IEEE STANDARDS ASSOCIATION ¢ IEEE

IEEE Guide for the Application of
Tertiary and Stabilizing Windings
in Power Transformers

IEEE Power and Energy Society

Sponsored by the
Transformers Committee

IEEE IEEE Std C57.158™-2017
3 Park Avenue

New York, NY 10016-5997
USA

Documents

Document Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 26,2026 at 21:54:45 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE C57.158-2017


http://www.avadocuments.com/doc/ieee-c57-158-2017
http://www.avadocuments.com/doc/ieee-c57-158-2017

IEEE Std C57.158™-2017

IEEE Guide for the Application of
Tertiary and Stabilizing Windings
in Power Transformers

Sponsor

Transformers Committee
of the
IEEE Power and Energy Society

Approved 6 December 2017

IEEE-SA Standards Board

Documents
Document Sharing Hub

Authorized licensed use limited to: Tsinghua University. Downloaded on February 26,2026 at 21:54:45 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE C57.158-2017


http://www.avadocuments.com/doc/ieee-c57-158-2017
http://www.avadocuments.com/doc/ieee-c57-158-2017

Acknowledgments: The working group members wish to recognize the following individuals for
supporting this work: Stephen Anthony, Saurabh Ghosh, Roger Hayes, Dennis Marlow, Bipin
Patel, Vallamkonda Sankar, Jin Sim, and Steve L. Snyder.

Abstract: The application of tertiary and stabilizing windings in liquid-immersed power
transformers, as covered by IEEE Std C57.12.00™, as well as recommendations to evaluate the
need or convenience of having such windings, are addressed in this guide. The primary
application of this guide is for transformers and autotransformers with wye-wye-connected
windings, with or without a delta-connected tertiary or stabilizing winding. Tertiary windings in
conventional delta-wye and delta-delta—connected transformers are not addressed 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.
Volunteers 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 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.

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.
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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, 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.

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.
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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 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-SA Website 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 C57.158-2017, IEEE Guide for the Application of Tertiary and Stabilizing
Windings in Power Transformers.

In all mature industries, as for instance the electric power supply industry, there is always a knowledge that
is commonly applied, even though its fundamentals have not been summarized in a single, comprehensive
source. In most cases, impact of such “missing links” is very minor, and more important issues become
privileged for development into standards, as resources are naturally scarce.

This document deals with the subject of application of stabilizing windings in modern electric power
systems, where some issues with wye-wye-connected transformers emerging in the early days were solved
with practical sense by adding extra components in transformers, without an exact account of all real and
potential benefits.

Part of the fundamentals for those applications is a tacit, empirical knowledge, with arbitrary interpretations
of successful or unsuccessful events giving rise to a series of “rules,” from which very different versions
are implemented.

The purpose of this document is, first, to synthesize the fundamentals for contemporary application of a
technical solution, and second, to review and present to the industry a more organized set of application
rules and recommendations.

The IEEE working group that developed this application guide started working as a task force in 2009, and
originally developed a proposed new subclause 5.11.1.2 for IEEE Std C57.12.00™-2014. The purpose of
that specific subclause was to standardize interpretation for the power and/or thermal rating required for
stabilizing windings, also known as buried tertiaries.

In this document, a wider scope is offered, including power systems application concepts, zero-sequence
currents, nonlinear magnetization of ferromagnetic cores, a more repeatable and user-friendly definition for
the kVA rating of the stabilizing winding, some concepts to support correct application of short-circuit
withstand requirements, and many practical recommendations to improve specification, design, testing, and
application of stabilizing and tertiary windings.

An important driver for this work has been the view that our industry constantly faces new challenges that
not only require new solutions, but that frequently can be solved with just a better understanding about the
capabilities of existing elements. Trial and error is an expensive way to solve problems affecting an
industry, especially in one where structural components are expected to last from two to five decades.

Examples of new challenges for which proper assessment and solution might require a more
understandable definition of stabilizing winding capabilities are the impact of geomagnetic induced
currents on transmission transformers, and the potential development of transient or temporary operation of
transmission links with just two, instead of three, lines. Under such conditions, heavy circulating currents
can be produced in the stabilizing and tertiary windings. Economy, of course, is a permanent driver to
constantly question and better evaluate needs for “auxiliary” elements, and basic principles of systems
reliability tend to favor the simpler solutions.
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IEEE Guide for the Application of
Tertiary and Stabilizing Windings
in Power Transformers

1. Overview

1.1 Scope

This guide addresses the application of tertiary and stabilizing windings in liquid-immersed power
transformers, as covered by IEEE Std C57.12.00, as well as recommendations to evaluate the need or
convenience of having such windings. The primary application of this guide is for transformers and
autotransformers with wye-wye-connected windings, with or without a delta-connected tertiary or
stabilizing winding. The guide does not address tertiary windings in conventional delta-wye, or delta-delta-
connected transformers.

1.2 Purpose

This guide provides users with a conceptual framework and recommendations for the specification,
application, and performance evaluation of tertiary and stabilizing windings.

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 C57.12.00™, IEEE Standard for General Requirements for Liquid-Immersed Distribution,
Power, and Regulating Transformers. "2

IEEE Std C57.12.70™, 1IEEE Standard for Standard Terminal Markings and Connections for Distribution
and Power Transformers.

! The IEEE standards or products referred to in Clause 2 are trademarks owned by the Institute of Electrical and Electronics Engineers,

Incorporated.
2 IEEE publications are available from the Institute of Electrical and Electronics Engineers (http:/standards.ieee.org/).
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IEEE Std C57.12.80™, IEEE Standard Terminology for Power and Distribution Transformers.

IEEE Std C57.12.90™-2010, IEEE Standard Test Code for Liquid-Immersed Distribution, Power, and
Regulating Transformers.

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.?

NOTE—The reference following the term indicates definitions that conform with other documents.*

common winding (of an autotransformer): That part of the autotransformer winding that is common to
both the primary and the secondary circuits (IEEE Std C57.12.80).°

continuous rating of a stabilizing winding: The continuous kilovolt-ampere power that the stabilizing
winding can carry under user-specified conditions of balanced and unbalanced loads at the main windings.

effectively grounded: An expression that means grounded through a grounding connection of sufficiently
low impedance (inherent or intentionally added, or both) that fault grounds that may occur cannot build up
voltages in excess of limits established for apparatus, circuits, or systems so grounded (IEEE Std
C57.12.80).

NOTE—An alternating-current system or portion thereof may be said to be effectively grounded when, for all points on
the system or specified portion thereof, the ratio of zero-sequence reactance to positive-sequence reactance is less than
three, and the ratio of zero-sequence resistance to positive-sequence reactance is less than one for any condition of
operation and for any amount of connected generator capacity.

grounded system: A system of conductors in which at least one conductor or point (usually the middle
wire or neutral point of transformer or generator windings) is intentionally grounded, either solidly or
through a current-limiting device (IEEE Std C57.12.80).

neutral: (A) The common point of a wye-connection in a polyphase system. (B) The point of a
symmetrical system that is normally at zero voltage (IEEE Std C57.12.80).

neutral instability: Condition in which the voltage from line terminals to the neutral terminal of a three-
phase electrical apparatus are not equal in magnitude for all three phases. When harmonic voltage
components are present, line-to-neutral voltages can all be equal in magnitude, but not comply with the

1.732 ratio, as compared to the line-to-line voltage.

neutral loading: The unbalanced operating condition of a three-phase system, in which the neutral must
carry part of the load current.

neutral shift: When the three line-to-ground voltages at a location are no longer equal.

primary substation power transformer: A three-phase, step-down power transformer that transfers
electric power from transmission and sub-transmission networks to primary distribution circuits.

primary winding (of a transformer): The winding on the energy input side (IEEE Std C57.12.80).

3 IEEE Standards Dictionary Online subscription is available at: http://dictionary.ieee.org.
4 Notes in text, tables, and figures are given for information only and do not contain requirements needed to implement the standard.
° The numbers in brackets correspond to those of the bibliography in Annex A.
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secondary winding (of a transformer): The winding on the energy output side (IEEE Std C57.12.80).

series winding (of an autotransformer): That portion of the autotransformer winding that is not common
to both the primary and the secondary circuits, but is connected in series between the input and output
circuits (IEEE Std C57.12.80).

stabilizing winding (SW): A delta-connected auxiliary winding used particularly in wye-connected three-
phase transformers. Terminals of a stabilizing winding are not brought out for connection to an external
circuit. However, one corner point of the delta can be brought out for grounding and field testing (IEEE Std
C57.12.80).

tertiary winding (TW): An additional winding in a transformer that can be connected to a synchronous
condenser, a reactor, an auxiliary circuit, etc. (IEEE Std C57.12.80).

thermal rating of a stabilizing winding: The kilovolt-ampere power that the stabilizing winding can carry
during the sudden transition from rated (balanced) steady-state load in the transformer’s main windings to a
user’s specified transient, unbalanced loading condition, together with specified maximum temperature
rise.

transformer bank: Three independent single-phase transformers interconnected at their line or neutral
terminals to form a three-phase bank. Except where specifically used, the term transformer and transformer
bank are interchangeable in the context of referring to the stabilizing winding.

unbalanced loading: A system operating condition in which the load connected to a symmetrical, three-
phase source does not demand the same current magnitude from each of the three phases. If the sum of the
three line currents equals zero, no neutral current flows.

wye connection: A method of connecting the windings of a polyphase transformer (or of each of the
windings for the same rated voltage of single-phase transformers associated in a polyphase bank) such that
one end of each of the windings is connected to a common point (the neutral point) and the other end to its
appropriate line terminal (IEEE Std C57.12.80).

zero-sequence impedance of a transformer: An impedance voltage measured between a set of primary
terminals and one or more sets of secondary terminals when a single-phase voltage source is applied
between the three primary terminals connected together and the primary neutral, with the secondary line
terminals shorted together and connected to their neutral (if one exists) (IEEE Std C57.12.80).

NOTE 1—For two-winding transformers, the other winding is short-circuited. For multiwinding transformers, several
tests are required, and the zero-sequence impedance characteristics are represented by an impedance network.

NOTE 2—In some transformers, the test must be made at a voltage lower than that required to circulate rated current to
avoid magnetic core saturation or to avoid excessive current in other windings.

NOTE 3—Zero-sequence impedances are usually expressed in per unit or percent on a suitable voltage and kVA base.

4. Introduction to stabilizing and tertiary windings

4.1 Wye-wye-connected transformers

Power transformers and autotransformers applied in electric power systems normally have two main
windings on each phase, namely the primary and secondary winding, for the case of transformers, or the
series and common winding, for the case of autotransformers. In the most general case, at least two sets of
three-phase terminals, indicated as Hi, H», H3, and Hy, for the highest voltage, and X, X», X3, and X, (or
HoXo) for the lowest voltage, are available at a three-phase transformer (IEEE Std C57.12.70).
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For transformers that work under bidirectional power flow, either main winding (H or X) can act as
primary or secondary. Multiwinding transformers can also have two primaries or two secondaries;
however, that application falls outside the scope of this document.

For the rest of this document, the term transformer will indistinctly indicate a two separate-winding
transformer or an autotransformer, unless specifically required.

For the case of wye-wye-connected transformers, either in the form of a three-phase transformer, or as a
transformer bank, a third, delta-connected fertiary winding may be required for the main purpose of
stabilizing the phase-to-neutral voltages under unstable condition. Unstable condition means that the line-
to-neutral voltages of the transformer become unsymmetrical with respect to neutral.

The phenomenon described in the foregoing paragraph is not necessarily coincident with the so-called
“neutral shift,” which can be seen when a wye-connected source, with high-impedance grounding in the
neutral, gets one of the three lines unintentionally grounded, raising the voltage to ground of the other two
“live” lines, but keeping the line-to-neutral voltages constant at the source (see Chapter 1 of IEEE Std
142™.-2007 [B17], Chapter 15 of Evans, et al. [B7], and Chapter 15 of Schlabbach and Rofalski [B35]).

Coming back to wye-wye-connected transformers, line-to-neutral voltages may become unstable when
unbalanced line-to-neutral loads are applied to the secondary, load side, and the primary neutral is not
directly connected to the neutral of the source (the most general case). Line-to-neutral voltages may also
become unstable when the third harmonics of the exciting current have a significant magnitude and cannot
flow through the primary or secondary windings, consequently inducing third-harmonic voltages in the
line-to-neutral voltages of primary and secondary sides of the transformer. A more detailed explanation of
these conditions is introduced in 5.1.

For three-phase transformers (as opposed to transformer banks), if the terminals of the delta-connected
winding are not brought out of the tank, this winding cannot be designated as a tertiary winding, in the
proper sense, as it cannot be loaded or tested as a three-phase device. That closed-loop winding array is
frequently designated as a buried tertiary, properly referred in this guide as a stabilizing winding, which
can only carry single-phase circulating currents, also known as zero-sequence, or homopolar currents, in
terms of power systems analysis techniques.

Line-to-ground faults on the primary or secondary side of the substation produce high transient circulating
currents in the stabilizing winding, especially if the neutral of the transformer is directly grounded, and
therefore this winding must be accordingly designed, from mechanical and thermal perspectives. If
continuous (more than a few tens of minutes) loading of the neutral is expected for any specific operating
conditions, the stabilizing winding shall have a kVA rating assigned for expected thermal duty in addition
to the short-circuit withstand capability. In this case, the stabilizing winding will be loaded in a similar
fashion as neutral grounding devices. Some system operation codes limit the amount of continuous load
current in neutral of transformers (see for an example Chapter 7 of Schlabbach and Rofalski [B35]).

As opposed to stabilizing windings, tertiary windings can be connected to external loads, and potentially
subjected to high three-phase or other fault currents at their terminals, which impose mechanical and
thermal stresses on these windings.

Single-phase transformers cannot have stabilizing windings, in terms of the foregoing definitions, because
the delta connection is always formed external to their individual tanks. However, it is important to realize
that every delta-connected tertiary winding in a transformer bank, or in three-phase transformers,
automatically performs as a stabilizing winding, just because of its closed-loop connection, besides other
functions that the winding might be required to perform, such as supplying three-phase load to local station
services.
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4.2 Application of stabilizing windings, from the perspective of power system
design and operation

Wye-wye-connected transformers are commonly applied in several voltage transformation stages in today’s
power systems (General Electric [B10]), mainly because of the following:

—  The simple phasing of their terminals (zero degree shift between primary and secondary voltages),
which makes it useful to interconnect transmission networks. Tap-changers do not shift
significantly the secondary voltages in relation to the primary voltages.

— The availability of a secondary neutral point for grounding, and for transient or temporary supply of
unbalanced loads on primary distribution and industrial system feeders.

—  The (vectorial) split of the line-to-line voltage over two series-connected phase windings, with one
end of the windings at a low potential to ground (exception made for ungrounded neutral
operation).

As previously stated, wye-wye-connected transformers can be loaded with continuous or transient
unbalanced loads. When those loads involve current flow through the neutral of the secondary side of the
transformer, the zero-sequence impedance at the secondary side of the transformer produces a zero-
sequence voltage drop, which shifts the three secondary terminals’ voltage to neutral. It will be more or less
severe, depending on the type of transformer. Consequently, the application of stabilizing windings could
be needed.

The operating conditions that require loading of the secondary neutral will be tolerable or not, either from
the system operation or from the transformer integrity, depending on the following:

a) The application of the transformer (transmission, primary distribution, industrial, secondary
distribution, other).

b) The duration of the neutral loading condition (continuous, for hours or minutes, or just a few
seconds).

¢) The magnitude of the zero-sequence impedance (which defines the magnitude of the neutral
voltage shift).

It is important to clarify that unbalanced loading between terminals of a wye-wye-connected transformer
that does not involve the neutral of the transformer will be handled with a non-relevant neutral shift.
Knowledge about the zero-sequence impedance of the system would be necessary only when there is a
neutral current on the load.

Effective grounding may be considered to resolve the neutral shift, as in most cases the neutral loading of
the secondary side is achieved through a neutral-to-ground current. If the secondary of the transformation
stage is effectively grounded, the line-to-ground voltage would be limited to under approximately 1.4 per
unit during line-to-ground faults for the non-faulted terminals (Dugan and Bartek [B5]). Effective
grounding not only implies low-impedance grounding of the transformer secondary neutral point, but also
low internal zero-sequence impedance, according to the definition given in Clause 3 of this guide.

A wye-wye-connected transformer, with the primary neutral disconnected from the primary source or
ground, automatically exhibits a high zero-sequence impedance at its secondary side. One exception to this
behavior is the case of the core-form, three-phase transformer with a three-legged core, because its
magnetic circuit is closed (low-reluctance path) for balanced three-phase voltages, but it is open-circuited
(high-reluctance path) for zero-sequence voltages (three equal voltages induced on each of the three legs).

In general, it is difficult to connect the neutral of the source to the primary neutral of the transformer
through a low-impedance path. Large, conventional rotary generators cannot be loaded at their neutral,
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hence one of the reasons a generator step-up transformer is always connected in delta. If the transformer is
far from its source, transmission lines exhibit significantly higher zero-sequence impedance per unit length
than the positive-sequence impedance. Besides that, undesired third harmonic currents can flow through the
primary neutral, producing some interference with communication lines and protective relay settings (see
5.1.4).

In applications where unbalanced loads exist, and the resulting zero-sequence currents cannot be supplied
by a wye-wye transformer, those currents can be supplied by an external source such as a grounding
transformer (zigzag or wye-delta—connected), which is specifically designed for the required thermal and
mechanical capability for both loading and fault conditions. In other specific instances, existing parallel
banks may provide a path for zero-sequence currents required by new banks.

A delta-connected winding in a wye-wye-connected transformer reduces the zero-sequence impedance up
to the level of the positive-sequence impedance of the bank. Depending on the location of the delta-
connected winding in relation to the other windings, the zero-sequence impedance of the transformer can
range from a level slightly smaller than the positive-sequence impedance to multiple times of that
impedance value.

4.3 Application of stabilizing windings from perspective of transformers
performance

As mentioned in previous paragraphs, a stabilizing winding is not the only means to improve zero-sequence
performance of wye-wye-connected transformers; three-legged, core-form three-phase transformers have
some inherent capability to sustain neutral loads, and external grounding transformers can also be
considered for mitigation. For the case of transformer banks, the tertiary acts as a stabilizing winding, but
may have other functions inherent to tertiary windings.

For three-phase transformers, stabilizing windings cancel the zero-sequence flux induced in the main
(wound) core legs, which may either come from the (very small) third harmonic of the magnetization
current, or which is produced by unbalanced loads that draw current from the neutral of the transformer.

If unbalanced loads at the secondary of a wye-wye-connected transformer do not require current flow
through the neutral of the transformer, there are no zero-sequence currents passing through the transformer
and there are no zero-sequence flux effects in its core. This can be the case for temporary or continuous
loading of most wye-wye transformers applied in today’s electric power systems. However, zero-sequence
currents will typically flow during short-circuit conditions, which normally last from tens of milliseconds to
a few seconds.

System designers make decisions on what type of grounding performance is required from the transformers
in their system, to control line-to-ground fault current magnitude and, concurrently, limit the transient line-
to-ground overvoltage. They must take into consideration either an economic and more reliable design for a
new system, or must try to match the parameters of an existing system. Transformer design considerations
should be considered in such decisions.

The key parameter to convey the foregoing described transformer characteristics to the system engineers is
the zero-sequence impedance, as related to the positive-sequence impedance of the transformer. The ratio
of those impedances defines the threshold between effectively grounded systems and ungrounded systems.

Wye-wye-connected three-phase transformers with a five-legged core or a shell-form core, or a transformer
bank without a delta-connected winding would naturally exhibit a high zero-sequence short-circuit
impedance, and therefore would not be able to supply significant line-to-neutral current, neither in short
circuit nor under transient unbalanced loading. If these transformers are part of a radial system, some other
device in the secondary system will be required to supply line-to-ground currents, or the system will need
to be intentionally designed for ungrounded operation.
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Three-phase transformers with a three-legged core, without a delta-connected winding, can supply high
line-to-ground short-circuit currents, or sustain continuous unbalanced loading at their neutral. This is
because of the high reluctance path to zero-sequence flux of their magnetic circuit that reduces its
magnitude of the zero-sequence impedance significantly. One caution to this application, however, is that
the remaining zero-sequence flux closes its path through the tank cover, walls, and bottom, and through the
core frames and cross bars, and it can produce severe overheating of these components. The overheating is
a result either of local eddy currents produced at magnetic flux entrance points, or from circulating currents
around the tank walls (Penabad-Duran, Alvarez-Marifio, Lopez-Fernandez, et al. [B29]) and on the frames,
as both structural components tend to behave as a short-circuited single-turn winding (also seen as a
“virtual tertiary”).

To manage hot spots, the frames of the core and coils assembly can either be electrically interconnected to
avoid local overheating of structural joints, or they can be isolated in such a way as to prevent building of
closed loops. The tank can be magnetically shielded from conducting zero-sequence circulating currents,
with no harmful effects.

An accurate estimation of zero-sequence impedance of three-legged core, three-phase transformers is
somehow difficult to achieve, as the reluctance of the three-dimensional flux path must be estimated from
the geometry of the core, coils, and tank. The magnetization part of the zero-sequence impedance network
has a magnitude of several times the magnitude of the short-circuit positive-sequence impedance of the
transformer. Therefore, the zero-sequence impedance, measured according to its definition in Clause 3, is
slightly lower than the positive short-circuit impedance of the transformer. With a stabilizing winding, the
zero-sequence impedance can be more accurately dimensioned, with values as low as the short-circuit
positive-sequence impedance, independent of the type of core, depending on location and size of the
windings.

Five-legged three-phase transformers, shell-form transformers, and transformer banks without stabilizing
windings behave all the same, exhibiting a very high (close in magnitude to open circuit) magnetization
zero-sequence impedance. All those transformers require external means to control the grounding of the
power system, even though those transformers can have a grounded secondary neutral in operation.

Table 1 provides a reference for zero-sequence impedance networks of three-phase transformer
connections.

5. Function of the stabilizing and tertiary windings

5.1 How stabilizing windings function

5.1.1 Disadvantages of the wye-wye connection

In a wye-wye connection, every phase is connected in series with another, between two line voltages. The
current on each phase depends on the currents of the other two phases and the current at the neutral point.
Under ideal conditions, balanced input voltages and load currents keep all phase currents adding up to zero,
with a 120-electrical degree shift between them. However, non-sinusoidal exciting currents and unbalanced
input voltages or load currents produce interaction between the phases, with a series of potential drawbacks
that require special considerations for application of the wye-wye connection in utility and industrial
systems.

The following is a list of the most common potential issues, and in the next paragraphs it will be shown
how the addition of a stabilizing winding helps to mitigate or correct them. The first two conditions take
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place in power frequency operation of the system, while the other two are related to third (and all triple)
harmonics phenomena.

— Instability of the neutral point voltages when supplying unbalanced, phase-to-neutral single-phase
loads.

— Lack of a path for zero-sequence currents due to increased zero-sequence impedance, produces a
small current contribution during line-to-ground faults.

—  Induction of telephone interference from third-harmonic currents and voltages.

— Induction of high third-harmonic voltages that may damage the transformer or other system
components.

5.1.2 Stabilization of the neutral point of the Y connection

Figure 1 shows line-to-line and line-to-neutral voltages in an unloaded wye-wye transformer bank built
with three single-phase units, with primary neutral disconnected from the neutral of the source. As shown
in part b) of Figure 1, the neutral voltage becomes unstable (neutral shifts from the symmetrical condition),
when the transformers have different magnetization characteristics (MIT Electrical Engineering Staff
[B27]). Figure 2 illustrates neutral instability for a wye-wye transformer bank, with neutral disconnected
from the source and with identical single-phase transformers on each branch, but with a single-phase line-
to-neutral load. The load on phase three is reflected to the primary as an impedance of a low magnitude, in
series with the high-magnitude magnetizing impedances of the other two phases, which creates a drastic
voltage drop on the loaded phase (MIT Electrical Engineering Staff [B27]).

An auxiliary delta-connected winding can be applied to stabilize voltages in wye-wye connections. One
way to interpret this effect is to say that the auxiliary winding mitigates the problem by providing a zero-
sequence path to carry the neutral current (Winders [B37]). Another, more “visual” explanation of this
effect is illustrated in Figure 3, where the delta winding acts as a “bridge” that “converts” line-to-neutral
currents at the secondary into line-to-line currents in the primary. In this case, the primary neutral is fully
disconnected from the source neutral, and the delta winding carries one-third of the secondary single-phase
ampere turns (Blume, et al. [B1]).

All windings in Figure 3 are represented in the same spatial orientation as the corresponding voltage
vectors, so that windings with the same orientation correspond to the same leg of a three-phase transformer,
or to the same phase of a three-phase bank. Currents represented in Figure 3 correspond in magnitude to
those of a transformer with the same number of turns in primary, secondary, and auxiliary windings; turns
ratios would be required to calculate actual current magnitudes in primary and delta auxiliary windings.

Figure 3 shows also that even though the auxiliary winding allows for isolation of neutral currents between
primary and secondary networks, there are still unbalanced currents flowing in the primary circuit, as the
auxiliary winding cannot balance line currents.
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Figure 1 —lllustration of neutral instability in an unloaded transformer bank wye-wye-
connected, with isolated primary neutral
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Figure 2 —Neutral instability for a wye-wye-connected bank, when the neutral is loaded
and the primary neutral is not directly connected to the source neutral

Load current ratios indicated in Figure 3 do not depend on the magnitude of impedances between windings
if the primary neutral remains isolated from the neutral of the source or, by grounded primary neutral, the
zero-sequence impedance of the system is larger than three times the positive-sequence impedance of the
system. If the primary neutral is connected to the source neutral, part of the stabilizing winding current will
now be taken by the primary neutral, in proportion to the inter-winding impedances.

In Figure 4, the effect of direct connection of the primary neutral with the neutral of the source is
illustrated. In this condition, any unbalanced phase loads at the secondary can be reflected as the
corresponding unbalanced primary phase currents by the primary neutral connection. The primary neutral
carries the vector sum of the three line loads. Each one of the three phases of the transformer behave
independently (i.e., “decoupled”) of the other two phases, with no need for an auxiliary stabilizing winding.
Phase (line-to-neutral) voltages remain balanced, even if the phase loads are not balanced at the secondary
side (MIT Electrical Engineering Staff [B27]). Each current on high-voltage (HV) side is directly
proportional to the corresponding current on the low-voltage (LV) side.

. Documents
Copyright © 2018 IEEE. All rights reserved. Document Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 26,2026 at 21:54:45 UTC from IEEE Xplore. Restrictions apply.
Full document details: IEEE C57.158-2017


http://www.avadocuments.com/doc/ieee-c57-158-2017
http://www.avadocuments.com/doc/ieee-c57-158-2017

IEEE Std C57.158-2017
IEEE Guide for the Application of Tertiary and Stabilizing Windings in Power Transformers

Figure 3 —lllustration of function of a delta winding in a wye-wye transformer subjected to
neutral loads
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Figure 4—Direct connection of primary neutral to source neutral

For the case of direct connection of primary neutral to source neutral (as in Figure 4), all secondary side
phase-to-neutral voltages remain balanced, independent of the degree of unbalance of the secondary loads.
Equation (1) represents the vector-sum of all three, secondary phase-to-neutral voltages. For the wye-wye
connection with a stabilizing winding (as in Figure 3), this is not fully achievable, as the stabilizing
winding leakage impedance (a zero-sequence impedance) builds up a neutral voltage shift, which is
expressed in Equation (2) (Blume, et al. [B1]).

Meewa =V + Vo + Vg = 0 D
1 0
VNeutral = E X IL xXZ (2)
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IL

x Z°

Percent neutral shift = [

XR

where

is the line-to-neutral voltage (in magnitude and angle) at phase 1 of the secondary of the

transformer

Vi, 1is the line-to-neutral voltage (in magnitude and angle) at phase 1 of the secondary of the
transformer

Vy, is the line-to-neutral voltage (in magnitude and angle) at phase 1 of the secondary of the

transformer
Vix 1 the rated phase-voltage of the LV side
eurar 1S the shift in neutral voltage at the secondary of the transformer, in volts
I is the single-phase loading, in amperes

Z° s the transformer’s zero-sequence impedance as measured from the secondary side, in ohms

5.1.3 Zero-sequence impedance and the zero-sequence current path

Classically, power transformer operation in steady state and at power frequency is analyzed by means of
equivalent circuits, which are represented in terms of basic electric circuit components (inductance and
resistance elements, and ideal transformers) covering the voltage transformer, exciting currents, core loss,
load loss, and voltage drop under load, as well as all their performance characteristics. The simplest
equivalent circuit corresponds to a single-phase, two-winding transformer, as shown in Figure 5.

Ry Xy Xx Rx
NH - NX
H1 X1
H2 o // < o X2
Magnetization \ Ideal
Branch Transformer

Figure 5—Single-phase equivalent circuit for a two-winding transformer

A three-phase power system connected to balanced source voltages and loads and built with symmetrical
branch elements as transmission lines and transformers can be fully analyzed by means of one, single-phase
equivalent electric circuit. Transformers are regularly seen as “symmetrical” elements, although they can
have slight differences among magnetization branches of the three phases, which for analysis of light-load
conditions requires engineering judgment to neglect or not neglect those effects.
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Figure 6—Equivalent circuit for a wye-wye-connected three-phase bank

When system operating conditions do not comply with requirements from the previous paragraph, a three-
phase loading analysis needs to be performed, making use of a three-phase equivalent circuit of the
transformer. From the single-phase equivalent circuit in Figure 5, a three-phase transformer bank can be
readily represented as three independent single-phase transformers interconnected at their terminals
according to the connections of the bank, as shown in Figure 6.

For a three-phase transformer, either shell form or five-legged core form, the representation of Figure 6 is
still applicable, as the three magnetic circuits are decoupled by action of the return legs, if those do not
saturate (which is true for most balanced and unbalanced operating conditions in steady state at power
frequency in power systems). However, for a three-legged core transformer, the magnetic coupling among
phases cannot be neglected, and the three-phase analysis (usually for an unbalanced load study, or for an
unsymmetrical fault current calculation) is required to be performed either with the addition of a coupled
magnetization branch (see Annex C), using circuit analysis techniques, or under the framework of the
symmetrical components (see Annex B).

In the symmetrical components method, the transformer is represented by means of its transformation
characteristics for three different, independent, and hypothetical electric systems: the positive-sequence
system, the negative-sequence system, and the zero-sequence system (briefly referred to as the +/—/0 or
1/2/0 sequence systems). For simple and efficient application of the symmetrical components method, the
transformer behavior is assumed to be cyclic symmetrical (equal short-circuit impedance and
transformation ratio for each phase). In most practical applications this is true, but, in some cases, as when
in a transformer bank of three single-phase transformers having different parameters (transformation ratios,
impedances), the symmetrical components method does not offer an advantage over a matrix representation
analysis (Bradwajn, et al. [B2]).

When the symmetrical components method is applicable, each sequence equivalent circuit is built
interconnecting the corresponding equivalent circuits of the different components in the electric system
under analysis (generators, transmission lines, cables, transformers, load elements). For transformers, the
positive and negative-sequence equivalent circuits are identical, and its parameters correspond to
transformer’s conventional balanced-operation parameters (transformation ratio, impedance, losses, and
excitation current).
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However, the zero-sequence equivalent circuit varies considerably according to the construction of the
transformer and whether there is a delta (either stabilizing or tertiary) winding. When no delta winding is
present, the zero-sequence magnetizing impedance of a wye winding can be very high, with the actual
value depending on the availability of a low-reluctance return path for the zero-sequence magnetic flux. For
the positive-sequence flux, the only flux present under balanced operating conditions in a three-phase
transformer, a return path in the core is not always necessary, as the sum of the three magnetic fluxes
cancels up to zero. Figure 7 shows the zero-sequence magnetic flux path for various types of three-phase
transformer cores.
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Figure 7—Zero-sequence flux path for different core construction of
three-phase transformers

In three-legged core designs without a delta, as in part a) of Figure 7, the path for return of the zero-
sequence flux is through the space between the transformer’s core and the tank. This flux creates a
circulating current in the tank walls (and on the core frames, if they build a galvanic-closed loop). The
magnetizing impedance for the zero-sequence equivalent circuit of such winding arrangements is likely to
be in the order of 0.5 per unit to 5 per unit, i.e., in order of 5 to 50 times the positive-sequence short-circuit
impedance between primary and secondary windings. In Figure 7 parts b) and c), a path for the zero-
sequence flux is available through the core return limbs, that path can however saturate under heavy zero-
sequence excitation of the core.

Table 1 shows the zero-sequence equivalent circuit for different transformer connections (see Table III of
Blume, et al. [B1], for a more comprehensive list of cases). For ungrounded wye connections, the zero-
sequence magnetizing impedance for the equivalent circuit of five-legged cores and three-phase banks of
single-phase units without a delta winding is just as high as the positive-sequence magnetizing impedance,
in the order of 200 per unit to 500 per unit (Heathcote [B14]). A wye-wye-connected transformer with a
delta winding has a zero-sequence short-circuit impedance in the order of 85% to 95% of the positive-
sequence short-circuit impedance, irrespective of the type of core construction of the transformer.

Another way to see the effect of the three-legged core is to consider it as if a high impedance virtual delta
winding were added to the three-phase transformer, the effect of which is present either if the transformer is
in a ferromagnetic tank or in a tank of nonmagnetic steel. The high-impedance virtual delta reduces the
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