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Abstract: The measurement of frequency response analysis (FRA) of oil-immersed power
transformers is applicable in this guide. It is intended to provide the user with the requirements and
specifications for instrumentation, procedures for performing the tests, techniques for analyzing the
data, and recommendations for long-term storage of the data and results.

Keywords: admittance, attenuation, Bode plot, deviation, frequency domain, FRA, frequency
response analysis, IEEE C57.149™ impedance, magnitude, phase angle, resonance, RLC
network, transfer function
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Important Notices and Disclaimers Concerning IEEE Standards Documents

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

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

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

IEEE makes no warranties or representations concerning its standards, and expressly disclaims all warranties,
express or implied, concerning all standards, including but not limited to the warranties of merchantability,
fitness for a particular purpose and non-infringement IEEE Standards documents do not guarantee safety,
security, health, or environmental protection, or compliance with law, or guarantee against interference with
or from other devices or networks. In addition, IEEE does not warrant or represent that the use of the material
contained in its standards is free from patent infringement. IEEE Standards documents are supplied “AS IS”
and “WITH ALL FAULTS.”

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

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

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

The IEEE consensus balloting process involves the review of documents in English only. In the event that
an [EEE standard is translated, only the English language version published by IEEE is the approved IEEE
standard.

Use by artificial intelligence systems

In no event shall material in any IEEE Standards documents be used for the purpose of creating, training,
enhancing, developing, maintaining, or contributing to any artificial intelligence systems without the express,
written consent of IEEE SA in advance. “Artificial intelligence” refers to any software, application, or other
system that uses artificial intelligence, machine learning, or similar technologies, to analyze, train, process, or
generate content. Requests for consent can be submitted using the Contact Us form.

Official statements

A statement, written or oral, that is not processed in accordance with the IEEE SA Standards Board Operations
Manual is not, and 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 or IEEE SA. At
lectures, symposia, seminars, or educational courses, an individual presenting information on IEEE standards
shall make it clear that the presenter’s views should be considered the personal views of that individual rather
than the formal position of IEEE, IEEE SA, the Standards Committee, or the Working Group. Statements
made by volunteers may not represent the formal position of their employer(s) or affiliation(s). News releases
about IEEE standards issued by entities other than IEEE SA should be considered the view of the entity issuing
the release rather than the formal position of IEEE or IEEE SA.

Comments on standards

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

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

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

Laws and regulations

Users of IEEE Standards documents should consult all applicable laws and regulations. Compliance with
the provisions of any IEEE Standards document does not constitute compliance to any applicable regulatory

!Available at: https://development.standards.ieee.org/myproject-web/public/view.html#landing.
Available at: https://standards.iece.org/about/contact/.
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requirements. Implementers of the standard are responsible for observing or referring to the applicable
regulatory requirements. IEEE does not, by the publication of its standards, intend to urge action that is not in
compliance with applicable laws, and these documents may not be construed as doing so.

Data privacy

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

Copyrights

IEEE draft and approved standards are copyrighted by IEEE under US and international copyright laws. They
are made available by IEEE and are adopted for a wide variety of both public and private uses. These include
both use by reference, in laws and regulations, and use in private self-regulation, standardization, and the
promotion of engineering practices and methods. By making these documents available for use and adoption
by public authorities and private users, neither IEEE nor its licensors waive any rights in copyright to the
documents.

Photocopies

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

Updating of IEEE Standards documents

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

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

In order to determine whether a given document is the current edition and whether it has been amended through

the issuance of amendments, corrigenda, or errata, visit [IEEE Xplore or contact IEEE.> For more information
about the IEEE SA or IEEE’s standards development process, visit the IEEE SA Website.

Errata

Errata, if any, for all IEEE standards can be accessed on the IEEE SA Website.* Search for standard number and
year of approval to access the web page of the published standard. Errata links are located under the Additional

3Available at: https:/ieeexplore.icee.org/browse/standards/collection/ieee.
4Available at: https://standards.ieee.org/standard/index.html.
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Resources Details section. Errata are also available in IEEE Xplore. Users are encouraged to periodically
check for errata.

Patents
IEEE standards are developed in compliance with the IEEE SA Patent Policy.?

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

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 alicense may be required, for conducting inquiries
into the legal validity or scope of Patents Claims, or determining whether any licensing terms or conditions
provided in connection with submission of a Letter of Assurance, if any, or in any licensing agreements are
reasonable or non-discriminatory. Users of this standard are expressly advised that determination of the
validity of any patent rights, and the risk of infringement of such rights, is entirely their own responsibility.
Further information may be obtained from the IEEE Standards Association.

IMPORTANT NOTICE

Technologies, application of technologies, and recommended procedures in various industries evolve over
time. The IEEE standards development process allows participants to review developments in industries,
technologies, and practices, and to determine what, if any, updates should be made to the IEEE standard.
During this evolution, the technologies and recommendations in IEEE standards may be implemented in ways
not foreseen during the standard’s development. IEEE standards development activities consider research
and information presented to the standards development group in developing any safety recommendations.
Other information about safety practices, changes in technology or technology implementation, or impact
by peripheral systems also may be pertinent to safety considerations during implementation of the standard.
Implementers and users of IEEE Standards documents are responsible for determining and complying with all
appropriate safety, security, environmental, health, data privacy, and interference protection practices and all
applicable laws and regulations.

’Available at: https://standards.iece.org/about/sasb/patcom/materials.html.
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Introduction

This introduction is not part of IEEE Std C57.149-2024, IEEE Guide for the Application and Interpretation of Frequency
Response Analysis for Oil-Immersed Transformers.

Frequency Response Analysis (FRA) testing has gained popularity for assessing the mechanical integrity
of oil-immersed transformers. Due to limited understanding and available information regarding FRA
requirements and specifications for instrumentation, procedures for performing the tests, and analysis of
results, the Performance Characteristics Subcommittee formed the Working Group PC57.149. The primary
objective of the Working Group PC57.149 was to compile and validate FRA experiences and techniques to
develop a FRA application and interpretation guide that would benefit the industry.

IEEE Std C57.149 was first published in 2012. This revision is an update to the guide to reflect the current state
of the art and has been brought up to date with current IEEE styles. New clauses discussing the influence of
grounding on testing and the diagnosis of floating shields have been added. A new table of test connections has
also been added, as well as, several new frequency scans. Clauses on contact resistance and winding looseness
due to transportation have been removed and the document has generally been updated.
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IEEE Guide for the Application and
Interpretation of Frequency Response
Analysis for Oil-immersed Transformers

1. Overview

1.1 Scope

This guide is applicable to the measurement of Frequency Response Analysis (FRA) of an oil-immersed
power transformer. The guide includes the requirements and specifications for instrumentation, procedures for
performing the tests, techniques for analyzing the data, and recommendations for long-term storage of the data
and results. This guide can be used in both field and factory applications.

1.2 Purpose

The purpose of this guide is to provide the user with information that will assist in making frequency response
measurements and interpreting the results from these measurements. It provides guidance for all current
methods employed in taking these measurements.

1.3 Word usage

The word shall indicates mandatory requirements strictly to be followed in order to conform to the standard
and from which no deviation is permitted (shall equals is required t0).*’

The word should indicates that among several possibilities one is recommended as particularly suitable,
without mentioning or excluding others; or that a certain course of action is preferred but not necessarily
required (should equals is recommended that).

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

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

The use of the word must is deprecated and cannot be used when stating mandatory requirements; must is used only to describe
unavoidable situations.
"The use of will is deprecated and cannot be used when stating mandatory requirements; will is only used in statements of fact.
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IEEE Std C57.149-2024
IEEE Guide for the Application and Interpretation of Frequency Response Analysis for Oil-immersed Transformers

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 C57.12.70™- 2020, IEEE Standard for Standard Terminal Markings and Connections for
Distribution and Power Transformers.*®

IEEE Std C57.12.80™-2002, IEEE Standard Terminology for Power and Distribution Transformers.

3. Acronyms and Definitions

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

DETC de-energized tap changer
FRA frequency response analysis
LTC load tap changer

4. FRA measurement overview

Frequency response analysis is a sensitive diagnostic technique for detecting changes in the electrical
characteristics of power transformer windings. Such changes can result from various types of electrical or
mechanical stresses (shipping damage, seismic forces, loss of clamping pressure, short circuit forces, insulation
failure, etc.). The test is non-destructive and non-intrusive and can be used either as a stand-alone tool to detect
winding damage, or as a diagnostic tool to pinpoint damages detected in other tests (e.g., insulation power
factor, dissolved gas analysis, or short circuit impedance tests). FRA consists of measuring the admittance or
impedance of the capacitive and inductive elements comprising the transformer windings. The measurement
is performed over a wide range of frequencies and the results are compared with a reference “signature” or
“fingerprint” of the winding to make a diagnosis.

The FRA measurement provides diagnostic information, in the form of a transfer function, related to the RLC
network of the test specimen. The RLC network is integrally related to the physical geometry and construction
of the test specimen.

Physical changes within the test specimen alter the RLC network, and in turn can alter the transfer function.
The transfer function behavior can reveal a wide range of mechanical or electrical changes in the test specimen.
Different transformer failure modes can have different effects on the network admittances, and may alter the
transfer function. It is also possible that a particular failure mode may have no recognizable effect on the
transfer function at all.

FRA can often detect gross transformer defects, as can other electrical tests. However, because of the
sensitivity of the test, a primary benefit of FRA is the potential for detection of defects in the mechanical or
electrical integrity of the transformer that are not apparent with other electrical tests.

8The IEEE standards or products referred to in Clause 2 are trademarks owned by The Institute of Electrical and Electronics Engineers,
Incorporated.

°IEEE publications are available from The Institute of Electrical and Electronics Engineers (https://standards.ieee.org/).

WIEEE Standards Dictionary Online is available at: http://dictionary.ieee.org. An IEEE account is required for access to the dictionary,
and one can be created at no charge on the dictionary sign-in page.
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4.1 Use of FRA

Since the FRA test is used to detect mechanical movement or damage in a transformer. Mechanical movement
refers to the actual movement of transformer parts (coils, core, leads, or accessories) with respect to each other
or to ground in such a manner as to change the internal inductances or capacitances of the test specimen. It is
most appropriately used after some event or condition that has the possibility of causing mechanical movement
or electrical damage to the transformer assembly. Some of the typical scenarios where FRA measurements
might be beneficial to include the following:

— Factory short-circuit testing

— Installation or relocation

—  After a significant through-fault event

— As part of routine diagnostic measurement protocol

— After a transformer alarm (i.e., sudden pressure, gas detector, Buchholz)

— After a major change in online diagnostic condition (i.e., a sudden increase in combustible gas, etc.)
— After a change in electrical test conditions (i.e., a change in winding capacitance)

— System modeling purposes

There are two distinct categories for application of FRA measurement: baseline measurement and diagnostic
measurement. In both cases, the procedures and precautions used to generate a good measurement are the
same. However, there is a difference in motivation for the tests in each category.

4.2 FRA base line measurement

The base line FRA measurement may be done in either the factory or the field, and it provides information that
can be used for some future need. The several distinct reasons to generate base line FRA measurements are as
follows:

— To provide a standard of comparison for future diagnostic FRA measurements
— Transportation diagnostics prior to relocation and commissioning

— Required by customer specification

—  Prior to short-circuit testing

— Quality assurance

Important factors to consider when performing baseline FRA measurements include determining the necessary
tests and connections that might later be needed for diagnostic purposes, documentation of methods and
connections, archiving data, verification of results, and repeatability of the methods and results. This guide
provides assistance in each of these areas.

The test configuration can have an impact on the test results. It may be difficult to determine if these minor
variations are due to differences in test configuration or some other physical change. Therefore, it is important
to document the test configuration and connections for future test repeatability.

4.3 FRA diagnostic application

The several distinct reasons to generate diagnostic FRA measurements within a factory or field environment
are as follows:
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— Verification that no damage occurred during a short circuit test

— Relocation and commissioning validation

— Postincident verification: lightning, external through-fault, internal short circuit, seismic event, etc.

— Routine diagnostic purposes

— Condition assessment of older transformers

— Evaluation of used or spare transformers

— Shipping and receiving
Important factors when performing diagnostic FRA measurements include matching the set up and
instrumentation parameters used for the baseline measurements. When baseline data is not available, then data
on duplicate transformers or other identical phases of a three-phase transformer may be used. Typical data from
other transformers of the same type may also be helpful for comparison. Special methods or preparation may
be needed in certain field applications due to aging of the equipment and connections, field applied treatment

to bushings, modification to the transformer since the baseline measurements were made, or problems in
making good ground connections due to field painted surfaces. This guide provides assistance in these areas.

4.4 Recommended FRA measurement test parameters

Test equipment should produce a frequency response measurement with the following characteristics:

— The test should be made over a wide range of frequencies, from 20 Hz up to at least 2 MHz., so as to be
able to diagnose problems in the core, clamping structure, windings and interconnections.

— Both the Magnitude and Phase Angle of the measured transfer function should be possible to present.
The FRA magnitude is the signal amplitude relationship between the reference (input, Vin) and
measured (output, Vout) signals.It is often represented as decibels: MAG(dB) =20 x log10(Vout/Vin),
and contains the impedance effect of the measurement system. The FRA phase angle is the shift of the
response relative to that of the injected signal.

— The test should be made over a wide range of frequencies so as to be able to diagnose problems in the
core, clamping structure, windings and interconnections.

— Successive measurements should have adequate resolution to give unambiguous diagnosis.
The test equipment should have the following attributes:

— Calibrated to an acceptable standard.

— The output power of the excitation source should provide adequate power over the entire frequency
range to allow for consistent measurement of the transfer function across the frequency range.

— The test set should be capable of measuring sufficient dynamic range, over the frequency range in
order to accommodate most transformer test objects.

— The test set should be capable of collecting a minimum of 200 measurements per decade, either spaced
linearly or logarithmically.

— Thetest system (set and leads) should provide a known and constant characteristic impedance. The test
set and lead characteristic impedances should be matched.

— A three lead system, signal, reference and test, should be used to reduce effect of leads in the
measurement.
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— Test leads should be coaxial cables as close to the same length as possible and less then 30 m (100 ft)
long. Shielded test leads should have the ability to be grounded at either end.

— Both the magnitude and phase angle of the measured transfer function should be presented.

5. Making an FRA measurement

5.1 Test procedures

As with any electrical test, making a frequency response measurement should be done in a safe and controlled
manner irrespective of test location. Considerations for electrical safety in testing apply not only to personnel,
but also to the transformer and test equipment. Prior to testing, involved personnel should discuss the test
procedure and environment for confirming that the work to be performed and any safety precautions are
clearly understood. Other safety aspects are covered in industry standards, company or local regulations and
manufacturer’s instruction manual.

5.2 Test environment preparation

The following should be performed before beginning an electrical test:

— Any transformer under test shall be completely isolated from any high voltage source or power system
source.

—  The transformer tank shall be grounded.

— All instrumentation shall be grounded appropriately for the specific test setup, and isolated from any
high voltage source or power system source. Avoid subjecting the test instrument, test leads, or power
supply to station wiring surges, and external interference, including transferred potentials.

— During the test, there shall be strict adherence to local safety regulations and guidelines.

5.3 Test object preparation

It is recommended that the configuration of the transformer be in as close to ‘in service’ configuration as
possible.

All external bushing connections should be disconnected. This includes phase connections, neutral
connections, stabilizing windings, and tertiary grounds.

Whenever possible, all test lead connections should be made directly to the bushing terminals. Any extra
conductor length that is included in the test circuit path will influence the FRA test result. Short lengths of bus
bar attached to the transformer will not appreciably influence the measurement, as long as the test leads are
connected directly to the bushing terminals after the attached bus bar, so that the bus bar is not part of the test
circuit.

In instances where it is impossible to connect directly to a transformer bushing, it is possible to perform
frequency response measurements with a short section of bus bar attached. This will affect the results but may
be acceptable as a test technique where it is impossible to exclude such short lengths from the circuit. Examples
include rigid connections in confined workspaces. It is important to note the state of the transformer under test
so as to provide a consistent method of testing. Where a transformer in the field has been tested previously
with small lengths of bus bar attached, it should be tested in the same way subsequently, if a comparison to
historical data is necessary. Analysis of results should take in to account possible variations that may be caused
by connections and their supports. As a general guideline, external bus bar connections should be avoided.
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Special consideration shall be given to safety when testing a transformer without oil so that excessive voltages
are not applied or induced in a combustible environment. The results of frequency response measurements
differ as a consequence of removing the oil. Testing with oil is the most common and preferred method for
frequency response analysis.

When a transformer is equipped with a de-energized tap changer, it is a decision for the transformer owners as
to whether they wish to operate the de-energized tap changer.

If internal current transformers are present, they should be configured for in-service conditions. If oil pumps
are present, it should be verified that these are not running during the FRA-measurement.

5.4 Testset

The test set should be grounded according to the recommendations of the test equipment manufacturer, or to
the same point as the transformer under test, in the absence of equipment manufacturer’s recommendations.
Generally, the transformer tank ground should be considered as reference potential for the FRA measurement.
It should be noted that in all FRA measurements, the grounding techniques will have a significant effect on
test results. Grounding techniques, including selection of ground conductors as well as their routings, should
therefore be precise, repeatable, and documented.

The test equipment should always be within the recommended calibration interval. When possible prior to use,
a self-check of the operation of the test equipment using a standard test object with a known FRA response
may be employed as a means of assuring correct operation of the equipment. This check is especially valuable
for checking FRA test equipment, since there is generally no intuitive way of knowing if the test equipment is
giving correct results when making field measurements.

5.5 Test leads

The following four coaxial leads should be used in addition to the shield grounds:

— Excitation “source”
— Specimen input “reference”
—  Specimen output “measure”

— Measurement and reference cable grounds

These leads should be as close to the same length as possible and have a characteristic impedance matched to
the test set. Ideally the leads should be the same length. As a minimum, the “reference” and “measure” leads
should be identical.

Test leads should be checked for continuity and integrity before use. The best means for checking lead integrity
is to perform the FRA self-check using a standard test object.

Where shorting leads are used as part of a test set up between bushing terminals, these should be insulated from
ground, and be as short as possible. The impedance of these leads will influence the test results. Therefore,
when the test procedure requires shorting of terminals, selection of shorting conductors as well as their
routings should be precise, and repeatable, and documented.

Where local recommendations and/or guidelines require test grounds be applied to separate windings not
under test, these grounds should be as short as possible and connected to the same ground as the transformer.
It should be recognized that while the FRA response is not invalidated by the presence of additional winding
grounds, the response with these grounds in place may be unique, and should not be compared with previous
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