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Abstract: This recommended practice provides calculation methods to conservatively evaluate
the feasibility for an existing installed dry-type or liquid-filled transformer, to supply nonsinusoidal
load currents as a portion of the total load. This recommended practice also provides necessary
application information to assist in properly specifying a new transformer expected to carry a load,
a portion of which is composed of nonsinusoidal load currents. A number of examples illustrating
these methods and calculations are presented. Reference annexes provide a comparison of the
document calculations to calculations found in other industry standards. Suggested temperature
rise calculation methods are detailed for reference purposes.

Keywords: accuracy, current transformer, instrument transformer, primary winding, rated
secondary voltage, routine tests, secondary winding, type tests, voltage transformer
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IEEE Standards documents are developed within the IEEE Societies and the Standards Coordinating Committees of
the IEEE Standards Association (IEEE-SA) Standards Board. The IEEE develops its standards through a consensus
development process, approved by the American National Standards Institute, which brings together volunteers
representing varied viewpoints and interests to achieve the final product. Volunteers are not necessarily members of the
Institute and serve without compensation. While the IEEE administers the process and establishes rules to promote
fairness in the consensus development process, the IEEE does not independently evaluate, test, or verify the accuracy
of any of the information or the soundness of any judgments contained in its standards.

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

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

The existence of an IEEE Standard does not imply that there are no other ways to produce, test, measure, purchase,
market, or provide other goods and services related to the scope of the IEEE Standard. Furthermore, the viewpoint
expressed at the time a standard is approved and issued is subject to change brought about through developments in the
state of the art and comments received from users of the standard. Every IEEE Standard is subjected to review at least
every five years for revision or reaffirmation. When a document is more than five years old and has not been
reaffirmed, it is reasonable to conclude that its contents, although still of some value, do not wholly reflect the present
state of the art. Users are cautioned to check to determine that they have the latest edition of any IEEE Standard.

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

Interpretations: Occasionally questions may arise regarding the meaning of portions of standards as they relate to
specific applications. When the need for interpretations is brought to the attention of IEEE, the Institute will initiate
action to prepare appropriate responses. Since IEEE Standards represent a consensus of concerned interests, it is
important to ensure that any interpretation has also received the concurrence of a balance of interests. For this reason,
IEEE and the members of its societies and Standards Coordinating Committees are not able to provide an instant
response to interpretation requests except in those cases where the matter has previously received formal consideration.
A statement, written or oral, that is not processed in accordance with the IEEE-SA Standards Board Operations Manual
shall not be considered the official position of IEEE or any of its committees and shall not be considered to be, nor be
relied upon as, a formal interpretation of the IEEE. At lectures, symposia, seminars, or educational courses, an
individual presenting information on IEEE standards shall make it clear that his or her views should be considered the
personal views of that individual rather than the formal position, explanation, or interpretation of the IEEE.

Comments for revision of IEEE Standards are welcome from any interested party, regardless of membership affiliation
with IEEE. Suggestions for changes in documents should be in the form of a proposed change of text, together with
appropriate supporting comments. Comments on standards and requests for interpretations should be submitted to the
following address:

Secretary, IEEE-SA Standards Board
445 Hoes Lane

Piscataway, NJ 08854
USA

Authorization to photocopy portions of any individual standard for internal or personal use is granted by The Institute
of Electrical and Electronics Engineers, Inc., provided that the appropriate fee is paid to Copyright Clearance Center.
To arrange for payment of licensing fee, please contact Copyright Clearance Center, Customer Service, 222 Rosewood
Drive, Danvers, MA 01923 USA; +1 978 750 8400. Permission to photocopy portions of any individual standard for
educational classroom use can also be obtained through the Copyright Clearance Center.
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Introduction

(This introduction is not part of IEEE Std C57.110-2008, IEEE Recommended Practice for Establishing
Liquid-Filled and Dry-Type Power and Distribution Transformer Capability When Supplying
Nonsinusoidal Load Currents.)

The widespread use of static rectification equipment in industrial loads on small and medium power dry-
type and liquid-filled transformers has resulted in a dramatic increase in the harmonic content of the load
current of these transformers. It has become common for the harmonic factor of the current to exceed 0.05
per-unit, which is the limit specified for “usual service conditions” in IEEE Std C57.12.00™ and
IEEE Std C57.12.01™. The higher harmonic content in the load current of these transformers causes higher
eddy current loss in the windings and the structural parts linked by the transformer leakage flux and,
consequently, higher operating temperatures. Users of this document should also recognize that liquid-
filled transformers may have different load limitations than dry-type transformers and that the harmonic
loading practices should treat the two types of transformers differently when necessary.

This recommended practice provides guidance for the conservative loading of transformers carrying
nonsinusoidal load currents such that overheating is avoided. The intent of this document is to provide
simple methods of calculating these effects on either a new transformer or an existing transformer. More
specifically, it is expected that this recommended practice would be used for the following situations:

a) A new transformer required to carry some nonsinusoidal load currents, but will not be entirely
devoted to a rectifier load.

b) An existing transformer not originally specified for supplying nonsinusoidal load currents, but is
now required to supply a load, a pertion of which is nonsinusoidal.

Two methods are described in this recommended practice. The first method is intended to illustrate
calculations by those with access to detailed information on loss density distribution within each of the
transformer windings. The second method is less accurate and is intended for use by those with access to
transformer-certified test report data only. It is anticipated that the first method will emphasize the
information necessary to specify a new transformer and show how this information is used by transformer
design engineers, whereas the second method will be employed primarily by users. This recommended
practice will provide methods for conservatively evaluating the feasibility of applying nonsinusoidal load
currents to existing transformers and will clarify the requirements for specifying new transformers to
supply nonsinusoidal loads.

New transformers that are intended to supply loads with high harmonic content must be specified with a
harmonic current distribution. The designer cannot “assume” nor can the user expect the designer to use
“standard” or “typical” current distribution tables. If the harmonic content of the load is unknown, then
both the user and the transformer designer are at risk and reasonable steps should be taken to ensure a
conservative design for the application. Guidelines on how this information is used to develop proper
transformer sizing is provided in this document, but appropriate calculations specific to the type of
transformer design are the responsibility of the designer. Approximate calculation techniques that provide
conservative results are provided for the typical user who has much less information than the transformer
designer.
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Notice to users

Laws and regulations

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

Copyrights

This document is copyrighted by the IEEE. It is made available for a wide variety of both public and
private uses. These include both use, by reference, in laws and regulations, and use in private self-
regulation, standardization, and the promotion of engineering practices and methods. By making this
document available for use and adoption by public authorities and private users, the IEEE does not waive
any rights in copyright to this document.

Updating of IEEE documents

Users of IEEE standards should be aware that these documents may be superseded at any time by the
issuance of new editions or may be amended from time to time through the issuance of amendments,
corrigenda, or errata. An official IEEE document at any point in time consists of the current edition of the
document together with any amendments, corrigenda, or errata then in effect. In order to determine whether
a given document is the current edition and whether it has been amended through the issuance of
amendments, corrigenda, or errata, visit the IEEE Standards Association Web site at
http://ieeexplore.ieee.org/xpl/standards.jsp, or contact the IEEE at the address listed previously.

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

Errata

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

Interpretations

Current interpretations can be accessed at the following URL: http://standards.ieee.org/reading/icee/interp/
index.html.
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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 with respect to the existence
or validity of any patent rights in connection therewith. 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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IEEE Recommended Practice for
Establishing Liquid-Filled and Dry- Type
Power and Distribution Transformer
Capability When Supplying Nonsinusoidal
Load Currents

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

This IEEE d ocument is mad e available for use sub ject to_important notices and legal disclaimers. These
notices and disclaimers appear in_all publications containing this document and may be found under the
heading “Important Notice” or “Important Notices and Disclaimers Concerning IEEE Documents.” They
can also be obtained on request from IEEFE or viewed at http:/standards.ieee.org/IPR/disclaimers.html,

1. Overview

1.1 Scope

This recommended practice applies only to two winding transformers covered by IEEE Std C57.12.00,
IEEE Std C57.12.01, and NEMA ST20." It does not apply to rectifier transformers.

1.2 Purpose

The purpose of this document is to establish uniform methods for determining the capability of transformers
to supply nonsinusoidal load currents of known characteristics.

" Information on references can be found in Clause 2.
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2. Normative references

The following referenced documents are indispensable for the application of this document. 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 General Requirements for Liquid-Immersed Distribution, Power, and
Regulating Transformers.> *

IEEE Std C57.12.01™, IEEE Standard General Requirements for Dry-Type Distribution and Power
Transformers Including Those with Solid Cast and/or Resin-Encapsulated Windings.

IEEE Std C57.12. 499390™, IEEE Standard Test Code for Liquid-Immersed Distribution, Power, and
Regulating-Transformers

IEEE Std C57.12.91-4995 ™. IEEE Standard Test Code for Dry-Type Distribution and Power Transformers.

IEEE Std C57.91-4995™ IEEE Guide for Loading Mineral-Oil-Immersed Transformers.

NEMA ST20-1992, Dry-Type Transformers for General Applications.>

3. General considerations

3.1 Transformer losses

IEEE Std C57.12.90 and IEEE Std C57.12.91 categorize transformer losses as no-load loss (excitation
loss), load loss (impedance loss), and total loss (the sum of no-load loss and load loss). Load loss is subdivided
into IR loss and “stray loss.” Stray loss is determined by subtracting the I°R loss (calculated from the measured
resistance) from the measured load loss (impedance loss).

“Stray loss” can be defined as the loss due to stray electromagnetic flux in the windings, core, core clamps,
magnetic shields, enclosure or tank walls, and so on. Thus, the stray loss is subdivided into winding stray loss
and stray loss in components other than the windings (Pos; ). The winding stray loss includes winding conductor
strand eddy-current loss and loss due to circulating currents between strands or parallel winding circuits. All of
this loss may be considered to constitute winding eddy-current loss (Pgc). The total load loss can then be stated
as_follows in Equation (1):

PL= P+ Bt Fost W)
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where

Py is the load loss (watts)

P is the I’R loss portion of the load loss (watts)
Prcis the winding eddy-current loss (watts)
Pogy is the other stray loss (watts)

2 IEEE publications are available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane. Piscataway. NJ 08854, USA
(http://standards/ieee.org/).

® The IEEE standards or products referred to in this clause are trademarks of the Institute of Electrical and Electronics Engineers, Inc.

* NEMA publications are available from Global Engineering Documents, 15 Inverness Way East, Englewood, CO 80112, USA
(http://global.ihs.cony).

3.1.1 Harmonic current effect on PR loss

If the rms value of the load current is increased due to harmonic components, the °R loss will be increased
accordingly.

3.1.2 Harmonic current effect on winding eddy-current loss

Winding eddy-current loss (Pgc) in the frequency range under consideration (power frequency speetrumand
associated harmonics) tends to be proportional to the square of the load current and approximately proportional
to the square of frequency (see Crepaz [B5], Blume et al. [B3], Dwight [B7], as well as Bishop and Gilker [B2])’
It is this characteristic that can cause excessive winding loss and hence abnormal winding temperature rise and
hottest spot temperatures in transformers supplying nonsinusoidal load currents.

3.1.3 Harmonic current effect on other stray loss

It is recognized that other stray loss (Pos) in the core, clamps, and structural parts will also increase at a rate
proportional to the square of the load current. However, these losses will not increase at a rate proportional to
the square of the frequency, as in the winding eddy losses. Studies by manufacturers and other researchers have
shown that the eddy-current losses in bus bars, connections, and structural parts increase by a harmonic exponent
factor of 0.8 or less. Therefore, as a conservative estimate, an exponent of 0.8 will be used throughout this
document.4—TempePa%u¥%fisem—sheSﬁegieﬂs— The effects of these losses will also vary depending on the type of
transformer. For example, the temperature rise in these non-winding parts will generally not be very critical than
in-the-windinesfor dry-type transformers. However, these losses must be properly accounted for in liquid-filled
transformers, since they contribute to additional heating of the insulating liquid and the hottest spots in the
structural parts.

3.1.4 DC components of load current

Harmonic load currents are frequently accompanied by a dc component in the load current. A dc component of
load current will increase the transformer core loss slightly, but it will increase the magnetizing current and
audible sound level more substantially. Relatively small dc components (up to the rms magnitude of the
transformer excitation current at rated voltage) are expected to have no effect on the load carrying capability of a
transformer determined by this recommended practice. Higher dc load current components may adversely affect
transformer capability and should be avoided_ or otherwise accounted for.

3.1.5 Effect on top-oil rise

For liquid-filled transformers, the top oil rise (B1o); will increase as the total load losses increase due to

harmonic loading. Any-inerease-inUnlike dry-type transformers, the other stray loss (Pogp ) wit-primaritymust be
considered, since these losses also affect the top oil rise.
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3.2 Transformer capability equivalent

The transformer capability established by following the procedures in this recommended practice is based on
the following premises:

a) The transformer, except for the load harmonic current distribution, is presumed to be operated in accordance
with “Usual Service Conditions” in IEEE Std C57.12.00 or IEEE Std C57.12.01.

* The numbers in brackets correspond to those of the bibliography in Annex A.

¢ See paragraph 2 of Annex D for additional information on this topic.

b) The transformer is presumed to be capable of supplying a load current of any harmonic content provided that
the total load loss, the load loss in each winding, and the loss density in the region of the highest eddy-current
loss do not exceed the levels for full load, rated frequency, and sine wave design conditions. It is also presumed
that the limiting condition is the loss density in the region of highest winding eddy-current loss; hence, this is

the basis used for establishing capability equivalency.®
3.3 Basic data

In order to perform the calculations in this recommended practice, the characteristics of the nonsinusoidal load
current must be defined either in terms of the magnitude of the fundamental frequency component or the
magnitude of the total rms current. Each harmonic frequency component must also be defined from power
system measurements. In addition, information on the magnitude of winding eddy-current loss density must be
available.

3.4 Transformer per-unit losses

Since the greatest concern about a transformer operating under harmonic load conditions will be for overheating
of the windings, it is convenient to consider loss density in the windings on a per-unit basis (base current is rated
current and base loss density is the I°R loss density at rated current). Thus, Equation (1) applied to rated load
conditions can be rewritten on a per-unit basis as follows in Equation

(P g (pu) = 1+ B _g (pu) + FPogp g (Pu) pu) )

where

Py r(pu) is the per-unit load loss under rated conditions
Pgc.r(pu) is the per-unit winding eddy current loss under rated conditions
Posir(pu) is the per-unit other stray loss under rated conditions):

25 Liti Linf . .' .__“..

conservative

Given the eddy-current loss under rated conditions for a transformer winding or portion of a winding,
(Pgcr), the eddy-current loss due to any defined nonsinusoidal load current can be expressed as follows in this
Equation (3):

b (7 N

P.=F SNl R w

zc —{ec-R [} RI W
A=l j
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where

Prcis the winding eddy-current loss (watts)

Prcris the winding eddy-current loss under rated conditions (watts)

h is the harmonic order

hmax 18 the highest significant harmonic number
1, is the rms current at the higher-harmonic ire i

“h” (amperes)

Ipis the rms fundamental current under rated frequency and rated load conditions

(amperes)

" The simple methods of calculation of transformer capability equivalent given in this document neglect the skin effect, which
becomes more pronounced at frequencies in the upper portion of the frequency range under consideration.

The IR loss at rated load is one per-unit (by definition). For nonsinusoidal load currents, the equation for the
rms current in per-unit form (base current is rated current), will be_as follows in Equation (4):

where

I(pu) is the per-unit rms load current

h is the harmonic order

hmax 1s the highest significant harmonic number
1,(pu) is the per-unit rms current at harmonic “A4”

Equation (3) can also be written in per-unit form (base current is the rated current and base loss density is the
IR loss density at rated current) as follows in Equation (5):

b

Pee(pu) = Pe_5 (pu) kafpu}zhz pu

=1
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where

Prc(pu) is the per-unit winding eddy-current loss
Prc.r(pu) is the per-unit winding eddy-current loss under rated conditions
A is the harmonic order

By 18 the highest significant harmonic number
L,(pu) is the per-unit rms current at harmonic “4”

3.5 Transformer losses at measured currents

Equation (2) through Equation (5) assumes that the measured application currents are taken at the rated currents
of the transformer. Since this is seldom encountered in the field, a new term is needed to describe the winding
eddy losses at the measured current and the power frequency; Pgc.o. Three assumptions in addition to the basic
premises of the Transformer Capability Equivalent are necessary to clarify the use of this term:

a) The eddy losses are approximately proportional to the square of the frequency. This assumption will cause any
subsequent equations to be accurate for small conductors and low harmonics, with—errers—en—thehighside;
providing a conservative calculation, for a combination of larger conductors and higher harmonics.

b) The eddy losses are a function of the current in the conductors. Any equation for loss can then be expressed
in terms of the rms load current /.

¢) Superposition of eddy losses will apply, which will permit the direct addition of eddy losses due to the various
harmonics.

Equation (3) and Equation (5) may now be written more generally as in Equation (6):

max I_ I| .
Pic=Peco D, | |4 w
= T

where

Pgc is the winding eddy-

current loss (watts)

Prc.ois the winding eddy-current loss at the measured current and the power frequency (watts)
h is the harmonic order

Dy 18 the highest significant harmonic number

1, is the rms current at harmonic “4” (amperes)

1 is the rms load current (amperes)

By removing the rms current term, / from the summation, we now have Equation (7):

k= '1

TI,I‘H

PEC = PEC—D XI—E W
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where

Pec is the winding eddy-current loss (watts)

Prc.ois the winding eddy-current loss at the measured current and the power frequency (watts)
h is the harmonic order

himax 18 the highest significant harmonic number

1), 1s the rms current at harmonic “4” (amperes)

1 is the rms load current (amperes)

The rms value of the nonsinusoidal load current is then given by Equation (8):

where

L is the rms load current (amperes)
h is the harmonic order
Dimax 15 the highest significant harmonic number

1, is the rms current at harmonic “4” (amperes)

The rms current term, / may be expressed in terms of the component frequencies as follows in Equation (9):

where

Pec is the winding eddy-current loss (watts)

Prc.ois the winding eddy-current loss at the measured current and the power frequency (watts)
h is the harmonic order

himax 18 the highest significant harmonic number

1), 1s the rms current at harmonic “4” (amperes)

3.6 Harmonic loss factor® for winding eddy currents

It is convenient to define a single number that may be used to determine the capabilities of a transformer in
supplying power to a load. Fyy is a proportionality factor applied to the winding eddy losses, which represents
the effective rms heating as a result of the harmonic load current. Fyy is the ratio of the total winding eddy
current losses due to the harmonics, (Pgc), to the winding eddy current losses at the power frequency, when no
harmonic currents exist (Pgc_o). This definition in equation form is as follows in Equation (10):

b=y 1 3
A
f
F._ = PEC k=1
HL )
Feco = Ima
37,
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where

Fy1 1s the harmonic loss factor for winding eddy currents

Prcis the winding eddy-current loss (watts)

Prc.o1s the winding eddy-current loss at the measured current and the power frequency (watts)

h is the harmonic order

Dmax 15 the highest significant harmonic number
1, is the rms current at harmonic “4” (amperes)

Equation (10) permits Fy to be calculated in terms of the actual rms values of the harmonic currents.
Harmonic analyzers permit calculations to be made in terms of the harmonics normalized to the total rms current
or to the first or fundamental harmonic. Equation (10) may be adapted to these situations by dividing the
numerator and denominator by either /, the rms load current, or by /;, the rms fundamental load current;—es

by —thetoetal rms—eurrent£,. These terms may now be applied to Equation (10) term by term, resulting in
Equation (11) and Equation (12):

1k
h=1
Fy = .
= h=k___ 1 72
IJJE_K_ III.'
aa | 1|

where

Fy is the harmonic loss factor for winding eddy currents
h is the harmonic order

By 18 the highest significant harmonic number

1, is the rms current at harmonic “4” (amperes)

1 is the rms load current (amperes)

¥ The harmonic loss factor is similar but not identical to the K-factor referenced in other standards. For a comparison of the Harmonic loss
factor with the K-factor definition referenced in UL standards, see Annex B.
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where

Fu is the harmonic loss factor for winding eddy currents

h is the harmonic order

Dy 18 the highest significant harmonic number
1, is the rms current at harmonic “4” (amperes)

1, is the rms fundamental load current (amperes)

Note that the quantity 7, /I; may be directly read on a meter, bypassing the computation procedure.

In either case, Fj; remains the same value, since it is a function of the harmonic current distribution and is
independent of the relative magnitude. Two examples may be used to clarify these definitions. In both examples
a nonsinusoidal load current of 1804 A rms will be used as the rated current. The load may be described by the

harmonic distribution in Table 1, normalized to the rms load current of 1804 A

Table 1— Example of a harmonic distribution normalized to the rms load current

0 1, L
B I

1764 0.978
5 309 0.17
7 2085195 | 047111
1 1040794 | 108044
13 2030505 | 0044008
17 s05071 | 0008015
19 2706177 | 00150008
19 17.68 0-0098

The calculation is tabulated in Table
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