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INTERNATIONAL ELECTROTECHNICAL COMMISSION

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

FOREWORD

1) The International Electrotechnical Commission (IEC) is a worldwide organization for standardization comprising
all national electrotechnical committees (IEC National Committees). The object of IEC is to promote
international co-operation on all questions concerning standardization in the electrical and electronic fields. To
this end and in addition to other activities, IEC publishes International Standards, Technical Specifications,
Technical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred to as “IEC
Publication(s)”). Their preparation is entrusted to technical committees; any IEC National Committee interested
in the subject dealt with may participate in this preparatory work. International, governmental and non-
governmental organizations liaising with the IEC also participate in this preparation. IEC collaborates closely
with the International Organization for Standardization (ISO) in accordance with conditions determined by
agreement between the two organizations.

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

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

4) In order to promote international uniformity, IEC National Committees undertake to apply IEC Publications
transparently to the maximum extent possible in their national and regional publications. Any divergence
between any IEC Publication and the corresponding national or regional publication shall be clearly indicated in
the latter.

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

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

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

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

9) Attention is drawn to the possibility that some of the elements of this IEC Publication may be the subject of
patent rights. IEC shall not be held responsible for identifying any or all such patent rights.

The main task of IEC technical committees is to prepare International Standards. However, a
technical committee may propose the publication of a technical report when it has collected
data of a different kind from that which is normally published as an International Standard, for
example "state of the art".

IEC 62271-306, which is a technical report, has been prepared by subcommittee 17A: High-
voltage switchgear and controlgear, of IEC technical committee 17: Switchgear and
controlgear.
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The text of this technical report is based on the following documents:

Enquiry draft Report on voting

17A/1003A/DTR 17A/1021/RVC

Full information 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 list of all parts in the IEC 62271 series, published under the general title High-voltage
switchgear and controlgear, can be found on the IEC website.

The document follows the structure of IEC 62271-1 and IEC 62271-100. The topics addressed
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 data
related to the specific publication. At this date, the publication will be

* reconfirmed,

* withdrawn,

+ replaced by a revised edition, or
+ amended.

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

IMPORTANT - The 'colour inside' logo on the cover page of this publication indicates
that it contains colours which are considered to be useful for the correct
understanding of its contents. Users should therefore print this document using a
colour printer.
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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 indoor or outdoor
installation and for operation at frequencies of 50 Hz and 60 Hz on systems having voltages
above 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, engineers in
testing stations, and engineers who participate in standardization. It is intended to provide
background information concerning the facts and figures in the standards and provide a basis
for specification for high-voltage circuit-breakers. Thus, its scope will cover the explanation,
interpretation and application of IEC 62271-100 and IEC 62271-1 as well as related standards
and technical reports with respect to high-voltage circuit-breakers.

Rules for circuit-breakers with intentional non-simultaneity between the poles are covered by
IEC 62271-302.

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

Generator circuit-breakers installed between generator and step-up transformer are not within
the scope of this technical report.

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

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

By-pass switches in parallel with line series capacitors and their protective equipment are not
within 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-breakers1
IEC 62271-1:2007, High-voltage switchgear and controlgear — Part 1: Common specifications

IEC 62271-4, High-voltage switchgear and controlgear — Part 4: Handling procedures for
sulphur Hexafluoride (SFg) 2

IEC 62271-100:2008, High-voltage switchgear and controlgear — Part 100: Alternating-current
circuit-breakers
Amendment 1:20123

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

IEC 62271-102:2001, High-voltage switchgear and controlgear — Part 102: Alternating current
dosconnectors and earthing switches

IEC 62271-110, High-voltage switchgear and controlgear — Part 110: Inductive load switching

IEC 62271-310, High-voltage switchgear and controlgear — Part 310: Electrical endurance
testing for circuit-breakers above a rated voltage of 52 kV

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

Questions arise frequently concerning the basis and interpretation of standards
IEC 62271-100 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 number of reference textbooks is listed in the Bibliography. It must be remembered
that the technology of high-voltage circuit-breakers is continuously progressing and will
continue to do so in the future. Therefore, it is advisable to use such textbooks primarily as a
source of information on network behaviour, such as switching conditions, transients, etc.,
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.

Technical 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
developed 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
circuit-breakers was issued.

In the late 1920s it was recognized that an international agreement should be obtained for a
specification for high-voltage circuit-breakers, particularly with respect to their behaviour
under short-circuit condition. This lead to the establishment of the "IEC Advisory Committee
No. 17" which met for the first time in Stockholm in 1930 and drafted some preliminary
recommendations on the international standardization of circuit-breakers.

After a series of specially convened meetings the first IEC Specification No. 56 for
Alternating-Current Circuit-Breakers, Chapter |, Rules for Short-Circuit Conditions, was issued
in the summer of 1937, with international approval and recognition as a basis upon which to
establish national specifications. The first edition of IEC 56 was bilingual and consisted 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 interrupted the further work on the IEC circuit-breaker standards. In
1954 the second edition was published which used and continued the concept of the first
edition. 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 edition.
Chapter Il 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 %j;

— 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. circuit-
breakers rated above 1 000 V and had six parts which were published as separate booklets:

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 maintenance.

IEC 56 consisted of 294 pages when it was issued, but over the years a large number of
amendments was added. Out-of-phase was covered by its 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:

— for the first time mechanical tests, tests on insulation properties, tests on auxiliary and
control circuits, temperature rise tests, etc., were specified;

— the R 10 series is used for rated normal and breaking currents;

— the TRV (first time to use this term) representation by two or four parameters and the
definitions as used up to today are installed;

— for rated voltages up to 100 kV the first-pole to clear factor is 1,5, for 123 kV and above it
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/us for
TD 4, 2,0 kV/us for TD 3 and 5,0 kV/us for TD 2;

— the short-line fault is introduced. The specified surge impedance is 480 Q for lines with 1
conductor/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
short-circuit current, which makes it similar to a single conductor, a uniform surge
impedance of 450 Q is specified for all short-line fault tests. The line side peak value is
1,6, the supply side rate-of-rise 2,0 kV/us;

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

— out-of-phase specifications are included;

— to prove that capacitive current breaking is performed without restrikes the number of tests
per duty is increased;

— also, the number of operations during mechanical type tests is increased from 1 000 to
2 000.

And still, IEC 60056 continued to grow. The 4™ edition was revised, resulting in the first
edition of IEC 62271-100 published in 2001. The first edition of IEC 62271-100 had 575
pages. The structure of the document was retained but its content was revised taking into
account service experience and requirements by the utilities:

— classifications of circuit-breaker are introduced with respect to mechanical and (for
medium voltage) electrical endurance and restrike behaviour when switching capacitive
loads;

— more severe test conditions are prescribed for circuit-breakers to prove a very low
probability of restrikes in capacitive current switching;

— for type tests the number of test specimen is limited;

— some test procedures are prescribed in more detail;

— critical current tests and single-phase and double-earth fault tests are treated in particular;
— tolerances are given on practically all test quantities during type tests;

— special cases time constants, longer than 45 ms, are specified for the different levels of
rated voltages.

The first edition of IEC 62271-100 was revised and the second edition was published in 2008.
The following major changes were made:

— the introduction of harmonised (IEC and IEEE) TRV waveshapes for rated voltages of
100 kV and above (amendment 1 to the first edition);

— 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
reflected in the revision. For example, the number of test specimen became limited, the
conditions for identification of the test object became more pronounced, and the criteria to
pass the test were written in a more exact manner.

The second edition of IEC 60694 was revised and published in 2007 as the first edition of
IEC 62271-1.

Manufacturers, users and test laboratories recognize that the reliability of high-voltage
switchgear 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 has its
roots in the very good quality of the standards for high-voltage switchgear and controlgear.
They are continuously updated to reflect the actual status of the respective technologies.

3 Classification of circuit-breakers

3.1 General
IEC 62271-100 defines the following classes of circuit-breakers:
— Class E1 and E2 of electrical endurance are defined in 3.4.112 and 3.4.113 of

IEC 62271-100:2008;

— Class C1 and C2 for capacitive current switching are defined in 3.4.114 and 3.4.115 of
IEC 62271-100:2008;

— Class M1 and M2 of mechanical endurance are defined in 3.4.116 and 3.4.117 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 [EC 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 physical reality.

The standard introduces the term of "restrike probability” during the type tests, corresponding
to a certain probability of restrike in service, which, as explained in Annex K of
IEC 62271-100:2008, depends on many parameters. For this reason the term cannot be
guantified in service.

The main differences in restrike performances between class C1 and C2 type tests are the
number of tests shots and the allowable number of restrikes.

For class C1 one restrike is permitted on the total number of 48 tests to be performed. If two
restrikes occur, the test series has to be repeated permitting only one additional restrike.

For class C2 the circuit-breaker has to be preconditioned by 3 interruptions at 60 % of the
rated short-circuit current. No restrike is permitted on the total number of the required number
of tests. If one restrike occurs the test series has to be repeated without any restrike.

The choice for the user between class C1 and C2 depends on:

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

Class C1 is acceptable for medium voltage circuit-breakers and circuit-breakers applied for
infrequent switching of transmission lines and cables.

Class C2 is recommended for capacitor bank circuit-breakers and those used on frequently
switched transmission lines and cables.

3.4 Mechanical endurance class M1 and M2
Two classes are defined:

— Class M1, normal mechanical endurance, a circuit-breaker mechanically type tested for
2 000 operations;

— 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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35 Class S1 and S2
351 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 cable 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.

NOTE 1 This definition is restricted to systems of rated voltages higher than 1 kV and less than 100 kV.
NOTE 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 cable-system if the total length of
cable (or equivalent length when capacitors are also present) connected on the supply side of the circuit-breaker is
at least 100 m. However if in an actual case with an equivalent length of cable shorter than 100 m a calculation 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 and/or
capacitors and/or insulated bus.

3.5.3 Line system

A line system is a system in which the TRV during breaking of terminal fault at 100 % of short-
circuit breaking current is covered by the two-parameter envelope derived from Table 2 of
IEC 62271-100:2008 and exceeds the two-parameter envelope derived from Table 1 of
IEC 62271-100:2008.

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 possible
exception of a total length of cable less 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 connections) are
typical examples of line-systems.

3.6 Conclusion

A circuit-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 capacitive
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 |nsulation levels and dielectric tests

4.1 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
"voltage surges" stressing the insulation in service, and "voltage impulses" used in
conventional tests.

TC 28 has classified the different types of overvoltages that can appear in the system and
related those to a standardized test voltage. This relationship is given in Table 1 of
IEC 60071-1:2006 and is repeated here for convenience (see Table 1).

The current insulating levels for switchgear and controlgear were prepared in 1971 by a joint
working group with experts from CIGRE Study Committee A3 and from IEC Subcommittee
17A, when longitudinal and phase-to-phase insulations were not dealt with by the edition of
IEC 60071-1 valid at that date. It was considered that the longitudinal insulation might have
two very different purposes:

— the working function, that is the separation of two parts of a network;

— the isolating function, to ensure that no voltage is applied on a part of the network where
people might be working.

For the isolating function, it was considered that the dielectric withstand of the interrupting
gap of a load switch or of a circuit-breaker was not reliable enough, due to its pollution by arc
by-products. The isolating function should be provided by a device meeting the requirements
of IEC 62271-102 for its expected life.

When an insulation coordination study is made in accordance with the process described in
IEC 60071-1, all the electric stresses likely to occur at a given site and with a given
probability are taken into account. This is done with respect to the insulation phase-to-earth,
phase-to-phase and longitudinal stresses. These are classified according to their front
duration whatever their origins. The influence of any voltage protective devices is also
considered, see Table 1 of IEC 60071-1:2006. Note that what is called "temporary"
overvoltage includes the stresses generated at various frequencies, such as harmonics. The
numerous 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 1), and the standard switching and standard
lightning impulse voltages, for equipment above 245 kV (Range Il). For voltage range | 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 | or short-duration overvoltages of range Il be
covered by the selected test voltage shapes.

In using this approach, it follows that:

— no overvoltages larger than those used to assess the insulation levels are thought likely to
occur on the incoming terminal of a switching device;

— a different probability uncertainty and performance criterion can be applied depending on
whether they apply to the working function or to the isolating function. By convention, it
was decided that the insulation of the "isolating distance" be the closest value to the
IEC 60071-1 value but with a 15 % excess over the phase-to-earth insulation;4

— although no power frequency tests are required by IEC 60071-1 for range Il it can be
agreed that product standards may add them when necessary, which is the case with
switchgear and controlgear, due to their elaborated design, and because it is a convenient
voltage shape for routine tests (IEC 60071-1 deals only with type tests and does not
consider the safety aspects).

There are some differences between the insulation levels stated in IEC 60071-1 and those in
IEC 62271-1:

— not all of the insulation levels of IEC 60071-1 are taken into IEC 62271-1. This is because
the first standard is designed for every type of equipment and some of its values are not
used in the latter for switchgear;

— the switching impulse withstand voltage of longitudinal insulating is lower in IEC 62271-1.
It should be noted that there are only two cases where longitudinal insulation stress
occurs:

e when a line crosses another line or a busbar;
e and the case of switchgear and controlgear.

In the first case, it is easy and economical to use longer clearances; it is more difficult 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 have
been used successfully for more than twenty years (for rated voltages of 800 kV or less),
and IEC TC 28, responsible of IEC 60071, agreed that switchgear standards keep their
values (see minutes of meeting RM 3606/TC 28).

The splitting into two voltage ranges is done mainly in consideration of neutral earthing
systems: in range I, it is considered usual that the neutrals are solidly earthed. Therefore, the
voltage stresses are lower. This explains why the same lightning withstand voltage is required
for 245 kV and for 300 kV.

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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4.2 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 busbars or
generators are switched;

— aslow-front surge in the case of a switching operation at the remote end;
— a 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 only for
a short period. That is normally not the case for shunt reactor, capacitor bank, filter and bus
tie (busbar) circuit-breakers. For bus tie circuit-breakers the two bus voltages rarely have a
large phase shift. Exposed situations where complete out-of-phase voltages will be present
for minutes do exist, e.g. in the case of circuit-breakers used for synchronisation purposes,
sometimes 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 types
and values of dielectric tests are specified in IEC 60071-1, because their statistical meaning
is to be taken into account in the process of designing insulation co-ordination. It must be kept
in mind that each test voltage shape is a conventional shape to evaluate the behaviour of the
insulation when stressed by various voltage stresses, short duration, slow-front or fast front
(see Table 1 of IEC 60071-1:2006).

Disruptive discharge voltages are subject to random variations and usually a number of
observations must be made in order to obtain a statistically significant value of the withstand
voltage. Ideally, the best would be to use a test procedure providing some statistical results.
To do that, it is necessary to have an idea of the limit and therefore to have at least one
disruptive discharge. But if the test object includes a non-self-restoring part in its insulation
system, to reach the limit would mean some destructive effect. In many cases, the insulation
is composed of self-restoring parts and of non-self-restoring mixed together. Therefore,
several procedures are proposed, supposedly having the same severity, which means that the
probability that a "good" specimen is rejected (risk of the manufacturer) is the same as a "bad
specimen" being accepted (risk of the user):

— for complete self-restoring insulation (air at atmospheric pressure associated with glass or
porcelain), the "up and down" procedure provides the Ug, 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:

— the test voltage across longitudinal insulation or phase-to-phase is higher than the test
voltage phase-to-earth. Procedures for those cases are given in 6.2.5.2 of IEC 62271-
1:2007;

— three-phase switchgear and controlgear in the same enclosure: test voltages are usually
applied between phase and earth, across longitudinal insulation of each pole and phase to
phase separately.

4.4 Impulse voltage withstand test procedures
44.1 General

The purpose of this subclause is to explain the basis for the several impulse voltage withstand
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 given.
This subclause prescribes several test series, such as testing across the open switching
device, to earth, and between phases, as well as tests with power frequency and impulses
with positive and negative voltage polarity. Each of these test series has to be considered
individually as each of them has to show that the individual insulation under test meets the
particular requirements. According to the philosophy of insulation coordination these
requirements are based on a flashover probability of 10 %. This should be met by each
individual insulation, as well as by the whole switching device. Consequently, adding up all
tests performed on the switching device is not justified and does not give any information on
the withstand probability of the whole device.

4.4.2 Application to high-voltage switching devices
For impulse tests, the following two procedures are given in 6.2.4 of IEC 62271-1:2007:

— Procedure B of IEC 60060-1:2010: 15 consecutive impulses at the rated lightning or
switching impulses at the rated withstand voltage for each test condition and each polarity.
The test object is considered to have passed the test if the number of disruptive
discharges (flashovers) on the self-restoring part of the insulation does not exceed two for
each series of 15 impulses and if no disruptive discharge occurs on non-self-restoring
insulation. This method is referred to as the 15/2 method;

— As an alternative, procedure C of IEC 60060-1:2010 may be applied. In this case the test
consists of three consecutive impulses for each test condition and each polarity. The 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 3/9
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.
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4.4.3 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 in order to achieve five consecutive withstands. A disruptive
discharge is permissible during the additional verification impulses if only one such discharge
occurred during the first 15 test impulses. This procedure leads to a maximum possible
number 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:

— all three impulses are withstands, then the test is successful and complete;

— if one disruptive discharge occurs, then three further impulses are applied and all must 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 % in
accordance 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 described in 4.4.5.

Subclause 6.2.4 of IEC 62271-1:2007 states that the 15/2 method is the preferred test
procedure and further that procedure C of IEC 60060-1:2010 “may be used when all three
poles are tested”. Neither of these statements is of the “mandatory” or “advisory” nature that
one expects to find in an IEC standard and presents both the manufacturer and user with a
choice to be made. The attributes of both test series are shown in Table 2 and will be
discussed from two perspectives, namely, insulation coordination and quality assurance.

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

Test series Probability of passing Risk
the test (%)
(%)
Manufacturer User
(@) (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.
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Probability of acceptance (%)

5 20
Probablity of flashover (%)

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

Taking the quality assurance perspective, it is reasonably argued that a 10 % probability of
flashover is too high and that 5 % is a more reasonable and applicable number. Figure 2
shows that the probability of acceptance at 5 % probability of flashover are 94,86 % and
94,7 % for the 15/2 and 3/9 test series, respectively. The corresponding probabilities of
rejection are 5,14 % and 5,73 %, respectively, and the argument continues that, on this basis,
the two test series are statistically equivalent. However, it is not legitimate to compare two
statistical sampling plans at one point only; 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 manufacturer
risks are near equal but there is a significant difference in the user risks with the 3/9 test
series giving the higher risk.
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Figure 2 — Probability of acceptance at 5 % probability

of flashover for 15/2 and 3/9 test series
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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
4.45.1 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
testing of high-voltage switchgear it may be justified to present their mathematical
background.

4.45.2 Additive probabilities

According to one axiom of probability the probability function for mutually exclusive events is
additive [1] 5. For example the probability of event A or event B is the sum of their individual
respective probabilities providing the two events are mutually exclusive.

4.45.3 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.

4.45.4 Binomial distribution

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

Impulse tests are statistically a set of repeated trials. Letting “n” represent the number of trials
and “r” the number of test failures, the tests can be analysed using the binominal probability
distribution on the basis that the following assumptions apply [1]:

a) There are only two possible outcomes for each trial, “success” or “failure”. (Textbooks
usually assign the outcome associated with “r” as a success, without inferring that success
is necessarily a desirable outcome. In our particular case we are designating the outcome

associated with “r” a failure because in the context of dielectric testing a disruptive
discharge is a failure.);

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

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:

b(r,n, p)= [:J p (- p)"

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

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

B(r,n, p)= g(:}p'(l— p)"’

B(r,n,p) is the probability of acceptance of the test based on a single sampling plan where a
maximum of “r” 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

W

and law described above to yield the probability of acceptance for various values of “p” using
that scheme.

P, will be denoted as the probability of acceptance using a particular sampling scheme.

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

g o]

= ﬁ(l- p)’ {ﬁ p(1- p)? Xﬁ(l_ p)g} = (1-p)* +3p(-p

The plot of P, as a function of “p” is usually called an operating characteristic curve.

An equation and associated operating characteristic curve can be similarly developed for the
15/2 test series [2].

The operating characteristic 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

4.455 Comparison of the different test methods
44551 General

The various test methods are actually statistical sampling plans developed to distinguish
between “good” and “bad” products out of a larger number of samples, the 15/2 method being
a single 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 test) and the risk of the user is that a “bad” product will be accepted (passes the test). In
reality both risks are mitigated by design safety margins and the ultimate question is which
plan gives the best product quality.

To make a comparison between the different methods, two quantities need to be defined
(again, it must be remembered that these considerations apply to a large number of samples
and not to testing of an individual test object).

4,455.2 Manufacturer’s risk (a risk)

The manufacturer’s risk is the probability that a “good” lot will be rejected by the sampling
plan. 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.

4.455.3 User’s risk (B 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 on quality control [3, 4, 5].

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 and Figure 7.

Table 3 — Summary of theoretical analysis

Method

Description

Number of
acceptable
outcomes

AQ
L

(%)

LTP
D
(%)

Comments

15/2

As for 15/2M except that one
(1) disruptive discharge
permissible in the verification
impulses if only one such
discharge occurred in the
basic 15 impulses

38

5

29,2

Addresses the disadvantages of
the 15/2 and 15/2M while
retaining the principle of
maximum two (2) disruptive
discharges permissible

3/9

Basic 3 impulses, one (1)
disruptive discharge
permissible in which event
nine (9) further impulses
applied with no disruptive
discharges permissible

4,6

53,5

Used only in the United States
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Figure 5 — a 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
45.1 Altitude correction factor
45.1.1 General

In the determination of the required withstand voltages, a number of factors have to be taken
into account: the atmospheric correction factor ky; 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
pressure is given in IEC 60721-2-3 in tabular form. IEC TC 28 (Insulation coordination) has
transferred the information given in IEC 60721-2-3 into Equation (1) that deviates by no more
than 1 % from the information given in IEC 60721-2-3:

b
To:eH/8150 )

where

by is the standard barometric pressure, 101,3 kPa (or 1 013 mbar);
b is the pressure at altitude H above sea level (Pa);
H is the altitude above sea level (m).

The air density correction factor is given as (IEC 60060-1):

g =0" )

with § = 2 2/3+%k
bo 273+t

where,

kq is the air density correction factor;

& is the air density;

t, is the standard reference temperature, 20 °C;
t is the actual ambient temperature;

m is an exponent dependent on the minimum discharge path and other attributes. Values of
m 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[f“Hf’OJ (3)

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

kaIt =

a) altitudes up to and including 1 000 m: kg =1

H-1000
m( )
_ _ k. —e 8150
b) altitudes higher than 1 000 m: "alt (4)
where
kyt 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 based on
the following considerations.

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

Considering the overall correction ki, = (kg x ks) as a function of the altitude at constant
humidity and temperature, assuming m = 1, the following can be determined:

External insulation: at 0 m kyy;; = 1,05 and at 1 000 m Ky, = 1,19
Internal insulation: k5 = 1,15 (independent of altitude)

For a circuit-breaker having internal and external insulation in parallel (which is frequently the
case), 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 to an
altitude of 1 000 m.

As the safety factor is included in the required withstand voltages, these voltages are valid up
to and including 1 000 m.

45.1.2 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 m above sea level. The user specification for the insulation level is 1 050 kV at site
level. Which circuit-breaker will fulfil these 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 k,; = 1,103. This means that the
circuit-breaker needs to be tested at sea level with a voltage of 1 050 x k,; = 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
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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?

Test values and conditions for testing of switchgear and controlgear is referring to standard
atmospheric conditions. As the testing station is located at 800 m above sea level, the test
values for external insulation need to be corrected to the standard atmospheric conditions.
Applying Equation (3) using H = 800 and m = 1 gives k,;; = 1,103.

The test values for external insulation in the testing station may be reduced to
1 050/ky; = 952 kVpeq for the lightning impulse withstand test and 417 kV r.m.s. for the power
frequency test, providing the circuit-breaker has external insulation only. When the circuit-
breaker 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 in Example 1 and are 1 158 kV for the
lightning 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 result:

— lightning impulse withstand test: 1 050 kVq5;
— power frequency withstand test: 460 kV.

Again, this is only valid for the external insulation of the circuit-breaker.

45.2 Humidity correction factor

IEC 62271-1 deviates from IEC 60060-1 with respect to the humidity correction factor h to be
applied during dry tests of switchgear and controlgear having a rated voltage above 1 kV and
up to and including 52 kV.

In fact, 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
dielectric stress implies short distances and highly stressed insulating surfaces, and where
the location and length of the disruptive discharge are practically impossible to define. The
disruptive discharge depends on temperature and humidity as shown in Figure 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 (h < 11 g/m3), and on recent results in area 2 (h > 11 g/m3) showing that
taking w = 0 gives good correlation with experimental data.

Saturation curve

(]
g/m3

S Sndad T T T
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

4.6 Background information about insulation levels and tests

46.1 Specification

46.1.1 General

The rated insulation levels are mainly based on the requirements of IEC 60071-1. The
application guide IEC 60071-2 explains the relationship between the nominal system voltage
and the standardized insulation levels. However, these standards are intended to be applied
to all types of equipment: insulators, cables, power transformers, etc. Therefore, some related

considerations need to be addressed in applying them to high-voltage switchgear and
controlgear.

4.6.1.2 Phase-to-earth

The insulation levels have been selected taking into account the values most commonly used
for switchgear 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 a high-voltage conductor, safety is assured only when the conductor is directly connected
to earth. Local safety rules should apply.

4.6.1.6 Combined voltage tests

A combined 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 of IEC 60060-1:2010
and Tables 2a and 2b of IEC 62271-1:2007).

Such tests are required for switchgear and controlgear of 300 kV and above to demonstrate
longitudinal voltage withstand capability. They may also be useful for testing where the test
voltage between two live parts is specified to be higher than the phase-to-earth value.

The components of the combined voltage tests have been specified based on the following
considerations:

a) Short-duration power-frequency withstand voltage

The specified power-frequency withstand voltage values correspond to the most severe
situation of full load rejection after disconnection of a generator at full load. The
overvoltage on the generator side of the switching device may reach up to 1,5 times the
system voltage and may last up to 3 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
sum of the two voltages in out-of-phase condition is 2,5 times the system voltage,
extended here to 2,5 the rated voltage.

b) Switching 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 occur at
the switching device terminal. This occurs at the remote end of a line after fast reclosing
from the other end on a trapped charge. This highest overvoltage is of the same polarity
as the power-frequency voltage of the network at this instant and therefore is not to be
used when the maximum stress across a switching device is the consideration. The
maximum longitudinal stress takes place when an overvoltage occurs on the polarity
opposite to the power-frequency voltage of the system. The maximum value for this case
occurs on closing from the remote end and is lower than the value occurring on reclosing.
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.

c) 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 fg %.
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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 Us 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;

— the electric field stress across open contacts is mainly dependent on the voltage across
them, and to a lesser extent on the voltage to earth;

— the determination of the rated withstand voltage of the isolating distance is not that
accurate;

— a safety factor is included in the process of insulation coordination (see IEC 60071-1) to
account 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 value in the network. In order to
simplify the tests, IEC 60071-1 decided to specify balanced components (same amplitude with
opposite polarities). Since this leads to a less severe condition, the total test voltage was
increased to cover any realistic case (see Annex A of IEC 60071-2:1996). Therefore, if the
same total test voltage is applied by an unbalanced sharing of the components, the test is
more difficult than required.

In reality few laboratories have two impulse generators and the peak of a power-frequency
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 compromise is
necessary depending on the actual phase-to-earth withstand voltage of the switching device
and on the facilities of the laboratory.

4.6.2.2.2 Wet tests

No wet switching impulse tests are normally necessary between phases for the following
reasons:

— enclosed insulation does not need wet tests;

— insulation between phases exposed to precipitation is atmospheric air only and is not
sensitive to this influence for switchgear and controlgear of rated voltage above 245 kV.

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 TS %.
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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 k,
(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
4.7.1 General

The lightning impulse withstand voltage performance of vacuum interrupters has some
characteristics that must be considered when testing. The breakdown voltage between the
open contacts of a switching device in general depends on two things.

— the gaseous material between the contacts, and
— the contact surfaces.

In cases with high pressure gases at or above the normal atmospheric pressure, the gas
exerts a major influence on breakdown in comparison to the contacts. In cases with vacuum
gaps the contact surfaces exert the major influence.

Electrical breakdown between the contacts in a gas gap is called avalanche breakdown. The
electrons that are accelerated by the electric field between the contacts collide with neutral
atoms or molecules and knock off an increasing number 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
molecules as the electrons are accelerated by the electric field between the contacts. In a gas
gap, the mean free path is a very small fraction of a millimetre and hence an even smaller
fraction of the contact gap. Hence breakdown between the open contacts of a gas interrupter
depends largely on the type of gas and the gas pressure.

In a vacuum gap, the gas pressure is 8 to 10 orders of magnitude less than the normal
atmospheric pressure. In contrast, the mean free path in a vacuum gap is 10 or more times
greater than the distance between the contacts. Hence breakdown between the open contacts
of a vacuum interrupter is determined 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
“conditioning” or “seasoning”. Conditioning is of great practical importance to improve the
withstand 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
vacuum interrupter manufacturers to condition vacuum interrupters is voltage conditioning
where the contacts are blocked in the open position and an a.c.-voltage is applied across the
open contact gap. The conditioning voltage level is chosen such that the vacuum interrupter
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
withstand voltage capability. So over time, the impulse withstand voltage capability of the
vacuum interrupter may be reduced below the rated value.

4.7.4 Re-conditioning in service

In contrast, various phenomena can improve the lightning impulse voltage withstand
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 of inrush currents or high
currents passed through the vacuum interrupter contacts.

475 Performing lightning impulse withstand voltage tests

NOTE 3 of 6.2.4 of IEC 62271-1:2007 may be applied for the preliminary impulse voltage
tests. This note does not specify how many preliminary tests nor how many breakdowns are
acceptable.

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

5 Rated normal current and temperature rise

5.1 General

This section of the guide also applies to other switchgear and controlgear components of
similar basic construction to circuit-breakers and hence it is written making reference 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 does not
exceed the 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) =1010  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 Load current carrying capability under various conditions of ambient
temperature and load

5.2.2.1 General

The rated normal current is based on the maximum permissible total temperature limitations
of various parts of the switchgear and controlgear when it is carrying its rated normal current
at an ambient temperature of 40 °C. The total temperature of these parts under service
conditions depends both on the actual load current and the actual ambient temperature. It is
therefore possible to operate at a current higher than the rated normal current when the
ambient temperature is less than 40 °C, provided that the allowable temperature limit is not
exceeded. Similarly, when the ambient temperature is higher than 40 °C, the current must be
reduced 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 through 5.2.2.4. For some high ambient
temperature conditions, it may not be practical to reduce the current sufficiently to keep the
total temperatures within their allowable limits. Forced air cooling will help in many cases.
Temperature limits of associated equipment such as cables and current transformers must be
considered 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 considered.

5.2.2.2 Continuous load current capability based on actual ambient temperature

If the ambient temperature is above 40 °C, parts of the switchgear and controlgear may
exceed the specific limits given in Table 3 of IEC 62271-1:2007, when carrying its rated
normal current. In this case a higher rated normal current range for the switchgear and
controlgear has to be selected. For load currents which are lower than the rated normal
current of the circuit-breaker, a permissible maximum ambient temperature for that load
current can be calculated with the help of Equation (5):

| 1,8
Oa = Omax — [_a) X (er) (5)

where

is the allowable continuous load current, in A, at actual ambient temperature 6, (1, is
not to exceed two times 1),

is the rated normal current, in A;

Omax 1S the allowable hottest spot total temperature (6, = 6, + 40), in °C;
6, is the allowable hottest spot temperature rise at rated normal current, in K;
6, 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 I, the allowable continuous load current at an actual
ambient temperature 6, can be calculated as given in Equation (6).

1/1,8

Omax —0a |

|a:|{%j (6)
r

The design features of switchgear and controlgear dictate the appropriate values of 6,,, and

6, to be used in the calculation. The major components of a circuit-breaker have several
different temperature limitations which are specified in Table 3 of IEC 62271-1:2007. The

values 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
specified values of allowable temperature limitations should be used for 6,,,, and 6;;

b) if the actual ambient temperature is greater than 40 °C, the component with the lowest
specified 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 to exceed the permissible limits.

Example: A circuit-breaker that has been tested for 3 150 A rated normal current at an
ambient temperature of 40 °C will carry a maximum load current of 2 500 A. What is the
highest permissible ambient temperature?

As the estimated load current is less than rated current a higher ambient temperature is
permissible. For the calculation 6,,,, and ¢, should be chosen as described under b).

In this case the lowest specified value in Table 3 of IEC 62271-1:2007 is 6, = 90 °C and
6, = 50 K for the bare bolted connection in air. With Equation (5) the maximum permissible
ambient temperature in this example is

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

r

5.2.2.3 Short-time load current capability

When switchgear and controlgear has been operating at a current level below its allowable
continuous load current |, it is possible to increase the load current for a short time to a
value greater than the allowable current without exceeding the permissible temperature
limitations. There are different factors which influence the length of time period t; of the
overcurrent lg. These are:

— the magnitude of the current Iy itself;

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

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

The allowable duration of current I can be calculated directly by use of the Equation (7) and
Equation (8):



— 48 - TR 62271-306 © IEC:2012(E)

Omax =Y -0
tg = 7| —Inq1- M a (7)
Y<(Islli)1’8 —1>
| 1,8
Y = (Omax —40)><(|—'J (8)
r
where
Omax is the allowable hottest spot total temperature (see Table 3, IEC 62271-1:2007),
in °C;
Oy is the actual ambient temperature in °C;
l; is the initial current carried prior to application of Ig, in A (maximum current carried
by the circuit-breaker during the 4 hour period immediately preceding the application
of current 1),
Is is the short-time load current, in A;
I, is the rated normal current, in A;
T is the thermal time constant of circuit-breaker, derived from temperature rise test in
h;
tg is the permissible time for carrying current I at ambient 6, after initial current I;, time
is given in the same unit as 7, h;
Y is the a coefficient used for convenience, in K.

The time duration of the current I determined in this way will not cause the total temperature
limits of the switchgear and controlgear to be exceeded, provided that the following
requirements 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 I; is the maximum current carried by the switchgear during the 4
hour period immediately preceding the application of current Ig. To achieve the current
value 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 Ig is reduced to a value which is not greater than the
current l;

d) the value of current Ig is limited to a maximum value of two times rated normal current I,.
Otherwise actual overheating may occur as the heat from hot spots cannot be distributed
fast enough to colder regions.

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

Example: An SF4 gas-insulated metal-enclosed switchgear with rated normal current carrying
capability of I, = 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 I,
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 tg is calculated to

ts =1,5/-Ind1- 115-Y -30 =2,22h

18
v (36007
2500

from Equation (8):
Y = (115-40)2500/3150}® = 495K

After 2 h and 13 min the current has to be reduced to the maximum allowable current I, which
can be calculated with the help of Equation (6).

5.2.2.4 Influence of the altitude of switchgear and controlgear location

If the switchgear and controlgear relies on natural circulation of the ambient air and is located
at an altitude between 2 000 m and 4 000 m, correction is unnecessary. The reason for this is
that the increase of temperature rise at higher altitude due to the reduced cooling effect of the
air is compensated for by the reduced maximum ambient temperature at that altitude (see
Table 5). Consequently the final temperature is relatively unchanged 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

5.3 Temperature rise testing
53.1 Influence of power frequency on temperature rise and temperature rise tests

A test 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 to the
current path a test performed at 50 Hz is also valid for 60 Hz provided that the temperature
rise values recorded during the 50 Hz test do not exceed 95 % of maximum permissible
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.

Table 6 — Some examples of the application of acceptance criteria
for steady state conditions

Value Example 1 Example 2 Example 3 Example 4

Change of absolute 1,8 0,5 1,1 0,8
temperature during
the last 1 h on the
measurement point
in K

Change of ambient 0,1 1,2 0,1 -0,6
temperature during
the last 1 hin K

Change of 1,7 -0,7 1,0 1,4
temperature rise of
the measurement

point during last 1 h

in K

Result Steady state not Steady state not Steady state Steady state not
reached. reached reached. reached.
Change of Change of ambient All criteria fulfilled. Change of
temperature rise temperature exceeds temperature rise
exceeds 1 K/h. 1 K/h. exceeds 1 K/h.

In Figure 9 the values are shown which have to be taken into account to check the steady
state condition. At steady state the following conditions need to be fulfilled

— the increase of temperature rise (Ag,) does not exceed 1 Kin 1 h;
— the change in ambient temperature (A8,) during the last quarter of the test duration does

not exceed 1 Kin 1 h.

The values Ag, and Ag, are shown in Figure 10 which is an expansion of the relevant section
of Figure 9. As mentioned above this condition will normally be reached after a test time of
five times the time constant of the test object (see Figure 9).
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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
541 Table with ratios 1,/1,

In Table 7 the following variables are used:

I, is the allowable continuous load current, in A, at actual ambient temperature 6,;

I, is the rated normal current, in A;
fmax IS the allowable hottest spot total temperature (6,ax = & + 40), in °C;

— 0, 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

Maximum Limiting temperature of different switchgear components
ambient °C
temperature
°C
Omax 70 80 90 100 105 115 120 130 155
o 30 40 50 60 65 75 80 90 115
Ratios of I /1,
60 é 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 0,95
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 1,13
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 1,22
-20 b 1,84 1,66 1,54 1,46 1,43 1,38 1,36 1,32 1,26
-30 b 1,95 1,75 1,62 1,53 1,50 1,44 1,41 1,37 1,30

a for limiting current at this ambient temperatures, use lowest 6. and 6,

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

5.4.2 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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Let

05 is the total temperature, in °C, that would be reached if the overload current I were
applied continuously at ambient 6,;

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

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

I is the overload current, in A;

I, is the rated normal current, in A;

Then
0, = (65 —9i)X(1—e_”T)+ 6 (9)
Let 6; = 6Opax ; SOlve for t.
Then
tg = —rln{l—M} (10)
gs _Hi
where
I 1,8
0, = (emax -40 0C)>< (I—'J +06, (11)
r
and
| 1,8
O = (emax -40 °c)x {I—SJ +0, (12)
r

For the special case where the initial current is zero, the equations in this form are useful. By
substitution and further manipulation, the equations given in 5.2.2.3 in terms of Y are
obtained; these are convenient to use in the more usual case where the initial current is 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 both described a
1-cosine waveform. The main differences were that the IEC values for the TRV peak were
lower and the Rate of Rise of Recovery Voltage (RRRV) was slower, which is a characteristic
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 process
resulted 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 cable connected systems and the
more severe set of values for application in line connected systems. In summary,
manufacturers and users will have two sets of TRV requirements to choose from that are
distinguished by the application as in primarily cable connected distribution circuits or
overhead line connected distribution circuits. The TRV changes to IEC for voltages above
1 kV and less than 100 kV were adopted in October 2006. These same TRV changes were
later adopted by IEEE.

6.1.2 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 test procedures, the differences in TRV were then the key
remaining differences that 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;®é

— |EEE C37.04:1979, IEEE standard rating structure for ac high-voltage circuit-breakers
rated 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) RRRV at 100 % of rated Ig. (short-circuit current);
— both standards used 2 kV/us as the RRRYV;
— both standards used a time delay of 2 ps.

b) Peak TRV;

— both standards used a first-pole-to-clear factor (kpp) of 1,3 for effectively grounded
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.

c) Short-Line fault (SLF)

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

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

6.1.2.4 Differences between the standards

The key remaining differences between IEC and IEEE TRVs at the time the harmonization
project began were the following.

a) |IEEE used an exponential/l-cosine wave (Ex-Cos) description which defines all points as
a curved function of time. The Ex-Cos wave shape can be explained with an analytical
approach to TRV calculation. The initial exponential part of the TRV is the response of a
parallel L — Z circuit consisting of the inductance L of the local sources in parallel with the
surge impedance Z of the lines connected to the bus. The later 1-cosine part of the TRV is
an approximation to the TRV wave later in time when the exponential TRV that travelled
as a wave out on the transmission system returns as a positive reflection from the first
open circuit discontinuity. This analytical approach allows the TRV to be calculated for a
given application condition and provides a similarly derived rated envelope for
comparison.

b) IEC used a 4-parameter straight line description which allowed a TRV wave to be
described in terms of simple straight lines. The 4-parameter TRV did not correspond to the
response of a circuit that can be analysed. However, the 4-parameter TRV did allow the
results 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.

c) The 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.

d) 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.

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

6.1.2.5 The importance of harmonization of TRV standards

Both methods of describing TRV and of specifying ratings have served the industry 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.
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Table 8 — Summary of recommended changes
to harmonize IEC and IEEE TRV requirements

Item Changes to IEEE

Al Adopt the 4-parameter TRV as the rated TRV description at 100 % and 60 % I ., 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 t, presently in IEC standards at
100 % and 60 % of rated I

Item Changes to IEC

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

Item Changes to IEEE and IEC

C1 Adopt new harmonized values for u, and t, as a compromise between IEEE and IEC to harmonize the 2

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

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

Cc2 Adopt the new compromise peak TRV voltage values of u_ (E,) and times to peak of t, (T,) at 30 % and
10 % of rated I,

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

Cc4 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 uq, the first
TRV voltage parameter that occurs at time t;. The recommended values are given in Table 9.

Table 9 — Recommended u; values

| u,
% I, p.u.
100 0,75

60 0,75

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

U2
V3
effectively grounded systems and kpp = 1,5 for the special case of non-effectively earthed

systems.

1p.u. =kpp x and the first-pole-to-clear factor kpp = 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 u; = 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



— 58— TR 62271-306 © IEC:2012(E)

currents of 25 kA and above, a u; 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 u; 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 % ls.. 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 u; = 0,75 p.u.
at 100 % lsc and 60 % |5, brought IEEE and IEC into harmonization and brought the standard
TRV into better compliance with reported system data as well.

Moreover, a value of 0,75 preserves a simple relationship between uq, t; and u, t, as follows:

At 100 % of rated Ig:

— present IEC standard, with u; = 1,0 p.u. and RRRV = 2 kV/us;
tz =3 x tl’
— proposed harmonized standard, with u; = 0,75 p.u. and RRRV = 2 kV/us;

t, = 4 x t; results in the same t, values as presently used in IEC standards.
At 60 % of rated Ig.:
— present IEC standard, with u; = 1,0 per unit and RRRV = 3 kV/us;

t2 = 4,5 X tl’
— proposed harmonized standard, with u; = 0,75 per unit and RRRV = 3 kV/us;

t, = 6 x t; results in the same t, values as presently used in IEC standards.
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Figure 12 — Comparison of IEEE, IEC and harmonized TRVs with compromise values
of u; and t;, example for 145 kV at 100 % Is. with k,, = 1,3

After introduction of these first recommended changes, the two standards were further
harmonized with the same values of RRRV for all terminal fault and short-line fault test duties.

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 k,, 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 Xy/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,
respectively for effectively earthed and non-effectively earthed neutral systems. These values
have been adopted by IEEE in all cases for T60 and T100, and also for T10 and T30 in case
of effectively earthed neutral systems and grounded faults. IEEE has kept the amplitude
factors of ANSI C37.06 — 1979 for T10 and T30 in case of non-effectively earthed systems or
ungrounded faults in effectively-earthed systems i.e. 1,64 for T10 and 1,58 for T30.

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 adopted TRVs as defined
already in IEC but with a lower u, value set in the same manner as described for T60 and
T100.

6.1.3.3 TRVs for out-of-phase switching

For use in out-of-phase switching conditions, IEC and IEEE adopted TRVs as defined already
in IEC but with a lower u, value set in the same manner as described for T60 and T100.

The first-pole-to-clear factor is 2,0 in both standards in case of effectively-earthed neutral
systems, in IEEE it follows that this value is used 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 neutral
systems.

6.1.4 Revision of TRVs for rated voltages less than 100 kV
6.1.4.1 General

Following extensive studies done by several CIGRE working groups from 1983 to 1998, IEC
started in 2001 the revision of TRVs for circuit-breakers with rated voltages higher than 1 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
circuit-breakers in standards ANSI/IEEE C37.04, C37.06, C37.09 and C37.011. In the range
of rated voltages less than 100 kV, the IEEE working groups in charge of the revision of their
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

(91,

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

In practice, a circuit-breaker in an outdoor substation with cable connection to overhead
lines is considered to be in a cable system if the total length of cable connected on the
supply side of the circuit-breaker is at least 100 m. It has to be noted also that the
capacitance of cable systems on the supply side of circuit-breakers can be provided by
cables and/or capacitors and/or insulated bus.

Line systems have a TRV during breaking of terminal fault at 100 % of short-circuit
breaking current higher than the envelope defined for cable systems but not exceeding the
two-parameter envelope shown in Figure 13. For the purpose of harmonization, standard
values of TRVs for line-systems are those defined in ANSI/IEEE C37.06 for outdoor
circuit-breakers.

In line-systems, no cable is connected on the supply side of the circuit-breaker, with the
possible exception of a short length of cable between the circuit-breaker and the line(s) or
the supply transformer. Systems with transmission lines directly connected to a busbar,
without intervening cable connections, are typical examples of line systems.

Figure 13 shows the comparison of TRVs for cable-systems and line-systems. The RRRV for
line systems is approximately twice the value for cable-systems.

——> Voltage

BBBBB
S

__ -
-
P
-
e
-

— Time

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
t3 kaf

B ANSI C37.06
Rewsmn TRVs indoor
in IEC circuit breakers

/Revision in IEEE

c TRVs in edition
ommon 1.2 of

TRVs IEC 62271-100

TRVs line
systems

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

Following the approved revision of IEEE C37.04 [10] and IEEE C37.06 [11], the harmonization
of TRVs in IEC and IEEE standards for 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 along
the busbar, a high-frequency oscillation occurs which is similar to the one observed on a
faulted line under short-line fault conditions. As the busbar is usually on the network side of
the circuit-breaker this oscillation, which is called “Initial Transient Recovery Voltage (ITRV)”
is superimposed to the very beginning of the terminal fault TRV.

The ITRV is mainly determined by the busbar and line bay configuration of the substation.
Compared with the short-line fault, the first voltage peak is rather low, but the time to the first
peak is extremely short, that is, within the first 1,5 us after current zero. Therefore the thermal
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
requirements can then be neglected in the following cases:

— for all circuit-breakers with a rated short-circuit breaking current of less than 25 kA;

— for circuit-breakers installed in metal enclosed gas insulated switchgear (GIS) because of
the low surge impedance;

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

— for circuit-breakers directly connected to a busbar with a connection having a capacitance
higher than 800 pF. The value of 800 pF was chosen such that the corresponding time
constant is higher than the arc time constant for high current interruption in SFg. The arc
time constant is approximately 0,3 ps.

If a circuit-breaker with a rated voltage equal or less than 800 kV has a short-line fault rating,
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 6.109.3 of IEC 62271-100:2008) unless both
terminals are not identical from an electrical point of view (for instance when an additional
capacitance is used as mentioned in the note). When terminals are not identical from an
electrical point of view, test circuits which produce an equivalent TRV stress across the
circuit-breaker may be used.

For circuit-breakers with a rated voltage higher than 800 kV, the ITRV requirements are
considered 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
identical from an electrical point of view (for instance when an additional capacitance is used
as mentioned in the NOTE). When terminals are not identical from an electrical point of view,
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, additional
capacitance at the line side of the circuit-breaker or parallel to the breaking unit(s) can be used, both during the
test and in service. The value and the location of this additional capacitance used during the tests should be stated
in the test report.

Depending on the size of the additional capacitance (in pF) in relation to the circuit of interest (i.e. test circuit or
service 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.

During type testing the prospective TRV (given in Table 8 of IEC 62271-100:2008) is evaluated without the circuit-
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 Lgg.

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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6.2.4 ITRV waveshape

The ITRV is defined by the voltage u; and the time t. As shown on Figure 12b of
IEC 62271-100:2008, reproduced hereafter as Figure 15.
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Figure 15 — Representation of ITRV and terminal fault TRV

The rate of rise of the ITRV is dependent on the interrupted short-circuit current and its
amplitude depends 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 the ITRV 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 t; 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 t; is then:

f; =ti><Zi><a)><\/§
where
o =24, 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, f; t;
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 0,070 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 0,173 0,208 1,5

a

The actual initial peak voltages are obtained by multiplying the values in these columns by the r.m.s. value of
the short-circuit breaking current.

6.3 Testing
6.3.1 ITRV measurement

The ITRV should be handled as for the short-line fault TRV. Consequently it is necessary to
measure 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 t;. 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.

U
kv) tr
50 +
ur
40
ti
30 "
Uj -
20 e e (u»iaf,,,,i,,,,,7,,,7,,*,*,,,,,7,,*,,,,,,,
0,2uL*
10 o
U|_*
0
tay
-10 —
0,8u.*
-20 | | L L | |
0 2 4 6 8 10 12
t ——» t(ms)
Key
ta Line side time delay Uig Busbar voltage drop
t; Time to peak of ITRV u* Line side TRV
Uy Induced voltage drop across the line ug* Source side TRV
inductance
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 (uy) 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 ty
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 (ty ). 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 t; is unchanged.

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

7 Short-line faults

7.1  Short-line fault requirements
7.1.1 Basis for specification

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

These faults are characterised by a high short-circuit current and a rate of rise of the transient
recovery voltage (RRRV) which is generally much higher than the values specified for other
tests duties. The transient recovery voltage (TRV) applied to the circuit-breaker is a
combination of a source side component, with a RRRV comparable to the value required for
terminal 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 RRRV which is imposed on the circuit-breaker open contacts on the line
side.

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

In standardization it has been found advantageous to define the stress on the circuit-breaker
in case of SLF by the relation between the corresponding short-circuit current I and the
terminal fault current I, of T100 for the same source-side conditions: For example, in case of
the 90 % short-line fault test duty Lgg: I = 0,9 x Ig..

Lgo corresponds to a fault distance of a few hundred meters to less than 2 km, the 75 % short-
line fault test duty L5 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



- 68 — TR 62271-306 © IEC:2012(E)

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.

7.1.2 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/dt) are considered to be covered by the basic terminal fault test
duties.

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

For voltages lower than 52 kV the situation is discussed in CIGRE Technical Brochure 134 [9]
where 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 overhead
lines 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 condition
of the last pole-to-clear which is the more severe 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 non-
effectively earthed systems.

7.14 Surge impedance of the line
7.1.4.1 Surge impedance selection

For standardization purposes a surge impedance of 450 QQ adequately covers overhead line
configurations up to and including 800 kV (see [16]).

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

7.1.4.2 Technical comment

The surge impedance is a function of many characteristics of a line (diameter, number,
spacing, height of conductors), circuit configuration (single or double), earth resistivity and
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:

_ 221+ZO (13)
3

z

where
Z, is the positive sequence surge impedance;
Z, 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 double
circuit constructions.

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 line
impedance for that phase during the duration of the fault. This fact has been taken into
account when evaluating and standardising the value of surge impedance. For rated voltages
of 1 100 and 1 200 kV the value of 330 Q is based on the fact that the individual conductors in
the bundle do not make contact under the influence of a short-circuit.

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

Therefore, in the 4" edition of IEC 60056 a single value of 450 Q was standardised
irrespective of the number of conductors per phase as short-circuit conditions were similar to
those of a single conductor line.

Even though values for single conductor lines could be found to be slightly higher, a surge
impedance of 450 Q adequately covers all practical cases for rated voltages up to and
including 800 kV and 330 Q for 1 100 kV and 1 200 kV, because when evaluating SLF
parameters only the worst conditions are considered [17]:

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

— itis assumed that the supply has a single-phase short-circuit current equal to 100 % of the
rated (3-phase) short-circuit current. In practice this is unlikely to happen as 100 %
generation is generally not available and the single-phase short-circuit current is in many
cases lower than the three-phase short-circuit current (see 7.2.6);

— in addition it is assumed that the impedance of earth return is negligible, whereas in
practice this impedance effectively reduces the short-circuit current and the rate-of-rise of
recovery voltage.

7.1.5 Peak voltage factor

7.1.5.1 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 (u *)
to the peak voltage at the circuit-breaker terminals prior to interruption (up) (see Figure 16 of
IEC 62271-100:2008).

As shown in 7.1.5.2 and 7.4, the standardised value of 1,6 adequately covers all practical
values.

7.1.5.2 Technical comment

The peak factor (k) is given by:

k=L (14)

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

z is the surge impedance;

di . — . .
rra 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):

where
A is the distance from the opening circuit-breaker to the fault;
v is the velocity of light.

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

u _,di
t, dt

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

dat v
Ug = X xAx I 2 (16)
where
X| is the line reactance per unit length.
From Equations (14), (15) and (16):
XL XV
X, = (2Lgw _;LOW)CO (18)

where
L,y is the positive sequence power frequency line inductance per unit length;

Loy is the zero sequence power frequency line inductance per unit length.

! (19)

1

Vb (20)

V =

where

Ly is the high-frequency positive sequence line inductance per unit length;
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C, s the high-frequency positive sequence line capacitance per unit length.

From Equations (19) and (20):

Loy, (21)
\'

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

Z
20,2+ Z—O)

K = 1 (22)
2L1W + LOW

If the high-frequency inductance L, is equal to the power frequency inductance of the line Ly,
Equation (22) simplifies to:

2(2+%)
k =—L01 (23)
2+
I-1W
if LO—W: 3 is assumed for high-voltage networks,
1w
k= o,4(2+§—0 (24)

1

In practice the high frequency inductance L, is lower than the power frequency value L4, and
losses which are always present have been neglected in the calculation. For these reasons
the peak factor obtained by Equation (23) is a conservative value.

Subclause 7.4 gives values of peak factors calculated for HV networks 72,5 kV to 550 kV. All
the values obtained are equal or lower than 1,55. The specified value of 1,6 is therefore
conservative.

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

7.1.6.1 General

The RRRV on the line side is given by Z% or Zxa)le\/E. For practical applications it is

sometimes useful to express the RRRV as follows:
RRRV =sx I, with s =Zxw2 and o =24,

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

f, =50 Hz s = 0,20 kV/uskA
f, =60 Hz s = 0,24 kV/uskA
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7.2  SLF testing
7.2.1 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 kIOIO =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 line networks.

In order to reproduce service conditions, IEC 62271-100 requires circuit-breakers to perform
their rated operating duty during testing.

7.2.3 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/dt) and the transient recovery voltage
characteristics: RRRV (proportional to di/dt) and first peak value (proportional to the reflection
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 about 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
rated short-circuit current corresponds in practice to a fault on the line occurring 330 m away
from the circuit-breaker.

The critical percentage of short-circuit current is dependent on the interrupting medium of the
circuit-breaker.

An arc in SFg has a very short time constant (less than 0,5 ps) i.e. its resistance or
conductance changes rapidly during the transient recovery period. Therefore interruption is
affected by the very high frequencies of TRV met in Ly, test duty and the associated high
values of the short-circuit current [18].

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

Other technologies such as oil or vacuum circuit-breakers have proved to be insensitive to
short-line fault conditions, as long as they have the corresponding terminal fault breaking
capability.

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:

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

— test duty L,g with 75 % (-4 %, +4 %) of Ig..

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

75 % lg., an additional series of tests with 60 % (+ 5 %) lg. (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 % (L;5).

In IEC 62271-100 the line length has been standardised.

As the line length represented in a test may differ from the standardised value, within a
tolerance given in Annex B of IEC 62271-100:2008, the short-circuit current during tests may
vary in the following ranges for circuit-breakers having rated voltages of 48,3 kV and above:

Lgg: 1. =90 % of Iy (line length = standardised value)
I =92 % of I, (line length = standardised value — 20%)
Log: 1. =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 a test duty Lgq is required:

Lego: 1. =55% of Iy (line length = standardised value + 20%)
I, =65 % of I (line length = standardised value — 20%)

These values are derived from calculations given in 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 circuit-breakers with voltage ratings equal to or higher than 15 kV and lower than 48,3 kV
only test duty L, 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
7.2.4.1 General

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

current 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.

7.2.5 Line side time delay

The local capacitance always present in a substation between the circuit-breaker and the line
introduce a time delay ty, 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
supports and stray capacitance of the connection between the circuit-breaker and the faulted
line.

For rated voltages equal and lower than 170 kV, the time delay ty, is standardised to 0,2 ps.

For rated voltages equal to and higher than 245 kV, it is standardised to 0,5 ps.

These values correspond to a line side phase to earth capacitance Cy equal to 445 pF and
1110 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 insignificant time delay (less than 0,1 ps)
on the 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
current is obtained in terminal fault conditions. 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 rated voltages equal to or higher than 15 kV and less than 100 kV, it is assumed that the
TRV frequency and the amplitude factor of the supply circuit are the same as for a three-
phase 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 to 100 kV and above, the supply side RRRV is equal to the RRRV
specified for three-phase faults.

The supply side TRV is adjusted to obtain the crest value according to the first-pole-to-clear
factor 1,0 and amplitude factor 1,4. The RRRV of 2,0 kV/us is retained. The time parameters
(t3 or t; and t,) 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 RRRV 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



TR 62271-306 © IEC:2012(E) ~ 75—

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,g5, 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
TRV peak values is explained in Annex A of IEC 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 (?j—Ltj or RRRYV) divided by the current

derivative % The RRRYV is defined as the slope between the points corresponding to 20 %

and 80 % of the line side TRV peak of the inherent test circuit response.

7.3.1.2 Technical comment

In the case of very short lines between the opening circuit-breaker and the fault, with
t, < 5 ty, the wave shape of the line side TRV 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
necessary to define the rate of rise of the line side recovery voltage as the slope between the
points corresponding to 20 % and 80 % of the peak voltage, as in this region the shape is not
influenced by the time delaying capacitance.

Although the previous 10 % to 90 % method leads also to correct values where t; > 5ty , this
20 % to 80 % method is generalised for the evaluation of inherent line side TRVs in the 1
edition of IEC 62271-100.

7.3.2 Influence of additional capacitors on SLF interruption
7.3.2.1 General

Additional capacitance connected between the circuit-breaker terminals (grading capacitor or
capacitor used to assist the interruption) or line-to-earth, has two effects:

— it decreases the oscillation frequency and the RRRV 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

and facilitate the interruption. RRRV is reduced by a factor where R is the resistor

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

As SF¢ circuit-breakers are more sensitive to the initial part of the TRV (first us) the use of
additional 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 the capacitor is connected phase to earth on the line side, the reduction of the line side
RRRV can be estimated by a simple calculation:

Definitions:
C.qq s the additional line-to-earth capacitance;

L is the line inductance;
z is the line surge impedance;
. : . L
C. is the total line capacitance = —-;
ZZ
Ce is the equivalent line capacitance.

The equivalent line capacitance C, is defined as the capacitance which, together with the
inductance L, gives the line frequency of oscillation:

1

fi=— = (25)
P TN
. o . 2u, .
The period of oscillation is equal to a0 with:
&)
UE =2X| % ||_\/E and (c(jj_Ltjj =Zxwx IL\/E
L
It follows that:
L= Zxw (26)
4X,
From Equations (25) and (26):
Co=—2t 8 _gac, (27)

7r2><22 7z2

If an additional capacitance is added at the line entrance, the RRRV on the line side is
reduced in the same manner as the line frequency of oscillation:

du

2rz,/LC
E:Zxa)le\/E e

27\/L(Ce + Caqgd)
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Using Equation (27) gives:

Jc
N7 oxi N2 L ,orﬂzzﬂoxlu/i S (28)
dt JCL +2,5Cqq dt C_ +2,5C,qq
with  C_ =i2
z

Equation (28) can be used in practice to estimate the effect of a phase-to-earth capacitance
C,qq 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 capacitance on the
line side TRV in more detail. The time delay ty, is calculated by taking into account the total
capacitance on the line side, i.e. line capacitance plus additional capacitance from the circuit-
breaker (see Figure 17).

The reduction of the line side RRRV by a phase to earth capacitor is especially important to
be reproduced in synthetic testing where the capacitor must be installed in parallel to the line.
If, for practical reasons the capacitor is connected in parallel to the circuit-breaker, then its
value shall be calculated (by Electromagnetic Transient Program or equivalent) to produce an
equivalent TRV.

kV 60
50
40
30
20
10
0
Key
Caga =0
C.yq = 111 NF
C,yq = 4,44 nF
Coq = 11,1 nF

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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7.3.2.3 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.

CVTs due to their inherent capacitance have an influence on the TRV, but as shown in
Figure 18, taken from [20], caution is necessary because to be of benefit they shall be close
enough to the circuit-breaker to influence current interruption. Figure 18 shows that if the
capacitor is located too far from the circuit-breaker, the time delay of the recovery voltage is
decreased and the amplitude of the first voltage jump is increased, both effects resulting in a
lowering of the benefit of the capacitance to the circuit-breaker interruption capability.

Based on these considerations if a smaller value of the phase-to-earth capacitor is used
compared to that applied for type testing to take the existing phase-to-ground capacitance in
the substation into account, it is recommended to calculate its final value by Electromagnetic
Transient Program or equivalent to produce an equivalent TRV of the lumped capacitor used
for testing.

This calculation has to be repeated if the location of the circuit-breaker or the substation
configuration changes (a CVT is substituted by another one having a different capacitance, a
cable is substituted by a bus bar connection).

30
Faultvoltage

Circuit-breaker opens
at circuit| breake/<
20

m/\

R
W

-30 T

Recovery voltage (kV)
o
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:
maximum slope from the instant of interruption = 6,18 kV/pus).

As the effects of parallel (between terminals) or phase-to-earth capacitors are not the same, it
is important to indicate in the type test report the position of any additional capacitor. The
relevant capacitance is the one measured at the circuit-breaker line side terminal. The
capacitance used for measurements is already taken into account in the adjustment of the line
side TRV.

It should be noted that the parallel capacitor is part of the circuit-breaker and that the TRV
modified by the capacitor does not need to be compensated.
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Transientrecovery voltage (kV)

'26 T T T T T T 1
8,329 8,33 8,331 8,332 8,333 8,334 8,335 8,336
Time (ms)

Key
Red trace Additional capacitor of 3 nF connected phase-to-earth

Blue trace Additional capacitor of 3 nF connected between terminals

Figure 19 — TRV obtained during a Lg 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-phase
fault (or the third pole to clear a three-phase fault) and the first pole to clear a three-phase
fault.
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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
Z,(Q) 680 655 585 465 450 445
peak factor k (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, is the positive sequence surge impedance.
Z, is 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 be calculated with

|
1— L,stand
Isc

0 X Xsource
L,stand

XL,stand =
ISC
where

I stand :s thﬁ short-line fault breaking current corresponding to the standardised line
ength;

X_stand IS the line reactance corresponding to the standardised line length;
Xsource IS the reactance corresponding to the rated short-circuit breaking current.
If the reactance of the actual line differs from the reactance corresponding to the standardised

line length within the tolerances of -20 % for Lgg and 20 % for L5 and Lg,, as stated in
6.109.2 of IEC 62271-100:2008, the related current values can be calculated as follows:

| Ur
Lact —
3 (XL,act Xsource)

where
I_act Is the short-line fault breaking current corresponding to the actual line length;
X act Isthe 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
L =1 1+—
act stand( 100 j

where

lstang IS the standardised line length;

It is 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
XL,act = XL stand X at - XL,stand(l"‘_j
Istand 100

The actual percentage short-line fault breaking current l,e ¢ 5¢¢ is determined by the following
equation:

IL,act %100 = Iperc,stand
sC 1+ d <1 Iperc,stand
100 100

In Table 12 the actual percentage short-line fault breaking currents are stated for each
standardised short-line fault breaking current I, stang taking the maximum tolerances for the
line length into account.

Iperc,a(:t =

Table 12 — Actual percentage short-line fault breaking currents

Standardised short-line fault Deviation Actual short-line fault breaking
breaking current current
Iperc,stand d Iperc act
% (%) (%)
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 Laplace domain, this can be written as follows:

TRV(s) = %(1— 2e71LS) (29)
S

where

t, is the time to peak without capacitance,

® is the angular frequency of the breaking current;
| is the breaking current peak;

Z is the surge impedance;

s is the Laplace operator.

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

TRV(s) = %(1— 2078 120728 4. ) (30)
S




TR 62271-306 © IEC:2012(E) - 83 -

In order to introduce damping of the wave, the term 2e S 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 wlt in the time domain)

Then the impedance of the distributed parameter line in Laplace domain is:
Z(1-2e7L%) (31)

The lumped capacitance impedance in the Laplace domain is represented by:

i, where C = capacitance
Cs

The capacitance value includes both the lumped capacitance at the circuit-breaker terminal
side producing the inherent ty, of the line and the additional capacitance, if any.

Connecting the two impedances represented by Equations (30) and (31) in parallel, the
following equation is obtained for the total impedance in the Laplace domain:

z(1-2e7%%)  7(1-2e7%%)
Cs(Ci+Z —27e748)  (I+tg 8) -2ty se
S

tLs (32)

where ty = ZC.

ty is applicable also for conditions with parallel additional capacitances.

The product of the injection current (wl/s2) and the impedance Equation (32) is the TRV with
parallel capacitance in the Laplace domain:

_9a s
olzx L, (A-2e1)

s2 (L+tg.s)— 2ty se S

1 1 1 2"
=wlZ| = x - R
T 1+tys s (L+tys)
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t t2 2t 2t3 t2
o bty (1%, )
S s 1+tys S s 1+tys (I+tys)

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

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

O<t<t:
__t
TRV)(t) =@ 1Z|t+tg | e ' -1 (34)
t <t<2t
v _v
TRV, (t) = TRV (t)-201Z|t'| e ' 4+1|+2ty|e ' -1 (35)
witht' =t —t_

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

For cases t > 2t , Equation (30) instead of Equation (29) should be applied. When damping is
introduced, 2ke *should be used instead of 2e7'° in Equation (29) as mentioned before.

The total calculation process is then slightly modified.

For every case, with or without parallel capacitance, the peak value of the TRV is quasi equal
to wiZt . Dividing Equations (34) and (35) by w/Zt, gives the following equations.

t

TRV(10)= M| b Ll ta g (36)
L] ta
-t -t
TRV(20)=TRV(10)—2:A tt— eldl 41|42/ el 1 (37)
L dL

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 ty, . The parameter is t /t, .

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

8 Out-of-phase switching

8.1 Reference system conditions
8.1.1 General

Although the out-of-phase switching condition is a rare occurrence, two cases are considered
to illustrate the background to the standard requirements of IEC 62271-100.

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

Case B Erroneous switching operation during synchronizing.
8.1.2 Case A

The system conditions illustrated above are often considered in power system stability
studies. In such events, as the parts of the system separate the out-of-phase occurs across
an impedance in a system, where it can be assumed a heavy load current exists. Out-of-
phase breaking is initiated by a protective system detecting the voltage phase angle
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.
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System A
CB Line

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

Figure 21 is a representation of a separating system where a line is the link between the two
separate parts, i.e. system A and system B. The connecting line (or impedance such as a
transformer) exists in between. Each of system A and B is considered to be corresponding to
a system operating at its T30 to T60 short-circuit level.

Cases where the short-circuit power of both systems A and B correspond to T100 can be
considered exceptional.

Cases with a weak sub-system on one side can be considered covered by case B with regard
to TRV parameters.

8.1.3 Case B

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

Synchronizing between relatively strong systems can be considered a rare case and is
covered by case A with regard to TRVs.

A more typical system layout for synchronizing is shown in Figure 22, where a generator
interfaces with a system via a step up transformer. The right-hand side system short-circuit
power can be considered to be corresponding to a T60 level. In such systems, a
synchronizing operation is mostly performed at the high-voltage side of the step-up
transformer. Typical characteristics are:

— generator sub-transient reactance is 0,3 p.u.;
— step-up transformer reactance is 0,1 p.u.

Present day maximum ratings of generator units are in the order of 600 MVA and 1 300 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 shown before, actual out-of-phase occurs between the portions of a system via a certain
impedance. As already noted, it is unlikely that a perfect 180 degree of out-of-phase will ever
occur. The value 25 % is taken to cover the majority of cases.

8.2.2.2 First-pole-to-clear factor

A first-pole-to-clear factor of 2,0/2,5 is specified by IEC 62271-100 for effectively/non-
effectively 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 scattered. This fact has been taken into account by
introducing a factor of 0,8. Furthermore, the majority 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
considered to be conservative.

8.2.2.3 Amplitude factor

An amplitude 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 0,7 is
introduced to cover the effect of the two randomly over-swinging parts, i.e.:

(2+2x0,4x%x0,7)/2=1,28
Considering the higher value of the first-pole-to-clear factor, the value 1,25 is appropriate.

8.2.2.4 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.

ug = 0,75x(V2/V3)xUxky,
— The value depends on the system layout and is common to other breaking duties, i.e.
T100, T6O, etc.

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

t; = u4/RRRV;
Ug = (\/2/\/3)XUrx(first-pole-to-clear factor)x(amplitude factor);
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The t, 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 t, 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 ty
values. The value of ty 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

Simulation calculations have been performed and the results are shown in, Figure 23,
Figure 24 and Figure 25. In this study a 1 500 MVA synchronous generator (at present the
highest capacity available) is connected to a 550 kV system through a step-up transformer.
The 550 kV system has a short-circuit current of 30 kA. The generator parameters used here
are the actual parameters as supplied by the manufacturer:

— sub-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 circuit-
breaker terminals due to higher voltage drop in these reactances;

— due 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
system);

— the generator side recovery voltage just after current interruption shows significant
damping (in the order of 0,7 — 0,8) and 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.

Based on these assumptions, for effectively earthed neutral systems, TRV parameters are
well covered by those of T10. Specifying TRVs for case B is not necessary.

For non-effectively earthed neutral systems, u, is higher than that of T10, but not higher than
for case A. In actual systems of the voltage class applying non-solidly earthed neutral, it is
necessary to consider the multi-frequency TRV wave shapes, and the voltage drop portion in
the generator/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,, ty and t’ 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 t, 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 t, 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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Figure 25 — TRVs for out-of-phase clearing (enlarged)
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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.

Interruption of capacitive currents is generally a light duty for a circuit-breaker, because the
currents are normally a few hundred amperes. There is however a risk that restrikes will
occur, which may lead to undesirable overvoltages or high frequency transients affecting the
power quality in the network. Restrikes may also cause damage to the breaking unit.

Energisation of capacitive loads may lead to overvoltages or high currents. Two such cases
are the 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 either
clearing, reigniting or restriking. Because the actual value of overvoltage and transient
response is totally system dependent, tests cannot replicate these effects. By providing a
means of assessing the likelihood of restrike occurrence the user can determine what best
suits their application. It is assumed that since capacitor switching is not the only source of
overvoltage, other protection systems are employed and in the case of unacceptable power
quality for sensitive electronic equipment a sufficiently low number of likely events are
selected. A separate study of actions relative to power quality on energisation must also be
made.

In the selection of the rating for the circuit-breaker for capacitive current switching the
following needs to be considered:

a) application, i.e. overhead line, cable, capacitor bank or filter bank;

b) power frequency of the network;

c) earthing situation of the network;

d) presence of single or two phase-to-earth faults.

From the application the restrike performance class of the circuit-breaker can be determined
(C1 or C2) as well the mechanical endurance class (M1 or M2). The earthing situation of the
network, presence of single and two phase-to-earth faults are important factors that determine

the recovery voltage across the circuit-breaker which, in its turn, determines the test voltage
of the circuit-breaker.

In the following clauses the general theory of capacitive current switching is given as well as
the application and testing considerations.

9.2 General theory of capacitive current switching
9.2.1 De-energisation of capacitive loads

9.2.1.1 Capacitor banks

9.2.1.1.1 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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Figure 26 — Single-phase equivalent circuit
for capacitive current interruption

9.2.1.1.2 Capacitive current

The capacitive current i, flowing in the circuit is given by the following equation:

wsC xu wsC xu

c= 2 = 2 (38)
1-0°LC 1-9s
a)IZ

with
wg = 2785, where fg is the system frequency in Hz

; ZLZZﬂfi, where f; is the inrush current frequency in Hz (see also 9.2.2.2)

LC
With @& >> s, Equation (38) transforms to i; = osC x u

9.2.1.1.3 Recovery voltage

Figure 27 shows the current and voltage shapes at interruption.
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Figure 27 — Voltage and current shapes at capacitive current interruption

After interruption of the current, the supply side voltage ug will be more or less unaffected.
There 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 slight
oscillation, the frequency of which is determined by L4 and Cg.

From the moment the current is interrupted, the charge of the capacitor bank C is trapped.
The voltage u; will therefore remain constant at the value it had at current zero (namely the
peak value of the supply voltage).

Together with the low current amplitude to be interrupted, the low initial rate-of-rise of the
recovery voltage makes it relatively easy for the circuit-breaker to interrupt. Some circuit-
breakers may interrupt even 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
severe 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 occur
between the contacts and current would start to flow again.

Figure 28 shows current and voltage wave shapes in a case where voltage breakdown occurs
relatively close to the recovery voltage peak. The load side voltage will swing up to a voltage
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 Lg 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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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.
Voltage breakdown during the first 1/4 cycle following current interruption.

2. Restrikes.
Voltage 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

In reality there are no restrike-free circuit-breakers. It would take an infinite number of test
shots to verify this. For this reason the concept of restrike performance was introduced
IEC 62271-100.

When interrupting small capacitive currents, some circuit-breaker types may exhibit current
chopping. Current chopping is a distortion of the current prior to current zero and is usually
caused by the high arc voltage. Different types of circuit-breakers have varying degrees of
current chopping.

Current chopping will cause an interruption prior to the current zero of the power frequency
current. This also means that the trapped charge on the capacitive load will not be at its peak,
which results in a lower recovery voltage peak and a lower stress on the contact gap of the
circuit-breaker.

The recovery voltages in three-phase circuits are more complicated than in the single-phase
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
9.2.1.2.1 Cable charging current
The cable charging current is a function of the following characteristics:

a) system voltage;

b) cable geometry;

c) insulation dielectric constant;

d) cable length.

The shunt capacitive reactance can be obtained from the cable manufacturer, or if the
physical constants of the cable are known, the shunt capacitive reactance can be calculated.
For single-conductor and three-conductor shielded cables (for the different three-conductor

cable configurations see Figure 32 and Figure 33) the shunt capacitive reactance can be
written as:

= wlni(MQ per phase per km, see NOTE) (39)

X
¢ fs&r I

where

fg is the system frequency, in Hz;

& Is the dielectric constant of cable dielectric material, in F/m;
i isthe 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

Using the capacitive reactance, the cable charging current can be calculated and compared
with the rated cable charging current of the circuit-breaker given in IEC 62271-100. If the
calculation exceeds the rating, the manufacturer should be consulted. Before an application
can be made, the inrush current rating should also be checked (see 9.2.2.6).

Figure 32 — Screened cable
with equivalent circuit

I
LT

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
9.2.1.3.1 Uncompensated overhead lines
9.2.1.3.1.1 Line charging current

A no-load overhead line can generally be represented by a capacitance. In the case of short
lines (< 200 km) this capacitance can be considered concentrated, but in the case of long
lines it must be considered distributed. Typical capacitance values vary from 9,1 nF/km per
phase for single conductor overhead lines to 14 nF/km per phase for four-conductor bundle
overhead lines (see also [21]).

9.2.1.3.1.2 Recovery voltage
Overhead lines have capacitance both between phases and to earth.

3,0

N
]

n
o

n
i

N
[N]

Recovery voltage p.u.

n
[=}

T 1 A d 1

1 'l ]
1 2 3 7 10 20 50 70 100

Positive sequence capacitance C1
Zero sequence capacitance ~ Cp

Figure 34 shows the peak value of the recovery voltage in the first-pole-to-clear as a function
of the capacitance ratio C;/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
delayed interruption of the second phase. An example of the voltages in such a case is given
in Figure 30. The other extreme, C; = C,, is the case where each phase has capacitance to
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
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case

Figure 34 shows that the recovery voltage peak is approximately 2,4 p.u. The recovery
voltage peak is the differential voltage of the source and line sides, including the effects of
coupled voltage on the first cleared pole. It follows that the voltage factor for single-phase
testing to cover three-phase interruption is equal to 1,2. Figure 30 and
30
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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 C,/C,, delayed interruption of the second phase

If the C,/C, ratio is greater than 2, higher voltages may be coupled to the first-pole-to-clear,
resulting in increased probability of restrike. In this case the manufacturer should also be
consulted since circuit-breaker designs are sensitive to both current magnitude and recovery
voltage waveshapes.

9.2.1.3.2 Compensated overhead lines

9.2.1.3.2.1 General

Long overhead lines are often compensated with shunt reactors to reduce the charging
current of the line. The compensation factor (k) of an overhead line is given by the ratio of

the capacitive reactance (Xcine) to the inductive reactance (X reactor) Of the compensating
reactor, in equation:

k|_ _ XC,Iine (40)

X L, reactor

If XL reactor > Xc, lines the line is undercompensated, a line with X; | qactor < Xc, jine IS called
overcompensated.

9.2.1.3.2.2 Line charging current

The compensated line charging current is given by |l ¢ = I'C(l—kL)

where

I ¢ is the line charging current of the compensated line;
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 c=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
fL = = fs X = fsykL (41)
274/LC L, reactor
where
fL is the resonance frequency of the compensated line (Hz);
is the inductance of the reactor (H);
Cc is the total capacitance of the line (F);
fg is the system frequency (Hz);
kL is the compensation factor.

In other words: the resonance frequency of a compensated line is dependent on the degree of
compensation. Since the compensation usually is less than 1, this resonance frequency is
less than the system frequency, resulting in a reduction of the recovery voltage. Typical
current and voltage waveshapes are given in Figure 35.

i S o Line s
N \/voltage y

vori

Bus
voltage

Recovery voltage

Figure 35 — Typical current and voltage relations for a compensated line

The first half-cycle of recovery 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, present
a special case not covered by the requirements of 6.111.7 of IEC 62271-100:2008 or its
notes. Where such long lines are to be switched, consideration should be given to the higher
value of peak recovery voltage present on interruption. Some idea of the ability of a particular
circuit-breaker for making and breaking of this requirement can be gained by considering any
out-of-phase switching evidence which may exist. Such evidence will usually provide
adequate demonstration of the elevated recovery voltage. For full compliance, evidence will
be required to satisfy the capacitive current switching requirements of 6.111 of IEC 62271-
100:2008, but to the elevated values required by the specific application.

Some users may be concerned about rare or occasional switching operations from one end on
a series of long lines. This can occur during the early development stages of a system when
intermediate substations may not be fully equipped or may even be by-passed. In such cases
it may be appropriate to consider the out-of-phase capability in relation to the combined load
presented by the series of lines. If satisfactory for the current and voltage conditions then
specific testing for the severe capacitive current switching duty of IEC 62271-100 would not
be necessary at the enhanced levels of the extended line. They would be required for the
switching duty of the individual lines of the series, as normal.

9.2.1.4 Voltage factors for capacitive current switching tests

Depending on the capacity of a high-power laboratory, capacitive current switching tests may
be performed as three-phase tests or single-phase tests. For the higher voltages (362 kV,
420 kV, 550 kV and 800 kV) unit tests are sometimes made.

When single-phase tests are made to cover three-phase application, the test voltage shall
reflect the application of the circuit-breaker in the field. One of the factors influencing this 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 U,/Y3 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 e 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.

1.4 1. breaking during normal service conditions in systems having a non-effectively earthed
' neutral including screened cables 3,

2. breaking of capacitor banks non-effectively earthed neutral;

3. test on belted cables and line-charging current switching ") corresponding to normal
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) Under 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.

Notes to Table 13:

— The voltage factors for line-charging current switching tests of 1,2 and 1,4 are applicable to single-circuit
line construction. Requirements for multiple overhead line constructions may be greater than these factors.

— The 1,4 factor is a compromise and is valid for breaking of capacitive currents in non-effectively earthed
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 tests.

The voltage factor 1,4 is explained as follows (see Figure 37):
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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 constructions
and are chosen to accommodate all known physical arrangements of the conductors of such
circuits. Note a) to Table 13 indicates that switching in the case of multiple overhead line
constructions 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 to the line side residual
voltage following interruption. This is associated with the coupling (pick-up) from the parallel
circuit and may add a power frequency peak voltage of up to 0,2 p.u. This is dependent upon
the geometry of the conductor systems of the two circuits.

In addition, the effect of these changes on the line side voltage, following interruption by the
first-pole-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
combined effects. Alternatively, the higher of the given values, e.g. 1,4 for 1,2, can be
selected to encompass the specific waveshape.

On occasion 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 current
transients. Those transients are the following:
a) inrush currents;

b) overvoltages caused by the system response to the voltage dip when energising capacitor
banks (see 9.2.2.2);

c) overvoltages caused by travelling waves on transmission lines and cables.

In this section the phenomena associated with energisation of capacitor banks, lines and
cables is treated.

9.2.2.2 Capacitor banks
9.2.2.2.1 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.



— 104 - TR 62271-306 © IEC:2012(E)

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) capacitance of the circuit;

¢) inductance 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 assumed that the capacitor bank is discharged prior to energisation. This is a reasonable
assumption, 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-circuit
current 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 meet the
making current requirements of the system, transient inrush current is not a limiting factor in
single (isolated) capacitor bank applications. For this reason making tests with inrush current
are not 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 magnitude
and with a high natural frequency may flow between the banks on closing of the circuit-
breaker. The effects are similar to that of a restrike on opening. This oscillatory current is
limited only by the impedance of the capacitor bank and the circuit between the energized
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 bank of shunt capacitors is considered single (isolated) when the inrush current on
energisation is limited by the inductance of the source and the capacitance of the bank being
energized. A capacitor bank is also considered single (isolated) if the maximum rate of
change, with respect to time, of transient inrush current on energising an uncharged bank
does 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

(%) = ‘Uslsc\/E (42)
t max

where

% is the rate of change of inrush current, A/s;

lsc is the rated short-circuit current, in Ar.m.s.;

og = 2nf 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 (C,; 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 »——1
CB; CB; CB; CB;
I I
Iy I
+
L1 Lz ::: u @ L1 LZ
Cl CZ ’
L L T 71
Key
CB Busbar circuit-breaker
CB,, CB, Capacitor bank circuit-breakers
I 1, Capacitor bank current
L, L, Stray inductance plus additional damping inductance
C, Gy Capacitor bank

Figure 38 — Parallel capacitor banks

The case of energising a single (isolated) capacitor bank is equal to energisation of C; when
C, is not connected in the circuit described in Figure 38. The circuit consists then of the
source inductance Lg in series with the capacitor bank C;. L; can be disregarded here, since
Ls>>L;. In this case, the peak of the inrush current (i; ,q4,) and inrush current frequency (f;)
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 connected to the busbar and bank C, is not connected, the
following equations apply:

. |Cp
ij =0 =L sin wjt (43)
LS
and
fi= L (44)
' 27 (s + )Gy
where
i is the inrush current, in A;
a is the peak of the source voltage, in V;
o, = 2mf; is the angular inrush frequency in rad/s, where f; is the inrush current
frequency, in Hz.
with Lg >>L4, the frequency of the inrush current is:
fi L (45)

PN )
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The highest inrush current peak is obtained when switching the capacitor bank at the peak of

the supply voltage.
. C
lipeak = U\/EW L_l (46)
S

With g = and I, = wguCyq, Equations (45) and (46) transform to
Wsls
ISC
fi=fg. |— (47)
1
and
T max :\/E\Ilscll (48)
where
fg is the power frequency, in Hz;
lsc is the short-circuit current of the source, in A (r.m.s.);
I is the current through capacitor bank 1, in A (r.m.s.);

i is the maximum peak of the inrush current.

i max

In the three-phase case the same equations may be applied. The voltage u is then the phase-
to-earth voltage.

9.2.2.2.3 Back-to-back capacitor bank

The inrush current of a single (isolated) bank will be increased when other capacitor banks
are connected to the same bus.

If in Figure 38 bank C, is connected to the busbar and bank C, is to be connected, the inrush
current associated with the charging of bank C, is supplied by bank C,; (back-to-back
switching). As stated in 9.2.2.2, capacitor bank C, is discharged prior to energisation. The
peak and frequency of the inrush current are now limited by L, and L,, in equation:

C

. e
lipeak = uv2. A (49)
eq
with
g =—1C2 (50)
q Cl +C2
and
Leq=Li+L,

(51)
This can reach extreme values since the magnitude of Leq can be arbitrarily small.

The frequency of the inrush current is now:
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1

fi=—F— (52)
Zﬂ,/Lequq

Inserting Equations (50) and (51) in Equations (49) and (52) gives the following equation for
the inrush current peak and frequency:

Ulllz U|1|2
poa ~WZ |25 ; 9
pes \/uws Leq(l1+12) \/wsLeq(I1+|2) \/nsteq(|1+lz)
i:i CI)SU(|1+|2) :i 27Zfsu(|1+|2) o fSU(|1+|2) (54)
272' Leq|1|2 272' Leq|1|2 Leqlllz

In Equations (53) and (54) it is assumed that I, = sCqu and 1, =wsCou (see also 9.2.1.1.2)

Connecting bank C,,; with n banks in parallel that are already connected:

L 1
V=73 1 (55)
Sl Sl
L L Ly
and
C'=Ci+Cy +....... +Cp, (56)

To obtain the inrush current peak and frequency can be done by using Equation (49) and
substituting C; by C' and C, by C,,4 in Equation (51). Lg q can be obtained by substituting L,
by L' and L, by L, .4 in Equation (54).

C'xCpi1 ,
eq Zmand Leq = L+|—n+l
WithL; =L, = ........ =Ly =LandC;=C,=......... =Cphy1 =C,L'=L/nandC' =nC,
C
li peak —U\/_ L (57)

and

fo_ 1

' 2z4LC (58)

In a three-phase case the same equations may be applied. The voltage u is then the rated

phase-to-earth voltage U, 13 .

In this case Equations (53) and (54) transform to:
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. 103U, 141, Uyl Uyl
i peak = -13556 |——"L2 213500 | —LL2 ___  (59)
pea \/7@]"3\/3 x10°6 Leq(l1+12) fsleq(l1+12) fsleq(l+12)

and
f :%X10-3J2%103L_16r(|1+ 12) zg,s\/—w (60)
x107 Leglyl> eq'1!2
where
f; is the inrush current frequency (kH2);
fg is the system frequency (Hz);
I, 1o is the capacitor bank currents (A, r.m.s.);
lipeak IS the inrush current peak (A);
U, is the rated voltage (kV);
Leq is the equivalent inductance (nH).

Typical amplitudes of the inrush currents for back-to-back energisation of capacitor banks are
several kA with frequencies of 2 kHz to 5 kHz. Typical values are given in Table 9 of
IEC 62271-100:2008. Capacitors can normally withstand amplitudes up to 100 times their
charging current.

If the inrush current amplitude and frequency exceed those stated in Table 9 of
IEC 62271-100:2008, it may be necessary to limit them. This can be done by insertion of
additional series inductance in the circuit, or by using pre-insertion resistors (see 9.2.2.7).
Another possibility is to use controlled switching.

9.2.2.3 Cables
9.2.2.3.1 General

A circuit-breaker may be required to energize a no-load cable during its normal operating
duties. Prior to energisation the cable is usually at earth potential, but can have a trapped
charge from a previous switching operation. A cable may be switched from a bus that does
not have other cables energized (single or isolated cable) or against a bus that has one or
more cables energized (back-to-back).

Besides these widely known effects also other phenomena may occur during cable
energisation at rated voltages of 420 kV and above.

When operating the cable nearly fully compensated the phenomenon of delayed current zero
crossings may occur. This phenomenon is similar to the one described at faults close to
generators (see Annex B).

The simplified single-phase equivalent circuit is shown in Figure 39.
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u L ~ Ce
R
Key
u Phase-to-earth voltage R Resistance to earth of compensating reactor
CB Circuit-breaker ich Current through the circuit-breaker
Ce 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 compensated cable

When energising the compensated cable by closing the circuit-breaker the current starts
flowing in the cable (i, momentary value of the current 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/dt at a inductance is zero at the instant of closing the circuit-breaker). The sum of both
currents flows through the circuit-breaker (i.).

Due to the fact that the instantaneous current value in the reactor before energising and the
current value directly after energising must be identical (di/dt = 0), a d.c. equalizing current
flows depending on the making angle and the instantaneous value of the making voltage,
respectively. The change of the current through the inductance when closing the circuit-
breaker causes a magnetic field. Due to the continuity requirement this magnetic field is
compensated. The equalizing magnetic field causes the d.c. equalizing current.

If the circuit-breaker is closed at voltage maximum, the equalizing current is zero and when
closing 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. equalizing is superimposed on the inductive a.c. current of the reactor to the total
reactor current i . Due to the resistance of the reactor the d.c. current decays over time.

The following two different cases are distinguished:

— afully compensated cable;
— apartly 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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Figure 40 — Currents when making at
voltage maximum and full compensation

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 41 for making at voltage zero and full

compensation. The transient effects of the suddenly changing capacitive current when closing
the circuit-breaker are not considered.
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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 ii 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
clause.

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 %).

5
Time (ms)
Key
Blue trace Inductive current i
Red trace Capacitive current i,
Green trace Total current through the circuit-breaker i,

Figure 42 — Currents when making at voltage
maximum and partial compensation

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 43 for making at voltage zero and partial
compensation (e.g. 80 %). The transient effects of the suddenly changing capacitive current
when closing the circuit-breaker are not considered.
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Figure 43 — Currents when making at
voltage zero and partial compensation

Also in case of undercompensated operated cables it can be seen that the inductive current i
and the 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 show
zero crossings for several periods even if the amplitude of the d.c. equalizing current is
smaller due to the lower inductive current at partial compensation.

9.2.2.3.4 Summary

The amplitude of the d.c. equalizing current depends on the degree of compensation and the
instant of making. The duration of the time period of missing current zero crossings depends
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. Therefore the
X/R ratio (equivalent to the d.c. time constant ) was low and the d.c. equalizing current was
damped fast enough to create current zeros. Nowadays the resistance of the compensation
reactors is reduced further in order to minimize the ohmic losses.

The phenomenon of delayed current zero crossings may become problematic if the circuit-
breaker is tripped during the time period of missing zero crossings. To solve this problem two
basic approaches are possible:

— 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
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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
ratio and therefore to an earlier occurrence of zero crossings. With special tests the
parameters for an arc model can be determined for each circuit-breaker type. Using this 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 may be
necessary. Also with this method for each application an individual calculation must be
performed due to the different parameters of reactor and network parameters, different
parameters of the circuit-breaker arc as well as a different degree of compensation.

9.2.2.4 Single (isolated) cable

A cable is defined as single (isolated) if the maximum rate of change, with respect to time, of
transient inrush current on energising an uncharged cable does not exceed the rate of change
of current associated with the maximum symmetrical interrupting current. This limiting value is
numerically equal to

(ﬂ) = 0gV2 15 = 22f\21 g, (61)
dt max

where

[ﬂj is the maximum rate of change of inrush current in A/s;
max

| is the rated r.m.s. short-circuit current, in A;

sc

[0)

. = 2nfg is the system frequency in rad/s, where fg 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 inductance is
located between the two cable circuits. The inductance must be large enough so that by itself
it would limit fault current to a value less than or equal to the circuit-breaker rating.

9.2.2.5 Back-to-back cables

Cables are considered switched back-to-back if the maximum rate of change of transient
inrush current on energising an uncharged cable exceeds that specified for a single (isolated)
cable.

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;
— 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
applications.

When cables are switched back-to-back (that is, when one cable is switched while other
cables are connected to the same bus), transient currents of high magnitude and initial high
rate of change may flow between cables when the switching circuit-breaker is closed or
restrikes on opening. This surge current is limited by the cable surge impedances and any
inductance connected between the energized cable(s) and the switched cable. This transient
current usually decays to zero in a fraction of a cycle of the system frequency. During
back-to-back cable switching, the component of current supplied by the source is at a lower
rate of change and so small that it may be neglected. Due to the very high damping of the
inrush current, the switching of parallel cables usually does not represent a problem for
modern circuit-breakers. Therefore no problems are expected for back-to-back cable
configurations. The case of back-to-back cable switching is not addressed in IEC 62271-100.

A typical circuit for back-to-back cable switching is shown in Figure 44.

The inductances Lq, L,, and L, between the cables are often very small with respect to the
inductance L, of the source. In many cases they will be less than 1 % of the source
inductance. They consist of the inductances from the cables to the circuit-breakers, the
circuit-breaker inductances, and the bus inductance of the current path. Values of inductance
depend upon the physical configuration and are hence site specific and unable to be
standardised. However, a representative range is 0,66 uH to 1,0 uH per phase per m.

CB; L, i cable 1
system )
A
U cable 2

Zz - Cz
Key
CB, Circuit-breaker
CB, Circuit-breaker, open for single (isolated) cable switching, closed for back-to-back switching
Lg Source inductance
L, L, Inductance between cables 1 and 2 and bus
Z,,2Z, Surge impedance of cables 1 and 2
C,, C, 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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_[C 1380, (n
Z _\/Z " Iog( . j (62)

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;
r, is the inside radius of sheath, in mm;

r, is the outside radius of conductor, in mm.

Typical values of ¢ range from 2,3 (polyethylene) to 4 (fluid impregnated paper); a typical
value for Z is 50 Q.

To calculate the inrush current for a single cable, Figure 44 may be used, with Z, = 0.

(0 = 2m =Yty eup(- Ly (63)
Z, L
- Uy, -U
with i; =—m_—t
ipeak Zl
where
U is the crest of applied voltage;
U, is the trapped voltage on cable being switched;
fg is the source frequency (power frequency);
i is the inrush current;
i peak IS the peak of the inrush current;
Z, is the cable surge impedance,;
L is the source inductance.

Un -Uy

The initial rate-of-rise (di/dt at t = 0) of the inrush current is . For application

purposes ipeak 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 initial
slope can be used to determine an equivalent frequency which can be compared with the
rated inrush frequency. In general,

di ) .
(er =27 Ly (64)

where

(%) is the rate-of-change of rated inrush current in A/s;
r

f
I

i is the rated inrush current frequency;

ir is the rated peak inrush current.
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The equivalent frequency feq for a cable inrush current is then obtained as follows:

Um =Ut which gives fgq :Mand for proper circuit-breaker application, feq
L ”L[ir

should be less than the rated inrush current frequency.

2rfeqlir =

9.2.2.6.3 Back-to-back cable inrush current

Neglecting the source contribution, back-to-back cables can be represented as shown in
Figure 45.

CB

Key

U, Crest of applied voltage

U, Trapped voltage on cable being switched
Z,,2Z, Cable surge impedance

L Total inductance between cable terminals
CB Circuit-breaker

Figure 45 — Equivalent circuit for back-to-back cable switching

The initial pulse of current has a front expressed as
|(t) :M 1— exp(_ﬂt) (65)
Zl+22 L

Assuming that the L/(Z; + Z,) time constant is less than 1/5 of the travel time of the cable out
and back, the initial crest of the inrush current is then (U, - U)/(Z; + Z,), which for
application should be less than the rated peak inrush current.

The inrush current when energising a cable with another already connected to the bus is
given by

. U, -U
lipeak = —ZT"‘ Zzt (66)

and
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foq = fs _Um-Ue (67)
oLy + o)l

The inrush current when energising a cable with an equal cable already connected to the bus
is given by

. u,-u
Iipeak = Tt (A/S) (68)
and
fo=f,|—on e | y) (69)
o(L, + L)1,

Differentiating the expression for the current at t = 0, will give the maximum initial rate of
change of the inrush current, in equation

[diJ _U,-U, (Als) (70)
dt ), L

This can reach extreme values since the magnitude of L can be arbitrarily small.

Additional inductance may be added in series with the inductances making up L to meet the
rated 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

1
—
-

system

A
Y

z

Key
CB, Cable circuit-breaker
CB, Capacitor bank circuit-breaker
Lg Source inductance
L, Total inductance between bank and cable
z Cable surge impedance
C Capacitance of bank
Figure 46 — Bank-to-cable switching circuit
—M
Un | ___ C U, V4
Key
Un Crest of applied voltage
Ui Trapped voltage on cable being switched
z Cable surge impedance
b Circuit inductance between bank and cable
Cc 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

[dlj =Um_Ut(A/S) (71)
at), L
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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 —
Critically damped circuit: ZT =% iipeak = 0,736—Um Yt (72)
2 p—
Underdamped circuit: Z—<i i peak __ Ym-Ur exp(—Z—ﬁ;)
4 C JL,/C-22/4 4 Ju/c-z2/4
(73)
2
L . _
ZT > ?b i peak = L;m U, [erltm _erztm] (74)
2z%14-1,/C
where
Inr /r
ty = ———2 (75)
n-r
Z Z 2 1
h=—m—t = —— (76)
2L, 2L, ) Ly
(77)

For application, the peak inrush current should be checked against the capability of the
circuit-breaker in question.

Many 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 compare the
relative contributions of the cable and the line. For short cable runs this circuit could be
considered the equivalent of a line with a capacitor to earth replacing the cable. Similar
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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N | | Network
| ! diagram
1 Travelling

waves

Key
Source inductance
Circuit-breaker

Overhead line

Figure 48 — Energisation of no-load lines: basic phenomena

An even higher voltage is obtained when the line has a trapped charge before being
energized and the circuit-breaker happens to close at an instant when the polarity of the
network voltage is opposite to that of the voltage that was present on the line. The voltage on
the line can, after reflection of the wave, theoretically be up to three times the network
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 circumstances this can lead to a further rise in voltage
on another phase.

An efficient way of reducing the overvoltages during energisation and re-energisation of no-
load lines is to equip the circuit-breaker with pre-insertion resistors to ensure that the closing
takes place in two stages. A pre-insertion resistor is a device that connects a resistor in series
with the overhead line at a predetermined time before the closing of the main contacts of the
circuit-breaker (see Figure 49).

- .
X B ¢ L
Y

i\ ;

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 (B;) 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)

NSDDs (Non-Sustained Disruptive Discharges) have been discussed, up to now, in a rather
controversial manner. This 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. NSDDs have not been identified in actual service.

An NSDD is defined as follows:

non-sustained disruptive discharge

NSDD

disruptive discharge associated with current interruption, which does not result in the
resumption of power frequency current or, in the case of capacitive current interruption does
not result in current in the main load circuit

NOTE Oscillations following NSDDs are associated with the parasitic capacitance and inductance local to or of
the circuit-breaker itself. NSDDs also involve the stray capacitance to earth of nearby equipment.

An NSDD exhibits itself as a partial voltage change. Such changes can sometimes be clearly
seen with normal time resolution measurements. This is particularly true in three-phase tests
when the same polarity and magnitude of voltage change is observed in all three phases as
the result of a shift in the voltage of the parasitic neutral capacitance to earth of a non-solidly
earthed load produced by an NSDD. An example of this is seen in Figure 50. However, in
other cases, a clear identification of an NSDD may require a high time resolution
measurement to observe the high frequency current or voltage pulse of an NSDD as seen in
Figure 51.

Further examples of NSDDs are given in Figure 52, Figure 53 and Figure 54.

The occurrence of NSDDs does not affect the performance of the switching device. Therefore,
their number is of no significance to interpreting the performance of the device under test.
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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Ug, Ug, Ug Recovery voltages in R, S and T phase, respectively
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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Recovery voltages in R, S and T phase, respectively

Figure 53 — A second example of three-phase test with an NSDD (indicated by the
arrow) causing a voltage shift in all three phases of the same polarity and magnitude

UlL

Key

Uls, U2S, U3s Source side voltages of the first, second and third phase

UlL, U2L, U3L Load side voltages of the first, second and third phase

UlTO, U2TO, U3TO 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
operation.

9.4.3 Rated frequency

The rated 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-breaker, 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 performed at 60 Hz to cover 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 requirements 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 9 of
IEC 62271-100:2008. Not all actual cases of capacitive current switching are covered by that
table. The values for lines and cables cover most cases, the values of the current for
capacitor banks (single and back-to-back) are typical and representative of actual values in
service.

9.4.4.2 Overhead lines and cables

When very long lines and cables are considered, the no-load current may exceed that given 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/km at 50 Hz and 1,3 A/km for 60 Hz. Without considering the Ferranti
effect (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 % 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
systems to 1,7 for non-effectively earthed systems in the presence of single- or two-phase 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 harmonic
components. The recovery voltage may have a shape as indicated in Figure 55. Careful
system study should be done to define realistic requirements regarding the recovery voltage.
In some cases filter banks switching tests may need to be performed because capacitor bank
switching tests do not cover the required recovery voltage waveshape. This needs to be
considered when making the proper choice of circuit-breaker. From the voltage waveshape as
indicated in Figure 55 it can be seen that the usual definition of re-ignition and restrike may
no longer apply to a recovery voltage that does not have a 1 — cos waveshape.

In case of a multi-frequency recovery voltage the definition of re-ignition and restrike should
be based on the amplitude of the breakdown voltage. If the amplitude is less than 1,0 p.u. of
the system 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 definitions of restrike and re-ignition are generally
acceptable but may lead to expensive solutions. More economical solutions may be obtained
by permitting restrikes in a zone were tests have demonstrated that they are not harmful to
the circuit-breaker.
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1 Current through circuit-breaker

2 Voltage across circuit-breaker

Figure 55 — Example of the recovery voltage across a filter bank circuit-breaker

9.4.6 Restrike performance

As all circuit-breakers have a certain restrike probability in service, it is not possible to define
a restrike-free circuit-breaker. It is more logical to introduce the notion of a restrike
performance and this has been done 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
impossible to introduce a common probability level related to service condition.

To classify their restrike performance, two classes of circuit-breakers have been introduced:
class C1 and class C2. It should be noted that the restrike performance is based on a
specified test duty.

9.4.7 Class of circuit-breaker

The choice of the class of circuit-breaker is discussed in 3.3.

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
9.48.2.1 General

When switching capacitive currents, transients are generated. These transients are
associated with the restrikes when de-energising a capacitive load and with the energisation
of capacitive loads. These transients may cause:

e insulation degradation and possible failure of the substation equipment,

e operation of surge arresters;

e interference in the control wiring of the substation;

e increase in step potentials in substations;

e undesired tripping or damage to sensitive electronic equipment.

The magnetic fields associated with high inrush currents during back-to-back switching in
either the no-load transmission line conductors or the earthing grid during back-to-back
switching can induce voltages in control cables by both capacitive and electromagnetic
coupling. These induced voltages can be minimised by shielding the cables and using a radial
configuration for circuits (circuits completely contained within one cable so that inductive
loops are not formed).

9.4.8.2.2 Switching of capacitor banks
9.4.8.2.2.1 General

The switching of capacitor banks is associated with voltage and current transients (see
9.2.1.1 and 9.2.2.2). As most modern circuit-breakers have a very low probability of restrike,
the majority of the switching transients will be generated when energising capacitor bank(s).
The effects of the transients will exhibit themselves locally and at remote locations on the
power system.

The high-frequency transient inrush current associated with back-to-back switching can stress
other equipment in the circuit as well as the circuit-breaker. Wound-type current transformers
will have turn-to-turn insulation stressed because of the high rates of rise of current and the
resulting voltage that is developed across inductance in the circuit.

9.4.8.2.2.2 Local effects

The local effects are as follows:

e voltage transients resulting in dielectric stresses on nearby equipment;

e electrical, mechanical and electromechanical forces caused by the inrush current.
9.4.8.2.2.3 Remote effects

The remote effects are as follows:

e transfer of capacitively coupled fast transients through transformer windings;

o reflections of travelling wave transients on open ended lines or transformer terminated
lines;

e 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:

e current limiting reactors are normally used to reduce the current transients associated
with back-to-back switching. They do not limit the remote overvoltages.

e pre-insertion resistors limit the inrush current and remote overvoltages. It is a basic
solution widely used on circuit-breakers. They are usually fitted on circuit-breakers and as
such add to the complexity of the equipment. Depending on the design, the added
complexity may or may not result in a reduced availability of the equipment (see also
9.4.16).

e pre-insertion reactors also limit the inrush current and remote overvoltages. They are
usually fitted on circuit-switchers and their effect on complexity and availability of the
equipment is sometimes equivalent to pre-insertion resistors, depending on the design of
the devices.

e controlled closing reduces the magnitude of the inrush current depending on the point-
on-wave of the voltage prior to the prestrike between the contacts. A simple way of
reducing the transients is to let the circuit-breaker contacts close at a voltage zero. This
method is called controlled closing. The controller also adds to the complexity of the
equipment 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
during its normal operating duties. Prior to energisation, the line may or may not contain a
trapped charge (see also 9.2.1.3). Consideration may need to be given to line energisation
following load rejection (see [21]).

9.4.9.2 Line charging current

When considering the assigned line charging current rating, application is determined by the
value of the line charging current. This current is a function of system voltage, line length, and
line configuration.

Figure 56 gives an approximation of the line charging current per kilometre of different line
configurations at 60 Hz. If the estimated current is greater than 90 % of the preferred line
current rating, a more accurate calculation based on the actual line configuration and methods
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:

Assume a system with a rated voltage of 245 kV, 60 Hz. The charging current is 0,5 A/km.
The linear capacitive reactance X' is then:

_U 285000V 4583 Makm,

X n = -
¢ I 3 x0.5 A/km

1
o
where
Xc' is the linear capacitive reactance of the line in MQ km;
C' s 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 X' would be

0,283 ><ﬂ =0,34 MQ km
50

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 _ 0,83MQkm

x =
€T 100 km

=2,83kQ.
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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 I, 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.

9.4.9.4 No-load line recovery voltage

The line-charging breaking current rating is assigned on the basis of a standard recovery
voltage associated with this type of circuit. For solidly earthed systems, the no-load line
charging current switching tests require a maximum voltage of 2,4 times (see also 9.2.1.3.1.2)
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-cosine
waveshape.

For double circuit lines with higher voltage factors refer to 9.2.1.4.

Deviations from the test voltage characteristics may increase or decrease the probability of
the circuit-breaker restriking. As described in 9.2.1.3.2, a compensated line will have a lower
peak of the recovery voltage, which will reduce the restrike probability.

9.4.10 Capacitor banks
9.4.10.1 General

A circuit-breaker may be required to switch a capacitor bank from a bus that does not have
other capacitor banks energized (single or isolated) or against a bus that has other capacitor
banks energized (back-to-back). In the application of circuit-breakers for capacitor switching
duty, consideration must be given to the rated single (isolated) shunt capacitor bank switching
current, rated back-to-back shunt capacitor bank switching current, rated transient inrush
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

Circuit-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
ratio of the maximum service voltage to the capacitor bank nameplate voltage when
calculating 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



TR 62271-306 © IEC:2012(E) ~131 -

capacitor voltage for non-effectively earthed neutral capacitor banks and 1,35 times the
nominal 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.

9.4.10.3.2 Back-to-back capacitor bank

The inrush current of a single bank will be increased when other capacitor banks are
connected to the same bus (see also 9.2.2.2.3).

Table 14 gives the equations for calculating inrush current and frequency for both isolated
and back-to-back capacitor bank switching, neglecting resistance. These equations are based
on the theory described in 9.2.2.2.

A typical circuit for back-to-back switching is shown in Figure 57. The inductance in the circuit
that limits the transient oscillatory current is composed of the inductance of the bus between
switching devices, L, ,s the inductance between the switching device and the capacitor
banks, L, and L,, and the inductance of the capacitor banks, L., and L., and any additional
reactance inserted. The total inductance between capacitor banks, L ; + L + Ly, + Ly + Lo,
is very small with respect to the inductance of the source Ls. In most cases, the total
inductance between capacitor banks will be less than 1 % of the inductance of the source,
and the contribution of transient current from the source can be neglected.

The inductance of the bus can be calculated similar to a transmission line using values from
tables available from suppliers of bus conductors for different bus configurations. (See
9.4.10.3.3).

The inductance within the capacitor bank itself is not easy to obtain, but in general it is of the
order of 10 uH for banks above 52 kV, and 5 uH for banks below 52 kV. Typical values of
inductance per phase between back-to-back capacitor banks and bank inductance for various
voltage levels are given in Table 15.

Inherent resistance of the circuit causes rapid decay of the transient current so that the first
peak actually may only reach 90 % to 95 % of the maximum value calculated. These values
are applicable to both solidly earthed or non-effectively earthed banks and with Y or A
connections. With a non-effectively earthed neutral, the current in the first two phases to close
will be 87 % of calculated, but the current in the last phase will equal the value calculated.
However, inherent resistance of the circuit will affect these currents by the factors indicated
above.
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Key
CB, Circuit-breaker energising capacitor bank 1
CB, Circuit-breaker energising capacitor bank 2
Lg Source inductance
Lo Les Capacitor bank inductance
L, L, Bus inductance between switching device and capacitor bank
Lous Inductance of bus between switching devices

Figure 57 — Typical circuit for back-to-back switching

The equations in Table 14 for back-to-back switching will give correct results when switching
a bank against another bank. However, when switching against several other banks
connected to the bus, the correct value of equivalent inductance to be used for the
combination of banks connected to the bus is not easily obtained. For example, when
switching a bank against three other banks energized on the bus, the calculated current will
be too high if an inductance of L/3 is used. On the other hand, using a value of 3L will result
in a current which is too low. If exact solutions cannot be made, conservative results should
be used in calculating inrush currents by using the inductance divided by the number of
capacitor banks, recognising that the results will be 20 % to 30 % higher (see also 9.2.2.2.3).
When more than two banks are installed on the same bus, a more exact calculation of the
inrush current 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 ii peak (A) 1.41./1— %1
J sc 1
fi (Hz) ISC
fg T
1
Energising a bank with another on ii peak (A)

the same bus

f. (kHz)
Energising a bank with an equal i L (A)
bank energized on the same bus ' pea

f. (kHz)

Key

€q

172

is the system frequency (Hz);
is the total equivalent inductance per phase between capacitor banks, in pH;

are the currents (in A) of banks being switched and of bank already energized, respectively. The
capacitor bank being switched is assumed uncharged, with closing at a voltage crest of the source
voltage. The current used 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 absence of
specific information, a multiplier of 1,15 times normal capacitor current would give conservative
results;

is the peak value calculated without damping. In practical circuits it will be about 90 % of this value;
is the rated voltage in kV;
is the symmetrical short-circuit current, in A r.m.s.

9.4.10.3.3 Considerations for transient inrush currents

The inrush currents of different types of compact multi-section banks with minimum spacing
between the individual sections may differ by as much as 20 %. Consequently, these inrush
currents can be reduced significantly by increasing the lengths (inductance) of the circuits
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) (nH)

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
145 0,856 40-80
170 0,879 60-120
245 0,935 85-170

& Typical values of inductance per phase between capacitor banks. This does not include inductance of the

capacitor bank itself. Values of 5 uH for banks below 52 kV and 10 uH for banks above 52 kV are typical for
the inductance of the capacitor banks.

Another effective measure to reduce transient inrush currents is to add inductance in the
circuit between the capacitor banks.

In the first edition of IEC 62271-100 the equivalency rule between the test performed and the
service conditions was based on the product of inrush current peak and frequency, i; peqy x f;
(kAkHz). Calculations have shown that the arc energy during a making operation is
independent of the inrush current frequency for cases where the preaching time is greater
than half a period of the inrush current frequency. This is usually the case for back-to-back
capacitor bank switching. For back-to-back capacitor bank switching, the arc energy during a
making operation is only a function of the inrush current peak. On the other hand, it is well
known that the shape of the wear on the arcing contacts as well as the effect of the pressure
shock waves are somewhat frequency dependent and should not be disregarded. Because of
the latter, an upper tolerance of +130 % has been specified on the permissible inrush current
frequency that can be used in service. In other words: the inrush current frequency used
during the tests should not be lower than 77 % of the inrush current frequency foreseen in
service. This concept is limited to inrush current frequencies up to 6 kHz since the information
available for higher frequencies is limited.

Although circuit-breakers have usually been tested with inrush currents up to 25 kA ., and
4 kHz, system designers should endeavour to keep the inrush currents far below this value for
system quality reasons.

The following example will illustrate the use of the equations in Table 14.

A 123 kV system is assumed as shown in Figure 58.
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I I I|| Bank 3 - 12 Mvar

| — Il Bank 2 - 12 Mvar

I I “I Bank 1 - 12 Mvar

Key

U, 123 kV (the rated capacitor bank voltage is 115 kV)

Ly Source inductance, = 3,77 Q, 10 mH (f, = 60 Hz)

LWL, Ly Inductance between circuit-breaker and capacitor bank; including inductance of capacitor
bank

Lous 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 have a 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 A. In determining the rating of the circuit-breaker required, the increase in current due to
applied voltage, capacitance tolerance, and harmonics should be considered. The increase in
current at maximum rated voltage is: maximum voltage to capacitor rated voltage = 123/115 =
1,07. Assume a positive tolerance of capacitors of +10 %, multiplier of 1,1 and assume a
multiplier 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 x 1,1 = 1,29, giving a current of 1,29 x 60 = 78 A. With capacitor banks 2 and 3
energized, the current through CB, is 156 A.

The circuit-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, L;', L,' and L3" 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:

L,' = 20,0 uH
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L, = Lg' = 27,1 uH

The inductance of the busbar Ly, = 38,5 puH.

In determining inrush current and frequency, the currents I; 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 I; = 60x1,18 =71 Aand I, = 71 A or 142 A,
depending on whether bank 2 or 3 or both banks are energized.

Case I. Energisation of capacitor bank 1 with banks 2 and 3 not energized (single or isolated
bank switching),

imax peak = 144/1sc X 11 =1,44/18 600 x 71 =1,4132x10% =1625 A

fi = fs\/ IIS" = 60\/ 1876100 =971 Hz
1

The calculated rate of change of current for the single (isolated) bank switching is

(ﬂ] = 27fi poak = 27X 971x1625=9,9 Alus
dt )

This is less than the maximum rate of change for a rated short-circuit current of 40 kA which

is equal to 27rfS\/EISC =21,3 A/us and therefore meets the requirements of isolated capacitor
bank switching.

Case Il. Energisation of bank 1 with bank 2 energized on the bus (back-to-back switching
against an equal-size bank),

Uy
fsl—eq

ipeak =9 545

The equivalent inductance Ly, is the sum of L' + L, + L,' = 20,0 + 38,5 + 27,1 = 85,6 uH.

eq’

imax peak =9 54511% =9 545170 =12445 Apeq¢

f2135 |9t 135 60128 150 157 _14.9kHz
Leqls 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 kApe, 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 Ill. 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, 1, =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.

i peak = 13500 Uillaxla)  _g5gp0 [123x71x142 564, Apeak
fsl—eq(|1+ |2) 60X72,1>< 213

and

fi=9,5 M =95 60x123x213 =14,0 kHz
Leq(l1x12) V 72,1x71x142

Of the calculated values of inrush current peak and frequency, the frequency of 14,0 kHz
exceeds the assumed back-to-back switching capability of 4,25 kHz listed in Table 9 of
IEC 62271-100:2008. As in the previous case of switching identical banks, adding an
inductance of 0,71 mH will limit the inrush current and frequency to 4,7 kA, and 4,24 kHz,
respectively, both of which are below the assumed back-to-back switching capability of
123 kV circuit-breaker.

Based on the system and conditions studied, a circuit-breaker having the following ratings
would be applied: rated short-circuit current of 40 kA and rated isolated capacitor bank
switching current of 400 A. The assumed back-to-back rating of 20 kA and 4,25 kHz that goes
with this rating will be exceeded unless additional inductance is added between the capacitor
banks. A value of 0,71 mH is sufficient to keep within the assumed ratings available.

9.4.11 Switching through transformers

Circuit-breakers may be required in some applications to switch capacitors, lines, or cables
through an interposed transformer. The current switched by the circuit-breaker will be N times
the capacitor, line, or cable current on the other side of the transformer, where N is the
transformer turns ratio.

Switching charging current through a transformer may be less difficult than switching the
same current directly. The capacitive elements of the circuit will oscillate with the transformer
inductance, which may also saturate, producing a less severe transient recovery voltage and
a lower probability of restrike. If a restrike should occur, the additional inductance will help to
limit the inrush current. Saturation may also occur when de-energizing a remote transformer
that is fed through a long cable. The stress on the transformer is not considered harmful.

If the value of N is greater than 1, switching through a transformer will have the effect of
increasing the current being switched. De-energising no-load overhead lines with lower
voltage circuit-breakers can result in effective line charging currents in the 750 A to 1 000 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 increased current is not a problem for the circuit-breaker.
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Figure 59b — Current relations

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
guantity 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) the transient inrush current may have sufficient magnitude and rate of change to flash
over the secondaries of current transformers or the associated control wiring.

Circuit-breakers located in a position such as a tie circuit-breaker between bus sections (bus
section or bus coupler) may be exposed to the transient inrush currents from energising banks
of capacitors when they are located on bus sections on both sides of the circuit-breaker (see
Figure 60, CB,).

Seldom will the inrush current exceed the capability of the circuit-breaker. However, a check
may be required to determine if the rate of change of inrush current will cause overvoltages
on the secondary of current transformers on the circuit-breaker or in the current path between
the capacitor banks.

9.4.12.2 Exposure to total capacitor bank discharge current

In a substation where parallel capacitor banks are located near or on a busbar, any circuit-
breaker connected to the bus may be exposed during faults to the total discharge current of
all the banks located behind the circuit-breaker. In Figure 60, CB, will be subjected to this
total discharge current with a fault occurring at location A. The worst case, or highest
capacitor discharge current, occurs with a bolted three-phase fault where capacitor banks are
non-effectively earthed and for a case of a three-phase-to-earth or a line-to-earth fault where
capacitor banks are solidly earthed.

CB;

Key
CB,, CB, Circuit-breakers

Figure 60 — Station illustrating large transient inrush currents
through circuit-breakers from parallel capacitor banks
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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:

Idpeak :%Ur\/g (78)

lg peak IS the crest value of discharge current;

where

U, is the rated voltage;
C is the capacitance per phase of individual bank;
L is the inductance per phase between capacitor bank and fault location.

The inductance L is primarily made up of bus conductors and any additional inductance added
to the bank for limiting the inrush currents.

If there are n capacitor banks of approximately equal capacitance and separated by an
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. This is
demonstrated as follows:

J2 Cn 2
I =22 u =Y2u,nJCrL (79)
d peak 3 "\ /n 3 N

In addition to the checking of the crest current, it may be necessary also to check the rate of
change of the discharge current with the manufacturer.

The transient discharge current passing through a circuit-breaker must also be examined for
its effects upon the current transformers. The discharge currents may substantially exceed the
magnitudes and the frequency of the inrush currents described in 9.4.12. This occurs because
the contribution may come from a number of capacitor banks and is not limited by the inrush
impedance seen when energising a bank of capacitors.

9.4.13 Exposure to capacitive switching duties during fault switching

Where parallel banks of capacitors are located on bus sections in a station, caution must 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 concern for
a circuit-breaker used as a bus section tie circuit-breaker with capacitors located on both
sides of the circuit-breaker as shown in Figure 60, CB;.

The worst case occurs in a station where the bus section tie circuit-breaker is last to clear 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.

9.4.15 Effect of reclosing

Up to twice normal inrush currents are possible when reclosing is applied to a circuit-breaker
switching capacitive loads. When capacitor bank current is interrupted at or near a normal
current zero, the voltage remaining on the bank may be near peak value. Reclosing a circuit-
breaker against such a charged capacitor bank may produce high inrush current.

When a capacitor bank is connected to the load side of a feeder circuit-breaker equipped with
automatic reclosing, high inrush currents can be avoided by isolating the capacitor bank from
other loads after the circuit-breaker is tripped and before reclosing. The switching device used
for regular capacitor bank switching can be employed for isolation. This technique is
particularly recommended where other capacitor banks are connected to the same station
bus.

A second technique to avoid high inrush currents during reclosing is to increase reclosing
time delay. Normally, the discharge resistors inside each capacitor unit will reduce residual
voltage or other deliberately introduced discharging devices.

Discharge curves are available from the capacitor supplier and should be consulted where
reclosing time is delayed.

9.4.16 Resistor thermal limitations

For capacitor bank circuit-breakers equipped with pre-insertion resistors, the thermal
capability of the resistors must be considered in determining the time interval between
capacitive current switching operations. The resistance value is related to the size of the
capacitor bank and the pre-insertion resistors should normally have a thermal capability as
defined by the rated duty cycle.

If capacitive current switching field tests are planned which exceed the number of operations
as defined by the thermal capacity of the pre-insertion resistors, or which utilise a specially
designed circuit-breaker, the manufacturer should be consulted regarding the frequency of
operations.

9.4.17 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 OQil 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.
This will reduce the risk for multiple restrikes.

Older contraction type oil circuit-breakers are known to produce multiple restrikes that may
result in voltage escalation and subsequent development of an evolving fault.

9.4.17.2.2 Prestrikes

Oil circuit-breakers are especially sensitive to high-frequency prestrikes when energising
capacitor banks. The prestrikes cause a shock wave in the oil. As oil is not compressible, the
shock wave causes mechanical stresses on the internal components of the breaking chamber.
As a 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-breaker for
capacitor bank switching requires a severe reduction of the inrush current frequency or
special 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 years
with no documented problems.

For minimum oil circuit-breakers a value of 1 kAkHz is suggested.

9.4.17.3 Vacuum circuit-breakers
9.4.17.3.1 Restrikes

The voltage withstand of the contact gap of a vacuum circuit-breaker rises very fast and the
restrike probability is low. When a restrike occurs, the contact gap is small and the vacuum
circuit-breaker is usually capable of interrupting the high-frequency restrike current, which
may result in voltage escalation.

9.4.17.3.2 NSDDs

NSDDs (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 SFg4 circuit-breakers
9.4.17.4.1 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 voltage escalation is low. However, a restrike may cause tracking and/or puncture of 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 breaking
unit, the closing speed, etc.). Regarding inrush current peak and frequency there is referred
t0 9.4.10.3.3.

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
circuit-breaker. The flashover characteristic of air has a wider scatter than that of SFq. Air-
blast circuit-breakers can interrupt the high-frequency discharge current, which means that
they have 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
switching operations in the absence of faults. The presence of a fault can increase the value
of both the capacitive switching current and recovery voltage. This is recognised by
IEC 62271-100 by the specification of two voltage factors when breaking in the presence of
faults. These voltage factors are given in 9.2.1.4 and are 1,4 for effectively earthed systems
and 1,7 for non-effectively earthed systems. Tests for these conditions are not mandatory. An
example of such a fault is a circuit-breaker switching an overhead line that interrupts fault
current in 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 margin;

d) laboratory tests are performed using a minimal voltage jump, resulting in short arcing
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
capacitance 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 amplitude factor compared to the
case without the presence of the capacitor bank.

L' C
Us

o

Figure 61 — Fault in the vicinity of a capacitor bank

When the ITRV is negligible, the circuit-breaker will attempt to interrupt at the first available
current zero following contact separation, resulting in a relatively small contact gap. As the
recovery voltage increases across the gap, a re-ignition might occur and the capacitor bank
will discharge into the fault through the circuit-breaker. The amplitude of the discharge current
depends 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 capacitor
bank and the fault location.

The high frequency discharge current is superimposed on the fault current, which creates
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
NE)

be the rated capacitive switching current value as listed in Table 9 of IEC 62271-100:2008
(see also [27]).

as 2x1,2 =2,4p.u. When switching a faulted line this value may be exceeded, as may

When switching a no-load overhead line with a phase-to earth fault, the highest voltage
occurs on the unfaulted phase which interrupts prior to the faulted phase (see Figure 62a).
The highest current occurs on the last phase to interrupt when the faulted phase is the first to
interrupt. The current for this case is not a sine wave but is distorted, as shown in Figure 62b.
Under these conditions, the voltages and currents may exceed those on which the design
tests are based.
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Maximum recovery voltage 2,74 x U, 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 phase-to-clear

Voltage
- =
RN
r/

Voltage
/
\

Ve AV 2
Time Time
Maximum recovery voltage 2,18 x U, 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

9.55.1 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 capacitor
bank may be solidly earthed and/or non-effectively earthed. The size of the capacitor bank is
such that the current is equal to the rated single (isolated) capacitor bank current.

Equivalent Capacitor
Circuit-breaker bank

X

.
P

[]
.'I.----

N @

@ ©@ ©
-

Figure 63 — Reference condition

9.5.5.2.2 Recovery voltage

The highest recovery voltage (2,5 p.u.) is obtained in the first-pole-to-clear when either the
neutral of the capacitor bank, 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 covered
when testing single-phase with a voltage factor of 1,4 as required in IEC 62271-100. Although
the voltage 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\/5=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
faulted phase is the first-pole-to-clear and is equal to 3 times that of the reference case.

9.554 Fault to earth in one phase

Most 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 recovery voltage
peak will be 2,8 p.u.

The most severe case is when the source is non-effectively earthed and the bank neutral is
solidly earthed. If an unfaulted pole is the first to interrupt, the current 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 voltage.
When the faulted pole is the first-pole-to-clear, the current may be 3 times the rated current

U2
3

current but a higher recovery voltage of ZXUr\/E = 3,46 p.u. which will be shared with the third

pole. If the faulted pole reignites, one of the unfaulted poles will then interrupt and the
conditions will be as previously described when an unfaulted pole was the first to interrupt.

value and the recovery voltage 2x1,25x . The second pole to interrupt will have a lower

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
currents are no more severe than 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 circuit will
be the same as for a solidly earthed capacitor bank under faulted conditions.

9.5.7 Examples of application alternatives
Other application options available are listed below.

a) Use a circuit-breaker of a higher rating in those cases of earth faults on non-effectively
earthed systems where the recovery voltage and current, or both, exceed the
requirements of IEC 62271-100.

b) 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.

c) Use a high-speed switch to earth the source or capacitor bank neutral before switching the
capacitor bank under faulted conditions.

d) 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 been taken
into account:

— the average number of operations per year carried out by circuit-breakers switching
capacitive loads;

— the ability to reduce the number of tests by performing an increased number of switching
operations at the minimum arcing time, usually the most difficult capacitive switching
operation for circuit-breakers, thus keeping a high level of reliability;

— the recommendations of CIGRE working group A3.04. The expected restrike probability is
exclusively related to the type tests

The proposed number of tests may be questioned because of different assumptions for
probability calculations. Nevertheless, these values represent a good compromise (which is
the role of the standard where conflicting views exist), reflecting the needs of users (in
response to market demand) and above all they avoid unrealistic demands. These tests 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 factor k. /k,, (from earlier versions of the standard) where k. is the
voltage factor as described in 9.2.1.4 and k D is the first-pole-to-clear factor has been deleted
because there is neither use nor need for testing.

The variation of the power 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 whole,
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
variation (depending on the short-circuit power of the system and the capacitive load) is in the
range of 1 % 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 adjustment of
the minimum arcing time by steps of 6°) and are well adapted to the philosophy of the tests.

Performing some tests at rated pressure is a more pragmatic approach to the notion of type
testing, knowing that the circuit-breaker does not always stand under the worst functioning
conditions.

9.6.8 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 test-duty 2 of single-phase line-charging and cable-charging tests (LC2 and CC2), the tests
are split into open operations and close-open operations (6.111.9.1.3) to follow more or less
the actual service conditions. However, for practical reasons, due to the small number of
tests, in three-phase tests (6.111.9.1.2) in test-duty 2 (LC2 and CC2), close-open operations
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

Close-open operations are important for capacitor bank switching because of the effect of
inrush current. Close-open operations are not significant for line- or cable-switching
applications, therefore for line- and cable-switching tests, only a small nhumber of close-open
operations are requested (closing may be performed as a no-load operation).

A rough parity of the number of three-phase and single-phase tests has been maintained.

The mandatory nature for capacitor bank switching tests is due to the necessity to introduce
the effect of inrush current 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 operations during type testing, a high number (80 or 120 respectively) of close-open
operations shall be carried out in capacitor bank tests to 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 particular to cover decades of years.

As a result, specification should be based on the actual need, which depends on the system
class and on the use. Since the standard was addressed to any type of high-voltage circuit-
breaker, it was necessary to classify the different pressure systems. At the time of the first
issue of tightness specification for high-voltage circuit-breakers, the main concern was to link
the tightness to the maintenance schedule.

"Controlled pressure systems" are automatically replenished. This class applies mainly to air-
blast 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 SFg gas pressure systems are
not recommended for SFg switchgear and controlgear.

"Closed pressure systems" are those which are replenished only periodically, for instance
during maintenance. Tightness can be specified from 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
values of 1 % and 0,5 %/year. The original value of 3 %/year specified in Annex EE of the 4"
edition of IEC 60056 published in 1987 is no longer specified, because service records show
that 1 %/year can usually be met.

"Sealed pressure systems" are designed not to need replenishment during their whole
expected service life. The tightness of gas insulated switchgear and controlgear should be
demonstrated accordingly, to show that the minimum functional density will not be attained
before the expected end of life.

10.2 Testing

The leakages rates used in IEC 62271-1 to specify the tightness characteristic of sealed and
closed pressure systems for gas at ambient, high and low temperatures can be measured
directly with a fairly good accuracy. To check these characteristics, the method generally
used during type tests is to measure the leakage rate of the complete assembled circuit-
breaker using a cumulative test method as mentioned in 6.8 of IEC 62271-1:2007. In case
that a measurement of the complete assembled circuit-breaker is not possible, the leakage
measurement may be performed on parts, components or subassemblies. In such cases, the
leakage rate of the total gas system is to be determined by summation 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 108 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
pressure systems

10.3.1 Description of the cumulative test method

The cumulative test method is the recommended test method for the determination of gas
leaks which can occur in closed pressure systems such as for SFg circuit-breakers. This
method consists of erecting a relatively gastight enclosure (e.g. plastic tent or similar
enclosure, see NOTE 2) around the complete test object or by erecting several smaller
relatively gastight enclosures (plastic tents or similar enclosures, see NOTE 2) around each
part, components or subassemblies. The circuit-breaker should be filled as in service, at its
rated filling pressure. The measurement consists of measuring the tracer gas content increase
(e.g. SFg) within the enclosure(s) during a sufficient time period. With the today's available
measuring equipment, a time period of 1 h is generally sufficient. If enclosure(s) of small
volume are used, then this measuring period can be reduced. For very large enclosures, this
time period may need to be increased. As a rule of thumb, the time period should be long
enough that the calculated tracer gas content in the enclosure for the maximum permissible
leakage rate should be at least 3 times the minimum resolution of the measuring equipment.
From the tracer gas content increase within the enclosure(s) during a given time period, then
the annual leakage rate can be calculated. This method is considered to be very accurate and
has been widely used during type tests on circuit-breakers at ambient, low and high
temperatures.

The cumulative test method steps can be summarized as follows:
— install a relatively gastight enclosure(s) over the entire test object or over parts,
components or subassemblies;

— pressurize the circuit-breaker at its rated filling pressure with its specified gas or gas
mixture, pure SFg instead of gas mixture, or with a tracer gas such as helium;

— determine the enclosure(s) volume V, (m3);

— measure the tracer gas concentration Cy (p.p.m,. or cc/m3) within the enclosure(s) at time
reference time tg (s);

— measure the final gas concentration C; (p.p.m,. or cc/m3) within the enclosure(s) at time
t; (s):
— calculate the leak rate using the following equation:

AC _6
F=V,xP,x—x10
m X Fe X~

where

F is the leakage rate, in m3Pal/s;

Vi is the enclosure gas volume, in m3;

Pe is the atmospheric pressure, in Pa;

AC is the tracer gas concentration increase (C4-Cg), in p.p.m,. during the measuring time

period;
At is the measuring time period, in s.
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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 injecting a
known quantity of tracer gas into the enclosure.

NOTE 2 Experience gained from measurements showed that the estimation error of the enclosure volume is less
than 10 %.

The enclosure volume (V,,) should be determined by calibration. A small tracer gas quantity,
Vinjected (cm3), is injected into the enclosure volume V,,. The injected gas quantity should be
in the same order of magnitude than the gas quantity corresponding to the maximum
allowable leakage rate.

The tracer gas concentration Cppm (p.p.m,,.) has to be measured before and after injection by
the gas detector. The enclosure volume is then calculated as follows:

Vm(m3) = Vinjected(cm3) I'ACom

This procedure should be repeated twice in order to get a better evaluation of the enclosure
volume. The average value of the two measurements should be used as the enclosure volume
Vi
10.3.3 Test set-up and test procedure

For type test, the test object should be pressurized at its nominal filling pressure with its
assigned gas mixture (if applicable). Nevertheless, industrial environments and safety rules
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 may 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-breaker
seals are reduced. All deviations from service conditions have to be carefully evaluated to see
their impacts 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 help to
fulfil the temperature increase of 10°C/h specified during the low temperature 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.

NOTE It may be necessary to use an ambient temperature in the climatic room slightly lower than the required
temperature for low temperature test or slightly higher for high temperature test in order to get the required test
temperature inside the enclosure.

The maximum leakage rate (m3Pa/s) based on acceptance leakage rate limit of 0,5 % per
year (see 5.15.2 of IEC 62271-1:2007) is calculated as follow:

0.5 %xVyg x Py ><[(273 K +Ttest)/(273 K + 20 OC))X y

365 days x 24 hours x 60 minutes x 60 seconds

where

F is the leakage rate, in m3Pal/s;

Vio is the circuit-breaker gas volume, in m3;

Pio is the rated filling pressure at T = 20 °C, in Pa absolute;

Tiest IS the ambient temperature during leakage measurement, in °C;

1% is the percentage of tracer gas in the circuit-breaker gas volume.

Finally, the leakage rate per year (%/year) can also be directly expressed by the following
equation:

Patm % 365 days x 24 hours x AC xV,

F(%) =
v Vi x Py x (273K+Tt95t) xyxt
to * Mo (273K +20°C))*”

where

F(%) is the leakage rate, in %/year;

P.im IS the atmospheric pressure during measurement (a default value of 101,3 kPa can be

used);

AC is the tracer gas concentration increase (C4-Cg), in p.p.m,,. during the measuring time
period;

Vi is the enclosure gas volume, in m3;

Tiest IS the ambient temperature during leakage measurement, in °C;

1% is the percentage of tracer gas in the circuit-breaker gas volume;
t is the measuring time period.

10.3.4 Example: leakage rate measurement of a circuit-breaker during low temperature
test

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 injection method is performed in order to evaluate the enclosure volume.

Table 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 Vi
the enclosure within the SF4 gas within the
enclosure enclosure

(cm?) (p.p.m,) (p.p.m,) (m?3)
Before test 0,05
First injection 10 1,03 0,98 10,20
Second injection 10 2,06 1,03 9,71

Thus, the enclosure volume is considered to be the average value of the volumes determined
with both injections e.g. 9,96 m3.

Then, if a circuit-breaker having an internal volume of 0,375 m?3 filled with a gas mixture
consisting of SF5 and N, at a pressure of 1,0 MPa(abs) and the SFg/N, mixture is 30 % SFgq
and 70 % N,, the 0,5 %/year permissible maximum leakage rate at ambient temperature
(20 °C) corresponds to a maximum concentration of tracer gas within the enclosure during a
measuring period of 1 h is:

273K +T,
F(%) xVio x Pyg X (( teSt)/(273 K + 20 oc)j xyxt

Patm % 365 days x 24 hxVy,

AC =

3 (273K +20°C)
. 0,5%x0,375m XlMPaabSX( /(273K+20 OC))XBO%xlh

=0,063 p.p.m,,.
0,1013 MPa x 365 days x 24 hx 9,96 m3 Y

Accordingly, if the same enclosure is used for low temperature test, the maximum allowable
gas concentration increase for a measuring time period of 1 h at an ambient temperature of -
25 °C will be:

273K -25°C
3x F(%)=3x0,063 p.p.m, x (( )/(273 K + 20 oc)) =0159 p.p.m,
and accordingly at -50 °C

6x F(%)=6x0,063 p.p.m,, x ((273 K-50 °C)( -0287 p.p.m,

273K +20 °c))

11 Miscellaneous provisions for breaking tests

11.1 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-t'-CO the following conditions shall be
fulfilled:

— 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-t'-CO;

— demonstration is by three valid breaking operations during the sequence O-t-CO-t'-CO;
— the minimum and maximum arc duration shall be demonstrated during the tests;

— the starting energy for the O-t-CO part of the operating sequence cannot be less than the
energy that takes account of the energy consumption of the O-t-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;

NOTE This O-t-CO start energy is often termed the auto-reclose lock-out setting.

— the circuit-breaker shall be able to perform the required three valid shots at the minimum
functional pressure (i.e. minimum operating energy) for the specified operating sequence
as described in 6.102.3.1 of IEC 62271-100:2008;

— where appropriate, the gas pressure for interruption shall also be at its 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 maximum arc
duration 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 lockout energy, respectively.

If single-phase tests in substitution for three-phase conditions are performed under direct or
synthetic conditions, the rated operating sequence may be split in sub sequences.

For example, for synthetic testing the O-CO will be split in a single Os (breaking operation
using synthetic circuit) for the 1* O and in a subsequent Od-COs, where Od is a breaking
operation using a direct circuit (i.e. at reduced voltage).

The single O operation is here 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 foreseen
in the symmetrical test cases, the last O in the O-CO and CO sequences are performed at an
operating energy equal to the O lock-out condition, since the operation energy has been
consumed by previous operations (O-C and C, respectively).

The breaking capacity for single O operations carried out at O lockout condition is verified in
the T100a test duty, since that test duty consists of single O operations (minimum, maximum
and intermediate arcing time).

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;

b) 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;

c¢) a mechanical endurance test shall be performed in accordance with the specified class of
the circuit-breaker;

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 different category of
minimum clearing time (see 11.2.4.3 and subclause 3.7.159 of IEC 62271-100:2008);

If all requirements are met, the alternative operating mechanism combined with the type
tested circuit-breaker is deemed to have the same characteristics and all type tests performed
on the original combination are also valid for this new configuration.

11.2.2 Comparison of the mechanical characteristics

The mechanical characteristics of both operating mechanisms shall be recorded under the
same no-load conditions with the same type of circuit-breaker. In the ideal case both closing
and opening travel curves of the alternative operating mechanism should fall into the +5 %
tolerance band of the type tested operating mechanism. The tolerance band is drawn from the
beginning of the mechanical characteristics to the instant of contact touch for the closing
operation 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
placed into the envelope of reference curve. The envelope can be moved in the vertical
direction until one of the envelope curves covers the curve of the alternative operating
mechanism. This gives the following maximum tolerances over the mechanical characteristics:

50 %;
- 0 %;
- o %
The displacement of the envelope can be used only once for the complete procedure in each

test in order to obtain a maximum total deviation from the reference characteristic of 10 %. An
example is shown in Figure 64.
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—— > Time

—— > Time

Closing operation Opening operation

Key
Red traces Envelope of the reference mechanical characteristics
Black trace Mechanical characteristics of the alternative operating mechanism
Figure 64 — Comparison of reference and
alternative mechanical characteristics
Example 1:

As can be seen in Figure 64, the alternative operating mechanism (solid black line) has a
slightly different travel curve. But the comparison fulfils the requirements of 6.101.1.1 of
IEC 62271-100:2008. Even in the case that the curve during closing is leaving the reference
travel boundaries is acceptable as the travel during closing shall be within the boundaries
only until contact touch has taken place. This is before the end position of the circuit-breaker.

For the given example the requirement of the no-load characteristic is fulfilled.
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Stroke

Key
Red traces Envelope of the reference mechanical characteristics
Black trace Mechanical characteristics of the alternative operating mechanism
Figure 65 — Closing operation outside the envelope
Example 2:

In Figure 65 the closing operation of another alternative operating mechanisms is shown. In
this case the closing speed of the alternative operating mechanism is different. According to
the requirements of 6.101.1.1 of IEC 62271-100:2008 the mechanical characteristics for
closing 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 during a T100s test with the original operating mechanism, longest arcing
time 18 ms. The alternative operating mechanism had a longest arcing of time 19 ms (black
curve). The requirement to stay in the +5 % tolerance band (or the shifted envelope curves)
after contact separation is fulfilled. Therefore the alternative operating mechanism fulfils the
requirement B of 6.102.7 of IEC 62271-100:2008.

Q
X
[
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N
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 IEC 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
tests during qualification of an alternative operating mechanism two cases are investigated.

11.2.4.2 Casel

Data of the original test:

— Opening time 25 ms
— Shortest arcing time 12 ms
— Test frequency 50 Hz - Relay time 10 ms

— Network time constant 45 ms - Table 15 of IEC 62271-100:2008

The circuit-breaker was tested according to row 3 of Table 15 of IEC 62271-100:2008 as the
minimum clearing time t.qar min IS

t =25ms+12ms+ 10 ms =47 ms

clear min

43,5 ms <t ear min < 64 ms > row 3 of Table 15 of IEC 62271-100

Data of the alternative operating mechanism:

— Opening time 19 ms

— Shortest arcing time 12,5 ms

The travel curve of the alternative operating mechanism will be within the boundaries if a
comparison is made according to 6.101.1.1 of IEC 62271-100:2008. The difference of opening

time is only a result of a longer reaction time on the trip command of the drive used for the
original tests.

t =19 ms+12,5ms+10ms =41,5ms

clear min

t < 43,5 ms = not row 3 of Table 15 of IEC 62271-100:2008

clear min

22,5 ms < t.ear min < 43,5 ms = row 2 of Table 15 of IEC 62271-100:2008

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
mechanism.

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



- 162 - TR 62271-306 © IEC:2012(E)

— Network time constant 45 ms > Table 15 of IEC 62271-100:2008

The circuit-breaker was tested according to row 2 of Table 15 of IEC 62271-100:2008 as the
minimum clearing time is

t =17 ms+ 12 ms + 10 ms = 39 ms

clear min

22,5 ms < teear min < 43,5 ms - row 2 of Table 15 of IEC 62271-100:2008

Data of the alternative operating mechanism:

— Opening time 23 ms
— Shortest arcing time 12,5 ms
The travel curve of the alternative operating mechanism will be within the boundaries if a

comparison is made according to 6.101.1.1 of IEC 62271-100:2008. The difference of opening
time is only a result of a longer reaction time of trip command.

t =23 ms+12,5ms + 10 ms =455 ms

clear min

43,5 ms < tear 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 less
severe class for the T100a test, this test does not need to be performed with the alternative
operating mechanism. The stress for the circuit-breaker under the conditions of an
asymmetric short-circuit is less for the circuit-breaker with the alternative operating
mechanism as the d.c. component will be smaller during the arcing time. The original test with
the higher d.c.-component covers the smaller dc-component.

11.2.5 Conclusions

An alternative operating mechanism is qualified when the requirements of 6.102.7 of
IEC 62271-100:2008 are fulfilled.

Test duty T100a should only be performed when the minimum clearing time of the alternative
operating mechanism is shorter, such that the circuit-breaker should be tested with a higher
d.c. component.

12 Rated and test frequency

12.1 General

Two different frequencies are used in electric power systems. These frequencies are 50 Hz
and 60 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
12.2.1 Temperature rise tests

The maximum temperature rise is dependent on the test frequency and the type of apparatus
(GIS 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 the short-circuit.

The tolerance of the frequency is £10 %, but for convenience of testing a wider tolerance is
allowed. IEC 62271-1 contains a cautionary note that care should be taken when interpreting
test results when 50 Hz test are used to cover 60 Hz and vice versa.

The highest 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 =
lpeak/isym)- They are:

— 2,5 for arated 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/isym):

— 2,5 for arated 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;

— 2,7 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 ty equal to zero without
significant differences in arcing time between short-line fault and terminal fault tests;

— the arcing window covers the corresponding frequency.

In the case that the terminal fault test is tested in a synthetic test circuit with voltage injection
and the short-line fault test is not carried out with a line-side time delay less than 100 ns, the
terminal fault test has to be performed with ITRV, where applicable.

12.2.5 Short-line fault

For short-line fault tests both the rate-of-decay of the short-circuit current before current zero
and the arcing window are important factors. A higher rated frequency means a higher rate-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 important that the di/dt in the test
report 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 a rated short-circuit current of 40 kA results in a line-side rate-of-rise of the TRV of
7,2 kV/us, whereas the same test performed at 60 Hz would have a 20 % higher rate-of-rise 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/dt 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
circuit because any arcing time can be chosen.

12.2.6  Capacitive current switching

When the interrupting performance of a circuit-breaker for different rated frequencies is
compared in capacitive switching tests, the only important factor is the recovery voltage as
function of time. It 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 on 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.

When interrupting with arcing times longer than the minimum arcing time, the contact gap is
wider and therefore the voltage withstand of the circuit-breaker is higher. Maximum arcing
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 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 It is recognized that for vacuum circuit-breakers di/dt is not a relevant criterion for comparison and tests
at 50 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
different frequencies is as presented in Table 23. 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.

Table 23 — Short-line faults

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 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/dt is not a relevant criterion for comparison and tests
at 50 Hz are acceptable for 60 Hz ratings, but not vice versa.

12.3.6 Capacitive current switching

Applicability 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



TR 62271-306 © IEC:2012(E) — 167 -

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.

Test requirements for symmetrical terminal fault conditions are covered by short-circuit test
duties T100s, T60, T30, and T10. The asymmetrical duty T100a and the various short-line
fault 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
frequency and transient recovery voltage (TRV), associated with terminal faults.

The system may be earthed in different ways depending on system 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 62271-100:2008)
a system whose neutral point(s) is (are) directly earthed

[IEC 60050-601, 601-02-25]

effectively earthed neutral system (3.1.128 of IEC 62271-100:2008)

system earthed through a sufficiently low impedance such that for all system conditions the
ratio of the zero-sequence reactance to the positive-sequence reactance (Xy/X,) is positive
and less than three, and the ratio of the zero-sequence resistance to the positive-sequence
reactance (Ry/X;) is positive and less 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 rather than just at the relevant location.

non-effectively 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
(neutral) 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
short.

During each test-duty series (e.g. T100s or T60) it is necessary to demonstrate this basic
arcing 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 the end of the arcing window
of the faulted phase, consisting of the minimum arcing time plus one loop of fault current
minus 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 later than that giving the minimum
arcing time. At this setting the arcing time is too short for satisfactory clearance as a
minimum, by definition, and an additional loop i.e.180°, has to be endured until the next
current 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
generally achievable at testing stations being 1 ms at 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 tests of
each of the specified short-circuit test duties.

When three-phase symmetrical current tests are to be demonstrated using direct test
techniques, 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
operations of the operating sequence (refer to 6.102.10.1.1 of IEC 62271-100:2008). In this
way, taking into account 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
factors 1,0; 1,2; 1,3 and 1,5

13.4.1 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 Xy/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
is 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, kpIO
is 1,2 based on an Xy/X; ratio of 2.

A third condition does exist, this is where the fault is single-phase in a solidly earthed system
and the last-pole-to-clear is considered. For this condition kpp is 1,0.

At transmission voltages there has been an increase in interconnection and transformation
particularly in major urban systems. The high number of transformer neutrals connected
effectively to earth causes the value of 1,3 to be questioned. Although this has been
considered, the text of IEC 62271-100 does not take these developments into account. It is
important for users with such systems to note that as k., decreases towards unity the value of
the second-pole-to-clear factor will fall. In addition, the value of the phase currents will
change. The three phases become three independent single-phases each with k
approaching 1,0. In general the users of such systems are aware of this possibility and of the
need to consider the actual system conditions when assessing the suitability of their specified
requirements and the test evidence they are offered against these.

For rated voltages higher than 800 kV, systems are characterized by long transmission lines
and large transformers that contribute a relatively large part of the total short-circuit current.
The first-pole-to-clear factor is function of the Xy/X; ratio that is in this case equal or lower
than 2,0, as a consequence kpp is equal or less than 1,2 and has been standardized to 1,2.

Where the ratio of three-phase to single-phase earth fault current is 1,0, k., is also 1,0.
However, although this is normally assumed to be adequately covered by the use of the three-
phase requirements and the associated k,, of 1,2 or 1,3, it is important that evidence is
provided to demonstrate the extended arc condition of the single-phase fault. For a single-
phase fault an appropriate full arcing window must be demonstrated.

It should be noted that in accordance with 6.108 of IEC 62271-100:2008 specific recovery
voltage conditions are required to demonstrate the ability of a circuit-breaker to clear single-
phase and double earth faults.

Regarding earthing of the test circuit, reference is made to 6.103.3 of IEC 62271-100:2008.

13.4.2 Equations for the first, second and third-pole-to-clear factors

The equation for the first-pole-to-clear factor is :

__3%Xo (80)
PP X, +2X,

where X, is the zero sequence, and X; the positive sequence reactance of the system.
Table 25 gives the kpp 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 Xol Xy System voltage kpp
Solidly earthed 1 1
<800 kV
Effectively earthed 3 1,3
Effectively earthed 2 > 800 kV 1,2
Non-effectively earthed o <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.

Following 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 series
under the phase-to-phase voltage so that for the second and third pole,

e

Kp = where kp is the pole-to-clear factor of the individual poles.

In systems with effectively earthed neutrals the second pole clears with a pole-to-clear factor
of,

B \/3(x§ + XX+ X2)

(81)
P Xo +2Xq

k

Equation (81) can be expressed as a function of the ratio a = Xy/Xy:

\/§Va2+a+1

2+«

kp =

For the third-pole-to-clear in an effectively earthed system kp = 1.Table 26 gives kp for each
clearing pole as a function of Xy/X, as appropriate.

Table 26 — Pole-to-clear factors for each clearing pole

Xol Xy 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
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
specific requirements and tests. NOTE 1 to 6.103.3 b) of IEC 62271-100:2008 makes
reference to this matter.

Circuit-breakers are rated on the basis of their ability to interrupt a three-phase to earth fault
in either an effectively or non-effectively earthed system. Taking former case, the three poles
clear in sequence:

e First pole clears with kpp given by Equation (80) leaving a two-phase to earth fault.

e Second pole clears with k, given by Equation (81) leaving a single-phase to earth fault.
For the case of a two-phase to earth, the kpp for the first clearing pole is also given by
Equation (81).

e Third pole with kp = 1 which is also applicable to the single-phase to earth fault case.

Similar logic can be applied to faults in non-effectively earthed systems. A summary of the
pole-to-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-clear
Phase-to-earth 1 - -
Two-phase not involving Simultaneous opening of Simultaneous opening of
earth )

both poles: —— both poles: ——
2 2
Two-phase-to-earth
- V3Va? +a+1 1 B
PP 2+a

Three-phase not involving Simultaneous opening of Simultaneous opening of
earth 15 \/g \/g

both poles: T both poles: T

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

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 kIO requirements for testing

Separate procedures exist for tests performed in substitution for three-phase conditions by
using a single pole of the circuit-breaker.

The procedure as defined is for circuit-breakers to be installed in systems with non-effectively
earthed neutral and separately for those with effectively earthed neutrals. The relevant
subclauses in IEC 62271-100:2008 are 6.102.10.2.1 and 6.102.10.2.2.

The required arcing window must be demonstrated for each condition in the case of
interruptions with symmetrical currents, as for test duties T10, T30, T60, and T100s. (Note,
this also applies to short-line fault and the out-of-phase test-duties OP1 and OP2). Whether
the testing is for three-phase test requirements, or single-phase tests in substitution for the
three-phase condition, it is important that the arcing window and associated TRV are
demonstrated for the relevant system condition. In the case of a single-phase test, the three
tests of the duty are demonstrated on that single pole, as it is the representative sample of
the circuit-breaker, as allowed in 6.102.2 of IEC 62271-100:2008.

The required arcing windows for circuit-breakers applied in a non-effectively earthed system
is shown graphically in Figure 67. If contact parting is at the minimum arcing time (t;,c min) ON
one pole, then that pole clears at 0° in Figure 67 and is followed by the other two poles 90°
later. The minimum three-phase arcing time is t . ,ijp + 90°. If contact parting is now delayed
by 18°, the first-pole-to-clear on one of the other two phases will interrupt the current at
(tarc min — 18°) + 60° = t,,c min + 42°. As before, the other two poles will clear 90° later giving a
maximum three-phase arcing time of t;.. i, + 132°.

1,6

15

1,4
First pole

1,2

0,8

Second and
0,6 third poles

K, (p.u.)

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. In the upper trace, the blue phase
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
12 ms + 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
Figure 70.

20000

lare min = 12 ms

10000

- N
Contact separation T / \\ /

-10000 ; \\\\\‘__,,/—"’/

18° |
-20000 :
. XX
-30000 U/
Contact separation . \ y /
40000 :

fare max = 19 33 ms
-50000 T T T T T T

0 5 10 15 20 25 30 35 40
Time (ms)

Current (A)

Figure 68 — Three-phase unearthed fault current interruption
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Figure 69 — Arcing windows and k_ 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 k, values for three-phase
fault to earth in an effectively earthed system above 800 kV

Referring to Figure 69 and Figure 70, if contact parting is at the minimum arcing time on one
pole, then that pole clears at 0° in either figure. The transition from a three-phase to a two-
phase fault causes a phase shifting of the currents in the other phases and the second pole
will clear at 77°. A further transition and phase shift results in the third pole clearing 43° later.
The minimum three-phase arcing time is t ;. min + 77° + 43° = t3¢c min + 120°. If contact
parting is delayed by 18°, the first-pole-to-clear will interrupt the current at (t;,. min — 18°) +
60°, the second pole 77° later and the third pole 43° later still. The maximum three-phase
arcing time is given by (ty,c min — 18°) + 60° + 77° + 43° = t,,. nin + 162°. Figure 71 shows a
simulation of a three-phase fault current interruption. The first-pole-to-clear interrupts the
current 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 clearing is
obvious.
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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 and
associated k, values for individual pole clearing of three-phase faults. From Figure 67 it is
acceptable to perform a single-phase test with k,, = 1,5 and arcing times in the range t;.c nin
to tyc min + 132°. Likewise from Figure 69 and F[i)gure 70, it is acceptable to perform a single-
phase test with either k,, = 1,2 or 1,3 as applicable and arcing times in the range t .. i, t0
tore min T 162°. These tests are acceptable because the test requirements for each pole are
equalled or exceeded and has the advantage that only three valid interruptions are required.

IEC 62271-100 recognizes that the testing described above is more onerous and allows the
tests may be split into individual for 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), two
test series are: the first at k,, = 1,5 and arcing time in the range t;,; min t0 tac min + 42° and
the second at k, = 0,87 and arcing times in the range t,.c min * 90° t0 ty,c min + 132°. For the
effectively earthed cases (Figure 69 and Figure 70), three test series are correspondingly
required to address all three pole clearing requirements.

13.8 Combination tests for kIOIO =1,3and 1,5

For a requirement with a first-pole-to-clear factor of 1,3 it is possible to adapt the test
procedure during tests for a factor of 1,5. Two alternatives exist:

a) test with kIOIO = 1,5 but ensure the arcing window (see 13.2) covers the range (180° — da);

b) test with kpp = 1,5 for its normal arcing window of (150 — de) plus an additional test with
kpp = 1,3 and an arcing time of minimum arc time plus (180 — da). As stated in 6.102.10 of
IEC 62271-100:2008 all additional testing of this nature should be performed as CO
operations.

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 KA.

At 420 kV the T100, T60, T30 and T10 duty TRV values are detailed in Table 26 of
IEC 62271-100:2008 and reproduced in an abbreviated form below for convenience.

The circuit-breaker being considered satisfies the TRV peak and rate-of-rise etc. of the duties
shown in the upper part of Table 28. Those for the application are shown in a similar form in
the lower part of the table and are compared as illustrated by the arrows.

Table 28 — Example of comparison of rated values against application (U, = 420 kV)

Duty for circuit- T100 T60 T30 T10

breaker

(current) (50 kA) (30 kA) (15 kA) (5 kA)
TRV peak value 624 669 669 787
Rate 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
Rate of rise - 2,0 3,0 5,0 7,0

As can be seen from Table 28, the evidence from the upper part of the table provides
significant overlapping evidence for the application shown in the lower part. This is the reason
why 8.101 of IEC 62271-100:2008 is acceptable in this case.

Users should exercise due diligence in all cases and most particularly where the difference
between the rating and the requirement is so great that the requirements of the application
become far removed from the evidence provided by type testing. In such cases discussions
may be required with the supplier. Additional test evidence may be required.

13.10 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

Ue =Kpp xKaf 4/(2/3) xU; where ky is equal to 1,7.
2) for circuit-breakers in line systems

Ue =Kpp xKaf 4/(2/3) xU; where ky is equal to 1,8.

b) for rated voltages of 100 kV and above: Uc =kpy xkar 4/(2/3)xU;, where ky is equal to
0,9x1,7=1,53.

Some large transformers, particularly those of present design, have different impedances and
characteristics to those considered above giving rise to different current and TRV
requirements. If users have a specific transformer installation where, by extrapolation
between the standard T10 and T30 values, the present characteristics for the controlling
circuit-breaker(s) do not adequately cover the site specific requirements, then additional
testing may be needed.

14 Double earth fault

14.1 Basis for specification

This test requirement is limited to applications in non-effectively earthed systems.

In accordance with 6.108 of IEC 62271-100:2008, circuit-breakers applied in non-effectively
earthed neutral systems shall be capable of clearing single-pole the short-circuit currents
which may occur in case of double earth faults i.e. earth faults on two different phases, one of
which occurs on one side of the circuit-breaker and the other one on the other side.

Such a situation can occur if, after a single phase-to-earth fault, the two other phases stay
energized long enough to allow another fault to earth to develop on another phase. This
situation is unlikely to happen if the healthy phases are opened in a relatively short time after
the occurrence of the initial fault. However it may be provoked by the voltage elevation on
healthy phases that is produced by the first fault to earth.
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Figure 72 — Representation of a system with a double earth fault

Figure 72 illustrates the case where a fault is present in phase S. Due to the voltage increase
on the healthy phases a fault develops on the other side of the circuit-breaker in phase T. The
total fault current needs to be interrupted by pole S.

From Figure 72 it can be seen that one pole of the circuit-breaker is required to interrupt a
short-circuit under phase-to-phase voltage. As the recovery voltage is higher than in other
terminal fault test duties, this breaking condition could be more severe than a terminal fault
T100 condition, but, as explained in 14.4, the short-circuit current is only 87 % of the rated
short-circuit current.

This condition is not covered by test duty T100 and, since it has a low probability of
occurrence, 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 most
severe condition of arcing time i.e. with a long arcing time corresponding to a high energy
content of the arc and with a 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 symmetrical
condition leads to the highest TRV peak possible when compared to the value specified for
test duty T100.

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

3

for terminal fault. The di/dt is obtained by multiplying the T100s value by - It follows that

the rate of rise of recovery voltage is equal to the values of T100s multiplied by %xgzl

’

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, t3 is derived from u. and the RRRV.

In the case of a four-parameter TRV, u; and u, are calculated on the basis of a pole-to-clear
factor of V3, t; is derived from u; and the RRRV and t, = 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
— 5
Us
e

Ur

©

Figure 73 — Representation of circuit with double-earth fault

The use of symmetrical components leads to the following equations:

IR=0 — I, +1,+1,=0
Us=0 — Uy +a%U; +au, =0
Ur=0->  Uy+aU; +a2U,=0
with

a=el2n3 = _1/2 + jN3/2

U =U-X14 (82)
Uy = = Xsl, (83)
Uy = = Xglo (84)

this gives:

Xolg + a2(U = X41;) — aX,ly = 0
Xolg + a(U — X41;) — a2X,l, = 0

I, +1,+15=0

or,

a2X 1y + aXyly + Xglg = 22U (85)
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aXyly + a2X,l, + Xglp = au

I +1,+153=0

Multiplying Equation (86) with “a” and subtracting Equation (85) leads to:
(1-a)Xsly, + (a—1)Xglg =0 = X,1, = Xplg
Multiplying Equation (85) with “a” and subtracting Equation (84) leads to:
X111(1-a) + (a-1)Xplg = (1-a)U > X414 — Xplg = U

A system of 3 equations with 3 unknown is obtained:

I +1,+15=0

X5l = Xplo

X111 — Xplg = U

Resolution of Equations (90), (91) and (92):

Xolo

|1+ +|0=0
2
X2+XO 11X
| —<c 2 —] lp =——122
OX X2 1 0 X2+X0
XX
X1I1+MXI1:U:OV |1(X1+LJZU = =
X2+XO X2+X0 X1+
and |0:_&
X2+X0
Iy =1y~ g = ——1%0
2 1 0 X2+X0

The current in phase S is given by:

Is=lg+a2ly +al, with a=e2m3=-1/2 + 32

From Equations (94) and (95), and with the standard hypothesis X, = X;:

X4l Xol
|S :_¢+a2|l_a¢
X1+Xo X1+Xo
V3
, , — X4 32+ |=jXoW/3
IS _—X1+a X1+a Xo—aXO _ 2

|1 X1+X0 X1+X0

(86)

(87)

(88)

(89)

(90)

(91)

(92)

(93)

(94)

(95)
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Using the equation for I, given in Equation (93), the current for the double earth fault (4. is
then:

ldet = Is

~U3 [ﬁg x_]

Xi+2Xo | 2 2 ' X,

For non-effectively earthed networks X, >> X4, which gives:

o Y¥3 X0 UVE
def =%+ 2Xy Xy 2%,

Lo .3
The three-phase short-circuit is given by Ig. = U/X;— e =—jglsc, or |Idef|:0,87|lsc|.

Fault currents relative to the three-phase short-circuit current are shown in Figure 74 for this
case and for other fault cases.
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Ratio: Fault current/TPG fault current
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Xo/X4
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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
IEC 62271-100. CIGRE provides important reference documents covering reliability [28],
condition monitoring [29] and life management [30] of circuit-breakers.

15.2 Transport and storage

A circuit-breaker that has met all factory testing and inspection requirements is considered to
be correctly manufactured and suitable for use on a high-voltage network. It is therefore
important to ensure the circuit-breaker is transported and stored in a manner that does not
cause damage to the equipment.

IEC 62271-1 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.

Consideration 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 includes
any environmental changes that are likely to be experienced during transportation and
storage, for example ambient temperature, pressure, humidity and pollution especially from
salt (seal/coastal) environments. A particular consideration may be whether the packed
equipment should be capable of being stored outdoors for a defined period without being
damaged. 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
controlgear with insulation other than ceramic insulation should be suitably protected against
invasion by vermin.

Each packing case should contain a list detailing the contents of the case. There should be
clear indication of any special handling conditions, which should preferably be repeated on
the container. Shock indicators are a useful method of determining whether the equipment
has been subjected to high impacts during transportation.

Any valves or other fittings liable to damage during shipment should have covers or shall be
replaced 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. Involvement of
the manufacturer should be considered and there may be a need for qualification of staff 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 appropriate, for filling to
operational pressure.

Confirmation should be made that correct gas transport pressures have been maintained and
subsequent filling is to the correct pressure. The use of recycled gas complying with
IEC 60480 is encouraged provided there is agreement with the manufacturer. The
manufacturer is to state any requirements for the use of recycled gas. All necessary testing to
prove 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 or waste SFg should be recovered for
recycling. More information regarding recovery and equipment for recovery of SFg is provided
in IEC 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 for all
environmental, operational, fault and seismic conditions. This requirement is important for
adjacent equipment as well as the circuit-breaker.

Checks should include correct assembly, avoidance of damage, correct gas pressures and
correct earthing.

15.4 Commissioning

Commissioning tests are recommended to be performed following installation. The purpose of
these tests is to confirm the following:

— transport and storage have not damaged the circuit-breaker;

— separate 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.

Subclause 10.2.101 of IEC 62271-100:2008 contains guidance for commissioning tests. A
commissioning test program is required that may include but not be limited to the tests
included in the guide. The nominated tests are comprehensive but it may be appropriate to
exclude some tests or include additional tests as appropriate. The selection of tests should
consider the type and construction of the circuit-breaker as well as the conditions of
transportation, storage and installation. Subclause 10.2.101 of IEC 62271-100:2008 includes
tests and checks in the following categories:

e general checks including assembly, tightness, external insulation, paint, corrosion
protection, operating devices, earth connection and operations counter;

e checks of electrical circuits including wiring, position indication, alarms, lockouts, heating
and lighting;

e checks of the insulation including filling pressure and quality (in accordance with
IEC 60376, IEC 60480 and IEC 62271-4 for SFg);

e checks on operating fluids including levels, filling pressure and purity;
e site operations;

e insulating and interrupting fluid alarm and lockout pressures on rising and falling
pressures;

e characteristic rising and falling operating pressures for hydraulic and pneumatic systems
including lockout, low pressure alarm, safety valve and pumping device cut-in and cut-out;

e power consumption during operations;

o verification of the operating sequence;

e closing and opening times of each pole including control and auxiliary contacts;
e recharging time of the operating mechanism;

e mechanical travel characteristics where the circuit-breaker has been assembled as a
complete circuit-breaker for the first time or where all or part of the routine tests have
been performed on site;

These mechanical travel characteristics may be used as a reference for future
maintenance. Due to differences in the measurement equipment, the results may differ
from the information provided by the manufacturer;

e opening, closing and auto reclosing at the minimal functional pressure for operation;

e the time during which the circuit-breaker remains closed during a CO operation including
an anti-pumping check;

e Dbehaviour of the circuit-breaker on a closing command while an opening command is
already present;

o the application of an opening command on both releases simultaneously;
e protection against pole discrepancy;
o dielectric tests on auxiliary circuits taking care not to damage vulnerable sub components;

e measurement of the resistance of the main circuit.
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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 recorded to assist with future maintenance decisions.

The instructions need to be sufficient for final inspection and putting into service.

15,5 Operation

The manufacturer needs to provide suitable instructions and the user needs to have suitable
understanding of the equipment characteristics and principles of operation. This must include
the relevant safety requirements and the actions that must be taken for operation, isolation,
earthing, maintenance and testing. These instructions should preferably be agreed and
understood by the user prior to installation and ideally at the time of purchase.

15.6 Maintenance

The manufacturer should provide a maintenance manual that includes the extent and
frequency of the recommended maintenance and a description of the maintenance work.
Suitable drawings should clearly identify assembles, sub-assemblies and significant spare
parts necessary for the maintenance and repair of the equipment. Measurement values and
tolerances should be included which may require corrective action. Specifications should also
be included for any materials and tools needed during maintenance. The manufacturer should
also be prepared to state their policy for the continued supply and availability of spares. The
maintenance manual and any training must adequately cover the various hazards that may
create: a risk to personal safety; a risk to the environment; or damage to the circuit-breaker.
These hazards may include electrical, mechanical, thermal, operational and chemical aspects.

The user needs to ensure maintenance staff are suitably competent for the task. The user
should also ensure suitable records are kept of the history of service, maintenance, failures
and measurements taken.

It is important that suitable information is exchanged between the manufacturer and user
during the life of the equipment. This should include failure information, special instructions
and refinements to the recommended maintenance procedures. It is important that both
parties provide information.

Further tools and techniques are available to optimise the performance of the equipment and
effectiveness of the maintenance effort. On-line condition monitoring and Reliability Centred
Maintenance (RCM) are examples of emerging strategies that can be applied to circuit-
breakers. Information gained by the use of such techniques should be shared with the
manufacturer. CIGRE provides comprehensive analysis of the strategies available in these
areas [29, 30].

16 Inductive load switching

16.1 General
Inductive 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
unloaded transformer and motor switching as extensions to that case.

16.2 Shunt reactor switching

16.2.1 General

The three shunt reactor switching cases to be considered are:

e solidly earthed shunt reactors usually applied at HV (72,5 kV < U, < 245 kV, where U, is
the rated voltage) and EHV (300 kV < U, < 800 kV);

e neutral reactor earthed shunt reactors usually applied at EHV;

e unearthed shunt reactors usually applied at U, < 52 kV but also up to 170 kV in some
countries.

All three cases can be readily analysed by first considering the general case of the neutral
reactor earthed shunt reactor and extending it to the other two cases.

Typical shunt reactor characteristics are provided in 16.5 and related system and station
characteristics in 16.6.

16.2.2 Chopping overvoltages

The general case is shown in Figure 75 where the shunt reactor is represented by its
inductance L and capacitance C_ and the neutral reactor correspondingly by Ly and Cy. C_
includes the inherent capacitance of the shunt reactor and the capacitance of all components
between the circuit-breaker and the shunt reactor. Cy is the inherent capacitance of the
neutral reactor but does not influence first-pole-to-clear considerations and can be ignored.
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Figure 75 — General case for shunt reactor switching

After contact parting as the current goes towards zero, an unstable interaction occurs
between the arc and the capacitance in parallel with the circuit-breaker (refer to 16.7). This
interaction results in a negatively damped oscillation in the current which eventually crosses
the zero line thus chopping the current prior to the power frequency zero crossing as shown in
Figure 76. The chopping of the current leaves stored energy in the shunt reactor resulting in
an overvoltage referred to as the suppression peak overvoltage. The task now is to calculate
the magnitude of this overvoltage and apply it to the first-pole-to-clear case for the circuit-
breaker. 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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Figure 76 — Current chopping phenomena

The first-pole-to-clear representation for the general case (Figure 75) is shown in Figure 77. i
is the chopped current in the first-pole-to-clear and the second and third poles are considered
to be earthed through an infinite bus.

Circuit-
breaker . L
— Ic
L1 | =
T
L Ly
1 J_ Y Y Y\ fWY\_-L
T )
L
1 __J___ Y Y Y\
X I Cu
Key
i Chopped current C. Load side capacitance of the shunt reactor
L Single-phase shunt reactor inductance Ly Inductance of the neutral reactor

Figure 77 — General case first-pole-to-clear representation

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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Figure 78 — Single phase equivalent circuit for the first-pole-to-clear

x is defined by considering the total load inductance L' as follows:

. 1 _
L'= L{1+ L }_ L[1+x] (96)

For solidly earthed shunt reactors, Ly = 0, « = 0 and L' = L, for non-effectively earthed shunt
reactors Ly =oo; k=05and L'=1,5L.

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 U,
+ U, since the arc voltage is in phase with the current and of opposite polarity to Ug. 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
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Referring to Figure 77 for the first-pole-to-clear, the energy stored E, in the capacitance C, at
the instant of current chopping is given by:

1 1 1
Ec =ECL[UO(1+ K)+Ua [ =ECL[UO(1+ x)+Ug(kin - 1)] %= ECL[UO(kin +x))2

Similarly, the energy E,| stored in the inductance L(1 + «) is given by

E = % L1+ x)i2

The maximum voltage U,,, actually an overvoltage occurs when the total available energy E;

is stored capacitively in C:

1 1 P!
Er=Ec+E, :ECL[UO(kin + i) 2+EL(1+ x)i2 :ECLU%

. \2
U—m:\/(kin“()ZJ”(L;LJ L(1+ K) = kp 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 k, in p.u. is given by:

. 2
ka=kb—/<=\/(kin+1c)2+(i] L(1+1<)—1( (97)

Ug ) CL

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, x = 0 and Equation (97) becomes

2
i )L
Ky = [k2 +| - | — 08
a\/ln (UoJ c, (98)

and for the non-effectively earthed neutral case, « = 0,5 giving

. 2
Ky = \/(kiﬁ n o,5)+(LJ EELY (99)
Us) C

Ke

Figure 80 — Shunt reactor voltage at current interruption

With regard to Equation (99), especially for high current reactors (low values of L), the second
term under the root sign may be insignificant and k, is dependent only on the arc voltage.

The value of the chopped current is dependent on the capacitance C; seen from the circuit-
breaker terminals including the source side capacitance Cg, the grading capacitor capacitance
Cp, the number N of interrupters in series per pole and the so-called chopping number A for a
single interrupter, which is a characteristic value of the circuit-breaker. The chopping current
level is given by:

ich = A4/NCy (100)

C.C
where Ct =Cp T el
CS +C|_

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 x 10% to 19 x 104
SFg self-blast 3 x 10% to 10 x 10%
SFg rotating arc 0,39 x 104 to 0,77 x 104

The maximum value of C; leading to the highest chopping level and subsequent highest
suppression peak overvoltage occurs when C, >> C; and C, is given by:

Ct :Cp +C|_ (101)

Substituting for i, (from Equations (100) and (101)) in Equation (99) gives k, on a chopping
number basis:

L+x)(Uo

o (8
ko = (14 )14+ —— =P 41| -« (102)

A more 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 Y NA%2 ) Cp
ka —(1+K)\/1+(1+KJ(EJ[H+1J -K (103)

For solidly earthed shunt reactors, « = 0 and k, is given by:

2
Ky =.[1+ 1,5N4 (C—P+1] (104)
oQ | CL

For non-effectively earthed shunt reactors, x = 0,5, N = 1, Cp is negligible compared to C; and
ky is given by:

2
Ky = |(kin +0,5)2 +M[C—P+1] -0,5 (105)
oQ | CL

ky, 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:

k =1+2x+k (107)
v a

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

When 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

k
Ka [ P
Up=1p.u. T '
Second parallel | Uo
oscillation v "
¥ S
Reignition
. overvoltage
Loa_d S'_de _/ oscillation
oscillation

\— Reignition

U, Power frequency crest voltage to earth at instant of current interruption
K, Suppression peak overvoltage in p.u. of Uy

kp Re-ignition overvoltage peak to earth in p.u. of Uy

kg Re-ignition overvoltage excursion in p.u. of Ug

U Cs C
S0 s g,k
UO CS +C|_ CS

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 C4 > C.The re-ignition overvoltage in the worst
case occurs when Cg << C| and its magnitude kp in p.u. to earth assuming damping (f) is

given by:

kp =1+ B(1+2K+Ky) (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+ B)1+2x+k,) (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-
ignitions as compared to the typical case of re-ignition at one zero crossing only.
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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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Figure 83 — Single-phase equivalent circuit

16.2.4.2 Load side oscillation

A successful shunt reactor current interruption results in a decaying load side oscillation with
the trapped energy oscillating between the inductance L and the capacitance C; (Figure 83).
The frequency of this oscillation is:

1

27[“ LCL

and is typically in the range 1 kHz to 5 kHz for EHV and HV shunt reactors and up to 30 kHz
for MV shunt reactors. f_ is the frequency of the circuit-breaker transient recovery voltage
whose peak value is given by Equation (107).

fL = (110)

16.2.4.3  First parallel oscillation

When a re-ignition occurs in the circuit-breaker, a first parallel oscillation occurs due to the
discharge of capacitance Cp through the circuit-breaker (Figure 81 and Figure 83). The
frequency of this oscillation is given by:

1

fg=—
Pt o JLeCh

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
overvoltages.

(111)

16.2.4.4 Second parallel oscillation

The second parallel oscillation follows the first parallel oscillation involving Cg, C; and L, and
results in equalization of the voltages on C; and C, (Figure 83). The frequency of this
oscillation is given by:
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1

p2 =

2r Lb[

CsCL
CS + CL

(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

Under certain circumstances (C4 and C; of the same order of magnitude), a main circuit
oscillation follows the second parallel oscillation (Figure 83). This oscillation is complex and
its frequency in its simplest form is given by:

1

Lg+L

f - |—=Ss"=
M 27 | LL(Cs+C)

and is in the range 5 kHz to 20 kHz.

16.2.5

Overvoltage limitation

(113)

Some method of overvoltage limitation is usually applied in all shunt reactor switching cases.
The various methods and their relative effectiveness are reviewed in Table 30.

Table 30 — Chopping and re-ignition overvoltage limitation method
evaluation for shunt reactor switching

Overvoltage limitation
method

How does the method
work?

Advantage

Disadvantage

Opening resistor

Resistor causes phase
shift of current with
respect to voltage
resulting in current
interruption by resistor
switch at lower point on
voltage halfwave thus
reducing k, and
consequently k ,
significantly.

Very effective on circuit-
breakers with very high
chopping numbers, i.e. air-
blast and dual pressure
SF circuit-breakers.

Adds significantly to
mechanical complexity and
maintenance requirements
of the circuit-breaker; not
viable — technically or
economically — on single
pressure SF¢ circuit-
breakers; re-ignitions can
still occur.

Surge arresters to earth at
shunt reactor

Limits overvoltage to earth
(k,) at shunt reactor.

Passive.

Effective only for circuit-
breakers producing
suppression peak
overvoltages in excess 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
(k) 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.

Surge 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 necessarily
increased suppression
peak overvoltages; does
not eliminate re-ignitions;
may have the effect of
reducing the minimum
arcing time such that
probability of re-ignitions
is unchanged; require
space.

Controlled switching

Ensures contact parting
with respect to current
wave such that
interruption occurs at the
first subsequent current
zero.

Eliminates re-ignitions.

Suitable only for
mechanically consistent
circuit-breakers with
appropriate minimum
arcing times; requires
independent pole
operation.

16.2.6

16.2.6.1 General

Circuit-breaker specification and selection

Shunt reactor switching is a very unique switching duty and requires diligent specification and
selection of the circuit-breaker. The intent should be to specify the circuit-breakers in terms
under the control of the manufacturer and to select the circuit-breaker to perform the duty
while minimizing the overvoltage impact on the application which is under the control of the
user.

16.2.6.2 Circuit-breaker specification

On the basis that the dedicated purpose of the circuit-breaker is to switch a shunt reactor
only, the following characteristics should be specified. If short-circuit current interruption
capability is required then this duty must also be specified.

o 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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e 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;

e 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;

e 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

Overvoltages 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 switching).
For HV circuit-breakers, by reference to Equation (104), a degree of control of overvoltage
levels can be exercised by considering the quantities N, 4 and Cp as follows [35]:

N: k., can be reduced by minimizing the number of interrupters in series on the circuit-
breaker.

A. Choose a circuit-breaker with a low chopping number. For gas circuit-breakers, the
chopping number tends to increase with arcing time and therefore the minimum arcing
time should be as short as possible.

Cp:The grading capacitance value should be as low as possible.

For vacuum circuit-breakers, where the chopping number approach is not applicable,
reference is made to Equation (99) and 16.6. The only circuit-breaker characteristic in the
equation is the chopped current level i.. To provide some overvoltage level control, the choice
is to select a vacuum circuit-breaker with contact material that minimizes current chopping
[36].

The selection of circuit-breakers for non-effectively earthed shunt reactor switching at
voltages < 52 kV differs from that of the HV and EHV cases. At these voltages the current
magnitudes 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 related
to the TRV requirements for T10/T30 in Table 13 of IEC 62271-100:2008. The procedure to be
followed is as follows:

a) Calculate the frequency of the load side oscillation:
. 1
- 2z 150G,

b) Calculate k, from Equation (105). Note that the second term under the square root will
usually be negligible and k, can thus be taken as equal to k;,.

c) Calculate k,, from Equation (107):
krv =2+ I(in
d) Calculate the time to peak ty of the recovery voltage oscillation:

1

ty=—
P2f,

e) Calculate the t; value:

t3 = 0,87 X tp

f) Calculate the rate of rise of the recovery voltage RRRV:

U2
Nl

RRRV = x kpy /13
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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
proper interaction between the circuit-breaker and the circuit occurs. The exact definition of
the load side effective capacitance, which includes the stray capacitances in the circuit and
the circuit-breaker grading capacitance, is mandatory in order to determine the true chopping
member of the circuit-breaker.

By reference to Equation (99), the worst case for suppression peak overvoltage generation is
at minimum current giving the highest inductance value (L). The purpose of the testing is not
so much to demonstrate interrupting capability — the current is after all forced to a premature
zero — but rather to establish that the circuit-breaker meets certain performance criteria and to
derive its chopping current and chopping number characteristics. These characteristics are
dependent on arcing time for most circuit-breaker types and a large number of test shots 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 time and the suppression peak
overvoltages are measured. Equation (99) is used to calculate i; (x = 0) and then
Equation (100) to calculate 1. A regression analysis is required to derive the chopping number
characteristic and, once derived, the characteristic can be used to predict actual performance
in the field [37].

To be judged as suitable for shunt reactor switching, a circuit-breaker must meet the following
two performance criteria:

a) the circuit-breaker shall interrupt the current with at most one re-ignition leading to
conduction of another loop of power frequency current. This criterion applies to all three
circuit-breaker poles in three-phase tests;

NOTE Multiple high frequency re-ignitions in any one current zero crossing are counted as one re-ignition.

b) all re-ignitions should occur between the arcing contacts.

The application of laboratory test results to actual shunt reactor applications is described 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
applications. 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 for the
purpose. However, because the applications can be related to the T10/T30 values 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;

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 motor is
running;

according to practical experience the overvoltages when breaking the starting current
are usually higher than when breaking no-load or load-current. In addition to possible
higher chopping currents, overvoltages are also caused by re-ignitions, which usually
are much more numerous when starting current is interrupted.

b) No-load current

e the no-load current of a small HV motor may be lower than the chopping current level
of the circuit-breaker;

o the power-frequency recovery-voltage is very small compared to the case of breaking
the starting current. As the rotor is running a voltage is induced in the stator with a
frequency equal to the power frequency during the first periods;

e re-ignitions are not likely as the recovery voltage is low;
e low power factor (cos ¢ ~ 0,1).
c) Load current
¢ high power factor (cos ¢ = 0,7 — 0,9);
e power-frequency recovery voltage is low;

e low overvoltages, no re-ignitions.

With regard to breaking capability and overvoltage generation, it is clear that the breaking of
starting current is the most severe case. This case is discussed in the following based on the
CIGRE motor switching equivalent circuit approach.

16.3.2 Chopping and re-ignition overvoltages

The motor switching equivalent circuit is shown in Figure 84.
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Motor substitute circuit
Circuit

Source Busbar breaker L R

Cable
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2 %? _________ tr3e "
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Key

u Rated voltage Rp Motor substitute parallel resistance
Z, Earthing impedance Ly, Inductance of connections

L, Source side inductance L Motor substitute inductance

C Supply side capacitance R Motor substitute resistance

Lys Inductance of capacitors and connections Cp Motor substitute parallel capacitance

Figure 84 — Motor switching equivalent circuit

Motor switching is analogous to the non-effectively earthed shunt reactor switching case and
the equations for this case as shown in 16.6 can be applied with the following qualifications:

a) C, is the total motor and cable capacitance per phase. The cable is treated as a lumped
capacitance;

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 is 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 high
frequency currents. This can lead to repeated prestriking and interruption during a closing
operation 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
escalation occurs when successive re-ignitions and interruptions result in increasing values of
the initial voltage for the load side oscillations and hence increasing TRV values across the
circuit-breaker.

Voltage escalation is hazardous to the motor due to the high stress imposed on the turn-to-
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

motor terminals [46, 47]

at the motor.

Overvoltage limitation How does the method Advantage Disadvantage
method work?
Surge arresters to earth at | Limits overvoltage to earth | Passive. Effective only for circuit-

breakers producing
suppression peak
overvoltages in excess of
the surge arrester
protective level; re-
ignitions can still occur at
up to twice the above
protective level with no
reduction in the re-ignition
overvoltage excursion
frequency; has little or no
influence on multiple re-
ignitions associated with
vacuum circuit-breakers.

Surge suppressors at
circuit-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 surge
arresters but more
effective in limiting
multiple re-ignitions.

Surge capacitors at motor
terminals [46, 47]

Decreases frequency of
the motor circuit recovery
voltage and also frequency
of the re-ignition
overvoltage excursion.

Effective for circuit-
breaker types other than
vacuum circuit-breakers;
may reduce kg for vacuum
circuit-breakers where the
chopping current is
dependent mainly on
contact material

Multiple re-ignitions will
still occur with vacuum
circuit-breakers; single re-
ignitions will still occur
with other circuit-breaker
types.

RC damper at motor
terminals [41, 42, 43]

Introduces losses into the
re-ignition circuit; high
frequency re-ignition
current damped and
becomes exponentially
decaying current with no
zero crossing.

Properly selected can
eliminate multiple re-
ignitions, voltage
escalation and virtual
current chopping in
adjacent phases.

Cost of losses in resistor;
each installation may have
to be treated as unique
thereby restricting use of
standard components; no
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-
breaker [48]

Limits the voltage across
the circuit-breaker at
which re-ignitions can
occur to the protective

Magnitude and probability
of re-ignitions are
reduced; multiple re-
ignitions and voltage

Does not eliminate
multiple re-ignitions and
voltage escalation; steep
surges can still be

level of the varistor. escalation are suppressed. | imposed on motor even
though the magnitude of
the overvoltages may be

limited.

16.3.6  Circuit-breaker specification and selection

16.3.6.1 General

The 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 often
customized, off-the-shelf devices are generally used for motor switching. This is enabled by
the application of overvoltage limitation measures as appropriate to the type of switching
device.

16.3.6.2 Circuit-breaker specification

The following characteristics should be specified:

e dielectric withstand requirements;
e motor rating;
e motor starting, load and no-load currents;

o load side characteristics: motor starting equivalent inductance and the total effective
capacitance including the connecting cable;

e mechanical endurance: class M1 or M2 in accordance with expected frequency of
operation.

16.3.6.3 Circuit-breaker selection

The two predominant circuit-breaker technologies in use for motor switching today at medium
voltage are SFg 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 exceptional cases at voltages of 52 kV and below where there is an agreement with the
manufacturer and the user to test a specific combination of circuit-breaker and transformer,
reference can be made to the French National Standard8 for unloaded transformer switching
tests for circuit-breakers rated at 1 kV to 36 kV.

16.4.2 Oil-filled transformers

The switching of no-load oil-filled transformers from the high-voltage side using high-voltage
circuit-breakers is not considered onerous or to deserve particular attention. The reason for
this is that the stresses imposed on the circuit-breakers are very much less severe than for
any other switching duty. The magnitude of the current is negligible, generally less than 1 A
for modern low-loss transformers. The load side TRV is an under-damped oscillation whose
circuit parameters can be derived from the factory core measurements and impulse test
circuit. The equivalent circuit for the unloaded transformer is as shown in Figure 85. An
example of an actual unloaded transformer TRV field measurement is shown in Figure 86.

CcB _ T cB

@ — @ —

Key

u Source voltage im Magnetizing current of the transformer
CB Circuit-breaker L,R, C Components representing transformer
T Transformer

Figure 85 — Unloaded transformer representation for TRV calculation

8 UTE C64-115, February 1990.
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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
often switched with vacuum circuit-breakers. This case has certain similarities to motor
switching including the fact that there is usually a length of cable between the circuit-breaker
and the transformer [50]. The transformers can be treated, as for both shunt reactors and
motors, as a capacitance in parallel with an inductance. The effective capacitance is much
lower than for oil-filled transformers and is in the order of 200 pF to 500 pF. The inductance is
the magnetizing inductance of the transformer and the magnetizing currents are typically in
the range 1 % to 3 % of rated full load current. For example, a 13,8 kV, 5 MVA transformer
with 3 % magnetizing current would have a natural frequency of 3,8 kHz (C = 500 pF,
L = 3,52 H) assuming that the core losses are insignificant.

16.4.3.2 Overvoltages

Overvoltages are not an issue when switching out high-voltage transformers using SFg gas
circuit-breakers. However, vacuum circuit-breakers are now used up to 145 kV but no
information is available on how they perform in this regard. In any case, transformers are
always protected by a surge arrester for other reasons.

Studies have shown that the overvoltage level on switching unloaded dry-type transformers is
dependent on the length of cable between the circuit-breaker and the transformer [39]. The
results indicate that the longer the cable the lower the overvoltage level, but the overvoltage
level tends to increase with increasing MVA for constant cable length. 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
prevent 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.

16.4.3.4 Circuit-breaker specification and selection

In most cases, circuit-breakers rated at 52 kV and below are specified and selected according
to requirements other than unloaded transformer switching. The reason for this is that the
circuit-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 connected to station busbars or to
transmission line terminations and are solidly earthed or through a neutral reactor (sometimes
referred to as a four-reactor scheme). At voltages below 72,5 kV, reactors are commonly
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 as a
three-phase group.

The characteristics of shunt reactors depend to a great extent on the design, which can be:

o three-legged gapped iron-core;
o five-legged gapped iron-core;
e shell-type gapped iron-core;

e coreless (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 1,4-2,3
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 51
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"
17,5 40 - 80 50/60 1400 -2 20 -10 0,8-22 21-29°

600
12 40 - 75 50/60 1900-3 10-5 08-22 29-41°
600

a Qil-filled reactor capacitance phase-to-earth ignoring internal capacitive coupling between phases.

b Applicable to first-pole-to-clear.

In the range 72,5 kV to 245 kV, reactors are most commonly oil-filled and have three-legged
gapped cores with layer, continuous disc or interleaved disc windings. Air-cored dry type
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, five-
legged or shell-type cores (with the wound core legs gapped). The windings are of the layer,
continuous disc or interleaved disc type.

At 735 kV and 765 kV, reactors are almost exclusively banks of single-phase units with similar
constructions as for 550 kV single-phase units.

The effective capacitance values of the reactors are dependent on the design and
construction. For oil-filled units, the capacitance is composed of bushing capacitance, winding
series capacitance and winding capacitances to earth or to shields. Bushing capacitances
range from 500 pF to 800 pF.

Effective winding capacitances vary from a minimum of about 1 200 pF to a maximum of
about 3 500 pF, layer windings having the lowest values and interleaved disc windings the
highest values. For dry coil units, no bushings are involved and capacitance is that due to
windings to earth and winding series capacitance. Both of these values are low, the latter so
because of the large number of turns inherent in such coils, and the effective capacitance is
in the range 300 pF to 500 pF.

For general reactor switching application and laboratory testing purposes, oil-filled reactors
can reasonably be assumed to have an effective capacitance of at least 2 000 pF. This will
give natural frequencies of 1 kHz to 5 kHz for reactors rated 72,5 kV to 800 kV, the lower
frequencies being applicable at the higher voltages and vice versa.

16.5.3 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 source side capacitance. The source inductance can be derived from the prevailing short-
circuit 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 capacitance is
assumed to be at least 10 times greater than the latter.

16.6.3 Station characteristics

Directly connected shunt reactors are connected either to station busbars or to overhead
lines. 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 reactor.
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

The inductance 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-ignition
process. The capacitance of long connecting busbar/line lengths (up to 170 m reported), and
relatively short cable or busbars in gas insulated substations (GIS) lengths is significant
compared to that of the reactor and must be considered. Additionally, other connected
equipment between the circuit-breaker and the reactor will also contribute to the overall load
side capacitance and may also require consideration. Capacitance values for such equipment
are given in Table 34.
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Table 34 — Capacitance values of various station equipment

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
- sED 0,03-0,15
- Capacitor® 0,10-1
- Epoxyd 0,10 -1

& variation is with voltage rating.
b Wwithout capacitive voltage grading.
C Oil-filled with capacitive voltage grading.

d Resin impregnated with capacitive voltage grading.

16.7 Current chopping level calculation

When interrupting small inductive currents, circuit-breakers will force the current to zero prior
to the natural current zero. This phenomenon is referred to as current chopping, the degree of
which and associated resultant overvoltages, depends on the type of circuit-breaker and the
circuit involved.

Current chopping is caused by an unstable interaction between the arc and the circuit. Arc
instability is defined as any abrupt change in the conductivity of the arc occurring away from
the natural zero in the current loop and having its origin in the arc characteristic and/or the
arc cooling mechanism. In the early 1960s Rizk showed for arcs in gases and oil that,
following a rapid change of arc current, the arc voltage will approach a new stationary value
through an exponential curve, which is characterized by a time constant [51, 52]. Assuming
initial static arc conditions of a current I, giving an arc voltage of U,, the response to a step
current change of 4l is:

U(t)=U, +Ral +(R, —R)le 7,

where R — du i.e. the incremental or dynamic arc resistance, which is
Ll - negative for low current arcs (see Figure 87),

a

U, . . .
Ra :I—a is the static arc resistance;
a

and @ is the thermal time constant of the arc. 6 is proportional to the current and is dependent
on the circuit-breaker cooling mechanism [51, 52].
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Figure 87 — Arc characteristic
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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
circuit assuming that the static characteristic of the arc is given by the equation:

Uala =N (114)

where u, is the arc voltage, i, the arc current, « a constant and n 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

(115)
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and

R
L = Ta 116
A 14 qa ( )

The single-phase equivalent circuit for inductive current switching is shown in Figure 89.

Ls Circuit-breaker
Y YT
L

& -
—— Cs — o) L

Key

L, Source side inductance

L Load inductance

C, Source side capacitance

C, Load side capacitance

C Capacitance across the circuit-breaker

Figure 89 — Single phase equivalent circuit

L and L are large enough to prevent rapid current changes and local bus inductance is
assumed small enough to be neglected. Therefore, the external circuit which interacts with the
arc is Cp (grading or stray capacitance) in parallel with C; 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

The impedance Z of the circuit is:

_ Ra(Rit+joly) 1 (117)
Ry +Ri+joly jaC

or
w e 1 118
Z=R +j ol ——— (118)
aC
where
2 2
R RaRi(Ry + R+ @°RyL4 (119)
(Ry +R ) +0°12
and
L= LaRa (120)

(Ry+R )P + w212

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

RaRi(Ry +Ry)+ @Ry L2 <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
* LaRa
Loi= 2,2
(Ra +Ri)+ 0 L3
Again substituting for R; and L, this gives
Loi=Ry (123)
Now,
2 1 1 a
a)l = > = :—2
LoC RC 0o
or

The circuit will become instable and chop the current when Equation (124) is fulfilled. If I is
the chopped current, then at chopping

U
R — ac
a IC
but Uge =Nl giving
Ry =nIg? (125)
Substituting for R, in Equation (124)
anlZc =0
or
1
le :[“foc]‘“l (126)

Laboratory tests have shown that « is approximately 1 and thus

I = e (127)
0
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or

lo=AJC (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 test results,
to be followed to estimate the overvoltage levels that will occur in actual shunt reactor
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
neutrals. The procedure may however be applied with suitable adaptation to the unearthed
and neutral reactor earthed cases. Due to the statistical nature of overvoltage generation, it is
necessary to apply statistical methods to estimate the risk for overvoltages at or above certain
levels. 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 (1). The
chopping number is an inherent characteristic of the circuit-breaker and is usually

independent of the circuit. The chopping number 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 a mean value;
e a standard deviation;

e dependence on arcing time (if applicable).

The chopping number for a single interrupter circuit-breaker is defined by:

A=ien/yCo (129)

where
i, is 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):

. C
ich =Up TL(kaz - 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.

ich = UO\/1C5LL [(ka +0,5) — (ki + 0,5)2] (131)

If C_ is not explicitly known, it can be calculated from the load oscillation frequency since the
effective inductance can be assumed equal to the power frequency value, L, which is always
known. Refer to 16.2.4.

The values of i, and A will vary statistically from test to test. If the values show no clear
dependence on the arcing time, the statistical variation is usually a normal distribution. On
this basis, the mean value, 4 and the standard deviation s are calculated according to
16.9.

mean?

In the event that i, and A exhibit a clear dependence on arcing time, a linear relationship
can be assumed as a first approximation:

Amean = A + Bty (132)

mean
where t, is the arcing time. The constants A and 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 to as
the standard error of estimate). Refer to 16.8.3 and 16.9.

16.8.2.2 Estimation of chopping overvoltages in shunt reactor installations

For the first case, where the chopping number is independent of the arcing time, the
maximum chopping number for one interrupter is given by:

2 Amean + 20 (133)

max —

Statistically, this is the 2 % value, i.e. the value that will be exceeded in less than 2 % of the
switching operations.

To estimate the maximum suppression peak overvoltage to earth for a circuit-breaker with N
interrupters in series, the applicable value of A,,, is inserted in Equation (102) or its
derivative Equations (103) or (104).

For the second case, where the chopping number is dependent on arcing time, the maximum
chopping number will occur at the maximum arcing time, t The maximum chopping
number (2 % value) for a single interrupter is given by:

a max-

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-ignition
overvoltages kp and kg are given by Equations (108) and (109), respectively.

For circuit-breakers, whose chopping numbers vary with arcing time, the applicable k, value is
that obtained at the longest arcing time (t,;,) resulting in a re-ignition. The value t,, can
generally be considered as the longest arcing time, t, .y, /€SS one half-cycle. The applicable
maximum chopping number is thus:

A =A+Bt, +25S (135)
ar e

max r

This value is then used in Equations (102) or (135) to derive the actual value of Kk, jax -

Finally, kp max and Kg a5 are derived using equations (108) and (109), respectively.

16.8.2.4 Evaluation of recovery voltage stress across circuit-breaker

The maximum recovery voltage across the circuit-breaker (k, ,4,) in per unit value is given by
the following:

o for solidly earthed reactors:

Ki max = 1 + Ka max (136)
e for unearthed reactors:
K max = 2 + Kg max = 1,5 + Kp max (137)
o for neutral reactor earthed reactors:
K max = 1 +2 x+ Ky max (138)

16.8.3 Case studies
16.8.3.1 General
Laboratory tests were carried out at 141 kV on a single interrupter SFg circuit-breaker in a

single-phase circuit as shown in Figure 89. The details of the test circuit are given in
Table 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
C (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.

1.16 15
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- 81A] %e 3 14 iAo
e “oe® 2 13 =
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ﬁ 11 e s .."f. ¢ é 13 J .'.
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Figure 91 — Initial voltage Figure 92 — Suppression peak
versus arcing time overvoltage versus arcing time
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Figure 93 — Calculated chopped current Figure 94 — Calculated chopping
levels versus arcing time numbers versus arcing time

Figure 95 shows the linear regression of all test points using the equations given in 16.8:

Amean = 7 755 t, — 19 859 and A,y = 7 755 t, — 196

max
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Figure 95 — Linear regression for all test points

The results are now applied to a two-interrupter 500 kV circuit-breaker switching a 525 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 reactor Cp/C| << 1 and no overvoltage limitation
applied

t, =13 ms

A =100 619 AF-0.5

max
kin = 1,13 p.u.

From Equation (104):

2
Kamax = \/1’132 + 1,5x100 619 22 “14pu.
314x135%10

From Equation (136):
Ki max = 2,4 p.u. (1 027 kV)

16.8.3.3 Case 2: As for Case 1 except Cp/C| =0,5

k = 2,53 p.u. (1 084 kV)

r max
16.8.3.4 Case 3: As for Case 1 except controlled switching applied att, = 8 ms

A =61 844 AF 05

max

kin = 1,08 p.u.
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1,5x 618442 %2
314x135x10°

Kamax = \/1,082 + =1,2 p.u.

Kr max = 2,2 p.u. (942 kV)
16.8.3.5 Case 4: As for Case 2 except controlled switching applied att, = 8 ms
Ki max = 2,25 p.u. (963 kV)

16.8.3.6 Case 5 As for Case 1 except reactor neutral earthed through 1 600 Q reactor
(x=0,3)

From Equation (103):

1,5x1,3x100 6192 x 2
314x135x10°

Kamax = \/1,432 + -0,3=1,42 p.u.

From Equation (138)

Kr max = 302 p.u. (1 292 kV)

16.8.3.7 Case 6: As for Case 2 except reactor neutral earthed through 1 600 Q reactor
(x=0,3)

K max = 3,16 p.u. (1 352 kV)

16.8.3.8 Case 7: As for Case 5 except controlled switching applied att, = 8 ms

Amax = 61 844 AF-0.5

Kin, = 1,08 p.u.

1,5x1,3x61844%x2
314x135x10°

Kamax = \/1,382 + -0,3=1,2 p.u.

K max = 2,8 P-U. (1198 kV)

16.8.3.9 Case 8: As for Case 6 except controlled switching applied att, = 8 ms

K max = 2,86 p.u. (1 224 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 Co/CL (;on@rolled K, 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

6 0,5 N 1 352

7 0 Y 1198

8 0,5 Y 1224

Comments on the k values in Table 36:

r max

a) For solidly earthed reactors, controlled switching is usually applied without except and
results in a limiting of the transient recovery voltage across the circuit-breaker. However,
the circuit-breaker should be capable of successful current interruption at the maximum
arcing time and associated higher transient recovery voltage;

b) For applications where the reactor is earthed through a neutral reactor, it is common
practice to earth the neutral point using a single-pole disconnector prior to switching out
the reactor. The benefit to the circuit-breaker transient recovery voltage requirements is
obvious from Table 36.

For comparison, the test results applied to a 1000 kV, 330 Mvar reactor using a four
interrupter circuit-breaker, and assuming that neutral is always solidly earthed prior to
switching, are shown in Table 37.

Table 37 — 1 000 kV circuit-breaker transient recovery voltages

Cp/C, Controlled switching K, max
(Y/IN) KV peak

0 N 1925
0,5 N 2 015
0 Y 1779
0,5 Y 1811

For the cases where controlled switching is not applied, re-ignitions are a possibility. For the
500 kV circuit-breaker cases, the maximum values of kp and kg (derived using Equations (107)
and (108)) are shown in Table 38.

Table 38 — 500 kV circuit-breaker: maximum re-ignition overvoltage values

Case Reactor CF,/CL k max kS max

kg/peak kvpeak

1 0 942 1540
Solidly earthed

2 0,5 970 1626

5 Neutral reactor 0 1074 1938

6 earthed 0,5 1104 2 028
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16.9 Statistical equations for derivation of chopping and re-ignition overvoltages
16.9.1 General

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):

1
Amean :ini (139)
i=
and
n 2 n 2
YRS DI

0_2 _ i=1 i=1 0
n(n-1) (140)

where

n is the number of test shots;
A

i chopping number corresponding to the ith test shot.

16.9.3 Chopping number dependent on arcing time

Calculate values for S,,, S, and S, as follows:

XX?

n n 2
Sxx = nztai - Ztai
i=1 i=1

Syy = nng —ClziT

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):

Y (141)

1< B <
A==S"1 =Sty (142)
n = | éal
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2 1 2
Se = m(syy - B SXX) (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
special case d.c. time constants, related to the rated voltage of the circuit-breaker, should
cover 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 or line
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 of the survey by CIGRE
WG13.04 [58].

When specifying an alternative special case d.c. time constant, the following considerations
should be taken into account:

a) The d.c. time constants referred to in IEC 62271-100 are only valid for three-phase fault
currents. The single-phase to earth short-circuit d.c. time constant is generally lower than
that for three-phase fault currents.

b) For maximum asymmetrical current, the initiation of the short-circuit current has to take
place at system voltage zero in at least one phase.

c) The d.c. time constant is related to the maximum rated short-circuit current of the circuit-
breaker. If, for example, higher d.c. time constants than 45 ms are expected but with a
short-circuit current lower than rated, such a case may be covered by the asymmetrical
rated short-circuit current test using a 45 ms time constant (see following paragraphs for
equivalency examples).

d) The d.c. time constant of a complete system is a time-dependent parameter considered to
be an equivalent constant derived from the decay of the short-circuit currents in the
various branches of that system and is not a real, single and unique d.c. time constant
value.

e) Various methods for the calculation of the d.c. time constant are in use, the results of
which may differ considerably. Caution should be taken in choosing the right method.

f) When 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.
The instant of contact separation corresponds to the sum of the opening time of the
circuit-breaker and the reaction time of the protection relay. In IEC 62271-100, this relay
time is defined as one half-cycle of power frequency. If the protection time is longer this
should be taken into account.

g) 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:
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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 u;, as applicable.
A.2 Basic theory

One of the duty that a circuit-breaker has to perform is to interrupt all short-circuit currents up
to its rated short-circuit current. The short-circuit current may be symmetrical, partly
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
instant of fault initiation and the d.c. time constant (7) of the circuit under evaluation.

NOTE The d.c. time constant of a circuit is sometimes expressed as the X/R ratio of a circuit, where
X =24 xt, where fis the power frequency in Hz and R represent the losses (Q) in the circuit.

The simplified single-phase circuit shown in Figure A.1 illustrates the studied case.

L R CB
+
66
Key
u(t) Source voltage, u(t) = Usin(at + @) R Losses in the circuit
L Source inductance CB Circuit-breaker

Figure A.1 — Simplified single-phase circuit
In case of power systems wL is generally >> R.

By using differential equations, the resulting current is:

I(t):%x{sin(wt+a—(p)—e_% xsin(a—(p)} (A.1)

where

U is the peak of the applied voltage u(t);

Z is the circuit impedance: Z = \/R2 +0?L? ;

® is the angular frequency: 2af;

«a is the fault making angle (instant) on the applied sinusoidal voltage;
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¢ is the phase angle of the circuit impedance ¢ = tanl(%l'j = tan'l(%j

r is the d.c. time constant (L/R) of the circuit.

The resulting fault current has two components, the first part of the equation being the
sinusoidal part and the second being the exponential decaying d.c. component.

From Equation (A.1), the d.c. component will be maximum when sin(e—¢) =10or a - ¢= ”2.

_t
1) max = I{sm(a)u%)—e 4} (A.2)
The peak value of the current will occur when sin(awt + %) = -1 or wt = 7z giving

I ok =—I(1+e%J (A.3)

Equations (A.2) and (A.3) are for the negative d.c. component case and, to obtain the positive

d.c. component case, multiply the right side by -1. | = U/Z and further equal to J2 times the
symmetrical r.m.s. interrupting current rating of the circuit-breaker under consideration. The
maximum peak current occurs when the circuit is made at a voltage zero crossing.

For the standardized d.c. time constants (45 ms and 120 ms) and the alternative special case
d.c. time constants given in IEC 62271-100 (60 ms, 75 ms and 120 ms), the d.c. components
in p.u. of the peak symmetrical current are shown in Figure A.2.

100
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80 3=75ms I

20 "l\:ﬁ\ 7[ =60ms |
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d.c. component (percentage of peak value)
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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 I, 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

1=L/R 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
t=L/R Ipeak (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 a three-phase fault initiated simultaneously in the three phases, the asymmetry level at
fault initiation of the most asymmetrical phase is always ranging from 87 % to 100 % whatever
instant the fault is initiated on the applied voltage.

The current equations for a three-phase fault initiated simultaneously on the three phases are:

I¢A(t):%x{sin(wt+a—go)—e_% xsin(a—(p)} (A.4)
loa(t)= %x sin(wt +a-g- 2%)— e_% x sin(a — ¢ - 27[3) (A.5)
loct) = %x sin(a)t +a-g+ 2%)— e’% xsin(a - ¢ +27/)) (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/dt 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/dt 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 of IEC 62271-100:2008 gives the methodology for
calculating TRV parameters during asymmetrical fault condition.

IEC 62271-100 introduces tolerances for testing purposes during the last current loop of
arcing interval prior to interruption. A £10 % tolerance is specified on both last current loop
amplitude and duration. There is an additional allowance if the tolerances on current
amplitude or current loop duration cannot be fulfilled then the product “I x t”, “I” being the
peak value of the last current loop and “t” being the duration of the 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 scope
of this 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
fault is not the simple ratio of L/R typically obtained by network reduction short-circuit
programs because each component of the network has its own d.c. time constant. Experience
has shown that using the R and L values obtained by the typical network reduction short-
circuit program will give the correct short-circuit current. However, the d.c. time constant
based on the ratio of these values will generally be less than the correct value.

Transient calculation programs need to be used in order to obtain the correct d.c. time
constant 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
introduced for the first time. IEC 62271-100 specifies additional “special cases time 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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For application of circuit-breakers on power systems, I[EC 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:

— 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.

For the circuit-breaker application engineer this raises the question of how to evaluate the
individual applications. This clause tries to provide some guidance.

A.5 Guidance for selecting a circuit-breaker

A.5.1 General

To evaluate the effect of different d.c. time constants some general observations can be
made. For cases in which the actual short-circuit current is less but the d.c. time constant is
greater 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 current
loop is probably one of the most important consideration. The amplitude and duration of the
major current loop are directly related to the d.c. time constant of the short-circuit current.

In an effort to evaluate the effect of different d.c. time constants, the standardized d.c. time
constants of 45 ms and 120 ms, and special case d.c. time constants of 60 ms, 75 ms, 90 ms
and 120 ms were examined.

IEC 62271-100 specifies criteria on the last current loop amplitude and duration. The
important 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
within that last current loop, at least for modern circuit-breakers. The exact result would have
been to compare the integral of the current waveshape from contact separation to current
zero 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 "l x t"). Such measurements are easy to perform
and can be done in all test laboratories without any specific constraints.

The methodology to evaluate the effect of different time constants is as follows:

a) Determine the last current loop parameters (amplitude and duration) obtained during
T100a test series (last loops (minor and major if tested single phase) or major and
extended major current loop amplitudes and durations if tested three-phase.

b) Use Equation (A.1) to find the current waveshape of the specific case to be studied. Use
an "¢o" of O rad in order to obtain the full asymmetrical offset.

c) 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 t" 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.
component and the resultant di/dt is always less than the one associated with the highest
rated short-circuit current. In such case, the circuit-breaker should still be able interrupt at
the normal current zero if it has met all other criteria (see NOTE);

b) If the arc energy represented by the "I x t" product is less than 121 % of the standard
wave, the interruption will be generally successful (see NOTE);

c) If the energy represented by the "I x t" product is greater than 121 % of that of the
standard 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 such technologies, a lower arc energy may result in longer arcing times and the ability of interrupting lower
current should be carefully evaluated. Care should be exercised in the evaluation of the minimum arcing time. The
arc energy associated with minor current loops are lower for higher d.c. time constants which may result in a longer
minimum 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.

t
X = j i(t)dt (A.7)

i1
where
i(t) is the total current i, as given in Equation (A.1);
t; is the time of contact separation;
t, is the time of current zero where interruption could occur.

As said before, this method cannot be easily used in test laboratories because it necessitates
digital data acquisition systems with proper software which are not always available. Instead,
the comparison of the last current loop arcing energy by using the current loop parameters
"I x t" 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 t")

— asymmetry level at current zero.

Using the above methodology the following cases were examined.
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Case 1

Assumptions: Circuit-breaker ratings: |: 63 kA, 7= 45 ms and f = 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;

Specific tests parameters recorded during T100a test-duty were exactly those associated
with the rated values.

Table 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

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 KApea/% of ms/% of the | AS/% of the
the reference reference reference
case case case
1 63 45 124,5 10,55 1314
Reference case associated
with test values equal to the
rated values
2 50 60 106,1/85,2 11,15/105,7 1 183/90,0
3 50 75 111,3/89,4 11,6/110,0 1291/98,3
4 50 120 120,7/96,9 12,55/119,0 1515/115,3

Particular points of Table A.3:

It should be noted that the conclusions given below are only valid if the test performed to
validate the reference rating (63 kA and 7 = 45 ms) had last current loop parameters equal to
100 % of the rated values as shown in the last three columns of row 1.

a)

b)

c)

d)

Row 1 provides the reference values for a 63 kA rating with 7 = 45 ms as obtained during
test duty T100a;

The 2" row shows the requirements for a 50 kA rating with = 60 ms. The product "I x t"
of the last current loop is in accordance with the criteria defined in IEC 62271-100, thus
assuring a satisfactory application;

In row 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 t" of the last current loop is in accordance with the criteria
defined in IEC 62271-100;

In row 4, the rating is still 50 kA but the time constant has been further increased to
120 ms. The "l x t" product of the last major current loop has increased even more. This is
still satisfactory because the product "l x t" 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
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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 KA .. /% of | ms/% of the | As/% of the
the reference reference reference
case case case
1 63 45 112,5° 9,5° 1069
Reference case associated
with test values equal to the
rated values
2 50 60 106,1/94,3 11,15/117,4 1183/110,7
3 50 75 111,3/98,9 11,6/122,1 1291/120,8
4 50 120 120,7/107,3 12,55/132,1 1515/141,7
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-
101.
P Last current loop duration equal to 90 % of the rated value as permitted by IEC 62271-100 and
IEC 62271-101.

Particular points of Table A.4:

It should be noted that the conclusions given below are only valid if the test performed to
validate the reference rating (63 kA and z = 45 ms) had a last current loop parameters equal
to 90 % of the rated values.

a)

b)

c)

d)

Row 1 provides the minimum permissible (90 %) reference values for a 63 kA rating with
7= 45 ms;

The 2" row shows the requirements for a 50 kA rating with = 60 ms. The product "I x t"
of the last current loop is in accordance with the criteria defined in IEC 62271-100 thus
assuring a satisfactory application;

The 3" row shows the equivalence for a 50 kA rating with z =75 ms. The product "l x t" of
the last current loop is close to the upper maximum limit of the "I x t" criteria defined in
IEC 62271-100;

As for the case shown in row 3, the rating is still 50 kA but the time constant has been
increased to 120 ms. Here the "I x t" product exceeds the upper tolerance stated in
IEC 62271-100 and the reference rating does not demonstrate the performance of the
circuit-breaker for this fault current (50 kA) and a time constant of 120 ms;

The last row shows the requirements for a 40 kA rating with z = 120 ms. The product
"I x t" of the last current loop is in accordance with the criteria defined in IEC 62271-100
thus assuring a satisfactory application.

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
constants.
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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 "l x t" 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,
comparison of the last major current loop parameters to access circuit-breaker capabilities is
sufficient. If not, additional tests may need to be performed to ensure that the minimum arcing
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 Product
current constant of the last the last . .
rating minor minor I'xt
current loop | current loop
kA r.m.s. ms KA oo/ % of ms/% of the As/% of the
the reference reference reference
case case case
1 63 45 46,3 5,5 254,7
Reference case associated
with test values equal to the
rated values
2 50 60 30,4/65,7 5,0/90,9 152,0/59,7
3 50 75 25,5/55,1 4,5/81,8 114,8/45,1
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.5.3 Case 2

Assumptions: Circuit-breaker ratings: | = 20 kA, r=45 ms and f = 50 Hz.

— Relay time 10 ms;

— Minimum opening time 22 ms;

— Minimum arcing time (interruption after minor loop) 8 ms;

— Frequency 50 Hz;

— Time constant 45 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 ,.,/% 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
with test values equal to the
rated 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 14,6/120,2 549,0/120,2
5 12,5 120 29,3/78,0 14,6/120,2 427,8/93,6

Particular points of Table A.6:

As mentioned in Table A.1, it should be noted that the conclusions given below are only valid
if the test performed to validate the reference rating (20 kA and t = 45 ms) had a last current
loop parameters equal to 100 % of the rated values as shown in the last three columns of row
1 of Table A.6.

a) Row 1 contains the reference values for 50 Hz, 20 kA rating;

b) Inrows 2 to 5 it can be seen that a reduction of one step in the R 10 series will cover all
cases for r = 60, 75, 90 and 120 ms. For all these cases, the product "l x t* of the last
major current loop is in accordance with the criteria defined in IEC 62271-100 thus
assuring a satisfactory application.

As also mentioned for case 1, the applicability of a reference case to other fault currents and
different d.c. time constants depends on the actual test parameters measured for the
reference case. As an extreme case, if we consider that the last major current loop
parameters during the reference test were at the minimum tolerance stated by IEC 62271-100
and IEC 62271-101 then the current loop parameters of Table A.7 are obtained.
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Table A.7 — Comparison of last major current loop parameters, case 2: 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 KA .../% of | ms/% of the | AS/% ofthe
the reference reference reference
case case case
1 20 45 33,9° 10,94 ° 370,9
Reference case associated
with test values equal to the
rated 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 14,6/133,5 549,0/148,0
5 12,5 120 29,3/86,4 14,6/133,5 427,8/115,3
& Last current loop amplitude equal to 90 % of the rated value as permitted by IEC 62271-100 and IEC 62271-
101.
P Last current loop duration equal to 90 % of the rated value as permitted by IEC 62271-100 and
IEC 62271-101.

Particular points of Table A.7:

It should be noted that the conclusions given below are only valid if the test performed to
validate the reference rating (20 kA and 7 = 45 ms) had a last current loop parameters equal
to 90 % of the rated values.

a) Row 1 provides the minimum permissible (90 %) reference values for a 20 kA rating with
7= 45 ms;

b) The 2" row shows the requirements for a 16 kA rating with = 60 ms. The product "I x t"
of the last current loop is in accordance with the criteria defined in IEC 62271-100 thus
assuring a satisfactory application;

c) The 3" and the 4™ rows show the equivalence for a 16 kA rating with z = 75 ms and
120 ms. For these cases, the resulting "l x t" products exceed the upper tolerance stated
in [EC 62271-100 and the reference rating does not demonstrate the performance of the
circuit-breaker for these cases;

d) The last row shows the requirements for a 12,5 kA rating with 7 = 120 ms. The product
"I x t" of the last current loop is in accordance with the criteria defined in IEC 62271-100
thus assuring a satisfactory application.

From the above examples, it can be shown, as for case 1, 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
resulting 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
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Figure A.3 — First valid operation in case of three-phase test (¢ = 45 ms)
on a circuit-breaker exhibiting a very short minimum 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 major
loop duration.

For the second test, the procedure given in IEC 62271-100 has been followed and the current
oscillogram shown in Figure A.4 is obtained.

2nd valid operation; t =45 ms
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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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Figure A.5 — Third valid operation in case of three-phase test on a circuit-breaker
exhibiting a very short minimum arcing time

The interruption occurs on phase C on a major current loop. Here also, as the first valid
operation, the maximum possible arcing time on the asymmetrical phase is less than half of
the major loop duration. The actual arcing time represents 46 % of the major loop duration.

The fact that this type of circuit-breakers exhibiting very short minimum arcing time do not see
the full major and extended major loop, this raises the question if the "I x t" method stated in
IEC 62271-100 is still valid for such circuit-breakers. For the case shown before, the arc
energy for the interruption on the major current loop will be not more than 50 % of the one
calculated for the full major current loop. For the extended major loop, energy calculation has
shown that 89 % of the relative full extended loop energy will be seen by the circuit-breaker.

Similar calculations have been done with a d.c. time constant of 120 ms and the results are
very similar, mainly regarding the relative arc energy associated with the major extended
current loop. For that particular case, the energy associated with the maximum possible
arcing time represents 88 % of the total prospective arc energy of that current loop. For the
other valid operations on the major current loop, the maximum arcing time window is slightly
less than the 45 ms case (less than 40 % of the loop duration).

Because the relative arc energy associated with the extended major loop is quite close to
100 %, it is reasonable to use the same equivalency criteria ("I x t" product) for circuit-
breakers tested three-phase and exhibiting short minimum arcing times (e.g. < 3 ms).

A.5.5 Validity of the equivalence method prescribed by IEC 62271-100

IEC 62271-100 recommends a simple and practical way for the evaluation of the arc energy of
the last current loop prior to interruption. It suggests multiplying the loop amplitude by the
loop duration to obtain a representative loop area ("l x t" 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 I xt Ratio: Ratio: Difference
rating constant the last of last loop area of | product | to integral
major major | duration major I xt method
loop by loop | 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 45 805,8 124,5 10,55 1314 1 1 -
2 50 60 718,2 106,1 11,15 1183 | 0,891 3 0,900 3 1,01
3 50 75 777,8 111,3 11,60 1291 | 0,9653 | 0,9825 1,78
4 50 120 890,5 120,7 12,55 1515 | 1,1051 1,153 0 4,33
5 40 120 712,4 96,6 12,55 1212 | 0,884 1 0,922 4 4,33
The ratio area of column (8) is derived from column 4 divided by 805,8 and the ratio area of column (9) from
division of column (7) by 1314.

Similarly, Table A.9 gives the results of the relative arc energy calculation for the different
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 prescribed by IEC 62271-100

Row Current Time Area of Peak Last I xt Ratio: Ratio: Difference
rating constant the last of last loop area of | product | to integral
major major | duration major I xt method
loop by loop | 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 2,49
4 50 120 1019,2 117,4 14,60 1714 | 1,1411 | 1,190 3 4,31
5 40 120 815,3 93,9 14,60 1371 0,9128 | 0,9521 4,31

The ratio area of column (8) is derived from column 4 divided by 893,2 and the ratio area of column (9) from
division 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 "I x t" 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 "l x t" 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
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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 "l x t" 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
recognized that this investigation is only addressing a simultaneous three-phase fault case
where one of the phases has always an offset ranging from 87 % to 100 % of the full d.c.
offset depending on the point-on-wave initiation. It is the resulting current from that fully
asymmetrical phase that has been compared. The fault currents that circulate in the other two
phases will have significant reduced d.c. components and the ability of the circuit-breaker to
interrupt these currents is not considered more difficult than those of all other test-duties
defined by IEC 62271-100.

This investigation supports the recommendation that if d.c. time constants greater than 45 ms
are encountered on a system, the selection of a circuit-breaker rated one or two steps up
(depending on actual test parameters for the reference case) in the R10 series above the
expected system fault current for d.c. time constants up to 120 ms should be satisfactory.
While the number of cases investigated is limited the method can be applied to almost any
combinations of three-phase fault currents and related d.c. time constants as a predictor of
the maximum amount of energy involved.

Figure A.6 and Figure A.7 show selected plots for Case 1 and Case 2 of the currents with
different d.c. time constants for both 60 Hz and 50 Hz respectively. An examination of the
figures suggests that it is possible to use this method to evaluate different test combinations.
For example one could use it to evaluate a test current at 50 Hz to show equivalence to a test
current at 60 Hz. Since most such tests will be done using synthetic circuits the di/dt can be
adjusted to the correct value at the time of interruption. By varying the amplitude of the
current, the arc energy can be adjusted to be equivalent. For the manufacturer and/or user
that knows the interrupting characteristics of a circuit-breaker, the outlined method is a useful
tool for the evaluation of different interrupting capabilities under asymmetrical fault conditions.

IEC 62271-100 recognizes the problems associated with testing circuit-breakers with different
d.c. time constants. It is fundamental that the circuit-breaker sees the correct prospective
di/dt and at the time of interruption. As mentioned earlier, if synthetic test are conducted this
can be adjusted to the correct value. If direct tests are used, the current level is adjusted to
have the correct di/dt at the time of interruption. One fundamental consideration that must be
accounted for is the d.c. time constant of the test station whether direct or synthetic test are
used. The effective arc energy level under the last current loop can be adjusted by selecting
the initiation instant of the short-circuit current (e.g. asymmetry level) or by adjusting the
current level or a combination of both to obtain the correct last current loop parameters
(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.



TR 62271-306 © IEC:2012(E)

A7.2

— 241 -

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:

First-pole-to-clear factor:

Rated d.c. time constant of the rated short-circuit breaking

current:

Test circuit time constant:

Minimum arcing time:

Minimum opening time:

DC component at contact separation:

Minimum clearing time:

Frequency:

24 kv
1,5

120 ms
60 ms
7,5 ms
32,5 ms
70,2 %
40 ms
50 Hz

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 in order to reach the required data is
the pre-tripping method together with controlled closing.

NOTE 1 Controlled closing means the initiation of the test current at a chosen instant on the applied voltage in
order to vary the initial d.c. component of the test current.

Table A.10 — Example showing the test parameters obtained during a three-phase
test when the d.c. time constant of the test circuit is shorter than the rated d.c. time
constant of the rated short-circuit current

Parameters Requirements Test data when using pre-tripping Deviation
(calculated values, rounded values and controlled closing methods between
are given in Table 18 of required
IEC 62271-100:2008) values and
test values
%
Major loop with Second-pole-to- Major loop with Second-pole-to-
first clearing pole clear first clearing pole clear
major/minor loop ? major/minor loop ?
D.C. component 62,1 54,2 -13
at current
interruption (%)
di/dt at current 80,1 86,9 +8
interruption (%)
Peak of the last 1,66 1,34/0,72 1,61 1,32/0,76 -3
current loop (p.u.) -1,5/+5,6 "
Duration of the 14,5 13,2/7,65 14,4 13,05/7,8 -2
last current loop -1/+2°
(ms)
At (ms) ¢ 3 3,3 +10
I xt(p.u. ms) 24,07 23,18 -3,7

a

NOTE 2).

Second-pole-to-clear.

At is the time interval between the first-pole-to-clear and the last-pole-to-clear.

Values calculated for a non-effectively earthed neutral system using a network calculation program (see

Result: It is possible to fulfil the requirements by using the pre-tripping and controlled closing
options. The TRV and di/dt 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 . required waveshape
coentrolled delayed c/losmg with © = 120 ms
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NOTE Due to the shorter time constant of the test circuit the short-circuit current is initiated later (pre-tripping
method, see NOTE 1 of 6.106.6.3 of IEC 62271-100:2008) and to choose the closing angle in a way to achieve the
required d.c. component at current zero (controlled closing).

Figure A.8 — Three-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.10, 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 120 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.

NOTE 2 The easiest way to calculate the required three-phase or single-phase waveshape characteristics is by a
network calculation program such as EMTP, MATHLAB, etc. The waveshape characteristics can also be calculated
by hand from the fundamental three-phase or single-phase short-circuit current equations.

A.7.3 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

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: 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
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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 Test data when using controlled Deviation
(calculated values, rounded values closing method between
are given in Table 15 of required
IEC 62271-100:2008) values and
test values
%
Major loop with Minor loop with Major loop Minor loop
longest possible | shortest possible
arcing time arcing time
D.C. component 28,9 37,9 28,6 40,2 -1,0
at current +6,1°
interruption (%)
di/dt at current 97,8 89,9 97,3 89,6 +0,5
interruption ? (%) -0,6°
Peak of the last 1,33 0,59 1,32 0,57 -0,8
current loop (p.u.) -3,4°
Duration of the 12,3 7,35 12,15 7,35 -1,2
last current loop o’
(ms)
u, 96,5 % 91,9 % 96,0 % 91,3 % -0,5
-0,7°
u,® 92,3 % 97,9 % 91,9 % 97,1 % -0,4
-0,9°
I xt(p.u. ms) 16,36 4,34 16,04 4,19 -2,0
-3,5°
% In case of synthetic testing it is possible to control these values independent from the time constant.
®  Minor loop.

Result: All test requirements can be fulfiled by using the controlled closing method. All
values obtained 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 u; and u. have been derived from the equations of Annex P of
IEC 62271-100:2008. The results are illustrated in Figure A.9.
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Figure A9a — Interruption in a current zero following a minor loop
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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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A.7.4 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:

First-pole-to-clear factor:

Rated d.c. time constant of the rated short-circuit breaking current:

Test circuit time constant:

Minimum arcing time:

Minimum opening time

DC component at contact separation

Minimum clearing time:

Frequency:

550
1,3
75
60
7,5
32,5
56,7
40
50

kv

ms
ms
ms
ms
%

ms
Hz

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 in order to reach the required data
was the controlled closing method.

Table A.12 — Example showing the test parameters obtained during a single-phase
test when the d.c. time constant of the test circuit is shorter than the rated d.c. time

constant of the rated short-circuit current

Parameters Requirements Test data when using controlled Deviation
(calculated values, rounded values closing method between
are given in Table 16 of required
IEC 62271-100:2008) values and
test values
%
Major loop with Minor loop 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
current interruption -16,6 "
(%)
di/dt at current 90,2 80,2 94,1 84,9 +4,3
interruption* (%) +5,8 "
Peak of the last 1,51 0,41 1,44 0,44 -4,6
current loop (p.u.) +7,3°
Duration of the last 13,65 6,15 13,5 6,75 1,1
current loop (ms) +9,8°
u, @ 88,1 % 82,8 % 92,3 % 82,1 % +4,8
b
+5,2
Ue @ 81,3 % 90,9 % 86,6 % 94 % +6,5
+3,4°
I x t(p.u. ms) 20,61 2,52 19,44 2,97 -5,7
+17,9°

a

®  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.10b — Interruption in a current zero following a minor loop

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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Conclusions

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;

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;

The "I x t" product method defined in IEC 62271-100 can be used to evaluate equivalence
of tests done at 50 Hz or 60 Hz at one d.c. time constant to cover applications at 50 Hz or
60 Hz with different d.c. time constants;

The "I x t* method defined in IEC 62271-100 is the only method that can be used to check
tolerance last current loop parameters during test-duty T100a;

The application engineer needs to determine the actual expected fault current including its
d.c. time constant at the system point of interest to determine the required circuit-breaker
rating.
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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-
voltage side of the step-up transformer (e.g. as shown in Figure B.1) but close to generation,
or controlling networks with a high density of generation and large motor loads (e.g. as shown
in Figure B.13).

An example 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 can be
found on off-shore oil platforms, in the auxiliary networks of large power plants, or in certain
industrial sites.

The intention of this annex is to show that it can be determined by calculation whether a
circuit-breaker can interrupt currents with delayed zero crossings under given circumstances
provided that the performance of that circuit-breaker has been tested in a circuit with currents
of more than 100 % asymmetry.

B.2 Faults close to major generation

B.2.1 Overview

All circuit-breakers manufactured today are alternating current circuit-breakers, i.e. circuit-
breakers that need current zeros to interrupt. However, there are occasions when the fault
current does not have current zeros: how can today's SFg circuit-breakers manage such
situations?

B.2.2 General

Under certain conditions faults occurring close to a power station may lead to the generator
currents 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
delayed until current zeros occurred due to the d.c. component’s decay. In actual fact,
however, an arc is drawn between the opening circuit-breaker contacts with the effect that the
d.c. components decay much more quickly. Considerable significance is therefore attached to
the magnitude and variation of the arc voltage, the intensity of the gas flow and the design of
the arc quenching arrangement. The arc drawn between the opening contacts may be
regarded as a non-linear resistance which adds to the ohmic resistances of the other circuit
elements and which contributes to the reduction of the d.c. time constant of the fault current,
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 7 = 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 F;, which circuit-breaker CB;
has to interrupt, should therefore be taken into account. Fault currents at location F, with its
circuit-breaker CB, are subject to normal current zeros.

System F,

System

CB; E

CB;

Key
F. Fy 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 | 1 1 1 | I
75 - 50 25 0 25 50 75

% -=——underexcited Q overexcited Si —e 0%
n n

Figure B.2 — Performance chart (power characteristic) of a large generator
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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.
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Figure B.4 — Circuit-breaker currents i and arc voltages ug,. in case of a
three-phase fault following underexcited operation: Simultaneous fault
inception at third phase voltage zero
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Figure B.5 — Circuit-breaker currents i and arc voltages ug,. 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 tg.
The third phase was subjected to the now three-phase fault at time t;. 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 SF4 circuit-breaker, the arc voltage of which has been determined experimentally,
it has been assumed that an effective arc voltage appears between the opening contacts
55 ms after fault inception. This takes into account the time until contact separation and some
milliseconds for the development of the full gas flow. The current in the second phase is
interrupted at the next current zero. Consequently, a phase shift takes place in the a.c. and in
the d.c. components in the other phases: the d.c. component in the first phase decreases,
while it increases in the third phase there leading to an even higher current offset. However,
due to the effect of the arc voltage, which acts as an additional resistance R, and thus
reduces the momentary value of the d.c. time constant to r = L/(R + R,), the currents are
forced 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 t;. The
d.c. components are less pronounced and the interruption takes a similar course as described
for Figure B.3.

The arc voltage will also cause the fault currents to pass through zero in the event of a
generator transformer fault (Figure B.6) but with the conditions otherwise the same as in
Figure B.3.

Phase B

Phase C

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).
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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 voltages due to a non-simultaneous fault developing from 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 underexcited 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.2.5 Unsynchronized closing

It can be seen from Figure B.9 that not only fault conditions but also attempting to
synchronize 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 variation
the currents can be constricted to such an extent that they may no longer pass through zero
in any of the phases. However, this does not occur until after a prolonged period because of
the much higher mechanical time constants. Should the circuit-breaker operate in this
constriction range it still can interrupt the current due to the higher arc voltage as shown in
Figure B.9.



TR 62271-306 © IEC:2012(E) — 255 —

25 5

W KA i 4
Phase A f 0 ,U A1y L
Y en s
25
35
' AVAN
Phase B f ol M
Uigs
5l
LIS
K
Phase C 0
LBT
_25L
u

arc I L L | |

Figure B.9 — Circuit-breaker currents i and arc voltages u,,. under conditions
of unsynchronized closing with 90° differential angle

B.2.6 Proof of performance
B.2.6.1 Testing

Normally, testing of a high-voltage circuit-breaker under these conditions can, only, be carried
out single-phase, i.e. on the circuit-breaker pole with the highest d.c. component. To produce
d.c. components greater than 100 % for several cycles the test circuit must have a high X/R
ratio giving a d.c. time constant 7 of possibly several hundred ms. The test voltage must be at
least as high as the rated phase voltage or in case of unit testing as high as the rated voltage
across the most highly stressed interrupter for the first-pole-to-clear in an unearthed fault or
the last phase-to-clear in an earthed system. The a.c. component of the test current has to
cover the a.c. component of the short-circuit current of the generator considering the
conditions stated in B.2.2 and B.2.3.

In practice the test procedure in order to subject one pole to a short-circuit current with
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 phases of
the test circuit are switched in by a make-switch when their phase-to-phase voltage passes
through zero. The third phase is switched in 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. 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-circuit
generators should not be superexcited to delay the current zero by several cycles due to the
decaying a.c. component.
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Example:
Test voltage: 70 kV 1% current minimum: 850 A
Test current: a.c. component: 2,63 kA r.m.s. 2" current minimum: 450 A
Current 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 inception of
the current flow. Thus, the test circuit-breaker is subjected to the maximum asymmetrical
current after contact separation. The arcing time is then varied systematically in order to
determine the minimum and maximum times for each a.c. current and voltage step.

B.2.6.2 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 addition to the voltage-current characteristic of the arc, the variation of the gas pressure in
the arcing chamber, the extension of the arc by the gas flow and the contact distance which
rises with the arcing time must be taken into account. These circuit-breaker characteristics
can be expressed mathematically by a standardized assessment function e(t) with a maximum
value of 1 (Figure B.12). Strictly speaking this function has no physical significance.

1,0

1

0 5 10 15 20 25 30 ms 35

Figure B.12 — Assessment function e(t)

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.

Ugre(t, 1) = ug (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 distribution voltage systems fault currents with delayed zero crossings may occur either in
the proximity of a concentration of generation or when switching-off large high-voltage motors
or in a combination of both. Even vacuum circuit-breakers with their relatively low arc voltage
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
must be able to withstand prolonged arcing. In any case it will be necessary to investigate the
conditions of the particular application to determine the actual stress upon the circuit-breaker.

B.2.8 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. component well above 100 % will
occur is even higher than in high-voltage systems. The d.c. time constant r may be in the
order of some hundreds of milliseconds. This means the current in at least one phase 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 large high-voltage motors are present short-circuits with delayed current zeros will not only
occur due to a non-simultaneous fault, but they are even possible in case of a simultaneous
(bolted) fault (Figure B.13). If there is a fault the motors act as generators and feed back into
the system a current with a high d.c. component. As they are slowing down they will gradually
become out-of-phase with respect to the feeding system. The frequency of the current
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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Upper traces: Total fault current.

Lower traces:
— solid lines: generator fault current, d.c. time constant z= 180 ms

— dotted lines: fault current generated by the motor

Figure B.14 — Computer simulation of a three-phase simultaneous fault
with contribution from generation and large motor load

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 cover the extremes it is considered that the short-circuit may occur at voltage zero as well
as at 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 the three-phase
current are normalized to 1 p.u. and their decay is neglected in the vector diagrams. Likewise,
no decay of the d.c. components is taken into account.

3 ph. fault —_— 2 ph. fault

=l
B |
1 |1 A
0,5 4 \
0,866
1 c
C )
0,5 0,75,

Figure B.15 — Short-circuit at voltage zero of phase A (maximum d.c. component in
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.

= 0,866 0,866
Al
~10,866
By 1
0,866
C.
=(0,866

Figure B.16 — Short-circuit at voltage crest of phase B (phase B totally symmetrical)
and transition from three-phase to two-phase fault

In case of a short-circuit at voltage crest the current in one phase will be totally symmetrical
(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.c. 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.

To determine whether a circuit-breaker is able to clear such a fault, it is therefore important to
consider how the a.c. components and the d.c. components develop during the short-circuit.
Both decay in a different manner. The a.c. components consist of a subtransient and a
transient short-circuit current. While the subtransient short-circuit current decays with a time
constant of 20 ms to 30 ms, the transient time constant may be in the order of several
hundred milliseconds, even up to some seconds. The d.c. component has a time constant 7 =
L/R which is determined by the reactance and the resistance of the faulted circuit, including
the generators, transformers and switchgear. On oil platforms it often has a value between
200 ms and 300 ms.

Depending on the load conditions of the generators, i.e. on their state of excitation before
fault inception, the a.c. component may decay more rapidly than the d.c. component.
Especially if the subtransient a.c. short-circuit current is of great significance the amplitude of
the a.c. component may have become smaller than that of the d.c. component by the time the
first phase is cleared. In that case there will be no current zeros in the one or two more offset
last phases. The arc in these two circuit-breaker poles will now have to burn for another one
or two cycles. As even the relatively small arc voltage of vacuum circuit-breakers contributes
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.

When tested according to IEC 62271-100 or IEEE C37.013 [61], the circuit-breaker has to
clear a symmetrical short-circuit current or a short-circuit current with a d.c. component of
some tens of percent at a moment when the power frequency recovery voltage is at its crest
or near to it. This leads to a transient recovery voltage with a relatively high peak value. In
case of a short-circuit current with a very high d.c. component the moment of current zero
almost coincides with the moment of voltage zero of the power frequency recovery voltage.
Thus, the transient recovery voltage stress immediately after current interruption becomes
relatively low.

A circuit-breaker suited to clear faults with delayed current zeros must be able to make and
withstand very high current amplitudes due to the d.c. components in the order of 130 %.
Also, the contacts must be able to withstand thermally arc durations of two or even three
cycles and still interrupt a fully offset short-circuit current. Consequently, it is advisable to use
in such case a circuit-breaker with a higher short-circuit current rating than that which the
particular application suggests.

According to test experience the contacts designed to absorb the energy connected with the
breaking of such rated short-circuit current without being overheated are most likely capable
to withstand the arc duration required to clear under the conditions of delayed current zeros.

B.2.11 Testing

To demonstrate the capability of distribution voltage class circuit-breakers to withstand and to
clear faults with delayed current zeros three phase tests should be carried out in a similar
circuit as described in B.2.6.1. The test circuit parameters (test voltage, frequency, TRV) shall
correspond to those rated for a system of the particular application. The tests should cover
both conditions as described in B.2.9:

a) with the maximum d.c. component in one phase, i.e. one phase fully offset, corresponding
to a short-circuit occurring at voltage zero;

b) with practical no d.c. component in one phase, i.e. one phase fully symmetrical,
corresponding to a short-circuit occurring at voltage crest.

To achieve the maximum offset current with a large d.c. time constant a special sequence has
to be chosen in producing a three-phase non-simultaneous short-circuit (see B.2.6.1). Two
phases are switched in when their 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

C.1 General

Parallel switching occurs when two or more circuit-breakers are tripped to interrupt a shared
fault current. This is typically the case for such bus arrangements as double breaker, breaker-
and-a-half, breaker-and-a-third and ring buses. lIdeally, all of the circuit-breakers should
interrupt at the same current zero and this would probably be the case if all circuit-breakers
were of the same type and technology, and contact parting was simultaneous. In reality, the
evolution of circuit-breakers has resulted in different circuit-breaker types and technologies
being mixed quite randomly as stations are extended.

The purpose of this annex is to examine this switching case and to relate it to oil, air-blast,
SFg and vacuum circuit-breakers operating in parallel in various combinations. Experience
indicates that parallel switching is not so much an issue of concern but it is a frequently asked
guestion and the purpose of this annex is to provide a better understanding of the switching
duty. In this context it is important to note that circuit-breakers do not have a parallel
switching rating but rather a certain inherent capability for the duty. Parallel switching is
influenced primarily by circumstances relating to the progressive development of circuit-
breakers and their actual application by and under the control of the users. It is therefore a
user matter and this annex provides guidance as to how the user can assess parallel
switching with the necessary technical support from the circuit-breaker manufacturers. Note
that parallel switching should not be confused with evolving faults, the latter being a different
phenomenon.

C.2 Circuit-breaker characteristics

Parallel switching is influenced by the types of circuit-breakers involved and their respective
characteristics as follows:

e relative mechanical opening times;

e relative current levels;

e relative arc voltages;

e relative arcing windows;

e system and local impedances.

However, as will become apparent in C.3, the factors that need to be considered are the
relative 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) SFgcircuit-breakers;
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d) vacuum circuit-breakers.

As to the system and local impedances, the former will dominate and will give the same phase
angle for the currents in the two circuit-breakers in parallel. The local impedances will
determine the current division between the two circuit-breakers. If the circuit-breakers remain
closed that current division will stand; however, once at least one of the circuit-breakers
contacts part, it is the arc voltage that will dominate in determining the current division and
the ultimate outcome.

C.3 Analysis and rules

The equivalent circuit for parallel switching analysis is shown in Figure C.1.

Key

Us Source voltage

Xs Remote source impedance

X1, X2 Local impedances

Ie Fault current

Iy, 12 Current in circuit-breakers CB4 and CB,

Ua1, Uaz Arc voltages of circuit-breakers CB4 and CB,

Figure C.1 — Equivalent circuit for parallel switching analysis

The system can be treated essentially as a constant current source. Ignoring resistance for
simplicity and thinking in terms of absolute values, the following applies:

le=1y+15 (.1
and
11X1+Ugg = 12X5 +U (C.2)
assuming that the contacts have parted on both circuit-breakers.
Combining Equations (C.1) and (C.2):
(Ie = 12)X1 = 12Xy =Ugp —Ugy
or
12(X1 + Xp) = 1gX1 +Ua1 —Ugp

The condition for I, to go to zero, i.e. to commutate to CB. is:
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IFX1+Uqp —Ugp =0
or
Uaz = IgX1 +Ua (C.3)
Likewise for |, to commutate to CB,, the condition is:
Uar = IgX2 +Ugp (C.4)

The interpretation of Equations (C.3) and (C.4) is that the current will commutate from the first
circuit-breaker to achieve an arc voltage equal to the open circuit voltage after commutation
or, put more simply, the current will commutate from the circuit-breaker with the highest arc
voltage to the circuit-breaker with the lower arc voltage. This is the basic rule of parallel
switching.

The rule is illustrated in Figure C.2 which shows an actual case of a disconnector being used
to parallel switch between two transmission lines. After contract parting, it can be seen that
the arc voltage builds as the arc is elongated and the current gradually transfers to the
parallel line. The current in the disconnector goes finally to zero when the arc voltage equals
the open circuit voltage across the switch. Note that this switching event relies on a natural
commutation and thus takes a number of cycles dependent on the series and parallel path
impedances. In the case of circuit-breakers, the commutation is forced and rapid, and will
take place within one half-cycle.
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(a) Voltage across disconnector
(b) Current in disconnector

(c) Current in parallel transmission line

Figure C.2 — Parallel switching between transmission lines
with disconnector

C.4 Parallel switching in practice

Clearly many parallel switching scenarios are possible in practice. A base case will be
considered and then variations will be discussed in relation to this case.

The base case assumes simultaneous contact parting (in reality this may not always be the
case particularly in fault events which cause several protection systems to operate) and about
equal current in both circuit-breakers. Actual sharing of current in reality is most likely to be
reasonably close, say in the 60 % / 40 % range at worst. Table C.1 shows the direction of
current transfer for the base case (refer to Figure C.2) with regard only to the hierarchy of arc
voltages and the rule discussed above.
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Table C.1 — Current transfer direction for parallel circuit-breakers
with same contact parting instant and based on arc voltage

Current transfer
CBy direction CBy

. > .
Oil < Oil
Oil < Air Blast
Oil > SFg
Oil > Vacuum

. > .
Air blast < Air blast
Air blast > SFg
Air blast > Vacuum
SFs b SF,
SFe > Vacuum
Vacuum Z Vacuum

For high-voltage circuit-breakers, the mechanical opening times can vary from 16 ms for air
blast and some SFg circuit-breakers to about 25 ms for oil circuit-breakers. For medium
voltage circuit-breakers, mechanical opening times can be quite long and in the range of
40 ms to 60 ms. Applying the rule, the following outcomes are probable:

If the contact parting on the same phase of both circuit-breakers is within the same half-
cycle, current will start to transfer from the circuit-breaker that opens first (with reference
to Equations (C.3) and (C.4), the arc voltage needs only to achieve a voltage equal to the
voltage across the parallel local impedance). If the transfer is not complete by the time the
contacts part on the second circuit-breaker, then the transfer will be determined by the
relative arc voltages.

If the contact parting of the two circuit-breakers are in consecutive half-cycles, two
outcomes are possible. If the contact parting of the first circuit-breaker to open is well prior
to the current zero crossing but less than the minimum arcing time, then the current will
transfer to the parallel circuit-breaker during the period of significant change of arc voltage
at the latest. However, if the contact parting instant of the first circuit-breaker to open is
close to the current zero crossing, it may not develop sufficient arc voltage to effect a
transfer and the transfer may then be determined by the relative arc voltages once the
contacts part on the parallel circuit-breaker.

For medium voltage circuit-breakers, where the difference in contact parting times can
span about one cycle at 50 Hz or more than one cycle at 60 Hz, the above outcomes also
apply with the added possibility of two current zeros between the respective contact
parting times. In the event of the latter possibility, the current will transfer from the first
circuit-breaker to open at the second current zero at the latest.

In the event of a large current imbalance but dependent on the relative contact parting
instants and the circuit-breaker types, the circuit-breaker with the lower current will
probably commutate its current to the other circuit-breaker.

Two references describing actual parallel switching tests between different circuit-breaker
types are available and the above discussions can be tested against these tests [62, 63]. This
is done in Table C.2.
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Table C.2 — Analysis of actual parallel switching tests

Test case Predicted outcome Actual outcome
CBq: SF¢ puffer Transfer from CB4 to CB, due to Transfer from CB4 to CB,
CBy: SFe puffer negative characteristic of the arc
I 5 kA voltage in CB4
I, 35 kA

Simultaneous contact parting just
prior to current zero

CBq: SFe puffer Transfer from CB4 to CB, around Transfer from CB4 to CB;
CBy: SFe puffer current zero crossing

I 5 kA

I, 35 kA

Contact parting in CB2 3 ms prior to
that in CB4 both well prior to current

zero
CBq: SF¢ puffer Transfer CB, to CB4 on the basis Transfer from CB, to CBq
CBy: SFe puffer of the staggered contact parting

I 5 kA times

I, 35 kA

Contact parting in CB, at current zero
7 ms prior to contact parting in CBq

CBq: SFe puffer Transfer from CB4 to CB, based Transfer from CB, to CBq
CBy: Minimum oil on low current and associated arc

I 4,6 kA voltage in general or transfer from

I 27,2 kA CB, to CB, if arc voltage builds up

Simultaneous contact parting at faster in CB,

current zero

CBq: SFe puffer Transfer from CB4 to CB, based Transfer from CB4 to CBy
CBy: Minimum oil on low current and associated arc

I 4,6 kA voltage given that the period of

I, 27,2 KA significant change of arc voltage is

Simultaneous contact parting in both not involved

CBq and CB, in quarter cycle prior to
current zero

Based on the limited information in the reference, the outcomes appear reasonably
predictable, although it may be argued that some cases fall into grey areas. However, it can
be stated with certainty that, if the characteristics of the arc voltages of both circuit-breakers
is known, then the outcome can be definitively predicted.

C.5 Conclusions

The perceived risk with parallel switching is that current transfer will occur after an arcing time
greater than one loop and thus approach an evolving fault type situation. To avoid this, it is
often suggested that one or other of the two circuit-breakers be staggered by a time equal to
one loop of current. However, introducing a time delay into a protective trip operation is
unlikely to find favour with any utility and, on a balance of probabilities basis, appears to be
unnecessary. The reasons for this are discussed below bearing in mind that sometimes the
unpredicted can indeed happen if only on a very low probability basis.

As noted earlier, experience indicates that parallel switching is not a real issue requiring
resolution but rather one of understanding the duty. The analysis above supports the notion
that the arc voltages alone may be the driver that ensures the transfer of current from one
circuit-breaker to the other within a time period of one loop. There is, however, an inherent
staggering of the opening times between the different circuit-breaker types and the question is
how this influences the interaction between the two circuit-breakers. On the basis that the
current will tend to transfer from the circuit-breaker which opens first, Table C.1 can be
revised as shown below in Table C.3.
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Table C.3 — Current transfer directions for parallel circuit
breakers with inherent opening times and arc voltages

Current transfer direction based on:
CBq Arc voltage Opening time CB,
) > .
Qil < —a Oil
Qil <« < Air-blast
Qil > &« SFg
) 2>b
Qil > <« Vacuum
Air-blast Z —a Air-blast
Air-blast > > SFq
Air-blast > > Vacuum
9
SFy < -a SFy
2>b
SF, > <« Vacuum
9
Vacuum < —a Vacuum

a For like circuit-breakers with the same opening time, the current will transfer from the circuit-breaker with the
highest arc voltage.

b Applies at medium voltage only and dependent on which circuit-breaker opens first.

At high-voltages, only in the case of an oil and an SFg circuit-breaker is there an apparent
conflict between the hierarchy of the arc voltages and the opening time. Dependent on the
difference between the contact parting times it follows that:

e if the contact parting time spread between the two circuit-breakers is at least a quarter-
cycle, then the current in the SFg circuit-breaker will probably transfer totally to the oil
circuit-breaker before it opens;

o if the contact parting time spread is less than a quarter-cycle, then either the above
scenario will occur or the current will start to transfer to the oil circuit-breaker and then
reverse direction due to the arc voltage in the oil circuit-breaker.

At medium voltages, the same reasoning applies for oil and SFq circuit-breakers as discussed
above. Where an oil or SFg circuit-breaker is paralleled with a vacuum circuit-breaker, the
following is likely to occur:

e if the vacuum circuit-breaker opens first, the current will transfer to the still closed oil or
SFg circuit-breaker if a current zero crossing occurs before the latter circuit-breakers
open; if no current zero crossing occurs, then the current in the latter circuit-breakers will
transfer to the vacuum circuit-breaker on opening;

e if the vacuum circuit-breaker opens last, the total current will be transferred to it.

Finally, what is the influence of frequency? The answer to this is that 60 Hz is more
favourable to successful parallel switching than 50 Hz. The reason for this is the more
frequent occurrences of current zero crossings and their associated significant changes in arc
voltage which are conducive to current transfer in one direction or the other.
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Annex D
(informative)

Application of current limiting reactors

D.1 General

Current limiting reactors applied to limit fault currents are usually installed at the substation
distribution level [64]. Large capacity step-down substations are commonly used to supply
distribution systems and the short-circuit levels on the low voltage buses and feeders can be
very high. The reactors can be installed on the buses or the feeders, or even in the
transformer neutrals. The preferred location for overhead distribution systems is on each
feeder.

The advantages offered by the use of series reactors on feeders are:
e circuit-breakers, disconnectors and associated buswork can be rated for a lower short-
circuit level;

e the short-circuit level imposed on downstream devices and customer installations is lower;
also the possible risk for burndown of aerial conductors is virtually eliminated;

o the transformers are exposed only to the lower level faults which is significant given that
the distribution feeder fault is the most common fault on power systems;

e joint use of poles for power distribution and communications purposes are facilitated;

lighter construction of the distribution lines and the possibility to use expulsion fuses.

Important considerations when using series reactors include equipment cost, space
requirements and the installation cost, Watt and var losses and regulation through the reactor.
The reduction in the fault level is of the order of three or more: in one typical case in North
America, where 5 mH reactors are applied in feeders, the fault level is limited to maximum
6 KA as opposed to in excess of 20 kA without the reactors. Overall reactor values in the
range 2 mH to 5 mH are used.

Fewer bus reactors could be applied but such reactors are not attractive from a regulation
perspective and watts loss. Transformer neutral reactors are also unattractive being effective
only for single-line to earth faults.

Current limiting reactors are also used in shunt capacitor bank installations. The purpose of
the reactors is to limit the inrush current through the bank circuit-breaker on energisation to
20 kA peak at 4 250 Hz. This applies to single bank energisation or back-to-back bank
energisation. Reactor values in this application are in the range 0,5 mH to 5 mH.

Only dry-type reactors are used in these applications today. The reactor electrical
characteristics are thus a low inductance value and low stray capacitance values in the order
of a few hundred pF. The TRVs associated with the reactors on clearing feeder faults or faults
between the reactor and the capacitor bank are fast rising with significant amplitudes. For the
feeder case, circuit-breaker failures have been attributed to the reactor TRV [65].

D.2 Feeder case TRVs

Figure D.1 shows the measured TRV for a three-phase ungrounded fault on a 25 kV feeder
with a current limiting reactor. This TRV shape is typical and shows a fast transient oscillation
due to the reactor superimposed on the slower transient oscillation determined by the source
impedance and the local capacitances [9].
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Figure D.1 — TRV for three-phase ungrounded fault on 25 kV feeder
with current limiting reactor (1 p.u. = 30,6 kV peak)

The fast transient oscillation can be dealt with by adding a capacitor across the reactor. This
approach has advantages over applying the capacitor to earth in that it can actually be
installed inside the reactor assembly [65]. Figure D.2 shows an EMTP simulation for the case
shown in Figure D.1 without and with 20 nF applied across the reactor. During normal service
the capacitor is exposed to the minimal voltage drop across the reactor and only experiences
high-voltages on fault occurrence.
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Figure D.2 — EMTP simulation for case in Figure D.1 with
and without parallel capacitance (1 p.u. = 20,4 kVpeak)
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D.3 Shunt capacitor case TRVs

This case can be illustrated by considering an EMTP study for a 66 kV, 50 MVAR ungrounded
shunt capacitor bank with a 10 mH current limiting reactor. The TRV for a three-phase
ungrounded fault between the reactor and the bank is shown in Figure D.3. The effect of the
reactor is very evident as is further shown in Figure D.4.
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Figure D.3 — TRV for three-phase ungrounded fault on 66 kV
shunt capacitor bank with 10 mH current limiting reactor
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Figure D.4 — Initial part of TRV for three-phase ungrounded fault on 66 kV
shunt capacitor bank with 10 mH current limiting reactor

The effect of adding a 20 nF capacitor across the reactor is shown in Figure D.5. The trace
shows that the frequency of the reactor oscillation is reduced by about a factor of five.
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Figure D.5 — Initial part of TRV for three-phase ungrounded fault on 66 kV shunt
capacitor bank with 10 mH current limiting reactor with parallel 20 nF capacitor

D.4 Conclusion

The use of current limiting reactors should always be associated with a TRV study. The TRVs
produced by current-limiting reactors are often extremely severe (fast rate-of-rise, high
frequency) and are generally significantly faster than those specified in IEC 62271-100.
Mitigation capacitors installed across the current limiting reactor or phase-to-earth are
generally required in order to decrease the resultant rate-of-rise of recovery voltage to a value
for which the circuit-breaker has been designed and tested.
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Annex E
(informative)

Explanatory notes on the revision of TRVs for circuit-breakers
of rated voltages higher than 1 kV and less than 100 kV

E.1 General
The text given in this annex originates from Annex L of IEC 62271-100:2008.

Following the decision taken at the SC17A meeting in Beijing (CN) in October, 2002,
IEC SC 17A/WG35 has prepared a proposal for the revision of TRVs for circuit-breakers rated
above 1 kV and less than 100 kV.

This proposal uses the input coming from former Working groups of CIGRE Study Committee
A3 (Switching Equipment) that have 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. Another CIGRE working group, WG 13.05, studied the TRVs
generated by clearing transformer fed faults and transformer secondary faults. The results
have been presented in Electra 102 (1985). In 1992, together with CIRED, CIGRE SC A3
created working group CC-03 to investigate again the definition of TRVs for medium voltage
switchgear. The outcome of these investigations has been published in CIGRE Technical
Brochure 134 (1998) and is in line with earlier studies.

E.2 Main modifications made

The main modifications introduced by this amendment can be summarized as follows:

a) In order to cover all types of networks (distribution, industrial and sub-transmission) in the
range of rated voltages higher than 1 kV and less than 100 kV, and for standardization
purposes, two types of systems are defined:

— cable systems

Cable-systems are defined in 3.1.132 of IEC 62271-100:2008.
— line systems

Line systems are defined in 3.1.133 of IEC 62271-100:2008.

b) A particular test duty T30 is specified for the special case of circuit-breakers intended to
be connected to a transformer with a connection of small capacitance (cable length less
than 20 m), in order to verify their capability to interrupt transformer-limited faults. This is
covered in a new Annex M of IEC 62271-100:2008.

In the general case where the capacitance of the connection is high enough, the normal
test duty T30 demonstrates the capability to interrupt transformer-limited faults.

c) Short-line fault is a mandatory duty for circuit-breakers with rated voltages 15 kV and
above and directly connected to overhead lines. As specified already in this standard for
circuit-breakers rated 48,3 kV and above, the rated short-circuit current must be higher
than 12,5 kA (i.e. Ig. > 16 kA).

d) The special case of circuit-breakers installed immediately in series with a reactor is
covered in a new subclause 8.103.7 of IEC 62271-100:2008.
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E.3 Terminal fault

E.3.1 TRV for circuit-breakers in line systems

Line systems are more common to the North American practice than to the European practice.
Therefore the TRV ratings as listed in Table 2 of ANSI C37.06-2000 were the basis to define
the new Table 25 of IEC 62271-100:2008. The values for t; are 0,88 times the T, values
specified in ANSI.

NOTE The factor 0,88 is derived from a pure “1-cos”-waveshape multiplied with ¥2 amplitude factor. The standard
TRV wave-shape “1-cos” in ANSI C37-06-2000 for rated voltages less than 100 kV did not coincide with the precise
mathematical equation for parallel or series damped circuits, for which another ratio t,/T, is applicable.

Time t5 for terminal fault and short-line fault is equal to 4,65><Ur0‘7, with t5 in microseconds

and U, in kV. The equation was derived from the values given in Table 2 of ANSI C37.06-2000
for rated voltages 15,5 kV, 25,8 kV, 48,3 kV and 72,5 kV. The same equation is used for other
rated voltages.

The rate of rise of recovery voltage is derived from u; and ts.
Time t5 for out-of-phase is taken as double the time t; for terminal fault.

E.3.2 Time delay
Time delay in Table 24 of IEC 62271-100:2008 for circuit-breakers in cable systems:

The time delay ty is as in the first edition of IEC 62271-100 published in 2001 for rated
voltages less than 52 kV. The equation is generalized to all cable systems (rated voltage
less than 100 kV).

Time delay in Table 25 of IEC 62271-100:2008 for circuit-breakers in line systems:

The time delay ty in Table 25 is 0,05 x t3, as in the first edition of IEC 62271-100
published in 2001 for rated voltages 48,3 kV — 52 kV and 72,5 kV. The equation has been
extended to the lower rated voltages as no change in the initial part of the TRV wave-
shape is expected (the initial part is exponential, even with the short line lengths that can
be met in distribution and sub-transmission systems). This requirement is not judged
excessive as in the worst case (U, = 15 kV) the time delay value of 2 us is as specified for
circuit-breakers with rated voltages higher than 72,5 kV.

It recognizes the fact that at high short-circuit current the thermal phase of interruption,
this time delay can be critical and that has to be taken into account. However, as shown in
Tables 13 and 14 of the first edition of IEC 62271-100 published in 2001, such verification
can be made when performing short-line fault tests. Therefore, as it is already the case for
rated voltages higher than 38 kV, it is allowed to have a longer time delay during testing of
T100, up to 0,15 x t3, provided that short-line fault tests are performed. This possibility is
indicated in Table 25 of IEC 62271-100:2008.

E.3.3 Amplitude factor for T100s and T100a

For circuit-breakers in cable systems, the value of 1,4 in the first edition of IEC 62271-100
published in 2001 is retained, due to the positive experience with past editions of this
standard.

For circuit-breakers in line systems, the value of 1,54,defined in ANSI C37.06-2000 was
taken.
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E.3.4 Amplitude factor for T60, T30 and T10

For circuit-breakers in cable systems, the value of 1,5 for T60 in the first edition of IEC 62271-
100 published in 2001 is kept, due to the positive experience obtained. For T30 and T10, the
amplitude factor has been raised from 1,5 to respectively 1,6 and 1,7, as the contribution to
TRV comes mainly from the voltage variation across transformer(s) which has low damping,
this combined with source voltage results to a TRV with a relatively high amplitude factor.

For circuit-breakers in line systems, the values were taken from ANSI C37.06-2000: 1,65 for
T60, 1,74 for T30 and 1,8 for T10.

E.4 Short-line fault

In the first edition of IEC 62271-100, short-line fault requirements have been specified for
circuit-breakers with a rated voltage of 52 kV and 72,5 kV, in the range of rated voltages
considered in this edition, and directly connected to overhead-lines.

In this second edition, short-line fault requirements are specified for class S2 circuit-breakers
with a rated voltage of 15 kV and above and directly connected (with busbar) to overhead-
lines, irrespective of the type of network on the source side.

As the network and substation topology and layout for 48,3 kV is identical to those of 52 kV
and 72,5 kV systems, the short-line test duty for 48,3 kV is specified in a way similar to 52 kV
and 72,5 kV.

For the rated voltages 15 kV, 25,8 kV and 38 kV the characteristics and procedure are slightly
different. As normally no equipment is connected to the line side of the circuit-breaker the line
characteristics are adapted to virtually no delay capacitance: ty, < 0,1 ys. As the line length to
the fault location should correspond to realistic distances, the test duty Lqy has been dropped
and the tolerances on the line length for L, have been adapted.

The short-line fault test specified is regarded as covering three-phase short-line faults as well
as two-phase and single-phase faults for the following reasons:

— the representative surge impedance, seen from the terminals of the clearing pole, is such
that for all cases the RRRV for all three poles to clear is covered by the specified
characteristics listed in Table 8 of IEC 62271-100:2008;

— the single-phase short-line fault test, with an arcing window of (180°-da), covers the
requirement for the multi-phase fault cases for effectively-earthed and non-effectively
earthed systems;

— the withstand of the peak value of TRV during three-phase fault interruption is
demonstrated by terminal fault test duty T100.

E.5 Out-of-phase

Not enough system information is available to revise TRV parameters for breaking in out-of-
phase condition. CIGRE SC A3 has been asked to investigate the system and service
conditions leading to out-of-phase current clearing. Therefore, the TRV for out-of-phase
breaking are basically unchanged.

The values of t5 for out-of-phase are in all cases two times the value for terminal fault T100.

E.6  Series reactor fault

Due to the very small inherent capacitance of a number of current limiting reactors, the
natural frequency of transients involving these reactors can be very high. A circuit-breaker
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installed immediately in series with such type of reactor will face a high frequency TRV when
clearing a terminal fault (reactor at supply side of circuit-breaker) or clearing a fault behind
the reactor (reactor at load side of circuit-breaker). The resulting TRV frequency generally
exceeds by far the standardized TRV values.

In these cases it is necessary to take mitigation measures, such as the application of
capacitors in parallel to the reactors or connected to earth. The available mitigation measures
are very effective and cost efficient [66]. It is strongly recommended to use them, unless it
can be demonstrated by tests that a circuit-breaker can successfully clear faults with the
required high frequency TRV.

In the opinion of the members of WG 35 of IEC SC17A, the service experience with TRV
mitigation measures is so good and the costs involved are relatively so low, that it makes no
sense to specify special requirements for circuit-breakers for this type of application.

E.7 TRV for last clearing poles / tests circuit topology

In Table 2 of IEC 62271-100:2001, multipliers for transient recovery voltage values for second
and third clearing poles are given for circuit-breakers with rated voltages higher than 72,5 kV.
Under NOTE 1, it is stated that for voltages equal to or lower than 72,5 kV, the values are
under consideration.

For circuit-breakers with rated voltages equal to or lower than 72,5 kV, as not enough
information is available to define values other than those specified for higher rated voltages,
IEC SC17A has decided during its meeting in Montreal (CA), October 2003, to extend the
validity of Table 2 to all rated voltages higher than 1 kV. The values will be revised later on
when the results of studies are published.
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Annex F
(informative)

Current and test-duty combination for
capacitive current switching tests

F.1  General
Capacitive current switching tests are described in 6.111 of IEC 62271-100:2008.

They consist of line charging (LC), cable charging (CC) and capacitor bank (BC) switching
tests.

Each test consists of two test duties:

— test-duty 1 (TD1), with a percentage of rated capacitive current between 10 % and 40 %;
— test-duty 2 (TD2), with the full rated capacitive current (= 100 %).

The capacitive current switching cases are covered by the following test-duties:

— line-charging current, TD1 LC1
— line-charging current, TD2 LC2
— cable-charging current, TD1 CcC1
— cable-charging current, TD2 ccz2
— capacitor bank current, TD1 BC1
— capacitor bank current, TD2 BC2

As specified in 6.111.9 of IEC 62271-100:2008, test-duties can be combined to demonstrate
the performance of the circuit-breaker to cover several applications or ratings.

Some examples are here given considering different ratings.

F.2 Combination rules

In 6.111.9 of IEC 62271-100:2008, rules are given for combining different test-duties.

e voltage: the maximum voltage of the different test-duties has to be used,;
e current: the combination rule changes with test-duty 1 and 2.

- TD1:
The rule to test with a current between 10 % and 40 % of the relevant rated capacitive
current of the specific test-duty applies. Each current value fulfilling this rule can be
used for a test combination and TD1 can cover two or more cases, otherwise TD1 shall
be repeated with the appropriate current value;

- TD2:
The test current must be equal to or higher than the maximum rated value of the test-
duties that are going to be combined. One TD2, performed with this current, covers the
lower current ratings even if their rated current is much lower.

e operation: a CO operation covers an O operation;
e number of operations: the highest number has to be considered for the same test-duty.
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F.3 Examples

F.3.1 General
To exemplify the combination rules, the following three different cases are considered:

— Case 1: 145 kV, tested single-pole according to class C2 (see F.3.2);
— Case 2: 36 kV, tested three-pole according to class C2 (see F.3.3);
— Case 3: 245 kV, tested single-pole according to class C1 (see F.3.4).

There is more than one possibility to combine the test-duties applying the rules given by
IEC 62271-100.

F.3.2 Case 1: 145 kV, tested single-pole according to class C2
F.3.2.1 General

From Table 9 of IEC 62271-100:2008 the following rated currents have been selected.

Rated voltage U, 145 kV (r.m.s.)
Rated line-charging breaking current I, 50 A(r.m.s.)
Rated cable charging breaking current I 160 A(r.m.s.)

Rated single capacitor bank breaking current Iy, 400 A(r.m.s.)

The capacitive voltage factors are: 1,4 for LC, 1,2 for CC and 1,0 for BC.
The required test duties are summarized in Table F.1.

Table F.1 — Summary of required test-duties for covering the
capacitive current switching without any test-duty combination
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LC1 1,4 50 5 20 48 48 0 24 15 12 0 Min.
LC2 1,4 50 50 48 24 24 24 30 12 0 Rated
CC1 1,2 160 16 64 48 48 24 15 12 0 Min.
CC2 1,2 160 160 48 24 24 24 30 12 0 Rated
BC1 1,0 400 40 160 48 48 36 15 12 0 Min.
BC2 1,0 400 400 120 0 120 36 15 84 0 Rated

The total number of shots without any test-duty combination is 360.

Applying the combination rules, the complete capacitive current switching test program can be
covered with one TD2 and two TD1 (TD1a, TD1b) or one TD1 and two TD2 (TD2a and TD2b).
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F.3.2.2 Test-duty 2 combination
F.3.2.2.1 General

Depending on the combination it can be decided to perform TD2 with the most severe
capacitive voltage factor and the maximum rated current and the highest number of shots, or
perform two TD2 as follows (see Figure F.1):

— one covering only BC2;
— one covering LC2, CC1 and BC1 at the same time (see TD1/TD2 combination).

In this case the quenching medium pressure has to be set at minimum as required for TD1.

Test duty 2 combination

@ 50 A160 400 *Le

A CC2

® BC2

400
® td2
0 50 100 150 200 250 300 350 400 450 A
Figure F.1 — Test-duty 2 combination for Case 1
Table F.2 — Case where TD2 covers LC2, CC2 and BC2
LC2 Ccc2 BC2 combination value

Capacitive voltage factor 1,4 1,2 1,0 1,4
Rated current A 50 160 400 400
Number of operations 48 48 120 120
Operation type CO CO CO CO

If the TD2 combination only needs to cover CC2 and BC2 it can be performed at lower voltage
(i.e. by using a capacitive voltage factor of 1,2 instead of 1,4). In this case a second test-duty
has to be performed covering LC2. This will be shown in the TD1/TD2 combination.

Table F.3 — Combination values for the case where TD2 covers only CC2 and BC2

LC2 cc2 BC2 Combination value
Capacitive voltage factor 1,2 1,0 1,2
Rated current A 160 400 400
Number of operations 48 120 120
Operation type CcoO Cco CcoO

LC2 will be covered by an additional TD2.
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F.3.2.2.2 TD1 combination

For TD1 the current range is 10 % — 40 % of the rated capacitive current, which means that
two test-duties are needed, since it is not possible to obtain a current value fulfilling this
requirement for current of 50 A, 160 A and 400 A.

There are 2 possibilities for the combination:

a) Combining CC1 and BC1 selecting a current between 10 % of BC1 and 40 % of CC1 and
adding then a TD1 test-duty with current between 10 % and 40 % of LC1.

Test duty 1 combination
40 160 —— | C1
16 — 4 —cc1
A = - -
5 20 = v =mBC1l
@ _—
_tdl_a
5 20 40 64 tdl_b
0 20 40 60 80 100 120 140 160 180 A

Figure F.2 — TD1 combination for case a)

Table F.4 — Combination values for case a): the combined TD1 covers CC1 and BC1

LC1 CC1 BC1 combination value
Capacitive voltage factor 1,4 1,2 1,0 1,2
Rated current A 5-20 16-64 40-160 40-64
Number of operations 48 48 48 48
Operation type (0] O (0] (0]

An additional TD1 is needed to cover LC1.

b) Combining LC1 and CC1 selecting a current between 10 % of CC1 and 40 % of LC1 and
adding then a TD1 test duty with a current between 10 % and 40 % of BCL1.

Test duty 1 combination
40 160 e | C]
16 64 — & —CC1
- = — = — A

5 - ] -Bcl
_tdl_a
160 40 160 d1_b

0 20 40 60 80 100 140 160 180 A

Figure F.3 — TD1 combination for case b)
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Table F.5 — Combination values for case b): the combined TD1 covers LC1 and CC1

LC1 CC1 BC1 Combination value
Capacitive voltage factor 1,4 1,2 1,0 1,4
Rated current A 5-20 16-64 40-160 16-20
Number of operations 48 48 48 48
Operation type (0] O (0] (0]

An additional TD1 is needed to cover BC1.

F.3.2.3 TD1/TD2 combination

TDZ2 is carried out covering LC2 as well as CC1 and BC1.

For that reason the current value has to be selected between 50 A and 64 A, and the
capacitive voltage factor should be that of LC1 (i.e. 1,4).

Test duty 1/ test duty 2 combination
16 = CCl
A== » =li= BC1
- 50 e —T]
— td2_a
5 20 50 64 * L2
0 20 40 60 80 100 120 140 160 180 A

Figure F.4 — TD1/TD2 combination for Case 1

Table F.6 — Combination values for a TD2 covering LC2, CC1 and BC1

LC2 CC1 BC1 Combination value
Capacitive voltage factor 1,4 1,2 1,0 1,4
Rated current A >50 16-64 40-160 50-64
Number of operations 48 48 48 48
Operation type CO O (0] CO

F.3.2.4

The complete test program LC, CC and CC that would consist of 360 operations can be

Combination summary

fulfilled with one of the two following combinations having 216 operations.
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Table F.7 — Summary of the possible test-duty combination for a 145 kV
circuit-breaker, tested single-pole according to class C2
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Full test program for 145 kV circuit-breaker (LC, CC and BC), class C2, tested single-pole
LC1 1,4 50 5 20 48 48 0 24 15 12 0 Min.
LC2 1,4 50 50 48 24 24 24 30 12 0 Rated
CC1 1,2 160 16 64 48 48 24 15 12 0 Min.
cc2 1,2 160 160 48 24 24 24 30 12 0 Rated
BC1 1,0 400 40 160 48 48 36 15 12 0 Min.
BC2 1,0 400 400 120 0 120 36 15 84 0 Rated
Combination 1: LC1; CC1 and BC1; LC2, CC2 and BC2
TDla 1,4 5 20 48 48 0 24 15 12 Min.
TD1b 1,2 40 64 48 48 0 24 15 12 Min.
TD2 1,4 400 120 0 120 36 15 84 Rated
Combination 2: LC1 and CC1; BC1; LC2, CC2 and BC2
TDla 1,4 16 20 48 48 0 24 15 12 Min.
TD1b 1,0 40 160 48 48 0 24 15 12 Min.
TD2 1,4 400 120 0 120 36 15 84 Rated
Combination 3: LC1; CC1, BC1 and LC2; CC2 and BC2
TD1 1,4 16 20 48 48 0 24 15 12 Min.
TD2a 1,4 50 64 48 0 48 24 15 12 Min.
TD2b 1,2 400 120 0 120 36 15 84 Rated

F.3.3 Case 2: 36 kV, tested three-pole according to class C2
F.3.3.1 General

From Table 9 of IEC 62271-100:2008 the following rated currents have been selected:

Rated voltage U, 36 kV (r.m.s.)
Rated line-charging breaking current I, 10 A(r.m.s.)
Rated cable charging breaking current I 50 A(r.m.s.)

Rated single capacitor bank breaking current I, 400 A(r.m.s.)

Since in this case three-pole tests are considered, the earthing connections described in
6.111.4 and 6.111.5 shall be followed.
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Table F.8 — Neutral connection prescriptions for three-phase capacitive tests

Neutral of supply circuit

Neutral of the capacitor

BC Earthed U, <52 kV isolated
U, 2 52 kV as in reality
LC and CC According to the system U <52kVC, =3xC,

kpp =1,5: Isolated

kpp = 1,3: Effectively earthed

U,252kV C, =2xC,

The required test-duties are summarized in Table F.9.

Table F.9 — Summary of required test-duties for covering the
capacitive current switching without any test duty combination
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LC1 1,4 10 1 4 24 24 0 12 15 12 0 Min.
LC2 1,4 10 10 24 24 12 15 12 0 Rated
CC1 1,2 50 5 20 24 24 0 12 15 12 0 Min.
CC2 1,2 50 50 24 24 12 15 12 0 Rated
BC1 1,0 400 40 160 24 24 0 12 15 12 0 Min.
BC2 1,0 400 400 80 80 16 15 64 0 Rated

The total number of operations without any test-duty combination is 200.

Applying the combination rules the complete capacitive current switching test program can be
covered in this case with either one test-duty 2 (TD2) and three test-duties 1 (TD1, TD1b,
TD1c), or with two test-duties 1 covering LC1 and CC1 and 2 test-duties 2 covering CC2 and
BC1 and BC2.

F.3.3.2

Test-duty 2 combination

Depending on the combination, it can be decided to perform TD2 only with the most severe
connection of the neutral point of the supply circuit, the maximum rated current and the
highest number of shots, or perform two test-duties 2 as follows:

— one test-duty covering only BC2;
— another test-duty CC2 and BCL1 at the same time (see TD1/TD2 combination).
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Figure F.5 — TD2 combination for Case 2

a) Case with only one TD2.

Table F.10 — Combination values for a TD2 covering LC2, CC2 and BC2

LC2 Ccc2 BC2 Combination value
Neutral of supply circuit unearthed unearthed earthed unearthed
Rated current (A) 10 50 400 400
Number of operations 24 24 80 80
Operation type Cco CO CO CO

b) If 2 test-duties are performed it is possible to use one covering LC2, CC2 and BC1 (see
F.3.3.4) and the other covering only BC2. The test-duty covering BC2 can be performed
with earthed neutral point of the supply circuit.

Table F.11 — Values for the additional TD2 for covering only BC2

BC2 Combination value
Neutral of supply circuit earthed earthed
Rated current (A) 400 400
Number of operations 80 80
Operation type Cco (ef0)

F.3.3.3

Test-duty 1 combination

With the given ratings there is no possibility to combine TD1 test-duties since there is no
overlapping of the 10 % — 40 % current ranges.

A TD1 has to be performed 3 times for each current value in the range of 10 % — 40 % of the

relevant current rating.
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Test duty 1 combination
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No combination possible since there is no overlapping of the three current ranges.
Figure F.6 — TD1 combination

Table F.12 — Values for the three a TD1 that shall be performed
since no combination is possible
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y— o o o +— - © - @©
° o (@) o 8 b e 2 £
© e} @) °© © 8- =] g- =
Qa - — © — — £ — E
Ec o o ] o o .= oz o
22| & | & 3 58 = 5 S 5
ZR3| =2 2 2 Qo oE o E ®
S 1S 1S = E 5 E £ Ec 2
o o =} =} — S O S = S = fus
= o =z =z @] Z T =z Z = o
TDla 1 4 24 24 0 12 15 12 0 Min
TD1b 5 20 24 24 0 12 15 12 0 Min.
TD1c 40 160 24 24 0 12 15 12 0 Min.

F.3.3.4 TD1/TD2 combination

In this case a TD2 is use to cover TD1. This means that the neutral point connection shall be
the same as for TD1 and pressure has to be set to the minimum.

Test duty 1/ test duty 2 combination

40 160 —— | C1

5 20 A~ CC1

A A A 50 il BC1
14 tdl_a
had tdl_b
td2_a

1% 20 A CC2

0 20 40 60 80 100 120 140 160 180 A

Figure F.7 — TD1/TD2 combination for Case 2
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Table F.13 — Combination values for a TD2 covering LC2, CC2 and BC1

LC2 cc2 BC1 combination value
Neutral of supply circuit unearthed unearthed earthed unearthed
Rated current A >10 >50 40-160 50-160
Number of operations 24 24 24 24
Operation type Cco Cco (@) Cco

F.3.3.5

Combination summary

The complete test program LC, CC and BC that would consist of 200 operations can be
fulfilled with the following two combinations consisting of 152 operations.

Table F.14 — Summary of the possible test-duty combination for a 36 kV

circuit-breaker tested under three-phase conditions according to class C2

Test- Neutral [ Iin | hax » g
duty A E e pl _ 2o 2o
= P 9 [ o S [e) S
g g = 2 =2 | 58
() o — bt
s < o 5 s s S
. o O 2 L) o E a €
9] o) ) o 3] o3 o3
Q — — ° Y— - E w— E
€ ¢ S o 2 S) = 53 o
22 | & & 3 59 | 8E | 88 | 5
—_ - el (] 3]
g | 5 £ @ S92 | 5£¢ E£¢ ¢
[mae) =z =z [a) ZT z2g z225 o
Full test program for 36 kV circuit-breaker (LC, CC and BC), class C2, tested three-pole
unearth
LC1 ed 10 1 4 24 24 12 15 12 0 Min
unearth
LC2 ed 10 10 24 24 12 15 12 0 Rated
unearth
CC1 ed 50 5 20 24 24 12 15 12 0 Min.
unearth
cc2 ed 50 50 24 24 12 15 12 0 Rated
BC1 earthed 400 40 160 24 24 12 15 12 0 Min.
BC2 earthed 400 400 80 24 12 15 64 0 Rated
Combination 1: LC1; CC1; BC1; LC2, CC2 and BC2
unearth
TDla | ed 1 4 24 24 0 12 15 12 0 Min.
unearth
TD1b ed 5 20 24 24 0 12 15 12 0 Min
unearth
TD1c ed 40 160 24 24 12 15 12 0 Min.
TD2 earthed 400 80 0 80 16 15 64 0 Rated
Combination 2: LC1; CC1; LC2, CC2 and BC1; BC2
unearth
TDla ed 1 4 24 24 12 15 12 0 Min.
unearth
TD1b ed 5 20 24 24 12 15 12 0 Min
unearth
TD2a | ed 50 160 24 24 12 15 12 0 Min.
TD2b earthed 400 80 80 16 15 64 0 Rated
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F.3.4 Case 3: 245 kV, tested single-pole according to class C1
F.3.4.1 General

From Table 9 of IEC 62271-100:2008 the following rated currents have been selected.

Rated voltage U, 245 kV (r.m.s.)
Rated line-charging breaking current I, 125 A(r.m.s.)
Rated cable charging breaking current I 250 A(r.m.s.)

Rated single capacitor bank breaking current I, 400 A(r.m.s.)

The capacitive voltage factors are also different being: 1,4 for LC, 1,2 for CC and 1,0 for BC.
The required test-duties are summarized in Table F.15.

Table F.15 — Summary of required test-duties for covering the capacitive current
switching without any test-duty combination

Test- kc In Imin Imax 2 %) E E
duty A o c E E

= o

© 0 = 2 0 o 0 o

2 | s S |2 | S | SE| &E

S lE |8 |E |§ |55 %

o © g o o Cc @ .S

. o O o) <@ Qg Q'c

[ o (©) [} o = o =

g |5 |5 |E |5 |sg]| e

o o Q
2 |5 |5 |2 | s8] 85| 82|53
= o o 2 Qo o Qo€ o E @
- = = X

£ £ £ @ Eo| E= | E5 | ¢

[ P P a Z o z E z E o
LC1 1,4 125 12,5 50 24 24 12 30 6 6 Rated
LC2 1,4 125 125 24 24 12 30 6 6 Rated
CC1 1,2 250 25 100 24 24 12 30 6 6 Rated
CC2 1,2 250 250 24 24 12 30 6 6 Rated
BC1 1,0 400 40 160 24 24 12 30 6 6 Rated
BC2 1,0 400 400 24 24 12 30 6 6 Rated

The number of operations is now smaller since the circuit-breaker is tested according to class
C1.

The total number of shots without any test-duty combination is 144.

Applying the combination rules, the complete capacitive current switching test program can be
covered with one TD2 and one TD1.

This is possible since the current rating of line-charging, cable-charging and capacitor bank
are closer to each other in comparison to the previous example, which enables a common
overlapping for all of three test-duties 1: LC1, CC1 and BC1.

F.3.4.2 Test-duty 2 combination

All three test-duties 2 can be covered with one test TD2 that shall be performed with the
highest voltage factor, the maximum rated current and the highest number of shots.



TR 62271-306 © IEC:2012(E) — 289 —

Test duty 2 combination

® 125 A250 400 ¢ L2
ACC2
® BC2
400
o 12
0 50 100 150 200 250 300 350 400 450 A

Figure F.8 — TD2 combination for Case 3

Table F.16 — Combination values for a TD2 covering LC2, CC2 and BC2

LC2 Ccc2 BC2 Combination value
Voltage factor 1,4 1,2 1,0 1,4
Rated current A 125 250 400 400
Number of operations 24 24 24 24
Operation type CO CO CO CO

F.3.4.3 TD1 combination

For TD1 in this case it is possible to find a range of tested current that can fulfil at the same
time the 10 % — 40 % rule of every capacitive current defined for line-charging, cable-charging
and capacitor bank.

As shown in Figure F.9, selecting a current in the range between 40 A and 50 A it is possible
to stay inside every 10 % — 40 % range.

Test duty 1 combination
« 160 ——|C1
25 100
P - = = A = A =CCl
125
P —
- ] -Bcl
40 50 tdl_a
0 20 40 60 80 100 120 140 160 180 A

Figure F.9 — TD1 combination for Case 3
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Table F.17 — Combination values for a TD1 covering LC1, CC1 and BC1

LC1 CC1 BC1 Combination value
Voltage factor 1,4 1,2 1,0 1,4
Rated current A 12.5-50 25-100 40-160 40-50
Number of operations 24 24 24 24
Operation type (0] (0] (0] (0]

F.3.4.4 Combination summary

The complete test program LC, CC and BC that would consist of 144 operations can be
fulfilled with the following combination consisting of 48 operations.

Table F.18 — Summary of the possible test-duty combination for a 245 kV circuit-
breaker, tested single-phase according to class C1

0
Test- kc I, Imin I max c ) § g
duty A A 2 @ S S S
IS Q %
has o = c _ 2 0 o
2 | g s | S 5 | SE| SE
3 S o = 5o | 8o
5 g S g S 52 | s<
o o O ° T g° | &8
g€ |5 |5 | |5 |s5g]|vse
S S Q
2 |s |5 |2 | 52| s5|352|5%
= o o = Q0 o€ o E @
- = = X
1) g g 0 g 2 g.E g < o
= z z [a) Zo z E z E o
Full test program for 245 kV circuit-breaker (LC, CC and BC), class C1, tested single-pole
LC1 1,4 125 12,5 50 24 24 12 30 6 6 Rated
LC2 1.4 125 125 24 24 12 30 6 6 Rated
CC1 1,2 250 25 100 24 24 12 30 6 6 Rated
CC2 1,2 250 250 24 24 12 30 6 6 Rated
BC1 1,0 400 40 160 24 24 12 30 6 6 Rated
BC2 1,0 400 400 24 24 12 30 6 6 Rated
Combination 1: LC1; CC1 and BC1; LC2, CC2 and BC2
TD1 1,4 40 50 24 24 12 30 6 6 Rated
TD2 1.4 400 24 24 12 30 6 6 Rated
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Annex G
(informative)

Grading capacitors

G.1 Grading capacitors

G.1.1 General

Grading capacitors are accessories to high-voltage circuit-breakers and are mainly used to
control the voltage distribution across the individual breaking units of a multi-unit circuit-
breaker. They are mounted in parallel with the breaking units.

The presence of additional capacitance across the circuit-breaker contacts modifies the line
side TRV in the case of short-line faults. For this reason, capacitors can also be found on
single-unit circuit-breakers. In the latter case, they are mounted in parallel with the breaking
unit or to earth. Their function is solely to influence the line side TRV, they do not participate
in voltage distribution. This type of application is not dealt with in this annex.

Grading capacitors consist of a number of capacitor packages inside an insulated housing.
Design and test requirements are given in IEC 62146-1 9.

G.1.2 Capacitor characteristics
G.1.2.1 Equivalent circuit

A possible a.c. equivalent circuit of a capacitor can be approached by the circuit given in
Figure G.1.

@)
Py
—

Figure G.1 — Equivalent circuit of a grading capacitor

In Figure G.1 C represents the capacitance of the grading capacitor and R the losses and L
the internal inductance.

G.1.2.2 Tand, power factor and quality factor

For the determination of tans, power factor and quality factor, the inductance in Figure G.1
can be neglected. The equivalent circuit is given in Figure G.2.

9  To be published.
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@)
Py

Figure G.2 — Equivalent circuit for determination
of tand, power factor and quality factor

Figure G.3 shows the vector diagram of the capacitor impedances.

R

Figure G.3 — Vector diagram of capacitor impedances

The following capacitor characteristics can be derived:

7-YR2+x2 =[R2+ 1
w?C?

The dielectric loss angle is ¢ (see Figure G.3). The dissipation factor tand = ; = wRC is also

known as Dissipation Factor (DF).
Power factor (PF) = cosd = siné = R/Z.

For relatively low values of R, Z is approximately equal to X, in other words: &, siné and tané
are equivalent. As a result, the power factor and dissipation factor are nearly equal.

The quality factor Q = X/R = 1/tané.
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G.1.2.3 Grading capacitor resonance frequency

The grading capacitor has its own internal resonance frequency at the point where the
impedances cancel each other. To determine the internal resonance frequency, the circuit
shown in Figure G.1 is used and the resistance is neglected.

1

274/ LC

The internal resonance f, frequency is: f; =

G.1.3 Application considerations
G.1.3.1 Shocks and vibration

Grading capacitors mounted on circuit-breakers are exposed to shocks and vibrations as a
result of the operation of the circuit-breaker. The manufacturer should ensure that the grading
capacitors have been properly type tested.

G.1.3.2 Ferroresonance

When a circuit-breaker with grading or parallel capacitors is installed in a substation, the
capacitors may form a resonance circuit together with any ferromagnetic inductance (i.e.
magnetic instrument transformers and power transformers) present in the substation. This can
give rise to ferroresonance in case the circuit-breaker is in the open position.

The risk of ferroresonance increases with increasing grading capacitance values.

G.1.3.3 Shunt reactors

Shunt reactor switching may expose the grading capacitors to the effect of a re-ignition of the
interrupter. The steep transient of the second parallel oscillation stresses the capacitors and
may puncture the dielectric of the individual capacitor packages inside the grading capacitor.

G.1.3.4 Exposure to d.c. voltages

In applications where capacitive currents are switched (capacitor banks, no-load overhead
lines and no-load cables), the load side of the circuit-breaker remains at a d.c. voltage
whereas the source side is exposed to a power frequency voltage. In such applications the
grading capacitor may be exposed to a d.c. voltage.

The grading capacitor has to withstand the discharge of the trapped charge in the grading
capacitor during closing of the circuit-breaker or restrike during opening.

G.1.3.5 Consideration of using grading capacitor in low temperature climates

Grading capacitors using an oil/film or oil/paper or oil/paper and film dielectric system fitted
on circuit-breakers intended for low temperature applications, generally when T, <-40 °C,
should be properly designed and tested to withstand the dielectric stresses produced by
system overvoltages and nominal system voltage. This is an issue for circuit-breakers
intended to be used in open position for relatively long periods of time (for example for shunt
capacitor bank or for shunt reactor circuit-breakers).

At low temperatures, the viscosity of the dielectric liquid used increases and may no longer be
able to extinguish the partial discharges that may occur when a system overvoltage is applied
to an open circuit-breaker. In case that the partial discharges cannot be extinguished when
the applied voltage returns to nominal system voltage, this may lead to premature element(s)
failure(s) within the grading capacitor.



- 294 — TR 62271-306 © IEC:2012(E)

A special voltage withstand test at low ambient air temperature as defined in IEC 62146-110 s
required to demonstrate the performance of a grading capacitor for use in low temperature
climate conditions.

10 To be published.
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Annex H
(informative)

Circuit-breakers with opening resistors

H.1 General

This annex is applicable to circuit-breakers in which a resistor is inserted in series with the
circuit to be interrupted. This resistor is connected in parallel to the main interrupter at least
for breaking operations. During interruption the main interrupter transfers the current to the
resistor and then the resistor interrupters connected in series to the resistor break the
remaining current.

CIGRE WG A3.22 has reviewed the phenomena of breaking operation with opening resistors.
The results of this review are published in [67] and [68] and other technical papers. The
purpose of this annex is to provide guidance in the use of Annex R of IEC 62271-100:2008,
Amendment 1, by indicating basic consideration and show practical examples.

Opening resistors are used for various situations, such as:

a) limitation of switching overvoltages. In case of application at rated voltages of 800 kV and
above the main reason for using opening resistors;

b) increasing short-line fault interruption capability. Mainly used for air blast circuit-breakers.

A typical system configuration is shown in Figure H.1.

— Y Y Y

QY I

Key

[ Current through the main interrupter U, Voltage across the main interrupter

IR Current through the resistor Ug Voltage across the resistor interrupter
Iy Source side current U, Source side voltage

Figure H.1 — Typical system configuration for breaking with opening resistors

H.2 Background of necessity of overvoltage limitation

Application of closing and opening resistors can reduce overvoltages not only phase-to-earth
but also between phases at the remote terminal. It may not be possible to limit overvoltages
by surge arresters. There are no effective measures to limit overvoltages associated with
earth faults, except those near substations that can be reduced by surge arresters [67].
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H.3 Basic theory on the effect of opening resistors

H.3.1 General

There are several methods to estimate the effect of the insertion of an opening resistor into a
circuit for short-circuit current breaking. Analysis by electromagnetic transient programs is
widely used. Detailed calculation is possible but it depends on the analytical model. Another
method is using simple LCR circuit. This method is useful to understand the basic
characteristics of the effect of the resistors. This method is described in H.3.2. Another
method is using Laplace transformation applying TRV envelopes. This is explained in H.3.3.

H.3.2 RLC method

Figure H.2 shows the circuit diagram used for the RLC method.

Ixt /5 ?R :}L _—ZcC

Key
R Resistor
Inductance
Cc Capacitance
Ixt Current ramp injected into the circuit

Figure H.2 — Circuit diagram used for the RLC
method, ramp current injection

To calculate the TRV, the following equations apply:

u(O):Oanddu—(tO)=0

Initial conditions: d
du 1 du 11 (H.1)
42 RC dt LC C
and
dp _ Red yith Ry = 0,5‘/£ =0,5Z (H.2)
R C

dp >1—> R <R : overdamped case

_ d
U(t)z 1-e dptg(cosllﬂdg—l th+2—psin|h,d§ -1 thj (H.3)
ﬂdp -1

dp =1 R=Rg: critically damped case
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ult)=1- e ' (1+tg) (H.4)

dp <1—>R >Ry underdamped case

_ d
ult)=|1-e dptg(cos,ll—dg ><tg+—pzsin,/1—d|§ thj (H.5)
J1-d2

NOTE tg is the generic time given by tq =t/«/LC , Where t is the real time.

Figure H.3 shows the relationship between the TRV peak and the critical damping.

2
= P
> 1,8 — R/R¢g =
o cd
© 1,6 ///—\\i\ — R/IRg =20
E VP ammaN — RIRy=10
= // — R/R¢eg =5
% — — R/Reg =2
c // —  — RRw=15
2 A\ e R/Rea = 1,0
= j — R/R¢q = 0,75
2 — | \>,4 — R/IR,4=0,5
o / XB\/ /4 — R/IR.4=02
\ AN / cd ’
e —— R/Rea = 0,1
| N
0 1 2 3 4 5 6 7
tg
Key
R Equivalent resistance: Opening resistor in parallel with the circuit resistance
Reg Critical damping resistance
ty Generic time given by t, =t/JLC where tis the real time

Figure H.3 — Relationship between TRV peak and critical damping

H.3.3 Laplace transform

As shown in Figure H.4, any kind of waveshape, approximated by superimposed ramp
elements looking at each time step (a uniform time step is suggested for the following
calculations) can be represented by a polynomial in the Laplace domain as follows.

F(S) = (iz] (FO + FleiTS + erszs + F3€73TS + F4ei4TS F o ) (H 6)
S

where
S is the Laplace operator;
F(s) is the circuit response in the Laplace domain;
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is a constant;

is a time step in the Laplace domain.

U, | 4
1
U,
U, 2
I, /
Iy
T T T T T >
0 T 2T 3T 4T 5T 6T 7T t
Key
1 TRV
2 Injected current
T Time step
U Voltage

| Injected current

Figure H.4 — Approximation by superimposed ramp elements
The TRV can be described by the following equation:
TRV = [Injected current]x[Circuit function]

In the Laplace domain the following equations apply:

1 T 2T 37 4T )
TRV(S):(S—ZJ(U0+U1e S+Ue 7 +Uge 7 P +Ue ™ (H.7)
1 T o1 3T 4T )
I(s):(S—ZJ(IOHle S+1,e7 g7 e (H.8)
where
S is the Laplace operator;

U,, I, are the voltage and current coefficients in the Laplace domain, respectively.

Applying the concept shown before also in Laplace domain, the circuit function Z(s) is
obtained from Equation (H.7) divided by Equation (H.8),

TRV (s)
1(s)

Z(s) = = (ZO +206 47,0728 175673 17,074 L ) (H.9)

Any modifying condition, to be applied, can be introduced to Equation (H.7) and/or (H.8)
resulting in the same type of equations.
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For the inverse transformation process to the TRV in the time domain, the following equations
apply:

TRV (t)=LYI(s) x Z(s)] (H.10)

where [I(s) x Z(s)] is expressed as:
_[1 ( —Ts —2Ts ~3Ts —4Ts )
I(s)xZ(s) = [S—ZJ Fo+Fe "~ +Fse +Fge +F4e + o (H.11)

Then the inverse transformation process can be simplified, where F; corresponds to the
change of slope of TRV at the relevant time step points.

When using an opening resistor Equation (H.9) for Z(s) should be shunted by a resistor R
(connected in parallel), this gives:

RxZ(s)

= (ZR +ZRie""® +ZRye 2T + ZRge T + ZR4e T 4. )
R+Z(s) 0oreL 2 3 4 (H.12)

ZR(s) =

The TRV modified by the resistor can be calculated using the product of Equation (H.8) and
(H.12) and also applying the inverse transformation.

H.3.4 Examples
H.3.4.1 Example using the RLC method

Initial condition:

— Rated voltage U, 1100 kV
— Rated short-circuit breaking current I, 50 kA
— Rated frequency f, 50 Hz

Typical waveshapes are given in Figure H.5. It should be noted that for T100 and T60 the
reflection is not shown.
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Figure H.5 — Results of calculations done with RLC method

The curves in Figure H.5 show the effect of the opening resistor on the TRV waveshapes. The
effects on TRV peak and rate of rise are more pronounced for the lower (T30 and T10)
currents and are almost negligible for the higher (T100 and T60) currents.

H.3.4.2

H.3.4.2.1

Rated voltage U,

Example using Laplace transform

Basic TRV condition (in accordance with IEC 62271-100)
1100 kV

Rated short-circuit breaking current I,

Rated frequency f,

TRV

The TRV has the following parameters:

u, 808 KkV,;
t; 404 ps;

50 kA
50 Hz
T100s
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- U 1617 kv,

- t, 1212 ps.
The values for the Laplace transform are chosen as follows.
a) i is the number of time steps, where the step time T is normalized to unity to simplify the

calculation process hereafter. This method is recommended. In this case 404 us is unity.

The step time width can relate to the approximation error corresponding to differences
between curves and segment straight lines.

b) vu; is the TRV value (in kV) at each step point (kV) derived from the requirements in
IEC 62271-100;

c) ijis the relevant injection current value (in kA) at each step point derived from I, = 50 KA,
f, = 50 Hz wave shape;

d) U, is the voltage coefficient in the Laplace domain, corresponding to the change of slope
of the TRV waveshape at each step point. See Equation (H.7) and the following.
Ui = U(i+1) —2L)i +U(i—l) (H13)

e) I; is the current coefficient in the Laplace domain, corresponding to change of slope of
injected current at each time step point. See Equation (H.8) and the following.

Ii :i(i+1) —2ii +i(i—1) (H14)

f) Z; is the impedance coefficient obtained from U; and I;. See Equation (H.9) and the
following.

i
z,=1=0 (H.15)
i=0

i=0

g) F; is the TRV coefficient corresponding to the change of slope of the TRV in each point.
Values are obtained from the product of I; and Z,.

i
FiZZijl(i_J’) (H16)
j=0

h) vu; is the TRV value which should be identical to (H.7). v; is calculated by the inverse
Laplace transform as:

(i-D)
b= Y (i-k)xFy (H.17)
k=0

H.3.4.2.2 With opening resistor

In the example an opening resistor having a value of 700 Q is connected across the circuit-
breaker terminals, i.e. shunting the circuit.

a) ZR;is the resistor paralleled impedance coefficient obtained from the following equation:

700% > z;e "

i 700+ Z;e™"

b) FR;is the resistor paralleled TRV coefficient similar to (H.12)
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i
FR = D ZRjxl_j (H.19)
j=0

c) UuR;is the TRV value modified by opening resistor from the following
(-1

UR; = > (i — k) x FRy (H.20)
k=0

Calculated results are shown in Figure H.6.

2000
:>T :
=< 1500 C
1000 |
500 [
0 1 1 1 1 1 1 1 1 1 1
0 T 2T 3T 4T 5T 6T 7T 8T 9T 10T
Time
—>
Key
Red line TRV envelope for T100s, based on the conditions given in H.3.4.2.1
Blue line TRV envelope for T100s with 700 Q opening resistor
T Time step, T = 404 us

Figure H.6 — Example of a calculation of the TRV across
the main interrupter for T100 using 700 Q opening resistors

Using the same method as used for the calculation of the TRV for T100, the TRV for T10 can
be calculated. The results are given in Figure H.7.
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2000 [
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OII
o T 2T

Key
Red line

Blue line

T Time step, T = 271 us

ST

6T 7T 8T 9T 10T

Time
—

TRV envelope for T10, based on conditions given in IEC 62271-100
TRV envelope for T10 with 700 Q opening resistor

Figure H.7 — Example of a calculation of the TRV across
the main interrupter for T10 using 700 Q opening resistors

Typical waveshapes in the time domain are given in Figure H.8.
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Key
Red line TRV envelope
Blue line TRV envelope 700 Q opening resistor

Figure H.8 — Typical TRV waveshapes in the time domain
using the Laplace transform
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H.3.4.2.3 TRV for resistor interrupter

Using the same approach as that for the TRV on the main interrupter as described in 3.4.2.1,
the TRV across the resistor interrupter can be calculated using the concept of the current
injection method as follows.

TRV X IR peak

TRVg, = +(RxIg) (H.21)

sc peak

TRVR, isthe TRV of the resistor interrupter,

TRV is the TRV in accordance with IEC 62271-100;
Ir peak IS the resistor current peak;

Isc peak IS the breaking current peak;

R is the value of the opening resistor in Q;

Ir is the resistor current (sinusoidal wave).

H.4 Review of TRV for circuit-breakers with opening resistors for various
interrupting duties

H.4.1 General

RLC and Laplace analysis on TRVs for circuit-breakers with opening resistors has been
conducted in various studies. Some examples are described in [68].

H.4.2 Terminal faults
H.4.2.1 TRV across the main interrupters

For the lower terminal fault test duties (T10 and T30), the peak voltage u, and RRRV are
reduced by the opening resistor, resulting in a less severe TRV. It should be noted that the
opening resistors have a similar effect on the TRV associated with transformer limited faults.

For terminal fault test duties T60 and T100, the peak voltage u. and RRRV are also reduced
by opening resistors, but the effect is limited.

H.4.2.2 TRV across the resistor interrupters

The application of opening resistors results in a reduction of the current to be interrupted to a
few kA. The peak voltage u. and RRRV will be reduced compared to the case without the
opening resistors. For T30, T60 and T100, u. is in the order of 1 200 kV and the RRRV is
approximately 0,5 kV/us for an 1 100 kV circuit-breaker.

An example obtained from an 1 100 kV application in Japan is shown in Figure H.9.
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Figure H.9 — TRV plots for resistor interrupter for a circuit-breaker
with opening resistor in the case of terminal faults

H.4.3 Short-line fault (SLF)
H.4.3.1 TRV across the main interrupters

Application of opening resistors results in a reduction of the RRRV for SLF.

H.4.3.2 TRV across the resistor interrupters

Similar to the case of terminal fault, the interrupting current is low (approximately 1 kA) and
the RRRV will be reduced. An example for 1 kA, 50 Hz and an opening resistor of 700 Q is
RRRV= %(z +R) = 27f,4/2 x1x (330 + 700)x 10 = 0,46 KkV/us.

H.4.4 Out-of-phase switching
H.4.4.1 TRV across the main interrupters

After the main interrupters interrupt the current, the voltage across them is the voltage shared
by the opening resistors and that voltage is lower than without opening resistors, because the
total voltage is shared by the opening resistors and the system impedance including lines and
transformers. Two networks are distinguished:

— Network 1: a system consisting of a transformer on one side of the circuit-breaker and a
transmission line on the other side. A typical TRV waveshape is shown in Figure H.10;

— Network 2: a system consisting of transmission lines on both sides of the circuit-breaker
without transformers in the vicinity. A typical TRV waveshape is shown in Figure H.11.

H.4.4.2 TRV across the resistor interrupters

After the resistor interrupters interrupt the current, the TRV between the resistor interrupters
is the difference between the TRVs of both sides of the circuit-breaker.

The TRVs of main and resistor interrupters after out-of-phase interruption with/without
opening resistors are shown in Figures H.10 through H.13 and are summarised in Table H.1.
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Figure H.13 — Typical waveforms for out-of-phase interruption —
Network 2 with opening resistor (700 Q)
Table H.1 — Summary of TRV between main and resistor interrupters
after out-of-phase interruption with/without opening resistor
Without opening resistor With opening resistor of 700 Q
Main interrupter Main interrupter Resistor interrupter
p.u. p.u. p.u.
Network 1 2,6 2,1 2,0
Network 2 2,7 1,2 3,0

H.4.5 Example of TRVs for short-circuit test-duties for circuit-breakers with opening
resistors

Calculations performed on the Japanese 1 100 kV system are summarised in Table H.2 and
Table H.3.

The recovery voltage peak of the resistor interrupter u.g is increased up to u; which is the
peak value of the TRV without opening resistor. Although in reality the t, time may be longer,
its value has been set to 1 458 us for OP2 of main interrupter and T100, T60, T30 and T10 for
resistor interrupter and 2 326 ps for OP2 of resistor interrupter as the longest.

Note that u; of the main interrupter tends to be higher when t, becomes longer.
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Table H.2 — TRV on main interrupter with opening resistor for T100,T60,T30, T10, OP
and SLF U, =1 100 kV, Ig. =50 kA, R =700 Q

Test duty t, u, RRRV t, orty Ug Recovery
voltage
peak
(us) (kV) (kV/us) (us) (kV) (kV)
T100s 404 716 1,77 1212 1492 1078
T100a(major) 404 545 1,35 1212 991 1078
T100a(minor) 404 528 1,31 1282 1264 1078
T60 269 611 2,27 1212 1427 1077
T30 - - 2,41 332 800 1075
T10 - - 1,27 271 344 1 053
OoP2 - - 1,11 1458 1625 1777
SLF 337 696 2,07 1011 1303 829

Table H.3 — TRV on resistor interrupter for T100s, T60, T30, T10, OP2
and SLF with opening resistor of 700 Q

Test duty t, Uir RRRV t, Ucr Recovery
voltage peak
(kV)

(us) (kV) (kV/us) (us) (kV)

T100s 404 128 0,32 1458 426 904

T60 269 100 0,37 1458 446 907

T30 - - 0,34 1458 497 907

T10 - - 0,5 1458 729 940

OoP2 - - 0,85 2 326 1981 1796

SLF 337 110 0,33 1011 307 695

NOTE 1 Terminal faults with currents lower than T10 can lead to TRV peak values and RRRV higher than

those of T10. They could be covered by OP2 but with a higher RRRV than given in the table.

NOTE 2 u,, and u , are the corresponding voltage values of u, and u, of the TRV across the contacts of

resistor interrupter, respectively.

The resulting TRV waveshapes may be overdamped or underdamped, depending on the test
duty and the values of the opening resistor. Typical examples are shown in Figure H.3.

H.4.6 Capacitive current switching
H.4.6.1 General

Figure H.14 shows an example of analysis of capacitive current switching by a circuit-breaker
with opening resistors.

a) the recovery voltage before interruption of resistor interrupter is reduced to approximately
1/3 of the case without opening resistors;

b) after interruption of resistor interrupter, the recovery voltage does not differ significantly
from the case without opening resistors. Compared to the case without resistors, the
amplitude decreases slightly but the initial slope is higher. The recovery voltage stresses
both main and resistor interrupters.
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It should be noted that, even after the interruption of the resistor interrupter, the severity of
the capacitive current switching duty does not change since the peak of the recovery voltage
and the initial slope are comparable to the case without opening resistors. This case is
illustrated in Figure H.14.
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Figure H.14 — Typical recovery voltage waveshape of capacitive current
switching on a circuit-breaker equipped with opening resistors
H.4.6.2 Recovery voltage across the main interrupter

The recovery voltage across the main interrupter is the voltage across the opening resistor
generated by the current though the resistor. Assuming that the current to be interrupted is
1 000 A at a system voltage of 1 100 kV, then the resulting impedance has a similar value as
that of the opening resistors. The recovery voltage will have a peak of approximately half of
the value that would be obtained without the opening resistors.

H.4.6.3 Recovery voltage across the resistor interrupter

The phase angle between the current through the opening resistor and voltage is shifted from
90° to a value of # (=tan'l(wCR)), where C is line side capacitance and R is opening
resistance value). The recovery voltage across the resistor interrupter is the difference
between the line side residual voltage at the current zero of resistor interrupter and the source
side voltage. As the line length increases, the residual voltage reduces as a larger
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capacitance leads to a recovery voltage that has a sinusoidal waveform as indicated in Figure
H.15. A short line having a small capacitance will have larger residual voltage and the
recovery voltage has a 1- cos waveform, see Figure H.15.

U
2Up,
Um
-
0 10 t (ms)
Key
1 Basic condition and for short lines, U(t) = U_(1-cosat)=k_ x Ur/\/3(1-005wt)
2 Long line (210 km), U(t) = U _ (cos@-cos(wt-6))

Figure H.15 — Recovery voltage waveforms across the resistor interrupter during
capacitive current switching by a circuit-breaker with opening resistors

H.5 Performance to be verified

H.5.1 General
During a breaking operation with opening resistors the following items need to be verified:

— the timing of the main contacts in relation to the resistor contacts;
— the effect of the exhaust gas on the insulation to earth;

— the thermal capacity of resistor.

These items are illustrated in Figure H.16.

The type tests to be performed on the circuit-breaker with opening resistor are referred to
Annex R of IEC 62271-100:2008, Amendment 1. Additionally, the thermal capacity of the
resistor needs to be verified. For the resistor interrupter T10, OP2 and capacitive current
switching performance will be sufficient because there is no significant difference in breaking
current and the TRVs for T100, T60, and T30 are covered by T10 and OP2 as shown in Table
H.2.
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Figure H.16 — Timing sequence of a circuit-breaker with opening resistor

Most tests will be performed as unit test and/or multi-part test. To verify the insulation
withstand between live parts and earth during breaking tests and taking account of
electromagnetic effect, full pole test for T100s and T100a are preferable for the main
interrupter. For resistor interrupter T10 is a representative test for terminal faults. SLF tests
are not necessary for the resistor interrupter because of the low current and low du/dt. Tests
may be performed as unit test, but the out-of-phase test should preferably be performed as a
full pole test.

Due to limitation of testing facilities it is anticipated that synthetic test methods will be used.
In case of synthetic tests the following items should be observed:

— appropriate timing of mechanical and electrical operation including pre-arcing time and
arcing time for breaking shall be verified;

— the number of operations for the tests will be limited by the thermal capacity of resistors
and by their cooling time constant;

— capacitive current switching tests will be performed without the opening resistors.
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When synthetic tests are performed, they are split into several parts:

— test of main interrupter;
— test of resistor interrupter;
— test of the resistor(s);

— a possible combination of a test on the main and resistor interrupters and (a part of)
resistors.

H.5.2 Test on the main interrupter
H.5.2.1 Terminal fault, out-of-phase switching and short-line-faults

These tests are verified by synthetic tests because of the limitation of the testing facilities.
Details are given in IEC 62271-101.

H.5.2.2 Capacitive current switching tests
The line-charging current switching tests are separated in two parts:

a) LC2 with the first part of the recovery voltage (a sine wave) to verify that no restrikes or
re-ignitions occur. In case of a re-ignition, the test may be repeated using a direct test
circuit that provides the correct recovery voltage;

b) LC1 with the second part of the recovery voltage (a 1 — cos wave).

An alternative way to perform the tests using a single test is to cover the recovery voltage in a
single test using the same number of tests as described in 6.111.9 of 62271-100:2008. Figure
H.17 shows the current and voltage for main and resistor interrupters for capacitive current
switching test with opening resistor.

AANY AN
Vv /A\V/i
NI

0 10 20 30 40 50 60
—>
t (ms)

Voltage

Key
Voltage across main interrupter

res Voltage across resistor interrupter

Source voltage

Figure H.17 — Voltage waveshapes for line-charging current breaking operations

H.5.3 Terminal fault,OP and SLF tests on resistor interrupter

The breaking current value is in the order of 1 kA or less when selecting an opening resistor
with a resistance value between 500 Q and 2 000 Q. The short-circuit current is assumed to
be between 40 kA and 63 kA. Then the current for the resistor interrupter is less than 1 kA
and is considered to be covered by T10. In case of OP2, the current will be in the order of 2
KA.
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Similar to the case of the main interrupter, the TRV parameters should be calculated for each
system condition.

Typical TRV values are shown in Table H.2 which shows a case with 1 100 kV, 50 Hz,
Isc = 50 kA and R = 700 Q. The tests are performed using a synthetic test method. Details are
given in I[EC 62271-101.

H.5.4 Test on the resistor

The duty of the opening resistor is decided considering most onerous condition from practical
point of view. Most of the faults will be terminal faults in the order of T30 to T60, and the
frequency of occurrence will be in the order of several times per day at most considering
transmission systems at voltages of 800 kV and above. Such transmission systems are
characterized by tall towers and substantial distances between the lines. In such systems
faults between phases or earth faults occur less frequent compared to the lower voltage class.
Assuming that five successive full terminal faults occur, the energy consumed by the opening
resistor is equal to one out-of-phase make and break plus one terminal fault breaking. Out-of-
phase conditions will occur rarely, but the voltage applied across the resistor is the maximum.
Based on these considerations, it was decided to use one out-of-phase make and break plus
one terminal fault break.

The stresses to be applied are one T100s opening duty, (O operation only) followed by one
out-of-phase make-break duty (CO-operation).

Generally, the mechanical insertion time for the opening resistor is 30 ms.

H.5.5 Combination of tests

Depending on the design, tests on the main interrupter, resistor interrupter and/or resistors
may be combined. An example is given here:

— main interrupter and resistor interrupter;

— main interrupter and resistor;

— resistor interrupter and resistor;

— main interrupter, resistor interrupter and resistor.

The thermal and electrical interaction between above-mentioned combinations should be
verified.

The necessity and practical method of the test are quite dependent on the circuit-breaker
design and the users, the manufacturers and the testing station are requested to be well
discussed

A full pole test is preferable for verification of the dielectric withstand between live parts and
enclosure in case of a dead tank or GIS circuit-breaker.

H.6 Time sequence of main and resistor interrupters

Confirmation of the mechanical insertion time is done by no-load operation and combination of
breaking tests. It should be ensured that the mechanical insertion time of the opening resistor
is longer than maximum arcing time of the main interrupter.

Confirmation of the insertion time the closing resistor is in the circuit is done by no-load
operation and performing a making test during test duty T100s.

NOTE Closing and opening resistors are combined in some designs.



- 316 - TR 62271-306 © IEC:2012(E)

H.7 Current carrying performance

The opening resistor shall be capable of carrying the fault current for specified period without
any abnormality such as remarkable spark emission, flashover to the adjacent parts, cracks,
etc.

H.8 Dielectric performance during breaking tests
Dielectric performance is to be verified between live parts and earth.

During breaking tests flashover should not occur between the main contacts, between the
main and resistor contacts and between resistors and main or resistor contacts parts.

The test conditions are based on 6.2.11 of IEC 62271-100:2008.

H.9 Characteristics of opening resistors

H.9.1 General

Subclauses H.9.2 and H.9.3 specify the opening resistors.

H.9.2 Resistor value

The values of opening resistors are determined by taking the overvoltages generated by
breaking operations and insulation design of the transmission system into account. In case
opening resistors have a function of closing resistors in common, overvoltages and making
capability for closing will also be taken into account.

H.9.3 Electrical insertion time for resistors

The time during which the resistor is inserted in the circuit is determined by taking the
overvoltages generated by breaking operations and insulation design of the transmission
system into account. The electrical insertion time for the opening resistor should be longer
than the maximum arcing time of the main contacts.

Typical calculated values of opening resistors are shown in Table H.4.

The assumptions for the calculations are as follows:

— ohmic value of opening resistor: 700 Q;

— mechanical insertion time: 30 ms;

— duty of opening resistor: 1 O (T100s) + 1 O (OP2);
— rated voltage: 1 100 kV;

— rated frequency: 50 Hz;

— rated breaking current: 50 kA.
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Table H.4 — Example of calculated values on main and resistor interrupter

Duties Basic specifications
Main interrupter Short-circuit T10 Breaking current 8 kA
u, 1385 kV
ty 461 ps
RRRV 3 kV/ps
T100s Breaking current 50 kA
uy 990 kV
RRRV 2 kV/ps
u, 1385 kV
t, 1485 ps
SLF L90 Breaking current 45 kA
RRRV 8 kV/us
A 450 Q
ks (line side) 1,4
Out-of-phase oP2 Breaking current 12,5 kA
uy 1200 kV
RRRV 2 kV/ps
u, 2 160 kv
t, 1800 ps
Capacitive current Sine wave Current 1000 A
Ug 900 kV
1-cos wave Current 1000 A
Ug 2 515 kV
Resistor interrupter Short-circuit Common for Breaking current 1000 A
T100s, T100a,
T60, T30, T10 uy 550 kv
RRRV 3 kV/us
Ug 1200 kV
t, 550 us
Out-of-phase switching OoP2 Breaking current 2 000 A
u, 1750 kv
RRRV 2 kV/us
Ug 2 160 kV
t, 1800 ps
Capacitive current 1-cos wave Breaking current 1000 A
Ug 2 515 kV
Quasi sine wave Breaking current 600 A
u, 2 000 kv
RRRV 0,34 kV/us
Opening resistor Insertion time 30 ms
Thermal duty 86~96 MJ

NOTE The calculation of the thermal duty of the resistor does not take account of a possible combination of
opening and closing resistor.
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Annex |
(informative)

Circuit-breaker history

Circuit-breakers are one of the great inventions of the 20th century enabling the power
systems of today and their contribution to modern society. The various circuit-breaker types
were developed over overlapping periods with each taking a nhumber of years before reaching
commercial application.

The earliest circuit-breakers were of the bulk oil type with the first, those of Kelman in the
early 1900s, consisting of a crude arrangement of switches in separate wooden barrels
connected in series and gang operated. Bulk oil circuit-breakers evolved over the next
30 years, the principal developers in the United States being Slepian of Westinghouse and
Prince and Skeats of General Electric. In Europe, bulk oil circuit-breakers reigned until the
early 1950s and then were totally supplanted by minimum oil circuit-breakers. Bulk oil circuit-
breakers are in use up to 360 kV with eight breaks in series, while the minimum oil type are
used up to 420 kV with up to ten breaks in series. Some utilities actually continued acquiring
these types of circuit-breaker into the 1990s.

The development of air-blast circuit-breakers took place in Europe, first by Whitney and
Wedmore of the British Electrical Research Association in 1926 with further development in
Germany and Switzerland in the 1930s and 1940s. These circuit-breakers came into
prominent use in the 1960s and in fact became the enablers of EHV systems at 500 kV and
above. Air blast circuit-breakers were manufactured into the early 1980s when they were
supplanted by the lower cost and less complex SFq puffer type circuit-breakers. Air magnetic
circuit-breakers are a variation of air-blast circuit-breakers in use at medium voltages up to
52 kV.

Already in the 1930s SF4 gas was recognized for its unique dielectric properties (patent by
F.S. Cooper of General Electric on its use in capacitors and gas insulated cables). The use of
SFg gas for current interruption was patented by H.J. Lingal, T.E. Browne and A.P. Storm of
Westinghouse in 1951 but the first SF4 circuit-breakers did not appear on the market until
around 1960. These circuit-breakers were of the dual pressure type based on the axial blast
principles used in air-blast circuit-breakers and had a relatively short manufacturing life span
to about 1980. Puffer type SFq circuit-breakers (often referred to as single pressure SFg and
actually based on a principle invented by Prince and used in the so-called impulse type bulk
oil circuit-breaker where the oil flow was produced by a piston driven by the operating
mechanism) were developed in the 1970s and rapidly supplanted the dual pressure type.
Further evolution of SF¢ circuit-breakers has led to rotating arc technology up to 72,5 kV and
self-blast technology both of which have the advantage of requiring lesser transmission of
energy from the operating mechanism to the interrupters and thus lower mechanical stresses.

The first vacuum switch patent was granted around 1890 and the first HV vacuum switch was
demonstrated in the 1920’s, however, the first commercial HV vacuum switches were not sold
until the 1950’s. Vacuum is now used widely in high-voltage load break switches at medium
voltages up to 38 kV and up to 230 kV as a switching only attachment to air break disconnect
switches. Vacuum was first made available in HV vacuum circuit-breakers (VCBs) in the
1960's and by 1990, vacuum became the predominant interrupter technology in medium
voltage circuit-breakers through 38 kV. Vacuum circuit-breakers are now in service at 84 kV in
some countries with developments in progress for ratings up to 145 kV. VCBs are also now
available as generator circuit-breakers for smaller generator applications through normal
currents of 7 000 A and interrupting currents through 75 kKA.

The manufacturing timelines for six major circuit-breaker types are shown in Figure I.1.
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Figure 1.1 — Manufacturing timelines of different circuit-breaker types
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