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Abstract: The performance of transformers in the presence of oscillatory transients is addressed
in this guide. Oscillatory transients are typically produced by the interaction of the switching
device, transformer, load, and system. This guide describes operating conditions that may
produce oscillatory switching transient voltages damaging to the transformer insulation system. It
discusses the electrical characteristics of the source, switching device, transformer, load and the
nature of their transient interaction. It discusses several mitigation methods. Two generic
examples are included. This guide focuses on mechanical switching devices and does not
address semiconductor switching devices.
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transient
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IEEE Standards documents are developed within the IEEE Societies and the Standards Coordinating Committees of
the IEEE Standards Association (IEEE-SA) Standards Board. The IEEE develops its standards through a consensus
development process, approved by the American National Standards Institute, which brings together volunteers
representing varied viewpoints and interests to achieve the final product. Volunteers are not necessarily members of the
Institute and serve without compensation. While the IEEE administers the process and establishes rules to promote
fairness in the consensus development process, the 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.

Use of an IEEE Standard is wholly voluntary. The IEEE disclaims liability for any personal injury, property or other
damage, of any nature whatsoever, whether special, indirect, consequential, or compensatory, directly or indirectly
resulting from the publication, use of, or reliance upon this, or any other IEEE Standard document.

The IEEE does not warrant or represent the accuracy or content of the material contained herein, and expressly
disclaims any express or implied warranty, including any implied warranty of merchantability or fitness for a specific
purpose, or that the use of the material contained herein is free from patent infringement. IEEE Standards documents
are supplied “AS IS.”

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. Every IEEE Standard is subjected to review at least
every five years for revision or reaffirmation, or every ten years for stabilization. When a document is more than five
years old and has not been reaffirmed, or more than ten years old and has not been stabilized, 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 publishing and making this document available, the IEEE is not suggesting or rendering professional or other
services for, or on behalf of, any person or entity. Nor is the IEEE undertaking to perform any duty owed by any other
person or entity to another. Any person utilizing this, and any other IEEE Standards document, should rely upon his or
her 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.

Interpretations: Occasionally questions may arise regarding the meaning of portions of standards as they relate to
specific applications. When the need for interpretations is brought to the attention of IEEE, the Institute will initiate
action to prepare appropriate responses. Since IEEE Standards represent a consensus of concerned interests, it is
important to ensure that any interpretation has also received 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 interpretation requests except in those cases where the matter has previously received formal consideration.
A statement, written or oral, that is not processed in accordance with the IEEE-SA Standards Board Operations Manual
shall not be considered the official position of IEEE or any of its committees and shall not be considered to be, nor be
relied upon as, a formal interpretation of the 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, explanation, or interpretation of the IEEE.

Comments for revision of IEEE Standards are welcome from any interested party, regardless of membership affiliation
with IEEE. Suggestions for changes in documents should be in the form of a proposed change of text, together with
appropriate supporting comments. Recommendations to change the status of a stabilized standard should include a
rationale as to why a revision or withdrawal is required. Comments and recommendations on standards, and requests
for interpretations should be addressed to:

Secretary, IEEE-SA Standards Board
445 Hoes Lane

Piscataway, NJ 08854

USA

Authorization to photocopy portions of any individual standard for internal or personal use is granted by The Institute
of Electrical and Electronics Engineers, Inc., provided that the appropriate fee is paid to Copyright Clearance Center.
To arrange for payment of licensing fee, 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.
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Introduction

This introduction is not part of IEEE Std C57.142-2010, IEEE Guide to Describe the Occurrence and Mitigation of
Switching Transients Induced by Transformers, Switching Device, and System Interaction.

Recent attention has focused on the transient voltage interaction of a switching device, system
characteristics, and transformer due to a number of transformer internal winding failure reports. The
conditions causing the event are of considerable practical interest because the transformers that failed had
passed all standard induced, high potential, and impulse voltage tests required in transformer standards.
Additionally, these transformers were further protected with surge arresters. It has been understood for
some time that switching events can generate transient voltages on the terminals of the transformer. These
transients voltages can be damped, oscillatory, triangular, or exponential, and can occur as a combination of
these forms. Generally, these transient voltages are below the maximum arrester protective levels. Because
of this, it was felt that these wave forms could not produce any damage to the insulation structure of the
transformer. However, even with a much lower magnitude, these oscillatory switching voltages have the
potential to produce very large internal voltages if the oscillatory frequency is near one of the winding
natural frequencies. This situation can take place at any voltage but primarily occurs at 38 kV and below.
These facts were brought to the attention of the industry in a paper by Musil, et al., [B26].* The authors
suggest that the internal transformer insulation may well be overstressed when an oscillatory voltage is
applied at the winding terminal, even if the voltage magnitude is below the surge arrester’s protective level
or transformer terminal insulation level.

This situation was studied by the IEEE PES Switchgear Committee, and resulted in changes incorporated in
5.17.1 of IEEE Std C37.010™-1999, where readers were advised of the issue. The IEEE PES Transformers
Committee began studying this situation in 1996, and formed a Working Group on Switching Transients
Induced by Transformer/Switching Device Interaction in 1997, and started work on a guide under an
original project authorization request (PAR) approved by the IEEE-SA Standards Board in 2000. This
project expired in 2006, and a replacement project authorization (PAR) was approved by the IEEE-SA
Standards Board in 2007 under joint sponsorship by the Transformer Committee and the Switchgear
Committee. This Guide is the product of the work of this jointly sponsored Working Group.

Notice to users

Laws and regulations

Users of these documents should consult all applicable laws and regulations. Compliance with the
provisions of this standard 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

This document is copyrighted by the IEEE. It is made available 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 this
document available for use and adoption by public authorities and private users, the IEEE does not waive
any rights in copyright to this document.

* Information on in brackets can be found in Annex D.
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Updating of IEEE documents

Users of IEEE standards 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. 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 Standards Association web site at
http://ieeexplore.ieee.org/xpl/standards.jsp, or contact the IEEE at the address listed previously.

For more information about the IEEE Standards Association or the IEEE standards development process,
visit the IEEE-SA web site at http://standards.ieee.org.

Errata

Errata, if any, for this and all other standards can be accessed at the following URL:
http://standards.ieee.org/reading/ieee/updates/errata/index.html. Users are encouraged to check this URL
for errata periodically.

Interpretations

Current interpretations can be accessed at the following URL: http://standards.ieee.org/reading/ieee/interp/
index.html.

Patents

Attention is called to the possibility that implementation of this guide may require use of subject matter
covered by patent rights. By publication of this guide, no position is taken with respect to the existence or
validity of any patent rights in connection therewith. A patent holder or patent applicant has filed a
statement of assurance that it will grant licenses under these 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. Other Essential Patent Claims may exist for
which a statement 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 guide 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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IEEE Guide to Describe the Occurrence
and Mitigation of Switching Transients
Induced by Transformers, Switching
Device, and System Interaction

IMPORTANT NOTICE: This standard is not intended to ensure safety, security, health, or
environmental protection. Implementers of the standard are responsible for determining appropriate
safety, security, environmental, and health practices or regulatory requirements.

This IEEE document is made available for use subject to important notices and legal disclaimers.
These notices and disclaimers appear in all publications containing this document and may
be found under the heading “Important Notice” or “Important Notices and Disclaimers
Concerning IEEE Documents.” They can also be obtained on request from IEEE or viewed at
http://standards.ieee.org/IPR/disclaimers. html.

1. Overview

1.1 Scope

This guide addresses the application of transformers in the presence of oscillatory switching transients.
These oscillatory transients are typically produced by the interaction of the switching device, transformer,
load, and system. This guide defines operating conditions that may produce switching voltages damaging to
the transformer insulation system. It discusses the electrical characteristics of the system source, switching
device, transformer, and load and the nature of their transient interaction. It outlines several mitigation
methods. Two examples are included.

This guide recognizes that many devices and/or system operations can produce oscillatory transient
waveforms. The focus of this guide is on the interaction between a transformer, the system, and a switching
device as a result of several reports of transformer internal winding failures.

This guide focuses only on mechanical switching devices and does not cover semiconductor switching
devices.

Transformers that are inductively loaded (reactors, or stalled or accelerating motors) are not covered by this
document but are addressed by several other referenced publications.

| Documents

Copyright © 2011 IEEE. All rights reserved. Document Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 27,2026 at 12:05:07 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE C57.142-2010


http://standards.ieee.org/IPR/disclaimers.html�
http://www.avadocuments.com/doc/ieee-c57-142-2010
http://www.avadocuments.com/doc/ieee-c57-142-2010

IEEE Std C57.142-2010
IEEE Guide for to Describe the Occurrence and Mitigation of Switching Transients Induced by Transformers, Switching
Device, and System Interaction

1.2 Purpose

When a transformer is switched into or out of a system, the transient voltage produced at the terminals of
the transformer may contain several high frequency oscillatory components. When this oscillatory
transformer terminal voltage has a frequency component near one of the natural frequencies of the
transformer and is of sufficient magnitude and duration, permanent damage to the transformer internal
insulation structure may result.

The purpose of this guide is to provide aid in the recognition of conditions and applications where
transformers are subjected to terminal oscillatory switching transients that may produce internal winding
voltages damaging to their internal insulation structure. This is accomplished by developing necessary
expressions that characterize this interaction. This guide also characterizes the transformer, switching
device, system, and load during this type of event. Many of the parameters that influence this system are
presented, to assist the user in developing an understanding when a potential concern exists. Finally,
several mitigation methods are outlined.

2. Definitions

For the purposes of this document, the following terms and definitions apply. The [EEE Standards
Dictionary: Glossary of Terms & Definitions', 1EEE Std (C57.12.80™-2002 [B47]%, IEEE
Std C37.06™-2009 [B41] and IEEE Std C37.100™ [B46] should be consulted for terms not defined in this
clause.

2.1 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. Controlled operation applied on
multiphase circuits may require that closing or opening of the contacts of each pole be responsive to a
different reference.

2.2 current chopping: Abrupt chopping interruption in the circuit breaker away from the natural power
frequency current zero of the circuit connected to the circuit breaker.

NOTE—Current chopping may be originated by arc instability or by transients in the circuitry. The current
interruption can be incomplete due to post arc conductivity.

2.3 natural frequencies (electrical): The frequency or frequencies at which the circuit will oscillate if it is
free to do so. These are the frequencies of energy interchange between the capacitances and inductances of
a system. These frequencies are determined by the system of interest alone and are independent of the
event causing the transient.

2.4 power factor (load): The ratio of total watts to the total root-mean square (rms) voltamperes of the
load.

2.5 pre-insertion resistor: A pre-insertion resistor limits transients on closing by the momentary insertion
of a resistive device into the circuit before full energization of the load (capacitive) circuit. The resistor is
then shunted as the main contact closes. The resistor is typically in the circuit for about 5 ms to 15 ms
before the main contact closes. These resistors are designed to over-damp the circuit, preventing
oscillations, and allowing the capacitance to become charged at essentially line potential before the main
contacts of the switching device close.

2.6 rate of rise of the recovery voltage (RRRYV): The rate at which the voltage rises across the terminals
of a pole of a circuit-switching device upon interruption of the current.

! The IEEE Standards Dictionary: Glossary of Terms and Definitions is available at http://shop.ieee.org.
2 Information on in brackets can be found in Annex D.
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2.7 resonance (electrical): The enhancement of the response of a physical system to a periodic excitation
when the excitation frequency is equal to a natural frequency of the system. When a component is excited
with an oscillatory excitation and that excitation coincides with one of the natural frequencies of the
transformer, a condition of resonance is encountered.

2.8 reignition: A resumption of current between the contacts of a switching device during an opening
operation after an interval following zero current of less than or equal to % cycle at normal frequency.

2.9 restrike: A resumption of current between the contacts of a switching device during an opening
operation after an interval following zero current of greater than ' cycle at normal frequency.

2.10 snubber: An auxiliary device or assembly device composed of a combination of capacitors and
resistors used to reduce the magnitude and frequency of the transient transformer terminal voltage. A
snubber circuit may include a fuse for protection. In some applications it maybe useful add a non-linear
device such as a surge arrester to augement the performance of the snubber.

2.11 transformer terminal voltage: The voltage appearing between the excited terminal of the
transformer and ground.

2.12 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—See IEEE Standard C37.011™-2005 [B43].

3. System configurations of concern

Systems of concern are those with the switching device directly connected through a cable to one or two
transformers with the transformer unloaded, very lightly loaded, or feeding non-linear loads (e.g., UPS,
variable speed motor control, or rectification loads). See Figure 1.

Figure 1—An example circuit arrangement of concern
(Reprinted with permission from
S&C Electric Company)
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Systems with both long and short cables have shown the capability of producing transient voltages at the
transformers terminals containing high frequency oscillatory waveforms. When these oscillatory transient
transformer terminal voltages have frequency components near one or more of the transformer’s natural
frequencies, large internal over-voltages may result. Systems that are grounded, ungrounded, or grounded
through high impedance are all of concern since the high frequency phenomena is mainly influenced by the
stray capacitance to ground of the cables and not the source grounding.

Users of switching devices switching transformers that are inductively loaded (that is reactor loads, or
stalled or accelerating motors) or those operated on a frequent basis (daily or weekly) should strongly
consider transient mitigation means (see [B39], [B43]- [B45],and [B48]).

Winding failures have been reported with switching devices located on either the high or low voltage
terminals of the transformer.

Transformers that are more heavily loaded, especially with high power factor loads, and systems with very
large capacitive components (e.g., an extended system of cables and transformers) between the switching
device and transformer tend to produce low frequency or reduced oscillatory transformer terminal voltages
that tend not to produce high internal voltages.

Subclause 5.17.1 of IEEE Std C37.010™-1999 [B42] discusses a special consideration for switching
transformers noting that power systems, transformers, and circuit breakers form a dynamic system during
switching. On occasion, this interaction requires some method to mitigate the transient voltages containing
high frequencies.

3.1 Supply characteristics

The source and its transmission system can be represented as a network of inductances and capacitances.
Since the transient frequencies are significantly higher than the system power frequency, the dominant
system parameters are the surge impedance or the capacitance of the cables and lines. The short circuit
inductive impedance is not an important parameter. With most power systems, there is an extensive
network of cables or lines that determine the complexity of this network equivalent. A “stiff source” is one
with multiple cables or lines (high capacitance) that reduce the source surge impedance and disperse the
switching transients. Any modeling of the supply needs to include the high frequency transients occurring
during switching device closing or opening. A single shunt capacitance to earth (representing the line or
cable capacitance) is not enough for proper transient modeling under these switching events. The effective
surge impedance of multiple supply cables needs to be modeled appropriately.

3.2 Circuit components between switching device and transformer

The connection of the switching device to the transformer can be quite varied but is generally a single line
or cable making the direct connection. The length of this connection can range from a few meters to several
hundred meters. The single connection components have a dominant frequency determined by the length of
the connection and the travel speed of the transient. In some cases, the resulting frequencies can exacerbate
the transformer resonance response. A switching device switching a system of cables, e.g. multiple
transformers connected with multiple lines or cables are not of concern because the system transients are
damped by complex interaction of the multiple transients.
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3.3 Load characteristics

3.3.1 Loads of concern

The loads of concern are mainly transformers that are unloaded, lightly loaded, and inductively loaded.
Non-linear loads (rectifier, variable speed motor drive, UPS system) may also be of concern depending
upon the impedance presented at the terminals at the transformers natural frequencies. If the transient
voltage produced by the system has a significant oscillatory component at a frequency near one of the
natural frequencies of the transformer, it may induce voltages within the winding structure that produce
stresses greater than the safe operating limit of the transformer’s insulation structure.

Switching of more inductively loaded transformers, for example, switching of stalled or accelerating
motors, or switching of arc furnace transformers, have been extensively studied and shown to be capable of
producing multiple oscillatory transients (see [B10], [B22], [B31], and [B37]). Transient mitigation means
should strongly be considered for these inductively loaded transformers. The scope of this guide does not
address these applications.

Because not every switching event may cause significant transients, a frequently switched transformer will
be more vulnerable than an infrequently switched unit. It should be recognized that even with some or all of
the above conditions present, the occurrence of an event that will produce the excessive voltages cannot be
predicted with certainty. Therefore, frequently switching transformers should be considered more likely to
produce conditions that will overstress the transformer.

Loads of concerns are those with the switching device directly connected to a transformer. Both long and
short cables between the switching device and the transformer have shown the capability of producing
transient voltages at the transformers terminals containing high frequency oscillatory waveforms.
Transformers that are grounded, ungrounded, or grounded through high impedance are all of concern since
the high frequency phenomena is mainly influenced by the stray capacitance to ground of the cable and the
transformer, not the transformer grounding.

Loads associated with winding failures have had the switching devices located on either the high or low
voltage transformer terminals. Switching operations on the load side of the transformer could also induce
failures on the primary side of the transformer.

3.3.2 Loads of less concern

Transformers that are more heavily loaded, especially with high power factor loads, may produce transient
voltages at the terminal of the transformer that may be of the appropriate frequency, but the transients are
reduced by substantial damping. Additionally, systems with relatively large capacitance between the
switching device and transformer (extended cable networks and multiple transformers) are generally not of
concern. In this situation, the capacitance will tend to lower the frequency of the transformer terminal
transient voltage and produce the same effect as a snubber capacitor.

NOTE— A cable, although acting as a capacitor that would lower the transient frequency, may have a traveling time
that will produce a traveling wave in close proximity to a resonant frequency.

4. Transformer characteristics

All transformers possess a frequency dependent impedance characteristic. Therefore, the relationship
between the voltage applied to the transformer terminals and the voltage developed within a transformer
winding is dependent upon the frequency content of the applied voltage wave and the specific impedance
characteristic of the transformer. Each unique transformer design has a corresponding unique impedance
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versus frequency characteristic. This section of the guide defines commonly encountered terms which are
used to describe these frequency sensitive response characteristics. Additionally, the relationship between
the voltage at the transformer terminal and within the transformer windings will be outlined [B6] — [BS],
[B17], [B18], [B29], [B36], and [B38].

4.1 Impedance versus frequency characteristics

The steady-state and transient behaviors of any transformer, for any applied voltage, are determined by the
location of the zeros (natural frequencies or eigenvalues) and poles of the impedance function and their
respective mode shapes (eigenvalues). The zeros of the terminal impedance function coincide with the
natural frequencies of the circuit, by definition. McNutt, et al., [B20] defines terminal resonance as having
a condition of terminal current maximum and a terminal impedance minimum. In a physical system, there
are a large number of resonances. Normally only the first three or four are of practical importance.
Terminal resonance also corresponds to series resonance (see Abetti and Maginniss [B3]-[B5]). Terminal
anti-resonance is defined as having a condition of terminal current minimum and a terminal impedance
maximum (see McNutt [B20]). This is also referred to as parallel resonance [B3]-[B5] and McNutt [B20]
defines internal resonance as an internal voltage maximum and internal anti-resonance as an internal
voltage minimum. There are a number of excellent texts and papers on the theory of resonant response of
electrical networks (see [B1], [B11], [B20], [B26], and [B27]. This discussion will not repeat this work but
will present only sufficient information to show the influence of resonance on the transient response of
windings. The mode shape of winding is the steady state voltage distribution within the winding when it is
excited at one of the natural frequencies (see [B1] and [B2]).

The natural frequencies and mode shapes of a winding can be determined by either measurements or
calculations. Annex B outlines the method for determining the natural frequencies and mode shapes by
computing the eigenvalues and eigenvectors of the system matrix, [A]. Other methods are outlined in the
references [B1] and [B2].

The natural frequencies and mode shapes of interest should be determined by recognizing specific winding
connections (tap arrangement), breaker pole configuration (contacts open or closed), and load impedance
versus frequency characteristic. Figure 2 presents a cross section of a single leg of a three phase
transformer that will be used to illustrate the issues. The low voltage is a helical wyes 13.8 kV/\3 rated at
110 kV BIL for both the X1 and X0 and the high voltage is a 115 kV continuous disk delta rated at 450 kV
BIL for both the H1 and H2 terminals. This transformer is rated at 11 MVA per phase and has a short
circuit impedance of 13.8%.
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