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IEEE Standards documents are developed within the Technical Committees of the IEEE Societies and the Standards
Coordinating Committees of the IEEE Standards Board. Members of the committees serve voluntarily and without
compensation. They are not necessarily members of the Institute. The standards developed within IEEE represent a
consensus of the broad expertise on the subject within the Institute as well as those activities outside of IEEE that have
expressed an interest in participating in the development of the standard.

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. 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.

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.

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 all 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 technical committees are not able to provide an instant response to interpretation requests
except in those cases where the matter has previously received formal consideration.

Comments on standards and requests for interpretations should be addressed to:

Secretary, IEEE Standards Board
445 Hoes Lane

P.O. Box 1331

Piscataway, NJ 08855-1331
USA

NOTE — Attention is called to the possibility that implementation of this standard may require use of subject matteq covered
by patent rights. By publication of this standard, no position is taken with respect to the existence or validify of any
patent rights in connection therewith. The IEEE shall not be responsible for identifying all patents for which a
license may be required by an IEEE standard or for conducting inquiries into the legal validity or scope pf those
patents that are brought to its attention.

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,; (508) 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 C57.91-1995, IEEE Guide for Loading Mineral-Oil-Immersed Transformers.)

This guide is applicable to loading 65 C mineral-oil-immersed distribution and power transformers. Guides for
loading, IEEE Std C57.91-1981 (prior edition), IEEE Std C57.92-1981, and IEEE Std C57.115-1991 (redesignation of
IEEE Std 756) are all combined in this document as the basic theory of transformer loading is the same, whether the
subject is distribution transformers, power transformers 100 MVA and smaller, or transformers larger than 100 MVA.
In recognition of different types of construction, special considerations, and the degree of conservatism involved in the
loading of this equipment, specific clauses are devoted to power transformers and distribution transformers. In the
previously referenced information, the guide for units larger than 100 MVA referenced the IEEE Std C57.92-1981
loading guide for units up to and including 100 MVA.

In the previous guides, different insulation aging curves were used for power transformers and distribution
transformers. This was caused by the different evaluation procedures used. The distribution transformer curve was
based on aging tests of actual transformers. The power transformer curve was based on aging insulation samples in test
containers to achieve 50% retention of tensile strength. Investigation of cellulosic insulating materials removed from
transformers that had long service life has led knowledgeable people to question the validity of the 50% criteria. One
new criteria suggested is 25% retention. This revised guide will permit the user to select the criteria most acceptable
to their need, based on percent strength retention, polymerization index, etc. An insulation aging factor may thus be
applied.

A per unit life concept and aging acceleration factor were introduced in this loading guide. The equations given may

be used to calculate percent loss of total insulation life, as has been the practice in earlier editions of the transformer
loading guides. The relationship between insulation life and transformer life is a question that remains to be resolved.
It is recognized that under the proper conditions, transformer life can well exceed the life of the insulation.

The assumed characteristics used in previous guides contained tables of loading capability based on assumed typical
transformer characteristics. These assumed characteristics were recognized as not being those of actually built units,
which may have a wide range of characteristics. In this guide these tables were removed since computer technology
permits calculation of loading capability based on specific transformer characteristics.

Two methods of calculating temperatures are given in this guide. Clause 7 contains temperature equations similar to
those used in previous editions of this guide. These equations use the winding hot spot rise over tank top oil and
assume that the oil temperature in the cooling ducts is the same as the tank top oil during overloads. Recent research
using imbedded thermocouples and fiber optic detectors indicates that the fluid flow occurring in the windings during
transient heating and cooling is an extremely complicated phenomena to describe by simple equations. These recent
investigations have shown that during overloads, the temperature of the oil in the winding cooling ducts rises rapidly
and exceeds the top-oil temperature in the tank. An alternate set of equations based on this concept is given in annex
G. The change of losses with temperature and liquid viscosity effects, and variable ambient temperature was
incorporated into the equations. A computer program based on these equations is given for evaluation by the industry.
Research in this field is ongoing at this time and may be incorporated into future revisions of this guide.

Changes in the guide, in addition to the consolidation, include information to more accurately load transformers
operating down to &30 °C ambient, information regarding loss of diversity due to cold load pick-up or unusually low
ambient temperatures.

Transformers rated 5% rise were generally replaced as a standard offering by most manufacturers about 1966. Their
replacements were originally rated 55/85 and in 1977 the single 6% rated transformers became the industry
standard offering. The higher temperature ratings are based on thermally upgraded oil-paper-enamel insulation
systems. Loading of 58 insulation system transformers is covered in annex D.

Suggestions for improvement gained in the use of this guide will be welcomed. They should be sent to the IEEE
Standards Department.

Documents

Documentiﬁharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 26,2026 at 22:28:29 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE C57.91-1995


http://www.avadocuments.com/doc/ieee-c57-91-1995
http://www.avadocuments.com/doc/ieee-c57-91-1995

The Accredited Standards Committee on Transformers, Regulators, and Reactors, C57, that reviewed and approved
this document, had the following membership at the time of approval:

P. E. Orehek Chair
vacant, Vice Chair
John A. Gauthier, Secretary

Electric Light and POWET GIOUP .......ciiuttiiiiiieiee ettt ettt tee sttt ee st bee e sttt ee e et eeeesbbeeeseanneenenes E.A. Bertolini

T. Diamantis
E. Hanus
M. C. Mingoia (Alt.)
P. Orehek
G. Paiva
J. Sullivan
Institute of Electrical and Electronics ENQINEEIS .........ccoeeieiiiiiiiiiirieeeieees e e e e e seee seeeeeee MV, B Binder
J. D. Borst
J. H. Harlow
J. W. Matthews
L. Savio
H. D. Smith (Alt.)
G. H. Vaillancourt
National Electrical Manufacturers ASSOCIAtION ..........uuuiieiiiiiiiiiee e e e e e e e s e G..D. Coulter
P. Dewever(Alt.)
J. Douglas
S. Endersbe
A. Ghafourian
P. Hopkinson

K. R. Linsley
R. L. Plaster((Alt.))
H. Robin
TENNESSEE VAllEY AULNOTILY ... .ueiiiiitiie ettt e et emmme s £ F. Lewis
Underwriters Laboratories, INC. .......iiiiiie oottt ettt e e e e enene e M. Schacker
US Department of AQHCUIUIE, REA ... et e ee e e e e st ee e e e mmememeeeeneneeeee s J. Bohlk
US Department of Energy, Western Area Power AdminiStration .............cooveevieiniiieenviieee e, Kenneth C. Wolohon
US Department of Interior, Bureau of Reclamation .............ccccoiiiiiiiiiiiiie e R..Chadwick
US Department of the Navy, Civil ENgIiNeering COrPS. .......coououeeiiiiiiiieeaniiieeessieeeesiiee s sieee o H..P..Stickley

At the time it approved this standard, the IEEE/PES Transformers Committee had the following officers:

J. H. Harlow, Chair
W.B. Binder, Vice Chair
J. W. Matthews, Secretary
Georges Vaillancourt,Standards Coordinator

Documents

v Document Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 26,2026 at 22:28:29 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE C57.91-1995


http://www.avadocuments.com/doc/ieee-c57-91-1995
http://www.avadocuments.com/doc/ieee-c57-91-1995

This guide was produced by the IEEE Working Group for Loading Mineral-Qil-Immersed Transformers, which had
the following membership:

Linden W. Pierce, Chair?

M. Altman D. Gerlach J. M. Pollitt

R. Anderson D. Goodwin A. Rizvi

R. J. Ardolino R. L. Grubb V. S. N. Sankar
J. Aubin G. Hall D. N. Sharma
D. E. Ayers J. H. Harlow T. Singh

R. Barker G. Henry M. Springrose
B. Beaster P. J. Hopkinson T. Stewart

W. B. Binder, Jr. C. P. Kappeler C. L. Stiegmeier
T. Bode S. Lindgren R. W. Stoner
C. Chatterji D. Lowe D. Takach

0. O. Chew J. W. Mathews J. B. Templeton
D. Chu J. W. McGill T.P. Traub

O. Compton C. J. McMillen D. E. Truax

J. Cultrera W. J. McNutt W. B. Uhl

D. H. Douglas R. E. Minkwitz, Sr. R. A. Veitch

D. A. Duckett C. R. Murray L. B. Wagenaar
J. Dutton E. T. Norton F. N. Weffer

F. Elliott D. Orten R. J. Whearty
R. Ensign B. K. Patel C. W. Williams, Jr.
D. J. Fallon P. Payne H. J. Windisch
D. L. Galloway D. D. Perco W. E. Wrerf

C. Garner D. W. Platts

81992-1995 Chair term
b1990-1992 Chair term
€1985-1990 Chair term

The following persons were on the balloting committee:

Edward J. Adolphson Dan W. Crofts Robert L. Grubb

D. J. Allan John C. Crouse F. J. Gryszkiewicz

Benjamin E Allen V. Dahinden Geoff H. Hall

Raymond Allustiarti John N. Davis Kenneth S. Hanus

Michael S. Altman R. C. Degeneff Jim H. Harlow

J. C. Arnold T. Diamantis Frank W. Heinrichs

J. Aubin David H. Douglas William R. Henning

Thomas R. Balgie R. F. Dudley K. R. Highton

Roy A. Bancroft John A. Ebert Peter J. Hoefler

Ron L. Barker K. Edwards R. H. Hollister

David A. Barnard Fred E. Elliott Philip J. Hopkinson

D. L. Basel D. J. Fallon J. W. Howard

Wallace B. Binder Jeffrey A. Fleeman Edgar Howells

W. E. Boettger Jerry M. Frank J. Hunt

J. V. Bonucchi Maurince Frydman Y. Peter lijima

John D. Borst Dudley L. Galloway Anthony J, Jonnatti

C. V. Brown Dennis W. Gerlach R. D. Jordan

M. Cambre A. A. Ghafourian E. Kallaur

D. J. Cash Donald A. Gillies C. P. Kappeler

J. L. Corkran R. S. Girgis J. J. Kelly
Documents

Document §haring Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 26,2026 at 22:28:29 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE C57.91-1995


http://www.avadocuments.com/doc/ieee-c57-91-1995
http://www.avadocuments.com/doc/ieee-c57-91-1995

Sheldon P. Kennedy
William N. Kennedy
James P. Kinney
Alexander D. Kline
J. G. Lackey

J. P. Lazar

Frank A. Lewis
Harold F. Light

S. R. Lindgren
Larry Lowdermilk
Donald L. Lowe
Richard I. Lowe
David S. Lyon
William A. Maguire
K. T. Massouda
John W. Matthews
Jack W. McGill
Charles J. McMillen
W. J. McNutt
Charles P. McShane
Sam P. Mehta

C. Kent Miller

C. H. Millian
Matthew C. Mingoia
Russell E. Minkwitz
Michael I. Mitelman
Harold R. Moore
W. E. Morehart

D. H. Mulkey

C. R. Murray

R. J. Musil

William H. Mutschler
C. G. Niemann

E. T. Norton

P. E. Orehek

S. H. Oshorn

Gerald A. Paiva
Bipin K. Patel
Wesley F. Patterson, Jr
J. M. Patton
Paulette A. Payne
Henry A. Pearce
Dan D. Perco

Mark D. Perkins

V. Q. Pham

Linden W. Pierce

R. L. Plaster

Donald W. Platts
Charles T. Raymond
Chris A. Robbins

R. B. Robertson

J. R. Rossetti
Mahesh P. Sampat
L. J. Savio

William E. Saxon
Robert W. Scheu

Devki N. Sharma

V. Shenoy

H. J. Sire

Stephen D. Smith
Leonard R. Smith
Ronald J. Stahara
W. W. Stein

Ron Stoner

John Sullivan

David Sundin

David S. Takach
Louis A. Tauber
James Templeton
V. Thenappan

Jerry C. Thompson
R. W. Thompson
James A. Thompson
Thomas P. Traub
David E. Truax

W. Bruce Uhl
Georges H. Vaillancourt
Robert A. Veitch
Loren B. Wagenaar
Barry H. Ward

R. J. Whearty

D. W. Whitley

A. L. Wilks

Charles W. Williams

When the IEEE Standards Board approved this guide on June 14, 1995, it had the following membership:

Gilles A. Barril

Clyde R. Camp
Joseph A. Cannatelli
Stephen L. Diamond
Harold E. Epstein
Donald C. Fleckenstein
Jay Forster*

Donald N. Heirman
Richard J. Holleman

*Member Emeritus

Also included are the following nonvoting IEEE Standards Board liaisons:

Satish K. Aggarwal

Vi

E. G. “Al” Kiener , Chair
Donald C. Loughry, Vice Chair
Andrew G. Salem Secretary

Jim Isaak

Ben C. Johnson
Sonny Kasturi
Lorraine C. Kevra
Ivor N. Knight

Joseph L. Koepfinger*
D. N. “Jim” Logothetis
L. Bruce McClung
Marco W. Migliaro

Richard B. Engelman
Robert E. Hebner

Rochelle L. Stern
IEEE Standards Project Editor

Mary Lou Padgett
John W. Pope
Arthur K. Reilly
Gary S. Robinson
Ingo Rusch

Chee Kiow Tan
Leonard L. Tripp

Chester C. Taylor

Documents

Document Sharing Hub

Authorized licensed use limited to: Tsinghua University. Downloaded on February 26,2026 at 22:28:29 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE C57.91-1995


http://www.avadocuments.com/doc/ieee-c57-91-1995
http://www.avadocuments.com/doc/ieee-c57-91-1995

CLAUSE PAGE

1. (@ V7Y ALY 1

2.

3.

4, Effect of loading beyond Nameplate rating ...........c.eeeeoiiiiie e 3
R 1T =T - | VP PP PPPPP 3
4.2 Voltage and frequency CONSIAEIALIONS .........coiituiiieiiiiit et eeee e eeeas 3
4.3 Supplemental cooling of existing self-cooled tranSfOrMErs............oooiiie i 4......
4.4 Information for USEr CAlCUIALIONS ..........oeiiiiiiiiie e e e e e 4

5. Transformer INSUIALION [IfE.........oooi et s —— e be e 5
B.L GBI ..ttt h ook e bt e h bt £ Sm—— 14t n e 5
22 o 11 o =T 0T LT 1 PR 5
5.3 PerCent 10SS Of [ ... et e smm e e e nena e s 9

6. Ambient temperature and its influence on [0ading ... s 11
B.1  GENEIA ...ttt a et b e £ Sme—— et 11
6.2 Approximating ambient temperature for air-cooled transformers ..........ccooceiiiiii e 11
6.3 Approximating ambient temperature for water-cooled transformers ..........ccccccoeiiiiiiiiee e 12
6.4 Influence of ambient on loading for normal life eXpectancCy ..........cccccoveveiiiiiiiie i 12.......

7. Calculation Of LEIMPEIALUIES .......ciiiiiie ettt ettt ettt bt e e s s e e e s sennn e e e e naeeeeens 13
4% T I - To o3 Y] [ SRR 13
7.2 Calculation Of tEMPEIATUIES ...ttt e e ear e e e ennee s 14
7.3 Computer calculation of loading capability ............cooiiiiiriiiii e 19
7.4 BiIbliography fOr CIAUSE 7 ......oooiiiiiii et e e e smre e e e e 19

8. Loading of distribution tranSfOrMErS .........ooueiii i 21
8.1 Distribution transformer life @XPECANCY .........oooiiiiiiiiii e 21
S I o 11 2= 14 o] PO PP PPPPRRPPP 21
8.3 TYPES OF I0AAING. ..cci ittt e et e e e b eeemr e e e e eeane e et enree e 22

9. Loading Of POWET tranSTOIMEIS . ......viii et mcmmmsm e e e 25
9.1 Types of loading and their interrelatioNShip ... e
(S W o 11 2= 14 o] TSSO PPPPPPRRPPP
9.3 Normal life eXpectancCy l0AING ........uuiii ittt e neeaas
9.4 Planned loading beyond nameplate rating ...........oovueieiiriiiiiini e
9.5 Long-time emergencCy l0AGING ........ooooiiiiieiiiiiiie ittt ee et e e s emeeeeeen
9.6 Short-time emergency l0AAING ........euviiiiiii e e ee e smn s
9.7 Loading information for SPECIfICAtIONS ..........oiiiiiiiiiiii e e

9.8 Operation with part or all of the cooling out of service

Documents

Document Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 26,2026 at 22:28:29 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE C57.91-1995


http://www.avadocuments.com/doc/ieee-c57-91-1995
http://www.avadocuments.com/doc/ieee-c57-91-1995

CLAUSE PAGE

Annex A (Normative)Thermal evolution of gas from transformer inSulation.............cccocvvveeriiie e 31...

Annex B (Normative) Effect of loading transformers above nameplate rating on bushings, tap changers,
and auXiliary COMPONENTS ... .. ..ttt et e e e e e e et ae e e aeeesas s aatbebeeeeeeaee e e es s meemenenmmmm sesesees 40

Annex C (Normative) Calculation methods for determining ratings and selecting transformer size.............cccccocuee.. 45

Annex D (Normative) Philosophy of guide applicable to transformers wittCs&verage winding rise

(65 °C hottest-spot rise) INSUIAtION SYSIEMS.......ooiuuiiiiiiiiii et e e 53
Annex E (Normative) Unusual temperature and altitude conditionS............ccoviiiiiiiiiiiniii e 55
Annex F (Normative) Cold-load PIiCKUP (CLPU) .....uuiiiiiiiieie ettt s £ 110 57
Annex G (Normative) Alternate temperature calculation method...........ccccciiiiiiin B0
Annex H (Normative) Operation with part or all of the cooling out of Service............ccocceeviiiiiiiiiie e, 85
Annex | (Informative) Transformer iNSUlAtioN [Ife ...........ooii i e 89
Annex J (Informative) Hottest-spot temperature indicators and fiber optic detectors............ccooeeviiiiiiesicmenn 99.....
Documents

viii
Document Sharing Hub
Authorized licensed use limited to: Tsinghua University. Downloaded on February 26,2026 at 22:28:29 UTC from IEEE Xplore. Restrictions apply.

Full document details: IEEE C57.91-1995


http://www.avadocuments.com/doc/ieee-c57-91-1995
http://www.avadocuments.com/doc/ieee-c57-91-1995

IEEE Guide for Loading Mineral-Oil-
Immersed Transformers

1. Overview

1.1 Scope

This guide covers general recommendations for loadin§G5ise mineral-oil-immersed distribution and power
transformers described in the standards listed in clause 2

Recommendations for 58C rise transformers are included in annex D because a substantial percentage of these
transformers are still in service.

1.2 Purpose

Applications of loads in excess of nameplate rating involve some degree of risk. It is the purpose of this guide to
identify these risks and to establish limitations and guidelines, the application of which will minimize the risks to an
acceptable level. Risk areas are identified in clauses 4 and 9, and in the annexes as noted.

2. References

This guide should be used in conjunction with the following publications. When the following publications are
superseded by an approved revision, the revision should apply.

ANSI C57.12.10-1988, American National Standard for Transformers 230 kV and Below, 833/958 through 8333/10
417 kVA Single-Phase, and 750/862 through 60 000/80 000/100 000 kVA Three-Phase, without Load Tap Changing;
and 3750/4687 through 60 000/80 000/100 000 kVA with Load Tap Changing-Requirehents.

ANSI C57.12.20-1988, Requirements for Overhead-Type Distribution Transformers, 500 kVA and Smaller: High
Voltage, 34 500 Volts and Below; Low Voltage, 7970/13 800Y and Below.

1ANSI publications are available from the Sales Department, American National Standards Institute, 11 West 42nd Street, Nativ Flork,
NY 10036, USA.
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ANSI C57.12.21-1980, Requirements for Pad-Mounted, Compartmental-Type, Self-Cooled, Single-Phase
Distribution Transformers with High-Voltage Bushings (High-Voltage, 34 500 GrdY/19 920 Volts and Below; Low-
\oltage, 240/120 Volts; 167 kVA and Smaller).

ANSI C57.12.22-1989, Pad-Mounted, Compartmental-Type, Self-Cooled, Three-Phase Distribution Transformers
with High-Voltage Bushings, 2500 kVA and Smaller: High Voltage, 34 500 GrdY/19 920 \olts and Below; Low
\oltage, 480 Volts and Below—Requirements.

ANSI C57.12.25-1990, Requirements for Pad-Mounted, Compartmental-Type, Self-Cooled, Single-Phase
Distribution Transformers with Separable Insulated High-Voltage Connectors: High-Voltage, 34 500 GrdY/ 19 920
Volts and Below; Low Voltage 240/120 \Volts; 167 kVA and Smaller.

IEEE Std C57.12.00-1993, IEEE Standard General Requirements for Liquid-lmmersed Distribution, Power, and
Regulating Transformers (ANS?).

IEEE Std C57.12.26-1992, IEEE Standard for Pad-Mounted, Compartmental-Type, Self-Cooled, Three-Phase
Distribution Transformers for Use with Separable Insulated High-Voltage Connectors (34 500 Grd Y/ 19 920 V and
Below; 2500 kVA and Smaller) (ANSI).

IEEE Std C57.12.90-1993, IEEE Standard Test Code for Liquid-Immersed Distribution, Power, and Regulating
Transformers, and IEEE Guide for Short-Circuit Testing of Distribution and Power Transformers (ANSI).

IEEE Std C57.100-1986, IEEE Standard Test Procedure for Thermal Evaluation of Oil-lImmersed Distribution
Transformers (ANSI).

3. Definitions

3.1 aging acceleration factorfor a given hottest-spot temperature, the rate at which transformer insulation aging is
accelerated compared with the aging rate at a reference hottest-spot temperature. The reference hottest-spot
temperature is 11%C for 65 °C average winding rise and 96 for 55°C average winding rise transformers (without
thermally upgraded insulation). For hottest-spot temperatures in excess of the reference hottest-spot temperature the
aging acceleration factor is greater than 1. For hottest-spot temperatures lower than the reference hottest-spot
temperature, the aging acceleration factor is less than 1.

3.2 directed flow (oil-immersed forced-oil-cooled transformers)tndicates that the principal part of the pumped oil
from heat exchangers or radiators is forced to flow through the windings.

3.3 non-directed flow (oil-immersed forced-oil-cooled transformers)indicates that the pumped oil from heat
exchangers or radiators flows freely inside the tank, and is not forced to flow through the windings.

3.4 percent loss of lifeThe equivalent aging in hours at the reference hottest-spot temperature over a time period

(usually 24 h) times 100 divided by the total normal insulation life in hours at the reference hottest-spot temperature.
The equivalent aging in hours at different hot-spot temperatures is obtained by multiplying the aging acceleration
factors for the hottest-spot temperatures times the time periods of the various hottest-spot temperatures.

3.5 transformer insulation life: For a given temperature of the transformer insulation, the total time between the
initial state for which the insulation is considered new and the final state for which dielectric stress, short circuit stress,
or mechanical movement, which could occur in normal service, and would cause an electrical failure.

2IEEE publications are available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, P.O. Box 1a@kyPiNd4)8855-
1331, USA.
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MINERAL-OIL-IMMERSED TRANSFORMERS IEEE Std C57.91-1995

4. Effect of loading beyond nameplate rating

4.1 General

Applications of loads in excess of nameplate rating involve some degree of risk. While aging and long time mechanical
deterioration of winding insulation have been the basis for the loading of transformers for many years, it is recognized
that there are additional factors that may involve greater risk for transformers of higher megavoltampere and voltage
ratings. The risk areas that should be considered when loading large transformers beyond nameplate rating are listed
below. Further discussion regarding these risks is provided in clause 9 or in the annexes, as noted.

a) Evolution of free gas from insulation of winding and lead conductors (insulated conductors) heated by load
and eddy currents (circulating currents between or within insulated conductor strands) may jeopardize
dielectric integrity. See annex A for further discussion.

b) Evolution of free gas from insulation adjacent to metallic structural parts linked by electromagnetic flux
produced by winding or lead currents may also reduce dielectric strength.

c) Loss of life calculations may be made as described in clause 5. If a percent loss of total life calculation is
made based on an arbitrary definition of a “normal life” in hours, one should recognize that the calculated
results may not be as conservative for transformers rated above 100 MVA as they are for smaller units since
the calculation does not consider mechanical wear effects that may increase with megavoltampere rating.

d) Operation at high temperature will cause reduced mechanical strength of both conductor and structural
insulation. These effects are of major concern during periods of transient overcurrent (through-fault) when
mechanical forces reach their highest levels.

e) Thermal expansion of conductors, insulation materials, or structural parts at high temperatures may result in
permanent deformations that could contribute to mechanical or dielectric failures.

f)  Pressure build-up in bushings for currents above rating could result in leaking gaskets, loss of oil, and
ultimate dielectric failure. See annex B for further discussion.

g) Increased resistance in the contacts of tap changers can result from a build-up of oil decomposition products
in a very localized high temperature region at the contact point when the tap changer is loaded beyond its
rating. In the extreme, this could result in a thermal runaway condition with contact arcing and violent gas
evolution. See annex B for further discussion.

h) Auxiliary equipment internal to the transformer such as reactors and current transformers, may also be
subject to some of the risk identified above. See annex B for further discussion.

i)  When the temperature of the top oil exceeds XDF65°C rise over 40C ambient according to IEEE Std
C57.12.00-1993), there is a possibility that oil expansion will be greater than the holding capacity of the
tank and also result in a pressure that causes the pressure relief device to operate and expel the oil. The loss
of oil may also create problems with the oil preservation system or expose electrical parts upon cooling.

4.2 Voltage and frequency considerations

Voltage and frequency influences should be recognized when determining limitations for loading a transformer
beyond its nameplate rating. This is true even though in all probability there may be little control of these parameters
during a loading beyond nameplate rating event. Subclause 4.1.6 in IEEE Std C57.12.00-1993 defines the capability of
a transformer to operate above rated voltage and below rated frequency. Theuser of this guide should recognize that,
during conditions of loading beyond nameplate, the voltage regulation through the transformer may increase
significantly (depending on the transformer impedance) due to the increased kilovoltampere loading and possibly
dropping power factor.

A conservative guideline to prevent excessive core heating due to increased excitation is to reduce the transformer
output volts per hertz limit by 1% for every 1% increase in voltage regulation during the loading beyond nameplate

Sinformation on references can be found in clause 2.
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event. For example, if the voltage regulation at rated conditions is 6% and increases to 9% at some load above
nameplate, the output volts per hertz limit might be reduced from 105% to 102%.

4.3 Supplemental cooling of existing self-cooled transformers

The load that can be carried on existing self-cooled transformers can usually be increased by adding auxiliary cooling
equipment such as fans, external forced-oil coolers, or water spray equipment. The amount of additional loading varies
widely, depending upon the following:

a) Design characteristics of the transformer
b) Type of cooling equipment

c) Permissible increase in voltage regulation
d) Limitations in associated equipment

No general rules can be given for such supplemental cooling, and each transformer should be considered individually.

The use of water spray equipment for supplemental cooling is not recommended for use in normal loading beyond
nameplate rating. Appropriate precautions should be made for application of water spray equipment for supplemental
cooling during emergency overloads. The major problem is the build up of scale on the cooling equipment due to
minerals in the water. Over the long term this buildup will hinder the cooling efficiency. The spray and steam generated
can also cause phase-to-phase flashover between bushings.

4.4 Information for user calculations

If the user intends to perform calculations to determine the loading capability of a transformer using clause 7 or
annex G, the user should request the following minimum information in the specification or final test report:

a) Top-oil temperature rise over ambient temperature at rated load
b) Bottom-oil temperature rise over ambient temperature at rated load
c) Average conductor temperature rise over ambient temperature at rated load
d) Winding hottest-spot temperature rise over ambient temperature at rated load
e) Load loss at rated load
f)  No-load (core) loss
g) Total loss at rated load
h) Confirmation of oil flow design (that is, directed or non-directed)
i)  Weight of core and coil assembly
i)  Weight of tank and fittings
NOTE — For the purpose of transient thermal calculations, the weight of tank and fittings to be used is only those

portions that are in contact with heated oil.
k) Volume of oil in the tank and cooling equipment (excluding LTC compartments, oil expansion tanks,etc.)

For all of the information in a) through g), the conditions under which the measurements were made (load, ambient
temperature, tap, etc.) should be stated. If test data from thermally similar units is supplied the data shown on the test
report should be corrected (in accordance with IEEE recommended procedures when issued) by the manufacturer
using the actual design characteristics (losses, cooling surface, etc.) of the transformer supplied.

More precise calculations of loading capability may be performed if desired using clause 7 or annex G if the following
additional information is provided:

[) Load loss at rated load at rated and tap extremes or all possible tap connection combinations
m) Winding resistance at tap extremes or all possible tap combinations
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More precise calculations of loading capability may be performed if desired using annex G if the following additional
information is also provided:

n) Total stray and eddy loss as a percent of total load loss and estimated stray and eddy loss
0) Per unit eddy loss at hot spot location
p) Per unit winding height to hot spot location

The temperature rise test is performed (and calculations of temperature rises made when a test is not performed) on the
maximum loss tap position. This data results in conservative predictions of loading capability when the transformer is
operated on other than the maximum loss tap. To achieve more accurate predictions of the capability of a transformer
based on the actual loading cycle and tap connections, several adjustments may be made of the data presented in the
test report before the data is used as input to loading calculations. These adjustments are provided in the following:

g) Load cycle in kVA on the actual combination of tap connections.

r) Use the measured or calculated load losses for that tap connection.

s) Correct the temperature rise test data for the lower losses or different rated current.

t) Determine if the hottest-spot winding gradient changes with changes in the tap connections.

Calculating the effect of load tap changer operation into the loading predictions is an extremely complicated and
controversial subject and the effect may vary with manufacturer. For some designs the effect of load tap changer
operation may have a negligible effect on temperature rises of the transformer windings.

5. Transformer insulation life

5.1 General

The subject of loss of transformer insulation life has had a rich but controversial history of development, with
distribution and power transformers taking independent research paths (refer to 1.1 in annex I). As a result of recent
study and testing, the approach to determination of insulation loss of life in this guide has been significantly modified
(refer to 1.2 in annex |.) Aging or deterioration of insulation is a time function of temperature, moisture content, and
oxygen content. With modern oil preservation systems, the moisture and oxygen contributions to insulation
deterioration can be minimized, leaving insulation temperature as the controlling parameter. Since, in most apparatus,
the temperature distribution is not uniform, that part that is operating at the highest temperature will ordinarily undergo
the greatest deterioration. Therefore, in aging studies it is usual to consider the aging effects produced by the highest
(hottest-spot) temperature. Because many factors influence the cumulative effect of temperature over time in causing
deterioration of transformer insulation, it is not possible to predict with any great degree of accuracy the useful life of
the insulation in a transformer, even under constant or closely controlled conditions, much less under widely varying
service conditions. Wherever the word “life” is used in this guide, it means calculated insulation life, not actual
transformer life.

5.2 Aging equations

Experimental evidence indicates that the relation of insulation deterioration to time and temperature follows an
adaptation of the Arrhenius reaction rate theory that has the following form:

B
- [6H+273J
Per unit life= A EXP

where

Oy is the winding hottest-spot temperatti€z,
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A is a constant
B is a constant

The transformer per unit insulation life curve of figure 1 relates per unit transformer insulation life to winding hottest-
spot temperature. This curve should be used for both distribution and power transformers because both are
manufactured using the same cellulose conductor insulation. The use of this curve isolates temperature as the principal
variable affecting thermal life. It also indicates the degree to which the rate of aging is accelerated beyond normal for
temperature above a reference temperature of €lhd is reduced below normal for temperature belowClBee
discussion in 1.2 of annex ). The equation for the curve is as follows:

[ 1500 }
— O, +273
Per unit life= 9.80«< 10°EXP " (1)

The per unit transformer insulation life curve (figure 1) can be used in the following two ways. It is the basis for
calculation of an aging acceleration factofff for a given load and temperature or for a varying load and
temperature profile over a 24 h period. A curve gf Fs. hottest-spot temperature for a°@brise insulation system

is shown in figure 2 and values are tabulated in tablesA. ffas a value greater than 1 for winding hottest-spot
temperatures greater than the reference temperatur€CLadd less than 1 for temperatures below 1@0The
equation for [z, is as follows:

[1500 1500 }

383 0O, +273
Fan = EXP . (2)

Equation 2 may be used to calculate equivalent aging of the transformer. The equivalent life (in hours or days) at the

reference temperature that will be consumed in a given time period for the given temperature cycle is the following:
N

z Faa Aty
Feqa = % 3)
3 ot
n=1

where

FEga is equivalent aging factor for the total time period

n is index of the time interval, t

N is total number of time intervals

Faa,n is aging acceleration factor for the temperature which exists during the time idtgrval
At is time interval, hours

See annex | for example calculations.
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Table 1—Aging acceleration factor
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Temperature Temperature Temperature

°C Age factor °C Age factor °C Age factor

<37 0.0000 65 0.005 4 94 0.181 3
37 0.000 1 66 0.006 2 95 0.202 6
38 0.000 1 67 0.007 1 96 0.226 3
39 0.000 1 68 0.008 0 97 0.252 6
40 0.000 2 69 0.009 1 98 0.2817
41 0.000 2 70 0.0104 99 0.3141
42 0.000 2 71 0.011 8 100 0.3499
43 0.000 2 72 0.013 4 101 0.3897
44 0.000 3 73 0.0152 102 0.4337
45 0.000 3 74 0.017 2 103 0.482 3
46 0.000 4 75 0.0195 104 0.536 2
47 0.000 4 76 0.0220 105 0.5957
48 0.000 5 77 0.024 9 106 0.661 4
49 0.000 6 78 0.028 1 107 0.7340
50 0.000 7 79 0.031 8 108 0.814 2
51 0.000 8 80 0.0358 109 0.902 6
52 0.000 9 81 0.0404 110 1.0000
53 0.0011 82 0.0455 111 1.107 4
54 0.001 2 83 0.0513 112 1.2256
55 0.001 4 84 0.0577 113 1.3558
56 0.001 6 85 0.0649 114 1.4990
57 0.0019 86 0.0729 115 1.656 5
58 0.002 1 87 0.0819 116 1.829 6
59 0.002 4 88 0.0919 117 2.0197
60 0.002 8 89 0.1031 118 2.228 5
61 0.003 2 90 0.1156 119 2.457 6
62 0.003 7 91 0.1295 120 2.708 9
63 0.004 2 92 0.144 9 121 2.984 5
64 0.004 8 93 0.162 2 122 3.286 5
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Table 1—Aging acceleration factor (  Continued )
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Temperature Temperature Temperature

°C Age factor °C Age factor °C Age factor

123 3.617 2 149 37.3215 175 293.6417
124 3.9793 150 40.5915 176 316.371 8
125 4.3756 151 441315 177 340.751 8
126 4.809 1 152 47.9615 178 366.891 8
127 5.2830 153 52.1015 179 394911 8
128 5.800 9 154 56.581 5 180 424921 8
129 6.366 5 155 61.4215 181 457.071 8
130 6.984 2 156 66.651 6 182 491.501 8
131 7.658 2 157 72.301 6 183 528.351 8
132 8.3935 158 78.391 6 184 567.781 8
133 9.195 2 159 849716 185 609.961 8
134 10.068 9 160 92.061 6 186 655.081 9
135 11.020 8 161 99.711 6 187 703.3119
136 12.057 3 162 107.961 6 188 754.861 9
137 13.1856 163 116.841 6 189 809.941 9
138 144131 164 126.411 6 190 868.7719
139 15.748 1 165 136.721 6 191 931.601 9
140 17.1994 166 147.8117 192 998.6719
141 18.776 5 167 159.7517 193 1070.251 9
142 20.489 5 168 172.581 7 194 1146.621 9
143 22.349 3 169 186.391 7 195 1228.081 9
144 24.367 9 170 201.2317 196 1314.942 Q
145 26.557 8 171 217.181 7 197 1407.542 Q
146 28.9315 172 234.3017 198 1506.222 O
147 315115 173 252.7017 199 1611.352 0
148 34.301 5 174 272.4517 200 1723.342 0

5.3 Percent loss of life

The insulation per unit life curve (see figure 1) can also be used to calculate percent loss of total life, as has been the
practice in earlier editions of the referenced transformer loading guides. To do so, it is necessary to arbitrarily define
the normal insulation life at the reference temperature in hours or years. Benchmark values of normal insulation life for
a well-dried, oxygen-free system can be selected from table 2. Then the hours of life lost in the total time period is

determined by multiplying the equivalent aging determined in equation 4 by the time pggifoddurs. This gives

equivalent hours of life at the reference temperature which are consumed in the time period. Percent loss of insulation
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life in the time period is equivalent hours life consumed divided by the definition of total normal insulation life (hours)
and multiplied by 100. Usually the total time period used is 24 h. The equation is given as follows:

FEQAx tx 100
Normal insulation life

% Loss of life =

(4)

Table 2—Normal insulation life of a well-dried, oxygen-free 65 °C average winding temperature rise
insulation system at the reference temperature of 110 °C

Normal insulation life
Basis
Hours Years
50% retained tensile strength of insulation
(former IEEE Std C57.92-1981 criterion) 65 000 7.42
25% retained tensile strength of insulation 135 000 15.41
200 retained degree of polymerization in
insulation 150 000 17.12
Interpretation of distribution Transformer
functional life test data
(former IEEE Std C57.91-1981 criterion) 180 000 20.55

NOTES:

1 — Tensile strength or degree of polymerization (D.P.) retention values were
determined by sealed tube aging on well-dried insulation samples in oxygen-free
oil.

2 — Refer to 1.2 in annex | for discussion of the effect of higher values of water gnd
oxygen and also for the discussion on the basis given above.

Possible definitions of normal life at 1°XD from table 2 are the following:

Normal life
Hours Days
180 000 7500
150 000 6250
135 000 5625
65 000 2708

The time duration for continuous operation at hottest-spot temperatures above rated that give different percent loss of
life may be calculated using equation 4. Table 3 gives time durations for various loss of life based on a normal life of
180 000 h. Normal percent loss of life for operation at a rated hottest-spot temperaturdCofiot 22 h is 0.0133%.
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Table 3—Time durations in hours for continuous operation above rated hottest-spot
temperature for different loss of life values

Hot spot Percent loss of lifé

temp °C Fan 00133 | 0.02 0.05 1 2 3 4
110 1.00 24 — — — — — —
120 2.71 8.86 13.3 — — — — —
130 6.98 3.44 5.1 12.9 — — — —
140 17.2 1.39 2.1 5.2 10.5 20.9 — —
150 40.6 0.59 0.89 2.2 4.4 8.8 13.3 17.7
160 92.1 0.26 0.39 0.98 1.96 3.9 5.9 7.8
170 201.2 0.12 0.18 0.45 0.89 1.8 2.7 3.6
180 424.9 0.06 0.08 0.21 0.42 0.84 1.27 1.7
190 868.8 | 0.028 0.04 0.10 0.21 0.41 0.83 1.66
200 1723 0.014 0.02 0.05 0.10 0.21 0.31 0.42

*Based on a normal life of 180 000 h. Time durations not shown are in excess of 24 h.

TThis column of time durations for 0.0133% loss of life gives the hours of continuous operation above the basis-of-rating
hottest-spot temperature () for one equivalent day of operation at 12G.

6. Ambient temperature and its influence on loading

6.1 General

Ambient temperature is an important factor in determining the load capability of a transformer since the temperature
rises for any load must be added to the ambient to determine operating temperatures. Transformer ratings are based on
a 24 h average ambient of €0 This is the standard ambient used in this guide. Whenever the actual ambient can be
measured, such ambients should be averaged over 24 h, and then used in determining the transformer's temperature
and loading capability. The ambient air temperature seen by a transformer is the air in contact with its radiators or heat
exchangers. In some installations the transformer may be outdoors but surrounded by buildings or sound deadening
walls. This may result in recirculation of air, and the ambient should be adjusted accordingly.

6.2 Approximating ambient temperature for air-cooled transformers

It is often necessary to predict the load that a transformer can safely carry at some future time in an unknown ambient.
The probable ambient temperature for any month may be approximated from data in reports prepared by the national
or local atmospheric authority for the sections of the country where the transformer is located.

a) Average temperaturdJse average daily temperature for the month involved, averaged over several years.
b) Maximum daily temperaturéJse average of the maximum daily temperatures for month involved averaged
over several years.

These ambients should be used as follows:

O For loads with normal life expectancy, use a), the average temperature as the ambient for the month involved.
O For short-time loads with moderate sacrifice of life expectancy, use b), the maximum daily temperature for
the month involved.
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During any one day the 24 h average of temperature may exceed the value derived from a) or b) above. To be
conservative it is recommended that these temperatures be increased by aging at higher than average
temperature is not fully compensated by decreased aging at lower than average temperature. With this margin the
approximated 24 h average temperature will not be exceeded on more than a few days per month and, where it is
exceeded, the additional loss of life will not be serious.

6.3 Approximating ambient temperature for water-cooled transformers

The ambient temperature to be used for water-cooled transformers is the cooling water temperature plus & added 5
to allow for possible loss of cooling efficiency due to deposits on cooling coil surfaces of water-cooled transformers in
service.

6.4 Influence of ambient on loading for normal life expectancy

Average ambient temperatures should cover 24 h time periods. The associated maximum temperatures should not be
more than 18C above the average temperatures for air-cooled, @hdob water-cooled transformers. Since 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 should always be considered in outdoor installations.

Table 4 gives the increase or decrease from rated kVA for other than average daily ambi€fiSaf &0 and 25C

for water. It is recommended that &5margin be used when applying the factors from table 4. It should be pointed

out that the increase or decrease obtained from table 4 is conservative, and therefore do not check exactly with
calculations using the equations in clause 7. Table 4 is for quick approximations, only. Loading on the basis of ambient
temperature with loads permitted in table 4 will give approximately the same life expectancy as if transformers were
operated at nameplate rating and standard ambient temperatures over the same period. Table 4 covers a range in
average ambient temperatures of %3@o 50 C for cooling air. A check should be made with the manufacturer before
loading on the basis of ambient air less than°€36r greater than 3C.

Table 4—Loading on basis of temperatures
(average ambient other than 30 °C and average winding rise less than limiting values)
(for quick approximation)
(ambient temperature range —-30°C to 50°C)

% of KVA rating
s Decrease load Increase load
Type of cooling for eactPC for eactrC
higher lower
temperature temperature
Self-cooled—OA 1.5 1.0
Water-cooled—OW 1.5 1.0
Forced-air-cooled—OA/FA, OA/FA/FA 1.0 0.75
Forced-oil, -air, -water-cooled 1.0 0.75
—FOA, FOW, and OA/FOA/FOA ' '

*See 5.1 in IEEE St€57.12.00-1995.
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7. Calculation of temperatures

7.1 Load cycles
7.1.1 Load cycles, general

Transformers usually operate on a load cycle which repeats every 24 h. A typical normal load cycle such as shown in
figure C.1 of annex C, consists of load fluctuations throughout the day. For normal loading or planned overloading
above nameplate, a multi-step load cycle calculation method is usually used. The 24 h load profile is described by a
series of constant loads of a short duration (usually 1/2 h or 1 h). The equivalent load during the short time steps may
be determined by the method of 7.1.2 or by using the maximum peak load during the short-time period under
consideration. This method is usually used in computer programs.

An equivalent two step overload cycle as shown in figure 3 may be used for determining emergency overload
capability using the equations 5 through 22. The equivalent two-step load cycle consists of a prior load and a peak load.
This figure is also used for the purpose of describing calculations to determine equivalent load cycles. There is usually
one period in the daily load cycle when the load builds up to a considerably greater value than any reached at other
times, such as shown by the solid line in the overload cycle in figure 3. Generally, the maximum value or peak load is
not reached and passed suddenly, but builds up and falls off gradually. Calculations using the multi-step load cycle
described in the above paragraph may also be performed for emergency overload cycles if desired.

7.1.2 Method of converting actual to equivalent load cycle

A transformer supplying a fluctuating load generates a fluctuating loss, the effect of which is about the same as that of
an intermediate constant load for the same period of time. This is due to the heat storage characteristics of the materials
in the transformer. A constant load that generates total losses the same as a fluctuating load is assumed an equivalent
load from a temperature standpoint. Equivalent load for any part of a daily load cycle may be expressed by equation 5.

2 2 2 0.5
Lyt + Loty +Lgtg+ ...+ Lty 5)
Lhtigto .+l
where

L4, Ly,...is various load steps in %, per unit, or in actual kVA or current

N is the total number of loads considered

ty, t,... is the respective durations of these loads, hours
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Figure 3—Example of actual load cycle and equivalent load cycle
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7.1.3 Equivalent peak load

Equivalent peak load for the usual load cycle is the rms load obtained by equation 5 for the limited period over which
the major part of the actual irregular peak seems to exist. The estimated duration of the peak has considerable influence
over the rms peak value. If the duration is over-estimated, the rms peak value may be considerably below the maximum
peak demand. To guard against overheating due to high, brief overloads during the peak overload, the rms value for the
peak load period should not be less than 90% of the integrated 1/2 h maximum demand.

7.1.4 Equivalent continuous prior load

The equivalent continuous prior load is the rms load obtained by equation 5 over a chosen period of the day.

Experience indicates that quite satisfactory results are obtained by considering the 12 h periods preceding and
following the peak and by selecting the larger of the two rms values so produced. Time intervals (t) of 1 h are suggested
as a further simplification of the equation, which for a 12 h period becomes equation 6. The dashed line in figure 3

shows the equivalent load cycle constructed from the actual load cycle.

0.5
Equivalent continuous 12 h prior loal O[P.é + Lg F o Liz] (6)

7.2 Calculation of temperatures
7.2.1 General

The method given here for calculation of oil and winding temperatures for changes in load is simplified and requires

no iterative procedures. The exponents m and n approximately account for changes in load loss and oil viscosity
caused by changes in temperature. Values for the exponents used in these equations are shown in table 5. Exact values
of the exponents for specific transformers may be determined by overload test procedures in IEEE PC57.119 (see
[G6)).

An alternate method, which requires computer calculation procedures, is given in annex G. This method is more exact
in accounting for changes in load loss and oil viscosity caused by changes in resistance and oil temperature,
respectively. The effect of a variable ambient temperature is also considered. This method should produce a greater
accuracy in loading capability if accurate methods of determining load, ambient temperature, tap position, and the

cooling mode in operation are utilized.

7.2.2 List of symbols

Temperatures are indicated ®yand temperature rises Bp. Winding hot-spot rises are over top oil unless otherwise
specified. Top-oil rises are over ambient.

C is the thermal capacity of the transformer, Watt-h8@rs/

EXP  is 2.71828 (base of natural logarithm)

IR is rated current

K is the ratio of load. to rated load, per unit

L is the load under consideration, kilovoltamperes or amperes

m is an empirically derived exponent used to calculate the variatid®@gfwith changes in load. The value

of m has been selected for each mode of cooling to approximately account for effects of changes in
resistance and off viscosity with changes in load.

n is an empirically derived exponent used to calculate the variatid®gf with changes in load.
The value of n has been selected for each mode of cooling to approximately account for effects of change
in resistance with change in load.

Prr  isthe total loss at rated load, watts

R is the ratio of load loss at rated load to no-load loss on the tap position to be studied
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t is the duration of load, hours

(C] is temperature’C

O is the average ambient temperature during the load cycle to be sf@lied,
©ar isthe average ambient temperature at rated fé@ad,

O is the winding hottest-spot temperatfi€,

Oy r isthe winding hottest-spot temperature at rated load on the tap position to be Stlidied,

Oy s the ultimate winding hottest-spot temperature for loatCL,

Orp s the top-oil temperaturéC

AB®y  is the winding hottest-spot rise over top-oil temperati€e.

Ay ; s the initial winding hottest-spot rise over top-oil temperature for t =CO,

A®y r is the winding hottest-spot rise over top-oil temperature at rated load on the tap position to be°§tudied,

AB®y y s the ultimate winding hottest-spot rise over top-oil temperature for load L,

AOy/a ris the winding hot spot rise over ambient at rated load on the tap position to be sStdied,

AO1o s the top-oil rise over ambient temperatuf@,

AOtg R is the top-oil rise over ambient temperature at rated load on the tap position to be $@idied,

AOrg; is the initial top-oil rise over ambient temperaturetfer0, °C

AOrg y is the ultimate top-oil rise over ambient temperature for lod@

1o is the oil time constant of transformer for any load L and for any specific temperature differential between
the ultimate top-oil rise and the initial top-oil rise

Tror is the time constant for rated load beginning with initial top-oil temperature riseQffiurs

Ty is the winding time constant at hot spot location, hours

Subscripts:

is ambient

is rated

is ultimate

initial

is winding hottest-spot
O is top oil
W is winding
| is over

4TI~ Cxo>

Superscript: '] indicates adjustment of test report data to a different tap position.
7.2.3 Components of temperature

The hottest-spot temperature is assumed to consist of three components given by the following equation:

Oy = O, +A0;5+AO,, (")

The top-oil temperature is given by the following equation:

O1p = Op+AB+¢ (8)

The temperature calculations assume a constant ambient temperature. The effect of a variable ambient may be
conservatively considered as follows:

a) For ambient temperatures that increase during the load cycle, the instantaneous ambient should be used when
considering load cycles.

b) For decreasing ambient temperatures, the maximum ambient during a long prior cycle of about 12 h should
be used.
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7.2.4 Top-oil rise over ambient

The top-oil temperature rise at a time after a step load change is given by the following exponential expression
containing an oil time constant:

0 10
T
DO = (AOrq y—AOrg H—exp E+A0g (9)
O O

For the two-step overload cycle with a constant equivalent prior load the initial top-oil rise is given by the following:

2 n
(KiR+ 1)} (10)

ABqq | = AO¢q RI:W

For the multi-step load cycle analysis with a series of short-time intervals, equation 9 is used for each load step, and the
top-oil rise calculated for the end of the previous load step is used as the initial top-oil rise for the next load step
calculation.

The ultimate top-oil rise is given by the following equation:

ABqq y = AOqq

2 n
(KGR + 1)} (11)

(R+1)

Equation 11 is used to calculate the ultimate oil rise for each load step. Except for very long duration constant loads,
the ultimate top-oil rise calculated by equation 11 is never reached.

7.2.5 Oil time constant
The thermal capacity is given by the following equation for the OA and FA cooling modes:

C = 0.06( weight of core and coil assembly in pounds
+ 0.04 (weight of tank and fittings in pounds) (12A)

+ 1.33 (gallons of oil)
or

C = 0.0272 (weight of core and coil assembly in kilograms)
+0.01814 (weight of tank and fittings in kilograms) (12B)
+ 5.034 (liters of oil)

The derivation of the exponential heating equation is based on the average temperature rise of the lumped mass. In the
case of the transformer this would be the average oil temperature. However, the top oil is the variable measured by
temperature indicators or thermocouples during thermal tests. In equation 12A for the thermal capacity, two-thirds of
the weight of the tank and 86% of the specific heat of the oil was used.

For forced-oil cooling modes either directed or non-directed the thermal capacity is given by the following:

C = 0.06( weight of core and coil assembly in pounds
+ 0.06 (weight of tank and fittings in pounds) (13A)

+ 1.93 (gallons of oil)
or

C = 0.0273 weight of core and coil assembly in poynds
+0.0272 (weight of tank and fittings in kilograms) (13B)
+ 7.305 (liters of oil)
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For the calculation of the time constant, the weight of the tank and fittings to be used is only those portions that are in
contact with heated oil. Some transformers, may have cabinetry and tank base construction with substantial weight that
does not contribute to the thermal mass in determination of the oil rise time constant.

The top-oil time constant at rated kVA is given by the following:

CAO®
TTorR™ —p TO.R (14)
TR
The top-oil time constant is
#O70 u1_ AC10.i0
tho o & [heg /-
Tro = Tro g2k 2. (15)

1 1
#9710 ul AO10,if
Ao HA0rq &

In the derivation of equation 9 it was assumed that the top-oil temperatuf®risds directly proportional to the heat
lossq, or in equation form,

AB7o =k
where
n is 1.0

If the exponenh = 1.0, the time constant given by equation 14 and the exponential equation 9 is correct for any load
and any starting temperaturenlfs less than 1, the equation is incorrect and the time constant must be modified as
shown in equation 15 for different overload cycles. Equation 15 was developed to give a corrected time constant (for
case ofn < 1) to use in the exponential equation that gave the same rate of change of initial temperature rise and the
same final temperature rise if the overload continued indefinitely; however, intermediate temperatures may vary
somewhat from actual.

If nis equal to 1.0, 63% of the temperature change occurs in a length of time equal to the time constant regardless of
the relationship of initial temperature rise and ultimate temperature risés tfot unity, the temperature change in a
similar time interval will be different, depending on both initial temperature rise and ultimate temperature rise.

7.2.6 Winding hot-spot rise

Transient winding hottest-spot temperature rise over top-oil temperature is given by:

0 -0
TW

I (A@H’U—AGH’i)%l—exp %+A@H’i (16)
O O

The initial hot-spot rise over top oil is given by

2Oy ; = A0 K" (17)
The ultimate hot-spot rise over top oil is given by

2Oy = 8Oy gKE" (18)
The rated value of hot-spot rise over top oil is given by

ABy g = AB, A g—AO1g R (19)
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The value of the winding hot-spot rise over ambia@, r is obtained in the following manner, in order of
preference:

a) By actual test using imbedded detectors
b) Calculated value supplied by manufacturer on test report, or
c) AssumeA®uya r= 8C°C for 65°C average winding rise and €5for 55°C average winding rise

The value of the top-oil rise over ambié®( ris determined by

a) Actual test per IEEE Std C57.12.90-1993, or
b) Calculated value supplied by the manufacturer on the test report

The winding time constant is the time it takes the winding temperature rise over oil temperature rise to reach 63.2% of
the difference between final rise and initial rise during a load change. The winding time constant may be estimated
from the resistance cooling curve during thermal tests or calculated by the manufacturer using the mass of the
conductor materials. The winding time constant varies with the oil viscosity and the exponent m. For moderate

overloads it is conservative to neglect the winding time constant and assume the winding hot-spot rise over top oil is
given by equation 18.

7.2.7 Exponents for temperature rise equations
The suggested exponents for use in the temperature rise equations are given in table 5.

Table 5—Exponents used in temperature determination equations

Type of cooling m n
OA 0.8 0.8
FA 0.8 0.9
Non-directed FOA or FOW 0.8 0.9
Directed FOA or FOW 1.0 1.0

7.2.8 Adjustment of test data for different tap position

If it is desired to adjust the test report data for operation on a no-load tap position other than that reported on the test
report, the following equations may be used. The prime symbol (') indicates values at the different tap position.

Top-oil rise over ambient:

P _an
AO'1g g = AOq ﬁj (20)

Hottest-spot rise over top oil:

| g 72m
N AeH,R[d (21)

Time constant at rated load:

CAO®'10 ) (22)

P r
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7.3 Computer calculation of loading capability

Due to the wide variations in transformer characteristics typical loading capability tables are not published in this
guide. The equations given in clauses 5 and 7 may be used to develop a computer program that calculates the loading
capability for a specific transformer design, A suggested flow chart is shown in figure 4. The program should compute
and print the maximum peak load that can be impressed on a transformer and meet specified limitations. In addition,
the computer program should calculate the top-oil and hottest-spot temperatures as a function of time for a repetitive
24 h load cycle. The total loss of insulation life for a 24 h load cycle should also be calculated.

Input to the program should consist of the following:

a) Transformer characteristics (loss ratio, top-oil rise, bottom-oil rise, hottest-spot rise, total loss, gallons of olil,
weight of tank and fittings (all at rated load)

b) Ambient temperatures

¢) Initial continuous load

d) Peak load durations and the specified daily percent loss of life

e) Repetitive 24 h load cycle if desired

A systematic convergence process may be used to obtain the highest allowable peak load. An initial trial is made with
an assumed peak load midway between the minimum continuous load and maximum permitted peak load (300% for
distribution transformers, 200% for power transformers). Using this peak load, aging calculations are made at varying
time intervals (depending on the time duration of the peak load) during the 24 h, to determine the total daily insulation
aging imposed by the load cycle. A comparison is made between the calculated values and the limiting values, (top-oil
temperature, hot-spot temperature, or specified percent loss of life). Depending on the results, the peak value is
changed and the calculation repeated until the calculated value of the total percent loss of life above normal is within
+4% of the desired value. At this point, the peak load and corresponding values of peak hottest-spot temperature, peak
top-oil temperature, total percent loss of life, and the specified percent loss of life are printed out.

7.4 Bibliography for clause 7

[B1] AIEE Transformer Subcommittee, “Guides for Operation of Transformers, Regulators, and ReadEs,”
Transactionsyol. 64, pp. 797-805, disc. p. 957, Nov. 1945.

[B2] Cooney, W. H., “Predetermination of Self-Cooled Oil-immersed Transformer Temperatures Before Conditions
are Constant’AIEE Transactionsvol. 44, pp. 611-618, 1925.

[B3] Montsinger, V. M., “Loading Transformers by TemperatudEE Transactionsyol. 49, pp. 776792, April
1930.

[B4] Montsinger, V. M. and Ketchum, P.M., “Emergency Overloading of Air Cooled Oil-Immersed Power
Transformers,’AIEE Transactionsyol. 61, pp. 906-916, 993-995, 1942.

[B5] Narbutovskih, P., “Simplified Graphical Method of Computing Thermal TransieAt§E Transactionsyol.
66, pp. 78-83, 1947.

[B6] Vogel, F. J. and Narbutvskih, P., “Hot-Spot Winding Temperatures in Self-Cooled Oil-Insulated Transformers,”
AIEE Transactionsyol. 61, pp. 133-136, disc. pp. 418-422, March 1942.
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Figure 4—Logic diagram for computer program
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8. Loading of distribution transformers

8.1 Distribution transformer life expectancy
8.1.1 General

Distribution transformer life expectancy at any operating temperature is not accurately known. The information given
regarding loss of insulation life at elevated temperatures is considered to be conservative and the best that can be
produced from present knowledge of the subject. The effects of temperature on insulation life are being investigated
continuously, and new data may affect future revisions of this guide. The word conservative as used above is used in
the sense that the expected loss of insulation life for a single overload cycle will not be greater than the amount stated.

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 any 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. Deterioration
of insulation is generally characterized by a reduction in mechanical strength and in dielectric strength, but these
characteristics may not necessarily be directly related. In some cases, insulation in a charred condition will have
sufficient insulating qualities to withstand normal operating electrical and mechanical stresses. A transformer having
insulation in this condition may continue in service for many months or even years, if undisturbed. On the other hand,
any unusual movement of the conductors, such as may be caused by expansion of the conductors due to heating
resulting from a heavy overload or to large electromagnetic forces resulting from short circuit, may disturb the
mechanically weak insulation such that turn-to-turn or layer-to-layer failure will result.

The recommendations of this guide are based upon the life expectancy curve of figure 1, which relates to the insulation
system, but does not account for such factors as deterioration of gaskets, rusting of tanks, etc., that are induced by
exposure to the elements of the weather in normal operations.

8.1.2 Normal life expectancy

The basic loading of a distribution transformer for normal life expectancy is continuous loading at rated output when
operated under usual service conditions as indicated in 4.1 of IEEE Std C57.12.00-1993. It is assumed that operation
under these conditions is equivalent to operation in a consta@ta8@bient temperature. The hottest-spot conductor
temperature is the principal factor in determining life due to loading. Direct temperature measurement of the hottest-
spot may not be practical on commercial designs. The indicated hottest-spot temperatures have therefore been
obtained from tests made in the laboratory and mathematical models. The hottest-spot temperature at rated load is the
sum of the average winding temperature and a hottest-spot allowance, ust@li}&tnal life expectancy will result

from operating continuously with hottest-spot conductor temperature 8140 equivalent dally transient cycle. For
mineral oil-immersed transformers operating continuously under the foregoing conditions this temperature has been
limited to a maximum of 11. Normal life expectancy of transformer insulation using different criteria is given in
table 1. Distribution and power transformer model tests indicate that the normal life expectancy at a continuous
hottest-spot temperature of XWis 20.55 years.

8.2 Limitations
8.2.1 General

When loading distribution transformers above nameplate rating, other limitations may be encountered. Among these
limitations are oil expansion, pressure in sealed units, and the thermal capability of bushings; leads, tap changers, or
associated equipment such as cables, reactors, circuit breakers, fuses, disconnecting switches, and current
transformers. Any of these items may limit the loading to less than the capability of the winding insulation.
Manufacturers should, therefore, be consulted before loading transformers above nameplate rating. Operation at
hottest-spot temperatures above “X@nay cause gassing in the solid insulation and the oil. Gassing may produce a
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potential risk to the dielectric strength integrity of the transformer and this risk should be considered when the guide
is applied.

Distribution transformers are sometimes installed in subsurface manholes and vaults of minimum size with natural
ventilation through roof gratings. This type of installation results in a higher ambient temperature than the outdoor air.
The amount of increase depends on the design of the manholes and vaults, net opening area of the roof gratings, and
the adjacent subsurface structures. Therefore, the increase in effective ambient temperature for expected transformer
losses must be determined before loading limitations can be estimated.

The separate heating effects of loading a distribution transformer, and of solar radiation, may each result in an
enclosure surface temperature high enough to present a hazard to personnel who might come in contact with the
enclosure surface where unlimited access to the transformer exists (such as certain pad-mounted units).

8.2.2 Limitations for loading above nameplate rating

Suggested limits of temperature and load for loading above the nameplate rating are given in table 6.

Table 6—Suggested limits of temperature and load for loading above nameplate distribution
transformers with 65 °C rise

Top-oil temperature 12C
Hottest-spot conductor temperature 200
Short-time loading (1/2 h or less) 300%

8.3 Types of loading
8.3.1 Loading for normal life expectancy under specific conditions

Distribution transformers may be operated above Cldverage continuous hottest-spot temperature for short periods
provided they are operated for much longer periods at temperatures bef@v Th is due to the fact that thermal

aging is a cumulative process. This permits loads above the rating to be safely carried under specified conditions
without encroaching upon the normal life expectancy of the transformer. When the ambient temperature is below the
30°C ambient used to establish the transformer's rating, or when the transformer's temperature rises at nameplate rated
load, as determined by test, are less than the normal limiting values, some additional load beyond nameplate rating is
possible within normal life expectations.

8.3.2 Loading by top-oil temperature

Top-oil temperature alone should not be used as a guide for loading transformers. The hottest-spot winding rise over
top-oil temperature at full load should be determined from the factory tests corrected for the actual load carried by
using equation 18. This hottest-spot rise over top-oil, subtracted froffC1 20l give the maximum permissible top-

oil temperature for normal life expectancy. It should be recognized that, due to the thermal lag in the oil temperature
rise, time is required for a transformer to reach a stable temperature for any change in load. Therefore, higher peak
loads may be carried for a short duration. If the transformer characteristics are not accurately known, maximum top-
oil temperatures derived from figure 5 may be used as an approximate guide. Figure 5 is based on a difference between
hottest-spot temperature and top-oil temperature dBREated load.
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Figure 5—Approximate continuous loading for normal life expectancy based on
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3 Calculated for one occurrence on the assumption that the hottest-spot temperature remains con-
stant for the specified time duration. For loss of life determinations in which the time-temperature
response of the transformer is taken into account, refer to clauses 5 and 7.
5 Maximum permissible value is 200 °C; the underlined values permit interpolation.

Figure 6—Loss of life expectancy (based on a normal life of 180 000 h)
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8.3.3 Continuous loading based on average winding test temperature rise

For each degree Celsius in excess°ef that the average winding test temperature rise is bel6& 6be transformer

load may be increased above rated kVA by 1.0%. PRerbargin is taken to provide a tolerance in the measurement

of temperature rise. The load value thus obtained is the kVA load, which the transformer can cad@yiae65ince

this may indicate a load capability beyond that contemplated by the designer, the limitations given in 8.2 should be
checked before taking full advantage of this increase.

The above is not applicable to all distribution transformers. Some transformers are designed to have the difference
between the hottest-spot and average winding temperatures greater thatCtladld/ance. This will result in an
average winding temperature rise of less thafi5wvhile the hottest-spot winding rise may be at th#C8miting

value. This condition may exist in transformers with large differences between top and bottom-oil temperatures. The
manufacturer should be consulted for information on the hottest-spot allowance used for these designs.

8.3.4 Short-time loading with moderate sacrifice of life expectancy (operation above 110 °C hottest-
spot temperature)

When for any given period of time the aging effect of one overload cycle or the cumulative aging effect of a number
of overload cycles is greater than the aging effect of continuous operation at rated load, the insulation deteriorates at a
faster rate than normal. The rate of deterioration is a function of time and temperature and is commonly expressed as
a percentage loss of life per incident. A chart and table showing relative loss of life for various combinations of time
and temperature are given in figure 6 fof@5ise transformers.

It should be clearly understood that, while the insulation aging rate information is considered to be conservative and
helpful in estimating the relative loss of life due to loads above nameplate rating under various conditions, this
information is not intended to furnish the sole basis for calculating the normal life expectancy of transformer
insulation. The uncertainty of service conditions and the wide range in ratings covered should be considered in
determining a loading schedule. Some of the variables are wide differences in ambient temperature between localities;
differences in elevation; restricted air circulation caused by buildings, fire walls, etc.; previous emergency loading
history that may not be known to the operator; and variations in design characteristics. As a guide, many users consider
an average loss of life of 4% per day in any one emergency operation to be reasonable.

9. Loading of power transformers

9.1 Types of loading and their interrelationship

Power transformer life expectancy at various operating temperatures is not accurately known, but the information
given regarding loss of insulation life at elevated temperature is the best that can be produced from present knowledge
of the subject. Loads in excess of nameplate rating may subject insulation to temperatures higher than the basis of
rating definition. To provide guidance on risk associated with higher operating temperature, four different loading
conditions beyond nameplate have been defined. An increased risk is probable for each successive loading with its
attendant increased temperature. For each higher temperature, a higher risk loading condition can be assumed to be
additive to any lower risk condition accepted by the user except for the short-time emergency loading. The four types
of loading are as follows:

Normal life expectancy
a) Normal life expectancy loading

Sacrifice of life expectancy
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