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FOREWORD

This amendment has been prepared by subcommittee 17A: Switching devices, of IEC
technical committee 17: High-voltage switchgear and controlgear.

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

DTR Report on voting
17A/1161/DTR 17A/1169/RVDTR

Full information on the voting for the approval of this amendment can be found in the report
on voting indicated in the above table.

The committee has decided that the contents of this amendment and the base, 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 publicationO At this date, the
publication will be

e reconfirmed,

e withdrawn,

e replaced by a revised edition, or

e 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.

INTRODUCTION to the Amendment

At the)SC 17A meeting held in Delft (NL) in 2013, the decision was made form a new
maintenhance team (MT 57) with the task to amend/revise IEC 62271-306. The objective was
t6 yjupdate the publication to amendment 2 of IEC 62271-100. Together with MT 34
(JEC 62271-1), MT 36 (IEC 62271-100) and MT 28 (IEC 62271-101) the decision was made to

ble H 4 ' & [Nl S aYe Vot 2 BileYaVal
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This amendment includes the following significant technical changes.

— Annex G of IEC 62271-1:2007 has been included;

— Annexes E, G, H, J, L and Q of IEC 62271-1:2007 have been included;

— 1.2 of IEC 62271-100:2008 + A1:2012 has been included;

— Informative parts of Annex O of IEC 62271-100:2008 have been included;
— Former Clause 14 has been added to Clause 13;
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— Clause 14 now has heading "Synthetic making and breaking tests". This clause contains
annexes A, B, C, D and G of IEC 62271-101;

— Clause 9 has been restructured;
— 16.4 (No-load transformer switching) has been rewritten;

— Annex B has been expanded to include information about fully compensated transmission
lines and cables;

A o N o A
= ATIMTITA D TTdsS DCTITT TTWITUCTITT.

1.2 Normative references

Replace the existing references to IEC 62271-100, IEC 62271-101 and IEC 62271-110 by the
following new references:

IEC 62271-100:2008, High-voltage switchgear and controlgear — Part 1Q0: Alternating current
circuit-breakers

Amendment 1:2012

Amendment 2:2017

IEC 62271-101:2012, High-voltage switchgear and controlgear — Part 101: Synthetic testing

IEC 62271-110:2012, High-voltage switchgear and-controlgear — Part 110: Inductive load
switching

3.3 Capacitive current switching class’C1 and C2

Replace the existing text of this subclause by the following new text:

Two classes are defined:

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

IEC 60056 contained a definition of the term "restrike-free circuit-breaker". This definition was
removed when\\the capacitive current switching requirements and test procedures were
revised. The revised requirements and test procedures were first published in the first edition
of IEC 62271-100 (published in 2001). The reason why the term "restrike-free circuit-breaker"
was defeted from the standard was because it did not correspond to a physical reality.

The Tfirst edition of IEC 62271-100 introduced the term "restrike probability" during the type
tests, corresponding to a certain probability of restrike in service, which depends on several

parameters (see 9.4 6) For this reason, the term cannot be quantified in service

The main differences in restrike performance between class C1 and C2 type tests are the
number of tests shots and the allowable number of restrikes. Class C2 tests are performed on
a pre-conditioned circuit-breaker. Pre-conditioning is done performing 3 breaking operations
at 60 % of the rated short-circuit current. The pre-conditioning was derived based on CIGRE
statistics and is considered to create interrupter wear that is broadly representative of long
term service conditions.

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

— the service conditions;
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— 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

switchad trancemiccinn linac and ~aohlac
SWteH e a—taHSH S SHoH—eS—<ah

ToTOOT

The above given conditions are essential when choosing the circuit-breaker for a capacitive
switching application, the needed performance class and the voltage factor should be known
and demonstrated by the relevant type test. It is important to note that the performance,class
may vary for different capacitive current switching applications. For example, a circuit-breaker
used to switch an overhead line may be tested for class C1 whereas the same circuit-breaker
is tested in accordance with class C2 for capacitor bank switching.

6.1.3.1 TRVs for terminal faults

Delete the penultimate paragraph of this subclause.
Add, at the end of the existing 6.3, the following new subclauses) fiGures and tables.

6.4 General considerations regarding TRV
6.4.1 General

The purpose of 6.4 is to provide a background framiework for some of the TRV requirements.

6.4.2 TRV waveshapes

In some cases, particularly in systems with a voltage 100 kV and above, and where the short-
circuit currents are relatively large in_relation to the maximum short-circuit current at the point
under consideration, the transient recovery voltage contains first a period of high rate of rise,
followed by a later period of lewer rate of rise. This waveshape is generally adequately
represented by an envelope \€bhsisting of three line segments defined by means of four
parameters (see Figure 96),

The TRVs for terminalfault test-duties T100 and T60 represent cases where the major
contribution of fault current is over transmission lines from multiple sources. The TRVs consist
of the initial component at the fault bus and the additional component due to later arriving
multiple reflected* waves at the fault bus. The TRVs are overdamped (exponential) owing to
the effect of-the surge impedances of the lines and represented by four parameters to cover
both of the above components. For terminal fault test duties T30 and T10 TRV cases, the fault
curreni~iscfrom a single source and damping is determined by the involved circuit elements.
The FRVs are underdamped (oscillatory) and thus represented by two parameters.
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Figure 96 — Representation of a-four-parameter TRV and a delay line

In other cases, particularly in systems With a voltage less than 100 kV, or in systems with a
voltage greater than 100 kV in conditions where the short-circuit currents are relatively small
in relation to the maximum shortzcircuit currents limited by transformers, the transient
recovery voltage approximates tor'a damped single frequency oscillation. This waveshape is
adequately represented by an envelope consisting of two line segments defined by means of
two parameters (see Figure97).
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Figure 97 — Representation of a'specified TRV by a two-parameter
reference line and a delay line

Such a representation in terms of two(parameters is a special case of representation in terms
of four parameters.

The influence of local capacitance on the source side of the circuit-breaker produces a slower
rate of rise of the voltage @uring the first few microseconds of the TRV. This is taken into
account by introducing a.time delay.

6.4.3 Earthing of the system

The system may.'be earthed in different ways depending on system voltage and application.
The following definitions are used (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

[SOURCE: IEC 60050-601:1985, 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 to entry: For the correct assessment of the earthing conditions not only the physical earthing conditions
around the relevant location but the total system is to be considered.
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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 of IEC 62271-100:2008. Normally such systems are isolated neutral systems, high
impedance earthed (neutral) systems or resonant earthed (neutral) systems

Note 1 to entry: For the correct assessment of the earthing conditions not only the physical earthing conditions
around the relevant location but the total system is to be considered.

—644—Powerfrequency recovery voltageand-first-pote-to-ctearfactor
6.4.4.1 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 62571-100:2008, it is the ratio of the power frequency voltage
across the interrupting pole before current interruption in the other poles, towfhe 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. Ferrated voltages
less than 170 kV, such systems are quite common, particular within Europefand 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 (144)). The Xy/X, value is a standard value.confirmed by system studies
of various networks. Hence, for rating purposes, IEC 622715100 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 unearthéd ‘systems and those with some deliberate
additional impedance in the neutral system. A standardised value for kop 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
kop used is 1,3. For ultra-high-voltage (UHV) power systems operating above 800 kV, kop
is 1,2 based on an Xy/X, ratio of:2:

For single-phase-to-earth faults’;in solidly or effectively earthed neutral systems, the pole
factor &, 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 Gsers with such systems to note that as ko decreases towards unity the value of
the secondtpole-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 &
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.

rUI |atcd vu:tayca hlyhcl thall SCG Ir\‘vl, OyOtUIIIO alc UhalabtUI;LUd by :UIIH tIGIIOIII;OD;UII :;IIUO
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 to or lower
than 2,0, as a consequence kop is equal to 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, kg, is also 1,0.
However, although this is normally assumed to be adequately covered by {)he 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. In accordance
with IEC 62271-100, a full extinguishing window shall be demonstrated.
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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 double
earth faults.

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

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

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

3X,
by = ——2— (144)
X1 +2X0

where X, is the zero sequence, and X, the positive sequence reactance of] the system.
Table 39 gives the kop values for various earthing arrangements based an, the definitions
given in 6.4.1.

Table 39 - First-pole-to-clear factors kpp

Earthing arrangement Xo/X, kpp System voltage
Solidly earthed 1 1 All
Effectively earthed 2 1,2 > 800 kV
Effectively earthed 3 1,3 < 800 kV
Non-effectively earthed 0 1,5 <170 kV

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,

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,

32 + XX+ X2)
Kn =
P XO +2X1

(1245)

NOTE In Equations (144) and (145) the resistances are neglected.

Equation (145) can be expressed as a function of the ratio a = X/X;:

\/g a? +a+1
2+«

kp =
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For the third-pole-to-clear in an effectively earthed system ky = 1. Table 40 gives ky for each
clearing pole as a function of X,/X, as appropriate.

Table 40 — Pole-to-clear factors for each clearing pole

X,/X, Pole-to-clear factor
Ratio First Second Third
1 1,0 1,00 1,0
2 1,2 1,15 1,0
3 1,3 1,26* 1,0
© 1,5 0,866 0,866
* Equation (145) assumes that system impedances are inductances only.

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.

6.4.4.3 Standardised values for the second- and third- pole=to-clear factors

As discussed above, IEC 62271-100 has standardised valués-for the second and third-pole to
clear factors for three-phase testing. Subclause 13.3 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
pole-to-clear factors are lower. This is likely t0- be a rare occurrence, generally associated
with urban systems where there are numetous effectively earthed transformers in close
proximity. Where such differences are significant, the user is generally aware that it may be
necessary to specify system-specific requirements and tests (e.g. extinguishing window and
single-phase short-circuit current).

Circuit-breakers are rated on thesbasis of their ability to interrupt a three-phase to earth fault
in either an effectively or non-effectively earthed neutral systems. Taking the former case, the
three poles clear in sequence:

e The first pole clears with kop given by Equation (144) leaving a two-phase to earth fault.

e The second polée clears with £, given by Equation (145) leaving a single-phase to earth
fault. For the,case of a two-phase to earth, the k,, for the first clearing pole is also given
by Equationi(145).

e Third poleywith ky = 1 which is also applicable to the single-phase to earth fault case.

SimilarJJogic can be applied to faults in non-effectively earthed neutral systems. A summary of
the pole-to-clear factors for the different fault cases is given in Table 41.
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Table 41 — Pole-to-clear factors for other types of faults
in non-effectively earthed neutral systems
Type of fault First-pole-to-clear Second-pole-to-clear Third-pole-to-clear
Phase-to-earth 1 - -
Two-phase not involving Simultaneous clearing of Simultaneous clearing of
earth
both-poles ke — \/g both-poles—fk—— \/g
Lad * p 2 Lad N p 2
Two-phase-to-earth
b = V3Va? +a+1 1
P 2+«
Three-phase not involving Simultaneous clearing of Simultaneous‘clearing of
earth 15 \/5 \/5
both poles: kp =— both poles; kp =—
2 2

6.4.5 TRV characteristics
6.4.5.1 Terminal fault TRVs for rated voltages higher than 1 kV'and less than 100 kV
6.4.5.1.1 General

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 used the input coming from former Working groups of CIGRE Study Committee
A3 (Switching Equipment) that have studied/he necessity to adapt the TRV requirements for
circuit-breakers rated less than 100 kV. Jn. 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) andjis"in line with earlier studies.

The first edition of IEC 62271-100 (IEC 62271-100:2001) was amended in 2006 (Amendment
2) to include the mnew TRV values. The modifications can be summarized as follows:

a) In order to cover applications in all types of networks (distribution, industrial and
sub-transmission) for rated voltages higher than 1 kV and less than 100 kV, and for
standardization purposes, two types of systems and two classes of circuit-breakers 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;
— Circuit-breaker class S1: circuit-breaker to be used in a cable system;
— Circuit-breaker class S2: circuit-breaker to be used in a line system.

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 Annex M of IEC 62271-100:2008.
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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.

6.4.5.1.2 Terminal fault TRV for circuit-breakers in line systems

6.4.5.1.2.1 General

NOTE 1 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 coineide with
the precise mathematical equation for parallel or series damped circuits, for which another ratio #,/T, is applicable.

NOTE 2 TRV parameters are defined in the standard for rated voltages of 15 kV to 72,5 kV, foh rated voltages
less than 15 kV the TRV parameters can be derived using k__ = 1,5, the values of amplitude factor, time t3 and time

delay given in 6.4.1.2.2.2, 6.4.1.2.2.3 and 6.4.1.2.2.4. PP

6.4.5.1.2.2 Amplitude factor
For T100, T60, T30 and T10 the following values were taken from ANSI-C37.06-2000:

— 1,54 for T100;
— 1,65 for T60;
— 1,74 for T30;
- 1,8 for T10.

6.4.5.1.2.3 Time 14

The rate-of-rise of recovery voltage (RRRYV) is.calculated using Equation (146),
RRRYV =0,402-305 (146)

Time 15 for terminal fault is equalto 4,65er0'7, with 5 in us and U, in kV. Equation (146) 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 72,5kY. The same equation is used for other rated voltages.

6.4.5.1.2.4 Time delay

The time delay«in Table 25 of IEC 62271-100:2008 is derived using the following equation,
tq = 0,05 x t5).@s in the first edition of IEC 62271-100:2001 for rated voltages 48,3 kV — 52 kV
and 72,5 k\w.The equation has been extended to the lower rated voltages as no change in the
initial partiof 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
2pus is as specified for circuit-breakers with rated voltages higher than 72,5 kV.

[T recognizes the fact that this ume delay can be critical during shori-line 1ault testing and test
duty T100 with ITRV and has therefore 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 5, provided that short-line fault tests are performed. This possibility is indicated in
Table 25 of IEC 62271-100:2008.
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6.4.5.1.3 Terminal fault TRV for circuit-breakers in cable systems
6.4.5.1.3.1 Amplitude factor

For T60, the value of 1,5 in the first edition of IEC 62271-100:2001 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 in a TRV with a relatively
high amplitude factor.

For T100, the value of 1,4 in the first edition of IEC 62271-100 published in 2001 isyretained
owing to the positive experience with past editions of this standard.

6.4.5.1.3.2 Time delay

The time delay ¢4 is as given in the first edition of IEC 62271-100 published in 2001 for rated
voltages less than 52 kV, ¢4 = 0,15 x ¢3. The equation is generalized\-to all cable systems
(rated voltage less than 100 kV).

6.4.5.1.4 Terminal fault TRV for rated voltages equal to or-higher than 100 kV
6.4.5.1.4.1 Amplitude factor

The values of the amplitude factors are given in IEC®%2271-100. These values were adopted
into IEC 62271-100 as a result of system studies and'generally remain acceptable.

6.4.5.1.4.2 Rate-of-rise of recovery voltageand time delay

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 ¢alculation.

6.4.5.1.5 Basis for the current TRV values of test-duty T10
Test-duty T10 is detailed in IEC 62271-100 and represents the following cases:

— a transformérilimited 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
valde, 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.

\/ :

ThU TR VI o Cl:OU dUIII;IIGtUd by thU tIGIIOfUIIIIUI UhalaUtUl;Ot;UD V‘lh;Uh H;VU ;t [} (1 UUO) wWwave
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;

— along line fault for circuit-breakers having a rated voltage of 245 kV and above

For rated voltages below 245 kV, k,, = 1,5 in view of the fact that the contribution of
transformers to the short-circuit current is relatively larger at smaller values of the short-
circuit current. Additionally, a comparatively large number of transformers having an
unearthed neutral are in service in earthed neutral systems. As the damping of the TRV
oscillation on a high-voltage transformer is less than in a network, an amplitude factor of
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1,7 has been standardised except for line systems, with a voltage reduction across the
transformer of 10 % for voltages of 100 kV and above.

Thus, the TRV peak u, for test-duty T10 is ug =kyp X ks xUrv2/3  with the following
parameters:

a) for rated voltages below 100 kV:

1) for circuit-breakers in cable systems
kop = 1,5 and ky=1,7.
2) for circuit-breakers in line systems
kpp = 1,5 and ky; = 1,8.
b) for rated voltages of 100 kV up to and including 170 kV:
kpp = 1,5 and ky;= 0,9 x 1,7 =1,53.
c) for rated voltages of 245 kV up to and including 800 kV:
kpp = 1,3 and kye = 1,76,
d) for rated voltages above 800 kV:
kpp = 1,2 and kye =1,76.

6.4.6 Short-line fault TRV
6.4.6.1 General

Short-line fault (SLF) is a mandatory duty for circtit-breakers with rated voltages 15 kV and
above that are directly connected to overhead lines. As specified already in
IEC 62271-100:2001 for circuit-breakers rated“48,3 kV and above, the rated short-circuit
current shall be higher than 12,5 kA (i.e. [ 16 kA).

SC2

As it is considered that there are only-few line systems below 15 kV, no short-line fault
breaking capability is required forrated voltages below 15 kV. In the rare cases where a
circuit-breaker with a voltage rating below 15 kV is directly connected to an overhead line, no
short-line fault requirement is .ngcessary as the line contribution to the TRV would be too low
to produce a significant stress.

NOTE For class S2 circuit-breakers, short-line fault test-duty L90 is not required as it would lead to an unrealistic
short length of faulted line:

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 interrupting 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.

6.4.6.2 Rated voltage less than 100 kV
6.4.6.2.1 General

In [EC 62271-100:2001, 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.
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In IEC 62271-100:2008, short-line fault requirements are specified for class S2 circuit-
breakers with a rated voltage of 15 kV and above and directly connected (with busbars) 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 rated voltages of 15 kV to 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: 74, < 0,1 ps. As the line length,to
the fault location should correspond to realistic distances, the test duty Ly has been dropped
and the tolerances on the line length for L;5 have been adapted.

Time t5 and the amplitude factor of the supply circuit is the same as for terminal fault test-duty
T100.

6.4.6.2.2 Rated voltage equal to or higher than 100 kV

The amplitude factor and the inherent value of the RRRV of the sufiply circuit are as specified
for terminal fault test duty T100. During a SLF interruption the,RRRV on the supply side is
equal to the inherent value of RRRV for the supply circuit multiplied by the ratio of the SLF
current divided by the rated short-circuit breaking current.

6.4.7 Out-of-phase TRV

Not enough system information is available to revise TRV parameters for breaking in the out-
of-phase condition. CIGRE SC A3 has been ‘@sked to investigate the system and service
conditions leading to out-of-phase current-clearing. Therefore, the TRVs for out-of-phase
breaking are basically unchanged.

The values of ¢3 for out-of-phase are ivall cases two times the value for terminal fault T100.

6.4.8 TRV for 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
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 Veny effective and cost efficient [125]. 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.

Considering the economical aspect as well as service experience with TRV mitigation
measures, there is no need for special requirements in IEC 62271-100 for circuit-breakers for
this type of application.

More information is given in IEEE Std. C37.011 [126].

6.4.9 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.
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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.

6.5 Calculation of TRVs
6.5.1 General

TRV parameters are defined as a function of the rated voltage (U,), the rated
first-pole-to-clear factor (k,,) and the amplitude factor (k). kop is a function of the.earthing of
the system neutral. The rated values of kop are:

— 1,2 for terminal fault breaking by circuit-breakers with rated voltages higheothan 800 kV in
effectively earthed neutral systems;

— 1,3 for terminal fault breaking by circuit-breakers for rated voltages‘up’to and including
800 kV in effectively earthed neutral systems;

— 1,5 for terminal fault breaking by circuit-breakers for rated-voltages less than 245 kV in
non-effectively earthed neutral systems.

6.5.2 Rated voltages less than 100 kV
A representation by two parameters of the prospective/TRV is used for all test-duties.
— For circuit-breakers in cable systems.

The TRV peak value ug = ky,xk,pxU N 2/3) where k¢ is equal to 1,4 for test-duty T100, 1,5

for test-duty T60, 1,6 for test duty T30, and 1,7 for test duty T10, 1,25 for out-of-phase
breaking.

Time 73 for test-duty T100 is taken from Tables 24 and 43 of IEC 62271-100:2008 with
IEC 62271-100:2008/AMD1:2012 and IEC 62271-100:2008/AMD2:2017. Time #; for test-

duties T60, T30 and T10_ is obtained by multiplying the time #; for test-duty T100 by 0,44
(for T60), 0,22 (for T30)vand 0,22 (for T10).

— For circuit-breakers.in line systems.
TRV peak value ug = kpoxkaexU V23 where ke is equal to 1,54 for test-duty T100 and the

supply side~circuit for short-line fault, 1,65 for test-duty T60, 1,74 for test duty T30 and 1,8
for test duty’'T10, 1,25 for out-of-phase breaking.

Time~# for test-duty T100 is taken from Tables 25 and 44 of IEC 62271-100:2008 with
IEC 62271-100:2008/AMD1:2012 and IEC 62271-100:2008/AMD2:2017. Time {3 for test-

duties T60, T30 and T10 is obtained by multiplying the time #; for test-duty T100 by 0,67
(for T60), 0,40 (for T30) and 0,40 (for T10).

— Time delay ¢, for test-duty T100 is 0,157; for cable systems, 0,05 for line systems, 0,057,
for the supply side circuit for short-line fault.

— Time delay #yis 0,15%; for test-duties T60, T30 and T10 and for out-of-phase breaking.
— Voltage v'=u,/3.

— Time ¢ is derived from ¢/, #; and f; according to Figure 97, ¢ = #; + £3/3.
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6.5.3 Rated voltages from 100 kV to 800 kV
A representation by four parameters of the prospective TRV is used for test-duties T100 and

T60, and the supply circuit of SLF for test duties Lgg and L;5 and for out-of-phase test duties
OP1 and OP2 and by two parameters for test-duties T30 and T10.

— First reference voltage uq =0,75xky, x Uy x/2/3

—Time 7 for-termimat-fault-testdutiestsderivedfromo—and-the—specifred-vatuveof therate
of rise u4/t;. For test duties OP1 and OP2, ¢, is two times ¢, for test duty T100 and the rate
of rise is derived from u4 and #;.

— TRV peak value ug = ky, x kar xUp xN2/3

where k4 is equal to 1,4 for test-duty T100 and for the supply side circuit for SEF, 1,5 for
test-duty T60, 1,54 for test-duty T30, 0,9 x 1,7 for test-duty T10, and 1,25 for,qout-of-phase
breaking.

— Time ¢, is equal to 4¢, for test-duty T100 and for the supply side circuit for short-line fault
and between ¢, (for T100) and 21, (for T100) for out-of-phase breaking.Time ¢, is equal to
61, for TGO.

— For test-duties T30 and T10, time ¢5 is derived from u, and the\specified value of the rate
of Figure 96. Time delay ¢4 is 2 ps for test-duty T100, betweenl2 ys and 0,3¢, for test-duty
T60, between 2 ps and 0,1t for test duties OP1 and OP2(Time delay is 0,15 75 for test-
duties T30 and T10. For the supply side circuit for shortsline fault the time delay is equal to
2 pus. When short-line fault tests are performed, the time delay ¢4 for test-duty T100 can be
extended up to 0,28 #4. The relevant value of ¢4 to/be-used for testing is given in 6.104.5.2
to 6.104.5.5 of IEC 62271-100:2008.

— Voltage u' = u4/2 for test-duties T100 and 460" and the supply side for SLF and out-of-
phase breaking, and u./3 for test-duties T30yand T10.

— Time ¢ is derived from u', u4/t; and t4.for test-duties T100, T60 and the supply circuit for
SLF and out-of-phase breaking, and.inyaccordance with Figure 96; and from u', u./t; and ¢4
for test-duties T30 and T10 in accordance with Figure 97.

6.5.4 Rated voltages higher than'800 kV

A representation by four paranieters of the prospective TRV is used for test-duties T100 and
T60, and the supply circuit ©f SLF for test duties Lgg and L;5 and by two parameters for test-
duties T30, T10 and for Qut-of-phase test duties OP1 and OP2.

— First reference veltage uq =0,75xky, x U x/2/3

— Time ¢4 for-ferminal fault test duties is derived from u, and the specified value of the rate
of rise ug7/ty-

— Time.z3 for out-of-phase test duties OP1 and OP2 is derived from u, and the specified
valte-of the rate of rise.

— <FRV peak value ug = ky, x kgt xUp x~2/3

where k4 is equal to 1,5 for test-duty T100 and for the supply side circuit for SLF, 1,5 for

test-duty 160, I,54 for test-duty 130, 1,76 for test-duty I10, and 1,25 for out-ol-phase
breaking.

— Time 1y is equal to 3 ¢4 for test-duty T100 and for the supply side circuit for short-line fault.
Time £, is equal to 4,5 ¢, for T60.

— For test-duties T30 and T10, time ¢5 is derived from u. and the specified value of the rate
of rise u./t3.

— Time delay t4 is 2 us for test-duty T100, between 2 us and 0,3 ¢4 for test-duty T60. Time
delay is 0,15 ¢4 for test duties T30 and T10, 0,05 ¢5 for test duties OP1 and OP2. For the
supply side circuit for short-line fault the time delay is equal to 2 us. When short-line fault
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tests are performed, the time delay ¢4 for test-duty T100 can be extended up to 0,28 ¢,.
The relevant value of 74 to be used for testing is given in 6.104.5.2 to 6.104.5.5.

— Voltage u' = u4/2 for test-duties T100 and T60 and the supply side for SLF, and u./3 for
test-duties T30, T10 and out-of-phase test duties.

— Time ¢ is derived from u', u4/t4 and t4 for test-duties T100, T60 and the supply circuit for
SLF, and in accordance with Figure 96; and from u', u /t; and t4 for test-duties T30, T10
and out-of-phase test duties in accordance with Figure 97.

7.1.2 Technical comment

Replace the last paragraph of this subclause by the following:

As stated in 7.1.1, short-line faults tests apply to circuit-breakers directly connected to
overhead lines. Direct connection is defined as a connection between the circuitsbreaker and
overhead line having a capacitance less than 5 nF. A time delay of more than 2's'is obtained
when a capacitance of 5 nF is added between the circuit-breaker and a lineé“having a surge
impedance of 450 Q (14 =Cx Z= 5x1079 x 450 = 2,25 ps). It follows that the initial part of TRV
is covered by terminal fault test duty T100s and the SLF test duty is not'required in this case.
For voltages lower than 52 kV, the situation is discussed in CIGRE Technical Brochure
134 [128] where it is recognised that the majority of connections.Ao“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 thegircuit-breaker.

7.5 Calculation of actual percentage of SLF breaking/currents

Replace the title and content of this subclause by the following new title and content:

7.5 Test current and line length tolerances.for short-line fault testing

The line reactance corresponding to the standardised line length can be calculated as follows:

1- 1, stand
I

IL, stand
1

SC

XL, stand ~ Xsource

SC

where
I\ stang 1S the short-line fault breaking current corresponding to the standardised line length;
I

sc is the_rated short-circuit current;

X stand JS:the line reactance corresponding to the standardised line length;

X,

sourcal. 1S the reactance corresponding to the rated short-circuit breaking current.

If-the reactance of the line applied in practice differs from the reactance corresponding to the
standardised line length within the tolerances of =20 % for Lgg and +20 % for L;5 and Lgq, as

stated in 6109 2 of |EC R?’)71-1ﬁﬂ")nﬂR’ the related current values can be calculated as
follows:

)/ Ur
L,act =
\/§<XL, act T Xsource)

where
I act s the short-line fault breaking current corresponding to the actual line length;
X| act Is the line reactance corresponding to the actual line length.
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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

Istang I8 the standardised line length;

Lact is the actual line length;

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

The actual line reactance is calculated using the following equation:

d

]act
= X| stand (1 +_j
stand A 100

XL, act = XL, stand X

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

4 1
] perc, act = L.act x100 = perc, stand
oo 1+ d 1~ Iperc, stand
100 100

In Table 42 the actual percentage short-line{fault breaking currents are stated for each
standardised short-line fault breaking current/iye ¢ stang taking the maximum tolerances for the
line length into account.

Table 42 — Actual percentage short-line fault breaking currents

Standardised short-line fault

Deviation of the line length

Actual short-line fault breaking

breaking current current
Iperc,stand d perc,act

% % %

90 -20 91,8

90 0 90

75 -20 78,9

75 +20 71,4

60 -20 65,2

60 +20 55,5

9 Switching of capacitive current

Replace the entire clause by the following new content:

9.1 General

Preferred values for capacitive current switching are given in Table 9 of IEC 62271-100:2008.
The values include both de-energisation and energisation of capacitive loads as follows:

— shunt capacitor banks in single and parallel configurations;
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— no-load cables in single and parallel configurations;

— no-load transmission lines.

The values given in Table 9 of IEC 62271-100:2008 for inrush current peak and frequency are
not linked to the back-to-back capacitor bank breaking current.

Capacitive currents are typically in the order of up to a few hundred amperes and interruption

e aanarallvy considered - a liaht dutv for 9 circnnit hraakar Haowaovar ractrikina ic an icci1a ocineca
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it may lead to undesirable overvoltages or high-frequency transients affecting power quality
and also may cause damage to the interrupting unit or units. Circuit-breakers are therefare
rated according to their restriking probability, i.e. restrike performance class C1 or C2 |as
discussed in 3.3.

Energisation of capacitive loads is usually associated with transient voltages and-currents.
Those transients are the following:

— inrush currents;

— overvoltages caused by the system response to the voltage dip when)eénergizing capacitor
banks;

— overvoltages caused by travelling waves on transmission linesyand cables.

These transients also present power quality issues and some form of mitigation may be
necessary as discussed later. IEC 62271-100 contains qreferred values of inrush current
magnitude and frequency, namely 20 kA peak and 4 250-Hz.

Type testing is designed to be representative of thexservice conditions up to the point of either
clearing, reigniting or restriking. Because thge, actual value of overvoltage and transient
response is totally system-dependent, tests¢<tannot replicate these effects. By providing a
means of assessing the likelihood of restrike ‘0ccurrence, 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 should also be
made.

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

a) application, i.e. capacitor bank (single or back-to-back), cable or transmission line;

b) power frequency of the network;

c) earthingssituation of the network;

d) neutraliearthing of the capacitor bank, i.e. solidly earthed or isolated;

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

Based on the application, the required restrike performance class of the circuit-breaker can be

chosen (C1 or C2) and also the mechanical endurance class (M1 or M2). Network earthing,
nnnnnnnn nhaca to oarth foaltc riant foantnre that Antaronina th A
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recovery voltage across the circuit-breaker, which, in turn, determines the test voltage of the
circuit-breaker.

In 9.2, the general theory of capacitive current switching is given as well as the application
and testing considerations.
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9.2 General theory of capacitive current switching

9.2.1 De-energisation of a capacitive load

9.2.11 General

The single-phase equivalent circuit shown in Figure 98 may be used to illustrate the

conditions when de-energising a capacitive load. The capacitive load is in this case

reprasentad byv a concentratad capnacitor
FepPHE& ottt O+

STty oot
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1
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|
+ |
_— 1 v |
u Cs us UL C
_— I
|
- |
|
|
1
IEC
Key
u Source voltage (r.m.s.) uy, . Yoltage across the circuit-breaker (r.m.s.)
L Source inductance uy Voltage across the capacitive load (r.m.s.)
R Resistor representing the losses in the i Capacitive current (r.m.s.)
circuit
C, Source side capacitance (stray C Capacitive load (capacitor bank, transmission line
capacitance) or cable)
ug Source side voltage (r.m.s.)

Figure 98 — Single-phaseequivalent circuit for capacitive current interruption

9.2.1.2 Capacitive current

The capacitive curreaf i, flowing in the circuit is given by Equation (147):

C C
io = Wg 2><u _ s ><2u (147)
l1-w5L,C T
w|2

where
C is the capacitance of capacitor bank C (F).

ws =275,

where
Jfs is the system frequency (Hz).

;= 227m
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where

i is the inrush current frequency in Hz (see also 9.2.3);

L is the inductance of the source inductance L (H).

S

With @; >> wg, Equation (147) transforms to i, = wsC xu .
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R is usually negligible and is ignored in Equation (147).

9.2.1.3 Recovery voltage
9.2.1.3.1 Recovery voltage in a single-phase circuit

Figure 99 shows the current and voltage shapes at interruption.

u, i d

d /

/] /

Uch
\4
u.
t
fe IEC
Key
i Cedpacitive current
ug Voltage on the load side of the circuit-breaker
Uap Voltage across the circuit-breaker
u Voltage on the source side of the circuit-breaker

S

Figure 99 — Voltage and current shapes at capacitive current interruption

After interription 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 removal of the capacitive
load. The' transition to the new amplitude value is associated with a slight oscillation, the

frequency of which is determined by Lg and Cg.

The interruption of the current leaves a trapped charge on the capacitor bank. The voltage u

Witr Temaln constant at the vatue It had at current Zero (namelty the peak vatue 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 occurs immediately after contact separation.
Half a cycle after current zero, the recovery voltage increases 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 the current is re-established between the contacts.
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Figure 100 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 Up.
The oscillation frequency of the current and voltage after the breakdown is determined by L
and C (assuming C >> (). The circuit-breaker may interrupt the oscillatory current 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 (Figure 101).

/" Up

Uch

uL

i1 n
Restrike

Peak of the source voltage

Power frequency capacitive current

Restrike current through the circuit-breaker
Voltage on the load side of the circuit-breaker

Voltage across the circuit-breaker

Figure 100 — Voltage and current wave shapes in the case of a restrike

IEC
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1 p.u. is the peak value of the phase-to-earthivoltage

Figure 101 — Voltage build-up by successive restrikes

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.cy€le or more following current interruption.

The definitions of re-ignition and restrike are valid only when the recovery voltage has a
1-cosine frequency waveshape.

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 maximum 1 p.u.). Re-ignitions are acceptable but
may cause power quality‘problems.

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

Anotheryphenomenon, which has been observed predominantly on vacuum circuit-breakers,
may oceur during three-phase capacitive current and short-circuit breaking current tests, but
alse-at lower currents and voltages. This phenomenon is known as a non-sustained disruptive
discharge (NSDD).

An NSDD is defined as a disruptive discharge associated with current interruption that does
not result in the resumption of power frequency current or, in the case of capacitive current
interruption does not result in current at the natural frequency of the circuit. An NSDD is
considered as a late local breakdown across the interrupter and leads to a resumption of
high-frequency current. The high-frequency oscillation is determined by stray capacitance and
inductance locally across the interrupter. An example of an NSDD is given in Figure 102.
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Figure 102 — Example of.an NSDD during capacitive current interruption

9.2.1.3.2 Recovery voltage in a three-phase circuit

The recovery voltages incthree-phase circuits are more complicated than in the single-phase
case. Figure 103 shows as an example the recovery voltage of the first-pole-to-clear in a case
with a non-effectively’earthed capacitive load. Due to the neutral shift, the recovery voltage
initially has a shape that will lead to a peak value equal to three times the supply voltage peak
(dotted line). (The neutral shift is then 1,0 p.u. When the two last poles interrupt 90 electrical
degrees afterjthe first, there is however, a discontinuity in the slope (the neutral shift remains
at 0,5 par)and the final peak value for the first-pole-to-clear is 2,5 times the supply voltage
peak (See also 9.6).

NOTE The recovery voltage peak of a circuit-breaker having a non-simultaneity between poles of more than
Yacycle will be 3 times the supply voltage peak.
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Figure 103 — Recovery voltage of the first-polesto-clear at interruption
of a three-phase non-effectively earthéd capacitive load

9.2.2 Energisation of a capacitive load

With reference to Figure 98, Lg, R and C form{a series RLC circuit. Applying a voltage u to
such a circuit, the inrush current i can be calculated in general as follows:

u=Ri+LS%+%

Differentiating and treating u as>a' step voltage, i.e. energisation at the instant of the voltage
peak:

2. .
L R, T (148)
ds Ly dt LsC

Equation (148)is a second order linear homogenous differential equation with three possible
solutions ‘depending on the degree of damping in the circuit. Taking a = R/2Lg and wy =

1/ /Ls€/-the three solutions are:

1) yOverdamped o? > of

i(t)=———— ¢ sinhyja? — w3t (149)
Lsﬂoz2 - a)g

2) Critically damped o2 = o}

i(t) = LLte_m (150)

S



https://iecnorm.com/api/?name=955a47d8606ec1ad54b36a7f7229d0d7

— 26 — IEC TR 62271-306:2012/AMD1:2018
© IEC 2018

3) Underdamped of > o2

i(t):%e_m sinyof —a?t (151)

LA oy —a

The resistance value R4 that results in critical damping is given by:

Reg = 2,]—5 (152)

In most cases, the inrush current oscillation is underdamped and Equation (151)(is of most
interest. If closing resistors are applied to limit the inrush current, then Equation (149) or
(150) may be applicable.

9.3 Capacitor bank switching
9.3.1 General

Since the use of capacitor banks for compensation purposes (s,increasing, it is common that
more than one capacitor bank is connected to the same<bus (back-to-back capacitor bank
switching). This has no influence on the conditions at interruption. The current at closing,
however, is affected to a high degree.

To describe the phenomena associated with capacitor bank switching, a general single-phase
equivalent circuit is shown in Figure 104 showihg a single-line diagram of the case where two
capacitor banks (C4 and C,) are connected/in.back-to-back to a busbar. L, and L, represent
the stray inductance (or stray inductance plus additional damping inductance). The inductance
L¢ of the source network will be severalcorders of magnitude higher than that of L, or L,.

ﬁ ) ] :> : @ ? j
T“' | T° T

Bus

Key

CB, circuit breaker considered

€B, circuit breaker, open for single capacitor bank switching by CB,, closed for back-to-back capacitor bank
switching by CB,

Ly source inductance

Ly, L, inductance between capacitor bank 1 and 2 and bus, respectively

Cy, G, capacitor bank 1 and 2

iy, iy capacitive currents

u source voltage

Figure 104 — General circuit for capacitor bank switching
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Single capacitor bank switching occurs when C, is switched and C, is not connected in the
circuit described in Figure 104. The circuit consists then of the source inductance L in series
with the capacitor bank C4. The inductance L, can be disregarded here, since the value of the
source inductance Ly>>L,.

Back-to-back capacitor bank switching occurs when switching C4, with C, being in service, or
vice versa.

The conditions for single and back-to-back capacitor bank switching are given in 9.3.3.1 and
9.3.3.2. In some cases, energised capacitor banks in nearby substations may contribute to the
inrush current such that a back-to-back situation occurs.

Especially, the second case may give rise to an inrush current of very high amplitbtde and
frequency, which may have to be limited in order not to be harmful to the circuitsbreaker, 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); the magnitude:will be maximum on
closing at the voltage peak;

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 op-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 .thé order of 5 min.

The transient inrush current to a single 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/d kHz. Since a circuit-breaker shall meet the making
current requirements of the systemi>transient inrush current is not a limiting factor in single
capacitor bank applications. Forthis reason making tests with inrush current are not required
for single-capacitor bank switching.

When capacitor bankssare switched back-to-back, transient currents of prospective high
magnitude and with ashigh 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 energised
bank or banks.and the switched bank. This transient current usually decays to zero in a
fraction of @ eycle 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 that it may be
neglected.

9:3:2° De-energisation of capacitor banks

DPe-energisation of capacitor banks follows the theory outlined in 9.2.2.

9.3.3 Energisation of capacitor banks
9.3.3.1 Single capacitor bank

Energising a single capacitor bank is equal to energisation of capacitor bank C; when
capacitor bank C, is not connected in the circuit described in Figure 104. The circuit consists
then of the source inductance Lg in series with the capacitor bank C;. L, can be disregarded
here, since the inductance of the source is several orders of magnitude higher than that of L,
(i,e. Lg >> Ly). In this case, the peak of the inrush current (i ,q4¢) and inrush current

frequency (f;) are limited by the source impedance L.
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A bank of shunt capacitors is considered single when the inrush current on energisation is
limited by the inductance of the source and the capacitance of the bank being energised. A
capacitor bank is also considered single if the maximum rate of change, with respect to time,
of transient inrush current on energisation of an uncharged bank does not exceed the
maximum rate of change of the rated short-circuit current at the voltage at which the current is
applied. The limiting value is equal to

L%Jm = o5lscV2 (153)
where
% is the rate of change of inrush current, A/s;
1 is the rated short-circuit current, in A r.m.s;

SC
wg = 27fg is the angular frequency, in rad/s and f; is the power frequengy, in Hz.

Assuming that bank 1 is to be connected to the busbar and bank 2,is not connected, from
Equation (151):

P S—— sin( of —? )t (154)
where L =Lg+Lyand wg =1/4/LCq
If g >> «, then Equation (154) can be re-written in the simplified form:
b g
A —76 Sin CUOI (155)

L
where Z = |—
G

The two quantities of interest for circuit-breaker application are the peak value of the inrush
current i oo andiits frequency f;:

lipeak =~ — (156)

fm=e (57)

L .
where Z = }C—s and Lg >> Lq is assumed.
1

9.3.3.2 Back-to-back capacitor bank switching

The inrush current of a single bank will be increased when other capacitor banks or parallel
cables are connected to the same bus.
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If, in Figure 104, bank 1 is connected to the busbar and initially uncharged bank 2 is to be
connected, the inrush current associated with the charging of bank 2 is supplied by bank 1
(back-to-back switching).

Equations (156) and (157) are applicable and adjusted as follows:

2

T; (158)

fi= (159)

where Zgq = 1/Leq/Ceq,Leq =11+ Ly and Ceq :ﬂ

Equations (158) and (159) can be applied in general to multiplebank switching cases.
Assume that bank C with series inductance L is to be switchedin with banks C, to C,, and
associated series inductances L, to L, already in serviee,,"The simplified calculation
procedure is as follows:

a) lIgnore the capacitances and calculate Lggq

Leq=L+L'

where ['=

b) Ignore the inductances and calculate Ceq
cc
c+C

Ceq =

where C'=Cy+Co +......, £C,

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
rated 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 9.5.3).
Another possibility is to use controlled switching.

9.4.1 General

To describe the phenomena associated with no-load cable switching, a general single-phase
equivalent circuit is shown in Figure 105, showing the case where two cables (cable 1 and
cable 2) are connected back-to-back to a system. The cables are represented by their
capacitance C4 and C, and their surge impedances Z; and Z,, respectively.
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Lp2
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Z, and'C,
IEC
Key
CB, circuit-breaker
CB, circuit-breaker, open for single cable switching, closed forback-to-
back switching
Ly source inductance
Ly, L, inductance between cables 1 and 2 and the bus
Zy, Z, surge impedance of cables 1 and 2 (QQ)
Cy G, capacitance of cables 1 and 2 (F)
Lpqs Ly inductance of the bus connecting the ‘eables

Figure 105 — Typical circuit for no-load cable switching

Single cable switching occurs when cable 1-is)switched and cable 2 is not connected in the
circuit described in Figure 10. The circuit.then consists of the source inductance Lg in series
with the bus inductance L, and the inductance L, between bus and cable.

Back-to-back cable switching occurs:when cable 1 is switched, with cable 2 being in service.

Three phase cables can be individually screened (Figure 106) or belted (Figure 107). As the
equivalent circuits show, .individually screened cables represent a load similar to earthed
capacitor banks and belted cables a load similar to unearthed capacitor banks.
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Figure 106 — Individually screened cable Figure 107 — Belted cable with equivalent
with equivalent circuit circuit

9.4.2 De-energisation of no-load cables
9.4.2.1 General

A cable represents a distributed capacitive load. For de-energisation of a no-load cable, the
principles discussed for capacitor bank switching are equally applicable with some variations
as discussed later in Subglause 9.4.2. For example, in transient calculations, the cable surge
impedance is applicablerather than its capacitance.

9.4.2.2 Cable«charging current
The cable charging current is a function of the following characteristics:

a) system voltage;
b) .cable geometry;
¢)- insulation dielectric constant;

[OX

\ oo
oo

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.
Figure 108 shows the cross-section of a high-voltage cable.
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2 Inside diameter of the shield
Figure 108 — Cross-section of‘a high-voltage cable
The shunt capacitance per unit length of a cable is expressed in Equation (160).
C = 2705 p (160)
In(-)
e
The series inductance per unit length of a cable is expressed in Equation (161).
L =204 10 Iy Him (161)
2z T

For singlesconductor and three-conductor shielded cables (for the different cable
configurations see Figure 106 and Figure 107) the shunt capacitive reactance per km (X;) can
be wriften as shown in Equation (162).

i

, In(—-)

Xe=——= IR MQ 162
¢ wC l><w5><27zgogr( ) (162)

Using the relationship In(x) = 2,3lg(x) and / = 1 000 m = 1 km, Equation (162) transforms to
Equation (163).

6,58 Igi (MQ per phase, see NOTE and Figure 108) (163)

fs‘gr e

X =
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where
Is is the system frequency (Hz);

& is the dielectric constant of vacuum, g, = 8,85x10-12 (F/m);

& is the relative dielectric constant of cable dielectric material,
7 is the inside radius of shield (mm);

e is the conductor radius (mm):

/ is the cable length (m);

uog  is the magnetic permeability of vacuum, ugy = 4n x 107 (H/m);

Uy is the relative magnetic permeability of the cable dielectric material (4, = 1);

og  is the angular power frequency, wog = 2nf; (rad/s);
fs is the power frequency (Hz);

In is the natural logarithm based on e, ®logx;

lg is the logarithm based on 10, 10logx.

NOTE When using the quantity MQ per phase per km, the shunt capacitive reactanee’in MQ for more than 1 km
decreases because the capacitance increases. For more than 1 km of cablé, therefore, the value of shunt
capacitive reactance as given above is divided by the number of km of 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{echéecked (see 9.4.3).

The surge impedance (Z) of a single-conductor,and three-conductor shielded cables can be
expressed using Equation (164).

HO,ur |n(i) 7
S [L_ |2 s 47x10 _ xln(i):138xlog(ij @  (164)
C 27 &y 47%8.85x10~ & e \/? e
U
In(—)
e

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

9.4.2.3 Recovery voltage

The regovery voltage is similar to that of a capacitor bank (see 9.2.2.3).

9.4.3° Energisation of no-load cables

9.4.3.1 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 ground 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 cable) or against a bus that has one or more cables
energized (i.e. back-to-back cable).

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);



https://iecnorm.com/api/?name=955a47d8606ec1ad54b36a7f7229d0d7

- 34 - IEC TR 62271-306:2012/AMD1:2018
© IEC 2018

— cable surge impedance;

— cable capacitive reactance;

— 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 trancsiant inruch currant 0 o ocinala cahla 1c lacc than tha avallahla chart circnit cirrant ot
e RSTe Rt HraSH—GuH e hit—o0—a—5Hgte 15185 5—tHa e vataure-—SHort—ertreuit—eutre i<t

oo™

the circuit breaker terminals. Because a circuit breaker shall meet the making current
requirements of the system, transient inrush current is not a limiting factor in single cable
applications.

When cables are switched back-to-back (that is, when one cable is switched whil€ other
cables are connected to the same bus), transient currents of high magnitude andyinitial 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 impé€dances and any
inductance connected between the energised 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 thg very high damping of the
inrush current, the switching of parallel cables usually does_hoi' 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 ot addressed in IEC 62271-100.

Cables are considered being switched back-to-back\.if the maximum rate of change of
transient inrush current on energizing an uncharged“Cable exceeds that specified for a single
cable.

9.4.3.2 Single cable energisation

A cable is defined as single if the maximum rate of change, with respect to time, of transient
inrush current on energizing an uncharged cable does not exceed the rate of change of
current associated with the rated shart-circuit current. This limiting value is numerically equal
to

di;
i :ws\/Elsc :stﬁlsc (169)
dt max
where
d
[JJ is,the maximum rate of change of inrush current in A/s;
dt max
Ige is the rated r.m.s. short-circuit current, in A;

o =2nf, is the angular frequency in rad/s, where f; is the power frequency in Hz.

By this definition, it is possible to have cable circuits that are physically back-to-back, but are

considered single Tor application purposes provided a large inductance is located between the
two cable circuits. The inductance should be large enough so that by itself it would limit fault
current to a value less than or equal to the circuit-breaker rating.

In switching a single 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.

To calculate the inrush current for a single cable, Figure 105 may be used, with
circuit-breaker CB, open.
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. Un - Ui Z4
(1) =—"—|1-exp(——¢ 166
ij(t) Z [ (== )} (166)
Un-U
where i ——m -t
lipeak Z
Un IS the crest of applied voliage;
Ui is the trapped voltage on the cable being switched;
fs is the source frequency (power frequency);
i is the inrush current;

ljpeak IS the peak of the inrush current;
Z4 is the cable surge impedance;
L is the source inductance.

Um _Ut

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

purposes, ij ,q5« Should be compared to the value given in Table 9)of IEC 62271-100:2008.

i pea

The cable inrush current is not oscillatory in the usual freqdéncy-related sense, but the initial
slope can be used to determine an equivalent frequency that can be compared with the inrush
frequency. In general,

di ) < o
(EJ—Z@‘,I, (167)

where

(%) is the rate-of-change of inrsh current in A/s;
fi is the inrush current frequency;
I is the peak inrush*current.

The equivalent frequencyfeq for a cable inrush current is then obtained as follows:

27?feq1i=@ U;nzll.]t and for proper circuit-breaker application, feq
|

should be'less than the preferred inrush current frequency.

that gives foq=

9.4.3:3 Back-to-back cable energisation

Back-to-back cable switching occurs when cable 2 is in service and cable 1 is being energized

n Figllrn 105 _The values of the inductances of II ,a and IUI and IU‘ between the cahles

are often very small with respect to the inductance of Lg. 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 standardized. However, a representative range is 0,66 yH to 1,0 yH per phase per m.

Neglecting the source contribution, the back-to-back cable switching case can be represented
as shown in Figure 109.
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U, Crest of applied voltage
U, Trapped voltage on cable being switched
Zy, Z, Cable surge impedance
L Total inductance between cable terminals
CB Circuit-breaker
Figure 109 — Equivalent circuit for back-to-back’cable switching
The initial pulse of current has a front expressed as
. Un - U, Z1+7Z
i(t)=—m——t 1 Sexp(- 122 (168)
Z1 +ZZ L

Assuming that the L/(Z4 + Z,) time constant is less than 1/5 of the travel time of the cable out
and back, the initial crest of the_infush current is then (U, - U)/(Z; + Z,), which for
application should be less than the fated peak inrush current.

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

. Up ~U.
fipeak = —Z:”+ ZZt (169)
and
Uy -U
foq=—"1— (170)

oLy + Lol

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

——=L (A) (171)

and
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_ Un-Uy
feq ETRTAT (Hz) (172)

Differentiating the expression for the current at + = 0 will give the maximum initial rate of
change of the inrush current, in Equation (173).

CARNEY
[d:JO_—L (Als) (173)

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«\to meet the
preferred inrush frequency.

9.4.4 Compensated cable energisation
9.4.41 General

A circuit-breaker may be required to energise 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.

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

When operating the cable nearly fully compefisated 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 110.

A - A -
» d b »
i CB &
cb i
u L - Ce
R
TEC
Key
u Phase-to-earth voltage R Resistance to earth of compensating reactor
CB Circuit-breaker ich Current through the circuit-breaker
C. Cable capacitance to earth i Current through the compensating reactor
L Inductance to earth of compensating reactor i Current through the cable

Figure 110 — Equivalent circuit of a compensated cable



https://iecnorm.com/api/?name=955a47d8606ec1ad54b36a7f7229d0d7

- 38 - IEC TR 62271-306:2012/AMD1:2018
© IEC 2018

When energizing 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/dr at a inductance is zero at the instant of closing the circuit-breaker). The sum of both
currents flows through the circuit-breaker (iz,).

Due to the fact that the instantaneous current value in the reactor before energizing and the
current value directly after energizing shall be identical (di/d¢ = 0), a DC 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 DC 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 DC equalizing is superimposed on the inductive AC current of the'reactor to the total
reactor current i . Due to the resistance of the reactor, the DC current'decays over time.

The following two different cases are distinguished: fully compensated cables and partly
compensated cables.

9.4.4.2 Fully compensated cables

When operating a fully compensated cable, the inductive AC current and the capacitive AC
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 iy, are showq-in Figure 111 for making at voltage maximum and
full compensation.
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Figure 111 — Currents when making at voltage maximum and full compensation

The idealized graphs of the inductive currenpi}’, the capacitive current i, and the total current
through the circuit-breaker i, are shown.in Figure 112 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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Red trace Capacitive current i,

Green trace Total current through the circuit-breaker i

Figure 112 — Currents when making at voltage zero and full compensation

It can be seen that the inductive current i and)ythe capacitive current i, in both cases always
show zero crossings.

In the case of making at voltage maximum, the current through the circuit-breaker for a fully
compensated cable is zero due to:fhe fact that the inductive current i, and the capacitive
current i, have the same magnitude and opposite polarity.

In the 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 difficultieés to interrupt the current. This will be described in detail further in
this subclause.

9.4.4.3 Partly_compensated cables

If the cable“is partly compensated (undercompensated), the inductive AC current is smaller
than thecapacitive AC current. The idealized graphs of the inductive current i, the capacitive
currentl; and the total current through the circuit-breaker iy, are shown in Figure 113 for
makinhg at voltage maximum and partial compensation (e.g. 80 %).
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Figure 113 — 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 114 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.

-10 0 10 20 30
- iL icb
IEC
Key
Blue trace Inductive current i
Red trace Capacitive current i,

Green trace Total current through the circuit-breaker i

Figure 114 — Currents when making at voltage zero and partial compensation
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Also, in the 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 the 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 DC equalizing current is
smaller due to the lower inductive current at partial compensation.

—9-4-4-4—Summary

The amplitude of the DC 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 (related to the DC time constant 7r) was low and the DC equalizing| current was
damped fast enough to create current zeros. Nowadays, the resistance of thie 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:

a) prevention of the occurrence of currents with delayed zefo.crossings;
b) choice of a circuit-breaker suitable for the applicatiop.

To prevent currents with delayed zero crossings, thesxmaking should always occur around the
voltage maximum in each phase. This can be dane 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 DC equalizing currents
can be increased by using circuit-bre@ker types equipped with pre-insertion resistors. Owing
to the additional resistance, the X/Rratio is decreased and hence the first zero crossing of the
current i, occurs significantly -garlier. 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 @pening 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;should 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 should be chosen
to ensuresa 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 DC equalizing current circuit-breaker types with high arc voltages may be

necessary. AISo with this method, for each application an individual calculation should 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.

9.5 No-load transmission line switching
9.5.1 De-energisation of uncompensated transmission lines
9.5.1.1 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
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lines, it should be considered distributed. Typical capacitance values vary from 9 nF/km per
phase for single conductor overhead lines to 14 nF/km per phase for four-conductor bundle
overhead lines (see also [127]).

Owing to the distributed nature of the inductance and the capacitance of the line, the peak
value of the power frequency voltage at the remote (or receiving) end is higher than that at
the circuit breaker (sending) end of the line. This effect is called the Ferranti effect. For a line
length of 500 km, the voltage increase is approximately 4 % and approximately 1 % for a line

of 200 km. That is why the Ferranti effect is not considered for line lengths below 200 km.

Figure 115 gives an approximation of the line charging current per km 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 Gabrielle, et al. [127] should be used.
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Figure 115(= RMS charging current versus system voltage
for different line configurations at 60 Hz

From Figure 115, 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:

x = U _ 245000V _ 4 oe3makm,

oC' I' 3 x05Akm

Where
X,' is the linear capacitive reactance of the line (MQ km);
C' is the capacitance of the line (F/km);

I' is the charging current of the line (A/km);

U is the system voltage (kV).

For a 50 Hz system frequency, the corresponding value of X' would be
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0,283x% ~0,34MQkm

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:

X;'  0,283MQkm
I 100km

Xo = =2,83kQ.

9.5.1.2 Recovery voltage

Transmission lines have capacitance both between phases and to ground. Figure 116 shows
a general circuit that can be used to analyse the phenomena associated with no-load
transmission line switching.

Ls Ci—=Co
, N
[

| A
|‘| C)— ||

—— |

Co__ __ ——
— IEC
Key
U Source voltage
Ly Source inductance
Cy Zero sequence capacitance
C, Positive sequence capacitance

Figure 116 — General circuit for no-load transmission line switching

Overhead lines in transmission systems typically have C,/C, ratios in the order of 2,0.
Figure 117 shows the peak value of the recovery voltage in the first-pole-to-clear as a
function of the capacitance ratio C4/C (positive to zero sequence capacitance). 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. In this case Figure 117 shows that the recovery
voltage peak is approximately 2,4 p.u. It follows that the voltage factor for single-phase
testing to cover three-phase interruption is equal to 1,2. 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
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Figure 103. 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.

Overhead lines in transmission systems typically have capacitance both between phases and
to earth. Figure 103 and Figure 117 assume that the second and third poles interrupt 90° after
the first.

A haon th

A oractaorictianc . wvaliao oo Ll (ahan and oo P-4 N o dosiatia o £ o
When-the-eharaeteristies—efthe—vrelagein-service{shape-and-peak—ratuerare—deviatingfrom
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 9.5.2).

A

Recovery voltage - p.u.

T 1 A r) 4 'l I I 1
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Figure 117 — 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 increaséd,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.

9.5.2 De=energisation of compensated transmission lines
9.5.21 General

Llong 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 bapabitivc reactance ()‘C Iine) to—thre—inductivereactance (}‘L reactor) of-the \,umpcnoatiny
reactor, in Equation (174):

X~
k= —=>lne (174)

X L, reactor

If X\ reactor > Xc.iine: the line is undercompensated, a line with X| c.ctor < Xc Jine 1S called
overcompensated.
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9.5.2.2 Line charging current
The compensated line charging current is given by I, . :[(';(1—k|_)

where
I,. s the line charging current of the compensated line;
1. is the line charging current of uncompensated line;

k. is the compensation factor.

Assuming a line compensated at 60 % (i.e. kg = 0,60), the line charging current|is
L,=1'%(1-0,6)=0,4/, or 40 % of the uncompensated value.

9.5.2.3 Recovery voltage
If the line is compensated, the line side component of the recovery voltage issno longer a DC

voltage, but an oscillation of which the frequency is determined by the compensating reactor
and the line capacitance.

The resonant frequency is approximated by:

1 Xc,line
L= = fs o SsVkL (175)
27\ LC ® X, reactor ®

where

fL is the resonance frequency of the compensated line (Hz);

L is the inductance of the reactor (H);

C is the total capacitance of the line (F);

fs is the system frequency (Hz);

k. is the compensation factor.

In other words: the resonancefrequency 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 rate-of-rise of the recovery
voltage. Typical current.and voltage waveshapes are given in Figure 118.
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Figure 118 — Typical current and voltage relations for a compensated line

The first half-cycle of recovery voltage is, for this example,”as shown in Figure 119.
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 having a lower
probability of restrike. The manufacturer should be consulted-on applications which markedly
alter the recovery voltage.
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Figure 119 — Half cycle of recovery voltage

9.5.3_‘Energisation and re-energising transmission lines

9:5.3.1 General

For this case inrush currents are of no significance due to the high surge impedance of the

lines. However, overvoltages are an issue due to travelling waves on the lines. Typically, the
line is uncharged when being switched but voltage doubling is possible due to reflections from
the open end of the line. A worst case can occur during high-speed reclosing when a restrike
occurs at a source voltage peak of opposite polarity to the trapped charge on the line.

At voltages of 300 kV and above, mitigation measures are applied to limit the above switching
overvoltages. The measures include opening resistors, metal oxide surge arresters and
controlled switching.

When a transmission line is switched onto an energised network, a voltage wave is imposed
on the line. The resulting phenomena are similar to those of energizing a cable. The imposed
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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 120.

X CB L
A I g —— ;
(\\ | i Network
} | | diagram
| Travelling

-
4‘_> waves

IEC

Figure 120 — Energisation of no-load linés: basic phenomena

An even higher voltage is obtained when the (lihe has a trapped charge before being
energized and the circuit-breaker happens tolClose 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 wavg, ‘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.

9.5.3.2 Reclosing on.a compensated transmission line

Similar phenomena as described under 9.4.4.2 also apply to fully compensated lines.
Especially during reclosing of the healthy phases after the interruption of a single-phase
short-circuit;-the circuit-breaker may close at or near source voltage zero. This will result in
delayed curtent zero crossings. Not all circuit-breakers may be suited for this application. For
further information, refer to Annex B.

9.5.3:3 Long transmission line switching considerations

Qverhead lines exceeding 200 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 that 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
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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.

9.6 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 (362ck\,
420 kV, 550 kV and 800 kV), unit tests are generally carried out.

Especially when single-phase tests are made to cover three-phase application, the test
voltage should 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 (see 9.8 of this document and Annex S of IEC 62271-100:2008/AMD2:2017.

Subclause 6.111.7 of IEC 62271-100:2008 gives the following voltage factors for single-phase
test voltage (see Table 43). In accordance with IEC 62271-100, the"test voltage measured at
the circuit-breaker location prior to interruption shall not be less(than the rated voltage Ur/\/3
and the voltage factors given in Table 43.

Table 43 — Voltage factors for single-phase capacitive current switching tests

Voltage factor Application
k

C

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 2) corresponding to normal service
conditions in solidly earthédyneutral systems with mutual influence of adjacent phases of the
capacitive circuit for rated‘voltages 52 kV and above.

1,4 1. breaking duringsnormal service conditions in systems having a non-effectively earthed
neutral includirid screened cables 2);

2. breaking ©fjcapacitor banks having a non-effectively earthed neutral;

3. test on-belted cables and line-charging current switching ®) corresponding to normal
serviee conditions in effectively earthed systems for rated voltages less than 52 kV;

NOTE 1 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.

NOTE 2 «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.

NOTE 3 When the non-simultaneity of contact separation in the different poles of the circuit-breaker exceeds
1/60f a cycle of rated frequency, IEC 62271-100 recommends to raise the voltage factor or to make only three-
phase tests. Such circuit-breakers fall outside the scope of the standard.

a) Under the condition that the line can bhe replaced partly or fully by a concentrated capacitor bank

®) When a significant capacitance to earth on the source side is present, the factor will be reduced.

The voltage factor 1,4 is explained as follows (see Figure 121):
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Figure 121 — Recovery voltage on first-pole-to-clear for three-phase interruption:
capacitor bank with isolated neutral

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 pole interrupt 90°
later, there is a discontinuity and the recoverywoltage across the first-pole-to-clear will follow
a 1-cosine wave with a voltage factor of 1525. The recovery voltage is indicated by the solid
line in Figure 121. By using a voltagexfactor of 1,25 (dotted line in Figure 121), 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 toe*high a stress. A voltage factor of 1,4 as indicated by the
dashed curve in Figure 121 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.

As indicated in\footnote a) to Table 43, the voltage factors given in Table 43 are associated
with single(circuit line constructions and are chosen to accommodate all known physical
arrangements of the conductors of such circuits. Footnote b) to Table 43 indicates that
energisation of the case of multiple overhead line constructions that 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 double circuit
lines.
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9.7 General application considerations
9.7.1 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 rated to
IEC 62271-100.

9.7.2 Maximum voltage for application

The operating voltage should not exceed the rated voltage since this is the uppérilimit for
operation.

9.7.3 Rated frequency

The rated frequency for circuit-breakers is 50 Hz or 60 Hz. As described in 9.2.1.3, 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.

9.7.4 Rated capacitive current
9.7.4.1 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 for some capacitor banks in service.

9.7.4.2 Overhead lines and cables

Depending on length;.\the no-load current of lines and cables may exceed that given in
Table 9 of IEC 6227(-100:2008.

The followingmay serve as an example: the no-load current of a two bundle conductor 550 kV
transmission line is approximately 1,1 A/km at 50 Hz and 1,3 A/km for 60 Hz.

Without/considering the Ferranti effect (see 9.5.3.3), 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
thecharging current by about 4 % at 50 Hz and 6 % at 60 Hz. This is not covered by Table 9
of TEC 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 9.5.3.3).

9.7.4.3 Capacitor banks

The same remark as given under 9.7.4.2 applies to capacitor bank currents. The current is
dependent 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.
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9.7.5 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 9.6. 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 should 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 122. 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 capagitor bank
switching tests do not cover the required recovery voltage waveshape. Thisyneeds to be
considered when making the proper choice of circuit-breaker. From the voltage‘waveshape as
indicated in Figure 122, 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-cosine waveShape.

In the 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 /s lequal 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 ecénomical solutions may be obtained
by permitting restrikes in a zone where tests have demonstrated that they are not harmful to
the circuit-breaker.

~ A
=

1

IEC

Key

1 Current through circuit-breaker

2 Voltage across circuit-breaker

Figure 122 — Example of the recovery voltage across a filter bank circuit-breaker

9.7.6 Restrike performance

See 3.3.

9.7.7 Class of circuit-breaker

The choice of the class of circuit-breaker is discussed in 3.3.
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9.7.8 Transient overvoltages and overvoltage limitation
9.7.8.1 General

An important consideration for application of circuit-breakers for capacitive current switching
is the transient overvoltage that 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
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The selection of the class (see 9.7.7) of circuit-breaker to be applied should be coordinated
with the insulation capability of other components on the system.

9.7.8.2 Overvoltages
9.7.8.2.1 General

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

— insulation degradation and possible failure of the substation equipment;
— operation of surge arresters;

— interference in the control wiring of the substation;

— increase in step potentials in substations;

— undesired tripping or damage to sensitive electronic equipment.

The magnetic fields associated with high inrush{currents during back-to-back energisation of
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 beuminimized by shielding the cables and using a radial
configuration for circuits (circuits completely contained within one cable so that inductive
loops are not formed).

9.7.8.2.2 Switching of capacitor banks
9.7.8.2.2.1 General

The switching of capacitor banks is associated with voltage and current transients. As most
modern circuit-breakérs have a very low probability of restrike, the majority of the switching
transients will be\'generated when energizing 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
otherequipment 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.

9.7.8.2.2.2 Local effects
— voltage transients resulting in dielectric stresses on nearby equipment;

— electrical, mechanical and electromechanical forces caused by the inrush current.

9.7.8.2.2.3 Remote effects
— transfer of capacitively coupled fast transients through transformer windings;

— reflections of travelling wave transients on open ended lines or transformer terminated
lines;
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— excitation of near resonant portions of the power system by the oscillatory transient
frequency.
9.7.8.2.3 Switching of lines and cables

When energizing 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.

9.7.8.3 Overvoltage limitation

There are several means available to reduce the overvoltages generated by the switching-of
capacitive currents:

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

— pre-insertion resistors limit the inrush current and remote overvoltages. It is a basic
solution 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 9.7.16).

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

— 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.

9.7.9 No-load overhead lines
9.7.9.1 General

A circuit-breaker may be requiréd to energise or de-energise 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 9.5.3). Consideration may need to be given to line energisation
following load rejection (see [127]).

9.7.9.2 Line charging current
When considering the assigned line charging current rating, application is determined by the

value of theAdine charging current. This current is a function of system voltage, line length, and
line configuration (see also 9.5.1.1).

9.7.9.3)° Compensated overhead lines

AsJ)described in 9.5.2 very long lines (> 200 km) are often compensated with shunt reactors to
réduce the amount of charging current required of the system.

If the circuit-breaker rating is chosen based on /, ., the line could not be switched without the
compensating reactor(s) connected. The voltage rise caused by the Ferranti effect and also
the location of the reactor(s) will change the line current slightly.

9.7.9.4 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 9.5.1.2) the
rated phase-to-earth voltage across the circuit-breaker one half-cycle after interruption
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(assumes C; = 2Cy; 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 9.6.
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the circuit-breaker restriking. As described in 9.5.2, a compensated line will have a lower rate-
of-rise of the recovery voltage, which will reduce the restrike probability.

9.7.10 Capacitor banks
9.7.10.1 General

A circuit-breaker may be required to switch a capacitor bank from a bus that does not have
other capacitor banks energised (single) or against a bus that has othér capacitor banks
energised (back-to-back). In the application of circuit-breakers for capacitor switching duty,
consideration should be given to the preferred single shunt capacitor/bank switching current,
preferred back-to-back shunt capacitor bank switching current, ,preferred transient inrush
current, and preferred transient inrush current frequency (see als0y9.3.2 and 9.2.2).

9.7.10.2 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 capakcitor 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<pplied voltage. This ratio can be as large as 1,1,
since capacitors can be operated contihuously 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 {o *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
capacitor.voltage for non-effectively earthed neutral operation and 1,35 times the nominal
currentfor solidly earthed neutral operation.

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.
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9.7.10.3.2 Single capacitor bank

A bank of shunt capacitors is considered single when the conditions described in 9.3.3.1 are
fulfilled. Table 44 gives the equations that apply for calculation of the inrush current for single
capacitor bank energisation, neglecting resistance.

Table 44 — Inrush current and frequency for switching capacitor banks

Duty Quantity Equation
] A) V2U, y C
i -
i peak /_3 Lg

Energisation of single bank

1

fi () 27 LC

i (A) —\/EUr L |Cea
i peak \/g Leq

Back-to-back switching
1

i (k) PR o

Key
U, rated voltage (V)
C: bank capacitance (F)"
L source inductance (H)"
Cogl equivalent capacitance (F)
L, equivalentinductance (H)™
’ See 9.3.3.1.

See 9.3.3.2.

9.7.10.3.3 Back-to-back capacitor bank

The inrush current of ‘a-single bank will be increased when other capacitor banks are
connected to the sameibus (see also 9.3.3.2).

Table 44 gives.the equations for calculating inrush current and frequency for back-to-back
capacitor bank)switching, neglecting resistance. These equations are based on the theory
described in 9.2.2.

A typieal circuit for back-to-back switching is shown in Figure 123. The inductance in the
circiit"that limits the transient oscillatory current is composed of the inductance of the bus
between switching devices, L, ,, the inductance between the switching device and the
capacitor banks, L4 and L,, and the inductance of the capacitor banks, L,y and L, and any

c1t T L1 T Lpus
+ L, + Lo, is very small with respect to the inductance of the source Lg. 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 9.7.10.3.4).

The inductance within the capacitor bank itself is not easy to obtain, but in general it is of the
order of 10 pyH for banks above 52 kV, and 5 pyH for banks below 52 kV. Typical values of
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inductance per phase between back-to-back capacitor banks and bank inductance for various
voltage levels are given in Table 45.

Table 45 — Typical values of inductance between capacitor banks

Rated maximum voltage Inductance per phase Typical inductance
(kV) of busbar between banks 2
(uH/m) (uH)
17,5 and below 0,702 10 to 20
36 0,781 15 to 30
52 0,840 20 to 40
72,5 0,840 25 to 50
123 0,856 35to0 70
145 0,856 40 to 80
170 0,879 60 to 120
245 0,935 85 to 170
a8 Typical values of inductance per phase between capacitor banks. This does hot
include inductance of the capacitor bank itself. Values of 5 yH for banks-below
52 kV and 10 pH for banks above 52 kV are typical for the inductance of the
capacitor banks.

Inherent resistance of the circuit causes rapid decay of the transjient current so that the first
peak actually may only reach 90 % to 95 % of the maximumd+alue calculated. These values
are applicable to both solidly earthed or isolated capacitor 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 curredts by the factors indicated above.
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Source
Ls
Lcq Cq Ly CB; Lipys CB L, G Leo
Bank 1 Bank 2
IEC

Key
CB, circuit-breaker energizing capacitor bank 1
CB, circuit-breaker energizing capacitor bank
Lg source inductance
C, capacitor bank 1
c, capacitor bank 2
Loy Ly capacitor bank inductance
Ly, L, bus inductance betweensswitching device and capacitor bank
Lyus inductance of bus between switching devices

Figure 123 — Typicalccircuit for back-to-back switching

The equations in Table 44 for back*fo-back switching will give correct results when switching
a bank against another bank;iHowever, when switching against several other banks
connected to the bus, the _c¢orrect 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 energised 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 that 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, recognizing that the results will be 20 % to 30 % higher (see also 9.3.3.2). 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.

9.7.10:3.4 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

currenis can be reduced significantly by Increasing the lengihs (inductance) of the circuis
between the sections.

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

In IEC 62271-100:2001, the equivalency rule between the test performed and the service
conditions was based on the product of inrush current peak and frequency,
i peak * fi (kAkHz). Calculations have shown that the arc energy during a making operation is
independent of the inrush current frequency for cases where the pre-arcing time is greater
than half a period of the inrush current frequency. This is usually the case for back-to-back
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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 1or higher frequencies Is limited.

Although circuit-breakers have usually been tested with inrush current peaks up to 20 kA@nd
4,25 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 44.

A 123 kV system is assumed as shown in Figure 124.

| 4 It Bank 3 - 12 Mvar

| F———{r Bank 2 - 12 Mvar

| | |In Bank 1 - 12 Mvar

IEC
Key
U, 123 kV (the rated capacitor bank voltage is 115 kV)
Lg Source inductance is 3,77 Q, 10 mH (f; = 60 Hz)
L)', Ly, Lg' Inductance between circuit-breaker and capacitor bank; including inductance of capacitor
bank
Lote Inductance of bus between switching devices
€B;, CB, Circuit-breakers

Short-circuit of source: 18 600 A at 123 kV

Figure 124 — Example of 123 kV system

The capacitor banks shown have a nominal rating of 12 Mvar (capacitors rated 100 kvar,
13,28 kV, 5 series sections with eight capacitors in parallel per phase). 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.
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The total multiplier used to determine the single 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 energised,
the current through CB, is 156 A.

The circuit-breakers intended for this duty have the following ratings: rated voltage 123 kV,
rated current 1 600 A, rated short-circuit current 40 kA, rated single and back-to-back
capacitive switching current 400 A.

The transient inrush current and frequency are calculated using the equations in Table 44. 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 45 can be used or values can be calculated for the/actual bus
configuration used. In the example given below, the added reactance 'between the
circuit-breaker and capacitor bank is:

Ly =20,0 uH
Ly =Ly = 27,1 yH

The inductance of the busbar L, ,; = 38,5 pH.

In determining inrush current and frequency, the currents I;"and /, as used in Table 44 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 capaecitance. In the example, the multiplier
to be used is 1,07 x 1,1 = 1,18. The currents are /,,=60 x 1,18 =71 Aand I, =71 A or 142 A,
depending on whether bank 2 or 3 or both banks are*energised.

Case I. Energisation of capacitor bank 1<with banks 2 and 3 not energised (single bank
switching).

Bank capacitance C for calculation:

C=1,1x M"azr (F) with U, in kV—+C=1,1XL2=2,65 uF
oU; 377 x (115)
Ly=10mH
. 2(123%10°)  [2,65x10°
lipeak = \/g X 10)(1073 :1 635A
1
fi =977Hz

=
2710x1073 x2,65x107°

This is less than the maximum rate of change for a rated short-circuit current of 40 kA which
is equal to 2;#5\/5130 =21,3 A/us and therefore meets the requirements of single capacitor
bank switching.

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

=25 1 325,
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Leq =20 + 38,5+ 27,1 = 85,6 uH

3 -6
; eak=J§(123x10 ), 1325:10° 1, 4050
i V3 85,6x10

fi= ! =14 944 Hz

I Fad o
2m 69,6 x10 7 xT1,320%x10 ~

The calculated back-to-back inrush current and frequency should 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 kA for the peak current and 4,25.kHz for
the inrush current frequency. The calculated value of the inrush current peak isswithin this
rating, the inrush current frequency exceeds that assumed and inductance should be added
between the capacitor banks to reduce the inrush current frequency. Addingan-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 energised on the bus.

(2,65+2,65)2,65

= —1,76 uF
®4" (2,65+2,65)+2,65 g
L =(27’1)+38,52+20=72,07UH
eq 2
3 -6
ek = \/5(123><10 )X 1,76x10 156984
V2 72,07x10°
1
—44131Hz

ﬁ =
270472,07x10°6 x1,76x10°

Of the calculated values:of inrush current peak and frequency, the frequency of 14,1 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,%1'mH will limit the inrush current peak to 4,7 kA and the inrush current
frequency to 4,8*kHz, both of which are below the assumed back-to-back switching capability
of a 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 single 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
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9.7.11 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
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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-energizing 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 should be carefully checked before application is made.

Figure 125 shows the voltage and current relations that are the result of a single-phase
simulation 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 125 — Voltage and current relations for capacitor
switching through interposed transformer

9.7.12 Effect of transient currents

9.7.12.1 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
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circuit-breakers other than those specially equipped for and assigned to the routine capacitor
switching.

The transient currents of capacitor banks may be considered in two aspects: the inrush
currents energisation of the banks and the discharge currents into faults. Where the quantity
of parallel capacitor banks installed in a station is large, the transient currents may have
significant effects upon the circuit-breaker.

The transient currents may have large peaks and high frequencies which may affect
circuit-breakers in the following ways:

a) a circuit-breaker may be subjected to a transient inrush current that 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 betweé&n bus sections (bus
section or bus coupler) may be exposed to the transient inrush currents*from energizing banks
of capacitors when they are located on bus sections on both sides, of the circuit-breaker (see
Figure 126, CB,).

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

9.7.12.2 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 126, CB, will be
subjected to this total discharge currént 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.
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Figure 126 — Station illustrating large transientinrush currents

through circuit-breakers from parallelccapacitor banks

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 jo:

Idpeak Z%Ur\/g (33)
where
Iy peak IS the crest value of discharge current;
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 forlimiting the inrush currents.

If theré~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:

V2 Cn V2
dpeak 3\ Lin 3 riv (177)

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 should 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 Table 9 of
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IEC 62271-100:2008. This occurs because the contribution may come from a number of
capacitor banks and is not limited by the inrush impedance seen when energizing a bank of
capacitors.

9.7.13 Exposure to capacitive switching duties during fault switching

Where parallel banks of capacitors are located on bus sections in a station, caution should 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 126, CB;.

The worst case occurs in a station where the bus section tie circuit-breaker is last totclear the
bus for a fault that leaves one or more phases of the capacitor banks fully energised. In this
situation, the bus tie circuit-breaker should be properly equipped and rated for\the parallel
switching of the capacitor banks remaining on the bus section to be de-energised. In the
example of Figure 126, this means that the tie circuit-breaker should 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 cireuit-breaker is always
first to clear to avoid the capacitor switching duty.

9.7.14 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

a) the power factor is at least 0,8 leading, or

b) the capacitive current does not exceéd the rated capacitive switching current of the
circuit-breaker.

Where the above conditions are exéeeded, 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 unacceptablerestriking. The situation will be more severe if there is also a
bank of capacitors located _on the source side of the circuit-breaker.

9.7.15 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 zerp, ~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.

Wheh 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
otheer 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, or other deliberately
introduced discharge devices will reduce residual voltage.

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

For capacitor bank circuit-breakers equipped with pre-insertion resistors, the thermal
capability of the resistors should 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 operating sequence.

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 utilize a specially
designed circuit-breaker, the manufacturer should be consulted regarding the frequency)'of
operations.

9.7.17 Application considerations for different circuit-breaker types
9.7.17.1 General

The switching of capacitive current poses different stresses on the differént 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.

9.7.17.2 Oil circuit-breakers
9.7.17.2.1 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
increased current, because gas bubbles reddce 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 pressurized to reduce the size of the bubbles and therewith
increasing the dielectric strengthtof the contact gap. Some oil circuit-breakers may be fitted
with opening resistors, to reduce’the effects of a restrike.

An oil circuit-breaker willinormally not interrupt the high-frequency current associated with the
restrike and the high.arcimpedance introduces an additional damping of the restrike current.
This will reduce the tisk 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.

9.7.17:2:2 Prestrikes

Oil\circuit-breakers are especially sensitive to high-frequency prestrikes when energizing
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.
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9.7.17.3 Vacuum circuit-breakers
9.7.17.3.1 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.

9.7.17.3.2 NSDDs

NSDDs (see 9.2.1.3) are normally associated with vacuum circuit-breakers and are generally
not a concern.

9.7.17.3.3 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-tead to micro contact
melting, especially when the arc is burning in the anode-spot maode, (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(his 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 operation
may flatten the micro spot resulting in an increased dielectric strength.

9.7.17.4 SFg circuit-breakers
9.7.17.4.1 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.).

9.7.17.4.2 Prestrikes
The duration”of the prestrike is depending on the voltage per breaking unit and the closing

speed.-In*general this duration is short. Regarding the limit of inrush current peak and
frequency there is referred to 9.7.10.3.4.

9:7.17.5 Air-blast circuit-breakers

9.7.17.5.1 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 SFg.

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.

9.7.17.5.2 Prestrikes

The considerations given in 9.7.17.4.2 also applies to air-blast circuit-breakers.
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9.8 Considerations of capacitive currents and recovery voltages under fault conditions
9.8.1 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 recognized by
IEC 62271-100 by the specification of two voltage factors when breaking in the presence of
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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
recognized in Annex S of IEC 62271-100:2008/AMD2:2017, 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 thé fact that such
operations do not occur frequently. The test procedure giveny“in Annex S of
IEC 62271-100:2008/AMD2:2017 is based on a class C1 test procedure (i.e. no pre-
conditioning of the circuit-breaker) and is common for both class C1 and class C2 circuit-
breakers.

For capacitor banks, the situation is different. No tests are“required for switching of solidly
earthed neutral single 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 requiréments or tests have been specified.
Switching back-to-back is not considered a normal system condition and no requirements and
tests have been specified.

9.8.2 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 ocelrring at minimum operating conditions of the circuit-breaker
and its operating mechanism is extremely small;

b) the voltage factor usedfor single-phase tests is in excess of the service condition giving
the tested circuit-bréaker added margin;

c) laboratory tests ‘afe performed using a minimal voltage jump, resulting in short arcing
times. This condition is more severe than the actual network condition where the voltage
jump is generally higher.

9.8.3 Contribution of a capacitor bank to a fault

Consider the network situation given in Figure 126. A single line simplification is given in
Figure 127. A fault has occurred on the line that is interrupted by the circuit-breaker (CB). The
capacitance of the capacitor bank will modify the TRV across the circuit-breaker to a 1-cosine
waveshape having a moderate rate-of-rise with a higher amplitude factor as compared to the

case without the presence of the capacitor bank.



https://iecnorm.com/api/?name=955a47d8606ec1ad54b36a7f7229d0d7

- 70— IEC TR 62271-306:2012/AMD1:2018

© IEC 2018
L C
Us NV | |
/,D N ' |1
CB
A4
/\
e
Is
4 IEC
Key
Ug Source voltage CB Circuit-breaker
Ly Short-circuit inductance I Short-circuit current
L' Busbar inductance

Figure 127 — Fault in the vicinity of a capacitor bank

When the ITRV is negligible, the circuit-breaker will attempt to intercapt 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_intefrupted causing high overvoltages. For further
information refer to [128] and [129].

A similar situation may occur, whenCircuit-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. l6cation, the discharge current can reach peak values and
frequencies that exceed those-given in Table 9 of IEC 62271-100:2008 (see also 9.7.12.2).

For these specific outrush cases the manufacturer should be consulted. For further treatment
of this subject, see |[EEE 1036 [130].

9.8.4 Switching overhead lines under faulted conditions

The voltages“and currents that occur when switching a faulted transmission line are affected
by the-Sgircuit 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 as 2x1,2xU,+/(2/3) = 2,4 p.u. When switching a faulted line this value may be

exceeded, as may be the rated capacitive switching current value as listed in Table 9 of
IEC 62271-100:2008 (see also [131]).

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 128).
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 129.
Under these conditions, the voltages and currents may exceed those on which the design
tests are based.
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Figure 129 — Recovery voltage and current for last-phase-to-clear
when the faulted phase is the first-phase-to-clear

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 [130].

9.8.5 Switching capacitor banks under faulted conditions

9.8.5.1 General

The voltages and currents that 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
value. In the following subclauses, 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.
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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° after the first. This is true for
modern circuit-breakers. For older circuit-breakers, where the second and third phases do not clear 90° after the
first, this factor is 3,0.

9.8.5.2 Reference condition

9.8.5.2.1 General

TheTeference—comnditiomrTs—iHustrated—mFigure— 36— Themeutral—of the—source—amd—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 preferred single capacitor bank current:

Equivalent Capacitor
Circuit-breaker bank

e

b E

e

Cc

@ ©@ ©3

IEC

Figure 130 — Basic circuit for shunt capacitor bank switching

9.8.5.2.2 Recovery voltage

The highest recovery voltage (2,5 p.u.)Nis 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° after the first:

The voltage across the last poles to interrupt when at least one of the neutrals (source or
bank) is non-effectively earthed can reach 2><\/§=3,46 p.u. However, the two phases are in
series so that neither.s\stressed to more than 1,73 p.u.

9.8.5.2.3 Capacitor bank current

In all cases; the capacitor bank current does not exceed the preferred single capacitor bank
current.

9.8.5.3 Fault to neutral in one phase (one capacitor bank phase short-circuited)

9:8.5.3.1 Recovery voltage

The highest recovery voltage (2><\/§: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
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
poles in series.
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9.8.5.3.2 Current

The highest capacitive current is obtained in the cases described under 9.8.5.3.1 when the
faulted phase is the first-pole-to-clear and is equal to 3 times that of the reference case.

9.8.5.4 Fault to earth in one phase

For systems that are effectively earthed, 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 «/3/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. recoyery voltage.
When the faulted pole is the first-pole-to-clear, the current may be 3 times the rated current

U2

value and the recovery voltage 2><1,25><T. The second pole to interrupt’will have a lower

current but a higher recovery voltage of 2x+/3 =3,46 p.u. which wilkbe 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.

9.8.5.5 Other fault cases

For phase-to-phase earth faults, or phase-to-phase fion-effectively earthed faults, with the
source solidly earthed and the bank neutral non:€ffectively earthed, recovery voltages and
currents are no more severe than for the standafd unfaulted condition.

9.8.6 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.

9.8.7 Examples of application’alternatives
Application options available‘are:

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
requirementstof 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.

9.9 Explanatory notes regarding capacitive current switching tests
9.9.1 General
Subclause 6.111 of IEC 62271-100:2008 deals with capacitive current switching tests. In the

18t edition of this standard, a new test procedure has been introduced for the two classes of
capacitive current switching that deserve some explanation.

9.9.2 Restrike performance

See 9.7.6.
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9.9.3 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 probabilityis
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.

9.9.4 Characteristics of supply circuit

The paragraph concerning factor k./k,, (from earlier versions of the standard) where £ is the
voltage factor as described in 9.6 and k,, 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 %.

9.9.5 Common features for class C1 and class C2 test-duties

The interval after final arcsextinction, in which the voltage decay should not exceed 10 %, has
been changed from 100 ms to 300 ms based on service conditions.

9.9.6 Specific feature for 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.

Close-open operations may be performed with no-load closing operations. In any case, the

completesequence—shouldbetestedinordertotestthecircuit-breakerduringopening—in—=a
dynamic condition, i.e. during the motion of the fluid (if any) caused by the previous closing
operation.

9.9.7 Class C1 and C2 test duties

The tolerance of the testing current values for test-duty 1 (LC1, CC1 and BC1) was 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.
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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.

9.9.8 Single-phase and three-phase line- and cable-charging current 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 operating cycles to follow more or less the

actual service conditions. However, for practical reasons, owing to the small number of tests,
in three-phase tests in test-duty 2 (LC2 and CC2), close-open operating cycles are performed
exclusively.

9.9.9 Three-phase and single-phase line, cable and capacitor bank switching tests

Close-open operating cycles are important for capacitor bank switching becausg, 'of the effect
of inrush current. Close-open operating cycles are not significant for line- or_table-switching
applications, therefore for line- and cable-switching tests, only a small number 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 order for capacitor bank switching tests (single- or back-to-back) is due to the
necessity to introduce the effect of inrush current at the beginning of the tests.

9.9.10 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
operating cycles is 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.

10.2 Testing

Replace the existing content of this subclause by the following new content:

10.2.1 General

To check-the tightness characteristics for closed and sealed pressure systems for gas, the
methoed{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 a measurement of the complete assembled circuit-breaker is not possible, the
leakage measurement may be performed on parts, components or subassemblies. In such

PN . lagl £+ rat £ 4+ total oo et aon— $ >N deaetarmainad—bas HEa-Ea-at-an £
CaST S, o T anay T atc— UT TC— tUtdT gasS SyStoTiT 1S (U T UCICTITm o U— oy SuTatoTT OT OTc

component leakage rates as described in Figure 131.

Table 46 provides an overview of the different leakage detection methods and their sensitivity.
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Example:

Gas-insulated metal-enclosed switchgear,
single-phase encapsulated circuit-breaker
compartments of the three phases
connected to the same gas-system.

Leakage rate of the system:

Compartment A

Compartment B

Compartment C

Control box D (including valves, gauges, monitoring devices)
Piping e

Piping f

Piping g

Complete system

Filling pressure P, 700 kPa (relative)
Alarm pressure Pae- 640 kPa (relative)
Total internal volume 270 dm?

_ 29,9x10° x 60 x 60 x 24 x 365

3 3 = 0,5 % peryear
700x10° x270x10

rel

_In(pre/ Pae) _ In(700/640)
" In(1+ F /100)  In(1+0,005)

=18 years

IEC

9 x 1078 Pa x m3/s
9 x 1078 Pa x m3/s
9 x 1078 Pa x m3/s
2,3 x 1078 Pax'm3/s
0,2 x 10r8 Pa x m3/s
0,2-% 108 Pa x m%/s
02 x 107% Pa x m3/s

29,9 x 107% Pa x m3/s

NOTE F,, is the leakage rate and ¢, is the time between replenishment.

Figure 131 — Example of a tightness coordination chart, TC,
for closed pressure systems
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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 7.5 of IEC 62271-1:2007, a leak
detection using a sniffing device may be used instead of using a cumulative test method.
IEC 62271-1 specifies a minimum sensitivity of sniffing device of 10-8 Pa m3/s.

This required minimum sensitivity corresponds to a single leak of less than 0,04 %/year for a
typical 245 kV SFg4 circuit-breaker having an internal volume of 200 | filled at an absolute

oL MDD <l
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relatively slow, for instance, not exceeding 1 cm/s. Obviously, if the filling pressure, volume or
moving speed of the leak detector are different, then the leakage rate sensitivity changes,
Each case should be evaluated individually.

If a leak is detected when using a sniffing device, then the leakage rate cannot besguantified
since this device is only giving an alert if a leak is detected. As mentioned’in 7.5 of
IEC 62271-1:2007, in the case of a detection of a leak with the sniffing deviee,the leakage
rate should be then quantified by repeating the tightness test by using_a_ cumulative test
method. Only the cumulative test method can be used to quantify a leakage rdte.

10.2.2 Cumulative test method and calibration procedure for -type tests on closed
pressure systems

10.2.2.1 Description of the cumulative test method
10.2.2.1.1 General

The cumulative test method is the recommended testr method for the determination of gas
leaks that can occur in closed pressure systems such as for SFq 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 ot by erecting several smaller relatively gastight
enclosures (plastic tents or similar enclosufes, see NOTE 2) around each part, component or
subassembly. 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 today's available measuring equipment, a
time period of 1 h is generally sufficient. If an 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 efnclosure 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 typetests on circuit-breakers at ambient, low and high temperatures.

The tightness,of the enclosure should be demonstrated for the duration of the measuring time
period. This-can be done at the same time as the calibration of the enclosure.

Thewcumulative test method steps can be summarized as follows:

~~install a relatively gastight enclosure(s) over the entire test object or over parts,

compaonents 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 7, (m3);

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

— measure the final gas concentration C; (p.p.m,. or cc/m3) within the enclosure(s) at time
11 (s);
— calculate the leak rate using the following equation:
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AC -6
F =V, xPyx x10
m e At
where
F is the leakage rate in m3Pals;
V,, isthe enclosure gas volume in m3;

P isthe atmosnheric nressure in Pa:
™ ™ Y

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

At is the measuring time period in seconds.

NOTE 1 A fan installed inside the enclosure helps to get an homogeneous gas tracer contentiwithin the
enclosure. This recommendation applies mainly to large enclosure 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 enclostrg (including traces of
the tracer gas) is not forced to escape from the enclosure nor the air outside the enclosuré-is forced to enter within
the enclosure.

10.2.2.1.2 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 commerncially available.

NOTE 1 Infrared photo acoustic spectroscopy method is widely,used to measure SF concentration.

The uncertainty concerning the enclosure velume can be considerably reduced by using a
suitable calibration technique. The recomménded 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 (¥, in MB3) should be determined by calibration. A small tracer gas
quantity, Vinjected (cm3), is injécted 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 goncentration Cy (p.p.m,.) is measured before and after injection by the gas
detector. The enclosure volume is then calculated as follows:

Vm = Vinjected / ACO

This.procedure should be repeated twice in order to get a better evaluation of the enclosure
volime. The average value of the two measurements should be used as the enclosure volume
v,

m-+

10.2.2.1.3 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 local safety
rules may force a deviation from service conditions. For instance, some tests could be
performed using pure SFg instead of the assigned gas mixture, or other tracer gases such as
helium may be used. All deviations from service conditions have to be carefully evaluated to
see their impacts on the measurement sensitivity.
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In order to have an effective test set-up, the following is recommended:
— the enclosure volume should 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 1/3 of the maximum

Ll ol 1 1 4
dimuwdadulT TCdRAytT Talc.

For low and high ambient temperature tests, the following additional recommendations are
given:

— 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 inCorder to help to
fulfill the temperature increase of 10 K/h specified during the low [temperature test
sequence. For the high-temperature test, the temperature decrease~of 10 K/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 1 One way to obtain the desired temperature inside the enclosure is“to lower the ambient temperature in
the climatic room such that it is slightly lower than the required temperature for low temperature test or slightly
higher for high temperature test.

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 follows:

0,005 x Vi, X(ROXM—1O1,3X103JX;/
Fe 273K+20
365%x24x60x60
where
F is the leakage rate in m3Pa/s;
Vio is the circuit-breaker gas volume in m3;

is the circuit-breaker absolute filling pressure at 7 = 20 °C in Pa (see NOTE 2);
Tiest IS the ambientitemperature during leakage measurement in °C;

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

NOTE 2 It is assumed only gas exceeding the atmospheric pressure can escape from the breaker. Other leakage
mechanisms_such as atomic migration through solid materials are considered to be negligible. The pressure
correction<or‘the test temperature is applied to the absolute gas pressure.

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

8.
Patm X305 X 24 X00X 60XV, X AT X T0

Fyear =

273 + Tiest 3
Vio X| Po x————=--101,3x10 t
‘OX( 273420 R
where
Fyear is the leakage rate in %/year;
P,y is the atmospheric pressure during measurement (a default value of 101,3 kPa can be

used);

AC is the tracer gas concentration increase (C4-Cy) in p.p.m,. during the measuring time
period;
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is the enclosure gas volume in m3;

Vio is the circuit-breaker gas volume in m3;

P, s the circuit-breaker absolute gas pressure in Pa;

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 in s.

10.2.2.1.4 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 @mbient
temperature. A relatively gastight enclosure is installed over the circuit-breaker. A <alibration
by injection method is performed in order to evaluate the enclosure volume.

Table 47 shows the results of a calibration of the enclosure.

Table 47 — Results of a calibration procedure prior to a low temperature test

Description Quantity of Concentration of Variation ‘of Calculated
SF, gas SF4 gas measured concentration of SF volume V
injected within the gas within the
within the enclosure enclosure
enclosure
(cm?®) (p-p.my) (p-p.my) (m3)
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 considéred 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 m3 filled with a gas mixture
consisting of SFg and N, at’an absolute pressure of 1,0 MPa and the SFg/N, mixture is 30 %
SFg and 70 % N,, the 0,5 %/year permissible maximum leakage rate at ambient temperature
(20 °C) corresponds_tela maximum concentration of tracer gas within the enclosure during a
measuring period of\1)0 h of:

273+ T;
AC = FyearXmox(%xﬁ_mtsxmijwt
Pyt x 365 x 24 x60x 60 x Vi, x1078
0,005x0,375x| 1x106 x 273720 _ 164 3,103 |x0,3x3600
273+20

AC =

=0057pnn0m
101,3x10° x365x 24 x60x60x9,96x10° RIS

Accordingly, if the same enclosure is used for the 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:

273-25

3% Fyonr =3x0,057 x| 1x108 x 222742
*Fyear = 2% X(x 273420

-101, 3x103j=0,127 p.p.m,.

and accordingly at -50 °C
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273-50

6x Fyoa =6x0,057 x| 1x108
*Fyear =B X( T 273420

-101, 3x103]=0,226 p.p.m,.

It should be noted that the relative leakage rate of N, cannot be measured using this method.
It may be higher than the value obtained by relating the leakage rate of N, to that of SFg, i.e.
AC(N,) # AC(SFg) x 0,7 /0,3.

10.2.2.2 Time between replenishment

With a given leakage rate F in %/year, the time between replenishments ¢, is obtained from
the following equation. ¢, is the number of periods on which the leakage rate is defined (in this
case 1 year):

_ In(pre / Pae)
" In(1+ F/100)

where

t is the time between replenishments;

.
Pre is the relative filling pressure in Pa;
Pae 1S the relative alarm pressure in Pa;

F is the measured leakage rate in %/year.
11.2.2 Comparison of the mechanical characteristics

Add, after the first sentence of the first paragraph, the following new text:

The sensor used during the alternative drive_tests should be of the same type as for the
original operating mechanism. The position*of the sensor should be at the same position as
during the original test to allow a direct.comparison of the travel curves. If it is not possible to
use the same position or type of sensor*during the alternative drive test, because the design
of the alternative drive does notjalow this, the manufacturer should provide a transfer
function to calculate the corresponding travel characteristic for comparison. The evaluation of
the transfer function should beexplained in detail for easy check of validity. The position of
the type and sensor for the record of the mechanical characteristics should be stated in the
test report.

13 Terminal faults

Replace the entjre clause, including its title, by the following:

13 Symmetrical and asymmetrical currents

13.1 General

This clause treats symmetrical and asymmetrical short-circuit currents and their arcing times

Test requirements for symmetrical terminal fault conditions that are covered by short-circuit
test duties T100s, T60, T30, and T10 are covered in 13.3. The asymmetrical duty T100a is
covered in 13.4 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.
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13.2 Arcing time

The arcing time of a pole of a circuit-breaker is defined as the interval of time between the
instant of the first initiation of an arc in a pole and the instant of arc extinction in that pole.

There are several possible methods to determine the arcing time.

a) Using the opening time of the circuit-breaker
When a tripping coil current signal is available, the arcing time is determined by

subtracting the opening time from the break time of the pole considered.
b) Using a travel recorder

The arcing time is the duration between the contact separation point identified on' the
travel curve, and the instant of interruption. The instant of contact separation is
determined during the no load measurements before the test.

c) Using amplified arc voltage

The arcing time is the duration between the contact separation, defermined on the
amplified arc voltage, and the instant of current interruption.

For gas circuit-breakers method b) is the preferred method. This method is considered more
accurate as it eliminates the possible error in method a) due to,mechanical scatter of the
operating mechanism. For circuit-breakers having butt contacts, method c) is recommended.

13.3 Symmetrical currents
13.3.1 Demonstration of arcing time

Throughout IEC 62271-100 and related documents the terms arcing time 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.

The arcing time of a three-pole circuit=breaker is defined as the interval of time between the
instant of first initiation of an arc_(typically at contact separation) and the instant of final arc
extinction in all three phases¢,Arcing time is measured in 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 separation 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 interrupting window (or more rarely the arcing window).
Although different designs of circuit-breaker will be capable of interrupting with different
duration of their interrupting windows 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.

The aim of each test-duty (e.g. T100s or T60) is to demonstrate the breaking capacity with
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of interruption at minimum, maximum and medium arcing time. 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 interrupting
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
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minimum, by definition, and an additional loop i.e.180° will follow until the next current zero.
Clearance at this later current zero results in the maximum arcing time and the end of the
interrupting 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.

13.3.2 Demonstration of the arcing time for three-phase tests

In accordance with IEC 62271-100, each test-duty consists of demonstration of interruption

within the interrupting window. This requirement is fulfilled by demonstration of interruption at
minimum, maximum and medium arcing time, i.e. by 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 accuracy of less than 20°.

For synthetic testing the procedure is defined in IEC 62271-101.

13.3.3 Interrupting window and ky 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;40.2.1 and 6.102.10.2.2.

In accordance with IEC 62271-100, thé required interrupting window shall be demonstrated
for each condition in the case of interruptions with symmetrical currents, as for test duties
T10, T30, T60, and T100s. (Note,xthis 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 interrupting
window and associated TR), 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 interrupting-windows required by IEC 62271-100:2008 for circuit-breakers applied in a
non-effectively-earthed system are shown graphically in Figure 132. If contact parting is at the
minimum arcing time (¢3,c min) ©N one pole, then that pole clears at 0° in Figure 132 and is
followed “py the other two poles 90° later. The minimum three-phase arcing time is
tare fim® 90°. If contact parting is now delayed by 18°, the first-pole-to-clear on one of the
othertwo phases will interrupt the current at (75, min — 18°) + 60° = 75,c min * 42°. As before,
the "other two poles will clear 90° later giving a maximum three-phase arcing time of
¢ +132°.

arc min
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Figure 132 — Interrupting windows and k_ value-for three-phase fault
in a non-effectively eartﬂed system

A practical example of this case is shown in Figure "I33. In the upper trace, the blue phase
clears first at the minimum arcing time of ¢,.; i, @nd the currents in the red and green each
phase shift by 30° to become equal and oppositie 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 (& min + 42° / 360° x T) ms, where T is the duration
of one cycle of current (20 ms for 50 Hz\and 16,7 ms for 60 Hz). The blue and green phases
then clear at (¢3¢ min (42° + 90°) / 3602 T)) ms.

The required interrupting windows for circuit-breakers applied in effectively earthed systems
at 800 kV and below are shown in Figure 134 and at voltages above 800 kV are shown in
Figure 135.
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Figure 134 — Interrupting 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 135 — Interrupting windows and &, values for three-phase
fault to earth in an effectively earthed system above 800 kV

Referring to Figure 134 and Figure 135, 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 75, qin * ((77° + 43°) /360°) x T = t4.¢ min +
120° / 360° x T. If contact parting is delayed by 18°, the first-pole-to-clear will interrupt the
current at (¢3¢ min — 18°/360° x T) + 60° / 360° x T, the second pole 77° / 360° x T later and
the third pole 43°/360° x T later still. The maximum three-phase arcing time is given by
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tarc max = (farc min — 18°/360° x T) + 60°/360°x 7T + 77°/360°x T + 43°/360°xT =
tare min ¥ 162°/360° x T. Figure 136 shows a simulation of a three-phase fault current
interruption. The first-pole-to-clear interrupts the current at ¢, i, followed by the second and
third poles at 77° and 43°, respectively. The phase shifting of the current at first and second
pole clearing is obvious.

1,5 1

tarc min

0,51

Current (p.u.)
o

0,51

_1 L Contact separation

0,51

o

Current (p.u.)

Contact separation

tarc max

4
v

—1,5 |
Y

IEC
Figure 136 — Simulation of three-phase to earth fault current interruption at 50 Hz

13.3.4 Single-phase testing to cover three-phase testing requirements

As discussed in 13.3.3, Figure 132, Figure 134 and Figure 135 show the interrupting windows
and associated k, values for individual pole clearing of three-phase faults. From Figure 132, it
is acceptable to perform a single-phase test with kp = 1,5 and arcing times in the range
tare min 10 farc min ¥ 132°. Likewise from Figure 134 andp Figure 135, 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
tare min 10 arc min * 162°. These tests are acceptable because the test requirements for each
pole are equalled or exceeded and this has the advantage that only three valid interruptions
are required.

IEC 62271-100 recognizes that the testing described above is more onerous and allows that
the tests be split into individual tests for each pole and earthing arrangement case (see
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6.102.10.2.5 of IEC 62271-100:2008). For the non-effectively earthed case (Figure 132), two
test series are: the first at k,, = 1,5 and arcing time in the range 7,.c nin 10 f3r¢ min * 42° and

the second at k, = 0,87 and arcing times in the range #;,c min * 90° t0 75,c min + 132°. For the
effectively earthed cases (Figure 134 and Figure 135), three test series are correspondingly
required to address all three-pole clearing requirements.

13.3.5 Combination tests for kpp =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. In accordance with IEC 62271-100, two alternatives
exist:

— For three-phase tests, if a complete series of test-duties demonstrating the circuit<breaker
performance for k,, = 1,5 is already performed, test-duties T100s and T100a-shall be
repeated with a test-circuit simulating the earthing condition of an effectively earthed
neutral system. The repetition of test-duties T100s and T100a with a three-phase circuit
for an effectively earthed neutral system can, as an alternative, be replaced by additional
single-phase tests.

— For single-phase tests both conditions (% b= 1,5 and kop = 1,3) may’be combined in one
test series. The transient and power f?equency voltages to tbe used shall be those
applicable to a non-effectively earthed neutral system and the arcing times shall be those
applicable to an effectively earthed neutral system.

For test-duty T100a, the arcing times shall be those applicable to a non-effectively earthed
neutral system.

13.3.6 Suitability of a particular short-circuit curtent rated circuit-breaker for use at an
application with a lower short-circuit requirement

In accordance with 8.101 of IEC 62271-100:2008, circuit-breakers that have satisfactorily
completed type tests for a combination of fated values (i.e. voltage, normal current, making
and/or breaking current) are suitable forsany application with lower service values (with the
exception of 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-bréaker being considered satisfies the TRV peak and rate-of-rise etc. of the duties
shown in:the upper part of Table 48. 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.
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Table 48 — 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 48, the evidence from the upper part of thé 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 ¥equirements 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.

13.4 Asymmetrical currents
13.4.1 Test procedure for test-duty T100a

13.4.1.1 General

A new test procedure was introduced for test-duty T100a in IEC 62271-100:2008/AMD:2017 in
order to obtain a better correspondéence between the test conditions during three-phase tests
and single-phase tests made in substitution for three-phase tests (same amplitude of the
major loop, arcing times, etc.).@he new test procedure is based on the fact that the relevant
major loop of current with futlbasymmetry to consider before current interruption for the two
main test conditions depends on the capability of the circuit-breaker to interrupt after a minor
loop of current with intefmediate asymmetry. The two main test conditions are as follows:

— interruption of thefirst-pole-to-clear after a major loop of current with required asymmetry
and longest arcing time;

— interruption Jof a last-pole-to-clear after a major extended loop of current with required
asymmetry and longest arcing time in case the of k,, = 1,5 or interruption of the second
polesto*clear after a major extended loop of current with the required asymmetry and
longest arcing time in the case of k,, = 1,3.

This consideration is explained in 13.4.1.2 using the case with kpp = 1,5 In
IEC 62271-100:2008, it is not considered necessary to prove interruption of the

fhird-pnln-fn-r‘lnnr incase of & = 17'2 hecause the Innnl( of the TR\/7 di/dstat current zero and

the energy in the arc are Ioweprpthan that of the second-pole-to-clear. The performance of the
third-pole-to-clear is verified during test-duty T100s.

A definition has been introduced in IEC 62271-100:2008 to define the minimum clearing time
of a circuit-breaker: it is the sum of the minimum opening time, minimum relay time (0,5 cycle)
and the shortest arcing time of a minor loop interruption in the phase with intermediate
asymmetry that starts with a minor loop at short-circuit current initiation. It will be illustrated
by the examples in 13.4.1.2.
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13.4.1.2 Basis for test-duty T100a

To illustrate the different cases of three-phase fault interruption presented hereafter the
following parameters are chosen:

— rated frequency is 50 Hz, the relay time is 10 ms, kop = 1,5;

— opening time = 11,5 ms and the shortest arcing time (blue phase) is 5 ms;

= e

3 0 o™

Figure 137 illustrates a first case of three-phase fault interruption in which a first pole (blue
phase) clears after minor loop of current with intermediate asymmetry. This is possible as' the
minimum clearing time is lower than the duration of 27 ms between initiation -of. the
short-circuit current and passage through zero of current in the blue phase.
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Figure 137b — Case 1 with kpp =1,3

Figure 137 — Case 1 with interruption by a first pole (blue phase)
after minor loop of current with intermediate asymmetry

Figure 138 illustrates case 2 obtained when contact separation is delayed by 18° (1 ms at
50 Hz), a first pole interrupts after a major loop of current with intermediate asymmetry
(yellow phase). For the case with & p = 1,5 a last pole clears a major extended loop with
required asymmetry and the Ionges{) possible arcing time. For the case with k,, = 1,3 the
second pole clears a major loop with required asymmetry and the longest possible arcing
time. This is one of the two breaking conditions for which interruption shall be proved.
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Figure 138b — Case 2 with kpp =1,3

Figure 138 — Case 2 with interruption of a last pole-to-clear after a major extended loop
of current with required asymmetry and longest arcing time

Figure 139 illustrates case 3 obtained when contact separation is delayed by 72°, this test
condition is less severe, as last pole that clears in the red phase with a major extended loop
has a shorter arcing time.
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Figure 139 — Case 3 with interruption of a last pole-to-clearafter a major extended loop
of current with required asymmetry but not the-longest arcing time

Figure 140 illustrates case 4 obtained when contact{separation is further delayed by 18°. It
shows that the first pole clears in the red phase after'a major loop with required asymmetry
and the longest arcing time for a first-pole-to-cléar. It is the second breaking condition for
which interruption shall be proved. It should-be noted that the major loop with maximum
asymmetry to consider for the first-pole-to-clear is the same as seen in case 2 (for a
last-pole-to-clear). It is function of the minimum clearing time.
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Figure 140 — Case 4 with interruption by the first pole in the red phase after a major
loop of current with required asymmetry and the longest arcing time (for a first-pole-to-

clear)

The case considered in this example corresponds to the first line of Table 41 in IEC 62271-
100:2008/AMD2:2017, i.e. with a minimum clearing time in the interval higher than 10 ms and
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equal to or lower than 27 ms. The other intervals of minimum clearing time given in Table 41
are the intervals between each possible instant of interruption after a minor loop in the blue
phase.

13.4.2 Advice for the choice of the appropriate time constant

A DC time constant of 45 ms is adequate for the majority of actual cases except for rated
voltages higher than 800 kV for which the standard DC time constant is 120 ms. Special case

time constants, related to the rated voltage of the circuit-breaker, should cover such cases
where the standard time constant 45 ms is not sufficient. This may apply, for example, t6
systems with very high rated voltage (for example 800 kV systems with higher X/R ratiofor
lines), to some medium voltage systems with radial structure or to any systems with particufar
system structure or line characteristics. Special case time constants have been defined,
taking into account the results of the survey by CIGRE WG13.04 [139] .

When specifying a special case time constant, the following considerationsshould be taken
into account:

a) The time constants referred to in IEC 62271-100:2008 are only valid_for three-phase fault
currents. The single-phase to ground short-circuit time constant<s lower than that for
three-phase fault currents.

b) For maximum asymmetrical current, the initiation of the shart-circuit current has to take
place at system voltage zero in at least one phase.

c) The time constant is related to the maximum_ rated short-circuit current of the
circuit-breaker. If, for example, higher 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.

d) The time constant of a complete system js~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 time constant.

e) Various methods for the calculation~of the DC time constant are in use, the results of
which may differ considerably. Caution should be taken in choosing the right method.

f) When choosing a special case time constant, it has to be kept in mind, that the
circuit-breaker is stressed by the asymmetrical current after contact separation. The time
instant of contact separation corresponds to the opening time of the circuit-breaker and
the reaction time of the\protection relay. In this document, this relay time is one half-cycle
of power frequency (If-the protection time is longer this should be taken into account.

13.4.3 DC component during T100a testing

With the introduction of the special case time constants in IEC 62271-100:2001, the decisive
parameters(with their respective tolerances that should be followed during interruption of
asymmetrical faults need to be defined in order to:

— beé)able to perform asymmetrical tests with a test circuit having a DC time constant
different from the rated DC time constant of the rated short-circuit breaking current,
because laboratories are not able to tune the DC time constant of the test circuit. For
direct tests, when the DC time constant of the test circuit is higher than the rated DC time

constant of the rated short-circuit breaking current, the resulting di/dr and TRV peaks are
lower than those that can be seen in service conditions. The reverse situation is also true,
mainly with the special case DC time constants (60 ms, 75 ms and 120 ms) introduced in
IEC 62271-100:2001;

— be able to use the results obtained from one specific test to cover more than one DC time
constant ratings. This concept of asymmetry equivalence may also help the user in
establishing equivalence between system needs and the rating requirements.

A lot of calculations made confirm that the former concept of DC component at contact
separation (for example IEC 60056 and the first edition of IEC 62271-100:2001) leads to
stresses during the tests (including minor and major loop interruptions) being different from
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those expected under service conditions. That is why IEC 62271-308 was published in 2002.
IEC 62271-308 was incorporated in the first amendment to IEC 62271-100:2001.

The only way to obtain that equivalence is to introduce the concept of DC component at
current zero. This concept is also applied in IEC 62271-101.

The maximum prospective DC component at current zero required during tests is determined

by tucina tha NC camnonant aivan for tha navxt comnlata currant laon followina the-—minimum
tHe— = HpPpoeHt—gY-e 1o r—He—Text—coHprete—curre 1006 te—H o

oy ooty AARES =4 1] a3 g 154 < ISR ALA=A AR gt

interrupting time.

The parameters concerned by general equivalence criteria are:

a) the amplitude of the last current loop (both major loop or major extended loop);

b) duration of the last current loop (both major loop or major extended-loop) before
interruption;

c) arcing time;
d) di/dt at current zero;
e) TRV peak voltages, waveshape.

The three first points are linked to the arc energy.

To reach the equivalence according to this concept has. led to a modification of some
tolerances. For example, the tolerance (0 %, +10 %)con the symmetrical value of the test
current has been changed in IEC 62271-100:2008/AMD272017 to +10 % and -10 % in order to
be able to adjust the last current loop amplitude and duration to the required values. For some
cases, it may be necessary to decrease or increase these values from the rated symmetrical
short-circuit current.

With this procedure, depending on the -actual test parameters, a specific test may cover
several ratings if the applicable asymmietry criteria for each rating with their associated
tolerances are met.

Annex A gives some guidance:-gn how to use the asymmetry criteria.

13.5 Double earth fault
13.5.1 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 the short-circuit currents that may occur
in the-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 1o earth t0 develop on anotiher 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 141 — Representation of a system with a double earth fault

IEC

Figure 141 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 6fythe circuit-breaker in
phase T. The total fault current needs to be interrupted by pole S.

From Figure 141, 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 13.5.4, the short-circuit current is only 87 % of the rated
short-circuit current.

This condition is not covered by test duty T400 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 centact position close to the fully open position.

13.5.2 Short-circuit current

The calculation of the short-circuit current is detailed in 13.5.4.

A symmetrical current.is specified in testing, as in test duty T100s, because a symmetrical
condition leads to thej‘highest TRV peak possible when compared to the value specified for
test duty T100.

13.5.3 TRY

The RRRV 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

J3

for)terminal fault. The di/ds is obtained by multiplying the di/d¢ value of T100s by - It
fallowaa thaot +h rata r P~ ar vallacaa ia ool 0 tha oliiae oFf TANNC et nliad by
TUTTUVYVO tITTdu tire 1Aalte Ul LB EAY YA} IUUUV\JI‘Y V\JILUs\J o u\..iuul wUuane valiuovo Ul LI BAYAYA™] ILI'.III\.’\J Ll‘y
V3 B,

1,5 2

Specified TRVs with two parameters and four-parameters are determined from the RRRV and
a pole-to-clear factor of ¥3. They are given in Table 28 of IEC 62271-100:2008.

In the case of a two-parameter TRV, ¢5 is derived from u. and the RRRV.
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In the case of a four-parameter TRV, u and u, are calculated on the basis of a pole-to-clear
factor of V3, ¢, is derived from u4 and the RRRV and t, = 4 x 1.

13.5.4 Determination of the short-circuit current in the case of a double-earth fault

Figure 142 shows a schematic representation of the fault case illustrated in Figure 141.

Phase sunnly voltage is [[
Ll 4 J

Ur

®

Us

o
¥

Ut

©

IEC

Key
Ugrs Ug, Uy Voltages in/Ry'S and T-phase, respectively
Ig 1g, It Currents i1 R, S and T-phase, respectively

Figure 142 — Representation of circuit with double-earth fault

The circuit in Figure 142 is analysed using symmetrical components. The indices used are 0
for zero sequence component, 1 for the positive sequence component and 2 for the negative
sequence component.

Ig=0 - L FN+I1,=0
Us=0 - W +alU,+al,=0
Ur=0 ) Uy+aUy+a2U,=0
with

a=-ei2t/3 = _1/2 + j\3/2

Uy=U-=- X4 178

1 141

Uy = =X,1 (179)
2 212

Uy = =X, 180
0 olo

this gives:

~Xolg + @%(U — Xq14) = aXpl, = 0
~Xolg + a(U — Xq14) = @Xpl, = 0



https://iecnorm.com/api/?name=955a47d8606ec1ad54b36a7f7229d0d7

- 100 - IEC TR 62271-306:2012/AMD1:2018

© IEC 2018
[1 + 12 + 10 =0
or,
a2x Iy + aX,l, + Xyly = a2U (181)
aXJq +a2Xoly + Xglo = al (182)
I4+1,+15=0 (183)
Multiplying Equation (182) with "a" and subtracting Equation (181) leads to:
(1 —a)Xoly + (a—1)Xply = 0 = X1, = Xyl (184)
Multiplying Equation (181) with "a" and subtracting Equation (180) leads to:
X 1;(1-a) + (a-1)Xyly = (1-a)U 2> X414 — Xplg'= U (185)
A system of 3 equations with 3 unknown is obtained:
I1+12+Io:0 (186)
Xoly % Xolo (187)
Resolution of Equations (186), (187)and (188):
[1 + XOIO +IO =0
2
X2 +X0 11Xo
on X2 11 IO__X2+X0
XoX
XoXo I [X +—0°2 ]:U _ v
X4l I,=U, or “1|1 = 1= (189)
M e x, X2+ Xo Uy Koo
X2 +X0
and Io ———170 (190)
X2 +XO
Ip =1y~ o = -—1X0 (191)
X2 +X0

The current in phase S is given by:

IS = 10 + a2[1 + 312 with a = ej2'|T/3 =-1/2 + J\/3/2
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From Equations (190) and (191), and with the standard hypothesis X, = X;:

X4l Xol
[S :—#4—8211—3#
X1+X0 X1+X0
A3
. . - X432+ j—— —jXo+/3
Ig _ —Xq+a Xq+a Ag—aXg _ N <)
[1 X1+XO X1+X0

Using the equation for 7, given in Equation (188), the current for the double earth fault-({;;) is
then:

Tyet =15 =

+]
X1+2X0 2 2 X1

~UY3 [ﬁ@ -ﬁ]

For non-effectively earthed networks X >> X, which gives:

U3 X0 UVS
def X1 +2XO X1 2X1

The three-phase short-circuit is given by Iy, = U/X;% Fyet =—jg15c: or |Igef| =0,87|I|.

Fault currents relative to the three-phase short<circuit current are shown in Figure 143 for this
case and for other fault cases.

‘N ——SLG fault
e Phase to phase fault

=—a——=DE fault: line current

Ratio: fault current/TPG fault current
S : : ‘; :

0,2
U
0 1 2 3 4 5
XX,
IEC

Key
SLG fault Single-line to earth fault TPG fault Three-phase to earth fault
DE fault Double earth fault Solid line  Three-phase to earth current

Figure 143 — Fault currents relative to the three-phase short-circuit current
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13.6 Break time
The break time of a circuit-breaker is the maximum interval between the instant of
initialization of the opening operation (i.e. energizing of the trip circuit) and the instant of

interruption of the current in all three phases during terminal fault test-duties T30, T60 and
T100s under the following conditions:

— rated auxiliary supply voltage and frequency;

— rated pressures for operation, insulation and interruption;

— an ambient air temperature of (20 £ 5) °C.

The break time is defined based on the minimum arcing time because the longest recorded
arcing time during the tests can be longer than under the actual field condition.

Terminal fault tests are carried out at the minimum auxiliary supply voltage and/or pressures
for operation and/or interruption. For convenience of testing, the auxiliary supply voltage may
be the rated or maximum value as long as it does not affect the making or. breaking capability.
(The operating times of some circuit-breakers may vary with the auxiliary~supply voltage). In
order to verify the break time during these test-duties, the maximum_break time should be
amended to take account of the lower auxiliary supply voltage and pressures as follows:

18°
360°

x T

fomax =for +lam T Iw —

where

tomax is the maximum determined break time;

tor is the opening time under rated_conditions (recorded during no-load operation at
rated supply voltage and frequency of closing and opening devices and of
auxiliary circuits, at rated pressure for operation and at a ambient temperature of
20°C+£5°C)

fam is the longest of the recorded minimum arcing times during test-duties T30, T60
and T100s;

18° . . o - : . :

3600 xT takes the uncertainty in the determination of the minimum arcing time into
account;

T is one.period of power frequency (20 ms for 50 Hz, 16,7 ms for 60 Hz) and ¢, is

the necessary interrupting window expressed in ms:

— for single-phase tests in substitution for three-phase conditions
o ~non-effectively earthed neutral systems: ¢, = 150 - da
¢ effectively earthed neutral systems: ¢, = 180 - d«

<, for three-phase tests

twe = 60 - da
twe 1S expressed in electrical degrees
tw ~fwe 7
360°
da is the tripping impulse step in the search for the minimum arcing time, it is equal to 18
electrical degrees.

If the maximum break time determined according to this procedure exceeds the break time,
the test-duty that has given the longest break time may be repeated with auxiliary supply
voltage and pressure for operation and interruption at their rated values.
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NOTE The break time during a make-break operation may be longer than that of a single break operation for
some circuit-breaker designs. Such longer break times may impact system protection strategy and stability if the
delay is longer than the relay time. Users should advise the manufacturer of the maximum allowable break time
during make-break operations.

14 Double earth fault

Replace the entire clause, including its title, by the following new content:

14 Synthetic making and breaking tests

14.1 General

With the increasing voltage and current ratings of circuit-breakers, the total available short-
circuit power of a high power laboratory has to be increased accordingly. Thelinvestments
required to increase the short-circuit power are very high. In order to still b&“able to perform
the correct type tests on circuit-breakers with the available short-circuit power, synthetic tests
are performed.

Requirements for synthetic testing and examples of synthetic® circuits are given in
IEC 62271-101.

Generally a synthetic test circuit consists of separaté™ current and voltage circuits
(see Figure 144). During the high-current interval, the short-circuit current will be fed from a
current circuit (source providing the necessary current-at a reduced voltage). This reduced
voltage should have an amplitude of sufficient magnitude to prevent the arc voltage from
distorting the short-circuit current in such a way that the circuit-breaker is not stressed in the
same way as under system conditions. For tests that need less power (e.g. capacitive current
switching tests), some synthetic test circuitssusing a single source can also be used.

When the current is interrupted by thé’Circuit-breaker under test (TB in Figure 144), the
voltage circuit will give the correct-voltage stresses across the contact gap. An auxiliary
circuit-breaker (AB in Figure 144)"is used to separate the voltage circuit from the current
circuit, thus avoiding that the high=voltage from the voltage circuit stresses the current circuit.

The principle used for the<making operation is similar. The voltage circuit first provides the
correct voltage stress during the closing operation and as soon as the pre-arcing occurs, the
current circuit will thensprovide the correct short-circuit current.

AB

Current Voltage
N B LS
circuit circuit

IEC

Figure 144 - Principle of synthetic testing

In order for a synthetic test to be valid, the following requirements should be met:

— the arc energy in the contact gap should be equal to that of a direct test;
— the di/dz at current zero should be in accordance with the current and frequency specified;
— the recovery voltage should appear immediately after current zero i.e. without delay;
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— the prospective TRV should be at least equal to the required TRV;
— the voltage source should have a sufficient power to avoid excess damping of the
transient process by the post arc current.

Synthetic testing allows in general testing at one particular arcing time per operation. In order
to cover the full extinguishing window, it may be necessary to use re-ignition circuits.

142 ¢ ¢ iniocti thod
14.2.1 General

In a synthetic test circuit using current injection, the superposition of the currents takes’place
shortly before the zero of the power-frequency short-circuit current. A current ofl smaller
amplitude but higher frequency, derived from the voltage circuit, is superimposed either in the
test circuit-breaker or in the auxiliary circuit-breaker. The instant of switching in, this injected
current is selected by means of a current-dependent control circuit. This instant should be
such that the character of the resulting current wave in the test circuit-breaker’corresponds to
that of the specified breaking current prior to the current zero during the ipterval of significant
change of arc voltage.

In this way, the circuit-breaker under test is automatically connected into the voltage circuit
after the interruption of the current in the auxiliary circuit-breaker, so there will be no delay
between the current stress and the application of the voltage,stress.

14.2.2 Current injection circuit with the voltage circuit in parallel with the test circuit-
breaker (parallel circuit)

Figure 145 shows the simplified circuit diagramr of“a current injection circuit with the voltage
circuit connected in parallel with the test circuit=breaker.

SLF Y Y Y Vr—> <«—

S i 1
' — Can |:] - th
Zn

IEC

Key
U voltage of current circuit Co capacitance for time delay of voltage circuit
L, inductance of current circuit Ly, inductance of voltage circuit
AP arc prolonging circuit U, charging voltage of voltage circuit

a auxiliary circuit-breaker i current of the current circuit

i test circuit-breaker iy injected current

h equivalent surge impedance of voltage circuit  SLF short)—line-fault circuit (for the corresponding

tests

Figure 145 — Typical current injection circuit with voltage circuit
in parallel with the test circuit-breaker
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The voltage circuit is switched in shortly before the zero of the power-frequency short-circuit
current, prior to the interaction interval. At this time, the high-frequency oscillatory current iy, is
superimposed on the power-frequency short-circuit current i, with the same polarity to give a
resultant test current in the test circuit-breaker.

After the auxiliary circuit-breaker interrupts the power-frequency short-circuit current i, the
test circuit-breaker is connected only to the voltage circuit and i, is the only remaining
current. The voltage circuit also provides the recovery voltage across the test circuit-breaker

after the current is interrupted.

Figure 146 shows an example of injection timing. The two points of inflection typically indicate
the start of the current injection in the test circuit-breaker and the interruption of the-power-
frequency short-circuit current by the auxiliary circuit-breaker. The waveshape of the ‘ttansient
recovery voltage can be adjusted by varying the values of Z;, and Cq;, (Figure 145),>t{o obtain
compliance with the requirements of IEC 62271-100 (see 4.1.4 of IEC 62271-101732012).

\
\ ip o { <VaTy
P <500 ps
ih ~ \
\
th
Th
Key
i current in thenauxiliary circuit-breaker T, duration of one period of the injected current
ih injected ‘eurrent t time during which the arc is fed only by the
injected current

ip current in the test circuit-breaker

Figure 146 - Injection timing for current injection scheme
ith t1 ircuit qi in Fi 145

14.2.3 Current injection circuit with the voltage circuit in parallel with the auxiliary
circuit-breaker (series circuit)

As the series current injection method is not used by laboratories, it is no longer under
consideration.
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14.2.4 Determination of the interval of significant change of the arc voltage
To determine the interval of significant change of the arc voltage that occurs immediately prior

to current zero, the following method may be applied, dependent on individual arc voltage
characteristics.

The arc voltages of circuit-breakers vary considerably in general shape. In many cases, the
arc voltage is not steady but fluctuates about a mean value. This mean value is obtained by

drawing a smooth curve in the middle, between the maximum and minimum arc voltage levels
(Figure 147). This curve can be used to identify significant changes. The shape of mean ar¢
voltage characteristics may also vary widely.

Constant uy

IEC
Rising ug
Constant ug fa
A —-I p L—

IEC

Key:

i current p interval of significant change of arc voltage

g arc vortage

Figure 147 — Examples of the determination of the interval
of significant change of arc voltage from the oscillograms

Most circuit-breakers show a nearly constant or steadily rising arc voltage during the current
loop, with an appreciable increase just prior to current zero. In such cases, it is not difficult to
determine from the oscillogram the instant at which a significant change begins. For this
purpose, it is preferable to use an oscillograph giving a relatively large deflection for the arc
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voltage and having a time scale that is fast enough to enable the interval of significant change
of arc voltage to be measured accurately.

In some cases, it may be difficult to determine the interval of significant change of arc voltage
because

a) the arc voltage remains nearly constant or steadily rises during the current loop almost to
the instant of current zero,

b) changes in the arc voltage occur considerably before the current zero.

In these cases, an injection current frequency as low as possible should be used, taking
account also of the requirements in 4.2.1 of IEC 62271-101:2012.

14.3 Duplicate transformer circuit
14.3.1 Principle of the method

In the duplicate test circuit (also known as the Skeats circuit), the currehtyis supplied from a
current circuit to the series combination of the auxiliary and the test circuit-breaker. The high
voltage is applied to the test circuit-breaker via a resistancenfrom a transformer (or
auto-transformer), the primary of which is connected to the current'circuit across the auxiliary
and test circuit-breakers.

Figure 148 shows the principal layout of the circuit.

Sa
L1 i
Y — e
1
— —
iR R

v} @ 0 - |
T | / S:

2

- - IEC
Key
Ugs voltage of the current circuit i current through the auxiliary circuit-breaker
L, inductance of current circuit ip current through the test circuit-breaker
1 nicn ogetner lR currernt tnrougn resisior x
with L, controls the first part of the TRV
T transformer S, auxiliary circuit-breaker
R phase-shifting resistor S, test circuit-breaker

Figure 148 — Transformer or Skeats circuit

During the high-current interval, the arc voltages of the test and auxiliary circuit-breakers
induce a current, ig in the high-voltage circuit that adds to the current through the test circuit-
breaker, i, = iy + ig. The current in the auxiliary breaker will thus reach zero and interrupt
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before the test circuit-breaker. If the arc voltages are assumed nearly constant, the test
circuit-breaker current will go through zero at a time At after the interruption of the auxiliary
breaker approximately given by:

n(Ugg +ugt)—u L
Af = (aa at) at>< 2

n Xl R
where
n is the transformer ratio;
uya, Uy are the arc voltages in S, and Sy, respectively;
g is the voltage peak of the current circuit;
Ly = n2L1 + Lt (effective inductance in the high-voltage circuit);
Lt is the leakage inductance of T.

During the interval At, the rate of change of the current through the test circuit-breaker di,/d¢
will approximately attain the value:

dip  nXigg _ nigs

dt Ly n2L1 + Lt

i.e. diy/dt will be lower than the prospective uninfluenced valte. This value is reduced by a
factor of the same magnitude as the transformer ratio n.

By choosing the value R of the resistance R sufficiently large, the time interval At could be
kept small. On the other hand, a high value will_increase the damping of the TRV. For
circuit-breakers with post-arc current, the valuez may be further restricted. Values of R in the
range some kQ are normally used, giving At <10 us.

The test circuit could be used when testing-the dielectric recovery of a circuit-breaker. It could
further be used for closing tests and, could be extended to work with several full voltage
applications.

14.3.2 Practical arrangementof the circuit

A practical circuit arrangement is shown in Figure 149. The circuit illustrated in Figure 149
can be used to apply_full-recovery voltage in three consecutive current zeros in an opening
operation by opening'the auxiliary circuit-breakers S,4, S, and S5 in turn. The spark gaps
G, and G, are triggered to restore the current if the test circuit-breaker fails to interrupt in the
first and second_current zero respectively.
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Ug voltage of the current circuit Sa1, SaZ’ Sa3 auxiliary circuit-breakers
L, inductance of current circuit S, test circuit-breaker
T transformer T, triggering/Circuit
R phase-shifting resistor G, G, triggered daps

Figure 149 — Triggered transformer or Skeats circuit

Figure 149 can also apply full voltage stresses at bath closing and opening in a CO operating
cycle. The test circuit-breaker S; closes against”full voltage (S, is open) and, when it
pre-strikes, one of the spark gaps, e.g. G,,(§ triggered to make the current circuit (S, is
closed). S,5 is closed before the opening“of the test circuit-breaker and used as auxiliary
circuit-breaker at the first current zero. If nécessary, a second current zero could be tested by
means of G, and S,;.

In a similar manner the two opening operations in an auto-reclosing operation can be fully
tested.

14.4 Voltage injection methods
14.41 General

In a synthetic _test circuit using voltage injection, the current circuit provides the entire
short-circuit carrent for the test circuit-breaker and also, after current zero, the first part of the
transient recoyery voltage.

By suitable choices of its voltage and natural frequency, the correct values of the power
factor,/current and first part of the TRV can be obtained.

About the time of the first peak of the transient recovery voltage of the current circuit, the

voltage circuit 1s swiiched In by means of a voltage-dependent control circuit in such a way
that the specified transient recovery voltage is continued and so that there will be no delay
between the current stress and the voltage stress.

A voltage injection test circuit is not valid for tests where attention is paid to the short-line
fault tests and terminal fault tests with ITRV, because

— the source-side impedance does not correspond to network (or direct test circuit)
conditions during the interaction interval;

— the di/dt deviates from the prospective value during a (short) time interval just before
current zero.
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14.4.2 Voltage injection circuit with the voltage circuit in parallel with the auxiliary
circuit-breaker (series circuit)

Figure 150 shows the simplified circuit diagram of a voltage injection circuit with the voltage
circuit connected in parallel with the auxiliary circuit-breaker. The current circuit supplies the
entire short-circuit current stress. A capacitor of suitable value is connected in parallel with
the auxiliary circuit-breaker. After the current zero of the power-frequency short-circuit
current, this capacitor transmits the entire transient recovery voltage of the current circuit to

e tesit Circuil-oreaKer, passing e necessary ernergy 1or ine post-arc currert.

U“T @ G ML /

St

— IEC
Key
U voltage of current circuit S, test circuit-breaker
L, inductance of current circuit c, capacitance of voltage circuit which together
with Ly, controls the major part of the TRV
Cy capacitance of current circuit which tegether L, inductance of voltage circuit
with Lq controls the first part of the, TRV
ML multi-loop reignition circuit U, charging voltage of voltage circuit
S auxiliary circuit-breaker i current of the current source

Figure 150 ~ Typical voltage injection circuit diagram with voltage circuit
in parallel with the auxiliary circuit-breaker (simplified diagram)

About the time of the first peak of this transient voltage, the voltage circuit will be switched in
and from this moment onwards the transient recovery voltages of both circuits are added
togetheritoform the transient recovery voltage across the test circuit-breaker.

Figure” 151 shows the current in the test circuit-breaker and the waveshape of the voltage
across the auxiliary circuit-breaker and test circuit-breaker. The auxiliary circuit-breaker is
stressed only by the voltage of the voltage circuit. Both components of the voltage across the

fest circuri-breaker are superimposed 1o produce Ihe transient recovery voltage, the
waveshape of which can be adjusted by varying C,, and C4 in conjunction with additional
components — not shown in Figure 150 — to obtain compliance with the requirements of
IEC 62271-100 (see 4.1.4 of IEC 62271-101:2012).
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Figure 151 — TRV waveshapes in a voltage injection circuit with the voltage circuit
in parallel with the auxiliary circuit-breaker

14.4.3 Voltage injection circuit with the voltage circuit in parallel with the test circuit-
breaker

This voltage injection circuit is similar to the one described above except that the voltage
circuit is in parallel with the test circuit-breaker instead of the auxiliary circuit-breaker. It is not
in common usage.
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14.5 Current distortion
14.5.1 General

Current distortion is a well-known factor that should be considered during synthetic testing.
Subclauses 14.5.2, 14.5.3 and 14.5.4 give a basic analysis using simplified methods. In
practice, digital calculations by computers may be more appropriate where various arc voltage
waveshapes can be introduced.

14.5.2 Current distortion immediately prior to current zero

The interaction interval begins when the arc voltage starts to change significantly as the
current approaches zero. The change of the arc voltage during this time influences the“shape
and the rate-of-change of the current immediately before current zero.

This deviation from the prospective current curve is caused by the distortionncutrent, which
mainly flows in the low time constant impedance, taking into account all parameters of the
actual circuit.

The particular way in which the current approaches zero is responsible for the physical
conditions of the medium between the arcing contacts of a circuit-breaker at current zero. The
major interaction between circuit and circuit-breaker is caused) by the arc voltage charging
and discharging capacitances and influencing di/d¢ just before ‘zéro.

In a simplified circuit, as in Figure 152 representing a §hort-circuit in service or a direct test,
the voltage « supplies an arc current i with the appropriate arc voltage u,. Parallel to the arc is
a capacitor C.

If it is assumed that the arc voltage u, = 0,Sthén a prospective short-circuit current i, (see
Figure 153) will flow through the arc, the ‘mmagnitude and waveshape of this current being
determined by the inductance L, the voltage u, the frequency of this voltage and the moment
of current initiation.

If it is assumed that the supply.wvoltage « = 0 and that an arc voltage exists, then the arc
voltage will produce a current.flow. This current iy (see Figure 154) is the distortion current,
which will flow partly as ig* through the inductance L, and partly as igc through the
capacitance C. For this condition, the following equations apply:

d .
Uy _an(ldLFO

d .
and Ca(ua)—ldc=0

From these, the following equation for iy can be obtained:

1 ¢

d
ig = IqL +i4c IZJ Ug dl+CXE(ua)

If both of the voltages, u and u, are present (see Figure 155), then the resulting actual current
is given by:

i =iy - ig
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Figure 152 — Direct test circuit, simplified diagram
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Figure 153 — Prospective short-circuit’current flow
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y q
IEC
Figure 154 — Distortion current flow
Key to Figure 152, Figure 153-and Figure 154
u voltage supplying(the*direct circuit C capacitance of the full power direct circuit,

together with L controlling the transient
recovery-voltage of the circuit

Uy arc voltage of circuit-breaker S, circuit-breaker

L inductance of the full power direct circuit, together i actual current
withizicontrolling the short-circuit current

i prospective short-circuit current iq distortion current through L

iqe distortion current through C iy total distortion current
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Key
u voltage supplying the direct circuit iy distortion current through C
u, arc valtage of circuit-breaker i actual current
ip prospective short-circuit current iqL distortion current through L
o instant of peak value f duration of the actual current loop

Figure 155 — Distortion current

14.5.3 Current distortion during the high-current interval

14.5.3.1 General

During this interval, the arc voltage generates a distortion current iy, in the circuit. iy is
superimposed on the total current.

By comparison with the prospective current, the resulting arc current exhibits distortion in four
physical aspects: current amplitude, loop duration, arc-energy and di/dz:.
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To evaluate the influence of the arc voltage, it is sufficient, in practice, to consider the current
amplitude and the loop duration.

As a first approximation, two different arc voltage characteristics can be considered, namely:

a) aconstant arc voltage  u, = Uy;

b) a linearly rising arc voltage u, = Sxt, where S is the linear rate-of-rise of the arc

a

PN EY20
vOTtayg©©~

Since the current through the capacitor C (see Figure 152) will be small during this periodcef
arcing, the simplified diagram of Figure 156 is adequate.

L R i
e
LIT St l U
IEC

Key
u voltage supplying the direct circuit R resistance of the direct circuit
Uy arc voltage of circuit-breaker i actual current
L inductance of the full power direct circuit, together.

with « controlling the short-circuit current

Figure 156 — Simplified(circuit diagram for high-current interval

14.5.3.2 Distortion during one-loop of arcing related to a symmetrical current
The following equations are-derived, where the resistance in Figure 156 is neglected since the

effect of this during the_single loop is negligible. Some results are given in Figure 157 and
Figure 158.

Calculations are /mnade based on the characteristics shown in Figure 157 and Figure 158.

it = wL x i, ~peak value of voltage of current circuit

p
ip peak value of prospective current
1} peak value of actual current (reduced by arc voltage)
' instant of peak value 7

a) Ratio of current amplitudes

— for constant arc voltage:

[ U
;:SIn(thm)ffaxwtm
lp u
— for linearly rising arc voltage:
1} : Sw
— =sin(oxty)——1>
ip 2

b) Actual current loop duration T, (reduced by arc voltage)
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— for constant arc voltage

. U, o
sin(wT);=—2—T;

u

— for linearly rising arc voltage:

sin(o ) = > 2 1
u

In Figure 159 and Figure 160, the relative reduction of current amplitude Ai/i, and current
loop duration A#/T, are given as a function of ratio U,/i for a constant arc voltage and of ratio
SxT4/2xi for a linearly rising arc voltage, respectively, where:

Ai =i, -1,
At=T,—Ty
Ty = prospective current loop duration

T, = actual arcing time (7, = T, for one loop of arcing, see Figure 157 andKigure 158).
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o ?Ar/Tp
— @ 4iliy
= - ——
- @AI/TD ~‘~1“~.§
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gl
For symmetrical current and\constant arc-voltage

IEC

©) 1 loop of arcing

® 2 loops of arcing
® 2,5loops of arcing
See Figure 157.

Key

Ai/fp relative reduction of current amplitude ua/ﬁ ratio of arc voltage to supply voltage

At/Tp relative reduction of duration of current loop

Figure 159~ 'Reduction of amplitude and duration of final current loop of arcing for
symmetrical current and constant arc voltage
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For symmetrical current/and-linearly rising arc-voltage
IEC

©) 1 loop of arcing

® 2 loops of arcing
® 2,5loops of arcing
See Figure 157.

Key
Ai/fp relative reductiomof current amplitude u,/ 4 ratio of arc voltage to supply voltage

At/Tp relative reduction of duration of current loop

Figure 160 - Reduction of amplitude and duration of final current loop of arcing for
symmetrical current and linearly rising arc voltage
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For asymmetrical current and\constant arc-voltage
IEC
O} 1 loop of arcing
® 2 loops of arcing

® 2,5 loops of arcing
See Figure 158.

Key

Ai/i, relative reductionnef current amplitude u li ratio of arc voltage to supply voltage

At/Tp relative reduction of duration of current loop

Figure 161<"Reduction of amplitude and duration of final current loop of arcing for
asymmetrical current and constant arc voltage
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2

For asymmetrical current@nd linearly rising arc-voltage

udlii =8 x

IEC

O} 1 loop of arcing

® 2 loops of arcing
®  2,5loops of arcing
See Figure 158.

Key
Az’/ip relative reduction of current amplitude u i ratio of arc voltage to supply voltage
Az/Tp relative_feduction of duration of current loop

Figure 162 — Reduction of amplitude and duration of final current loop of arcing for
asymmetrical current and linearly rising arc voltage

14.5.373 Distortion in general case

The distortion currents in the case of both symmetrical and asymmetrical currents including

LLLAYA R ~] thall \YARA] :\J\Jr.l Uf GIU;IIu arc \.JLL:ItGIIIU\l..J.I by thU I:U::UVV;IIH Uquat;ullo V\lh;\.oh darc Gpp:lbﬂb:c fUI
the case of constant and linearly rising arc voltages. These calculations are based on a circuit
as in Figure 156 where the L/R time constant of the supply impedance is introduced. The p.u.
prospective current is given by:

_R
iplip = sin (ot + wt1 — @) — sin (vt — p)xe L '

where
t is the time coordinate counting from the instant of current initiation;

t; is the time interval between the beginning of the positive voltage loop and current
initiation;
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. L .
¢ is the arctan % for symmetrical current ¢ = wt,.

The per unit distortion currents are

igliy = C for the first loop of arcing,
ig/iy = D — E for the second loop of arcing,

igll, = D — F ¥ G for the third 100p of arcing,
where C, D, E, F and G are defined as follows:

a) for constant arc voltage:

C= M 1_6—%(1—105)
cos ¢

1-e

M %(rbtcs)} o 0)

CoS @
B R (.n 1 R "
oM [ —T(ro—to)}e—fv—ro)
cos ¢ |
-
oM [, —L(l—fo)}
cos ¢
where

M =£ = the ratio between the.arc voltage and the peak value of the power-frequency

u
voltage
R? +(wL)?
where

t is the\instant of contact separation

cs
o', to"' (S,the instants at the end of each current loop

b) for linearly rising arc voltage:
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_ R Ry
=M L) -La-e t" ) s sy x(1-e Y
cos ¢
where
M_SxTa
20

Relative reductions of current amplitudes and loop durations related to the last arcing loop for
some typical cases are given in Figure 159 to Figure 162.

For symmetrical current, values are given for constant arc voltage as a function of ratio\U,/i
in Figure 159 and for linearly rising arc voltage as a function of the ratio SxT,/2:i in
Figure 160. For asymmetrical current, the corresponding results are given in Figure-161 and
Figure 162.

For arcing times, three typical values, i.e. for 1, 2 and 2,5 loops, are introduced. In the case of
asymmetrical current contact parting positions have been selected starting about 1,5 cycles
after current initiation.

The modifying of arc voltage is much dependent on not only arc yoltage but also arcing time
and current asymmetry, therefore an exact evaluation for each(ease is necessary.

NOTE In order to be able to compare the curves relevant to either type of arcing, suitable values have been
chosen for the arc voltages: the value at the last current zero for linearly rising arc voltage is twice the value U, for
the constant arc voltage.

14.5.4 Examples of estimation of the parameters of the distorted current
14.5.4.1 General

In the following, some examples of application of the methods of evaluation of the distorted
current shown in 14.5.2 and 14.53 "are given for the single pole test of a 123 kV
circuit-breaker.

For the synthetic test examplesi’equal arc voltages and contact parting positions of both the
test and the auxiliary circuit-breaker are assumed.

14.5.4.2 Symmetricalcurrent test

14.5.4.2.1 Constant arc voltage

Direct test

Rated voltage U, =123 kV

Single pole test voltage Ui :M:QZ kV

J3

Mean value of constant arc voltage (last loop) Usy=1kV
U 1

Therefore: -8 - -0,0077
i 92x+2

by calculation for one loop of arcing (see 14.5.3): $=—1,2 %
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and

Synthetic test

Current circuit voltage

A 07%
Tp
Uy = 31 kV

Mean value of constant arc voltage (test and auxiliary circuit-
breaker, last loop)

therefore:

from Figure 159 for one loop of arcing

and:

14.5.4.2.2 Linearly rising arc voltage

Direct test

Single pole test voltage

Linearly rising arc voltage

therefore:

from Figure 160 for one loop of arcing

and

Synthetic test

Current circuit-voltage

Ugs = 2U, = 2 kV

Uas . 2 _gq26
i 31><\/§ \

A _ 79

p

Al _ G5

Ty

Ui = 92 kV as above

SxTy _ 3KV

SxT, 3

20 9242

=0,023

Uq = 31 kV as above

Linearly.fising arc voltage (test and auxiliary circuit-breaker) SxTq =2x3=6kV
Sx T, 6
therefore: —8 = =0,137
20 312
from Figure 160 for one loop of arcing f—=-10 %o
p
At
—=-11,2%
and T o

In the first example, the tolerances on the amplitude and the duration of the power-frequency
current loop, in accordance with 4.1 of IEC 62271-101:2012, should not be exceeded during
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the actual synthetic test. This depends, however, on the decrement of the AC component of
the current being negligible.

In the second example, the current circuit voltage has to be increased or other measures as
described in 4.1 of IEC 62271-101:2012 have to be taken because the tolerance on the loop
duration is exceeded. Whilst tolerance on the current amplitude is apparently not exceeded, it
might be exceeded in practice where there is likely to be some decrement of the AC
component of the prospective current.

14.5.5 Asymmetrical current test
If the arc voltage is approximately constant or linearly rising, the curves in Figure 16"\ and

Figure 162 can be used. The method of evaluation is similar to the one outlinedfor the
symmetrical case. For example in case of constant arc voltage:

Direct test

. 123%1,3 _ 92KV
Single pole test voltage V3
(as above)
Constant arc voltage Ua =1kV
U, 1
: -2 - =0,0077
therefore: P 92x 2

for contact parting at around 1,5 cycles aftérycurrent initiation ﬁ:-1%
and one loop of arcing p

At .
and: T—:-O,G% (Figure 161)

p

Synthetic test

Current circuit voltage Uy =14,2 kV
Constant arc voltage-(test and auxiliary circuit-breakers) Uy =2kV

U, 2

: -8 - = =010
therefore: i 14272
for tHe)same situation as above: ——=-126%
p

AL g gop{Figtre—+6+)

and T, '

The actual arc voltage may not follow one of the simplified characteristics. In such a case, the
current reduction during the synthetic test can be measured from actual oscillograms or
calculated. The actual current of the direct test that is required to establish the synthetic test
driving voltage can only be calculated.
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For circuit-breakers having relatively low arc voltage (e.g. u; = 2 % U,), the modifying effect
of the arc voltage on the current in the system or in the direct circuit is negligible. Therefore
the specified prospective current is assumed as reference current.

NOTE If the opening of the auxiliary circuit-breaker is delayed in relation to the opening of the test circuit-breaker,
or if an auxiliary circuit-breaker with a lower arc voltage is used, then its influence on the breaking current will be
smaller than that of the test circuit-breaker.

—14.6 Step-by-step-method toprolong-arcing

With this method, only one voltage source is used. The test circuit-breaker is artificially
re-ignited by a special re-ignition circuit, or other means, in order to prolong arcing up to' the
current zero at which the voltage source is to be applied.

a) Method with a separate re-ignition circuit

A separate re-ignition circuit provides a rapidly rising pulse of current, of opposite polarity
to that of the power-frequency current, approximately 10 pys before current zero. The
current through the circuit-breaker is thus rapidly reversed and conduction in the arc gap
is maintained for a further loop of power-frequency current. As an eXample, a re-ignition
circuit is indicated in Figure 163. The corresponding current and voltage for a symmetrical
current breaking tests is shown in Figure 164. Several such, cifcuits may be used for
prolonging the arcing through several loops of current. The\re-ignition circuit can in
principle be applied to re-ignite both test and auxiliary circuit-breaker. However, the need
to re-ignite both circuit-breakers is usually avoided by suitably delaying the separation of
the auxiliary circuit-breaker contacts.

b) Method with increased power-frequency circuit severity

In some cases, the arcing of the test circuit-breaker may be prolonged by increasing the
rate-of-rise of the transient recovery voltage in the power-frequency current circuit.
Whether this is effective or not depends upén the characteristics of the power-frequency
current circuit and of the circuit-breaker under test.

.

| 1
I
| Ry
| I
i |
Current circuit) c |
| "o St
| i : Voltage circuit
| Cr |
L 4 _
= IEC
Key
S, test circuit-breaker C, capacitor for re-ignition circuit
S, auxiliary circuit-breaker G, spark gap for closing re-ignition circuit
R resistor for re-ignition circuit

Figure 163 — Typical re-ignition circuit diagram for prolonging arc-duration
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Figure 164 — Typical waveshapes obtained during a symmetrical test
using the circuit in Eigure 163

14.7 Examples of the application of the tolerances on the last current loop based on

4.1.2 and 6.109 of IEC 62271-101:2012

A few examples are given to show. how the tolerances given in Annex B of
IEC 62271-100:2008 are applied to the last current loop of test-duties T60, T100a and L90.

T60, with a short-circuit rated current of 40 kA, with a rated frequency of 50 Hz:
1) Final loop minimum amplitude: 0,9 x 0,6 x 40 x V2 = 30,5 kA;
2) Final loop minimum_ duration: 0,9 x 10 = 9 ms.

T100a, with a shortscircuit rated current of 40 kA, with a rated frequency of 50 Hz,
kop = 1,5, time gonstant of 45 ms, minimum clearing time between 27 ms and 47,5 ms,
first-pole-to-clear:

1) Final logp*minimum amplitude: 0,9 x 1,33 x 40 x V2 = 67,7 kA;

2) Finalloop maximum amplitude: 1,1 x 1,33 x 40 x V2 = 82,8 kA;

3) _kinal loop minimum duration: 0,9 x 12,2 = 11 ms;

4)_Final loop maximum duration: 1,1 x 12,2 = 13,4 ms.

L90, with a short-circuit rated current of 40 kA, with a rated frequency of 50 Hz:

1) Minimum value of (Final loop amplitude) x (final loop duration): 0.95 x (0.9 x 40 x V2) x

10 = 483,7 As;
2) Final loop minimum amplitude: 0,95 x 0,9 x 40 x V2 = 48,4 kA;
3) Final loop maximum amplitude: 1,1 x 0,9 x 40 x V2 = 56 kA;

4) Final loop minimum duration: 0,9 x 10 = 9 ms.

There are no additional tolerances that can be applied.
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Add, at the end of the existing 15.6, the following new subclauses:

15.7 Corrosion: Information regarding service conditions and recommended test
requirements

15.7.1 General

The minimum requirement for switchgear and controlgear with regard to corrosion is that the

function of the equipment should not be atfected during the service lite by corrosion under the
conditions specified by the user. All bolted or screwed parts of the main circuit and of the
enclosure should remain easy to disassemble, as applicable. In particular, galvanic corrosien
of materials in contact should be considered because, for example, it may lead to the less”of
tightness or increased contact resistance.

Corrosion might not only occur due to oxidizing gases, but also duey\to material
incompatibility. An example is a connection made between bare aluminium_or.an aluminium
alloy part and a silver coated part of the main circuit. Reference is made-to [143] in the
bibliography.

Due to the many variables involved, for example, design of equipment, service conditions,
user maintenance practices, and the expected life of the ‘equipment; standardized
requirements and verification testing is left to agreement’ between the user and the
manufacturer. In either case, however, the following guidelines*should be followed.

Corrosion stresses are strongly dependant on the installation. The atmospheric conditions are
important, but the installation should consider the «s¢lar and temperature variation, the air
flow, etc.

NOTE When a surface becomes and remains wet, the two main factors involved in atmospheric corrosion are
sodium chloride, mainly in marine environments,\@and sulphur dioxide, mainly in industrial environments.
Occasionally, both of these factors apply at the same\time.

15.7.2 Recommendation for minimom requirements

The basic function of switchgear_and controlgear to be considered should include, but not be
limited to, the following:

— the ability to withstand*normal system voltage and carry rated continuous current;

— the continuity of earthing circuits;

— the ability to access or disassemble equipment as required to perform routine inspection
and maintenance;

— the ability(to provide minimum security against unauthorized access;
— the ability'to provide for the safety of the user or the public as appropriate.

15.7/3\“"Recommended test requirements

The' tests and test methods are related to the material used in the equipment and are
fecommended when required by the relevant equipment standard or by agreement between

4 () £ n
IS UsSCTIh daliu tuic 1miarnuraGiurct.

Specific corrosion and humidity tests should be performed according to the relevant IEC
standard, reference is made to IEC 60068-1 [132].

15.8 Electromagnetic compatibility on site
EMC site measurements are not type tests but may be performed in special situations:

— where it is deemed necessary to verify that actual stresses are covered by the EMC
severity class of the auxiliary and control circuits, or
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— in order to evaluate the electromagnetic environment, in order to apply proper mitigation
methods, if necessary,

— to record the electromagnetically induced voltages in auxiliary and control circuits, due to
switching operations both in the main circuit and in the auxiliary and control circuits. It is
not considered necessary to test all auxiliary and control circuits in a substation under
consideration. A typical configuration should be chosen.

Measurement of the induced voltages should be made at representative ports in the interface

between the auxiliary and control circuits and the surrounding network, for example, at the
input terminals of control cubicles, without disconnection of the system. The extension of the
auxiliary and control circuits is described in 5.19 of IEC 62271-1:2007. Instrumentation for
recording induced voltages should be connected as outlined in [IEC 60816 [133].

Switching operations should be carried out at normal operating voltage, both in-the main
circuit and in the auxiliary and control circuits. Induced voltages will vary statistically and thus
a representative number of both making and breaking operations should be- chosen, with
random operating instants.

The switching operations in the main circuit are to be made under no-load conditions. The
tests will thus include the switching of parts of the substation but ne 'switching of load currents
and no fault currents.

The making operations in the main circuit should be perfermed with trapped charge on the
load side corresponding to normal operating voltage. This condition may be difficult to obtain
at testing, and, as an alternative, the test procedure may_be as follows:

— discharge the load side before the making operation, to assure that the trapped charge is
zero;

— multiply recorded voltage values at thesmaking operation by 2, in order to simulate the
case with trapped charge on the load side.

The switching device in the primary system should be operated at rated pressure and auxiliary
voltage.

NOTE 1 The most severe cases, with<regard to induced voltages, will normally occur when only a small part of a
substation is switched.

NOTE 2 The most severe “€lectromagnetic disturbances are expected to occur at disconnector switching,
especially for GIS installations:

The recorded or_calculated peak value of induced common-mode voltage, due to switching
in the main circuif; should not exceed 1,6 kV for interfaces of the auxiliary and control circuits.

The note ¢0.:5.19 of IEC 62271-1:2007 gives guidelines for improvement of electromagnetic
compatibility.

1672:2 Chopping overvoltages

Replace the existing Equation (99) by the following new equation:

. 2
ky = \/(kin +0,5 +(’L] 15L o5

Uy ) C

Replace the existing Equation (102) by the following new equation:

ko = \/(km vkl + NL(1+ K)[Uij (g_t n 1] x



https://iecnorm.com/api/?name=955a47d8606ec1ad54b36a7f7229d0d7

IEC TR 62271-306:2012/AMD1:2018 - 131 -
© IEC 2018

Replace the existing Equation (103) by the following new equation:

2
kg = \/(kin +K)2 +—‘|’5 NfoQ(1+K) [i+1) —-K

Replace the existing Equation (104) by the following new equation:

2
PR +M(C_P+1J
o0

16.2.6.3 Circuit-breaker selection

Replace the last sentence before item a) by the following new sentence:

From Equation (105) the second term under the root sign will be negligible and k, can be
taken as equal to kj,.

Delete the existing items a) to g).

16.2.7 Testing

Replace the last paragraph of this subclause by the following:

The individual test circuits and TRV parameters‘for all possible system and shunt reactor
application and earthing conditions are given in\6.114 of IEC 62271-110:2012.

16.4 Unloaded transformer switching

Replace the existing content of this subclause by the following new content:

16.4.1 General

Unloaded transformer.switching is an insignificant duty for circuit-breakers. The current to be
interrupted is magnetizing current in the order of a few A at most and the associated transient
recovery voltage«s minimal as discussed below.

Owing to thie 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.

o cimmnary tvna tactina foar N 1o
oot Tty ty Peteotmg oo

— the duty is less severe than any other switching duty;

— the duty cannot be correctly modelled in a test laboratory.
16.4.2 Transient recovery voltage calculation

Transformers can be oil-filled, dry-type or SFg gas filled. The basis for calculation of the
transient recovery voltage for the unloaded switching case follows.

Circuit representation for unloaded transformer switching is shown in Figure 165.
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Figure 165 — Unloaded transformer switching circuit representation

The transformer can be represented as a source-free series RLC circuit. At current
interruption, a voltage U remains on the capacitor, which ‘thén rings down to zero. The
associated oscillation is underdamped with an amplitude factor usually not exceeding 1,3 p.u.
at a frequency of a few hundred Hz as illustrated in. Figure 166. The transient recovery
voltage seen by the circuit-breaker is thus the difference/between the source and transformer
voltages and tends to be dominated by the former woltage due to the relative peaks not
necessarily coinciding.
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Figure 166 — Transformer side oscillation (left) and circuit-breaker
transient recovery voltage (right)

The transformer side oscillation is described by the equation:

.\—T7n_d5tg(r~r\c VH d sin.q /12 £ \] (1Q9)

2, ds
S g \/1_d82 v S gJ

where U is the initial voltage, dy is the degree of damping in the circuit given by dg :R/Z‘f%
and l is generic time in radians given by ¢ :z/«/LC , t being real time in s [134].
The parameters for the RLC circuit transformer representation can be approximated from the

factory core loss measurements (R and L) and impulse voltage tests (C). The core losses P,
are given by:
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P, =Uyl,cos¢ (193)

where P, is in W, U, is the r.m.s. applied voltage in V and /, is the r.m.s. value of the
magnetizing current in A. All three quantities being known, we can write

— PO
cos ¢ = A (194)
and
U, .
Z=R+JwL=I—(COS¢+jSIn¢) (195)
[0}
giving
R:&cosqﬁandL: Yo sin ¢ (196)
Iy wl,

The value of C is calculated from the lightning impulse testwWave shape time to peak T:
T =2,5xR,Cx (197)

where Ry is the series resistance in the lightning impulse test circuit and Cy is the total load
capacitance including any external front capagitors. If no front capacitors are used, Cy = C. As
an alternative, the value of C may also. be'estimated from transformer winding dissipation
factor measurements.

The frequency of the transformer side oscillation is given by:

1
f=— 198
i ordIC (198)

When an unloaded transformer is de-energised by a circuit-breaker on the high-voltage side,
it is very unlikely, that any re-ignitions will occur. The re-ignition circuit loop involves the
source side gapacitance Cg, C and the combined inductance of the circuit-breaker, buswork
and earth connections as shown in Figure 167.
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Figure 167 — Re-ignition loop circuit

Re-ignitions take place in two stages. The re-ignition occurs- at a certain voltage difference
Us — Uy, across the circuit-breaker (Figure 167). Initially, the two voltages will equalize at a
voltage U, dependent on the ratio C4/C and then is followed by a second voltage excursion as
the equalization voltage adjusts to the source voltage by way of an overvoltage transient U,,,.
The magnitude of this transient is given by:

Uoy = U +/3(Mj (199)

where fis the damping factor of value < 1.

In reality, the value of U,,~can approach 3 p.u. with respect to earth at a low frequency
dependent on the source inductance Lg and the ratio Cg/C.

The transient that causes difficulties for transformers is the equalization transient. While not
high in terms of magnitude, its frequency is high given by:

CsC
271\/ Lr[ CSS+CJ

This frequency may coincide with the frequency of a possible internal resonance circuit within

(200)

the transformer which, if triggered, may result in failure of the transformer. IEEE Std. C57.142
[135] contains more information about the interaction of the circuit-breaker, transformer and
system.

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 [136]. 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
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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 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 [137]. The
results indicate that the longer the cable the lower the overvoltage level, but the evervoltage
level tends to increase with increasing MVA for constant cable length.nThe 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. [188].

16.4.4 Overvoltage limitation

Overvoltage limitation is considered by reference to that for motor\switching as discussed in
16.3.5.

Surge arresters: studies indicate that surge arresters applied at the transformer terminals
are effective in limiting overvoltages to earth for transformers.

Surge capacitors: surge capacitors have the effect of reducing the surge impedance of the
load and thereby the overvoltage levels [137].

RC dampers: effectiveness similar to that\described for motor switching applications, i.e. will
prevent multiple re-ignitions in vacuum g¢ircuit-breakers [136].

Zn0O-RC dampers: effectiveness similar to that described for motor switching. Whether such
devices have been applied in this~context is unknown.

16.4.5 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.

Add, befare the existing Annex A, the following new clause:

17<~Information and technical requirements relevant for enquiries, tenders and
orders

17.1 General

This clause provides a list of useful technical information items in a tabular form to be
considered for possible exchange between user and supplier during contracting stage.

When in the table "supplier information” is mentioned, this means that only the supplier needs
to deliver this information.

Attention should be paid to the fact that such table should be complemented with information
and characteristics relevant for the type of switchgear and controlgear considered; see
product standards.
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17.2 Normal and special service conditions (refer to Clause 2 of IEC 62271-1:2007)

User requirements

Supplier proposals

Service condition Indoor or
Outdoor
Ambient air temperature:
Minimum °C
IVIdKiIIIuIII \ %3
Solar radiation W/m?
Altitude m
Pollution Class
Excessive dust or salt
Ice coating mm
Wind m/s
Humidity %
Condensation or precipitation
Vibration Class
Induced electromagnetic disturbance in kV

auxiliary and control circuits

17.3 Ratings and other system parameters (referd4o Clause 4 IEC 62271-1:2007)

User requirements

Supplier proposals

Nominal voltage of system kV
Highest voltage of system kV
Rated voltage for equipment (U,) kV
Rated insulation levels phase to earth and
between phases

Rated short-duration power-frequency
withstand voltage (U,) kV
Rated switching impulse withstandyvoltage | kV
(Us)

— phase to earth kV
— between phases kV
Rated lightning impulse withstand voltage | kV
(U,)

Rated frequeney (1)) Hz
Rated continuous current (/) A According single line
Rated-short-time withstand current (/) kA
Rated peak withstand current (Ip) kA
Rated duration of short circuit (z,)

Rated supply voltage of closing and \%
opening devices and of auxiliary and

control circuits (U,)

Rated supply frequency of closing and Hz DC or 50 or 60

opening devices and of auxiliary circuits

Type of system neutral earthing

Effectively or non-
effectively
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17.4 Design and construction (refer to Clause 5 of IEC 62271-1:2007)

As required by the relevant standards.

User requirements Supplier proposals
Number of phases Three- or
single-phase
encapsulation

Mass of the heaviest transport unit

Mounting provisions

Type of gas-pressure or liquid-pressure

system

Overall dimensions of the installation

Description by name and category of the

various compartments

Rated filling level and minimum functional

level

Low- and high-pressure interlocking and

monitoring devices

Interlocking devices

Degrees of protection

Arrangement of the external connections

Accessible sides

Volume of liquid or mass of gas or liquid

for the different compartments

Facilities for transport and mounting

Instructions for operation and

maintenance

Specification of gas or liquid condition
17.5 Documentation for enquiries and tenders

User requirements Supplier proposals

Scope of supply (training, technical and

layout studies and requirements for co-

operating cycle with other/parties)

Single-line diagram

General arrangement drawings of

substation |layout

Provisions\for transport and mounting to

be giyveriby the user

Foundation loading Supplier information
Gas schematic diagrams Supplier information
CIST of type test reporis Supplier information
List of recommended spare parts Supplier information
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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

Replace the existing annex by the following new annex:
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Annex A
(informative)

Consideration of DC time constant of the rated short-circuit
current in the application of high-voltage circuit-breakers

4 o 1
A. 1 Iericidl

A time constant of 45 ms is generally adequate on systems rated 800 kV and below. (Fer
1100 kV and 1 200 kV systems, the standardized DC time constant has been defined.‘as
120 ms mainly because the use of multi-conductor bundles on transmission lines. Alternative
special case DC time constants, related to the rated voltage of the circuit-breaker,” should
cover cases where the standard DC 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
DC 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 DC time constants have been(defined in 4.101.2 of
IEC 62271-100:2008/AMD2:2017 of taking into account the results, of-the survey by CIGRE
WG13.04 [139].

The choice of a single special case value of the DC 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 at83 kA with a DC time constant of 45 ms
does not automatically cover the performance of @ circuit-breaker having a rating of 50 kA
with a DC 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 DC time constant, the following
parameters have to be examined carefully in relation to the interrupting technology used:

a) amplitude of the last currentJoop before interruption;

b) duration of the last currentloop before interruption;

c) arcing time window;

d) arc energy;

e) di/dt at current interruption;

f) TRV peak(voeltage u. and first reference voltage u4, as applicable.
A.2 Basic theory

One-of the duties 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 currents occur in all type of inductive circuits and the level of asymmetry
depends on the instant of fault initiation and the DC time constant (7) of the circuit under
evaluation.

NOTE The DC time constant of a circuit is sometimes expressed as the X/R ratio of a circuit, where X =27/xL,
where f'is 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.
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Figure A.1 — Simplified single-phase circuit
In case of power systems wlL is generally >> R.
By using differential equations, the resulting current is:
_t
I(t):%x[sin(a)ﬂra—(o)—e 4xsin(a—¢))} (A1)

where
U is the peak of the applied voltage u(¢);

Z is the circuit impedance: Z =VR? + 0?12

is the angular frequency: 27f;
«a is the fault making angle (instant).on the applied sinusoidal voltage;

¢ is the phase angle of the circuit impedance ¢ = tan‘{%j ﬁan'(%j ;

7 is the DC time constant (L/R) of the circuit.
The resulting fault ‘cdrrent has two components, the first part of the equation being the
sinusoidal part and the second being the exponential decaying DC component.

From Equation (A.1), the DC component will be maximum when sin(e— ¢)=1o0or a— ¢ = %

1) pax = I{Sin(wt + %)— e_%:| (A.2)

The peak value of the current will occur when sin(wt + % ) =—-1o0r ot = 7 giving

Ipk = —1(1 + e_%J (A.3)

where ¢t = n/ w.



https://iecnorm.com/api/?name=955a47d8606ec1ad54b36a7f7229d0d7

IEC TR 62271-306:2012/AMD1:2018 - 141 -
© IEC 2018

The maximum asymmetrical peak current is always obtained when the circuit-breaker is
closed at 0° of the applied voltage (a= 0), which is not necessarily giving the maximum DC
component. Equations (A.2) and (A.3) are approximate since the peak of the asymmetrical
current does not occur exactly after = radians. However, the equations are accurate to at least
two decimal places if the phase angle between the current peak and the zero of the applied
voltage is less than 4° and therefore is suitable for the purpose.

Equations (A 2) and (A 3) are for the negative DC component case and _to obtain the positive

DC component case, multiply the right side by —1. I = U/Z and further equal to 2 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 DC time constants (45 ms and 120 ms) and the alternative special case
DC time constants given in IEC 62271-100 (60 ms, 75 ms and 120 ms), the DC components in
p.u. of the peak symmetrical current are shown in Figure A.2.
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Figure A.2 — Percentage DC 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)

Asymmetrical current related values of X/R and Iheak 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.
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Table A.1 — X/R values
t=LIR 50 Hz 60 Hz
ms XIR tan™' X/IR XIR tan™! X/IR
45 14 85,9 17 86,6
60 19 86,9 22,6 87,4
75 23 5 87 5 28 3 879
120 37,7 88,5 45,2 88,7
Table A.2 — I, values
t=LIR Ieak (p-u.)
ms 50 Hz 60.Hz
45 2,55 (2,5) 2,59 (2,6)
60 2,61 (2,7) 265 (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 DC component of the
fault current at fault initiation of the most asymmetricdl‘phase is always ranging from 87 % to
100 % whatever instant the fault is initiated on the applied voltage. This DC component range
leads to an asymmetrical current peak ranging from 93,5 % 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(I,A(t):%{sin(wma —(0)—6_% x sin(a —¢)} (A.4)
I(pB(t):%x Sin(wt+a—g0—2%)—e7%xsin(a—go—z%) (A.5)
I(pc(t):%x sin(a)t+a—go+2%)—e7%xsin(a—(p+2%) (A.6)

In thefirst edition of IEC 62271-100 (and earlier editions of IEC 60056), the concept of DC
component of the rated short-circuit current was used together with the asymmetry level at
contact separation. At that time, a single unified standardized DC time constant of 45 ms was

Specified. With— the mtroduction of New alternative speciat cases DC 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 subclause 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 on how to use test results for validating
other ratings with other DC 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 subclause is limited since the
amplitude, duration and the di/dt at current zero all change as the DC 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

obfained from a test series validating a lower DC time consfant are used to validate an higher
DC 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 DC time constant are used\to
validate a lower DC time constant rating. Annex | of IEC 62271-101:2012/AMD1:2017 givés
the methodology for calculating TRV parameters during asymmetrical fault condition.

IEC 62271-100:2008/AMD1:2012 of 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. Then, the resulting product "I x t", "-being the peak
value of the last current loop and "t" being the duration of the last curent loop, will range
between 81 % and 121 % of the required values.

The application of generator circuit-breakers breaking currents with delayed current zeros is
beyond the scope of this document; this specific case is coveredlin IEC 62271-37-013 [145].

A.3 Network reduction

The rate of decay of the DC component is usually’expressed as the DC time constant of the
short-circuit current.

It should be noted that the DC time constant‘f 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 DC time constant. Experience has
shown that using the R and L valugs-obtained by the typical network reduction short-circuit
program will give the correct shart-Circuit current. However, the DC time constant based on
the ratio of these values will generally be less than the correct value.

Transient calculation progfams need to be used in order to obtain the correct DC 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 DC time constants other than the standard time constant of 45 ms was
introduced for the first time. IEC 62271-100:2008 specifies additional "special cases time
constants" of 60 ms, 75 ms and 120ms in 4.101.2. In 4.101.2 b) of IEC 62271-
100:2008/AMD1:2012 and IEC 62271-100:2008/AMD2:2017, the following insight is provided:

120 ms for rated \/nlfagnc up to and inr\lllrling 52 l(\/;
— 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, |IEC 62271-100:2008/AMD1:2012 introduces a second standardized DC time
constant of the rated short-circuit current of 120 ms for circuit-breakers rated above 800 kV.

For application of circuit-breakers on power systems, IEC 62271-100 calls attention to the fact
that not all applications fall within the confines of existing standards. The introduction of a
special DC time constant value is a logical extension for the following reasons:
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— 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 DC 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 DC time constant.

For the circuit-breaker application_engineer, this raises the question of how to evaluate the

individual applications. This annex tries to provide some guidance.

A.5 Guidance for selecting a circuit-breaker

A.5.1 General

To evaluate the effect of different DC time constants, some general observvations can be
made. For cases in which the actual short-circuit current is less but the DC\time constant is
greater, the di/d¢ of the current at current zero and the amplitude of current.foops will be less
than the rated values. The arc energy represented by the area under the major and the major
extended current loop is probably one of the most important considerations. The amplitude
and duration of the major and the major extended current loops are directly related to the DC
time constant of the short-circuit current.

In an effort to evaluate the effect of different DC time canstants, the standardized DC time
constants of 45 ms and 120 ms, and special case DC time constants of 60 ms, 75 ms, 90 ms
and 120 ms were examined.

IEC 62271-100:2008/AMD2:2017 introduces major-changes for demonstration of arcing times
during test-duty T100a. Both three-phase tests“and single-phase tests in substitution of three-
phase tests have been harmonized and are.based on a three-phase fault condition. Tests on
the minor current loop during single-phase-test are not anymore required. Minimum clearing
time ranges have been re-calculated based on the minimum clearing time (including relay
time) and the zero crossings on the ntermediate asymmetrical phase for which the minimum
arcing time is defined. For practical reasons and because the DC component of the
intermediate asymmetrical phase is relatively low, the minimum arcing time on the
intermediate asymmetrical phase is considered to be the same as obtained during T100s and
does not need to be re-demonstrated during T100a. It is acknowledged that for some circuit-
breaker technologies theyminimum arcing time obtained during T100s will be different that the
one that would be obtained on the intermediate asymmetrical phase during T100a. For such
cases, the required ‘arcing times may not be obtained and additional tests up to a maximum of
6 tests are specified in order to demonstrate the required maximum arcing times.

IEC 62271-400" 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 thellast current loop is of prime importance because generally most of the arc energy is
withif 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. Not all test laboratories
have 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 and loop duration). 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 (major if tested single phase) or major and extended major
current loop amplitudes and durations if tested three-phase.
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b) Use Equations (A.4), (A.5) and (A.6) to find the current waveshapes of the specific case to
be studied. Use an "a" of 0 rad. in order to obtain the full asymmetrical offset on one
phase and resultant intermediate asymmetries on the two other phases.

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 on the minor current loop of the intermediate asymmetrical phase
starting with a minor current loop (as mentioned earlier, the minimum arcing time lon
the minor current loop of the intermediate asymmetrical phase is considered\to be
equal to the one found during T100s);

— The sum of the above times is defined in IEC 62271-100:2008/AMD2:2017 as the
minimum clearing time. The major current loop of the full asymmetrical phdse at a time
after current initiation corresponding the end of the minimum clearing time range
defined in Table 41 of IEC 62271-100:2008/AMD2:2017 for which the calculated
minimum clearing time falls in is the current loop parameters\for which the circuit-
breaker should be able to interrupt.

Table 39 of IEC 62271-100:2008/AMD2:2017 has tabulated the,last loop current parameters
for standardized and alternative special cases DC time constants for both 50 Hz and 60 Hz
systems.

Some assumptions have been taken:

a) The tolerance of 10 % defined for both current amplitude and current loop duration is
resulting in an allowable arc energy range.during the arcing period. The arc voltage is
assumed to be constant during the period\of arcing. This allows the arc energy of the last
current loop to be represented by the ™ xv¢t” product;

A smaller symmetrical fault current<with a longer DC time constant (compared with the
rated short-circuit-current and the'standard time constant) has a larger percentage of DC
component and the resultant di/dt is always less than the one associated with the highest
rated short-circuit current. In;such a case, the circuit-breaker should still be able interrupt
at the normal current zero_if\it has met all other criteria;

b) If the arc energy represented by the "I x ¢" product is less than 121 % of the standard
wave, the interruptiontwill be generally successful;

c) If the arc energy nepresented by the "I x ¢" product is greater than 121 % of that of the
standard interruption, the interruption could be unsuccessful.

Some circujt‘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 DC time constants that may result in a longer
minimum arcing time and thus in a longer maximum arcing time.

The defermination of the area X under the current curve may be obtained by solving Equation
(A.7). This equation is the exact calculation method.

2
x = [i(e)de (A7)
H

where

i(t) is the fully asymmetrical current 7 a(¢) as given in Equation (A.4 ) for a making angle
a = 0 rad;
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14 is the time of contact separation;
ty 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 " 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 DC time constants. The question that should 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;

Using the above methodology, the following cases were examined.

A.5.2 Case 1

Assumptions: Circuit-breaker ratings: I: 63 kA, 7 =45 ms and f= 60 Hz.

— relay time: 8,33 ms;
— minimum opening time: 17 ms;

— minimum arcing time (interruption on the minor ‘loop of the intermediate asymmetrical
phase starting with a minor loop): 8 ms;

— specific tests parameters recorded during\J100a 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 and for the
first-pole-to-clear.

Table A.3 — Comparison of last major current loop parameters
for the first-pole-to-clear, case 1

Row Symmetrical Time Amplitude Duration of Product
current constant of the last the last "I xt"
rating major major
current loop | current loop
kA r.m.s. ms kApeak/% of ms/% of the As/% of the
the reference reference reference
case case case
1 63 45 124,7 10,5 1309
Reference case associated
with test values equal to the
rated values
2 50 80 106 1/85 1 14 1/105 7 1177/80Q
3 50 75 111,0/89,0 11,6/110,5 1 288/98,4
4 50 120 120,9/97,0 12,5/119,0 1511/115,5

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 r = 45 ms) had last current loop parameters equal to
100 % of the rated values as shown in the last three columns of row 1.
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a) Row 1 provides the reference values for a 63 kA rating with 7 = 45 ms as obtained during

b)

test duty T100a;

The 2nd row shows the requirements for a 50 kA rating with z = 60 ms. The current
amplitude is less than 90 % of the test current obtained at 63 kA. The current loop
duration is within the tolerance given. The product "I x " calculated from the last current
loop parameters is in accordance with the resulting tolerance derived from the criteria
defined in IEC 62271-100, thus assuring a satisfactory application;

d)

In row 3, the rating is still 50 kA but the time constant has been increased to /5 ms. As for
the second row, the current amplitude is slightly less than 90 % of the test current
obtained at 63 kA. The current loop duration is within the tolerance given. The product//fx
" calculated from the last current loop parameters is in accordance with the resulting
tolerance derived from the criteria defined in IEC 62271-100, thus assuring a satisfactory
application;

In row 4, the rating is still 50 kA but the time constant has been furtherjincreased to
120 ms. Both current amplitude and current loop duration are with-the tolerances
prescribed by IEC 62271-100. The product "I x " calculated from thé |last current loop
parameters is in accordance with the resulting tolerance derived fromCthe criteria defined
in IEC 62271-100, thus assuring a satisfactory application.

The equivalence shown before should be carefully studied with the actual waveshape of the
last current loop parameters used during tests for the demonstration of the reference rating
(63 kA and =45 ms). In accordance with IEC 62271-100 andEC 62271-101 (in the case of
synthetic testing), it is permissible to have the amplitudeand the duration of the last current
loop reduced by 10 % from the rated values. In such acase, the last current loop parameters
for the first-pole-to-clear as shown in Table A.4 are obtained.

Table A.4 — Comparison of last major current loop parameters
for the first-pole-to-clear, 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 "I xt"
rating major major
current loop | current loop
kA'r.m.s. ms kApeak/% of ms/% of the As/% of the
the reference reference reference
case case case
1 63 45 112,2 @ 9,5b 1 066

Reference case associated
with test values equal to the
rated values and minimum

tolerances

2 50 60 106,1/94,6 11,1/116,8 1178/110,5
3 50 75 111,0/98,9 11,6/122,1 1288/120,8
4 50 120 120,9/107,8 12,5/131,6 1511/141,8
5 40 120 96,7/86,2 12,5/131,6 1209/113,4

a

Last current loop amplitude equal to 90 % of the rated value as permitted by IEC 62271-100 and IEC 62271-

b

101.

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 r = 45 ms) had a last current loop parameters equal
to 90 % of the rated values.
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a) Row 1 provides the minimum permissible (90 %) reference values for a 63 kA rating with
=45 ms;

b) The 2"d row shows the requirements for a 50 kA rating with r = 60 ms. The current
amplitude is within the tolerance given. The current loop duration is more than 110 % of
the current loop duration obtained at 63 kA. The product "I x (" calculated from the last
current loop parameters is in accordance with the resulting tolerance derived from the
criteria defined in IEC 62271-100, thus assuring a satisfactory application;

c) The 3™ row shows the equivalence for a 50 kA rating with z = 75 ms. The current
amplitude is within the tolerance given. The current loop duration is more than 110 % of
the current loop duration obtained at 63 kA. The product "I x " calculated from the dast
current loop parameters is in accordance with the resulting tolerance derived from the
criteria defined in IEC 62271-100, thus assuring a satisfactory application;

d) As for the case shown in row 4, the rating is still 50 kA but the time constant-has been
increased to 120 ms. The current amplitude is still within the tolerance given). \The current
loop duration is significantly higher than 110 % of the current loop duration obtained at
63 kKA. The product "I x " calculated from the last current loop parameters exceeds the
resulting tolerance derived from the criteria defined in IEC 62271-100, thus the
interrupting capability cannot be assessed by the test done at 63 kA

e) The last row shows the requirements for a 40 kA rating with\ 7= 120 ms. The current
amplitude is lower than 90 % of the current obtained during/the test at 63 kA. The current
loop duration is more than 110 % of the current loop duration obtained at 63 kA. The
product "I x " calculated from the last current loop parameters is in accordance with the
resulting tolerance derived from 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 DC time
constants. From these examples, it has beefn shown that the one or two de-rating steps from
the R10 series may be needed to cover‘lower short-circuit currents with higher DC time
constants.

Finally, the comparison with thesast 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
DC time constant values. Some circuit-breaker technologies use the arc energy as the main
source of energy for current-interruption. 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 topl to evaluate the increase of the minimum arcing time due to the reduced
arc energy. If the minimum arcing times found during T10, T30 and T60 are not greater by
more than a “.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
minimym-arcing time will not be significantly longer than the reference case.

A.5:3 Case 2
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— Relay time: 10 ms;
— Minimum opening time: 22 ms;

— Minimum arcing time (interruption after on the minor loop of the intermediate asymmetrical
phase starting with a minor loop): 8 ms.

A comparison of the last loop parameters for the first-pole-to-clear is shown in Table A.5.
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Table A.5 — Comparison of last major current loop parameters
of the first-pole-to-clear, case 2
Row Symmetrical Time Amplitude Duration of Product
current constant of the last the last "I x "
rating major major
current loop | current loop
kA r.m.s. ms kA /% of ms/% of the As/% of the
tho i ronce | roforence toron
case case case
1 20 45 37,6 12,2 458,7
Reference case associated
with test values equal to the
rated values
2 16 60 32,6/86,7 12,9/105,7 420,5/91,7
3 16 75 34,2/90,9 13,4/109,8 458,3/99,9
4 16 120 37,6/100 14,6/119,7, 549,0/119,8
5 12,5 120 29,3/78,0 14,6/119,7 427,8/93,2

Particular points of Table A.5:

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 7 = 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.5.

a) Row 1 contains the reference values for 50~Hz, 20 kA rating;

b) In rows 2 to 5, it can be seen that a reduiction of one step in the R 10 series will cover all
cases for = 60 ms, 75 ms, 90 ms,.and 120 ms. For all these cases, the product "I x ¢"
calculated from the last current Aloop parameters is in accordance with the resulting
tolerance derived from the criteria-defined in IEC 62271-100, thus assuring a satisfactory
application.

As also mentioned for case 1y\the applicability of a reference case to other fault currents and
different DC time constants depends on the actual test parameters measured for the
reference case. As an\lextreme case, if we consider that the last major current loop
parameters during thexeference test were at the minimum tolerance stated by IEC 62271-100
and IEC 62271-101,~then the current loop parameters for the first-pole-to-clear of Table A.6
are obtained.
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Table A.6 — Comparison of last major current loop parameters
for the first-pole-to-clear, 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 "I x "
rating major major
current loop | current loop
KA TTIT S TS KA 1%6of TS5 ofte AS/ 70 O the
the reference reference reference
case case case

1 20 45 33,82 11,00 371.,8
Reference case associated
with test values equal to the
rated values and minimum
tolerances
2 16 60 32,6/96,2 12,9/117,3 420,5/113,1
3 16 75 34,2/100,9 13,4/121,8 458,3/123,3
4 16 120 37,6/110,9 146/432,7 549,0/147,6
5 12,5 120 29,3/86,4 14,6/132,7 427,8/115,1

[

Last current loop amplitude equal to 90 % of the rated value as permitted\by/IEC 62271-100 and IEC 62271-
101.

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.6:

It should be noted that the conclusions given below are only valid if the test performed to
validate the reference rating (20 kA and ¢.= 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"d row shows the requirements for a 16 kA rating with 7 = 60 ms. The product "I x "
calculated from the last’ current loop parameters is in accordance with the resulting
tolerance derived from-the criteria defined in IEC 62271-100, thus assuring a satisfactory
application;

c) The 3r and the 4th rows show the equivalence for a 16 kA rating with = 75 ms and
120 ms. Eorthese cases, the "I x ¢ products calculated from the last current loop
parameters-exceed the resulting tolerance derived from the criteria defined in IEC 62271-
100, andthe reference rating does not demonstrate the performance of the circuit-breaker
for these specific cases;

d) The last row shows the requirements for a 12,5 kA rating with 7 =120 ms. The product "I x
t" calculated from the last current loop parameters is in accordance with the resulting

tolerance derived from the criteria defined in IEC 62271-100, thus assuring a satisfactory
npplirafinn

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 DC 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 DC time constants.
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A.5.4 Case 3

The examples given in A.5.2 and A.5.3 were based on single-phase tests or for the
first-pole-to-clear loop parameters during three-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.

For the first valid operation, the interruption occurs on phase A for which the asymmetry
criteria is met.

1st valid operation; © =45 ms
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Figure A.3 — First valid operation ifi case of three-phase test (7 = 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 proecedure 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
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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:

Srd-vatidoperation, T =451s
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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 timé€ yepresents 46 % of the major loop duration.

The fact that this type of circuit-breaker. ‘exhibiting very short minimum arcing time does not
see the full major and extended majordoop, this raises the question if the "I x " method is still
valid for such circuit-breakers. For.the case shown before, the arc energy for the interruption
on the major current loop will benot 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 enéergy will be seen by the circuit-breaker.

Similar calculations have been done with a DC 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).

Becatse 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 ¢" product) for
ciréuit-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 last loop
parameters e.g. last loop current amplitude and last loop current duration. The resultant arc
energy of the last current loop prior to interruption can be calculated by multiplying the loop
amplitude by the loop duration to obtain a representative loop area ("I x " product) for
comparison.

Table A.7 gives the results of the relative arc energy calculations for the different 60 Hz
currents and DC time constants for interruption at the end of a major loop.
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Table A.7 — 60 Hz comparison between the integral method
and the "I x " product method
Row Current Time Area of Peak Last Ixt Ratio: Ratio: Difference
rating constant the last of last loop area of | product | to integral
major major | duration major Ixt method
loop by loop 1 loop
the exact
integral
method
kA r.m.s. ms As kA ms As %
symmetrical
M (2) (3) (4) (5) (6) (7) (8) 9) (10)
1 63 45 805,8 124,7 10,55 1309 1 1 -
2 50 60 718,2 106,1 11,1 1177 0,89 0,90 1,01
3 50 75 777,8 111,0 11,6 1288 0,96 0,98 2,08
4 50 120 890,5 120,9 12,5 1511 1,10 15 4,55
5 40 120 712,4 96,7 12,5 1209 0,88 0,92 4,55
The ratio area of column (8) is derived from column 4 divided by 805,8 and the ratio anea’of column (9) from
division of column (7) by 1 309.

Similarly, Table A.8 gives the results of the relative arc energy calculation for the different
50 Hz currents and DC time constants for interruption at the“end of a major loop.

Table A.8 — 50 Hz comparison betweéen the integral method
and the "I x " product method

Row Current Time Area of Peak Last Ixt Ratio: Ratio: Difference
rating constant the last oflast loop area of | product | to integral
major major | duration major Ixt method
loop by loop I loop
the exact
integral
method
kA r.m.s. ms As kA ms As %
symmetrical
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
1 63 45 893,2 118,5 12,2 1446 1 1
2 50 60 802,0 101,8 12,9 1313 0,90 0,91 1,11
3 50 75 875,2 106,8 13,4 1431 0,98 0,99 1,02
4 50 120 1019,2 117,4 14,6 1714 1,14 1,19 4,38
5 40 120 815,3 93,9 14,6 1371 0,91 0,95 4,40

The ratiotarea of column (8) is derived from column 4 divided by 893,2 and the ratio area of column (9) from
divisiofief'column (7) by 1 446.

Particular points of Tables A.7 and A.8:

a) Row 1 is the reference case;

b) In rows 2 to 5, the "I x " method is compared to the exact integral method for determining
the relative arc energy of the last major current loop prior to interruption;

c) Rows 2 to 5 show that the relative difference between the two methods remains below
5 %.

With a difference of less than 5 % for a DC time constant variation from 45 ms to 120 ms, it is
shown that the "I x " method is fully adequate to extend test results for another current and
DC time 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
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arcing period but cannot be implemented in all test laboratories because of the different
capabilities of the measuring system used. Therefore, the "I x " method was proposed to
ease and speed up the result analysis after a test. "I x¢" is considered a reasonable
approximation of the energy in the last major loop.

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 should 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 DC
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 thevother two
phases will have significant reduced DC components and the ability of the circuif¢breaker to
interrupt these currents is not considered more difficult than those of all othef test duties
defined by IEC 62271-100.

This investigation supports the recommendation that if DC 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 DC 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 DC«ime 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 DC time constants for both 60 Hz apnd 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 fest current at 50 Hz to show equivalence to a test
current at 60 Hz. Since most such testsion high-voltage circuit-breakers will be done using
synthetic circuits, the di/d¢ can be adjusted to the correct value at the time of interruption. By
varying the amplitude of the current,-thé 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 tookfor the evaluation of different interrupting capabilities under
asymmetrical fault conditions.

IEC 62271-100 recognizes the problems associated with testing circuit-breakers with different
DC time constants. Itis-fundamental that the circuit-breaker sees the correct prospective di/d¢
and at the time of intetruption. As mentioned earlier, if synthetic tests are conducted, this can
be adjusted to the correct value. If direct tests are used, the current level is adjusted within
the prescribedytolerance to have the associated di/ds at the time of interruption. One
fundamental ¢onsideration that should be accounted for is the DC 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
cofrect 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 DC time constants
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Figure A.7 — Plot of 50 Hz currents with indicated DC time constants
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A.7 Current and TRV waveshape 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 IEC 62271-100:2008 in an actual test. It is usual that
the DC time constant of the circuit-breaker is different than the DC 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.

A.7.2 Three-phase testing of a circuit-breaker with a DC time constant of the rated
short-circuit breaking current constant longer than the test circuit time

constant
Rated voltage of the circuit-breaker: 24 kV
First-pole-to-clear factor: 1,5
DC time constant of the rated short-circuit breaking current: 120.ms
Test circuit time constant: 60.ms
Minimum arcing time during T100s: 7,5 ms
Minimum opening time: 32,5 ms
DC component at contact separation: 70,2 %
Minimum clearing time: 50 ms
Frequency: 50 Hz

The time constant of the test circuit differs from)the DC 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 DC component of the‘test current.
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Table A.9 — Example showing the test parameters obtained during a three-phase test
when the DC time constant of the test circuit is shorter than the DC time constant
of the rated short-circuit current

- 157 -

Parameters Requirements Test data when using pre-tripping Deviation
(calculated values) and controlled closing methods between

required

values and

test values

%

Major loop with Last-poles-to- Major loop with Last-poles-to-
first clearing pole clear first clearing pole clear
major/minor loop 2 major/minor loop @
DC component at 62,1 50,1 +19,3
current
interruption (%)
di/d¢ at current 80,0 89,2 +11,5
interruption (%)
Peak of the last 1,56 1,28/0,75 1,56 1(4870,95 0
current loop (p.u.) +15,6/26,6°
Duration of the 13,8 12,7/7,45 13,8 14,1/8,8 0
last current loop +11/+17,8 b
(ms)
At (ms) © 3,3 4,0 +21
Ixt(p.u. ms) 21,53 21,53 0

@ Values calculated for a non-effectively earthed neutral system using a network calculation program (see
NOTE 2).

Last-poles-to-clear.

At is the time interval between the first-pole-to-clearsand the last-poles-to-clear.

Result: It is possible to fulfil the requirements by using the pre-tripping and controlled closing
options. In this particular case, the\current initiation has been delayed by 2 cycles and the
making angle has been moved®from 0° to 22,5°. The TRV and di/d¢z values will be
approximately 12 % higher than’required. The arcing time for the last clearing poles will be
slightly longer than the required one. The test data cover the required values. Tighter
tolerances on the di/dt and*on the TRV peak may be achieved by lowering test current and/or
the TRV amplitude factén. The results are illustrated in Figure A.8.
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NOTE Owing to the shorter time constant of the test circuit, the short-circuit current is initiated later (pre-tripping

method and to choose the closing angle in a way to achieve the required DC component at current zero (controlled
closing).

Figure A.8)— Three-phase testing of a circuit-breaker with a DC time constant of the
rated short-circuit breaking current longer than the test circuit time constant

As.seen in Table A.9, 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

s TormTat because the vatueassigned by the mmamufacturer isbasedomthespecified D €time
constant of the rated short-circuit breaking current of 120 ms, it does not take into account the

arcing time and the DC time constant of the test circuit. The test parameters to be fulfilled are
those described for the last current loop.

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.
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