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Abstract: Guidance for the application of ac high-voltage circuit breakers for shunt reactor
switching is provided. Overvoltage generation for the three cases of shunt reactors being directly
grounded, ungrounded, or grounded through a neutral reactor is addressed in terms of derivation
and limitation methods. Circuit breaker specification for the purpose and the use of laboratory test
results to predict field performance is also covered by this guide.
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Important Notices and Disclaimers Concerning IEEE Standards Documents

IEEE documents are made available for use subject to important notices and legal disclaimers. These
notices and disclaimers, or a reference to this page, appear in all standards and may be found under the
heading “Important Notices and Disclaimers Concerning IEEE Standards Documents.” They can also be
obtained on request from IEEE or viewed at http://standards.ieee.org/[PR/disclaimers.html.

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

IEEE Standards documents (standards, recommended practices, and guides), both full-use and trial-use, are
developed within IEEE Societies and the Standards Coordinating Committees of the IEEE Standards
Association (“IEEE-SA”) Standards Board. IEEE (“the Institute”) develops its standards through a
consensus development process, approved by the American National Standards Institute (“ANSI”), which
brings together volunteers representing varied viewpoints and interests to achieve the final product. IEEE
Standards are documents developed through scientific, academic, and industry-based technical working
groups. Volunteers in IEEE working groups are not necessarily members of the Institute 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 Standards do not guarantee or ensure safety, security, health, or environmental protection, or ensure
against interference with or from other devices or networks. 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.

IEEE does not warrant or represent the accuracy or content of the material contained in its standards, and
expressly disclaims all warranties (express, implied and statutory) not included in this or any other
document relating to the standard, including, but not limited to, the warranties of: merchantability; fitness
for a particular purpose; non-infringement; and quality, accuracy, effectiveness, currency, or completeness
of material. In addition, IEEE disclaims any and all conditions relating to: results; and workmanlike effort.
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:
PROCUREMENT OF 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.
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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 should be considered the
approved IEEE standard.

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, or 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 his or her views should be considered the personal views of that individual rather than the
formal position of IEEE.

Comments on standards

Comments for revision of IEEE Standards documents are welcome from any interested party, regardless of
membership affiliation with IEEE. However, IEEE does not provide 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
Standards Coordinating Committees 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 revisions to an IEEE
standard is welcome to join the relevant [IEEE working group.

Comments on standards should be submitted to the following address:

Secretary, IEEE-SA Standards Board
445 Hoes Lane
Piscataway, NJ 08854 USA

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 imply 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

Copyrights

IEEE draft and approved standards are copyrighted by IEEE under U.S. 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
adoption by public authorities and private users, IEEE does not waive any rights in copyright to the
documents.
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Photocopies

Subject to payment of the appropriate fee, 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. 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. A current 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 ten years. When a document is more than ten
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 the IEEE Xplore at
http://ieeexplore.ieee.org/ or contact IEEE at the address listed previously. For more information about the
IEEE-SA or IEEE’s standards development process, visit the IEEE-SA Website at http://standards.ieee.org.

Errata

Errata, if any, for all IEEE standards can be accessed on the IEEE-SA Website at the following URL:
http://standards.ieee.org/findstds/errata/index.html. Users are encouraged to check this URL for errata
periodically.

Patents

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 http://standards.ieee.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.

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.
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Introduction

| This introduction is not part of IEEE Std C37.015-2017, IEEE Guide for the Application of Shunt Reactor Switching.

The following major changes were made to this guide compared to the 2009 version:

—  Clause 4 (limitation of overvoltages) has been compiled into a table (Table 1).

— A general derivation of the equations associated with shunt reactor switching is given in Annex A
(formerly Annex C). Other annexes have been renumbered accordingly.

— Figures have been added to Annex D (oscillation modes) to illustrate the components that take part
in the different oscillations.

— The calculation example given in Annex E to estimate the overvoltage levels based on laboratory
test results has been updated.

— Annex H (Overvoltage limitation by means of gapped surge arresters) was removed.

—  The list with “other informative documents” in Annex I (now Annex H) was removed.
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IEEE Guide for the Application of
Shunt Reactor Switching

1. Overview

1.1 Scope

This application guide applies to ac high-voltage (> 1000 V) circuit breakers rated for shunt reactor
switching. This application guide provides the theoretical background of shunt reactor switching and how
information obtained from test results should be used to predict overvoltages in the field, and gives
suggestions how to mitigate these overvoltages.

1.2 Purpose

This guide is intended for general use in the application of ac high-voltage circuit breakers for shunt reactor
current switching.

The current to be interrupted is generally less than 300 A rms; however, shunt reactor switching imposes a
unique and severe duty on the connected system and the circuit breaker. Successful interruption is the result
of a complex interaction between the circuit breaker and the circuit; this interaction can result in significant
overvoltages. The purpose of the guide is to describe, principally for the benefit of the user, the shunt
reactor switching duty, the overvoltages generated, and the control of those overvoltages. The guide further
details the specification of circuit breakers and procedures to predict field performance based on test data.

NOTE—Shunt reactors connected to the tertiary windings of transformers have typical currents in the order of some
thousand Amperes. !

2. General application conditions

2.1 Maximum voltage for application

The continuous operating voltage should not exceed the rated maximum voltage for the circuit breaker.

! Notes in text, tables, and figures of a standard are given for information only and do not contain requirements needed to implement
this standard
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2.2 Frequency

The rated power system frequency (fr) is 50 Hz or 60 Hz.

2.3 Shunt reactor load current

The capability of circuit breakers to interrupt inductive currents is generally not a concern. The circuit
breaker typically will interrupt the current at the first current zero after contact parting but may not be
immediately capable of withstanding the high magnitude recovery voltages that can then appear across the
contacts. This can result in a reignition followed by an additional loop of rated frequency current and
successful interruption. Refer to 2.5.

2.4 Interrupting time

The interrupting time of a circuit breaker is the interval between energization of the trip coil and the
interruption of the current in all poles on an opening operation. Refer to 2.3 and 5.11.

2.5 Transient overvoltages

An important consideration for application of circuit breakers for shunt reactor current switching is the
transient overvoltages generated following interruption of the current and by subsequent reignitions. Refer
to Clause 3.

2.6 Fault interrupting capability

Fault interrupting capability may not be required for all shunt reactor switching applications. If fault
interrupting capability is not a requirement, the short-time current rating of the circuit breaker should equal
the fault level applicable to the shunt reactor location.

2.7 Frequency of operation

Shunt reactors may be switched frequently, often daily, to control and compensate for changes in system
loading and configuration. In the selection of a circuit breaker for this duty, consideration should be given
to this matter (i.e., by specifying a circuit breaker with extended mechanical endurance). Experience
indicates that although the circuit breaker may have an extended mechanical endurance capability, overhaul
may be necessary after a few thousand operations.

3. Shunt reactor switching conditions

3.1 General

Circuit breakers have no difficulty interrupting shunt reactor currents. In fact, the current is forced to zero
prematurely, a phenomenon referred to as current chopping. The energy trapped in the load side
inductance
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and capacitance at the instant of chopping will oscillate between the inductance and the parallel
capacitance. The frequency of the oscillation is of the order of 1 kHz to 5 kHz at high voltages and up to
30 kHz for MV shunt reactors, and is determined by the natural frequency of the reactor load circuit (i.e.,
the reactor itself and all equipment connected between the circuit breaker and the reactor; refer to Annex C
and Annex D). The first peak of the oscillation has the same polarity as the system voltage at the time of
interruption. This overvoltage is referred to commonly as the suppression peak (or chopping) overvoltage.
The second peak of the oscillation has a polarity opposite to that of the system voltage at the time of
interruption, and that overvoltage is referred to as the recovery voltage peak overvoltage. The circuit
breaker typically will interrupt the current at the first current zero after contact parting but may not be
immediately capable of withstanding the recovery voltage that can then appear across the contacts. This can
result in a reignition followed by an additional loop of rated frequency current and successful interruption
or oscillation modes with higher frequency, which might be interrupted or not. Reignitions are associated
with reignition overvoltages the magnitude of which are dependent on both the characteristics of the
circuit-breaker and the circuit.

Three specific shunt reactor switching cases are considered in this guide. A general derivation of the case
of a reactor grounded through a neutral reactor is given in Annex A. Based on the general derivation, the
case of directly grounded reactors is treated in detail. The cases of ungrounded reactors and reactors
grounded through a neutral reactor are treated in terms of relating to or deviating from the directly
grounded reactor case.

Given that shunt reactor switching is interactive, the characteristics of the reactor and the circuit have to be
considered. Shunt reactor characteristics are discussed in Annex B, whereas applicable system and station
characteristics are discussed in Annex C.

Annex D discusses the oscillation modes associated with the current interruption and reignition process.

Annex E, complemented by Annex F, describes how laboratory test results can be used to calculate circuit
breaker performance and expected overvoltages in actual shunt reactor installations.

Annex G contains a list of the variables used in the document.

3.2 Directly grounded reactors

3.2.1 General

Figure 1 shows the voltages associated (suppression peak and reignition overvoltages) with the switching
of directly grounded reactors.
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0 voltage not significant
% Voltage across shunt reactor at instant of current interruption; arc ko = Vin
" voltage significant "N
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Va Suppression peak overvoltage to ground ky = Vo
0
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Vo Reignition overvoltage peak to ground ky = A
0
Vs Reignition overvoltage excursion peak-to-peak ks = A
0

Figure 1 —Chopping and reignition overvoltage phenomena

3.2.2 Suppression peak or chopping overvoltage

The equation for the suppression peak overvoltage with respect to ground ¥, expressed in p.u., k,, in p.u. is
obtained using Equation (A.16) setting the neutral shift factor K to 0, as expressed in Equation (1) as

follows:
2 C
ky = ki’ REAVA P & )
ZC(JQ CL
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where
k, is the suppression peak overvoltage in p.u.
k., is the voltage across the shunt reactor at the instant of current interruption in p.u.
N is the number of series connected breaking units of the circuit breaker
A is the chopping number of one breaking unit in A-F* (refer to Equation E.1)
10} is the angular rated power system frequency in rad/s, (o = 27f;, where f; is the rated frequency)
0 is the three-phase reactor rating in VA
C, is the capacitance in parallel with one breaking unit in F

C,  isthe load side capacitance in F

NOTE—Equation (1) does not consider neutral-to-ground capacitance. The load side oscillation in general is a single
frequency (see also Annex D).

Equation (1) can be applied to clearing on any pole. For ungrounded reactors or reactors grounded through
a neutral reactor, the equation applies only to the first-pole-to-clear. For these latter cases and considering
the second and third-pole-to-clear, there is either no or lower neutral shift; additionally the released
inductively stored energy at current chopping is lower. For these reasons, it can be assumed that the
chopping overvoltages are lower for the second and third poles to clear unless the chopping current level is
significantly higher than for the first-pole-to-clear.

For a given application (fixed Vo, L, and Cr), when Cs >>Ci, and C, is negligible, the overvoltage is
dependent on chopping current only. Equation (1) can then be rewritten as follows:

2
k=14 32N1Q @)
w

NOTE—Equation (1) and Equation (2) assume the chopping number approach, i.e., that the circuit breaker has a
chopping number. This approach does not apply to vacuum circuit breakers.

The chopping overvoltage is thus only dependent on the chopping number and the reactive power of the
reactor.

Equation (2) assumes that the arc voltage of the circuit breaker prior to current chopping is negligible in
comparison to Vo, which is generally the case for shunt reactor switching at a voltage of 52 kV and above.

Because the damping is usually small, the oscillation on the load side will result in a recovery voltage peak
overvoltage of nearly the same magnitude as the suppression peak overvoltage (i.e., kc = ka). The load side
oscillation will slowly decay in amplitude due to the damping.

The stress on the reactor due to current chopping is determined by the highest peak voltage to ground,
which is the suppression peak overvoltage at the frequency of the load side oscillation. Due to the
comparatively low frequency, the overvoltage is evenly distributed across the winding, which results in low
interturn voltages.

3.2.3 Recovery voltage across the circuit breaker
After interruption, the circuit breaker is stressed by the difference between the source side voltage and the

load side voltage. If no reignition occurs, the per unit crest value of this recovery voltage (k) is given by
Equation (3), which is derived from Equation (A.10), using K = 0 and assuming « = 1.

kg =1+ k, G)
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For testing purposes, this is the minimum recovery voltage that must be achieved in the test circuit. For
application purposes, this value should be compared with the withstand capability across the circuit breaker
as discussed in Annex E.

3.2.4 Reignition overvoltages

When a reignition occurs, the load side voltage rapidly tends toward the source side voltage but overshoots

producing a reignition overvoltage (refer to Figure 1). Figure 2 shows the maximum attainable overvoltages
without damping for a reignition at the recovery voltage peak.

max. 3 pu
/—W S
3

max. 1 pu

a) Negligible current chopping

T max. (ka +2) pu
kea
____.._-—--'-'- ——
A
max. ka pu
Y
b) High current chopping

Figure 2 —Maximum reignition overvoltages
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With damping considered, the maximum magnitude of the reignition overvoltage to ground (k, in p.u.) is
given by Equation (4) as follows:

ky =1+ B(1+k,) “4)
where

b is a damping factor whose value will not normally exceed 0.5
k, is defined in Equation (2)

The voltage breakdown at a reignition creates a steep voltage transient that is imposed on the reactor. The
front time varies from less than 1 ps to several ps. Because the voltage breakdown in the circuit breaker is
practically instantaneous, the steepness is solely determined by the frequency of the second parallel
oscillation circuit (refer to Annex D), which in turn is dependent on the system/station layout. This steep
transient may be unevenly distributed across the reactor winding, stressing the entrance turns in particular
with high interturn overvoltages. Reignition transients may also excite resonance in the reactor windings.

The peak-to-peak excursion voltage of the reignition transient (ks p.u.) is given by Equation (5) as follows:

ks = (1+ B)1+ k) (3)

It is important to note that the value of 4, applicable to Equation (4) and Equation (5) is that for the current
zero at which the reignition occurs.

NOTE—Equation (4) and Equation (5) also reflect a conservative approach, because Cs is assumed to dominate over
CL. If this is not the case, additional damping will occur due to the redistribution of charge between Cs, and Cr. With
reference to Figure 3, it can be shown that

_ CS
ky _1+ﬁ[—CS+CL (1+ka)J

and
— CS

give lower reignition overvoltage peak and excursion values than if Cs was considered dominant.
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Vo is the power frequency crest voltage across the shunt reactor at the instant of current interruption
"' is the supply-side capacitance voltage after charge redistribution at reignition
ka is the suppression peak overvoltage in p.u. of Vo
kp is the reignition overvoltage peak to ground in p.u. of Vo
ks is the reignition overvoltage excursion in p.u. of Vo

' G [ S
Vo Ci+CL o

Figure 3 —Reignition at recovery voltage peak for a circuit with low supply-side
capacitance

3.2.5 Related phenomena

Many phenomena are related to shunt reactor switching, which may impact the success of the current
interruption and should be recognized. These phenomena include oscillation modes, high-frequency current

interruption, energizing transients, and voltage escalation.

3.2.5.1 Oscillation modes

A number of different oscillation modes occur during the interruption and reignition process. These voltage

and associated current modes are discussed in Annex D.
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