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INTERNATIONAL ELECTROTECHNICAL COMMISSION

POWER TRANSFORMERS -

Part 7: Loading guide for mineral-oil-immersed
power transformers

FOREWORD

he International Electrotechnical Commission (IEC) is a worldwide organization for standardization‘compijising
all national electrotechnical committees (IEC National Committees). The object of IEC s to promote
international co-operation on all questions concerning standardization in the electrical and electronic field§. To
this end and in addition to other activities, IEC publishes International Standards, Technical Specificatjons,
chnical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred to as [‘IEC
ublication(s)”). Their preparation is entrusted to technical committees; any IEC NationalCommittee intergsted

the subject dealt with may participate in this preparatory work. International, \governmental and [non-
gpvernmental organizations liaising with the IEC also participate in this preparation IEC collaborates clgpsely
ith the International Organization for Standardization (ISO) in accordancecwith conditions determined by
agreement between the two organizations.

he formal decisions or agreements of IEC on technical matters express, as nearly as possible, an internatjonal
cpnsensus of opinion on the relevant subjects since each technical,committee has representation frofn all
interested IEC National Committees.

C Publications have the form of recommendations for international use and are accepted by IEC Nafjonal
ommittees in that sense. While all reasonable efforts are mdade to ensure that the technical content of IEC
ublications is accurate, IEC cannot be held responsible¢forsthe way in which they are used or forl any
isinterpretation by any end user.

order to promote international uniformity, IEC National Committees undertake to apply IEC Publications
tlansparently to the maximum extent possible in their national and regional publications. Any divergence
between any IEC Publication and the corresponding’national or regional publication shall be clearly indicated in
the latter.

C itself does not provide any attestation oficonformity. Independent certification bodies provide confofmity
assessment services and, in some areas;, @ccess to IEC marks of conformity. IEC is not responsible fof any
services carried out by independent certification bodies.

Il users should ensure that they have the latest edition of this publication.

o liability shall attach to IEC or(its directors, employees, servants or agents including individual experty and
embers of its technical committees and IEC National Committees for any personal injury, property damage or
other damage of any nature“whatsoever, whether direct or indirect, or for costs (including legal fees) and
ekpenses arising out ofqthe publication, use of, or reliance upon, this IEC Publication or any other| IEC
ublications.

ttention is drawn o0 the Normative references cited in this publication. Use of the referenced publicatiops is
indispensable forthe-correct application of this publication.

ttention is drfawn to the possibility that some of the elements of this IEC Publication may be the subjgct of
pptent rights\lEC shall not be held responsible for identifying any or all such patent rights.

Intefnational Standard IEC 60076-7 has been prepared by IEC technical committee 14: Pqwer

transformers.

This second edition cancels and replaces the first edition published in 2005. It constitutes a
technical revision. This edition includes the following significant technical changes with
respect to the previous edition:

a)

b)
c)
d)
e)
f)

title has been updated from "oil-immersed power transformers" to "mineral-oil-immersed
power transformers";

insulation life is updated by considering latest research findings;

temperature limits have been reviewed and maximum core temperature is recommended,;
number of fibre optic sensors is recommended for temperature rise test;

Q, S and H factors are considered;

thermal models are revised and rewritten in generally applicable mathematical form;
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g) geomagnetic induced currents are briefly discussed and corresponding temperature limits
are suggested;

h) extensive literature review has been performed and a number of references added to
bibliography.

The text of this standard is based on the following documents:

FDIS Report on voting
14/933/FDIS 14/942/RVD

Full|information on the voting for the approval of this standard can be found in the report on
votipg indicated in the above table.

Thiq publication has been drafted in accordance with the ISO/IEC Directives, Part 2.

A ligt of all parts of the IEC 60076 series, under the general title Power trdansformers, canf be
fourld on the IEC website.

The| committee has decided that the contents of this publication wilFremain unchanged tntil
the |stability date indicated on the IEC website under "http://Webstore.iec.ch" in the data
relajed to the specific publication. At this date, the publication will be

e reconfirmed,
e ywithdrawn,
e feplaced by a revised edition, or

e amended.

A bilingual version of this publication tnay be issued at a later date.

IMPORTANT - The 'colour inside' logo on the cover page of this publication indicates
that it contains colours which are considered to be useful for the correct
understanding of (its' contents. Users should therefore print this document using a
cojour printer.
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INTRODUCTION

018

This part of IEC 60076 provides guidance for the specification and loading of power
transformers from the point of view of operating temperatures and thermal ageing. It provides
recommendations for loading above the nameplate rating and guidance for the planner to
choose appropriate rated quantities and loading conditions for new installations.

IEC 60076-2 is the basis for contractual agreements and it contains the requirements and
tests relating to temperature-rise figures for oil-immersed transformers during continuous

rate

vari
tran
tem
and
tran

Am
has

oxidation, hydrolysis and pyrolysis. Also, providing possibility to estimate the expe

ins
mor|

transformers" to "mineral-oil-immersed power transfermers". The temperature and cur

limi
opti
sen
are

app

corresponding temperature limits are suggested.

Thig part of IEC 60076 further presents recommendations for limitations of permiss
loading according to the results” of temperature calculations or measurements. Th
recqmmendations refer to different types of loading duty — continuous loading, normal cy

und
dist

Clayises 1 to 7 containcdéfinitions, common background information and specific limitations

the

Clayise 8 contains the determination of temperatures, presents the mathematical models

toe

Clanrse 9-contains a short description of the influence of the tap position.

App

d loading.

btion with time. The models provide for the calculation of operating temperatures in
sformer, particularly the temperature of the hottest part of the winding()This hot-
berature is, in turn, used for evaluation of a relative value for the rate ofythermal ag
the percentage of life consumed in a particular time period. The modelling refers to s
sformers, here called distribution transformers, and to power transfermers.

lajor change from the previous edition is the extensive work on the paper degradation
been carried out indicating that the ageing may be described by combination of

lation life considering different ageing factors, i.e. moisturé, oxygen and temperature,
realistic service scenarios. The title has been @mpdated from "oil-immersed pd

Thig part of IEC 60076 gives mathematical models for judging the consequence of diffeLent
loadings, with different temperatures of the cooling medium, and with transient corocyc

ical
the
5pot
bing
mall

that

the
cted
and
wer
rent

s are reviewed and the maximum core temperature is recommended. The use of fibre

C temperature sensors has become a standard ‘practice, however, the number of instz
bors per transformer highly varies. This issue and the description of Q, S and H fag
now considered as well. The thermal ;/models are revised and rewritten in gene
icable mathematical form. The geomagnetic induced currents are briefly discussed

sturbed loading or témporary emergency loading. The recommendations refef

bperation of different categories of transformers.

5timate the hot-spot temperature in steady state and transient conditions.

lled
tors
rally
and

ible
ese
clic

to

ibution transformers,-to0 medium power transformers and to large power transformlers.

for

sed

lication examples are given in Annexes A, B, C, D, E, F, G, H, | and K.
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Scope

Thig
effe
life.

NOT
2

The
con
cite
any

IEC

IEC
high

3
For

3.1
smg
pow
irreg

3.2
med

pow

3.3

part of IEC 60076 is applicable to mineral-oil-immersed transformers. It describes
ct of operation under various ambient temperatures and load conditions on transfor

E  For furnace transformers, the manufacturer is consulted in view of the peculiar loading profile.

Normative references

ent constitutes requirements of this document. For dated ‘references, only the ed
l applies. For undated references, the latest edition of the, referenced document (inclu
amendments) applies.

60076-2, Power transformers — Part 2: Temperature rise for liquid-immersed transform

60076-14, Power transformers — Part 14:3liquid-immersed power transformers u
-temperature insulation materials

Terms and definitions

the purposes of this document{.the following terms and definitions apply.

Il power transformer
er transformer without attached radiators, coolers or tubes including corrugated
pective of rating

ium power transformer
er transformer with a maximum rating of 100 MVA three-phase or 33,3 MVA single-ph4g

the
mer

following documents are referred to in the text in such a way that some or all of their

tion
ling

ers

5ing

ank

larg

e power transformer

power transformer with a maximum rating of greater than 100 MVA three-phase or greater
than 33,3 MVA single-phase

3.4

cyclic loading
loading with cyclic variations (the duration of the cycle usually being 24 h) which is regarded
in terms of the accumulated amount of ageing that occurs during the cycle

Note

1 to entry: The cyclic loading may either be a normal loading or a long-time emergency loading.
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3.5

normal cyclic loading

loading in which a higher ambient temperature or a higher-than-rated load current is applied
during part of the cycle, but which, from the point of view of relative thermal ageing rate
(according to the mathematical model), is equivalent to the rated load at normal ambient
temperature

Note 1 to entry: This is achieved by taking advantage of low ambient temperatures or low load currents during the
rest of the load cycle. For planning purposes, this principle can be extended to provide for long periods of time
whereby cycles with relative thermal ageing rates greater than unity are compensated for by cycles with thermal
ageing rates less than unity.

3.6
long-time emergency loading
loading resulting from the prolonged outage of some system elements that will"nof be
recqnnected before the transformer reaches a new and higher steady-state tempeérature

3.7
shoft-time emergency loading
unugually heavy loading of a transient nature (less than 30 min) due tocthe occurrence of jone
or more unlikely events which seriously disturb normal system loading

3.8
hotispot
if nqt specially defined, hottest spot of the windings

3.9
relative thermal ageing rate
for f given hot-spot temperature, rate at which\transformer insulation ageing is reduced or
accelerated compared with the ageing rate at-a reference hot-spot temperature

3.1(
transformer insulation life
tota| time between the initial state for which the insulation is considered new and the final
state for which the insulation is“considered deteriorated due to thermal ageing, diele¢tric
streps, short-circuit stress, arqmechanical movement (which could occur in normal service),
and|at which a high risk of gléctrical failure exists

3.11
per|cent loss of life
equ|valent ageing “in hours over a time period (usually 24 h) times 100 divided by|the
expécted transformer insulation life

Note|1 to entry: The equivalent ageing in hours is obtained by multiplying the relative ageing rate with the number
of haurs,

3.12
non-thermally upgraded paper

kraft paper produced from unbleached softwood pulp under the sulphate process without
addition of stabilizers

3.13

thermally upgraded paper

cellulose-based paper which has been chemically modified to reduce the rate at which the
paper decomposes

Note 1 to entry: Ageing effects are reduced either by partial elimination of water forming agents (as in
cyanoethylation) or by inhibiting the formation of water through the use of stabilizing agents (as in amine addition,
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dicyandiamide). A paper is considered as thermally upgraded if it meets the life criteria defined in
ANSI/IEEE C57.100 [1]"; 50 % retention in tensile strength after 65 000 h in a sealed tube at 110 °C or any other
time/temperature combination given by the equation:

15000

Time (h) = e(‘ﬁh +213)

B 28!082] 15000 15000 J

O+ 273) (110 + 273)

z65000xe[( (1

Because the thermal upgrading chemicals used today contain nitrogen, which is not present in kraft pulp, the
degree of chemical modification is determined by testing for the amount of nitrogen present in the treated paper.
Typical values for nitrogen content of thermally upgraded papers are between 1 % and 4 % when measured in
accordance with ASTM D-982 [2], but after the sealed tube test.

3.14
non-directed oil flow
OF
flow] indicating that the pumped oil from heat exchangers or radiators flows freély inside| the
tanK, and is not forced to flow through the windings

Note|1 to entry: The oil flow inside the windings can be either axial in vertical cooling ddcts or radial in horizpntal
cooling ducts with or without zigzag flow.

3.15
noni-directed oil flow
ON
flow indicating that the oil from the heat exchangers or radiators flows freely inside the fank
andlis not forced to flow through the windings

Note|1 to entry: The oil flow inside the windings can be either.axial in vertical cooling ducts or radial in horizpntal
cooling ducts with or without zigzag flow.

3.16
dirgcted oil flow
oD
flow] indicating that the principal part of-the pumped oil from heat exchangers or radiatofs is
forced to flow through the windings

Note|1 to entry: The oil flow inside the_.windings can be either axial in vertical cooling ducts or zigzag in horizpntal
coolihg ducts.

3.17
desjgn ambient temperature
temperature at which the permissible average winding and top-oil and hot-spot temperafture
ovel ambient temperature are defined

4 |Symbols and abbreviations

Sy1nbo| Meaning Unitg
IL Thermat capacity W3R
c Specific heat Ws/(kg-K)
DP Degree of polymerization
D Difference operator, in difference equations
gr Average-winding-to-average-oil (in tank) temperature gradient at rated current K
H Hot-spot factor
kqq Thermal model constant
kyy Thermal model constant

1 Numbers in square brackets refer to the bibliography.
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Symbol Meaning Units
kyy Thermal model constant
K Load factor (load current/rated current)
L Total ageing over the time period considered h
my Mass of core and coil assembly kg
my Mass of the tank and fittings kg
mey Mass of oil kg
my, Mass of winding kg
n Number of each time interval
N Total number of intervals during the time period considered

D Either ODAN, ODAF or ODWF cooling

DF Either OFAN, OFAF or OFWF cooling

N Either ONAN or ONAF cooling

P Supplied losses w
P Relative winding eddy loss p.u.

Pw Winding losses w
R Ratio of load losses at rated current to no-load losses at rated yéltage
R, Ratio of load losses to no-load loss at principal tapping

.y Ratio of load losses to no-load loss at tapping r + 1

Rin Ratio of load losses to no-load loss at minimum tapping

Rl ax Ratio of load losses to no-load loss at maximum:tapping

RTD Resistance Temperature Detector

RH Oil relative humidity %
s Laplace operator
t Time variable min

tap, Principal tapping position

tap,,, Tapping position r + 1

tap i Minimum tapping position
tap..x | Maximum tapping position
14 Relative ageing/rate
V. Relative‘ageing rate during interval n
WMoP Watér'content of oil ppm
mce Water content of paper insulation %
x Exponential power of total losses versus top-oil (in tank) temperature rise (oil exponent)
y Expeonrentia-peower-ef-eurrepi-rersus-winding-temperature—rise—{(windirg-exponrent)
0, Ambient temperature °C
O Yearly weighted ambient temperature °C
6, Winding hot-spot temperature °C
0. Monthly average temperature °C
| ha-max Monthly average temperature of the hottest month, according to IEC 60076-2 °C
o, Top-oil temperature (in the tank) at the load considered °C
Hya Yearly average temperature, according to IEC 60076-2 °C
7, Oil time constant min
T Winding time constant min
Ab,, Bottom oil (in tank) temperature rise at rated load (no-load losses + load losses) K
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Symbol Meaning Units
A6, Hot-spot-to-top-oil (in tank) gradient at the load considered K
AG,, Hot-spot-to-top-oil (in tank) gradient at start K
A6, Hot-spot-to-top-oil (in tank) gradient at rated current K
A6, Top-oil (in tank) temperature rise at the load considered K
Af,, Top-oil (in tank) temperature rise at start K
A, Average oil (in tank) temperature rise at the load considered K
AQ, . | Average oil (in tank) temperature rise at rated load (no-load losses + load losses) K
N6, Top-oil (in tank) temperature rise in steady state at rated losses (no-load losses + load K

losses)
o\ Corrected top-oil temperature rise (in tank) due to enclosure K

A(46,,) |Extra top-oil temperature rise (in tank) due to enclosure K

5
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d)

Effect of loading beyond nameplate rating

General

Cifying the maximum loading conditions and the supplier taking these into account in
sformer design.

General consequences
consequences of loading a transformer beyond its nameplate rating are as follows.

The temperatures of windings, cleats, leads, insulation and oil will increase and can rg
Linacceptable levels.

heating in metallieparts linked by the leakage flux.
Will change-

Bushings;” tap-changers, cable-end connections and current transformers will also
expased to higher stresses which encroach upon their design and application margins.

The

| FH £ 4l + £l P P | L £l + AP
CUTTTVITIAUuIiuIlT UT i 11rrailtt TTUA dTiu 1miervao Ty IUGI\GHC TTUA ||||VU°U° rCotlrtovtiviIToe UTlT PUO\.

core overexcitation [6], [7], [8].

normal life expectancy is a conventional reference basis\for continuous duty under degign
ient temperature and rated operating conditions. The)application of a load in excesp of
eplate rating and/or an ambient temperature higher than design ambient temperafture
Ives a degree of risk and accelerated ageing. Itis.the purpose of this part of IEC 60076 to
tify such risks and to indicate how, withinylimitations, transformers may be loaded in
exce¢ss of the nameplate rating. These risks.)can be reduced by the purchaser cle

arly
the

ach

The leakage flux-density outside the core increases, causing additional eddy-current

As the temperature changes, the moisture and gas content in the insulation and in th¢ oil

be

ible

NOTE For loaded core-type transformers having an energy flow from the outer winding (usually HV) to the inner
winding (usually LV), the maximum magnetic flux density in the core, which is the result of the combination of the

main

flux and the leakage flux, appears in the yokes.

As tests have indicated, this flux is less than or equal to the flux generated by the same applied voltage on the
terminals of the outer winding at no-load of the transformer. The magnetic flux in the core legs of the loaded
transformer is determined by the voltage on the terminals of the inner winding and almost equals the flux generated

by th

e same voltage at no-load.

For core-type transformers with an energy flow from the inner winding, the maximum flux density is present in the
core-legs. Its value is only slightly higher than that at the same applied voltage under no-load. The flux density in
the yokes is then determined by the voltage on the outer winding.
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Voltages on both sides of the loaded transformer, therefore, are observed during loading beyond the nameplate
rating. As long as voltages at the energized side of a loaded transformer remain below the limits stated in
IEC 60076-1:2011 [5], Clause 4, no excitation restrictions are needed during the loading beyond nameplate rating.
When higher excitations occur to keep the loaded voltage in emergency conditions in an area where the network
can still be kept upright, then the magnetic flux densities in core parts never exceed values where straying of the
core flux outside the core can occur (for cold-rolled grain-oriented steel these saturation effects start rapidly above
1,9 T). Stray fluxes may cause unpredictably high temperatures at the core surface and in nearby metallic parts
such as winding clamps or even in the windings, due to the presence of high-frequency components in the stray
flux. They may jeopardize the transformer. In general, in all cases, the short overload times dictated by windings
are sufficiently short not to overheat the core at overexcitation. This is prevented by the long thermal time constant
of the core.

As a consequence, there will be a risk of premature failure associated with the increased
STtS—aiG M etratures: 1HS +S Tray— e - “iR1 clraracte O spme
the cumulative effect of thermal ageing of the insulation in the transformer overdnany

v, atate O 1 a

5.3 | Effects and hazards of short-time emergency loading

Short-time increased loading will result in a service condition having anCincreased risk of
failyre. Short-time emergency overloading causes the conductor hot-spot to reach a Igvel
likelly to result in a temporary reduction in the dielectric strength. Howeter, acceptance of|this
condlition for a short time may be preferable to loss of supply. This type of loading is expe¢ted
to dccur rarely, and it should be rapidly reduced or the transformer disconnected withjn a
short time in order to avoid its failure. The permissible duration of this load is shorter than| the
thermal time constant of the whole transformer and depends.on the operating temperafture
befqre the increase in loading; typically, it would be less than*half-an-hour.

The|main risk for short-time failures is the reduction{in ‘dielectric strength due to the posdible
pregence of gas bubbles in a region of high electrical stress, that is the windings and leads.
Thepe bubbles are likely to occur when the hot-spot temperature exceeds 140 °C for a
transformer with a winding insulation moisture content of about 2 %. This critical temperature
will decrease as the moisture concentrationdncreases.

NOTE Concerning the bubble generation, see(@lso IEC 60076-14.

a) [Gas bubbles can also develop {either in oil or in solid insulation) at the surfaces of hgavy
metallic parts heated by the leakage flux or be produced by super-saturation of the| oil.
However, such bubbles .ustially develop in regions of low electric stress and have to
Circulate in regions where the stress is higher before any significant reduction in|the
Hielectric strength occurs.

Bare metallic parts,nexcept windings, which are not in direct thermal contact with cellulpsic
nsulation but are“in contact with non-cellulosic insulation (for example, aramid paper,
jlass fibre) and the oil in the transformer, may rapidly rise to high temperatureg. A
emperature of 180 °C should not be exceeded.

b) [femporary deterioration of the mechanical properties at higher temperatures could requce
he short-circuit strength.

c) Pre&ssure build-up in the bushings may result in a failure due to oil leakage. Gassing in
condenser type bushings may also occur if the temperature ol the insulation exceeds
about 140 °C.

d) The expansion of the oil could cause overflow of the oil in the conservator.

e) Breaking of excessively high currents in the tap-changer could be hazardous.

The limitations on the maximum hot-spot temperatures in windings, core and structural parts
are based on considerations of short-term risks (see Clause 7).

The short-term risks normally disappear after the load is reduced to normal level, but they
need to be clearly identified and accepted by all parties involved, e.g. planners, asset owners
and operators.
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5.4 Effects of long-time emergency loading

This is not a normal operating condition and its occurrence is expected to be rare but it may
persist for weeks or even months and can lead to considerable ageing.

a) Deterioration of the mechanical properties of the conductor insulation will accelerate at
higher temperatures. If this deterioration proceeds far enough, it may reduce the effective
life of the transformer, particularly if the latter is subjected to system short circuits or
transportation events.

b) Other insulation parts, especially parts sustaining the axial pressure of the winding block,
could also suffer increased ageing rates at higher temperature.

c) [Fhe contact resistance of the tap-changers could increase at elevated currents)jand
emperatures and, in severe cases, thermal runaway could take place.

d) [The gasket materials in the transformer may become more brittle as a result\of elevated
emperatures.

The| calculation rules for the relative ageing rate and per cent loss of (ife are based on
consgiderations of long-term risks.

5.5 Transformer size

The| sensitivity of transformers to loading beyond nameplate tating usually depends on their
sizel. As the size increases, the tendency is that:

o the leakage flux density increases;

e the short-circuit forces increase;

e [he mass of insulation, which is subjected to athigh electric stress, is increased,;
e the hot-spot temperatures are more difficult to determine.

Thup, a large transformer could be morelvulnerable to loading beyond nameplate rating fhan

a smnaller one. In addition, the conseg@uences of a transformer failure are more severe for
larger sizes than for smaller units.

Thefefore, in order to apply acreasonable degree of risk for the expected duties, this paft of
IEC|60076 considers threecategories:

a) pmall transformers, for which only the hot-spot temperatures in the windings and thefmal
Heterioration should'be considered;

b) medium power—transformers where the variations in the cooling modes should| be
considereds

c) |arge power transformers, where also the effects of stray leakage flux are significant [and
he consequences of failure are severe.

For |hermetically sealed transformers without pressure relief devices the over pressure should
be considered to avoid permanent tank deformation during loading beyond nameplate rating.

6 Relative ageing rate and transformer insulation life

6.1 General

For the manufacture of paper and pressboard for electrical insulation, mainly unbleached
softwood kraft pulp is used. The cellulose is refined from the tree by the so-called “sulphate”
or “kraft” process. After processing, the typical composition of unbleached kraft pulp is 78 %
to 80 % cellulose, 10 % to 20 % hemicellulose and 2 % to 6 % lignin.

Cellulose is a linear condensation polymer consisting of anhydroglucose joined together by
glycosidic bonds, Figure 1.
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Figure 1 — Structural formula of cellulose

From kraft pulp various types of paper and pressboard having varying density are made| By
add|ng various nitrogen containing compounds the ageing characteristics of the,cellulose may
be improved. Typical values for nitrogen content of thermally upgraded papers”are between
1 % and 4 %. The purpose of thermally upgrading insulation paper is¢to neutralize|the
production of acids caused by the hydrolysis (thermal degradation) of the material over|the
lifetime of the transformer.

6.2 Insulation life

In récent years, extensive work on paper degradation has b€en carried out and published in
refefences [9] to [15], indicating that cellulose ageing may*be described by combination of| the
threge processes, i.e. oxidation, hydrolysis and pyrolysis,

The|oxidation is a process possibly dominant at lower temperature. The oxidizing agent in|this
envlronment is oxygen from air ingress, and_.as' the ultimate end product of the progess
appgars water. The hydrolysis of cellulose is.a“catalytically governed process where the fate
of dghain scissions depends on carboxylicCacids dissociated in water. As both water |[and
carhoxylic acids are produced during ageing of cellulose this process is auto accelerafing.
The|pyrolysis is a process that can take place without access to water and/or oxygen, or|any
othgr agent to initiate the decompesition. At normal operating or overload temperatures,
(i.e.[< 140 °C), such processes are-considered to be of little relevance.

In real transformer allthese processes — hydrolysis, oxidation and pyrolysis —|act
simuiltaneously. This hampers the application of one model describing the full complexity of
the degradation processes. Which process will dominate depends on the temperature and|the
conglition (i.e. oxygen, water and acid content).

Different parameters might be used to characterize cellulose degradation process dufing
age|ng. In reality it is the mechanical strength that is important for the winding paper to rgsist
the |shear.strésses occurring during short circuits. However, due to the folded geometry of
papgr in_a‘transformer, it is not possible to analyse tensile strength of paper sampled from
usediransformers. Hence, it is more convenient to characterize the degree of polymerizgtion
(DP y tion
between tensile strength and DP value (see [11]), the same correlation is valid for the
thermally upgraded and non-thermally upgraded paper.
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further to a lesser or higher degree. During ageing, the lengths of these polymeric cellu
molecules are reduced due to breakage of the covalent bonds between the anhydrou

glug

papger exposed to a temperature of 140 °C, oxygeh“of < 6000 ppm and water of 0,5 9
shown in Figure 3 (see [15]). The nitrogen content of the thermally upgraded paper use
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Figure 2 — Correlation between tensile strength and DR value

degree of polymerization (DP) is the average number (n) of glyeosidic rings in a cellu

essing. Depending on the transformer drying process{s/the DP value may be redd

ose monomers. The change of DP over time of\hon-thermally and thermally upgrg

experiment was 1,8 %.
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When the DP is reduced to 200 % or 35.\% retained tensile strength, the quality of the paper

(i.e.
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Anngex A gives further elaboration of the paper ageing theory providing a mathema

met

such as moisture, oxygen and temperature. The corresponding results for the non-thern

and

The
indu

the mechanical strength) is normatly' considered so poor that this defines the “end of
uch insulating material (see [11]) although the insulating material dielectric strength
till at an acceptable level.

hodology for estimation“of the expected insulation life considering different ageing fac

thermally upgraded paper are presented in Figure 4 and Figure 5, respectively.

strial standards as follows:

[he (relative ageing rate V' = 1,0 corresponds to a temperature of 98 °C for non-therm

life”
may

ical
tors
ally

illustratedSdifference in thermal ageing behaviour has been taken into account in

ally

ipgtaded paper and 110 °C for thermally upgraded paper.

NOTE 1 Disagreement between laboratory tests could come from testing procedures. It is difficult to repro
the same ageing process with accelerated ageing often at quite elevated temperatures compared to service
conditions. The values given in Table A.2, Figure 4 and Figure 5 are considered as unconfirmed and can be
disputable. However, the numbers give a user the possibility to simulate different ageing scenarios.

duce
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NOTE 2 Figure 4 and Figure 5 indicate*expected life values that are based on residual DP value of 200, and
are (lerived under the laboratory controlled condition as given in text above, (e.g. constant moisture cor
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ant and homogenous temperature, etc.). However, to evaluate the expected life of a transformer the
Ce conditions are considered (e'g. loading history and prediction, ambient temperature, insulation materia
htion moisture contamination). The moisture contamination estimate is usually based on the correspof
brium curves for moisture, partition between oil and paper, (e.g. WCO vs WCP or RH vs WCP).

Relative ageing rate

pugh ageing.'or deterioration of insulation is a time function of temperature, mois
ent, oxygen content and acid content, the model presented in this document is based
he insulation temperature as the controlling parameter.
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Since the temperature distribution is not uniform, the part that is operating at the highest
temperature will normally undergo the greatest deterioration. Therefore, the rate of ageing is
referred to the winding hot-spot temperature. In this case, the relative ageing rate V is defined
according to Equation (2) for non-thermally upgraded paper and to Equation (3) for thermally
upgraded paper (see [27]).

% :z(ehfgs)/e

( 15000 15 ooo]
1104273 6h+273

(2)

(3)
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where
6 is the hot-spot temperature in °C.

Equations (2) and (3) imply that V is very sensitive to the hot-spot temperature as can be
seen in Table 1.

Table 1 — Relative ageing rates due to hot-spot temperature

6, Non-upgraded paper insulation Upgraded paper insulation

°C |4 |4

80 0,125 0,036

86 0,25 0,073

92 0,5 0,145

98 1,0 04,282

104 2,0 0,536

110 4,0 1,0

116 8,0 1,83

122 16,0 3,29

128 32,0 5,8

134 64,0 10,1

140 128,0 17,2
Thq indicated relative ageing rate V' = 1,0 corresponds to & temperature of 98 °C for non-thermally upgrafed
pagder and 110 °C for thermally upgraded paper.

6.4 Loss-of-life calculation

The|loss of life L over a certain period of time is equal to

12 N
L:det or Lx YV, xt, @)
1 n=1

whefre

V_ is the relativeiageing rate during interval n, according to Equation (2) or (3);
t, iIs the nthtime interval;

n Is theenumber of each time interval,

N is\the total number of intervals during the period considered.

The maximum time interval should be less than half the smallest time constant, z,, in
Equation (4) for an accurate solution.

7 Limitations

7.1 Temperature limitations

With loading values beyond the nameplate rating, none of the individual limits stated in
Table 2 should be exceeded and account should be taken of the specific limitations given in
7.3t07.5.
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The limits given in Table 2 are applicable to transformers specified to have temperature rise
requirements according to |IEC 60076-2. For transformers specified according to
IEC 60076-14, with a higher thermal class insulation materials, the Ilimits given in
IEC 60076-14 apply.

Table 2 — Maximum permissible temperature limits applicable to loading
beyond nameplate rating

Types of loading Small Large and
transformers medium power
transformers
Nogmal cyclic loading
Wirlding hot-spot temperature and metallic parts in contact with 120 120

cellulosic insulation material (°C)

OtHer metallic hot-spot temperature (in contact with oil, aramid 140 140
pager, glass fibre materials) (°C)

Inngr core hot-spot temperature (°C) 130 130

Tog-oil temperature, in tank (°C) 105 105

Long-time emergency loading

Wirlding hot-spot temperature and metallic parts in contact with 140 140
cellulosic insulation material (°C)

OtHer metallic hot-spot temperature (in contact with oil, aramid 160 160
pager, glass-fibre materials) (°C)

Inngr core hot-spot temperature (°C) 140 140

Tog-oil temperature, in tank (°C) 115 115

Short-time emergency loading

Wirlding hot-spot temperature and metallic partsiin contact with See 7.3.1 160
cellulosic insulation material (°C)

OtHer metallic hot-spot temperature (in.contact with oil, aramid See 7.3.1 180
pager, glass fibre materials) (°C)

Inngr core hot-spot temperatureA°€) See 7.3.1 160

Tog-oil temperature, in tanky(°C) See 7.3.1 115

NO['E For more information on the core temperature, see Annex B.

7.2 Current'limitations

Thefe ,are limitations on current carrying capability of transformer other than temperafure

overload mean that the temperatures in Table 2 are not exceeded. Specific examples would
be in cases of low ambient temperature, low levels of preload or high thermal capacity of the
winding. The purchaser can specify higher current limits if required, but it should be
recognized that this could lead to a special transformer design. The recommended current
limits given in Table 3 should not apply to very short duration overloads, i.e. less than 10 s.

NOTE 1 The breaking capacity of tap-changers is limited to twice the rated current according to IEC 60214-1 [3].
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Table 3 — Recommended current limits applicable to loading
beyond nameplate rating

Types of loading Small Medium power Large power
transformers transformers transformers

Normal cyclic loading

Current (p.u.) | 1,5 ‘ 1,5 | 1,3

Long-time emergency loading

Current (p.u.) | 1,8 ‘ 1,5 | 1,3

Short-time emergency loading

Cutfrent (p.u.) | 2.0 ‘ 1,8 | 15

NOTE 2 For specification beyond rated power, see Annex C.
7.3 | Specific limitations for small transformers
7.3 Current and temperature limitations

The| limits on load current, hot-spot temperature, top-oil temperature and temperature of
metgllic parts other than windings and leads stated in Table2 and Table 3 should nof be
exceéeded. No limit is set for the top-oil, core and winding hot-spot temperature umder
short-time emergency loading for distribution transformers’because it is usually impracticable
to control the duration of emergency loading in this~¢ase. It should be noted that when|the
hot-spot temperature exceeds 140 °C, gas bubbles) may develop which could jeopardize|the
dielgctric strength of the transformer (see 5.3).

7.3.p Accessory and other considerations

Apart from the windings, other parts-of the transformer, such as bushings, cabled{end
conpections, tap-changing devices and’leads may restrict the operation when loaded ahove
1,5 times the rated current. Qil expansion and oil pressure could also impose restrictions.

7.3.B Indoor transformers

Whe¢n transformers are _used indoors, a correction should be made to the rated top-oil
temperature rise to take*account of the enclosure. Preferably, this extra temperature rise| will
be determined by atest (see 8.3.2).

7.3.4 Outdoor ambient conditions

Wind, sunshine and rain may affect the loading capacity of distribution transformers, but their
unpfedictable nature makes it impracticable to take these factors into account.

7.4 Specific limitations for medium power transformers
7.41 Current and temperature limitations

The load current, hot-spot temperature, top-oil temperature and temperature of metallic parts
other than windings and leads should not exceed the limits stated in Table 2 and Table 3.
Moreover, it should be noted that, when the hot-spot temperature exceeds 140 °C, gas
bubbles may develop which could jeopardize the dielectric strength of the transformer
(see 5.3).

7.4.2 Accessory, associated equipment and other considerations

Apart from the windings, other parts of the transformer, such as bushings, cable-end
connections, tap-changing devices and leads, may restrict the operation when loaded above
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1,5 times the rated current. Oil expansion and oil pressure could also impose restrictions.
Consideration may also have to be given to associated equipment such as cables, circuit
breakers, current transformers, etc.

7.4.3 Short-circuit withstand requirements

During or directly after operation at load beyond nameplate rating, transformers can not
conform to the thermal short-circuit requirements, as specified in IEC 60076-5 [67], which are
based on a short-circuit duration of 2 s. However, the duration of short-circuit currents in
service is shorter than 2 s in most cases.

7.4.|4 Voltage limitations

Unlgss other limitations for variable flux voltage variations are known (see IEC 60076-1),[ the
applied voltage should not exceed 1,05 times either the rated voltage (principaltapping) or
the fapping voltage (other tappings) on any winding of the transformer.

7.5| Specific limitations for large power transformers

7.5/ General

For |large power transformers, additional limitations, mainly associated with the leakage flux,
should be taken into consideration. It is therefore advisable jin'this case to specify, at the {ime

of e
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7.5.2

hquiry or order, the amount of loading capability needed in“specific applications.

ies to all transformers.

brding to present knowledge, the importance-of the high reliability of large units in vie
consequences of failure, together with, the following considerations, make it advisabl
bt a more conservative, more individualhapproach here than for smaller units.

The combination of leakage flux and main flux in the limbs or yokes of the magnetic ci
see 5.2) makes large transformers more vulnerable to overexcitation than sm
ransformers, especially when toaded above nameplate rating. Increased leakage flux
hlso cause additional eddytcurrent heating of other metallic parts.

The consequences of.degradation of the mechanical properties of insulation as a fung
bf temperature and ‘time, including wear due to thermal expansion, may be more se
or large transformers than for smaller ones.

Hot-spot temperatures outside the windings cannot be obtained from a noj
emperature-rise test. Even if such a test at a rated current indicates no abnormalities,
hot possible to draw any conclusions for higher currents since this extrapolation may
have been taken into account at the design stage.

far as thermal deterioration of insulation is conéerned, the same calculation mefhod
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Calcufation of the winding hot-spot temperature rise at higher than rated currents, bg
nvthe resuy 0 emperature-ri e e i
units than fo ones.

- O ed eliable O

r smaller

Current and temperature limitations

arge

The load current, hot-spot temperature, top-oil temperature and temperature of metallic parts
other than windings and leads but nevertheless in contact with solid insulating material should
not exceed the limits stated in Table 2 and Table 3. Moreover, it should be noted that, when
the hot-spot temperature exceeds 140 °C, gas bubbles may develop which could jeopardize
the dielectric strength of the transformer (see 5.3).

7.5.3 Accessory, equipment and other considerations

Refer to 7.4.2.
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7.5.4 Short-circuit withstand requirements

Refer to 7.4.3.

7.5.5 Voltage limitations

Refer to 7.4.4.

8

Determination of temperatures

8.1
8.1.
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a)

b)

Hot-spot temperature rise in steady state
( General

be strictly accurate, the hot-spot temperature should be referred to the .adjacen
berature. This is assumed to be the top-oil temperature inside the winding. Measurem
e shown that the top-oil temperature inside a winding might be, dependént on the coo
D 15 K higher than the mixed top-oil temperature inside the tank.

most transformers in service, the top-oil temperature insideca-winding is not preci
wn. On the other hand, for most of these units, the top-oil teémperature at the top of|
is well known, either by measurement or by calculation.

calculation rules in this document are based on the fgllowing:

A O

or’
A6, the hot-spot temperature rise above top=0il temperature in the tank at rated curre

the top-oil temperature rise in the tank abpye/ambient temperature at rated losse

parameter Ag,, can be defined either bydirect measurement during a heat-run test o
Iculation method validated by direct measurements.

E  The methods, principles and calculation procedures given in 8.1.2, 8.1.3, 8.1.4 and Annex D are ultim
for the converter transformers for HYBC application, however, with the necessary consideration of the 4
rmonics on the transformer thermal ‘performance with a reference to a specific converter operating poin
fic system conditions.

R Calculation of hot-spot temperature rise from normal heat-run test data

ermal diagram jsyassumed, as shown in Figure 6, on the understanding that sud
ram is the simplification of a more complex distribution. The assumptions made in
lification arevasfollows.

The oil temperature inside the tank increases linearly from bottom to top, whatever
cooling-niode.

oil
ents
ing,

sely
the

5 [KT;
ht [K].

r by

ately
ffect
and

h a
this

the

the

As’a-first approximation, the temperature rise of the conductor at any position up

h a

constant difference g, between the two straight lines (g, being the difference between the
winding average temperature rise by resistance and the average oil temperature rise in
the tank).

c) The hot-spot temperature rise is higher than the temperature rise of the conductor at the
top of the winding as described in 8.1.2b), because allowance has to be made for the
increase in stray losses, for differences in local oil flows and for possible additional paper
on the conductor. To take into account these non-linearities, the difference in temperature

between the hot-spot and the top-oil in tank is made equal to H x g, that is, Ag,. = H x

gr-

NOTE In many cases, it has been observed that the temperature of the tank outlet oil is higher than that of
the oil in the oil pocket. In such cases, the temperature of the tank outlet oil is used for loading.
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IEC
Key
A [Top-oil temperature derived as the average of the tank.outlet oil temperature and the tank oil pocket
temperature
Mixed oil temperature in the tank at the top of the Winding (often assumed to be the same temperature as|A)
Temperature of the average oil in the tank

Oil temperature at the inlet of the tank (assamed to be the same as at the bottom of the winding)

m O O @

Bottom of the tank

g, [Average winding to average oil (intank) temperature gradient at rated current
H |Hot-spot factor

P |Hot-spot temperature

I |Average winding tempégrature determined by resistance measurement

x-axis Temperature

y-axis Relative pesitions
B rmeasured (point; ® calculated point

Figure 6 — Thermal diagram

8.1.3 Direct measurement of hot-spot temperature rise

Fibre optic probes are installed in windings to measure the hot-spot temperature rise.
Although local loss densities and oil circulation speeds are calculated, it is very difficult to
know where the hot-spot is exactly located. Thus, a certain minimum number of sensors
should be installed in a winding. The sensors are inserted in slots in the radial spacers in
such a way that there is only the conductor insulation and an additional thin paper layer
between the sensor and the conductor metal. Calibrations have shown that a reasonable
accuracy is obtained in this way (see [16]).

This minimum number of sensors is selected in such a way that the maximum measured
temperature rise is close enough to the real hot-spot temperature rise for a safe operation of
the winding. This maximum measured temperature is at the same time considered as the
hot-spot of the winding.
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In core type transformers the hot-spot is generally located at the top of the windings. If the
winding is cooled by axial oil circulation, the most probable location is disc number 1 or 2
seen from the top. At zig-zag cooling one of the first 3 top discs is the most probable location.
If the winding has tapping discs at its upper half, the hot-spot is probably located in the first
current carrying disc above the currentless tapping discs in the (-) tap position. Therefore, it
should be noted that the hot-spot location is transformer specific and highly affected by the
transformer design. As such, this predetermined location should be discussed during design
review.

Expenence has shown that there might be gradlents of more than 10 K between different
the
rtion of, for example, one or two sensors will detect a relevant temperature rise.| An
example of this is shown in Figure 7 [17]. The relative local loss densities compared-\to| the
average loss of the winding (which corresponded to the average winding gradient¢) were
156|%, 133 %, etc. The figures indicated in the discs at the right (114 %, 142 % 156 %, ¢tc.)
are |[the relative local loss densities in per cent of the average loss density| of the whole
windling that is the total loss of the winding divided by the number of discs. If should be noted
that|the highest temperature rise of 23,2 K was measured at the relativeiloss density 1171 %,
whi¢h was far from the highest value 156 %.

21,6 -
/ 114 | 142 \\
3 A\

HV.- wdg @ \
r104 | 111 117\ 115
. 1\

(103 T7105 T 708 XU\ 707

s S = :

EXI \ —— //—l
1
@ - |

s

PHASE B

Figure(7)~ Temperature rises above top-oil temperature (in tank) 65,8 °C of the zig-ziag
1 cooled HV- wmdmg of a 400 MVA ONAF cooled 3- phase transformer,

to s : p position ()

For the temperature rise test, the recommended number of sensors to be installed in one
phase of ON-, OF-, OD-cooled core type transformers are as follows:

a) for transformers with a leakage flux > 400 mWb/phase at the rated current, the number of
sensors should be 8 per winding with full rating;

b) for transformers with a leakage flux between 150 mWhb/phase and 400 mWb/phase at the
rated current, the number of sensors should be 6 per winding;

c) for transformers with a leakage flux below 150 mWhb/phase at the rated current, the
number of sensors should be 4 per winding.

The sensors should be installed in the phase for which the warm resistance curve is recorded.
However, each user should decide how accurate the hot-spot measurement needs to be for a
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particular transformer application (loaded tertiary winding, small transformers, etc.), and
based on this should decide on the total sensor number per winding and per phase.

NOTE By leakage flux is here meant the maximum unidirectional flux (crest value), which is the integral of the
absolute values of the axial flux densities between two intersections with the x-axis. A transformer might have
several such integrals and in this case the maximum of these integrals is considered. An approximate formula for
this maximum leakage flux is 1,8 x Z x §%% [18], where Z is the short-circuit impedance in per cent and S is the
intrinsic rated power per wound limb in MVA. For auto-connected transformers, Z and S refer to the intrinsic MVA
value and not to the MVA transformed. S is therefore equal to the nameplate rated power, multiplied by «, i.e. the
auto factor. The auto factor, «, is equal to: (primary voltage — secondary voltage) / primary voltage. Z is equal to
the nameplate short-circuit impedance divided by the auto factor.

tH-retig—S——334vA, the

0,58, the leakageCfidix is

E XA MPHE—F H I kL SLOl220 10\ [ 4 tad t £ o tbho tL k.
o O S gre-PraSt—oSurzourtv—aturo—Ct o et ranSrormer—wim—tme—mToughP

corrgsponding impedance Z = 15 %, and the auto factor o = (550 - 230)/550
apprpximately [1,8 x (0,58 x 334)%5 x (15/0,58)] = 650 mWhb.

In ghell type transformers, the fibre optic sensors should be located in the\co6il edges
(Figure 8) and in the brazed connections between coils.

Coil layers

Fibre optic probe M

|
t
N
+
t
1
1
[

IEC

Figure 8 — Coil edges, where’the sensors should be located in the edge
with the higher calculated temperature rise

If it|is not possible to install-the fibre optic sensor in the expected hot-spot location/ for
example due to high voltagevstress, then the installation can be made at a safer locafion.
Conisequently, the proposed”alternative measuring location and the corresponding corredtion
progedure should be further discussed between purchaser and manufacturer.

Althpugh Table 2.comprises temperature limits for core and structural parts, such temperagure
rise are not-measured in a normal temperature rise test. Those temperature rises|are
normally estinfated by calculation. The manufacturers should install thermal sensors in thHese
parts in selected transformers to calibrate their calculation methods. Manufacturers of flibre
optic probes are producing insulation kits for this purpose, but also robust thermocouplep or
RTDs ©ffer a good alternative. The thermocouples can be installed permanently in|the
transformerimsucha way that they do ot Teduce the vottage strength—amd—thatthey Temain
inside the transformer during its life. Thermocouples inside a transformer should be twisted to
eliminate the effect of leakage flux impinging between the two thermocouple strands and
causing an extra induced voltage between the two thermocouple metals. If specified such
special test (i.e. the temperature rise of the core and structural part during the no-load test)
should be discussed during the design review and the following parameters should be
defined:

— cooling conditions;
— test duration;

— supply voltage;

— temperature limits.
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rmal sensors should particularly be installed in:

a) yoke clamp made of magnetic steel, e.g. winding supports, supports for exit leads, yoke
clamp extensions at the end of cores with wound outer limbs, and in yoke clamps opposite
to the centre line of a phase;

b) flitch-plates and outer core packets opposite to the top of the winding block;

c) in the top yoke, particularly at the top of the centre phase in a 3-phase transformer
(Figure 9).

— =
A
31,8 23,8 21,9} (241} (147
Phase B Phase B
IEC

NOTE The three right-hand values are measuredin the cooling duct.

Figure 9 — Temperature risesxabove top-oil temperature at the end of an 8 h thermal
no-load test at 110 % supply voltage

Installation of sensors in-the top yoke makes sense only if an extra thermal no-load test is

dong.

Morg details about the installation of thermal sensors are given in [18].

8.1.4 Hot-spot factor

The| hot-spot factor H is winding-specific and should be determined on a case-by-case bgsis

when\required. Studies show that the factor / varies within the ranges 1,0 to 2,1 depengling

on the transformer size, its short-circuit impedance and winding design [19]. The factor H
should be defined either by direct measurement (see 8.1.3 and Annex D) or by a calculation
procedure based on fundamental loss and heat transfer principles, and substantiated by direct
measurements on production or prototype transformers or windings.

A calculation procedure based on fundamental loss and heat transfer principles should
consider the following as given in Annex D, [18], and [20].

a) The fluid flow within the winding ducts, the heat transfer, flow rates and resulting fluid

b)

temperature should be modelled for each cooling duct.

The distribution of losses within the winding. One of the principal causes of extra local

loss in the winding conductors is radial flux eddy loss at the winding ends, where
leakage flux intercepts the wide dimension of the conductors. The total losses in

the
the

subject conductors should be determined using the eddy and circulating current losses in
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addition to the DC resistance loss. Connections that are subject to leakage flux heating,

such as coil-to-coil

connections and some tap-to-winding brazes, should also be

considered.

Conduction heat transfer effects within the winding caused by the various insulation
thicknesses used throughout the winding.

d) Local design features or local fluid flow restrictions.

Layer insulation may have a different thickness throughout a layer winding, and
insulation next to the cooling duct affects the heat transfer.

Flow-directing washers reduce the heat transfer into the fluid in the case of a

Figure 10 — Zigzag-cooled winding where the distance between all sections is the

| same and the flow-directing washer is installed in the space between sections |

Zigzag-cooted winding (Figure 107

IEC

Possible extra insulation on end turns and on winding conductors exiting through the
end insulation.

Not all cooling ducts extend completely around the winding in distribution transformers
and small power transformers. Some cooling ducts are located only in the portion of
the winding outside the core (see Figure 11). Such a “collapsed duct arrangement”
causes a circumferential temperature gradient from the centre of the winding with no
ducts under the yoke to the centre of the winding outside core where cooling ducts are
located.
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fungtion of time, for varying load current and.@mbient temperature:

a)
b)

Both of these methods are suitable for arbitrarily time-varying load factor K and time-var

amiient temperature 6,. Thelformer method is particularly more suited to determination of
transfer parameters by _fest, especially by manufacturers, while the latter method is more
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Observe inFigure 12 that the inputs are the load factor K, and the ambient temperature 6,
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Cooling duct

Collapsed cooling duct

_________ oA

et T

A
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Figure 11 — Top view section of a rectangular winding with’“collapsed cooling
duct arrangement” under the yokes

Top-oil and hot-spot temperatures at varying ambient temperature and load
conditions

] General

clause 8.2 provides two alternative ways<of describing the hot-spot temperature g

exponential equations solution [18],{24];
Hifference equations solution [22].

hble for on-line monitoring due to applied mathematical transformation. In principle,
hods yield the same results as they represent solution variation to the identical
sfer differentialeguations.

left,, The output is the calculated hot-spot temperature ¢, on the right. The Lap

heat transfer differential equations are represented in block diagram form in Figure 12|
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Figure 12 — Block diagram representation of theifferential equations

igure 12, the second block in the uppermost pathirepresents the hot-spot rise dynanm
first term (with numerator k,,) represents the‘fundamental hot-spot temperature

' numerator k,4—1) represents the varying rate of oil flow past the hot-spo
homenon which changes much more slowly. The combined effect of these two terms
punt for the fact that a sudden rise insload current may cause an otherwise unexpect
peak in the hot-spot temperature rise, very soon after the sudden load change. Va
(11> ko4, koo and the other parameters shown are discussed in 8.2.2 and suggested va
nin Table 4.

e top-oil temperature can(be measured as an electrical signal into a computing dey
an alternative formulation is the dashed line path, with the switch in its right position;
pil calculation path (switch to the left) is not required. All of the parameters have b
ned in 8.2.2.

mathematical interpretation of the blocks in Figure 12 is given as follows:

differential equation for top-oil temperature (inputs K, 6,, output 6,) is

ics.
ise,

re the effect of changing oil flow past the hot-spot is taken into account. The second ferm

, a
s to
bdly
ues
ues

ice,
the
een

Udio + [90 - ga]

J (Ao ) = k174 X

(5)

The differential equation for hot-spot temperature rise (input K, output Ag,) is most easily
solved as the sum of two differential equation solutions, where

(6)
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two equations are

k21 x K” X(A@hr)=k22 X Ty X dAdf}ﬂ +A9h1

(ko1 = 1)x K? x (A ) = (4 | kpp) % dAfhz +Abh

(7)

(8)

the

The

Regarding Equations (5) to (8), the complexity is in order to account for the fact that the

coo
naty
neg
neg

NOT
the ¢
resis
cooli

variafion is considered. An approximate correction termy (with its sign) for the hot-spot temperature rise at

0,15
8.2.
Sub

Equptions (5) to (8).

An é¢xample of a load variation according to a step function is shown in Figure 13 (the de

of th

solutions of which are combined in accordance with Equation (6).

final equation for the hot-spot temperature is

Hh :00 +A9h

ing medium has mechanical inertia in addition to thermal ipertia. The effect is greates
ral cooling (ON), somewhat less for non-directed-flow,‘pumped-oil cooling (OF),
igible for directed-flow pumped-oil cooling (OD), as regatrds power transformers. It is
igible for small transformers (see 8.2.2).

E For ON and OF cooling, the oil viscosity change counteracts the effect of the ohmic resistance variati
onductors. In fact, the cooling effect of the oil viscosity*change is stronger than the heating effect o
ance change. This has been taken into account implicitly by the winding exponent of 1,3 in Table 5. Fo
hg, the influence of the oil viscosity on temperature. rises is slight, and the effect of the ohmic resist

X (Agh - Aghl’)'
R Exponential equations solution

clause 8.2.2 describes the exponential equation solution to the heat transfer differe

e example are giventin Annex H).

9)

oil-
for
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K8
K3
K1
K2
K4
IEC
735 min

Key

6, Winding hot-spot temperature

0, Top-oil temperature in tank

K1)s 1,0 K2 is 0,6 K3is'1,5 K4 is 0,3 K5 is 2,1

Figure 13 — Temperature responses to step changes in the load current

The| hot-spot temperature is sequal to the sum of the ambient temperature, the top-oil
temperature rise in the tank;.and the temperature difference between the hot-spot and top-oil
in the tank.

The|top-oil temperature-increase to a level corresponding to a load factor of K is given by:

2 ) —t)l(k11%x70)
Op(t) = 05 + O + Aeorx{%} —Ab,, X(1_e( 1)/(k11 oj 10)

Correspondingly, the top-oil temperature decrease to a level corresponding to a load factor
of K is given by:

21 2
eo(t)=ea+Aeor{1+1R+;{} 4 A@oi—Aeor{%} x LM r1x0) (11)

The hot-spot to top-oil temperature gradient increase to a level corresponding to a load factor
of K is given by:

Aby (1) = A (1)~ A6 (1) (12)
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where two gradients are
A0h1(t)= A0h1i + {k21ngKy —A0h1i }X (1 _e(—t)/(kzzxrw)) (1 3)

and

A0h2 (t) = Aghzl- + {(kz»] —1)ngKy —A0h2i }X (1 - e(ft)/(‘ro /k22)) (14)

Correspondingly, the hot-spot to top-oil temperature gradient decrease to aqglgvel
corresponding to a load factor of K is given by:

A (1) = kp1Hg K + {Agmi ~ ko Hg K el k22 7w) 15)
and

Abho(t) = (kp1 ~)Hg K + {Mhzi = (k21 —1)ngKy}X el talkz2) 16)

Thelfinal equation for the hot-spot temperature is:

O (1) = 6, (c)+ ABL[) 17)
whefre
7y | is the winding time constant (min);

Ty is the oil-time constant (min).

The|top-oil exponent x and the winding exponent y are given in Table 4 [23], [24].

The| constants k44, ko4, kpp~add the time constants 7, and z; are transformer specific. They
can|be determined in a prolonged heat-run test during the “no-load loss + load loss” period, if
the |supplied losses and\corresponding cooling conditions, for example AN or AF, are kept
unchanged from the start until the steady state has been obtained (see Annex F). In this cgse,
it i$ necessary_ to)ensure that the heat-run test is started when the transformer is
appfoximately at\the ambient temperature. It is obvious that k4, k,, and z, can be defined
only if the transformer is equipped with fibre optic sensors. If 7y and 7, are not defined jn a
prolpnged ‘heat-run test they can be defined by calculation (see Annex E). In the absence of
trangformer-specific values, the values in Table 4 are recommended. The corresponging
graphssare shown in Figure 14.

NOTE 1 Unless the current and cooling conditions remain unchanged during the heating process long enough to
project the tangent to the initial heating curve, the time constants cannot be determined from the heat-run test
performed according to IEC practice.

NOTE 2 The A6, (1)/A6,, graphs observed for small transformers are similar to graph 7 in Figure 14, i.e. small
transformers do not show such a hot-spot “overshoot” at step increase in the load current as ON- and OF-cooled
power transformers do.

NOTE 3 The background of the oil, x, and winding, y, exponents and corresponding determining procedure are
given in Annex G.
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Table 4 - Recommended thermal characteristics for exponential equations

&
(]
-
g o Medium and large power transformers
» 2
s
Characteristic e
© © ©
© © k-]
=z zQ z Lo w Q8
< < o < <o < TR w a
P4 Zc P4 Zc Z o= o o
O (o2 O O O ®
e e 2
Oil exponent x 0,8 0,8 0,8 0,8 0,8 1,0 1,0 1,
Wirlding exponent y 1,6 1,3 1,3 1,3 1,3 1,3 1,3 2,
Constant &, 1,0 0,5 0,5 0,5 0,5 1,0 1,0 1,
Constant k,, 1,0 3,0 2,0 3,0 2,0 1,45 1,3 1,
Constant k,, 2,0 2,0 2,0 2,0 2,0 1,0 1,0 1,
Timle constant z,, min 180 210 210 150 150 90 90 90
Time constant ¢, 4 10 10 7 7 7 7 7
min

a8 |If a winding of an ON- or OF-cooled transformer is zigzag-cooled, “a radial spacer thickness of less than
3 mm might cause a restricted oil circulation, i.e. a higher maxifmum value of the function A6, (7)/A6, than
obtained by spacers > 3 mm.
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2,5
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ABGh (/A Gy,
1,0 4 / &_‘
5
0,5 - 6
7
0,0 T T T T T Al T
0 60 120 180 240 300 360 420 48
t min
IEc
Key

1 PNAN - restricted oil flow 5 OF — restricted oil flow
2 PNAN 6 OF
3 PNAF - restricted oil flow 7.. ‘@D and small power transformers
4 DNAF

Figure 14 — The function Af, (7)/A@;; dgenerated by the values given in Table 4
An application example of the exponential equations solution is given in Annex H.

8.2.8 Difference equations.solution

Subflause 8.2.3 describeg the difference equation solution to the heat transfer differential
equptions, applicable for . arbitrarily time-varying load factor K and time-varying ambient
temperature 4,.

If the differentialtequations are converted to difference equations, then the solution is quite
strajghtforward)_even on a simple spreadsheet.

The| differential Equations (5) to (8) can be written as the following difference equatipns,
whefre{p stands for a difference over a small time step.

Equation (5) becomes:

DO, =

k147

Dt ||1+K2R
1+R

} ><(Aeor)_[‘go_é’a] (18)

The “D” operator implies a difference in the associated variable that corresponds to each time
step Dt. At each time step, the nth value of D@, is calculated from the (» — 1)th value using

Oo(n) = Oo(n—1) + DOo(n) (19)
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Equations (7) and (8) become

DAGH = kD’ % ko x AG K — Abhyg (20)
w
and
Dt
DA6h2 :TX [(k21 —1)>< Aé’hrKy —A9h2 (21)
\TEZZTP0

The|nth values of each of A4 and A6, are calculated in a way similar to Equation(19).

The|total hot-spot temperature rise at the nth time step is given by:

Abnh(n) = Abh1(n) — Abh2(n) 22)

Finglly, the hot-spot temperature at the nth time step is given by:

On(n) = Oo(n) + Abh(n) 23)

For|an accurate solution, the time step Dr should _beas small as is practicable, certainly no
greater than one-half of the smallest time constanttin the thermal model. For example, ifl the
timg constant for the winding considered is 4.min, the time step should be no larger than
2 m|n. 7, and 7, should not be set to zero.

Alsq, there are theoretically more accurate numerical analysis solution methods than|the
simple one used in Equations (18) to\(21), for example trapezoidal or Runge-Kutta methpds.
However, the increased complexity,is not warranted here considering the imprecision off the
inpyt data.

The| loss of life of cellulose_insulation differential equations of 6.4 can also be convertefd to
diffgrence equations. The fundamental differential equation is

a _, 24)
dr
implying
DLy = Viny X DI 25)
and
L(n) = L(n71) + DL(n) (26)

An application example of the difference equations solution is given in Annex I.
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8.3 Ambient temperature
8.3.1 Outdoor air-cooled transformers

For dynamic considerations, such as monitoring or short-time emergency loading, the actual
temperature profile should be used directly.

For design and test considerations, the following equivalent temperatures are taken as
ambient temperature:

a) the yearly weighted ambient temperature is used for thermal ageing calculation;

b) the monthly average temperature of the hottest month is used for the maximum hat-gpot
emperature calculation.

NOTE Concerning the ambient temperature, see also IEC 60076-2.

If the ambient temperature varies appreciably during the load cycle, then "the weiglted
ambient temperature is a constant, fictitious ambient temperature which(causes the same
age|ng as the variable temperature acting during that time. For a case ‘where a temperature
increase of 6 K doubles the ageing rate and the ambient temperature/can be assumed to yary
sinysoidally, the yearly weighted ambient temperature, 6, is equal-to

1,85

O =0ya +0,01 x [2 (ema-max _eya)] 27)

whefre

Omalmax 18 the monthly average temperature of the hottest month (which is equal to the sum
of the average daily maxima and the average daily minima, measured in °C, during
that month, over 10 or more years, divided by 2);

eya is the yearly average temperature (which is equal to the sum of the monthly

average temperatures, measured in °C, divided by 12).

EXAMPLE Using monthly average values (mare accurately using monthly weighted values) for 6,:
O atnax = 30 °C for 2 months
6__F 20 °C for 4 months Average Hya =15,0 °C

6__FE 10 °C for 4 months

1|
|
f
i Weighted average 6. = 20,4 °C
J

6 __FE 0 °C for 2 months
The gmbient température used in the calculation examples in Annex J is 20 °C.

8.3.p Correction of ambient temperature for transformer enclosure

A transformer operating in an enclosure experiences an extra temperature rise which is about
halflthe’temperature rise of the air in that enclosure

For transformers installed in a metal or concrete enclosure, Ag,, in Equations (10) and (11)
should be replaced by Ag;, as follows:

AbOor = Abor + A(Aé’or) (28)
where
A(A6,,) is the extra top-oil temperature rise under rated load.

It is strongly recommended that this extra temperature rise be determined by tests, but when
such test results are not available, the values given in Table 5 for different types of enclosure
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may be used. These values should be divided by two to obtain the approximate extra top-oil
temperature rise.

NOTE When the enclosure does not affect the coolers, no correction is necessary according to Equation (28).

Table 5 — Correction for increase in ambient temperature due to enclosure

Correction to be added to weighted
ambient temperature
Number of K
Type of enclosure transformers - . -
mnmrotancu kVA
250 500 750 17000

1 11 12 13 14
Underground vaults with natural ventilation 2 12 13 14 16

3 14 17 19 22

1 7 8 9 10
Base_,-m(—;-nts and buildings with poor natural 2 8 9 10 12
ventilation

3 10 13 15 17

1 3 4 5 6
Buildings with good natural ventilation and
underground vaults and basements with 2 4 5 6 7
forded ventilation

3 6 9 10 13
Kiopks? 1 10 15 20 -
NO[TE The above temperature correction figures have been estimated for typical substation loading conditipns
usimg representative values of transformer losses. Théyvare based on the results of a series of natural and
forded cooling tests in underground vaults and substations and on random measurements in substations gnd
kiogks.
a8 [This correction for kiosk enclosures is not gecessary when the temperature rise test has been carried ouf on

the transformer in the enclosure as one complete unit.

8.3.p Water-cooled transformers
For |water-cooled transformers, the ambient temperature is the temperature of the incoming

water, which shows leSs*variation in time than air.

9 |Influence 'of tap-changers

9.1 General

All jguantities used in Equations (10), (11), (13), (14), (15), (16) and (17) have to be
appropriate for the tap at which the transformer is operating.

For example, consider the case where the HV voltage is constant, and it is required to
maintain a constant LV voltage for a given load. If this requires the transformer to be on a
+15 % tap on the LV side, the rated oil temperature rise, losses and winding gradients have to
be measured or calculated for that tap.

Consider also the case of an auto transformer with a line-end tap-changer — the series
winding will have maximum current at one end of the tapping range whilst the common
winding will have maximum current at the other end of the tapping range.
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9.2 Load loss

The transformer’s short-circuit loss is a function of the tap position. Several different
connections of the tapped windings and the main winding can be realized. A universal
approach to calculate the transformer’s ratio of losses as a function of the tap position is
shown in Figure 15. A linear function is calculated between the rated tap position and the
minimum and maximum position. Figure 15 can be changed according to regulating winding
arrangement regarding tapping method selected.

DYA

iy
Rmax ““““““
mo :
|
Rivq |- :
R, :
|
H -
tapmin tapmax X
1EC
R — Ry R ~“R
my = r min my = max r+1

- tap, —tapmin - taphax —tapr.

Key

X Tap position

Y Ratio of losses

Figure 15 — Principle of losses as a function of the tap position

9.3 Ratio of losses

The|transformer’s top-oil temperature rise is a function of the loss ratio R. The no-load logses
are assumed to be constant: Using a linear approximation, R can be determined as a fundtion
of the tap position.

Fo

=

tap positions beyond the rated tap-changer position (from tap, 4 to tapa4):

R(tap): Rei4 +(tap_tapr+1)><”"2 29)

Fo

=

tap, pesitions below the rated tap position (from tap;, to tap,):

R(tap) = R, + (tap —tap, ) x m (30)

9.4 Load factor

The winding-to-oil temperature rise mainly depends on the load factor. K is not dependent on
the tap position.
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Annex A
(informative)

Insulation life expectancy and relative ageing rate
considering oxygen and water effect

A.1 Insulation life expectancy

Ageing or change of polymerization of paper insulation is often described as a first order
progess that can be described by the following Arrhenius equation:

En

L — 1 :AxtxeiRX(9h+273) (A1)
DPend DPstart

where

DPgl,q is the insulation DP value at the moment of the sampling or.theend of life criterion;
DPy}, is the initial insulation DP value;

A is the pre-exponential factor in 1/h;
Ep is the activation energy in kd/mol;

t is the life time of a transformer in h;
R is the gas constant in J/(K-mol);

0y is the hot-spot temperature, °C.

Arrhenius extrapolations assume that a chemical degradation process is controlled Hy a
reagtion rate k proportional to exp(—Ex/RT);.where E, is the Arrhenius activation energy, R| the
gas|constant (8,314 J/(K-mol), T the absolute temperature and 4 the pre-exponential fagtor.
The| pre-exponent value A4 is a constant depending on the chemical environment. In an
Arrfenius plot, the natural logarithm of the ageing rate (In k) is plotted against the inverse
absplute temperature (1/7) and_a straight line is obtained as shown in Figure A.1 — illustrdting
how the ageing rate depends(on temperature. The condition for achieving a straight linge is
that|it is the same ageing (process over the whole temperature range. The activation en¢rgy
desgribes how much the reaction rates depend on temperature; if the ageing procesp is
indgpendent of temperature the activation energy is zero and the line becomes parallel with
the [x-axis, while if-it_increases fast with increasing temperature the line falls quickly. Dne
shopild bear in mind-that 4 and E, values come in pairs. In principle, E, is the slope of the|line
in Higure A.1,.and the A-value is the value of interception with a virtual y-axis from 0,|the
higher the yalue the higher the location of the curve above the abscissa and the ageing is
faster. The'point is that a small change in slope will influence the 4-value significantly.

NOTE\The temperature and moisture values used in the transformer life estimation always refer to the game
locatton:
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inverse absolute hot-spot temperature

logarithm of the ageing rate

Figure A.1 — Arrhenius plot for an ageing,process

wing the end-of-life (EOL) criterion we can rearrange,the Equation (A.1) to express
bctancy, ¢ as a function of hot-spot temperaturedd,,, and the parameters £, and 4:

exp’
1 1

DPend Dpstart
Ax 24 x 365

> Epn
o RX(6h+273)

lexp =

(vears) (

feasibility of this procedure depends on a valid selection of £, and 4 values. As
It of extensive research work (see references [9] to [15]), the activation energy over
e from 70 °C to 160 °C was/calculated and an 4 value was estimated for each single ¢
bd on the first order ageing models. The corresponding coefficients applicable to
er transformers, where_oil is separated from and in contact with air, are provide

life

n.2)

hain
the
ase
the

Table A.1.
Table A.1 — Activation energy (E,) and environment factor (4) for oxidation, hydrolygis
Free from air Free from air Free from air With air|
Paper typelageing parameters and 0,5 % and 1,5 % and 3,5 % and 0,5 %
moisture moisture moisture moisture
-1 10 11 11 5
Non-thermally A (h) 4,1%x10 1,5x10 4,5%x10 4,6x10
updraded paper IR TS 450 400 400 YN
L4A \I\\JIIIIUI’ 120 120 20 OJ
-1 4 4 4 4
Thermally upgraded A (h) 1,6x10 3,0x10 6,1%x10 3,2x10
paper E, (kJ/mol) 86 86 86 82

The results of the expected life based on coefficients given in Table A.1, and starting with a
DP of 1000 and ending with a DP of 200, i.e. as “end of life criteria”, for a range of hot-spot
temperatures are shown in Table A.2. The corresponding graphical illustration considering the
influence of temperature, oxygen and moisture content is shown in Figure 4 and Figure 5.
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Table A.2 — Expected life of paper under various conditions

Expected life
years
Paper type/ageing temperature
P ypelageing P Free from air Free from air Free from air With air
and 0,5 % and 1,5 % and 3,5 % and 0,5 %
moisture moisture moisture moisture
Non-thermally 80 °C 97,3 26,6 8,9 14,7
upgraded paper at
90 °C 29,3 8 2,7 6,4
ag °C 117 32 11 34
110 °C 3,2 0,9 0,3 1,4
Thgrmally upgraded 80 °C 151,9 81 39,9 19,4
pager at
90 °C 67,8 36,1 17,8 9
98 °C 36,7 19,6 9,6 5
110 °C 15,3 9,6 4 2,2

A.2| Relative ageing rate considering oxygen and water effect

In 6.3, the rate of ageing of the interturn insulation of transformers under the effect of {ime
and| temperature is referred to a hot-spot temperature cof 98 °C and 110 °C for the non-
therfmally and thermally upgraded paper, respectively./Further, the relative ageing rate | is
defiped according to Equations (2) and (3). These equations are based on the life expectancy
formula of Montsinger [25], and Dakin’s ageing rate~formula [26], which are a simplification of
the [more general Arrhenius relation given in. Equation (A.1), and valid only in a limited
temperature range. On the other hand, sthe IEEE Loading Guide [27], recommegnds
Equjation (3), which is an equivalent to the.acceleration ageing factor, F,, for a wide rangde of
temperatures. Further, Equations (2) and\(3) imply that the ageing rate is only dependen{t on
the |hot-spot temperature and do not) consider different insulation conditions, which |are
defiped in references [9] to [15].

Thefefore, if the ageing rate of(the paper insulation is given as follows:

E

k= Axe Rx(0n+273) (h.3)

and|if an ageing'rate at a certain temperature and at an insulation condition is chosen t¢ be
the rated one, k., then the ageing rate, k, determined for any temperature and insulgtion
conglitiop-'€an be related to this rated rate, k., by a new relative ageing rate, ¥, given as their
ratig [28}:

o atn
k _ A R {6het273 64273 (A4)

where

the subscript r stands for the rated condition.

The chosen rated insulation condition for both the non-thermally and thermally upgraded
paper is “free from air and 0,5 % moisture” taken from Table A.1. Also, similar to the approach
given in Clause 6, the rated relative ageing rate V' = 1,0 at this condition corresponds to a
temperature of 98 °C for non-thermally upgraded paper and to 110 °C for thermally upgraded
paper.
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The calculated relative ageing rates for different temperatures and insulation contamination
conditions are compared with values given in Table 1. The results are summarized in
Table A.3 and Table A.4.

The same could be applied to improve the IEEE equations for the ageing acceleration factor,
Faa, and the equivalent ageing factor, Fgqa.

It is obvious from the tables that the dominant ageing factor at higher temperatures for the
kraft paper is the moisture. However, at lower temperatures the oxygen influence will prevail,
Table A.3. On the other hand, the main factor responsible for the thermally upgraded paper

ageprg—ever—the—range—of—the—temperatures—is—oxygen—Fable—A4—This—is——tire—withy the
conglusions in [13].
Table A.3 — Relative ageing rates due to hot-spot temperature, oxygen
and moisture for non-upgraded paper insulation
Relative ageing rate, I
Témperature . . . . .
Table 1 Free from air Free from air Free from air With air
°C and 0,5 % and 1,5 % and 3,5 % and 0,5 %
moisture moisture moisture moisture
80 0,125 0,12 0,44 1,323 0,80
86 0,25 0,25 0,91 2,742 1,32
92 0,5 0,50 1,84 5,548 2,16
98 1,0 1,00 3;66 10,976 3,47
104 2 1,94 7,08 21,245 5,50
110 4 3,67 13,43 40,281 8,58
116 8 6,82 24,96 74,880 13,21
122 16 12,44 45,53 136,601 20,07
128 32 22,30 81,58 244,755 30,10
134 64 39,27 143,69 431,061 44,62
140 128 68,04 248,93 746,802 65,39
Thqg relative ageing rates, V, for/different ageing factors at temperature of 98 °C are indicated to be compared to
the|rated insulation condition, i.e~where the relative ageing rate is 1.
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Table A.4 — Relative ageing rates due to hot-spot temperature, oxygen
and moisture for upgraded paper insulation

Relative ageing rate,

Temperature Table 1 Free from air Free from air Free from air With air

°C and 0,5 % and 1,5 % and 3,5 % and 0,5 %

moisture moisture moisture moisture
80 0,036 0,10 0,19 0,38 0,79
86 0,073 0,16 0,31 0,63 1,25
92 0,145 0,26 0,5 1,00 1,97
98 0,282 0,42 0,78 1,59 3,05
104 0,536 0,65 1,22 2,48 4,66
110 1,00 1,00 1,88 3,81 7,02
116 1,83 1,52 2,84 5,78 10,45
122 3,29 2,27 4,26 8,66 15,36
128 5,8 3,36 6,30 12,82 22,32
134 10,07 4,91 9,22 18,74 32,07
140 17,2 7,11 13,33 27,12 45,60

Thqg relative ageing rates, V, for different ageing factors at temperature 6f 110 °C are indicated to be compdred
to the rated insulation condition, i.e. where the relative ageing rate is 1.

Thelloss of life, L, over certain period of time is calculated as given in 6.4.
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Annex B
(informative)

Core temperature

General

In transformer cores, there are two different core hot-spots which, if not controlled, can cause

insu

lation material degradation and subsequent gassing.

a)

b)

B.2

The
she
core
core

The

a)

b)

c)

The

Core hot-spot inside the core, should be limited to 130 °C under conditions of highest
bxcitation, rated load and maximum ambient temperature. This is in order to prevent
core heating which results in the break-up of the thin oil film between core-laminati
he consequence of which is the generation of mainly H, and CH,, in addition to s
nuantities of other hydrocarbons [29], [30]. It is important to understand that any posg
Dil gas saturation should be prevented.

Core surface hot-spot, which is in contact with oil and solid insulation materials, shoul
imited according to Table 2.

Core hot-spot locations

location of the internal core hot-spot depends largely ‘en‘the core type and whether it
| form or a core form transformer. In the most common core type (three-phase, three-
s), this hot-spot is located in the middle of the £0p yoke between cooling ducts. In o
types, the location of the core hot-spot is typically at the top of the middle core limb [J

total core surface temperature rise is the.sum of the following three components:

emperature rise due to the leakage flux'impinging on the surface of the laminations of
butermost core step(s) — this value>can vary from a few kelvins to several tens of kel
bver the adjacent oil depending\on the transformer winding, core, and tank shiel
Hesign;

emperature rise due to the;main flux in the core — this value can again vary from a
Kelvins to several tens ofrkelvins over the adjacent oil depending on the transformer
Hesign (diameter and number of cooling ducts), core induction, and core material;

emperature rise ofithe oil around the area of the surface hot-spot.

refore, in almost all cores, this core surface hot-spot is not located in the yoke by

loc
cor

ted at the-fop of the middle core-limb, where the leakage flux enters the surface of|
laminatiefs. Also, the relative magnitudes of the temperature rise due to the leakage

verdus theriseé due to the core main flux depends wholly on the design of the transformer.

Conseguently, the correct way to determine the core surface hot-spot is to determine

core

the
NS,
mall
ible

1l be

is a
imb
ther
0].

the
Vins
ing

few
core

tis
the
flux

the

temperature increase at rated load (including temperature rise of adjacent oil) and add
the temperature rise due to the highest core over-excitation. These temperatures are to be
determined for the appropriate location of the core surface hot-spot in the core type

eval

uated.

to it
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Annex C
(informative)

Specification of loading beyond rated power

018

This document gives advice on the calculation of the capability of an existing transformer to
be loaded beyond rated power. All transformers will have some overload capability. However
since no specific loading requirements beyond rated power are specified in IEC 60076-1 [5] or
IEC 60076-2 [52], it is up to the purchaser to specify any particular loading requirements
(load, duration and ambient temperature).

Sperification of loading beyond rated power can be done in the following ways.

a)

| ong time emergency loading

Since the hot-spot temperature limit in [EC 60076-2 is less than that given in" Table 2,
possible to have an increased loading available for emergency situations>provided thaf
oss of life is accepted. The extent of this loading capability will”'depend on amb
emperature, while preload and the duration of loading are only relevant to loss of life.
[ he following need to be specified at the enquiry stage:

1) the ambient temperature at which the loading is requiregd;

P) the load as per unit (p.u.) of rated current;

1

D

)
B) the winding(s) to which the loading is to be applied;
) the tap position;

) the cooling stage(s) in service.

f loading according to this document is spegified, then the transformer should not exd
the temperatures and currents given inZiTable 2 and Table 3, respectively, under
following conditions:

b a yearly average ambient temperature (20 °C unless otherwise specified);

b current flowing in the highest rated winding is considered;

voltage on the highervoltage side taking account of the voltage drop caused by
load for a unity power/factor load;

b all normal coolingtin service but with no standby cooling capacity.
Short time emergency loading

f the transformer is used at a load less than rated current, then there will be an additi
Ehort timeNloading capability caused by the thermal time constants of the oil and windi
f a specific short time loading capability is required then the following need to
specified:

it is
the
ient

eed
the

» the tap position that gives the rated voltage on the lower voltage side with rated

the

bnal
Ngs.
be

1).the ambient temperature at which the loading is required;

2) the short time current that is required in p.u. of rated current;
3) the winding(s) to which the load will be applied;
4) the tap position;

5) the preload current applied before the short time emergency loading in p.u. of rated

current;
6) the duration of the loading;

7) the cooling stage(s) in service.

If loading according to this document is specified, then the transformer should not exceed

the temperatures and currents given in Table 2 and Table 3, respectively, and under
following conditions:

e a yearly average ambient temperature (20 °C unless otherwise specified);

the
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o current flowing in the highest rated winding is considered;

o the tap position that gives the rated voltage on the lower voltage side with rated
voltage on the higher voltage side taking account of the voltage drop caused by the
preload for a unity power factor load;

e apreload of 0,75 p.u.;
e a duration of 15 min;

e all normal cooling in service appropriate to the preload condition but with no standby
cooling capacity

oadina accordina to a snecific cvcle
J J Lud J

Specify in detail the load and ambient temperature cycles.
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Annex D
(informative)

Description of 0, S and H factors

IEC 60076-2 notes also that the hot-spot factor H is obtained by the product of the Q0 and §
factors:

H=0S (D.1)

The|Q and S factors are dimensionless factors described in IEC 60076-2 as:

e (s “a dimensionless factor to estimate the increase of the average windingradient |due
o the local increase of additional loss.”

e §is “a dimensionless factor to estimate the local increase of the average ,winding gradient
Jue to the variation in the oil flow stream.”

Accprding these definitions, O should be calculated by modelling the winding with the correct
heat loss distribution, but with uniform oil velocity. The Q factor-is then the ratio of|the
maximal winding to local oil gradient over the average winding to ‘average oil gradient.

On the other hand, S should be calculated by modelling the*winding with uniform heat logses
and|with the correct oil velocity inside the winding. The\§ factor is the ratio of the max|mal
windgling to local oil gradient over the average winding-t0.average oil gradient.

However after calculating Q and S in line with theNlEC 60076-2 definition, the hot-spot factpr H
canpot be calculated directly as the product of ' © and S factors, as mentioned in IEC 6007/6-2,
because:

— dliscs with maximal Q factor and discs with maximal S factor can (and probably will) be
Hifferent discs;

— when modelling the winding *with correct heat loss distribution and oil flows, Q and S
{actors will not be independent from each other as explained later.

For [the above reasons, CIGRE WG A2.38 [18] proposes more practical definitions of Q and §
and|H factors, as given below.

The|H factor can_be_derived out of Figure 6 and is:

P-B

Equation (D.2) is different from the current |IEC 60076-2 definition, because the hot-spot
temperature is referenced to the mixed top-oil, while increase in local winding to oil gradient
refers to local winding oil.

This formula for H has the following advantages:
— the H factor can be calculated directly from the calculation results (calculated with correct
loss and oil flow distribution);

— this is the correct hot-spot factor to predict the hot-spot temperature out of the
temperature rise results, obtained in the standard temperature rise test;

— this hot-spot factor can also be checked in case fibre optic measurements are made (the
hot-spot temperature is known);
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— the hot-spot is not always located at the top of the winding. However, this formulation is a
practical solution to overcome this issue.

The Q factor is a dimensionless factor as a ratio of two losses, and in cylindrical coordinates
can be defined as:

Q:Q(r1z’¢”T)/Qave (D.3)

where
O(r, z, p, T) is the local loss density at a location (W/m?3);

r is the radial position;

® is the angle in circumferential position;

z is the axial position;

T is the local temperature at (r, z, ¢), and

Oavd is the average loss of the winding at average temperature.

For |[calculation purposes, one can redefine the Q factor for a disc winding in which each disc
has|several conductors in radial direction and consists of numerous’ discs in axial direcfion,
as:

0= Q(conductor __number _in _disc,disk _number, @, T)/Qave (b.4)

The| QO factor is a scalar function and is based on“the steady state condition of a defined
loading at a defined tap position (if applicable).

It is|important to note that the QO factor in_this definition is not a ratio of temperatures but a
ratig of losses.

Finglly the S factor used in this document is defined as:

§S=— D.5
0 (p-3)

whig¢h can be easily.calculated as soon as H and Q are known.

Thig S factor s an indication of the local cooling inefficiency. Higher S factor means higher
locdl temperature gradient thus worse cooling efficiency.

Accprding to the current IEC 60076-2 calculation this S factor should be calculated as|the
ratig_of” local hot-spot gradient over winding gradient with constant heat losses. With [this
definition the S factor is proportional to the ratio of two thermal resistances, resulting in:

SOCS(Vaza(P!T)/Save (D.6)

where
S(r, z, ¢, T) is the local cooling resistance (K/W), and

S is the average cooling resistance (K/W).

ave

We should note that heat transfer can be in different directions. The (overall) local heat
transfer consists of series and parallel parts, such as:

— the insulation between the neighbouring conductors, that are in direct contact with each
other, in the radial direction.
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— the insulation paper and oil boundary layer between conductor and the oil flow in axial
direction. Note that heat transfer functions for the oil boundary layer are often function
of ¢".

— the copper (which almost can be neglected) in the tangential direction.

This implies that the O and S factors are not fully independent, because they are linked by
temperature, heat flux, etc. For example, if the local losses are higher, the local temperature
will also increase and will influence the local flow stream and the local convection heat
transfer coefficient from conductor to oil.

a A otHe—o a of-© aflest
element in which one calculates the losses. Inside each element there exists the‘(same
temperature, so thermal resistances inside the element are neglected. In the case [one
caldulates the Q factor based on a number of conductors in one (or sometimes_even 4)|top
disgs, one increases in essence the element size to a large extent and one ‘neglects|the
temperature distribution between conductors in the disc (and even betweenldiscs), which
resylts in a too low estimate of the hot-spot. The approach of using onecor more discs$ as
smdllest element results in a too low estimate of the hot-spot temperature and should be
rejected.

Remark 2 In the case of a high Q factor in a transformer, onexis’able to limit the hot-$pot
factpr by creating locally more cooling surface and so design for a low § factor at fthat
location. This principle is easy to do by adding an axial cooling channel inside a radial spacer
disg or by adding a radial spacer inside a winding with axial cooling channels. The location of
the |hot-spot does not necessarily have to correspond“with the location of the maximum
losses.
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Annex E
(informative)

Calculation of winding and oil time constant

The winding time constant is as follows:

(E.1)

Tw = My XCw X &
60x P,
where
Ty is the winding time constant in min at the load considered;
g is the winding-to-oil gradient in K at the load considered;
My is the bare mass of the winding in kg;
Cw is the specific heat of the conductor material in Ws/(kg-K) ( 390 for\Cu and 890 fo
P, is the winding loss in W at the load considered.

Another form of Equation (E.1) is

Tw :2,75><#2 for H)Cu
1+ Py )xs

Tw =1,15x—E for Al

W Py )xs
whefre
Pg is the relative winding eddy loss\in p.u.;
s is the current density in A/mim? at the load considered.

r Al);

The|top-oil time constant is~¢alculated according to the principles in references [27] and [31].

It mpans that the thermal capacity C for the ONAN, ONAF, OF and OD cooling modes is:

where

C =cyw xmy +cpg X Mg +c1 xmT + kg X co xmg (E-4)
myy | is thesmass of coil assembly in kg;
mgg| is'the mass of core in kg;
my —s-the—mass—of-the—tank—andfittings—irkg(orty-thoseportiens—that-are—r—eontaet-with
heated oil should be used, i.e. 2/3 of tank weight should be considered);
mg is the mass of oil in kg;
is the specific heat capacity of the winding material (390 for Cu and 890 for Al) in

Ws/kgK;
cpg is the specific heat capacity of the core (= 468) in Ws/kgK;
cT is the specific heat capacity of the tank and fittings (= 468) in Ws/kgK;
co is the specific heat capacity of the oil (= 1800) in Ws/kgK;
ko is the correction factor for the oil in the ONAF, ONAN, OF and OD cooling modes.

The correction factor for the oil, kg, is the ratio of average to maximum top-oil temperature

rise.
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NOTE It is apparent that all the oil in a transformer is not heated to the same temperature as the top-oil. The ratio
of average to maximum top-oil temperature rise ranges from 65 % to 95 % depending on design. If the
corresponding temperature rises are not known then an average value of these figures, i.e. 80 %, is used as the oil
correction factor for ONAN and ONAF cooling modes. For the forced-oil cooling modes, either OF or OD, and
distribution transformer without external radiators the correction factor is 100 %.

The top-oil time constant at the load considered is given by the following:

Co x Aby
7. =—0_— 0 E.5
° = TB0x P (E.5)
whefre
(A is the top-oil time constant in min;
Ad,| is the top-oil temperature rise above ambient temperature in K at the load coensidered,;

P is the supplied losses in W at the load considered.
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Annex F
(informative)

Thermal model parameters

F.A1 General

As defined in 8.2.3, the first gradient A6, (Equations (7) and (13) with thermal constants k5,
and k,,) represents the fundamental hot-spot temperature rise, before the effect of changing
oil flow past the hot-spot is taken into account. The second gradient A, (Equations (B)Jand
(14) with parameters k,, — 1 and k,,) represents the varying rate of oil flow past the het-sppot,
a plhenomenon which changes much more slowly. The combined effect of these two-terns is
to account for the fact that a sudden rise in load current may cause an, .0therwise
unekpectedly high peak in the hot-spot temperature rise, very soon after the sudden load
change. Similarly, thermal constant k4, in Equations (5) and (11) acts as acsorrection factor
for the top-oil time constant, taking into account the fact that the time ‘Constant is beging
affepted in a length of the time by the viscosity change.

The|procedure to estimate these thermal constants from a prolonged heat-run test during| the
“nodoad loss + load loss” period is defined in Clause F.2. The‘thermal constant estimgtion
progedure from service data is defined in [18].

The|model in this document represents the traditional way of modelling based on many years
of ¢xperience [21], [31], [33]-[39], and it has bgen verified under different operatipnal
conglitions [18], [21], providing satisfactory hot-spot ‘temperature estimates. Being basedq on
constant parameters the model provides expenential response for predefined thefmal
progesses, and as such its further developmentiin this form could be limited. However, de to
extreme simplicity in application in the daily life of an engineer, it is still considered
appfopriate.

On the other hand, it is possible ta\provide complete analytical solution for these physical
progesses considering all system, variables (oil viscosity, loss change with temperature, efc.),
as [s partly illustrated in Clause F.3. This approach would demand a certain changg¢ in
modelling practice, for example deviation from traditional x and y exponents.

F.2| Thermal constant estimation: experimental approach

The|thermal constant k4, should be estimated for the transient top-oil rise temperature ciirve
obtgined during.the test period with total losses as follows (see [32]).

1) Pefine-function f;(z), which describes the relative increase of the top-oil temperature [rise
hceording to the unit of the steady-state value:

fl(t)z(*]_e(_t)/(kﬂXfO)) (F.1)

2) Obtain measured relative increase of the top-oil temperature rise as per unit of the steady
state value, Mf1j, for the complete test period:

MOy — M0,
Mf; =W (F.2)

3) Perform nonlinear regression by using the guess-error approach (alternatively curve fitting
or optimization software also could be used) to find the constant to minimize the sum of
squares of differences betweenf1j and Mfy;:
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minimize : ],VZ [ﬁj(z)—Mfo (F.3)
j=1
where
M is a measured variable;
Z is a vector whose element is only k44 thermal time constant;
f1j is the relative increase of the top-oil temperature rise as per unit of the steady state
value as calculated from Equation (F.1);
Mf,.is the measured relative increase of the top-oil temperature rise as per unit of the
steady state value;
j is the index for each time step over the test period with the total losses.
Thelinitial value for the k44 constant is taken from Table 4.
The| oil time constant value to be set in the function f;(¢) at the load considered is given in
Anngex E.
Simjlar to the top-oil thermal constant, k4, estimation procedure;~the thermal constants| k4
and|k,, for the hot-spot to top-oil thermal gradient are also _obfained from the part of|the
temperature rise test with supplied total losses [32]. In gengeral, this approach is acceptable
due|to fact that the shape of the thermal curve, A6y (¢), Figure” 14, is not affected by the fotal
supplied loss level [22], compared to when the unit iscsupplied with only rated load lpss.
Alternatively, a technically correct procedure would<demand additional temperature tgsts,
whi¢h would be run from the cold start until the corresponding steady state conditions would
be ¢bserved at the rated current. The procedure _specifies that the transformer winding is to
be gquipped with fibre optic sensors.
1) Pefine function f5(¢), which describes~the relative increase of the hot-spot-to-top-oil
pradient according to the unit of the steady-state value:
So(t) = koq x (1 _ e(—t)/(kzzxfw))_ (koq —1)x (1 _ (o /kzz)) (F.4)
2) pbtain measured relative\increase of the hot-spot to top-oil gradient, Mfzj, as per unjt of
he steady state value for'the complete test period:
M6, — M6b,;
Mfs; :M (F.5)
Abhy
3) perform(nonlinear regression by using guess-error approach (alternatively curve fitting or
bptimization software could be used) to find the constant to minimize the sum of squares
bf différences between f»; and Mfy;
minimize : ],v: [fzj(z)—Mfzj]2 (F.6)
j=1
where
M is a measured variable;
z is a vector whose elements are k54 and k,, constants;
f2j is the relative increase of the hot-spot to top-oil gradient as per unit of the steady state
value as calculated from Equation (F.4);
Mfzj is the measured relative increase of the hot-spot to top-oil gradient as per unit of the

steady state value;
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Jj is the index for each step over the test period with total losses introduce the following
constraint: maximum offzj is equal to maximum of Mfzj.

The initial values for the ky4 and ky, constants are taken from Table 4.

The winding time constant value to be set in functionfzj is calculated according to procedure

given in Annex E.

F.3 Dynamic thermal modelling: further development

Figyre F.1 shows the final overall hot-spot and top-oil thermal model. It has the folioy

featpres:

. ]: uses the “current source” concept as the copper loss and core loss heat source;

uses the “voltage source” concept as the ambient air heat source (or sink), and as
ambient” oil heat source (or sink);

o {he nonlinearities are included in an easily understood way;

. ]: is not a complicated equivalent circuit;

has been verified physically, as discussed in several papers{22], [40]-[44].

@
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Figure F.1 — Hot-spot and top-oil overall model


https://iecnorm.com/api/?name=0b52548bb151e87a2dfc80031195af9f

G.1

- 58 - IEC 60076-7:2018 © IEC 2018

Annex G
(informative)

Oil and winding exponents

General

The traditional oil exponent, x = 0,8, and winding exponent, y = 1,6, have been used since
1916 [33] in the transformer loading calculus. Consequently, the same values were adopted

sub§equently by the TEC 60076-2 [52] and IEC 60354 [4]. The background 1S further
elahorated in Clause G.2. However, these exponents are transformer specific and’|any
suggested values should be used only in absence of transformer-specific values. ln\addifion,
it has been found that the recommended winding exponent of 1,6 is quite conservative (see
[23]} [24] and [45]), and this has been accounted for in this document. Thisrchange is|still
incllided in this edition as given in Table 4.
Clayses G.2 and G.3 provide methods used to define the windingcand oil exponents| for
spetific transformer design.
G.2| Historical background
It whs reported by Dulong and Petit in 1817 that the velogity of the cooling due solely to| the
confact of a gas is proportional to the excess of temperature in degrees centigrade raised to
the power 1,233 [33]. Based on this, Swift [22] coneluded: “It is fascinating that the reciprpcal
of 1.223 is approximately 0.8, a value of x commienly used to this day, for natural coqgling
conglitions!”.
In 1881, Lorenz derived for convection *of heat from vertical plane surface the following
relafion [33]:

Pi= 0,548 x *[Z0Hn’ o 05 pg125 (B.1)

C VXLXOm, 0 2

whefre
P is the loss dissipatéd per cm?2,
c is the specific heat of gas at constant pressure,
ky, | is the gassthermal conductivity,
v is the(@as viscosity,
0, | isthe gas average temperature,
p iSthe gas average density,
g is the gravitational constant,
L is the height of plane, and
AO s the difference in temperature of plane surface and of the gas at a great distance from

the plane.

For the given room temperature, known plate design and for standard atmospheric pressure,
the equation is further reduced to:

P = Ct® x Ag125 (G.2)

The result of the number of tests conducted by Montsinger [33], where most of the heat is

diss

ipated by convection, was almost the same:
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P =C' x A9V (G.3)
where the constant Ct® was determined empirically.

It was then concluded that the convection for vertical surface and within operational range of
the temperatures can be expressed by Equation (G.3).

A simple equation rearrangement gives temperature rise variation with loss as follows:

P
AUZFXIJ” =0 XP”

,_
)
N

-

It was found that Equation (G.4) holds for top-oil rise and for horizontal disc coils,'but for| the
vert|cal/layer winding design the corresponding temperature rise over top-oil varies between
0,9 pnd the first power of the loss. Now the corresponding temperature rises_at.any load|can
be fpund from the following mathematical expression:

1) [Fop-oil temperature rise:
Based on Equation (G.4), the temperature rise at rated load is expressed as follows:

AB,, = Cie x B>® (6.5)

f then Equation (G.4) is divided by Equation (G.5) thefellowing ratio is obtained:

26, te 0,8 N

= % i— (6.6)

Also, if for given design and operating temperature range the following is defined:
Cte1‘r= Cte1 (37)

hen Equation (G.6) becomes:
0,8

A8, = AB,, % (Pi) (6.8)

t is also known_that P represents the total losses when considering the top-oil
emperature rise (Which are equal to the sum of the load loss, P|, and no-load loss, Pg:

P=P+P, (6.9)

Furtheryifthe loss ratio is defined as:

R = (Gl 10)

and the following correlations are valid:

Pfer=Pfe (G11)
Kr=2L (G.12)
Py

the final equation for temperature rise is:

0,8

) x AG,, (G.13)

14+RxK?
1+R

A00=(
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This expression is equivalent to the equation suggested by loading guide where “0,8”

refers to the top-oil exponent “x” giving the final equation for the final top-oil temperature
rise at any load as follows:

1+RxK?
1+R

86, = ( )x x AG,,

2) The hot-spot to top-oil temperature rise

(G.14)

By following the same procedure as above for the top-oil temperature rise and knowing
that in this case the loss, P, represents only the load loss, P, the following formula is

erived-

G.3

Bas

ABps_o = DOps_or X K*°

emperature rise over top-oil temperature at any load as follows:

Abps—o = BOps—or X K¥

Theoretical approach

(Gl15)

\gain, this is the same as the general form suggested in the loading guide~where “1,6”
efers to the winding exponent “y”, giving the final equation for the ifinal hot-spot

(G.16)

ed on heat transfer theory, the natural convection oilflow around vertical, inclined [and

horigontal plates and cylinders the temperature rise and-the average winding to averagg¢ oil
gradient can be obtained from the following empirical correlation (see references [46] to [50]):
N, = C X{G} x B.I" (GL17)
whefre
Ny =22 (Gl 18)
P. = ”X:XC (Gl.19)
BxABxgx13
G, = v—;’ (G| 20)
whefre
Ny, [+, B.<are Nusselt, Grashof and Prandtl numbers, respectively,
C av||d w ,~are empirical constants affected by oil flow,
h IS the heat transier coeriicient,
/ is the dimension of the heated surface in the direction of flow,
A is the thermal conductivity,
p is the oil density,
v is the oil kinematic viscosity,
B is the coefficient of thermal cubic expansion,
g is the gravitational constant, and
AB is the corresponding surface drop, i.e. temperature gradient.
By substituting Equations (G.18), (G.19) and (G.20) in Equation (G.17), the following

expression is obtained:
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hxl C x [vaxc % BxABxgx13 ]n (G.21)

A v2

If the temperature gradient is given as the heat loss to heat coefficient ratio:

A =§ (G.22)

and if Equation (G.21) is solved for heat transfer coefficient and substituted in Equation
(G.22), the following is obtained:

AG = i (G| 23)

- C><}L>< vaxchxABngl3 n
1 2 vZ

Alsq, as for the range of the operating temperatures the physical properties” of the ojl in
Equpption (G.23) can be considered constant the following is valid:

Af = C; x pY/a+m) (Gl 24)

where

C, = 1 (G| 25)

- P n
[Cxl"‘lxpxcxM]
4

Equption (G.24) is identical to Equation (G.4).and by following the same procedure as gjven
aboye, it is possible to arrive at Equations (G.14) and (G.16) by defining correlation:

(=)« (Gl 26)

1+n

—(=)y (G}27)

1+n

Apart of the oil physical. parameters the accuracy of the equation depends also on accurdtely
detgrmined C and plempirical constants. This can be done according to the following
progedure:

1) Pbtain the-hot-spot/average winding and oil temperatures from the extended temperature
rise test:

2) [alculate average winding to average oil gradient.

3) [alculate mean boundary layer temperature between the heating surface and coolant:

0,, = 2t (G.28)

2

4) Calculate average value of the heat transfer coefficient:

h== (G.29)

5) For calculated mean boundary layer temperature obtain the physical properties of the oil
and calculate Nussel, Prandtl and Grashof numbers

Plot the following graph in log-log system:

Ny = f(G; xR (G.30)
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line on the log-log chart that bests fits the plot is drawn and the lines that best fit the data

points plotted using the least-square method should be used to estimate corresponding
empirical coefficients » and C. The set of the empirical constants » and C is specific for a
given design. This means that any change in design affects the estimated values.

G.4 Extended temperature rise test approach

The

top-oil and winding exponents are obtained from an extended temperature rise test

whose load profile is given on Figure G.1 [51]. However, shorter and less time consuming
profiles are also available as defined in [13] and [52].

Key

y-a

The|extended test consists of the three successive thermal runs:

1)

2)

3)

=

«

PI(1‘25]r)+Pfe -

R

Plr(lr)+Pfe S— |_
< ~
| S ~

~ Over-Koad
P0,71)+Pre S RUN

.

Regular heat run

Under-load
run

Warm resistance measurement
Warm resistance measurement
Warm resistance measurement

v

IEC

is losses in kW
is timein h

Figure 'G.1 — Extended temperature rise test

Regular heat run({

[his part of, the test is the regular temperature rise test, i.e. the transformer is
Ehort-circuited ‘and supplied with total losses. Once the oil temperature is stabilized [and
corresponding oil temperature rises recorded, the test immediately continues with|the
ated losses supplied for 1 h. This is followed with the transformer shut down in ordgr to
easure the warm resistance and to estimate the corresponding average winding to
Fverage oil gradient.

Under-load test

After the warm resistance measurements for the rated current are recorded, the test
continues with the supplied losses produced by 70 % of the rated current plus the
additional current to simulate the rated no-load losses. When the oil temperature is
stabilized and the corresponding temperature rises are recorded, the test immediately
continues with the losses produced by 70 % of the rated current for 1 h. This is followed
with the transformer shut down in order to measure the warm resistance and to estimate
the corresponding average winding to average oil gradient.

Over-load test

After the warm resistance measurements for the rated current are recorded, the test
continues with the supplied losses produced by 125 % of the rated current plus the
additional current to simulate the rated no-load losses. When the oil temperature is
stabilized and the corresponding temperature rises are recorded, the test immediately
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continues with the losses produced by 125 % of the rated current for 1 h. This is followed
with the transformer shut down in order to measure the warm resistance and to estimate
the corresponding average winding to average oil gradient.

Based on the extended run test results the exponent x is obtained as the slope of the line on
log-log chart that bests fits the plot of the top-oil temperature rise measured at the end of the
three temperature tests (70 % + P, 100 % + P, and 125 % + P;,) versus the loss equation,
Figure G.2a. Correspondingly, exponent y is the slope of the line on log-log chart that best fits
the plot of the average winding temperature rise above average top-oil temperature measured
at the end of three temperature tests (70 %, 100 % and 125 %) versus the loading factor
Figure G.2b. This method assumes that the hot-spot rise over top-oil temperature is
progortional t0 the average winding fise over average oll temperature.

a) oil exponent b) winding exponent
F'Y &
& L8P (1,251) + Pre] ,-® P, (1,251,)
< e 5 o
< F [Plr ([r) + Pfe] o0 "’ Py ([r)
< -, -
J'P"-[PI (017Ir) + Pfe] ‘_P-P| (0,7Ir)
Ka N
» >
[(1 + RH2)/(1 + R)] K
IEC

Figure G.2 — Transformer’exponent estimation plots

The|slopes should be determined by thg,slopes of the lines that best fit the data points plotted
using the least-square method.
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Annex H
(informative)

Practical example of the exponential equations method

H.1 General

The curves in Figure 14 are taken from an example in real life, and details of the case will be
given in this annex. A 250 MVA, ONAF-cooled transformer was tested as follows. During each
timd period, the Toad current was kept constant, that 1S, the Tosses changed due to resisignce
change during each load step. The corresponding flowchart is in Annex J.

Table H.1 — Load steps of the 250 MVA transformer

Time period Load factor
min

0 to 190 1,0
190 to 365 0,6
365 to 500 1,5
500 to 705 0,3
705 to 730 2,1
730 to 745 0,0

The| two main windings were equipped with eight fibre optic sensors each. The hottest $pot
was| found in the innermost main winding (448'kV). In this example the variation of the hoftest
spo{ temperature during time period 0Q.\min to 745 min will be defined according to|the
caldulation method described in 8.2.2. A'comparison with the measured curve will be made.

The|characteristic data of the transformer, necessary for the calculation, are:

0, F 25,6 °C

A6, =38,3K

R 1000 (because the test was made by the “short-circuit method”)

HF1,4 (defined by measurement, see 8.1.3)

g ¥ 14,5 K

ry | 4,6-min to 8,7 min (depending on the loading case. The value in Table 4, that ip,
7 min, will be used in the calculation)

1, =62 mimtot7omin {dependingonmthetoadingcase—ThevatvemTabte4that is,

150, will be used in the calculation)

The winding is zigzag-cooled with a spacer separation > 3 mm.
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Time period 0 min to 190 min

initial data for the time period 0 min to 190 min are as follows:

AGy =12, 7K (This test was started at 08:20 in the morning. The preceding evening

an overloading test at 1,49 p.u. had been finished at 22:00)

K=1,0
AHhi = 0,0 K

Equitions (10), (12), (13), (14) and (17) yield the hot-spot variation as a function of;t

hen

ce from Equation (10):

08

2 )

0,(1)= 25,6 +12,7 +1383x 1+1 000 %10 127 X(1_e(—t)/(0,5><150))
1+1 000

From Equation (13):

Abn(r)=0,0+ {2,0 %14 x14,5x10"3 - 0,0}>< (1 _ e(—t)/(2,0><7))

From Equation (14):

Abha(t) = 0.0+ {20 -10)x 14 x 148X 10"3 — 0,0 [1 - [1)/1150/20)

From Equation (12):

A0 (£) = Abhy () - MG (¢)

From Equation (17):

H.3

The

A6,

oi

On (1) = 0 (1) + A6y (¢)

Time period 190 min to 365 min

initial_data for the time period 190 min to 365 min are as follows:

=386,2 K (calculated in H.2)

K=
A@hi
AHhi

Equations (11),
from Equation (1

0,6
1 =40,6 K (calculated in H.2)

> =18,7K (calculated in H.2)

):

08 08
2 |7 2 %
0,(t)= 256 + 383 x 1+1000x06% |, J55, 3g3,|1*+1000x06 « o-1)/(05x150)
1+1 000 1+1 000

me,

(15), (16) and (17) yield the hot-spot variation as a function of time, hence
1
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From Equation (15):

Abhi() = 20 x14x145x0,6"3 + 40,6 - 20x14x14,5x 0,61 Jx o 1)/(207)

From Equation (16):

Abha(1)= (20 -10)x 14 x14,5x 06" + {186 — (20— 10)x 14 x 14,5 x 0,612 x {1)/(05x150)

From Equation (17):
6n(t) = 65 (c)+ A6 (1)

H.4)| Time period 365 min to 500 min

Thelinitial data for the time period 365 min to 500 min are as follows:

A6 = 18,8 K (calculated in H.3)
K$1,5

A1 = 20,9K (calculated in H.3)
Abio = 11,25 K (calculated in H.3)

The| calculation is identical to the one in H.2, when the following replacements are madge in
Eqution (10):

12,71
1,0 feplaced by 1,5

replaced by 18,8

In Ejguation (13):
0,0 feplaced by 20,9
1,0 feplaced by 1,5

In Elquation (14):
0,0 replaced-by 11,25
1,0 feplaced by 1,5

H.5L “Time period 500 min to 705 min

The initial data for the time period 500 min to 705 min are as follows:

Ab,; = 63,6 K (calculated in H.4)
K=0,3
A6 = 68,2 K (calculated in H.4)

Abio = 30,3 K (calculated in H.4)
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The calculation is identical to the one in H.3, when the following replacements are made in
Equation (11):

36,2 replaced by 63,6

0,6

replaced by 0,3

In Equation (15):
40,6 replaced by 68,2

1,0

In H
18,4

1,0

H.6
The

AG,
K 3
AG
AG

The
Equ

eptacedby 15
quation (16):
replaced by 30,3
replaced by 1,5
Time period 705 min to 730 min

initial data for the time period 705 min to 730 min are as follows:
= 9,4K (calculated in H.5)

2,1
i1 =8,5K (calculated in H.5)
> = 6,0K (calculated in H.5)

calculation is identical to the one in H:4y when the following replacements are mad
fation (10):

18,8 replaced by 9,4

1,5

replaced by 2,1

In Ejguation (13):
20,9 replaced by 8,5

1,5

replaced by 2,1

In Elquation(14):
11,45 replaced by 6,0

1,5

H.7

tenlaced by 2 1
™ ps Y

Time period 730 min to 745 min

The initial data for the time period 730 min to 745 min are as follows:

A, =42,3K (calculated in H.6)
K=0,0

Abhiy = 90,0K (calculated in H.6)
Abhip = 19,4 K (calculated in H.6)

The calculation is made in the same way as in H.3 and H.5.

in
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H.8 Comparison with measured values

The calculated and measured hot-spot temperature curves are shown in Figure H.1. The
corresponding curves for the top-oil temperature are shown in Figure H.2. The numerical
values at the end of each load step are shown in Table H.2.
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Figure H.1 — Hot-spot temperature response to step changes in the load current
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Figure H.2 — Top-oil temperature response to step changes in the load current
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Table H.2 — Temperatures at the end of each load step

Time (min) / load factor Top-oil temperature Hot-spot temperature
°C °C
Calculated Measured Calculated Measured
190/1,0 61,9 58,8 83,8 82,2
365/0,6 44,4 47,8 54,0 58,6
500/1,5 89,2 80,8 127,0 119,2
705/03 350 468 37 54 49 8
730/ 2,1 67,9 65,8 138,6 140,7
745/0,0 60,3 68,2 75,3 82,4
NOJ'E Bold values indicate load increase.

The
load

calculation method in this document is intended to yield relevant. values, especially at

increase (noted by bold entries in Table H.2).
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Annex |
(informative)

Application of the difference equation solution method

018

1.1 General

Annex | provides an example of the application of difference equation method described
in 8.2.3.

1.2 Example

Suppose the objective is that an on-line monitoring device is to generate hot-spot-temperafure

and

1)
2)
3)
4)
5)
6)

The

The
at a

Af

Ab,

The

loss-of-life information. The steps in the solution are as follows:

pstablish the transformer parameters;
bstablish the input data;

calculate the initial conditions;

olve the differential equations;
abulate the output data;

blot the output data.

details are as follows.

Establish the transformer parameters

parameters used are chosen in suchya way that the rated hot-spot temperature is 11
n ambient temperature of 30 °C. Other parameters are typical.

=45K 7o = 150 min R=8 y=1.3 koq =2

=35 K TW=7min x=0,8 k11=0,5 k22=2

EFstablish the input data

input data~far this example are listed in Table 1.1 and plotted in Figure I.1.
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Table 1.1 — Input data for example

Step Time Time of day Ambient temperature Load factor
t 04 K
min h:min °C
0 0 14:00 30,3 0,81
1 3 14:03 29,9 0,87
2 6 14:06 29,8 0,88
3 9 14:09 29,5 0,86
4 12 14:12 29,6 0,90
5 15 14:15 29,5 0,92
6 18 14:18 29,5 0,95
7 21 14:21 28,9 0,96
8 24 14:24 29,0 0,97
9 27 14:27 28,6 1,00
10 30 14:30 28,0 1,70
11 33 14:33 28,7 1,70
12 36 14:36 27,8 1,73
13 39 14:39 28,1 1,72
14 42 14:42 27,9 1,69
15 45 14:45 27,1 1,68
16 48 14:48 26,9 1,71
17 51 14:51 26,7 1,69
18 54 14:54 27,2 1,67
19 57 14:57 26,7 1,68
20 60 15:00 26,9 1,63
21 63 15:03 26,5 1,59
22 66 15:06 26,2 1,53
23 69 15:09 26,3 1,49
24 72 15:12 25,4 1,41
25 75 15:15 25,6 1,38
26 78 15:18 25,3 1,32
27 81 15:21 24,8 1,28
28 84 15:24 24,5 1,21
29 87 15:27 24,3 1,19
30 90 15:30 24,1 0,87
31 93 15:33 24,3 0,88
32 96 15:36 241 0,87
33 99 15:39 23,4 0,86
34 102 15:42 23,6 0,85
35 T05 T5:45 738 0,87
36 108 15:48 23,1 0,83
37 111 15:51 23,3 0,86
38 114 15:54 23,1 0,85
39 117 15:57 22,3 0,82
40 120 16:00 22,2 0,86
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Figure 1.1 — Plotted input data for the example
Ambient temperatures and load factors are available at 3 min intervals. This is a maximjum
tim¢g step since it should be less than half the smallest time constant, z,, in the equations| for
an gccurate solution. Because r,, = 7 min in-this case, the time step Dz = 3 min.
3 — Calculate the initial conditions
Althpugh the system may not strictly be in the steady state at the start of a calculation pefiod,
this|is usually the best one can"assume, and it has little effect on the result.
Thelinitial conditions, then, are calculated by setting the time derivatives equal to zero in gach
of Elquations (5), (7) and:(8), resulting in the following values.
2 X
. I . 1+K“R o
From Equation((5), the initial value of &, is ) = T+ R x Al +05 = 63,9 °C.
+

From ‘Equation (7), the initial value of AG,.4 is Abn10y = koy xKY xA6,, =53,2 K.

From Equation (8), the initial value of Ay, is Ay = (ka1 —1)x K x A6y, = 26,6 K.

Also, the initial condition for the loss of life, L, should be chosen. Assume here that the
purpose of the calculation is to find out the loss of life for this particular overload occurrence.
Therefore, the initial value of L is L(O) = 0.
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4 — Solve the difference equations

Atn =0,¢r=0, Go(0) = 63,9 (units are omitted; traditionally °C for temperatures and K for
temperature differences)

A9h1(0) = 53,2
Aehz(o) = 26,6
L(O) =0

Atn =1, ¢t=3 min, from Equations (18) and (19), the top-oil temperature changes as follows:

D6,

Q

3 |:1+O,872><8

0,8
(1) = x 45 -[63,9-29,9]| = 0,121 and
0,5x150 1+8

90(1) = 00(0) +D00(1) = 63,9 + 0,121 = 64,0

Simjlarly, from Equation (20), the hot-spot temperature rise first term~changes as follows:

DAGh1(1) = (2,0><35><0,871’3 —53,2) = 1,12 and

20x7
AOR1(1) = Abnh1(0) + DAOh1(1) = 53,2+ 1,12 =543

Simjlarly, from Equation (21), the hot-spot temperature rise second term changes as follows:

DAfha) =7 & ((2,0—1)><35x0,871’3 —26,6) = 0,104 and

(1/20)x150
Abrp(1) = Abh(o) + DAGnp(1) = 26,6 + 0,104 = 26,7

Thep the total hot-spot temperature rise, from Equation (22) is
ABH(1) = AOh1(1) £ Abho(1) = 54,3 - 26,7 = 27,6

and| finally, the hot-spot temperature is, from Equation (23)

eh(j) :90(1) +A‘9h(1) =64,0+ 27,6 =91,6

The loss of life L over this time step is given by Equation (25):

15000 15000
e110+273 9h<1)+273 %<3 = 0’42 min

DL(1) =V(1) x Dt =

(Loss of life under rated conditions would have been 3 min.)
The total loss of life to this point is:

L1y = Loy + DL¢py = 0 + 0,42 min, or 0,00029 days.
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