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Abstract: Guidance for the application of ac high-voltage circuit breakers switching capacitive
currents is provided. The general theory of capacitive current switching and the notions of
restrike, reignition, and nonsustained disruptive discharge (NSDD) are addressed in the
application guide. Voltage factors used for single-phase testing as a substitute for three-phase
testing are explained. The application of circuit breakers for different network conditions and
different capacitive loads (capacitor banks, cables, transmission lines, and filter banks) is
discussed.

Keywords: application, capacitive current switching, high-voltage circuit breakers,
IEEE C37.012™, inrush current, nonsustained disruptive discharge, NSDD, overvoltages,
reignition, restrike
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Important Notices and Disclaimers Concerning IEEE Standards Documents

IEEE Standards documents are made available for use subject to important notices and legal disclaimers.
These notices and disclaimers, or a reference to this page (https://standards.ieee.org/ipr/disclaimers.html),
appear in all standards and may be found under the heading “Important Notices and Disclaimers
Concerning IEEE Standards Documents.”

Notice and Disclaimer of Liability Concerning the Use of IEEE Standards
Documents

IEEE Standards documents are developed within IEEE Societies and subcommittees of IEEE Standards
Association (IEEE SA) Board of Governors. IEEE develops its standards through an accredited consensus
development process, which brings together volunteers representing varied viewpoints and interests to
achieve the final product. IEEE Standards are documents developed by volunteers with scientific,
academic, and industry-based expertise in technical working groups. Volunteers are not necessarily
members of IEEE or IEEE SA and participate without compensation from IEEE. While IEEE administers
the process and establishes rules to promote fairness in the consensus development process, IEEE does not
independently evaluate, test, or verify the accuracy of any of the information or the soundness of any
judgments contained in its standards.

IEEE makes no warranties or representations concerning its standards, and expressly disclaims all
warranties, express or implied, concerning this standard, including but not limited to the warranties of
merchantability, fitness for a particular purpose and non-infringement. In addition, IEEE does not warrant
or represent that the use of the material contained in its standards is free from patent infringement. IEEE
standards documents are supplied “AS IS” and “WITH ALL FAULTS.”

Use of an IEEE standard is wholly voluntary. The existence of an IEEE Standard does not imply that there
are no other ways to produce, test, measure, purchase, market, or provide other goods and services related
to the scope of the IEEE standard. Furthermore, the viewpoint expressed at the time a standard is approved
and issued is subject to change brought about through developments in the state of the art and comments
received from users of the standard.

In publishing and making its standards available, IEEE is not suggesting or rendering professional or other
services for, or on behalf of, any person or entity, nor is IEEE undertaking to perform any duty owed by
any other person or entity to another. Any person utilizing any IEEE Standards document, should rely upon
his or her own independent judgment in the exercise of reasonable care in any given circumstances or, as
appropriate, seek the advice of a competent professional in determining the appropriateness of a given
IEEE standard.

IN NO EVENT SHALL IEEE BE LIABLE FOR ANY DIRECT, INDIRECT, INCIDENTAL, SPECIAL,
EXEMPLARY, OR CONSEQUENTIAL DAMAGES (INCLUDING, BUT NOT LIMITED TO: THE
NEED TO PROCURE SUBSTITUTE GOODS OR SERVICES; LOSS OF USE, DATA, OR PROFITS;
OR BUSINESS INTERRUPTION) HOWEVER CAUSED AND ON ANY THEORY OF LIABILITY,
WHETHER IN CONTRACT, STRICT LIABILITY, OR TORT (INCLUDING NEGLIGENCE OR
OTHERWISE) ARISING IN ANY WAY OUT OF THE PUBLICATION, USE OF, OR RELIANCE
UPON ANY STANDARD, EVEN IF ADVISED OF THE POSSIBILITY OF SUCH DAMAGE AND
REGARDLESS OF WHETHER SUCH DAMAGE WAS FORESEEABLE.

Translations

The IEEE consensus development process involves the review of documents in English only. In the event
that an IEEE standard is translated, only the English version published by IEEE is the approved IEEE
standard.
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Official statements

A statement, written or oral, that is not processed in accordance with the IEEE SA Standards Board
Operations Manual shall not be considered or inferred to be the official position of IEEE or any of its
committees and shall not be considered to be, nor be relied upon as, a formal position of IEEE. At lectures,
symposia, seminars, or educational courses, an individual presenting information on IEEE standards shall
make it clear that the presenter’s views should be considered the personal views of that individual rather
than the formal position of IEEE, IEEE SA, the Standards Committee, or the Working Group. Statements
made by volunteers may not represent the formal position of their employer(s) or affiliation(s).

Comments on standards

Comments for revision of IEEE Standards documents are welcome from any interested party, regardless of
membership affiliation with IEEE or IEEE SA. However, IEEE does not provide interpretations,
consulting information, or advice pertaining to IEEE Standards documents.

Suggestions for changes in documents should be in the form of a proposed change of text, together with
appropriate supporting comments. Since IEEE standards represent a consensus of concerned interests, it is
important that any responses to comments and questions also receive the concurrence of a balance of
interests. For this reason, IEEE and the members of its Societies and subcommittees of the IEEE SA Board
of Governors are not able to provide an instant response to comments, or questions except in those cases
where the matter has previously been addressed. For the same reason, IEEE does not respond to
interpretation requests. Any person who would like to participate in evaluating comments or in revisions to
an IEEE standard is welcome to join the relevant IEEE working group. You can indicate interest in a
working group using the Interests tab in the Manage Profile & Interests area of the IEEE SA myProject
system.! An IEEE Account is needed to access the application.

Comments on standards should be submitted using the Contact Us form.>

Laws and regulations

Users of IEEE Standards documents should consult all applicable laws and regulations. Compliance with
the provisions of any IEEE Standards document does not constitute compliance to any applicable
regulatory requirements. Implementers of the standard are responsible for observing or referring to the
applicable regulatory requirements. IEEE does not, by the publication of its standards, intend to urge action
that is not in compliance with applicable laws, and these documents may not be construed as doing so.

Data privacy

Users of IEEE Standards documents should evaluate the standards for considerations of data privacy and
data ownership in the context of assessing and using the standards in compliance with applicable laws and
regulations.

Copyrights

IEEE draft and approved standards are copyrighted by IEEE under US and international copyright laws.
They are made available by IEEE and are adopted for a wide variety of both public and private uses. These
include both use, by reference, in laws and regulations, and use in private self-regulation, standardization,
and the promotion of engineering practices and methods. By making these documents available for use and

! Available at: https://development.standards.ieee.org/myproject-web/public/view.html#landing.
2 Available at: https://standards.ieee.org/content/ieee-standards/en/about/contact/index.html.
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adoption by public authorities and private users, neither IEEE nor its licensors waive any rights in
copyright to the documents.

Photocopies

Subject to payment of the appropriate licensing fees, IEEE will grant users a limited, non-exclusive license
to photocopy portions of any individual standard for company or organizational internal use or individual,
non-commercial use only. To arrange for payment of licensing fees, please contact Copyright Clearance
Center, Customer Service, 222 Rosewood Drive, Danvers, MA 01923 USA; +1 978 750 8400;
https://www.copyright.com/. Permission to photocopy portions of any individual standard for educational
classroom use can also be obtained through the Copyright Clearance Center.

Updating of IEEE Standards documents

Users of IEEE Standards documents should be aware that these documents may be superseded at any time
by the issuance of new editions or may be amended from time to time through the issuance of amendments,
corrigenda, or errata. An official IEEE document at any point in time consists of the current edition of the
document together with any amendments, corrigenda, or errata then in effect.

Every IEEE standard is subjected to review at least every 10 years. When a document is more than 10 years
old and has not undergone a revision process, it is reasonable to conclude that its contents, although still of
some value, do not wholly reflect the present state of the art. Users are cautioned to check to determine that
they have the latest edition of any IEEE standard.

In order to determine whether a given document is the current edition and whether it has been amended
through the issuance of amendments, corrigenda, or errata, visit IEEE Xplore or contact IEEE.? For more
information about the IEEE SA or IEEE’s standards development process, visit the IEEE SA Website.

Errata

Errata, if any, for all IEEE standards can be accessed on the IEEE SA Website.* Search for standard
number and year of approval to access the web page of the published standard. Errata links are located
under the Additional Resources Details section. Errata are also available in IEEE Xplore. Users are
encouraged to periodically check for errata.

Patents
IEEE Standards are developed in compliance with the IEEE SA Patent Policy.’

Attention is called to the possibility that implementation of this standard may require use of subject matter
covered by patent rights. By publication of this standard, no position is taken by the IEEE with respect to
the existence or validity of any patent rights in connection therewith. If a patent holder or patent applicant
has filed a statement of assurance via an Accepted Letter of Assurance, then the statement is listed on the
IEEE SA Website at https://standards.iece.org/about/sasb/patcom/patents.html. Letters of Assurance may
indicate whether the Submitter is willing or unwilling to grant licenses under patent rights without
compensation or under reasonable rates, with reasonable terms and conditions that are demonstrably free of
any unfair discrimination to applicants desiring to obtain such licenses.

3 Available at: https://ieeexplore.ieee.org/browse/standards/collection/ieee.
4 Available at: https:/standards.ieee.org/standard/index.html.

5 Available at: https://standards.ieee.org/about/sasb/patcom/materials.html.
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Essential Patent Claims may exist for which a Letter of Assurance has not been received. The IEEE is not
responsible for identifying Essential Patent Claims for which a license may be required, for conducting
inquiries into the legal validity or scope of Patents Claims, or determining whether any licensing terms or
conditions provided in connection with submission of a Letter of Assurance, if any, or in any licensing
agreements are reasonable or non-discriminatory. Users of this standard are expressly advised that
determination of the validity of any patent rights, and the risk of infringement of such rights, is entirely
their own responsibility. Further information may be obtained from the IEEE Standards Association.

IMPORTANT NOTICE

IEEE Standards do not guarantee or ensure safety, security, health, or environmental protection, or ensure
against interference with or from other devices or networks. IEEE Standards development activities
consider research and information presented to the standards development group in developing any safety
recommendations. Other information about safety practices, changes in technology or technology
implementation, or impact by peripheral systems also may be pertinent to safety considerations during
implementation of the standard. Implementers and users of IEEE Standards documents are responsible for
determining and complying with all appropriate safety, security, environmental, health, and interference
protection practices and all applicable laws and regulations.
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Introduction

This introduction is not part of IEEE Std C37.012™-2022, IEEE Guide for the Application of Capacitive Current
Switching for AC High-Voltage Circuit Breakers Above 1000 V.

This application guide is a revision of IEEE Std C37.012™-2014. This revision reflects the changes made
to the capacitive current switching requirements and test procedures stated in IEEE Std™ C37.04,
IEEE Std™ (C37.09, and IEEE Std™ (C37.100.2. Furthermore, the following significant changes were
made:

— The document was restructured to treat each case (capacitor bank, cable, and transmission line) in
one clause.

—  The basis for the calculation of inrush current was changed.

— Application limitations for allowable inrush current natural frequencies has been updated to agree
with IEEE Std™ C37.012a-2020.

—  Figures have been updated.

— Explanations for standard values and why certain tests are not mandatory have been moved to
Annex B.

The document has been revised to incorporate the changes made in IEEE Std C37.012a-2020.
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IEEE Std C37.012™-2022
(Revision of IEEE Std C37.012-2014)

IEEE Guide for the Application of
Capacitive Current Switching for AC
High-Voltage Circuit Breakers above
1000 V

1. Overview

1.1 Scope

This document revises the application guide for capacitive current switching for high-voltage circuit
breakers rated in accordance with IEEE Std C37.04™ and tested in accordance with IEEE Std
C37.100.2™.6 It supplements IEEE Std C37.010™. Circuit breakers rated and manufactured to meet other
standards should be applied in accordance with application procedures adapted to their specific ratings.

1.2 Purpose

This guide is intended for general use in the application of circuit breakers for capacitive current switching.
Familiarity with other US national standards applying to circuit breakers is assumed, and provisions of
those standards are indicated in this guide only when necessary for clarity in describing application
requirements.

1.3 Overview/roadmap
Annex C provides a high-level overview/roadmap of key elements of this guide, and also serves as an

application check list of topics to be understood and considered in applying circuit breakers to various
situations involving switching of capacitive currents.

1.4 Word usage

The word shall indicates mandatory requirements strictly to be followed in order to conform to the standard
and from which no deviation is permitted (shall equals is required to).”®

¢ Information on normative references can be found in Clause 2.

7 The use of the word must is deprecated and cannot be used when stating mandatory requirements; must is used only to describe
unavoidable situations.

8 The use of will is deprecated and cannot be used when stating mandatory requirements; will is only used in statements of fact.
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The word should indicates that among several possibilities one is recommended as particularly suitable,
without mentioning or excluding others; or that a certain course of action is preferred but not necessarily
required (should equals is recommended that).

The word may is used to indicate a course of action permissible within the limits of the standard (may
equals is permitted to).

The word can is used for statements of possibility and capability, whether material, physical, or causal (can
equals is able to).

2. Normative references

The following referenced documents are indispensable for the application of this document (i.e., they must
be understood and used, so each referenced document is cited in text and its relationship to this document is
explained). For dated references, only the edition cited applies. For undated references, the latest edition of
the referenced document (including any amendments or corrigenda) applies.

IEEE Std C37.04™_ [EEE Standard for Ratings and Requirements for AC High-Voltage Circuit Breakers
with Rated Maximum Voltage Above 1000 V.%!0

IEEE Std C37.09™, IEEE Standard Test Procedures for AC High-Voltage Circuit Breakers with Rated
Maximum Voltage Above 1000 V.

IEEE Std C37.010™, IEEE Application Guide for AC High-Voltage Circuit Breakers > 1000 Vac Rated on
a Symmetrical Current Basis.

IEEE Std C37.100.2™ IEEE Standard for Common Requirements for Testing of AC Capacitive Current
Switching Devices over 1000 V.

3. Definitions

For the purposes of this document, the following terms and definitions apply. The [EEE Standards
Dictionary Online should be consulted for terms not defined in this clause. !!

arcing time: The interval of time between the instant of the first initiation of the arc and the instant of final
arc extinction in all poles.

NOTE—For switching devices that embody switching resistors, a distinction should be made between the arcing time
up to the instant of the extinction of the main arc and the arcing time up to the instant of the breaking of the resistance
current. 2

back-to-back cable switching: Switching a cable in close enough electrical proximity to one or more other
energized cables or capacitor banks such that the contributions from these other sources are much higher
than from the normal power source.

back-to-back capacitor bank switching: Switching a capacitor bank in close enough electrical proximity
to one or more other energized capacitor banks and/or cables to influence the inrush current significantly.
Back-to-back inrush current magnitude is generally 20 times greater than the normal steady-state capacitor
bank current.

° IEEE publications are available from the Institute of Electrical and Electronics Engineers, http:/standards.ieee.org/.

10 The IEEE standards or products referred to in this clause are trademarks of the Institute of Electrical and Electronics Engineers, Inc.
"IEEE Standards Dictionary Online is available at: http:/dictionary.ieee.org. An IEEE Account is required for access to the
dictionary, and one can be created at no charge on the dictionary sign-in page.

12 Notes in text, tables, and figures are given for information only and do not contain requirements needed to implement the standard.
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belted three-phase cables: Cables consisting of three individual insulated cores covered by a metallic
sheath.

controlled closing: Operation of a switching device in such a manner that the contacts are closed at a
predetermined point on a reference voltage or current wave.

controlled switching: Operation of a switching device in such a manner that the contacts are closed or
opened at a predetermined point on a reference voltage or current wave.

current chopping: An interruption prior to the natural power frequency current zero of the circuit
connected to the circuit breaker.

current limiting reactors: A reactor connected in series with the phase conductors for limiting the current
that can flow in a circuit under short-circuit conditions or under other operating conditions, such as
capacitor switching, motor starting, synchronizing, arc stabilization, and so forth.

delayed current zero: When an oscillatory current wave fails to pass through zero magnitude at least once
during the oscillation.

delayed restrike: A restrike occurring at any instant after the peak recovery voltage.

effectively grounded: An expression that means grounded through a grounding connection of sufficiently
low impedance (inherent or intentionally added or both) that a ground fault that may occur cannot build up
voltages in excess of limits established for apparatus, circuits, or systems so grounded.

Ferranti effect: An increase in voltage occurring at the receiving end of a very long (> 200 km) ac electric
power transmission line, relative to the voltage at the sending end, when the load is very small or no load is
connected.

galvanic contact: An electric circuit connection made via a nonplasma or electrolytic means by intimate
touching of two solid electrical conductors.

initial TRV (ITRV): A component of the transient recovery voltage that appears in the very short time
immediately after current interruption. The ITRV is a result of traveling waves on the conductors adjacent
to the circuit-switching device.

inrush current integral (ICI): The absolute value of the inrush current integrated over the pre-arcing
duration.

interposed current transformer: Transformer that modifies the secondary current from an existing line
current transformer.

interrupting time: The interval of time between energization of the trip circuit and the instant of final arc
extinction on all poles of the primary arcing contacts.

noneffectively grounded: Grounded through a grounding connection of sufficient impedance (inherent or
intentionally added or both) that a ground fault that might occur results in voltages in excess of limits
established for apparatus, circuits, or systems as defined by an effectively grounded system.

outrush current: The transient discharge current that flows when an energized capacitor bank is initially
connected to an external short circuit.

preinsertion inductors: An inductor that is inserted in parallel with each set of circuit breaker contacts
during the closing stroke of the circuit breaker such that the inductor is connected in series with the
capacitor (or cable or line) during the initial stage of the closing operation (i.e., before main contact
closure) and then bypassed at the time of closing the main circuit breaker contacts.

preinsertion resistors: A resistor that is inserted in parallel with each set of circuit breaker contacts during
the closing stroke of the circuit breaker such that the resistor is connected in series with the capacitor (or
cable) during the initial stage of the closing operation (i.e., before main contact closure) and then bypassed
at the time of closing the main circuit breaker contacts.

recovery voltage: The voltage that occurs across the terminals of a pole of a circuit-interrupting device
upon interruption of current.
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reignition: A resumption of current after initial current interruption at zero electrical degrees before 90
electrical degrees after interruption.

restrike: A resumption of current flow after initial current interruption at zero electrical degrees at or after
90 electrical degrees.

screened three-phase cables: Multiple individually insulated and grounded metallic sheaths bound
together into a single ungrounded insulated cable.

single cable switching: Switching of a cable whose inrush current is limited by the inductance of the
source, buswork inductance, and its own capacitance.

single capacitor bank switching: Switching of a capacitor bank whose inrush current is limited by the
inductance of the source, buswork inductance, and its own capacitance. Other capacitor banks and cables
are not sufficiently coupled to the bank such that inrush current magnitude is less than 20 times the steady-
state capacitor bank current.

single cable switching: Switching of a cable whose inrush current is limited by the inductance of the
source, buswork inductance, and its own capacitance.

shock wave limited devices: Devices by which the effects of arcing current result in an interrupter
damaging shock wave.

transient limiting inductors: An inductor connected in series with the phase conductors for limiting the
transient inrush current during switching or transient outrush current to faults.

transient overvoltage factor: The ratio of the transient voltage appearing between a circuit breaker
disconnected terminal and the neutral of the disconnected capacitance during opening to the operating line-
to-neutral crest voltage prior to opening.

transient recovery voltage (TRV): The voltage transient that occurs across the terminals of a pole of a
switching device upon interruption of the current.

NOTE—TRYV is the difference between transient voltages to ground occurring on the terminals. The term transient
recovery voltage is usually designated as TRV, and may refer to inherent TRV, modified inherent TRV, or actual TRV
as defined elsewhere. In a multipole switching device, the term is usually applied to the voltage across the first pole to
interrupt. For switching devices having several interrupting units in series, the term may be applied to the voltage
across units or groups of units.

voltage step: The difference in power frequency crest voltage with the capacitive load on compared to the
crest voltage with the capacitive load off.

4. General

Capacitive currents are encountered in the following cases:

—  Switching of capacitor banks (Clause 6)

—  Switching of unloaded cables (Clause 7)

—  Switching of unloaded transmission lines (Clause 8)

—  Switching of filter banks
Interruption of capacitive currents is generally a light duty for a circuit breaker because the currents are
normally less than a few hundred amperes. There is, however, a probability that restrikes will occur.

Restrikes may lead to undesirable overvoltages or high-frequency transients affecting power quality in the
network. Restrikes may also cause damage to the breaking unit.
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Energization of capacitive loads is usually accompanied by transient voltages and currents. Those transients
are the following:

— Inrush currents
— Overvoltages caused by the system response to the voltage collapse when energizing capacitor
banks

— Overvoltages caused by traveling waves on transmission lines and cables

Product testing is designed to be representative of the service conditions up to the point of clearing,
reigniting, or restriking. Because the actual value of overvoltage and transient response is system
dependent, tests cannot accurately replicate these effects. By providing a means of assessing the likelihood
of restrike occurrence, users can determine what best suits their application. It is common for other
protection systems to be in place, such as a surge arrester application, to limit overvoltages from capacitor
switching as well as other events. In the case of unacceptable power quality for sensitive electronic
equipment, a separate study of actions relative to power quality on energization must also be made.

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

a)  Application (i.e., capacitor bank, cable or transmission line, or filter bank)

b) Power frequency of the network

c) Power system grounding arrangement

d) Neutral grounding of the capacitor bank (i.e., solidly grounded, ungrounded, or impedance
grounded)

e) Presence of single- or two-phase-to-ground faults

From the application, the restrike class of the circuit breaker can be determined (i.e., class CO, class C1, or
class C2). The power system grounding arrangement, neutral grounding of the capacitor bank, and the
presence of single and two phase-to-ground faults are important factors that determine the recovery voltage
across the circuit breaker. The recovery voltage across the circuit breaker determines the appropriate single-
phase test voltage factor, k., which should be selected for the circuit breaker.

An interesting result following capacitive current switching is the voltage step. A capacitive load causes a
voltage rise across a primarily inductive supply system. The rms voltage step is what planners use in sizing
capacitor banks. For distribution, a 5% voltage change is often the maximum acceptable. For
subtransmission, the voltage change limit is usually 2.5%, and for bulk power, 1% to 1.5%. Those are
steady-state rules. For a “single” capacitor bank, the voltage step is inversely proportional to the square of
the harmonic order of the natural inrush frequency. A 1% voltage step corresponds to a harmonic order of
10 (600 Hz at 60-Hz power frequency). A 4% voltage step corresponds to a fifth harmonic natural inrush
frequency. This is a useful relation to know. The magnitude of the voltage step is system and capacitive
load dependent.
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5. Capacitive current switching application considerations

5.1 General

The capacitive current switching capability of the circuit breaker depends on its rated voltage, rated
frequency, the particular application (transmission line, capacitor bank, etc.), and the power system
grounding arrangement.

Caution should be exercised when applying older circuit breakers that have not been tested to
IEEE Std C37.09 or IEEE Std C37.100.2.

5.2 Maximum voltage for application

The operating voltage should not exceed the rated maximum voltage since this is the upper limit for
operation.

5.3 Frequency

The rated frequency for circuit breakers is 50 Hz or 60 Hz. As described in 6.2.2, a rated frequency of
60 Hz results in a more severe stress on the circuit breaker after current interruption since the voltage peak
occurs earlier (at 8.3 ms) than in the case of 50 Hz (at 10 ms).

Special consideration should be given when comparing tests performed at 60 Hz to cover 50-Hz
requirements or vice versa. The switching capability demonstrated at 60 Hz covers the requirements for
50 Hz with the same voltage factor k.

5.4 Rated capacitive current

The preferred values of the rated capacitive switching current are given in IEEE Std C37.04. Not all actual
cases of capacitive current switching are covered by IEEE Std C37.04. The values for lines and cables
cover most cases of line and cable switching. The values of the current for capacitor banks (single and
back-to-back) are presented as a preferred value and three alternate values. These are intended to cover the
majority of in service values but cannot cover every case.

5.4.1 Transmission lines and cables

When very long lines and cables are considered, the unloaded current may exceed that given in IEEE Std
C37.04. The manufacturer should be consulted in such cases. Often currents up to the continuous current
rating of the circuit breaker are acceptable.

The following may serve as an example: The unloaded current of a 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
8.2), the charging current of a 500-km line would be 605 A at 50 Hz and 715 A at 60 Hz. The Ferranti
effect on the line would increase the charging current, which is not covered by IEEE Std C37.04.

A higher current does not pose a problem for circuit breakers of present design, but the possible higher
peak recovery voltage present on interruption could be a problem (see 8.3).

For altitudes exceeding 1000 m, the capacitive current does not have to be corrected, provided that it does
not exceed the corrected rated continuous current.

Documents

17
Copyright © 2023 IEEE. All rights reserved. Document Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 26,2026 at 11:30:51 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE C37.012-2022


http://www.avadocuments.com/doc/ieee-c37-012-2022
http://www.avadocuments.com/doc/ieee-c37-012-2022

IEEE C37.012™-2022
IEEE Guide for the Application of Capacitive Current Switching for AC High-Voltage Circuit Breakers above 1000 V

5.4.2 Capacitor and filter banks

The current is dependent on the size of the capacitor banks, and line lengths to the capacitors are often
short, so Ferranti effect is negligible. In certain cases, the capacitor bank considered may have a current
rating higher than that given in IEEE Std C37.04. Experience has shown that capacitive current is not a
limiting parameter for circuit breakers up to the continuous current rating.

5.5 Voltage and power system grounding arrangement

The recovery voltage of a harmonic filter bank may not follow a 1-cosine waveshape but may include
harmonic components. The recovery voltage may have a shape as indicated in Figure 1. This case needs to
be considered when making the proper choice of circuit breaker. The voltage waveshape as indicated in
Figure 1 might cause occasional reignitions that may be acceptable to obtain an economical solution. If
they are not acceptable, a circuit breaker of higher performance should be chosen, or controlled switching

may be applied.
1.5
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Figure 1—Example of the recovery voltage across a filter bank circuit breaker

In IEEE Std C37.09-2018, 4.10.7 gives the multiplication factors for single-phase tests for the different
conditions (see also Clause 9). They range from 1.0 for effectively grounded systems to 1.7 for ungrounded
systems in the presence of single or two phase-to-ground faults.

5.6 Restrike probability

As all circuit breakers have some restrike probability in service, it is not possible to define a restrike-free
circuit breaker. It is more logical to introduce the notion of a restrike classification associated with a
specific test procedure (see IEEE Std C37.04 and IEEE Std C37.100.2).
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The level of the restrike probability depends also on the service conditions (e.g., number of operations per
year, network condition, and maintenance policy of the user). Therefore, it is impossible to introduce a
common probability level related to service condition.

5.7 Restrike probability class of circuit breaker

Three classes of circuit breakers are defined for capacitive current switching in 5.8 of IEEE Std C37.04-
2018. They are as follows:

a) Class CO: Undetermined probability of restrike
b) Class Cl: Low probability of restrike
c¢) Class C2: Very low probability of restrike

The intent is for class C2 to have an order of magnitude lower probability of restrike than class Cl1.

The main differences between the design tests and criteria for the classes are given in 4.10.9.1 and 4.10.9.2
of IEEE Std C37.09-2018 as well as IEEE Std C37.100.2. Tests in accordance with class C2 are performed
on preconditioned contacts. Preconditioning consists of three interruptions with 60% of the rated short-
circuit current. The total number of tests for class C2 is greater than that of class C1. The number of tests
conducted near minimum arcing time are much higher for the C2 test program compared to the CI test
program.

It must be noted that the behavior of the circuit breaker during the transient discharge after the first restrike
during design test may be different than under real network conditions since the energies involved in a
laboratory test circuit will be different compared to the real network conditions. Because of this
shortcoming in the test conditions, although class CO requires that multiple restrikes not be observed, this
same result cannot be assured in real networks. The overvoltage protection on the capacitor bank used for
the type test may be different from the overvoltage protection in the network. This may result in different
voltage stresses to the test object. This may also influence possible damages within the interrupting unit.

It must be noted that selection by the user among classes C0, C1, and C2 depends on the following:

—  The service conditions
— The number of capacitive current switching operations expected per year
— The consequences of any restrike for:
= The network generally restrike overvoltages are a minor concern at distribution voltages
<38kV)
e  The circuit breaker (very difficult to evaluate in service)

Class CO may be acceptable where restrikes are not a concern (often for distribution line capacitors
<38kV).

Class Cl1 is often considered acceptable for circuit breakers with a voltage rating of 100 kV and below and
circuit breakers applied for infrequent switching of transmission lines and cables.

Class C2 is recommended for capacitor bank circuit breakers and those used on frequently switched
(i.e., more than 30 times per year) transmission lines and cables.
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5.8 Interrupting time

The interrupting time of a circuit breaker on capacitive current switching is the interval between the
energizing of the trip circuit at rated control voltage and the interruption of the main circuit in all poles on
an opening operation. For some circuit breakers, the time required for interruption of capacitive currents
may be greater than the rated interrupting time (e.g., oil circuit breakers). For circuit breakers equipped
with opening resistors, the interrupting time of the resistor current may be longer.

5.9 Transient overvoltages and overvoltage limitation

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 capacitance during opening to the operating line-
to-neutral crest voltage prior to opening.

The selection of the class (see 5.7) of circuit breaker to be applied should be coordinated with the insulation
capability of other components on the system.

5.9.1 Overvoltages

When switching capacitive currents, transients are generated. These transients are associated with the
restrikes that may occur when de-energizing a capacitive load and with the energization of capacitive loads.
These transients may cause the following:

— 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 (transient ground rise)

— Undesired tripping or damage to sensitive electronic equipment

The magnetic fields associated with high inrush currents during back-to-back switching in either the
unloaded transmission line conductors or the grounding grid during back-to-back switching can induce
voltages in control cables by both capacitive and electromagnetic coupling. These induced voltages can be
minimized by shielding the cables and using a radial configuration for circuits (i.e., circuits completely
contained within one cable so that inductive loops are not formed). Metal-oxide varistors may also be used
on control circuits to limit control circuit voltages.

5.9.1.1 Switching of capacitor banks

The switching of capacitor banks is associated with voltage and current transients (see Clause 6). As most
class C1 and C2 circuit breakers have a 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 other
equipment in the circuit as well as the circuit breaker. Wound-type current transformers will have turn-to-
turn insulation stressed because of the high rates of rise of current and the resulting voltage that is
developed across inductance in the circuit.
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5.9.1.1.1 Local effects

Local effects of the transients include the following:

— Voltage transients resulting in dielectric stresses on nearby equipment
— Electrical, mechanical, and electromechanical forces caused by the inrush current

— Transient ground potential rise of the grounding system caused by the inrush current

5.9.1.1.2 Remote effects

Remote effects of the transients included the following:

— Transfer of capacitively coupled fast transients through transformer windings
— Reflections of traveling wave transients on open-ended lines or transformer-terminated lines

— Excitation of near resonant portions of the power system by the oscillatory transient frequency

5.9.1.2 Switching of lines and cables

When energizing lines and cables, higher overvoltages may be created if the line or cable is 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.

5.9.2 Overvoltage limitation

There are several means available to reduce the overvoltages generated by the switching of capacitive
currents (see also IEEE Std C37.010):

—  Current limiting reactors or transient limiting inductors (TLIs) are sometimes used to reduce the
current transients associated with back-to-back switching. They do not limit the remote
overvoltages.

—  Preinsertion resistors limit the inrush current and remote overvoltages. They are a basic solution
widely used on transmission circuit breakers. They are usually fitted on circuit breakers and,
therefore, 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 10.5).

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

—  Point-on-wave controlled closing reduces the magnitude of the inrush current by closing the
contacts at a point when the voltage across the contacts is close to zero. Both overvoltages and
current transients can be reduced, remote and local. The controller used for this purpose adds to the
complexity of the equipment and can influence its availability.

—  Surge arresters limit the magnitude of the transient overvoltages to the arrester’s maximum
switching surge protective level at the surge arrester terminals.
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5.10 Inrush and outrush currents

Figure 2 and Figure 3 illustrate example network configurations resulting in inrush and outrush currents
and are discussed in more detail in the following paragraphs.

Inrush current is the transient charging current that flows when energizing capacitive loads or elements.
These transient charging currents stress the capacitive load switching device during a making operation.
Figure 2 shows a network configuration resulting in an inrush current where Circuit Breaker 5 is closed to
energize the capacitor behind Circuit Breaker 5 and the transient charging current from connected elements
behind all the other circuit breakers flow through the capacitive load switching device that energizes the
capacitor (i.e., Circuit Breaker 5). Outrush current is the transient discharge current that flows when
charged capacitive loads or elements are discharged as a result of the high-voltage capacitive element
terminal being connected to neutral or ground. Most often this is because of a fault occurring or a result of a
nearby station circuit breaker closing into an existing fault. The circuit breaker closing into the fault can be
in the same station as the capacitive element or, in more unusual circumstances, located in another nearby
station. The key point here is that the circuit breaker involved could be a station circuit breaker that may or
may not be intended for use in capacitive current making such as a general-purpose oil circuit breaker.
Figure 3 shows a network configuration resulting in an outrush current where Circuit Breaker 3 closes into
a fault and the transient discharge current from connected elements behind all the other circuit breakers
flows through the station circuit breaker that closed into the fault (i.e., Circuit Breaker 3).

>
4—
line circuit
1 breaker 2 3
4 5 6 7
N\ N
—
cable Capacitor
bank
transformer

Figure 2—lllustration of inrush current where Circuit Breaker 5 switches a capacitor

>
—
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1 breaker 2 3
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Capacitor
bank
transformer

Figure 3—lllustration of outrush current where Circuit Breaker 3 closes into a fault
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Subclause 10.2.2 speaks of total capacitive discharge into a short circuit. When a fault occurs, capacitive
elements will discharge into the fault, but when the circuit breaker between the capacitor bank and the fault
is fully closed, the circuit breaker is usually not in jeopardy. The switching device outrush current issue
occurs when a circuit breaker closes into a fault with significant charged capacitance behind it (e.g., a
reclose operation or a closing when safety grounds are left on by mistake). This can occur on circuit
breakers that are not intended to be used for capacitive current making. Oil circuit breakers in particular are
sensitive not just to the peak current magnitude of the outrush current but also to the di/dz. In such outrush
cases, it may be necessary to limit the magnitude and/or the di/d¢ of the outrush current, depending on the
capabilities of the circuit breaker which could potentially close into a fault (see also 10.2.2). These
requirements are reflected in past versions of circuit breaker standards. Nevertheless, if oil circuit breakers
are still present in the station, these factors and the limits in former versions of the standards should be
considered when developing new applications that may also involve older general-purpose circuit breakers.

It should also be stated that significant damaging outrush events are rare and in order to be serious,
particularly at system voltages below 100 kV, require that the involved fault be located quite near to the
station. The higher the system voltage, the further out from the station a fault could be and still result in a
damaging outrush current. Considering all of this, a risk analysis is an appropriate undertaking as part of a
design application development. Such analysis should also consider any requirements of the utility
regulator—which may demand that certain limits be satisfied, regardless of risk/probability requirements.

Transient limiting inductors (TLIs) can be used to limit outrush current di/df and magnitude and, therefore,
are often a good solution, but, of course, they are not without additional cost and potential complications,
such as increasing the transient recovery voltage (TRV) imposed on the circuit breaker. This too can be
solved with a capacitor-to-ground or capacitor-and-surge arrester across the TLI, but also with additional
cost. In summary, the limitations of oil circuit breakers, if present, need to be considered along with the
particular application risks and associated mitigation costs to arrive at a good engineering solution.

A risk analysis needs to be done to compare the rare likelihood of a damaging outrush current to the cost of
mitigation with TLIs. Consideration needs to be given to unintended consequences of having TLIs in the
circuit, which are as follows:

— There is increased voltage on the capacitors and possible shortened capacitor life.

— A shunt harmonic filter branch is being created, which may cause harmonic overload of the
capacitive load (particularly capacitor banks and long cables).

—  With a possible fault where the TLI is the majority of the fault impedance, a TLI can result in a fast

TRYV that gas circuit breakers may not be able to withstand.

These need to be considered in addition to the additional cost of installing TLIs.
6. Capacitor bank switching

6.1 General

Because the use of capacitor banks for compensation purposes is increasing, it is common that more than
one capacitor bank is connected to the same bus. This practice has no influence on the conditions at
interruption. The current at closing (i.e., inrush current), 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 4. The figure shows a single-line diagram of the case in which two capacitor
banks (C; and C,) are connected in back-to-back to a busbar. L; and L, represent the stray inductance (or
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stray inductance plus additional inductance added such as a TLI). The inductance L, of the source network
will often be several orders of magnitude higher than that of L, or L.

Bus L
—YYYY
CB; CB; CB; CB;
iy I Iy 2
u
L1 Lz @ L1 L2
C, C. C, C.
KEY:
u Source voltage i1, 2 Capacitive currents
Ly Source inductance Li,L2  Inductance between capacitor bank 1 and 2
and bus, respectively

CB: Circuit breaker Ci,C2  Capacitor bank 1 and 2
CB2 Circuit breaker, open for single capacitor bank

switching, closed for back-to-back capacitor
bank switching

Figure 4—General circuit for capacitor bank switching

Single capacitor bank switching occurs when C; is switched and C, is not connected in the circuit described
in Figure 4. The circuit, then, consists of the source inductance L in series with the capacitor bank C;. The

inductance L, can be disregarded here since the value of the source inductance Ls > L;.

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

6.2 De-energizing capacitor banks

The single-phase equivalent circuit for de-energization of a capacitor bank is shown in Figure 5, which is
derived from Figure 4 when C, is not connected.
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L, R e -
e
I
+
u. :: C,
KEY:

Ci Capacitive load (capacitor bank) ur, Load side voltage (rms value)
Cq Source side capacitance (stray capacitance) i Capacitive current (rms value)
u Source voltage (rms value) Lg Source inductance
usy,  Voltage across the circuit breaker (rms value) ug Voltage on source side of the circuit breaker (rms

value)

Figure 5—Single-phase equivalent circuit for capacitive current interruption
6.2.1 Capacitive current
The capacitive current i; flowing in the circuit is given by Equation (1):

o,C;xu  o,C Xu

i = = 1
' 1-@’LC, l_a)sz )
o
where:
G is the capacitance of capacitor bank C, (F)
o, =2rf, is the system frequency (rad/s), where f; is the system frequency in Hz
1 . . . o .
w, = —C =2rf, is the inrush current frequency during energization (rad/s), where f; is
Ls 1
the inrush current frequency in Hz (see also 6.3.2)
L, is the source inductance (H)
With @, > ,, Equation (1) transforms to i, = o,C, Xu .
6.2.2 Recovery voltage
Figure 6 shows the current and voltage shapes at interruption.
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Figure 6—Voltage and current shapes at capacitive current interruption

After interruption of the current, the source voltage u will be more or less unaffected. There is only a minor
decrease in amplitude (voltage step) associated with the disappearance of the capacitive load. The transition
to the new amplitude value is associated with a slight oscillation, the frequency of which is determined by
Lsand Cs.

From the moment the current is interrupted, the charge of the capacitor bank C; is trapped. The voltage ur
will, therefore, remain constant at the value it had at current zero (namely the peak value of the source
voltage). This results in a recovery voltage across the open gap of the circuit breaker with a frequency equal
to the power frequency of the source and a voltage peak no less than twice the peak value of the source
voltage. The voltage peak will occur earlier in a 60-Hz system versus a 50-Hz system; therefore, 60 Hz
presents a more severe condition.

The low current amplitude and the low initial rate-of-rise of the recovery voltage makes it extremely easy
for the circuit breaker to initially interrupt the current. Some circuit breakers may interrupt even if the
current zero would occur immediately after contact separation. In this case, the circuit breaker may then not
be able to withstand the high value of the recovery voltage across a relatively small contact gap, which
would result in dielectric breakdown and current would start to flow again.

Figure 7 shows current and voltage waveshapes in a case where voltage breakdown occurs relatively close
to the recovery voltage peak. The load side voltage recovers through an oscillation, the amplitude of which
ideally (without damping present) reaches three times the source voltage peak Up The oscillation frequency

of the current and voltage after the breakdown is determined by Ls and C; (assuming C; > Cs). The circuit
breaker may easily interrupt the transient current again at one of its current zeros, with the result that the
voltage across the capacitor may attain a new constant value, perhaps higher than before. Further
breakdowns associated with even higher overvoltages across the load may then occur (see also Figure 8).
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