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Abstract: General recommendations for the loading of dry-type distribution and power
transformers installed in ventilated, non-ventilated, and sealed type enclosures are included in
this standard.

Keywords: ambient temperature, constant load, hottest-spot temperature, IEEE C57.96™,
loading capability, loading transformer, rated output, resin-encapsulated, solid-cast transformer,
time constant, transient loading
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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 Notice” or “Important Notices and Disclaimers Concerning IEEE Standards
Documents.”

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

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

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

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

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

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

Translations

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

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

Comments on standards

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

Comments on standards should be submitted to the following address:

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

Laws and regulations

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

Copyrights

IEEE draft and approved standards are copyrighted by IEEE under U.S. and international copyright laws.
They are made available by IEEE and are adopted for a wide variety of both public and private uses. These
include both use, by reference, in laws and regulations, and use in private self-regulation, standardization,
and the promotion of engineering practices and methods. By making these documents available for use and
adoption by public authorities and private users, IEEE does not waive any rights in copyright to the
documents.

Photocopies

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

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

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

In order to determine whether a given document is the current edition and whether it has been amended
through the issuance of amendments, corrigenda, or errata, visit the IEEE-SA Website at
http://ieeexplore.ieee.org/xpl/standards.jsp or contact IEEE at the address listed previously. For more
information about the IEEE-SA or IEEE’s standards development process, visit the IEEE-SA Website at
http://standards.ieee.org.

Errata

Errata, if any, for all IEEE standards can be accessed on the IEEE-SA Website at the following URL:
http://standards.iece.org/findstds/errata/index.html. Users are encouraged to check this URL for errata
periodically.

Patents

Attention is called to the possibility that implementation of this standard may require use of subject matter
covered by patent rights. By publication of this standard, no position is taken by the IEEE with respect to
the existence or validity of any patent rights in connection therewith. If a patent holder or patent applicant
has filed a statement of assurance via an Accepted Letter of Assurance, then the statement is listed on the
IEEE-SA Website at http://standards.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 a license may be required, for conducting
inquiries into the legal validity or scope of Patents Claims, or determining whether any licensing terms or
conditions provided in connection with submission of a Letter of Assurance, if any, or in any licensing
agreements are reasonable or non-discriminatory. Users of this standard are expressly advised that
determination of the validity of any patent rights, and the risk of infringement of such rights, is entirely
their own responsibility. Further information may be obtained from the IEEE Standards Association.
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Introduction

This introduction is not part of IEEE Std C57.96-2013, IEEE Guide for Loading Dry-Type Distribution and Power
Transformers.

This guide covers the loading of dry-type distribution and power transformers and has been developed to
cover modern dry-type transformers through 10 000 kVA. The insulation systems referred to in this
document meet the thermal evaluation criteria established by the now withdrawn IEEE Std C57.12.56™-
1986° or the replacement document, I[EEE Std C57.12.60™,

Work completed by the IEEE Insulation Life Subcommittee, comprising life test on transformer models, is
the basis for the insulation life versus temperature relationship, designated as minimum life expectancy in
IEEE Std C57.12.56-1986 and IEEE C57.12.60, which in turn are based on the Arrhenius reaction rate
theory. To avoid ambiguity, this guide will use the term “life expectancy” to indicate the life to be expected
at a given temperature. The “normal life expectancy” at rated hottest-spot temperature in a 30 °C ambient is
expected to be 20 years. For calculation purposes, 180 000 h is used as the expected lifetime.

This revision of the guide combined the content for all dry-type transformers, including those with solid-
cast and/or resin-encapsulated epoxy windings into the main body of the document. In addition, the
computer programs in Annex B have been updated to include all transformer types, and detailed examples
of loading and aging have been provided in Annex C. Moreover, the document has been updated to reflect
the current IEEE Style Guide format.

* Information on references can be found in Clause 2.
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IEEE Guide for Loading Dry-Type Distribution and Power Transformers

IMPORTANT NOTICE: IEEE Standards documents are not intended to ensure safety, security,

health, or environmental protection, or ensure against interference with or from other devices or

networks. Implementers 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 requlations.

This IEEE document is made available for use subject to important mnotices and legal

disclaimers. These notices and disclaimers appear in all publications containing this document and

may be found under the heading “Important Notice” or “Important Notices and Disclaimers

Concerning IEEE Documents.” They can also be obtained on request from IEEE or viewed at

http://standards.ieee.org/IPR/disclaimers.html.

1. Overview

1.1 Scope

This guide covers general recommendations for the loading of dry-type distribution and power

transformers
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1.2 Purpose

This document provides users with guidelines and limitations for loading dry-type transformers

according to nameplate rating. Guidance is also provided for assessing the risks and consequences

of loading above nameplate rating.

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 C57.12.01-3998 ™ JEEE Standard General Requirements for Dry-Type Distribution and

Power Transformers, Including Those with Solid-Cast and/or Resin Encapsulated Windings..2

IEEE Std C57.12.56-™™ 1986 {Reaff1998), IEEE Standard Test Procedure for Thermal Evaluation of

Insulation Systems for Ventilated Dry-Type Power and Distribution Transformers.

! The IEEE standards or products referred to in this clause are trademarks of The Institute of Electrical and Electronics Engineers,

Inc.

2 JIEEE publications are available from The Institute of Electrical and Electronics Engineers, 445 Hoes Lane, P-O—Bex—133%
Piscataway, NJ 08855-133% 08854, USA (http://standards.ieee.org/).
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IEEE Std C57.12.60™, IEEE Standard Test Procedure for Thermal Evaluation of Insulation Systems

for Dry-Type Power and Distribution Transformers, Including Open-Wound, Solid-Cast, and Resin-

Encapsulated Transformers.

IEEE Std C57.94™, IEEE Recommended Practice for Installation, Application, Operation, and

Maintenance of Dry-Type General Purpose Distribution and Power Transformers.

IEEE Std C57.110™, TIEEE Recommended Practice for Establishing Liquid-Filled and Dry-Type

Power and Distribution Transformer Capability When Supplying Nonsinusoidal Load Currents.

IEEE Std C57.134™, TEEE Guide for Determination of Hottest-Spot Temperature in Dry-Type

Transformers.
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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.?

dry-type transformer: A transformer in which the core and coils are in a gaseous or dry

compound insulating medium.

non-ventilated dry-type transformer: A dry-type transformer that is so constructed as to

provide no intentional circulation of external air through the transformer and operating at zero

gauge pressure.

sealed transformer: A dry-type transformer with a hermetically sealed tank.

ventilated dry-type transformer: A dry-type transformer that is so constructed that the ambient

air may circulate through its enclosure to cool the transformer core and windings.

4. Overview

41 General information

Hmustberecognized-that The recommendations given in this guide are based solely on the thermal

characteristics of dry-type transformers. The insulation systems referred to in this document meet

the thermal evaluation criteria established by the now withdrawn IEEE Std C57.12.56-1986* or the

replacement document, IEEE Std C57.12.60.

3 IEEE Standards Dictionary Online subscription is available at:

http://www.ieee.org/portal/innovate/products/standard/standards dictionary.html.

4 Information on references can be found in Clause 2.
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Loads above rating, based on this guide, may be applied only after a thorough study has been
made of all the other various limitations that may be involved. Among these limitations are gas
expansion and pressure in sealed dry-type units-andin-both-ventilated-and sealed-transformers;; the

thermal capability of associated equipment, such as bushings, leads, connections, tap changers_in all

dry-type transformers; and ancillary equipment, such as cables, reactors, circuit breakers,
disconnecting switches, and current transformers. Also, limitations may be imposed by voltage
regulation necessary for satisfactory operation of connected apparatus and by the increased
operating costs due to the higher losses accompanying loads above nameplate rating. These may
constitute the practical limit on load-carrying ability and should be considered before applying loads

in excess of nameplate rating.

It is intended that dry-type transformers be installed based on the recommendations given in IEEE

Std C57.94-1982* If dry-type transformers are installed in subsurface vaults or enelosures areas
of minimum size where the natural ventilation is-insutficient-to-prevent-marked-changes—inthe

will significantly raise ambient temperature with changes in transformer losses, then-the increase

in effective ambient temperature for expected increased transformer losses must be determined

before loading limitations can be estimated.

Dry-type transformers are generally designed to permit loading in line with these guides, but if
there are any questions as to the capability of a particular transformer to carry the desired load, the

manufacturer should be asked consulted for specific recommendations.

4.2 Transformer life expectancy

Recommendations in this guide are based on the life expectancy of transformer insulation as affected

by operating temperature and time_and do not consider other factors that may affect transformer

life, such as voltage stress or mechanical stress especially due to system voltage fluctuations or

system faults.
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The loading capability of transformers is related to properties of the insulating materials and

insulation systems. Transformer life expectancy at—various—operating—temperatures—is not

accurately known_ for many reasons, but primarily due to varying loads and operating

temperatures over the life of a typical unit. However, the information given regarding loss of life of

the insulation is better understood, is considered to be conservative, and is the best that can be

produced from present knowledge of the subject. (Fhe-effects-of temperature-oninsulationlife-are

may-affectfuture revisions-of the-euide-The word

“conservative” is used in the sense that the expected loss of insulation life for recommended load

will not be greater than the amount stated.)

4.3 Transformer rated output

The rated kilovolt-ampere output of a transformer is that-the load that it can deliver continuously at
rated secondary voltage and rated frequency without exceeding the specified temperature rise under
usual service conditions, as described in Clause4—ofIEEE Std C57.12.01-1998. The term “rated
output” or “rated load” used in this guide refers to nameplate rating of continuously rated
transformers. For transformers that do not have a continuous rating—the-manufacturer-should-be
consulted-foradditional-information or when such information is not indicated on the nameplate or

the transformer operating manual, the manufacturer should be consulted for additional information.

The temperature rise on which the rating is based takes into consideration the-industry experience of
the-industry-regarding the fellewding: insulation life as affected by operating temperature and the
ambient temperature assumed to exist throughout the life of the transformer. The actual output

that a transformer can deliver at any time in service; without undue deterioration of the

insulation; may be more or less than the rated output, depending upon insulation temperature

rating, the ambient temperature, altitude, and other attendant operating conditions.
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4.4 Aging of insulation

Aging or deterioration of insulation is a function of time and temperature. Since; in most apparatus;
the temperature is not uniform, the part that is operating at the highest temperature will ordinarily
undergo the greatest deterioration. Therefore, aging studies consider the aging effects produced by

the highest temperature. In the transformer winding, this is known as the hottest-spot temperature.

Additional information on how to determine the hottest-spot temperature for dry-type transformers

may be found in IEEE Std C57.134.

Practically all of the data in reference to the aging of insulation at different temperatures has been
obtained in laboratory tests in which the changes in mechanical or electrical properties, or both, have

been measured.

The relation between the life expectancy of insulation; as indicated by laboratory tests; and the
actual life of a transformer is largely theoretical. Thus, loading based on such information should be

tempered by sound judgment based on experience.

Because the cumulative effects of temperature and time in causing deterioration of transformer
insulation are not thoroughly established, it is not possible to predict with a great degree of accuracy

the length of life of a transformer, even under constant or closely controlled conditions, much less

under widely varying service conditions. However, the cumulative effects of repeated or long-time

higher-than-normal operating temperatures can lead to deterioration of the mechanical and

dielectric properties of the insulation. If this deterioration proceeds far enough, it may significantly

reduce the life of the transformer, particularly if the apparatus is subjected to system short-circuits or

over-voltage stresses.

The change in rate of deterioration with change in temperature has been widely studied, but the
amount of change in actual transformer life with a change in operating temperature remains
debatable. However, there is agreement that, in all of the methods of calculating the effect of
operating temperature on insulation life, higher than normal operating temperatures, whether they

are due to loads above rating or to high ambient temperatures, result in some reduction in

transformer life-expectaney.
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The many variables mentioned, and particularly the many varying conditions of load and ambient
to which a transformer can be subjected in service, make it impossible to give precise rules for the
loading of transformers. However, it is possible to give suggested loading under specified conditions

to assist the user in making informed loading decisions.

4.5 Ambient temperature

Ambient temperature is an important factor in determining the load capability of a transformer,
since the temperature rise for any load must be added to the ambient to determine the operating
temperature. Whenever the actual ambient temperature can be determined from readings taken at
the time of the load pattern being considered, such temperatures should be used to determine the
winding hottest-spot temperature and the load capability of the transformer. It is often necessary to
predict the load that a transformer can carry with no sacrifice of life expectancy at some future time
when the actual ambient temperature is unknown. For dry-type transformers used in indoor
installations, the ambient temperature can be approximated from heating or air conditioning
records of the installation. For transformers used outdoors, the ambient temperature for the month
in which the expected load is anticipated can be obtained from reports gathered by the Climatic
Services Branch of the National Climatic Data Center, which is a part of the National Oceanic and

Atmospheric Administration_ [B6]. These reports are available for areas throughout the world.?

These ambient temperatures should be used as follows:

—  For loads with normal life expectancy, use the average temperature over a period of

years for the month involved.

—  For short-time loads above rating with moderate sacrifice of life expectancy, use the
average of the daily maximum temperatures for the month involved averaged with

similar values for the same month over a period of years.

2This information can be obtained by writing to the National Climatic Data Center, Federal Bldg., Asheville, NC 28801.
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5. Loading equations

5.1 Continuous loading

The hottest-spot winding temperature rise-as-afunction-ofload-for-steady—state-conditions-may-be
calewlated-by-thefollewingmay be calculated by Equation (1):

O =60, + A Oy 6}
where,
Oys is the hottest-spot winding temperature, atlead-; in °C
0, is the ambient temperature, in °C
ABys is the hottest-spot temperature rise over ambient at-perunittoad-L, in °C,

The hottest-spot temperature rise as a function of load for steady-state conditions and self-cooled

operation may-be-ecalewlated-by Equation {2y through-Equation{4):

A @HS =A @HS:! . [L]EM @
where,
AOnus is the hottest-spot temperature rise over ambient, in °C
A®Hs,r is the rated hottest-spot temperature rise over ambient at 1.0 per unit load,
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L is the per unit load

m is an empirical constant which-is—equal-te (0.8 is suggested unless another

value can be justified by test data is available)

Fan-cooled operation is calculated as follows:

MO, =00, <[Pk, [ 5)
where,
ABOus is the hottest-spot temperature rise over ambient, in °C
ABOHs, is the rated hottest-spot temperature rise over ambient at 1.0 per unit load,
in °C
L is the per unit load

Kr is the temperature correction for resistance change with temperature

X is an empirical constant used in forced-air calculation (1.0 is suggested

unless another value can be justified by test data is-available)

_ L +AOg
T =T, +80g, )

where,

Kr is the temperature correction for resistance change with temperature
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ABpys. is the hottest-spot temperature rise over ambient, in °C

AOuys, is the rated hottest-spot temperature rise over ambient at 1.0 per unit load,
in °C

T is the temperature constant for conductor whieh-is (225 for aluminum and

234.5 for copper)

Test data indicates that the-abewve-Equation (2) through Equation (4), although only approximate,

should result in conservative predictions of the hottest-spot temperature. The m exponent of 0.8 for
self-cooled operation and the X exponent of 1.0 for forced-air operation are derived from heat
transfer correlations for natural and forced convection. Test data indicates that a temperature
correction for resistance given by Equation (4) is required to predict hottest-spot temperatures

during forced-air loading due to the higher losses present at forced-cooled operation.

Equation (2) and Equation (3) ignore eddy losses in the winding, which vary inversely with
temperature. Eddy losses are usually less than 10% of the load losses unless harmonic currents are
present. Equation (3) requires an iterative calculation procedure. Using the suggested exponents and
considering the resistance change with temperature for fan-cooled operation should result in
conservative calculations of the hottest spot temperature rise; even when eddy losses are ignored. If
harmonic currents are present, the increased eddy losses during overloading may need

consideration in accordance with IEEE Std C57.110-1998.

5.2 Transient loading

The hottest-spot temperature due to transient overloading may be determined by-the-following by
Equation (5) and Equation (6):
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AG,=(A6y; —aﬂ}xh—exy(—ﬂma ®)

A©, = (AOy- a.e,.;{.r - cxp_j + A@, (AS)
where,
AB: is the hottest-spot temperature rise at some time ¢ after the overload, in °C
A ©i is the initial hottest-spot rise at some prior load L;, in °C
ABu is the ultimate hottest-spot rise if the per unit overload Lu, continued until

the hottest-spot temperature stabilized, in °C

t is the time, in minutes
Tr is the time constant in minutes for the transformer at rated load
Oy =A0,+0, (6)
where
©®Hs is the hottest-spot temperature, in °C
A O is the hottest-spot temperature rise at some time t after the overload, in °C
®a is the ambient temperature, in °C
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5.3 Time constants

The concept of a transformer time constant is based on the assumption that a single heat source
supplies heat to a single heat sink and that the temperature rise of the sink is an exponential function

of the heat input. The time constant is defined—as-the time required for the temperature of the

winding to reach 63.2% of a stabilized temperature at any load. In this context, the time constant is

the time required for the temperature rise over ambient to change 63.2% after a step change in load.

For loading purposes, it is desirable to have as large a time constant as possible. Hottest-spot
temperature calculations for loading should be made on both the low-voltage and high-voltage
windings, since published test data indicates that the time constants may be different. Insulation

system temperature classes for the two windings may also be different.

The time constant of a winding at rated load tr may be estimated by the Equation (7):

_ C{AQHS.}' -6, ]
T, = P, )
where
Tr is the time constant in minutes for the transformer at rated load
C is the effective thermal capacity of winding, in watt-minutes per °C€ K
(Wmin/K),

[15.0 x mass of aluminum conductor in kilograms (kg)] + [6-35 24.5 x weight

mass of epoxy and/or other winding insulation in kilograms (kg)], or

[6.42 x mass of copper conductor in kilograms (kg)] + [24.5 x weight mass of

epoxy and/or other winding insulation in kilograms (kg)]
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P: is the I2R loss of a winding at rated load and rated temperature rise, in watts

A®Hms,r is the rated hottest-spot temperature rise over ambient at 1.0 per unit load, in
°C

Oec is the core contribution to winding hottest-spot temperature rise at rated
load, in °C

(5 °C for outer winding, other values may be used if test data is available)

_os : inding

(20 25 °C for inner {secendary)} winding, other values may be used if test data

is available)

The time constant for any load and for any starting temperature for either a heating cycle or a cooling cycle

may be estimated by Equation (8).

AGHS‘ y )_{-“nﬂfih )

Fh (26 | (®)
1.3.3_‘,35 "AGHSJ.
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( ABy; AB;
AG )_(ae )
s, A,
T = THS,?’ ?‘1 ! 1 E:A.E}
AOgg, ABg:,
where
T is the time constant in minutes for the transformer at any load
Tr is the time constant in minutes for the transformer at rated load
ABu is the ultimate hottest-spot rise if the per unit overload LU, continued until
the hottest-spot temperature stabilized, in °C
A Oi is the initial hottest-spot rise at some prior load Li, in °C
AOHs,y is the rated or tested hottest-spot temperature rise over ambient at 1.0 per
unit load, in °C
m is an empirical constant, which is equal to 0.8 (suggested unless test data is

available)

Time constants may also be estimated from the hot resistance cooling curve obtained during thermal
tests. The manufacturer may also be consulted for more accurate estimations of the winding time

constants than estimated by the-abeve-Equation (7) and Equation (8). Consideration may be given to

specifying that time constants be shown on test reports when supplied.
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5.4 Calculation of loading capability

5.4.1 Loading in standard conditions

Equation (1) through Equation (8) may be used to determine hottest-spot temperatures during

overloads. They may also be used to determine the short-time or continuous loading,—whichresults

The initial hottest-spot rise for prior load Li may be obtained from Equation (2 and). It is determined
asfellows:in Equation (9):

AG; =A@ , x[L; P (9)
where
A O is the hottest-spot temperature rise at the prior per unit load, in °C
AO#Hsr is the rated hottest-spot temperature rise over ambient at 1.0 per unit load, in
°C
Li is the prior per unit load
m is an empirical constant, which is equal to 0.8 (suggested unless test data is

available)

From Table 1, select the rated hottest-spot winding temperature Fus—Hor-the-ambient-temperatare;
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Table 1 — Constants for lifetime equation

Insulation | Rated hottesi- Arrhenius’ equation constants
system spot winding e . o
temperature | temperature 0°C §°c 10°C
°C °C In{a) b Inia) b In{a) b
130 120 —34.011 | 18120 | 22636 | 13665 | —15.844 | 10 986
150 140 —36.321 | 20006 | —24380 | 15076 | -17.230 | 12118
180 170 —30.787 | 22004 | 25088 | 17322 | 19300 | 13219
200 190 —42.008 | 25102 | 28721 | 18907 | —20.696 | 15190
220 210 —44.408 | 27302 | 30454 | 20560 | —22.082 | 16515
New

For the ambient temperature, determine the permissible hottest-spot temperature rise at time t from

Equation (1), as shown in Equation (10).

AB, =05 — 0O, (10)
where,

AO, is the hottest-spot temperature rise at time t, in °C

OHs is the hottest-spot winding temperature, in °C

O, is the ambient temperature, in °C
Determine the ultimate hottest-spot temperature rise from Equation (5), as shown in Equation (11).

Ay, =| 28728 | Ao,

l-exp(-L) a

where,

ABu is the ultimate hottest-spot rise if the per unit overload Lu, continued until

the hottest-spot temperature stabilized, in °C
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AO: is the hottest-spot temperature rise at some time t after the overload, in °C
A Oi is the initial hottest-spot rise at some prior load L;, in °C

t is the duration of the overload, in minutes

T is the time constant in minutes for the transformer

From Equation (2), the overload corresponding to these conditions may be obtained as in Equation

(12):

1 [ae
U ABys, (12)
where,
Lu is the overload in per unit load
AOu is the ultimate hottest-spot rise if the per unit overload Lu, continued until

the hottest-spot temperature stabilized, in °C

AOHs, is the rated hottest-spot temperature rise over ambient at 1.0 per unit load, in

°C

is an empirical constant, which is equal to 0.8 (suggested unless test data is

available)

I3
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A similar derivation based on Equation (3) results in the Equation (13) for forced air operation:

- L
| I sy T
! | 2@ms, -

LU =‘\I—r2_ (13}

where

Lu is the overload in per unit load

ABu is the ultimate hottest-spot rise if the per unit overload Lu, continued until
the hottest-spot temperature stabilized, in °C

AOHs, is the rated hottest-spot temperature rise over ambient at 1.0 per unit load, in
°C

Xis an empirical constant used in forced-air calculation, which is 1.0 (suggested
unless test data available)

Kr is the temperature correction for resistance change with temperature
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5.4.2 Influence of ambient temperature.

The average ambient temperature should cover periods ef-timenot exceeding 24 h, with the
maximum temperature not more than 10 °C greater than the average temperature. For each degree
Celsius that the average temperature of the cooling air is above or below 30 °C, a transformer may
be loaded below or above its nameplate kilovolt-ampere rating for any period-eftime, as specified in
Table 2. Loading based on the-basis-ef-ambient temperature with the loads permitted by Table 2 can
give approximately the same life expectancy as if the transformers had been operated at nameplate
rating and standard ambient temperatures over the same period. The operation of transformers in
cooling air above 50 °C; or below 0 °C; is not covered by Table 2, and the manufacturer should be
consulted for these operating conditions. Since the ambient temperature is an important factor in
determining the load capability of a transformer, it should be controlled for indoor installations by

adequate ventilation, and it should always be considered in outdoor installations.

Table 2 —Continuous per unit loading capability as a function of

ambient temperature

Cooling 24 h average ambient Insulation temperature class
mode temperature °C 130 150 180 200 220
AA, 0 1.20 116 113 111 1.10
ANV 10 +261.13 6111 | +421.09 1.08 1.07
20 +31.07 | ++1.06 | +681.04 1.04 1.03
30 +671.00 | +661.00 | +641.00 1.00 1.00
40 +660.93 | 66094 | +660.95 0.96 0.96
50 0.85 0.88 0.91 0.92 0.93
AAJFA, 0 115 113 1.10 1.09 1.08
AFA 10 +51.11 +31.09 | +4681.07 1.06 1.05
20 +11.05 +091.04 | +671.04 1.03 1.03
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Cooling 24 h average ambient Insulation temperature class
mode temperature °C 130 150 180 200 220
30 +651.00 | +641.00 | 463 1.00 1.00 1.00
40 +600.94 | +660.95 | +660.96 0.97 0.97
50 0.88 0.9 0.93 0.94 0.94

NOTE—Cooling mode designations may be found in IEEE Std C57.12.01

Table 2 per unit AA and ANV loading capability values are calculated from Equation (15) which is derived

from Equation (1) and Equation (2) as in Equation (14):

Ou =0, +A@, x[L[" (14)

Solving for the per unit load L, the equation then becomes:

I [ﬂ";;f ]n.szs 1s)
where,

Ons is the hottest-spot winding temperature, in °C, as defined in Table 1

O is the ambient temperature, in °C, equal to the 24-h average ambient

temperature in this case

AOHs, is the rated or tested hottest-spot temperature rise over ambient at 1.0 per

unit load, in °C

=

is the per unit load

is an empirical constant, which is equal to 0.8 (suggested unless test data is

available)

|3
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Table 2 per unit AA/FA and AFA loading capability values are calculated in a similar fashion from

Equation (1) and Equation (3). Note, however, that the resistance temperature correction factor KT

was not used to develop the table values, since these factors are intended to be estimates, and it

would not be possible to properly vary the correction factor for the different temperature classes in a

single table. More accurate load factors may be calculated for specific application conditions by

using the reference equations with the proper resistance temperature correction factor.

5.4.3 Influence of altitude on loading

Because dry-type transformers are dependent upon air for dissipation of heat loss, the effect of the
decreased air density due to high altitude is to increase the temperature rise of the transformers.
Transformers may be operated at rated kilovolt-amperes at altitudes greater than 1000 m {3366t
without exceeding temperature limits, provided the average temperature of the cooling air does not

exceed the values of Table 23 for the respective altitudes. The cooling air temperatures are based on

an increase in average winding temperature rise of 0.5% for every 100 m above 1000 m altitude for

natural cooling and 1.0% for forced-air cooling. The data included in Table 23 apply to ventilated

dry-type and non-ventilated dry-type transformers only; and are not applicable to sealed and

nonventilated-dry-type or gas-filled transformers._An altitude of 4500 m is considered a maximum
for dry-type transformers conforming to IEEE Std C57.12.01
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Table 3 — Maximum allowable 24-h average temperature of cooling air

in °C for operation at rated kilovolt-amperes with normal loss of life

under unusual altitude conditions

Insulation Rated average winding Altitude
temperature class temperature rise
AA ANV cooling °C
1000 m 2000 m 3000 m 4000 m
130 75 30 26 23 19
150 90 30 26 21 17
180 115 30 24 19 13
200 130 30 24 17 11
220 150 30 23 15 3
Insulation Rated average winding Altitude
temperature class temperature rise
AATFA, AFA cooling °C
1000 m 2000 m 3000 m 4000 m
130 75 30 23 15 3
150 o0 30 21 12 3
180 115 30 19 7 -5
200 130 30 17 4 9
220 150 30 15 ] -15

New

NOTE—Cooling mode designations may be found in IEEE Std C57.12.01

Percent of rated KVASC

Type of unit }:;ﬁlﬁfﬁpi?;ﬁ]zﬁgz?_ tempgg:'lt:: iTJP:tSD “C l:s]: lf:g;ﬂjfﬂﬂlnélt Elra f:t:":l:llts}:\eflg'

ambient (°C) average ambient greater than
jn°C
Ventilated 150 140 (0.57)
self-cooled 130 170 043)
220 210 (0.35)
Sealed 150 140 (0.65)
self-cooled 130 170 049)
220 210 (0.40)

(Peleted)
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