and their respe¢tive
acteristics as follows:

elative mechanical opeping times;
elative current levels;

elative arc voltages;

elative arcing windows;

ystem and/Aecal impedances.

How

ever..“as will become apparent in C.3, the factors that need to be considered are the

relaive,mechanical opening times, the relative arc voltages and to some degree the system
and |local impedances. Experience shows that the ranking of mechanical opening times from

fastest to slowest most probably is as follows:

a) air-blast circuit-breakers;

b) SFg circuit-breakers;

c) oil circuit-breakers;

d) medium voltage circuit-breakers of all types.

The

ranking of arc voltages from highest to lowest is as follows:

a) air-blast circuit-breakers;

b) oil circuit-breakers;

c) SFg circuit-breakers;
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