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TECHSTREET, A BUSINESS OF CLARIVATE ANALYTICS
I

This document is intended to provide users with an indication of changes from
one edition to the next. It includes a full-text version of the new document, plus
an indication of changes from the previous version.

Redlines are designed to save time and improve efficiencies by using the latest
software technology to find and highlight document changes. More professionals
are using valuable new technologies like redlines, to help improve outcomes in a
fast paced global business world.

Because it may not be technically possible to capture all changes accurately, it is
recommended that users consult previous editions as appropriate. In all cases,
only the current base version of this publication is to be considered the official
document.
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Abstract: A number of tests are presented for use in determining the significant parameters and
performance characteristics of electronics transformers and inductors. These tests are designed
primarily for transformers and inductors used in all types of electronics applications, but they may
apply to the other types of transformers of large apparent-power rating used in the electric power
utility industry.

Keywords: common-mode rejection tests, corona tests, current transformer tests, electronic
inductors, electronic power transformers, IEEE 389™, inductance measurements, inrush-current
evaluation, insulation tests, large rectifiers, noise tests, product rating, pulse transformers, quality
factor, resistance tests, self-resonance, temperature rise tests, terminated impedance
measurements, transformer capacitance, voltage-time shielding
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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/ipr/disclaimers.html.

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

IEEE Standards documents (standards, recommended practices, and guides), both full-use and trial-use, are
developed within IEEE Societies and the Standards Coordinating Committees of the IEEE Standards
Association (“IEEE SA”) Standards Board. IEEE (“the Institute”) develops its standards through a
consensus development process, approved by the American National Standards Institute (“ANSI”), which
brings together volunteers representing varied viewpoints and interests to achieve the final product. IEEE
Standards are documents developed through scientific, academic, and industry-based technical working
groups. Volunteers in IEEE working groups are not necessarily members of the Institute and participate
without compensation from IEEE. While IEEE administers the process and establishes rules to promote
fairness in the consensus development process, IEEE does not independently evaluate, test, or verify the
accuracy of any of the information or the soundness of any judgments contained in its standards.

IEEE Standards do not guarantee or ensure safety, security, health, or environmental protection, or ensure
against interference with or from other devices or networks. Implementers and users of IEEE Standards
documents are responsible for determining and complying with all appropriate safety, security,
environmental, health, and interference protection practices and all applicable laws and regulations.

IEEE does not warrant or represent the accuracy or content of the material contained in its standards, and
expressly disclaims all warranties (express, implied and statutory) not included in this or any other
document relating to the standard, including, but not limited to, the warranties of: merchantability; fitness
for a particular purpose; non-infringement; and quality, accuracy, effectiveness, currency, or completeness
of material. In addition, IEEE disclaims any and all conditions relating to: results; and workmanlike effort.
IEEE standards documents are supplied “AS IS” and “WITH ALL FAULTS.”

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

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

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

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

Official statements

A statement, written or oral, that is not processed in accordance with the IEEE SA Standards Board
Operations Manual shall not be considered or inferred to be the official position of IEEE or any of its
committees and shall not be considered to be, or be relied upon as, a formal position of IEEE. At lectures,
symposia, seminars, or educational courses, an individual presenting information on IEEE standards shall
make it clear that his or her views should be considered the personal views of that individual rather than the
formal position of IEEE.

Comments on standards

Comments for revision of IEEE Standards documents are welcome from any interested party, regardless of
membership affiliation with IEEE. However, IEEE does not provide consulting information or advice
pertaining to IEEE Standards documents. Suggestions for changes in documents should be in the form of a
proposed change of text, together with appropriate supporting comments. Since IEEE standards represent a
consensus of concerned interests, it is important that any responses to comments and questions also receive
the concurrence of a balance of interests. For this reason, IEEE and the members of its societies and
Standards Coordinating Committees are not able to provide an instant response to comments or questions
except in those cases where the matter has previously been addressed. For the same reason, IEEE does not
respond to interpretation requests. Any person who would like to participate in revisions to an IEEE
standard is welcome to join the relevant IEEE working group.

Comments on standards should be submitted to the following address:

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

Laws and regulations

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

Copyrights

IEEE draft and approved standards are copyrighted by IEEE under 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, IEEE does not waive any rights in copyright to the
documents.
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Photocopies

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

Updating of IEEE Standards documents

Users of IEEE Standards documents should be aware that these documents may be superseded at any time
by the issuance of new editions or may be amended from time to time through the issuance of amendments,
corrigenda, or errata. 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 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 IEEE standards can be accessed via https://standards.ieee.org/standard/index.html. Search
for standard number and year of approval to access the web page of the published standard. Errata links are
located under the Additional Resources Details section. Errata are also available in IEEE Xplore:
https://ieeexplore.ieee.org/browse/standards/collection/ieee/. Users are encouraged to periodically check for
errata.

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 https://standards.icee.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 389-2020, IEEE Recommended Practice for Testing Transformers and
Inductors for Electronics Applications.

This recommended practice has been prepared to serve as a guide in the design, testing, and specifying of
electronics transformers and inductors. This document contains many tests and experimental methods for
evaluating almost every aspect of electronics transformer performance, including a number of tests for
determining transformer environmental characteristics such as audible-noise generation. The tests and
specifications included are aimed primarily at the testing and evaluation of transformers of relatively low
apparent-power rating, such as those used in communications, instrumentation, control, small appliances,
and computer applications. However, most of these tests are perfectly applicable to transformers of any
rating. A useful feature of this recommended practice is the listing, in Clause 4, of all standard tests used in
the specification of a transformer. This clause will provide a useful starting point for many users of this
recommended practice.

Metre, kilogram, and second (MKS) units (Standard International or SI units) are used throughout this
recommended practice; equivalent centimetre, gram, and second (CGS) units are sometimes given where
their usage is still common practice. Definitions and symbols are in accordance with those of the
International Electrotechnical Commission (IEC) wherever possible.
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IEEE Recommended Practice for Testing Eleetronies-Transformers and

Inductors_for Electronics Applications

1. Overview

1.1 Scope

This recommended practice presents a number of tests for use in determining the significant
parameters and performance characteristics of ELECTRONICS transformers and inductors. These
tests are designed primarily for transformers and inductors used in all types of electronics
applications. Even though these tests,—but—they may be useful apply to the other types of
transformers ef large-apparent-powerrating-used in the-eleetrie-power distribution applications in

utilities, wtility industry, and others, the tests discussed in this document may supplement or

complement the tests, but are not intended to replace the tests in standards for transformers, such as

those in the IEEE C57 series of standards. Some of the tests described are intended for qualifying a

product for a specific application, while others are test practices used widelyfor manufacturing and

customer acceptance testing. Clause4—is—intended—to—serve—as—a—guideforparticular—application
categories:

The tests described in this recommended practice include those most commonly used in the
electronics transformer industry: electric strength, resistance, power loss, inductance, impedance,

balance, ratio of transformation, and many others used less frequently.
1.2 Purpose Fransfermers-and-inductors

The following are the specific types of transformers and inductors to which this recommended

practice is applicable:
a) Electronic power

1) Power
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2)

6)

7)

8)

9)

Isolating

Current limiting

Rectifier

Combination (rectifier and filament)

Ferroresonant

Converter

Polyphase

Switch mode

10) Magnetic amplifiers

b) Large rectifiers

c¢) DPulse
1) Voltage stepdown
2) Voltage stepup
3) Low ratio inverting
4) Low power pulse
5) Square-loop

d) Broadband

D)

2)

3)

Impedance matching

DC insulating

Common-mode rejection
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4) Potential transformers
5) Current transformers
6) Filter inductors

7)  Charging inductors

8) Hybrid transformers

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 to).lf 2

The word should indicates that among several possibilities one is recommended as particularly

suitable, without mentioning or excluding others; or that a certain course of action is preferred but

not necessarily required (should equals is recommended that).

The word may is used to indicate a course of action permissible within the limits of the standard

(may equals is permitted to).

The word can is used for statements of possibility and capability, whether material, physical, or

causal (can equals is able to).

2. Normative references

The following referenced documents are indispensable for the application of this document (i.e.,

they must be understood and used, so each referenced document is cited in text and its relationship

to this document is explained). For dated references, only the edition cited applies. For undated

references, the latest edition of the referenced document (including any amendments or corrigenda)

applies.

1 The use of the word must is deprecated and cannot be used when stating mandatory requirements, must is used only to describe

unavoidable situations.

2 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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ANSI 51.4-1983, Specification for Sound Level Meters.3 *

IEEE Std 4™ 1995, IEEE Standard Fechnigues-for High-Voltage Testing Techniques (ANSI])&;S 2

IEEE Std 100™, The -3996; IEEE Standard Dictionary of Electrical and Electronics Terms.

IEEE Std 111™ 1984 IEEE Standard for Wide-Band (Greater Than 1 Decade) Transformers

[(ANSI]).®

IEEE Std 280™ -1985, IEEE Standard Letter Symbols for Quantities Used in Electrical Science and
Electrical Engineering [(ANSI]).

IEEE Std 295™ 1969 (Reaff1993), IEEE Standard for Electronics Power Transformers [{ANSI].}

IEEE Std 315™ -1975(Reaff1993), IEEE Standard Graphic Symbols for Electrical and Electronics
Diagrams [{ANSI/DoD]y.

IEEE Std 390™ —1987-(Reaff1993), IEEE Standard for Pulse Transformers [{ANSI]).

IEEE Std 393™ 1991, IEEE Standard Test Procedures for Magnetic Cores [{ANSI]j.

3 TANSI publications are available from the SalesBepartment—American National Standards Institute_(http://www.ansi.org/)~—+
West-42nd-Streel, 13th-Floor, New-York, NY-10036, TSA.

4 The IEEE standards or products referred to in Clause 2 are trademarks owned by The Institute of Electrical and Electronics

Engineers, Incorporated.

52 [EEE publications are available from The Institute of Electrical and Electronics Engineers_(http://standards.ieee.org/)-445-Hees
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IEEE Std 436™ 1991, IEEE Guide for Making Corona (Partial Discharge) Measurements of
Electronics Transformers [{ANSI]}.

IEEE Std 260.1™ 1993, IEEE Standard Letter Symbols for Units of Measurement (SI Units,
Customary Inch-Pound Units, and Certain Other Units) [{ANSI]}.

%aas%e%mefsfg

IEEE Std C57.12.91™-1995 IEEE Standard Test Code for Dry-Type Distribution and Power
Transformers [{ANSI]}.

3. 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.b

Electrical and magnetic magneties terms used in this recommended practice are in accordance with

those given in IEEE Std 100™-1996°. Certain parameters and symbols of particular significance in

the evaluation of electronics transformers are given where required in the text.

burden: That property of the circuit connected to the secondary winding that determines the real
and reactive power at the secondary terminals. It is expressed either as total impedance with
effective resistance and reactance components, or as the total volt-amperes and power factor at the

specified value of current and frequency.

6 IFEE 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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current-transformation ratio (as opposed to turn ratio): The ratio of the root mean square (RMS)

value of the primary current to the RMS value of the secondary current under specified conditions.

phase angle {(of-a—currenttransfermer): The phase displacement between the primary and
secondary currents. The phase angle is positive when the secondary current leads the primary

current.

end turn drop: A fault of wire or wires from an upper layer of a concentric winding configuration

dropping past the interlayer insulation. Also, wires placed erroneously adjacent to wires from an

earlier layer within the same winding where no insulation exists.

4. How to specify electronics transformers

Recommended tests and specifications for specific transformer groups are listed in Table 1.

Documents

Document Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 25,2026 at 13:32:02 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE 389-2020


http://www.avadocuments.com/doc/ieee-389-2020
http://www.avadocuments.com/doc/ieee-389-2020

Table 1—Recommended tests and specifications for specific transformer

and inductor groups
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Small power transformers Fulse EBroadband
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“oltage and range; ac x| x| x
or dc; polyphase

™
e
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-
.
el
"
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Frequency and range X \ xlx|lx|lx]l=z|lx|lx]|=x

Pulze width{z) and X x| x |3

Fiepetition rate and X X / X
max duty cycle

Effective impedance \ X X x|lx|lx|x|x X
Primary rarings N

“oltages and taps x|lx|x|=x|=x \ zlxlx)}Mr|z|x|x]lx]|x|x|=x X
Currents and taps x|z |x|=x|x|=x \ X / x|lx|x|=x|=x x|lx|x|=x|=x|=x
Polarity x X N/l z|=x |z |x|x|x|x|x|x|x X
DIC resistance lx|lz|l=z|lx|x|lzl/A|x|=|x|x|xz]|x|x|=z]l=z]=x|=x|=x]|=x
Inductance at rated do / \\ X X|x|x
Exciting current n|lx|l=x|=x|x / x| x z|x|x|=x

Effective impedance \ x|lx|=xz]l=x|=x|=x X

under load /
Distributed X \ x|x|=x X

capacitance /
Insulation voltages x| x y x|lx|x|l=z|x|lx|=x]|=x X\: (x| x X X
Secondary ratings 4 \
lbltage-;up&ucumt X / xlx|lx|x]l=z|x|lx|=x]l=x|x]|x \K\ x| x| x X
or loaded, or both)

Currents / X | X X | X X X|x X | X X X \ X X | X X

“oltage waveshaps
under load

Frequency respa

and reaciances
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Table 1—Recommended tests and specifications for specific transformer

and inductor groups (Continued)
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) 4
\ . B0 E B e /u’.
Applicyble ratings and = 2E v|E g £ |2
perigrmance = ez lzla 5 2 i E EL|E|E
speciligations = s |E|=Z 8|3 2|2zl El=lz|E8|BAE |2 |5
E -0 0 D I I = ol el e T I = = = |5
sl= |2 s B2 2 2|E 2|2 al2|2|2|el= R |2|2)|E
2 E|Els|=|E|E|Els|alb|%|E|8|2|E|EAG|E|5 2
HE R R EHEH R B A E
|8 |0|2|S|e[S|£|&|3|F|F|3|E|a|d|S|E|5|F
Secondary ratings /
(Contimued)
Begulation for input X
wvoltaze range
Insulation voltages X \ x|lx|lx|x]|=x|x x| x|x X
Polarities x X x| x x| x|x X
D resistances x|lx|AN|=z|x|x]l=x]|=x x| x|x X
Losses
Cora x|lx|x|xz\x|x]|x]|=x x| x
Conductor x|lx|x|x \ x|=x|x x| x
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Capacitance \
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Insertion x X
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Table 1—Recommended tests and specifications for specific transformer

and inductor groups (Continued)
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woltage above 500V \

Electrical N
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Open-circuit secondary /
(secondaries) \ /

Primary inductance at
rated dc

Primary exciting x|lx|x|=xz|x|lx]=x|) x|lx|lx|=x
current
Primary exciting

impedance /
Primary excit. power x|lx|x|xz|xlYr]l=x]|=x }:\.\
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wvoltage ratios 4
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5. Insulation and corona tests

5.1 General

An abnormally high alternating voltage is applied between two (or more) isolated elements of the
transformer (windings, shields, core, frame, etc.) to test the integrity of major insulation systems in

order to demonstrate that the design, materials, and workmanship are adequate.

Unless otherwise specified, the tests should be made in accordance with IEEE Std 4™ -1995.

5.2 Electric strength test (hi-pot test)

N TP ¢ elects I testing.

Dielectric Eleetrie strength testing shall always be done with all the windings short-circuited.
Windings and shields on one side of the insulation system should be connected to frame and
ground, while windings and shields on the other side should be connected together (see Figure
figures 1 and Figure 2). An essentially sine-wave voltage with a frequency in the range of 45 Hz to —
65 Hz, having adequate current capacity for the application, is applied to the two sets of terminals.
The criterion for passing this test is that no electrical breakdown occurs (refer to Annex B). All

voltages should be defined in the same terms (fe.g., root mean square [{RMS])}, peak, or average.
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Figure 1—Typical high-potential test, showing secondary seetion 1 under

test
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Figure 2—Typical high-potential test of inductor

The voltage should be increased at a convenient rate of not greater than 2000 V/s from zero to the

specified value, maintained for 1 min (unless breakdown occurs), and then decreased to zero at the

same rate. For production purposes, a voltage 20% higher may be specified for 2 s.
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a) Primary windings with rated voltages 600 V or less line-to-line should be tested at an
alternating voltage equal to twice the rated voltage of the highest tap plus 1000 V RMS,

unless otherwise specified.

b) Primary windings with rated voltages over 600 V line-to-line should be tested in

accordance with IEEE Std C57.12.91™ 1995, unless otherwise specified.

c¢) Secondary windings that have no special test voltage specified should be tested with
applied alternating voltage equal to twice the rated voltage of the highest voltage tap plus
1000 V RMS, unless otherwise specified.

d) Secondary windings that may have a specific operating direct or alternating voltage
derived elsewhere, unless otherwise specified, should be tested at twice the working
voltage plus 1000 V RMS. High alternating voltage should not be substituted for a direct

voltage unless agreed upon between user and manufacturer.

e) Inductors used in line-voltage circuits should be tested in accordance with item a) or b), as
applicable. Inductors used in transformer secondary winding circuits should be tested in

accordance with item c) or d), as applicable.

f) In case of repeated electric strength testing, since the application of test potentials may
impair the strength of the transformer or inductor insulation, any test carried out in
accordance with items a) through e) should, if repeated, be made at not more than 80% of

the specified test potential for the same time interval.

g) The detailed specification should define whether the transformer or inductor is to be 100%

tested for dielectric strength in production, or if not, specify the sample plan to be used for

testing. The designer must consider the tradeoff between the cost of 100% testing against

the reliability requirements of the application.
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5.3 Induced potential test

5.3.1 Overview

This test applies primarily to insulation systems between layers of windings and between adjacent

turns of windings under simulated abnormal functional conditions.

Each secondary winding shall be terminated in an open circuit or into a load resistance that is not
less than 2.5 times its normal operating load resistance. All terminals normally grounded shall be

grounded during this test and any windings normally biased shall be biased for this test.

5.3.2 General test conditions

Transformers normally driven by a voltage pulse train with pulse duration modulation (or pulse
time modulation) should withstand across the primary an induced voltage pulse train for 1 min or
7200 cycles, whichever is less, with each pulse having an amplitude equal to twice the highest
normal operating voltage. The pulse should have a duration equal to half the longest normal pulse
duration such that the test voltage-time product does not exceed the normal maximum operating

voltage-time product.

An alternative test is based on current interruption in an inductance producing a voltage pulse:.

5.3.3 General test methods

By means of the induced potential surge test, electrical coils may be conveniently tested for the
integrity of turn-to-turn and layer-to-layer insulation by means of high-voltage pulses generated

within the coil (Figure 3).
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Figure 3 —Block diagram of induced voltage surge test
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This type of testing is especially applicable to coils wound without interlayer insulation, in a
random, controlled random, universal, or layer-wound manner, since the method may cause failure

of the coil when one or more of the following faults exist:
— Insufficient crossover lead insulation
— End turns dropped several layers
— Poor-quality wire insulation with breaks or thin spots
— Wire insulation damaged by dereeler or tension device

— Wire insulation damaged by incompatible impregnant or solvent
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It should be kept in mind that the test itself is destructive in nature and cannot be applied to a sound
coil for an extended period. Therefore, the test duration should be carefully controlled to limit it to

the minimum time required to obtain a meaningful indication.

The test consists of applying a controlled train of current pulses to the coil. The leading edge of the
pulses may have a moderate slope to allow the current in the coil to rise to a predetermined level.
Once this level is reached, the current is disconnected from the coil, and the resultant voltage rise—;
due to the fast collapse of the current through the inductance of the coil —;-is observed on an
oscilloscope or by other means of a comparator to establish the peak value reached.

R

(g_pdr)

\ dt |
The coil should be unloaded during this observation so that the voltage is not limited by some
unspecified loading. A high-impedance input oscilloscope coupled to the circuit with a frequency-

compensated high-impedance voltage divider may be used. Loading should be of the order of 1 MQ
to -10 MQ.

It is not necessary to have a horizontal sweep operating on the oscilloscope. Prior to the application
of the test, the spot on the oscilloscope can be conveniently centered horizontally and can rest on
some base level near the bottom of the screen. During the test, the excursion of the spot is observed
against the calibration of the screen, which acts as a peak reading voltmeter. A 0.5_s to -1.0 s time
interval at a 120 Hz rate is sufficient to allow an operator to visually detect any drop or instability in

the image caused by internal short circuits that load the coil.

A more sophisticated method uses a comparator consisting of a dc-biased diode bucked against the
rising waveform as a detecting device. With the dc bias set to the desired test voltage level, the peak
current through the coil is adjusted until the peak exceeds the dc bias by some predetermined
amount (10_V_to —20 V). The top of the pulse train is clipped and fed to a counter. Pass or fail can be
determined by comparing the count with the total number of pulses. If the clipped pulse count is
less than the total number of pulses applied by more than, for example, two or three counts, a failure

indication is obtained.
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In order to ensure the successful generation of high-voltage pulses without the use of excessive
current, the test coil should be placed over an iron core during the test. Best results are obtained
from cores made up of thin nickel-iron laminations. The core should be grounded for operator

protection.

As a precaution against unwarranted damage to the coil, the test current should always be increased
from zero until the observation yields the desired voltage level. A test coil may be used for
calibration and saved if production of an item is apt to be repeated. The proper current level set on

this coil can then be used on the production coils without further adjustment.

Some suggestions as to the determination of the desired voltage level to be used in a specific coil

follow.

Assume a coil consisting of 10 000 turns of 36 AWG magnet wire with an insulation rated at 400
V/mil, wound on a form with 250 turns per layer, and therefore having 40 layers. The insulation
thickness of the wire is 0.0005 in; therefore, two wires laid tightly side by side, having 2 x 0.0005 in

separation (0.001 in) should withstand 400 V for an extended time.

The voltage across each layer is obviously 1/40 of the total voltage across the coil. Therefore, the
maximum voltage between two wires touching one another, if there is no end turn drop drepetf at
the ends of the coil, occurs between the end turns on adjacent layers and amounts to 1/20 of the

voltage across the entire coil.

Suppose our test criterion is that a coil where the end turn drops two layers should be acceptable.
The voltage between these turns then can be 1/10 of the total across the coil. If 400 V is a passing

level, then 400 multiplied by #isres 10, or 4000 V, should be the peak voltage generated in the coil.

It can be seen from the preceding text that long coils with fewer layers are more apt to fail a surge

test than short coils of many layers.

In the preceding example, it now becomes obvious that the crossover lead insulation should

withstand at least 4000 V peak.
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5.3.4 Induced excitation voltage and frequency

Transformers normally driven by a sine wave or square wave source should withstand, across the
primary, an induced voltage of twice the highest normal operating voltage at a frequency of twice

the normal operating frequency.
5.3.5 Repeated induced voltage testing

In case of repeated induced voltage testing, since the application of test potentials may impair the
strength of the transformer insulation, any test carried out in accordance with 5.3.1 or 5.3.2 should, if

repeated, be made at not more than 80 99% of the specified test potential for the same time interval.
5.3.6 Excitation current

The input currents should be monitored during the test to check for erratic variations in value. A
subsequent normal excitation test should not show a significant change in value from that of a

previous test.

5.4 Corona tests

5.4.1 General

Corona is a partial discharge of electrical charges distributed in an insulation system due to the
transient ionization of a gas that is part of the insulation system. The gas may be surrounding the
conductor as in the case of a terminal, or it may be trapped in a solid or liquid dielectric in the form

of a void or bubble in a location where the electric field strength exceeds that necessary to ionize the

gas. For detailed treatment of the subject, see Cobine [B3]l 7 and Kreuger [B8 B7].

Many insulating materials will rapidly fail when in contact with ionized gasses, making the

detection and measurement of corona in insulation systems important.

17 The numbers in brackets correspond to those of the bibliography in Annex C 22.
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5.4.2 Units of measurement

The unit of test sensitivity of measuring or detecting corona discharges is the picocoulomb,
representing the charge transferred due to partial ionization. The quantity affecting the life of the
insulation system is the energy that can be transferred by the discharges and is normally expressed

in nanojoules. The two units are related, as shown in Equation (1):

n’=édrf1 (1)

W is energy, in nanojoules
Qu is discharge magnitude, in picocoulombs

V1 is applied peak voltage, in kilovolts

5.4.3 Detection of corona

The detection of corona at the levels normally encountered in electronics transformers is done by
sensing the sudden change of potential distribution in the circuit made up of the insulation system
under stress, the coupling impedances, and the test voltage source, caused by the discharge current

pulses.
Typical test circuits are shown in Figure figures 4 and Figure 5. For details see IEEE Std 436™ —1991.

Corona discharges of higher levels may be detected by acoustical means (hissing, cracking sounds,

ultrasonic) or by visual means (blue haze).
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Figure 4 —Typical circuit for corona measurement, circuit 1
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5.4.4 Analysis of corona

For reliable operation, an insulation system should be free of corona discharges. The insulation
system may be characterized by the corona inception voltage, i.e., the voltage where corona
discharges of a specified magnitude first appeared; or by the corona extinction voltage, i.e., the
lowest voltage where corona discharges were detected as the applied voltage was reduced from a
level above the corona inception voltage. The corona extinction voltage is equal to or less than the

corona inception voltage.

Where the maximum voltage that can stress the insulation is well defined (including the transients),
the insulation quality may be assured by determining that the corona inception voltage is above that

level by a specified amount.

A
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1 TEST -
ot @
B ¢
—L _c.
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Z; IS COUPLING IMPEDANCE GENERATOR ¢
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VOLTAGE SUPPLY l —

Figure 5—Typical circuit for corona measurement, circuit 2

Where this is not possible, the insulation system should have a corona extinction voltage that is

above the maximum continuous voltage that can stress the insulation.

The margin of safety should be at least 20% in either case.
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5.4.5 Test conditions and specifications

For corona measurements, the following quantities must be defined:
— Test voltage (peak)
—  Frequency and waveform
— Discharge pulse detection level
— Discharge energy level
— Special ambient conditions (temperature, altitude, humidity, etc.)

The normal requirement is no detectable corona at the specified test voltage and pulse or energy

level. The pulse energy levels recommended by IEEE Std 436-1991 are as follows:

— Class L: £ 70 n] maximum for insulation systems with a history of satisfactory life at the

voltage stress used

—  Class IL: H#- 700 n] maximum for insulation with considerable tolerance for corona such as

inorganic insulation

—  Class IIL: HE: Pulse energy level to be specified

6. DC resistance tests

6.1 General

A number of tests for measuring dc resistance of transformer and inductor coils are presented in this
clause. The range of resistance values that can be measured using these tests varies from a few
microhms to many thousands of ohms. The recommended methods of testing dc resistance are the
Kelvin double bridge for resistance values less than 1 QO and the Wheatstone bridge for resistance
values greater than 1 ). The digital ohmmeter is recommended for both of these resistance ranges.
The ammeter-voltmeter and substitution methods are presented for possible use when the

previously mentioned equipment is not available.
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Methods of measurement that are suitable for measurements above 1 () maybe unsuitable for low-

resistance measurements chiefly because contact resistance causes serious errors.

It is usually essential with low resistance that the two points between which the resistance shall be
measured be very precisely defined. The methods that are specially adapted to low-resistance
measurement employ potential connections, i.e., connecting leads that form no part of the circuit
whose resistance is to be measured, but that connect two points; in this circuit; to the measuring
circuit. These two points are referred to as the potential terminals and serve to fix—definitely; the
length of the circuit under test. In the methods used for the precise measurement of low resistance,
the “unknown” resistance is compared with a low-resistance standard of the same order as the
unknown, and with which it is connected in series. Both resistances are fitted with four terminals,
two current terminals to be connected to the supply circuit and two potential terminals to be

connected to the measuring circuit. This arrangement is shown in Figure 6.

TO MEASUREMENT TO MEASUREMENT
CIRCUIT CIRCUIT

POTENTIAL POTENTIAL
TERMINALS 4( TERMINALS
UNKNOWN E; STANDARD
RESISTANCE RESISTANCE
SUPPLY T,
CIRCUITS CURRENT CURRENT
TERMINALS TERMINALS

Figure 6 —Measurement of low resistance

6.2 Resistance values under 1 Q—XKelvin double-bridge method

This method is a development of the Wheatstone bridge by which the errors due to contact and load

resistances are eliminated. The connections of the bridge are shown in Figure 7.
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X is the low resistance to be measured and S is the standard resistance of the same order of
magnitude. These are connected in series with a low-resistance link 7, connecting their adjacent
current terminals. Ideally a true current source is used to passed—through—them—from—abattery
supply_the test current, however a current-limiting resistor in series with—A-—regulatingresistance
and an ammeter can be used with a voltage source are-connected-in-the-circuitfor-convenience. Q,

M, g, and m are four known noninductive resistances, one pair of which (M and m or Q and g) are
variable. These are connected to form two sets of ratios as shown, a sensitive voltmeter
galvanometer G connecting the dividing points of QM and gm. The ratio Q/M is kept the same as

q/m;; these ratios being varied until a zero reading deflection-of-the-galvanometer is obtained. Then
X/S = Q/M = g/m, from which X is obtained in terms of S, Q, and M, as shown in Equation (2):

T  REGULATING
RESISTANCE

=R

Figure 7—Kelvin double-bridge method of measuring low resistance

In order to consider take-inte—aecount thermoelectric electromotive forces (EMF), a measurement
should be made with the direction of the current reversed, and the mean of the two readings should

be taken as the correct value of X.
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6.3 Resistance values from 1 Q to megohms many kilehms

6.3.1 Overview

The methods used for this range of measurements are as follows:
— Digital ohmmeter
— Ammeter and voltmeter
—  Substitution method
—  Wheatstone bridge

— Ohmmeter

6.3.2 Digital ohmmeter—Resistance—valuesfromunder 1 Q—to—many
kilohms

This method is a development of the ammeter and voltmeter method_discussed below. The general

arrangement of this test method is shown in Figure 8 12. Digital ohmmeters utilize constant current
sources, digital electronics, and four terminal connections to provide an accurate indication of

resistance values.

Digital ohmmeters provided as dedicated stand-alone instruments incorporating previous the
previeusly-—mentioned technologies may ean provide accurate measurements of resistance from a

few nano-ohms mierehms to many kilohms. However, digital ohmmeters provided as one of the

functions of a digital multimeter may generally-de not have the accuracy required incerporate-all-the
sl indi L tochnolosics.
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Figure 8 —Digital ohmmeter method of resistance measurements

NOTE —Digital ohmmeters that utilize pulsed dc current sources, as opposed to constant dc sources,

may introduce errors due to the inductance associated with the coil’s winding.2

The accuracy of this type of digital ohmmeter is limited at lower values of resistance. Vendor
specifications for the accuracy of these devices should be checked against the measurement

requirements.

2 Notes in text, tables, and figures of a standard are given for information only and do not contain requirements needed to

implement this standard.
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6.3.3 Ammeter and voltmeter method

This method_can be used;whieh-is-the simplest-of all-His-incommeon-use for-the- measurement-of low

resistances when an accuracy of 1% is sufficient. However, this is a relatively rough method, the

accuracy being limited by that of the ammeter and voltmeter used, even if corrections are made for
the “shunting” effect of the voltmeter. In Figure 9 8, R is the resistance to be measured and V is a

high-resistance voltmeter of resistance Ry. A current from a steady dc supply is passed through R in

series with a suitable ammeter.

| I

®

f

DC
SUPPLY CURRENT LIMITING
‘ RESISTANCE

Figure 9— Ammeter and voltmeter method of resistance measurement

Assuming the current through the unknown resistance to be the same as that measured by ammeter

A, the former is given by Equation (3):

R voltmeter reading

: (3
ammeter reading

If the voltmeter resistance is not very large compared with the resistance to be measured, the

voltmeter current will be an appreciable fraction of current I, measured by the ammeter, and a

serious error may result. To correct for the shunting effect of the voltmeter, if the actual value of the

unknown resistance is R, its measured value Ry, the voltmeter and R in parallel is_as shown in

Equation (4):
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vy @)
and the voltage drop across R is_as shown in Equation (5):

I ;ii = voltmeter reading (5)
Then, assaming-voltmeterandammeterto-bereading correcthy

IRxR, _RxR, ©

IR+R, R+R,

and

R, xR,

R, -R,

NOTE—The current I required to give an acceptable reading for the voltmeter should not cause a

heating of the winding under test resistor.

6.3.4 Substitution method

The diagram of connections for this method is given in Figure 10 9. X is the coil resistance to be

measured, while R is a variable known resistance. A constant voltage dc power source battery of

adequate capacity is used for the power source supply; since it is important in this method that the

supply voltage be a constant. A is an ammeter of suitable range-or-a-galvanometer-with-ashunt-that

With switch S2 closed and switch S1 on node b stud-a, the reading deflection of the ammeter ox
galvanometer—is observed. Sl is then closed onto Node G stad—b, and the variable resistance is
adjusted until the same reading deflection is obtained-en-the-indicator. The value of R that produces

the same deflection gives the resistance of the unknown directly.
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The resistances R and X should be large compared with the resistance of the rest of the circuit.

The accuracy of the measurement depends upon the consistency of the supply voltage of the
resistance of the circuit, excluding X and R, and upon the sensitivity of the indicating instrument, as

well as the accuracy with which the resistance R is known.

NOTE—The current [ required to give an acceptable reading for the voltmeter should not cause a

heating of the winding under test or the resistors.

REGULATING
RESISTANCE b R
—VVVVv O——VVVYV—]

f

®
/

S2

Figure 10 —Measurement of resistance by substitution

6.3.5 Wheatstone bridge

For historical background purposes, the Wheatstone bridge test method is included in the

document. The method of measurement is still valid, however this method may be more difficult to

perform than other methods.
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The general arrangement is shown in Figure 11 8. P and Q are known fixed resistors, S being a
known variable resistance, and R the unknown resistance. G is a sensitive galvanometer shunted by
a variable resistance N to avoid excessive deflection of the galvanometer when the bridge is out of
balance. This shunt is increased as the bridge approaches balance so that the shunting is zero, giving
full sensitivity of the galvanometer when balance is almost obtained. B is a battery, and M is a
reversing switch, so that the battery connections to the bridge may be reversed, and two separate
measurements of the unknown resistance may be made in order to eliminate thermoelectric voltage
errors. KB and KG are keys fitted with insulating press buttons, so that the hand does not come into
contact with metal parts of the circuit, thus introducing thermoelectric EMFs. The battery key KB
should be closed first, followed by the closing of KG after a short interval. This avoids a sudden
(possibly excessive) galvanometer deflection due to self-induced EMFs when the unknown

resistance R has appreciable self-inductance.
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Figure 11 —Connections of the Wheatstone bridge

At balance (obtained by adjustment of S), the same current i1 flows in both arms P and Q since the

galvanometer takes no current, and the same current i2 flows in arms R and S.

The voltage drop across arm P equals the voltage drop across arm R, and the voltage drop across

arm Q equals the voltage drop across arm S. Then

4P =i,R
40 —irS (8)
PS

R=2=
o

Arms P and Q are the “ratio arms” of the bridge, and the ratio P/Q may be varied as required to

increase the range of the bridge.

Wheatstone bridges are normally constructed with either four or six pairs of ratio coils (tens,
hundreds, thousands, and ten thousands in the bridge containing four pairs) and either four or five
decades of resistance coils that constitute the variable arm S.
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