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International Standard IEC 60076-7 has been prepared by IEC technical committee 14: Power
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) title has been updated from "oil-immersed power transformers" to "mineral-oil-immersed
power transformers";

b) insulation life is updated by considering latest research findings;

g) geomagnetic induced currents are briefly discussed and corresponding temperature |imits
are suggested;

ektensive literature review has been performed and a number"of references add¢d to
bibliography.

The fext of this standard is based on the following documents;

FDIS Report 6n voting
14/933/FDIS 14/942/RVD

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

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

A lisf of all parts of the IEC 60076.series, under the general title Power transformers, can be
found on the IEC website.

The gommittee has decided“that the contents of this publication will remain unchanged| until
the gtability date indicated on the IEC website under "http://webstore.iec.ch" in the |data
relat¢d to the specific(publication. At this date, the publication will be

—

g¢confirmed,
e withdrawn;

—

gplaced by a revised edition, or

e amefnded.

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
colour printer.
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INTRODUCTION

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- |mmersed transformers durlng contlnuous
rated Ioadmg A

This [part of IEC 60076 gives mathematical models for judging the consequence.of different
loadipgs, with different temperatures of the cooling medium, and with transiént or cyglical
variafion with time. The models provide for the calculation of operating temperatures in the
transformer, particularly the temperature of the hottest part of the winding. This hotfspot
tempgrature is, in turn, used for evaluation of a relative value for the,fate of thermal ageing
and fhe percentage of life consumed in a particular time period. Theamodelling refers to small
transfformers, here called distribution transformers, and to power transformers.

A mdgjor change from the prevjgus-edition is the extensive work on the paper degradation that
has peen carried out indicating that the ageing may be described by combination of the
oxidgtion, hydrolysis and. pyrolysis. Also, providing possibility to estimate the exp¢cted
insulgtion life considering\different ageing factors, i.e. moisture, oxygen and temperature} and
more| realistic servic€)scenarios. The title has been updated from "oil-immersed plower
transformers" to "mineral-oil-immersed power transformers". The temperature and cyrrent
limity are reviewegd.‘and the maximum core temperature is recommended. The use of|fibre
optic|temperatlre’sensors has become a standard practice, however, the number of insfalled
sensprs pertransformer highly varies. This issue and the description of Q, S and H falctors
are J:OW cansidered as well. The thermal models are revised and rewritten in gengrally

applicaple“mathematical form. The geomagnetic induced currents are briefly discussed and
correlsponding temperature limits are suggested

This part of IEC 60076 further presents recommendations for limitations of permissible
loading according to the results of temperature calculations or measurements. These
recommendations refer to different types of loading duty — continuous loading, normal cyclic
undisturbed loading or temporary emergency loading. The recommendations refer to
distribution transformers, to medium power transformers and to large power transformers.
Clauses 1 to 7 contain definitions, common background information and specific limitations for
the operation of different categories of transformers.

Clause 8 contains the determination of temperatures, presents the mathematical models used
to estimate the hot-spot temperature in steady state and transient conditions.

Clause 9 contains a short description of the influence of the tap position.
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Application examples are given in Annexes A, B, C, D, E, F, G, H, | and K.
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POWER TRANSFORMERS -

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

1 Scope

This [part of IEC 60076 is applicable to mineral-oil-immersed transformers. It describes the
effect of operation under various ambient temperatures and load conditions on transfqrmer
life.

NOTE| For furnace transformers, the manufacturersheuld-be is consulted in view of the peculiar_loading profjle.

2 Normative references

The following documents are referred to in the text in such a way-that some or all of|their
contgnt constitutes requirements of this document. For dated references, only the exition
cited|applies. For undated references, the latest edition of theseferenced document (inclliding
any gmendments) applies.

IEC 60076-2:4993, Power transformers — Part 2:{Temperature rise for liquid-imme¢rsed
transfformers

IEC 40076-4:-2002
e PI I O-4-L99L5—

IEC 60076-14, Power transformers — Part 14: Liquid-immersed power transformers lsing
highqemperature insulation mate’rials

3 Terms and definitions

For the purposes of this document, the following terms and definitions apply.

3.1

small power transformer

power transformer without attached radiators, coolers or tubes including corrugated tank
irrespective of rating

3.2
medium power transformer
power transformer with a maximum rating of 100 MVA three-phase or 33,3 MVA single-phase

3.3
large power transformer

power transformer-exceeding-the-limitsspecified-in—3-2 with a maximum rating of greater than
100 MVA three-phase or greater than 33,3 MVA single-phase
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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.

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-medel—is—eguivalent—to—the—ratedtoad—at—normal—ambient

tempgrature

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

3.6
longitime emergency loading
loading resulting from the prolonged outage of some systemcelements that will ngt be
recomnected before the transformer reaches a new and higher steady-state temperature

3.7
short-time emergency loading
unuspally heavy loading of a transient nature (less than 30 min) due to the occurrence of one
or more unlikely events which seriously disturb normal system loading

3.8
hot-gpot
if not| specially defined, hottest spot of the.windings

3.9
relatjve thermal ageing rate
for a| given hot-spot temperature; rate at which transformer insulation ageing is reduced or
accelerated compared with thevageing rate at a reference hot-spot temperature

3.10
trangformer insulation life
total [time between the initial state for which the insulation is considered new and the|final
state[-when fory"which the insulation is considered deteriorated due to thermal ageing,
dieleftric stress, short-circuit stress, or mechanical movement (which could occur in ngrmal
servite), and-resultin at which a high risk of electrical failure exists

3.11
per cent loss of life

equivalent ageing in hours over a time period (usually 24 h) times 100 divided by the
expected transformer insulation life

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

3.12

non-thermally upgraded paper

kraft paper produced from unbleached softwood pulp under the sulphate process without
addition of stabilizers
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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,
dicyandiamide). A paper is considered as thermally upgraded if it meets the life criteria defined in
ANSI/IEEE C57.100 [1]7; 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) = ¢* (% * 273)

(15000 15000 )

w’nuﬂ Op + 273 110 + 273
~65000 x o (Pn+273) (110 +273)) (1)

Because the thermal upgrading chemicals used today contain nitrogen, which is not present inykraft pulp, the
degre¢ of chemical modification is determined by testing for the amount of nitrogen present in the-treated paper.
Typicgl 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.

NOTEl This—definition—was—a

Thermally Upgraded Paper on 7 October 2003

3.14
non-fdirected oil flow
OF
flow jndicating that the pumped oil from heat exchangers,0or radiators flows freely inside the
tank,|and is not forced to flow through the windings

roved—bv the |EEE Transformers— Committee Task Forte for the Definitlon—of
rovea——o th reEE—HFahRStormers—committee—i SASK—OFC tor—th SeHH oR—o6+

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

3.15
non-directed oil flow
ON
flow |ndicating that the oil from the heat exchangers or radiators flows freely inside the|tank
and is not forced to flow through the~windings

Note 1 to entry: The oil flow insidesthe/windings can be either axial in vertical cooling ducts or radial in horizontal
cooling ducts with or without zigzag flow.

3.16
diregted oil flow
oD
flow |ndicating that'the principal part of the pumped oil from heat exchangers or radiatgrs is
forceld to flow-through the windings

Note 1 tosentdy: The oil flow inside the windings can be either axial in vertical cooling ducts or zigzag in horizontal
coolinp-ddcts.

3.17

design ambient temperature

temperature at which the permissible average winding and top-oil and hot-spot temperature
over ambient temperature are defined

1 Numbers in square brackets refer to the bibliography.
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4 Symbols and abbreviations

Symbol Meaning Units
C Thermal capacity Ws/K
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
ky Thermal model constant
ky Thermal model constant
ko, 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
mg Mass of oil kg
m Mass of winding kg
n Number of each time interval
N Total number of intervals during the time period consideréd
oL Either ODAN, ODAF or ODWF cooling
OH Either OFAN, OFAF or OFWF cooling
ON Either ONAN or ONAF cooling
P Supplied losses w
P Relative winding eddy loss p.u
P Winding losses W
R Ratio of load losses at rated current to no-load losses at rated voltage
R Ratio of load losses to no-load loss at principal tapping
r+ Ratio of load losses, to-no-load loss at tapping » + 1
mih Ratio of load losses to no-load loss at minimum tapping
R s Ratio of loadesses to no-load loss at maximum tapping
RT] Resistanice Temperature Detector
RH Oilvelative humidity %
s Laplace operator
t Time variable mir]
tap, Number-of Principal tapping position
tap,, Number-of Tapping position r + 1
tap i, |Nuemberef Minimum tapping position

tap_ ., | Numberef Maximum tapping position
14 Relative ageing rate
Vo Relative ageing rate during interval n

/40)d Water content of oil ppm
wCP Water content of paper insulation %
X Exponential power of total losses versus top-oil (in tank) temperature rise (oil
exponent)
y Exponential power of current versus winding temperature rise (winding exponent)
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Symbol Meaning Units
0, Ambient temperature °C
O Yearly weighted ambient temperature °C
o, Winding hot-spot temperature °C
0 a Monthly average temperature °C
ma-max | Monthly average temperature of the hottest month, according to IEC 60076-2:4993 °C
0, Top-oil temperature (in the tank) at the load considered °C
eya Yearly average temperature, according to IEC 60076-2:4993 °C
A Average Oil time constant mir|
T Winding time constant min
AGY. Bottom oil (in tank) temperature rise at rated load (no-load losses + load losses) K
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
AG). Hot-spot-to-top-oil (in tank) gradient at rated current K
A6 Top-oil (in tank) temperature rise at the load considered K
A6}, Top-oil (in tank) temperature rise at start K
A ) Average oil (in tank) temperature rise at the load considered K
Ag.L. |Average oil (in tank) temperature rise at rated load (no-load‘losses + load losses) K
A6), Top-oil (in tank) temperature rise in steady state at rated)losses (no-load losses + load K
losses)
ABY, Corrected top-oil temperature rise (in tank) due to\enclosure K
A(Ag,,) Extra top-oil temperature rise (in tank) due te‘enclosure K
5 Effect of loading beyond nameplate rating
5.1 | Introeduction General
The npormal life expectaney is a conventional reference basis for continuous duty under design
ambipnt temperature and rated operating conditions. The application of a load in exceps of
nameplate rating andfor an ambient temperature higher than design ambient temperpture
involyes a degreetof risk and accelerated ageing. It is the purpose of this part of IEC 600[76 to
identjfy such risks and to indicate how, within limitations, transformers may be loadg¢d in
exceps of the)‘nameplate rating. These risks can be reduced by the purchaser clearly
spec|fying.the maximum loading conditions and the supplier taking these into account in the
transrormer design.
5.2 General consequences

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

a) The temperatures of windings, cleats, leads, insulation and oil will increase and can reach
unacceptable levels.

b) The leakage flux density outside the core increases, causing additional eddy-current
heating in metallic parts linked by the leakage flux.

c) As the temperature changes, the moisture and gas content in the insulation and in the oil
will change.

d) Bushings, tap-changers, cable-end connections and current transformers will also be
exposed to higher stresses which encroach upon their design and application margins.
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The combination of the main flux and increased leakage flux imposes restrictions on possible
core overexcitation [6], [7], [8].

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 the 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-I€gs. Tis value is only slightly higher than that at the same applied voltage under no-load. The flux denjsity in
the yokes is then determined by the voltage on the outer winding.

Voltages on both sides of the loaded transformer-sheuld, therefore,—~be are observed during loading, beyond the
nameplate rating. As long as voltages at the energized side of a loaded transformer remain below the limits tated
in IEG 60076-1:2011 [5], Clause 4, no excitation restrictions are needed during the loading~beyond namgplate
rating] When higher excitations occur to keep the loaded voltage in emergency conditions (in an area whefe the
netwolk can still be kept upright, then the magnetic flux densities in core parts-should never exceed values where
straying of the core flux outside the core can occur (for cold-rolled grain-oriented steelthese saturation g¢ffects
start napidly above 1,9 T).-ta—re-time—at-all; Stray fluxes may-then cause unpredictably-high temperatures [at the
core gurface and in nearby metallic parts such as winding clamps or even in the windings, due to the presehce of
high-flfequency components in the stray flux. They may jeopardize the transformen. In general, in all casqgs, the
short pverload times dictated by windings are sufficiently short not to overheat the core at overexcitation. This is
prevefted by the long thermal time constant of the core.

As a| consequence, there will be a risk of premature failure associated with the increased
currgnts and temperatures. This risk may be of an immediate short-term character or come
from |the cumulative effect of thermal ageing of the dnsulation in the transformer over many
years.

5.3 | Effects and hazards of short-time emergency loading

Shorj-time increased loading will result in ‘a service condition having an increased rigk of
failure. Short-time emergency overloading causes the conductor hot-spot to reach a [level
likely to result in a temporary reduction‘in the dielectric strength. However, acceptance of this
condj|tion for a short time may be preferable to loss of supply. This type of loading is expégcted
to odqcur rarely, and it should bé-rapidly reduced or the transformer disconnected within a
shorf time in order to avoid its.failure. The permissible duration of this load is shorter thah the
therr:ral time constant of thewhole transformer and depends on the operating temperature
before the increase in loading; typically, it would be less than half-an-hour.

The [nain risk for short-time failures is the reduction in dielectric strength due to the pogsible
presgnce of gas<bubbles in a region of high electrical stress, that is the windings and I¢ads.
Thesg 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 concentration increases.

NOTEL—Concerning-the-bubble-generation—see-alsolEC 650076-14

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

Bare metallic parts, except windings, which are not in direct thermal contact with cellulosic
insulation but are in contact with non-cellulosic insulation (for example, aramid paper,
glass fibre) and the oil in the transformer, may rapidly rise to high temperatures. A
temperature of 180 °C should not be exceeded.

b) Temporary deterioration of the mechanical properties at higher temperatures could reduce
the short-circuit strength.
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Pressure 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 of the insulation exceeds
about 140 °C.

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

d % b [l ] H fafi ol A tad b | 4 H ] o ] %
nee U 0T oTCarTy TUCTTimC U AT O AL U o P TC U Uy aimT partaC S ITTvoUTv o U, Gy PIartiTicT S, aSST T UV ners

and gperators.

5.4

Effects of long-time emergency loading

This fis not a normal operating condition and its occurrence is expected to be rare but it may

persigt for weeks or even months and can lead to considerable ageing.

a)

b)
c)

d)

The
cons|derations of long-term risks.

5.5

The
size.|As the size increases; the tendency is that:

higher temperatures. If this deterioration proceeds far enough..it'/may reduce the effdctive
life of the transformer, particularly if the latter is subjected to system short circui
tfansportation events.

DQeterioration of the mechanical properties of the conductor insulation will acceler%:e at

S or

ther insulation parts, especially parts sustaining the axial pressure of the winding hlock,
cpuld also suffer increased ageing rates at higher temperature.

he contact resistance of the tap-changers ceuld increase at elevated currents| and
temperatures and, in severe cases, thermal runaway could take place.

he gasket materials in the transformer may-become more brittle as a result of eleyated
mperatures.

—_

calculation rules for the relative ageing rate and per cent loss of life are based on

Transformer size

sensitivity of transformérs' to loading beyond nameplate rating usually depends on|their

—

e leakage flux density increases;
the short-circuit forces increase;
the mass, ofinsulation, which is subjected to a high electric stress, is increased;

the hotsspot temperatures are more difficult to determine.

Thus| ‘alarge transformer could be more vulnerable to loading beyond nameplate rating|than
a smaller one. In addition, the consequences of a transformer failure are more severe for
larger sizes than for smaller units.

Therefore, in order to apply a reasonable degree of risk for the expected duties, this part of
IEC 60076 considers three categories:

a)
b)

c)

Distribution small transformers, for which only the hot-spot temperatures in the windings
and thermal deterioration—shal should be considered;

medium power transformers where the variations in the cooling modes—shalt should be
considered;

large power transformers, where also the effects of stray leakage flux are significant and
the consequences of failure are severe.
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For hermetically sealed transformers without pressure relief devices the over pressure should
be considered to avoid permanent tank deformation during loading beyond nameplate rating.
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6 Relative ageing rate and transformer |n{\ tion life
QO
6.1 | General Q

DPFrdP e+1o+0 ohtne e--=..e e sl Setals
For fthe manufacture of pap C\ahd pressboard for electrical insulation, mainly unbleached
softwood kraft pulp is used. e cellulose is refined from the tree by the so-called “sulphate”

or “kfaft” process. After processing, the typical composition of unbleached kraft pulp is /8 %
to 80 % cellulose, 10 6 20 % hemicellulose and 2 % to 6 % lignin.

Celldlose is a Ii%ﬁ_qr condensation polymer consisting of anhydroglucose joined togethér by

glycdsidic bon@?, igure 1.
Q OH CH20H
HO o3 0 LA _""‘---.}...---"‘_ U
How O o
o
OH CH,OH
n-2

IEC

Figure 1 — Structural formula of cellulose

From kraft pulp various types of paper and pressboard having varying density are made. By
adding 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
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production of acids caused by the hydrolysis (thermal degradation) of the material over the
lifetime of the transformer.

6.2 Insulation life

5wt
ittle
ime—of

it-load

N
In regent years, extensive work on paper degré@tion has been carried out and published in
refergnces [9] to [15], indicating that cellulo&%geing may be described by combination gf the
thred processes, i.e. oxidation, hydrolysisg pyrolysis.

The ¢xidation is a process possibly do)s}inant at lower temperature. The oxidizing agent if this
envirpnment is oxygen from air i@ress, and as the ultimate end product of the prqcess
appeprs water. The hydrolysis ellulose is a catalytically governed process where thqg rate
of chain scissions depend carboxylic acids dissociated in water. As both water and
carbgxylic acids are produ during ageing of cellulose this process is auto accelerating.
The pyrolysis is a proc that can take place without access to water and/or oxygen, of any
otherl agent to initia e decomposition. At normal operating or overload temperatures,
(i.e. £ 140 °C), sucl(grocesses are considered to be of little relevance.

act
ty of
d the

Different parameters might be used to characterize cellulose degradation process during
ageing. In reality it is the mechanical strength that is important for the winding paper to resist
the shear stresses occurring during short circuits. However, due to the folded geometry of
paper in a transformer, it is not possible to analyse tensile strength of paper sampled from
used transformers. Hence, it is more convenient to characterize the degree of polymerization
(DP) in order to describe the state of an insulation paper. Figure 2 shows a typical correlation
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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legree of polymerization (DP) is the average number (n) ﬁa‘,omdlc rings in a cell
pmolecule, which ranges between 1100 and 1400 for u éched soft wood kraft b

br to a lesser or higher degree. During ageing, the | ths of these polymeric cell
Cules are reduced due to breakage of the covalent bonds between the anhydro
se monomers. The change of DP over time@@ n-thermally and thermally upgr
I exposed to a temperature of 140 °C, oxygen of < 6000 ppm and water of 0,5
n in Figure 3 (see [15]). The nitrogen coq@ of the thermally upgraded paper us
xperiment was 1,8 %. 1%

N

h the DP is reduced to 200 % or 3 retamed tensile strength, the quality of the
he mechanical strength) is nor @conydered so poor that this defines the “end o
lthough the insulating material dielectric strength
Il at an acceptable level.
p (\}‘

N\
x A gives further elal@}ation of the paper ageing theory providing a mathem
pdology for estimation .of the expected insulation life considering different ageing fa
as moisture, ox@ and temperature. The corresponding results for the non-ther
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iIIustrate@erence in thermal ageing behaviour has been taken into accou
trial st rds as follows:

h tive ageing rate V' = 1,0 corresponds to a temperature of 98 °C for non-ther
pgraded paper and 110 °C for thermally upgraded paper.

NOTE

disput

1 Disagreement between laboratory tests could come from testing procedures. It is difficult to reproduce
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

able. However, the numbers give a user the possibility to simulate different ageing scenarios.
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Figure 3 — Accelerated ageing in mi@eral oil at 140 °C, oxygen and moisture conte

maintained at <6000 ppm and 0,5 %, respectively
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Figure 4 — Expected life for non-tl@rmally upgraded paper and its dependence
upon moist&@, oxygen and temperature
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Figure 5 — Expected life for thermally upgraded paper and its dependence
upon moistute, oxygen and temperature

2 Figure 4 and Figure 5 indicate expected life values that are based on residual DP value of 200, ar]
trived under the laboratory controlled condition as given in text above, (e.g. constant moisture cd

constdnt and homogenous tempepature, etc.). However, to evaluate the expected life of a transformer th

servic
insula

b conditions are considered (e4g. loading history and prediction, ambient temperature, insulation materi
ion moisture contamination). The moisture contamination estimate is usually based on the corresp

equilirium curves for moisture\partition between oil and paper, (e.g. WCO vs WCP or RH vs WCP).

6.3

Relative ageing rate

Althdugh ageifig-or deterioration of insulation is a time function of temperature, moi
contgnt, oxygen content and acid content, the model presented in this document is based

on th

le insulation temperature as the controlling parameter.

N

d that
ntent,
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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]).
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V- 2(9h798)/6

110+273  6h+273

[15000 15000j
V=e

6, s the hot-spot temperature in °C.

(2)

(3)

Equations (2) and (3) imply that V' is very sensitive to the hot-spot temperature as can be

seenin—Jtabled

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

6 Non-upgraded paper insulation Upgraded papenrinsulatiop

°C vV vV

80 0,125 0,036

86 0,25 0,073

92 0,5 0,145

98 1,0 0,282

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
The fndicated relative ageing rate ' = 1,0.corresponds to a temperature of 98 °C for non-thermally upgrpded
papgr 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

to N
L= .[th or Lx YV, xt,

1 n=1

(4)

where

t, is the nth time interval;

n is the number of each time interval;

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

V. is the relative ageing rate during interval n, according to Equation (2) or (3);

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

T

we in
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7 Limitations

7.1 Current-and Temperature limitations

With loading values beyond the nameplate rating,—alt none of the individual limits stated in
Table—4 2 should-net be exceeded and account should be taken of the specific limitations
givenin 7.3 to 7.5.

s 145

qmr-nrrnnl' limits are not intended to be valid
ReFeurreftHmisS—at RO+HRteRGeato-oeVaHa

thi hown n—orde o—mee h am

T~ E=
L -]
=
[
[oN

The |imits" given in Table 2 are applicable to transformers specified to have temperaturg rise
iretients according to |IEC 60076-2. For transformers specified according to
L . . o s civan in

IEC 60076-14 apply.
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Table 2 — Maximum permissible temperature limits applicable to loading
beyond nameplate rating

Types of loading Small Large and
transformers medium power
transformers

Normal cyclic loading

Winding 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

papdr, grass fibre materarsy( C) \

Innef core hot-spot temperature (°C) 130 A@

Top-pil temperature, in tank (°C) 105 %%5

N
Long-time emergency loading nVQ
Winding hot-spot temperature and metallic parts in contact with 140 /\ . 140
L ; e P

cellujosic insulation material (°C) /\%

Othefr metallic hot-spot temperature (in contact with oil, aramid 16@\ 160

papdgr, glass-fibre materials) (°C) @

Innef core hot-spot temperature (°C) </U40 140

1, PRS—E AN
Top-pil temperature, in tank (°C) rs\\ 115 115
Shojt-time emergency loading Q -~
O

Winding hot-spot temperature and metallic parts in contact witQV See 7.3.1 160

cellujosic insulation material (°C) ) \\}\

Othefr metallic hot-spot temperature (in contact with oil,é‘rﬁmid See 7.3.1 180

apdr, glass fibre materials) (°C
papdr, g i ials) (°C) ,ts\
Innef core hot-spot temperature (°C) @ See 7.3.1 160
Q.
. . ° N

Top-pil temperature, in tank (°C) Q See 7.3.1 115

NOTE For more information on the CQEE mperature, see Annex B.
7.2 | Current Iimitatic@ :
Therg¢ are limitatio n current carrying capability of transformer other than temperpture
limitd given in Table™2, and these are described in 7.3 to 7.5. Therefore, it is recommended
that the curre its given in Table 3 are not exceeded even if the circumstances of the
overlpad meqp hat the temperatures in Table 2 are not exceeded. Specific examples Would
be inf cas low ambient temperature, low levels of preload or high thermal capacity gf the
winding. e purchaser can specify higher current limits if required, but it shoulfd be
recog d that this could lead to a special transformer design. The recommended cyrrent

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
Sholt-time emergency loading
Currgnt (p.u.) ‘ 2,0 ‘ 1,8 ‘ 4,5

NOTE|2 For specification beyond rated power, see Annex C.
7.3 | Specific limitations for-distribution small transformers

7.3.1 Current and temperature limitations

The [imits on load current, hot-spot temperature, top-oil temperature and temperatufe of
metallic parts other than windings and leads stated in—Fable-4<{JFable 2 and Table 3 should not
be ekceeded. No limit is set for the top-oil, core and winhding hot-spot temperature ynder
shorf-time emergency loading for distribution transformérs because it is usually impracti¢able
to cgntrol the duration of emergency loading in this<{case. It should be noted that when the
hot-spot temperature exceeds 140 °C, gas bubblesxmay develop which could jeopardiz¢ the
dieleftric strength of the transformer (see 5.3).

7.3.2 Accessory and other considerations
Aparf from the windings, other partsZ,of the transformer, such as bushings, cablg-end

conngctions, tap-changing devices and leads may restrict the operation when loaded above
1,5 times the rated current. Oil expansion and oil pressure could also impose restrictions.

7.3.3 Indoor transformers

When transformers areused indoors, a correction should be made to the rated top-oil
tempgrature rise to take*account of the enclosure. Preferably, this extra temperature risg will
be determined by a'test (see 8.3.2).

7.3. Outdoor ambient conditions

Wind|, sunshine and rain may affect the loading capacity of distribution transformers, but|their
unpregdictable 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—Fable4 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-may 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

Unless other limitations for variable flux voltage variations are known (see IEC-60476-4
6007p-1), the applied voltage should not exceed 1,05 times either the rated voltage (prirjcipal
tappihg) or the tapping voltage (other tappings) on any winding of the transformer.

7.5 | Specific limitations for large power transformers
7.5.1 General

For large power transformers, additional limitations, mainly associated with the leakage| flux,
shall|should be taken into consideration. It is therefore advisable™in this case to specify, gt the
time pf enquiry or order, the amount of loading capability néeded in specific applications.

As far as thermal deterioration of insulation is coficerned, the same calculation method
applies to all transformers.

Accofding to present knowledge, the importanee of the high reliability of large units in vigw of
the donsequences of failure, together with.the following considerations, make it advisahle to
adopft a more conservative, more individual approach here than for smaller units.

he combination of leakage flux and main flux in the limbs or yokes of the magnetic clrcuit
(see 5.2) makes large transformers more vulnerable to overexcitation than smaller
tlansformers, especially when-loaded above nameplate rating. Increased leakage flux may
also cause additional eddy=current heating of other metallic parts.

he consequences of degradation of the mechanical properties of insulation as a funlction
of temperature andstime, including wear due to thermal expansion, may be more se¢vere
for large transformers than for smaller ones.

ot-spot temperatures outside the windings cannot be obtained from a ngrmal
temperaturéirise test. Even if such a test at a rated current indicates no abnormalities, it is
npt possible to draw any conclusions for higher currents since this extrapolation maly not
have been taken into account at the design stage.

alculation of the winding hot-spot temperature rise at higher than rated currents, based
=Ti ; i large

units than for smaller ones.

7.5.2 Current and temperature limitations

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-Table4 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 Hot-spottemperature Tiseimsteady state
8.1.1 General

To be strictly accurate, the hot-spot temperature should be referred to the ‘adjacent oil
tempgrature. This is assumed to be the top-oil temperature inside the winding:.Measurements
have[shown that the top-oil temperature inside a winding might be, dependént on the cogling,
up to| 15 K higher than the mixed top-oil temperature inside the tank.

For most transformers in service, the top-oil temperature inside-ajwinding is not pregisely
known. On the other hand, for most of these units, the top-oil-temperature at the top df the
tank Js well known, either by measurement or by calculation.

The ¢alculation rules in this document are based on the following:

>

6,

or’

6+ the hot-spot temperature rise above top-0il temperature in the tank at rated currgnt [K].

. the top-oil temperature rise in the tank above ‘ambient temperature at rated losses [K];

>

The parameter Ag,. can be defined either by direct measurement during a heat-run test pr by
a calpulation method validated by direct measurements.

NOTE| The methods, principles and calculation procedures given in 8.1.2, 8.1.3, 8.1.4 and Annex D are ultimately
valid flor the converter transformers for H¥YD.C application, however, with the necessary consideration of the|effect
of harmonics on the transformer thermal_performance with a reference to a specific converter operating poipt and
speciflc system conditions.

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

rmal diagram is assumed, as shown in Figure 6, on the understanding that such a
diagram is the simplification of a more complex distribution. The assumptions made in this
simplification are.as‘follows.

a) Tlhe oil temperature inside the tank increases linearly from bottom to top, whatever the
cpoling mode.
b) As’a Afirst approximation, the temperature rise of the conductor at any position up the

, —with 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 7 x g, that is, A, = H x g,.

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-should-be is used for loading.
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v ‘ Hx g,

A Tlop-oil temperature derived as the average of the tank qutlet oil temperature and the tank oil pocket
t

emperature
B Mixed oil temperature in the tank at the top of the/winding (often assumed to be the same temperature a
C Tlemperature of the average oil in the tank
D Qil temperature the inlet of the tank (assuméd to be the same as at the bottom of the winding)
E Hottom of the tank
g, Average winding to average oil (in-tank) temperature gradient at rated current
H Hot-spot factor
P Hot-spot temperature

Q| |Average winding temperature determined by resistance measurement

x-axi[ Temperature

Relative positions

B megasured ‘point; @ calculated point

Figure 6 — Thermal diagram

IEC

5 A)

8.1.3 Direct measurement of hot-spot temperature rise
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Fibrg optic probes are installed in windinds’ to measure the hot-spot temperature [rise.
Althqugh local loss densities and oil circulation speeds are calculated, it is very diffictlt to
know where the hot-spot is exactly located. Thus, a certain minimum number of sefsors
should be installed in a winding. Thesensors are inserted in slots in the radial spacqgrs in
such|a way that there is only the~conductor insulation and an additional thin paper |ayer
betwgen the sensor and the conductor metal. Calibrations have shown that a reasonpable
accufacy is obtained in this way((see [16]).

This [minimum number of sensors is selected in such a way that the maximum meagured
tempgrature rise is clese*enough to the real hot-spot temperature rise for a safe operatipn of
the winding. This ntfaximum measured temperature is at the same time considered ag the
hot-sjpot of the winding.

In cdre typeltransformers the hot-spot is generally located at the top of the windings. If the
winding is €0oled by axial oil circulation, the most probable location is disc number 1|or 2
seen|frgm-the top. At zig-zag cooling one of the first 3 top discs is the most probable location.
If thawihding 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.

Experience has shown that there might be gradients of more than 10 K between different
sensors in the top of a normal transformer winding. Hence, it is not self-evident that the
insertion 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 g) were
156 %, 133 %, etc. The figures indicated in the discs at the right (114 %, 142 %, 156 %, etc.)
are the relative local loss densities in per cent of the average loss density of the whole
winding that is the total loss of the winding divided by the number of discs. It should be noted
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that the highest temperature rise of 23,2 K was measured at the relative loss density 117 %,
which was far from the highest value 156 %.

——
. 3\
106_] 122°§\7133 126
A\

117 ')

115

\
/
—
/ _]
L ]

7
(o}

Figlire 7 — Temperature rises above top-oil temperature (in tank) 65,8 °C of the zigszag
cooled HV-winding of a 400 MVA ONAF cooled 3-phase transformer,
load current 1,0p%u., tap position (-)

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

a) for transformers with a leakage flux > 400 mWhb/phase at the rated current, the numier of
sensors should be 8 per wrding with full rating;
f

b) r transformers with a-leakage flux between 150 mWb/phase and 400 mWb/phase gt the

rated current, the number of sensors should be 6 per winding;

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

The $ensorsshould be installed in the phase for which the warm resistance curve is recofded.
Howgver, each user should decide how accurate the hot-spot measurement needs to beffor a
parti¢ulaf_fransformer application (loaded tertiary winding, small transformers, etc.),| and
basep\0trthis 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.

EXAMPLE For single-phase 550/230 kV auto-connected transformer with the throughput rating S = 334 MVA, the
corresponding impedance Z = 15 %, and the auto factor o« = (550 - 230)/550 = 0,58, the leakage flux is
approximately [1,8 x (0,58 x 334)%% x (15/0,58)] = 650 mWhb.

In shell type transformers, the fibre optic sensors should be located in the coil edges
(Figure 8) and in the brazed connections between coils.
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Figure 8 — Coil edges, where the sensors should be located in therg%e
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to the centre line of a phase;
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itch-plates and outer core packets opposite to the top of the winding block;
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c) in the top yoke, particularly at the top of the centre phase in a 3-phase transformer
(Figure 9).
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NOTE| The three right-hand values are measured in the cooling duct.

F
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jure 9 — Temperature rises above top-oil temperature at the end of an 8 h thermal
no-load test at 110 % su@ply voltage

Instajlation of sensors in the top yoke makes sewse only if an extra thermal no-load tgst is

done|
More| details about the installation of therdral sensors are given in [18].

8.1.4 Hot-spot factor

The

hot-spot factor H is windingsspecific and should be determined on a case-by-case pasis

when required. Studies show that the factor A varies within the ranges 1,0 to 2,1 depending
on the transformer size, its short-circuit impedance and winding design [19]. The facfor H
shou|d be defined eithérby direct measurement (see 8.1.3 and Annex D) or by a calcullation
procg¢dure based on fundamental loss and heat transfer pr|n0|ples and substantlated by direct

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

a)

b)

The fluid flow within the winding ducts, the heat transfer, flow rates and resulting fluid
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 the
leakage flux intercepts the wide dimension of the conductors. The total losses in the
subject conductors should be determined using the eddy and circulating current losses in
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.
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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

zigzag-cooled winding (Figure 10).

-

igure 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

IEC

Possibleextra insulation on end turns and on winding conductors exiting through the

end-ihsulation.

Not“all cooling ducts extend completely around the winding in distribution transformers
and small power transformers. Some cooling ducts are located only in the portibn 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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Figure 11 — Top view section of a rectangular winding with “collapsed cooling
duct arrangement” under the yokes

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

8.2.1 General

Subcjause 8.2 provides two alternative ways, of describing the hot-spot temperature |as a
functjon of time, for varying load current and@mbient temperature:

a) eikponential equations solution [18][21];—suitablefora-load-variation-acecording-to-afstep
inction—This—method—is—particlilarly—suited—to—determination—of—the—hea apsfer
pprameters—by-test—especia by manufacture —ahd elds—properresdy h-the
pHowing-case
Py Each of the increasimaddad stans - is followed byv a3 decreasinaload -sten or vice vefsa

EacH-o0+the creasHigtoaa-stepsis+tooweaoya-aecreasirtg1oaa-Sstep-or\Hecevetsa
Py ln—case—of ALsuceessive—increasingload-steps{(AN-=>2) each-of-the (N 1) first ¢tans
SE5ShYeHcreasing1oaa—Ssteps{N=-<)—each—ortne v HHSEHEePS
o-be g=efough e-ho o-top-oi A j

b) djfference equations solution [22]4&%@%#&%%%4%@%%

e Tave mbien embe 8 method a
v y da 6 a a D

Both|of these methods are suitable for arbltrarlly tlme -varying Ioad factor K and time-vaJrying
ambl_. ‘“:‘.-‘.‘ Ae—TotHer—ethoa Pa o —o+E tHE-G ==““‘-3‘=
heat transfer parameters by test, especially by manufacturers, while the latter method is more
suitable for on-line monitoring due to applied mathematical transformation. In principle, both
methods yield the same results as they represent solution variation to the identical heat
transfer differential equations.

The heat transfer differential equations are represented in block diagram form in Figure 12.

Observe in Figure 12 that the inputs are the load factor X, and the ambient temperature 6, on

the left. The output is the-desired calculated hot-spot temperature 6, on the right. The Laplace
variable s is essentially the derivative operator d/dr.
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Figure 12 — Block diagram representation of the differential equations

In Figure 12, the second block in the uppermost path represents the hot-spot rise dynamics.
The first term (with numerator 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|term
(with| numerator k,4-1) represents the varying rate of oil flow past the hot-spot, a
phenpmenon which changes much more slowly. The combined effect of these two terms|is to
accolnt for the fact that a sudden rise in Joad current may cause an otherwise unexpegtedly
high |peak in the hot-spot temperature ris€, very soon after the sudden load change. Values
for k44, ko4, kpo and the other parameters shown are discussed in 8.2.2 and suggested values
giver] in Table 4.

reasgnable accuracy. Additionally, r,.and zy should not be set to zero-
If thg top-oil temperature' can be measured as an electrical signal into a computing dqgvice,
then fan alternative formiulation is the dashed line path, with the switch in its right position; the

top-dil calculationtypath (switch to the left) is not required. All of the parameters have peen
defingd in 8.2.2;

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

The {HIPP x| oant a for o | IR PN X THTS FAT-N-NET 7N Va $o it O\ o
uarrmrereoriirar U\JIUCILIUII U1 LUP VTl LUIIIPUIQLUIU \IIIPULO FAY lla, UULPUL (/0} o
14k2R [ d6
+K“R o
X (Abqy ) = ky474 X +['90_‘9a] ()
1+R dt

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

AOp = AOn1—Abpp (6)
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The t
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wo equations are

koqx K x (MG ) = koo x 7y % dAd‘jM + AGh

(kg1 = 1)x K7 x (A ) = (26 1 kp2) dAd?"z +Abh2

the s

The final equation for the hot-spot temperature is

Regd
cooli
natur
negli
negli

NOTE
the cd
resistd
coolin
variati
at OD

8.2.2

Subc

Equgtions (5) to (8).

An e

stepq

are g

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

6 = 0o + AG,

rding Equations (5) to (8), the complexity is in order to accdunt for the fact that th
ng medium has mechanical inertia in addition to thermal in€érfia. The effect is greate
al cooling (ON), somewhat less for non-directed-flown{pumped-oil cooling (OF),
hible for directed-flow pumped-oil cooling (OD), as regards power transformers. It ig
hible for small transformers (see 8.2.2).

For ON and OF cooling, the oil viscosity change counteracts the effect of the ohmic resistance varia
nductors. In fact, the cooling effect of the oil viscosity. change is stronger than the heating effect
nce change. This has been taken into account impliCitly by the winding exponent of 1,3 in Table 5. F
b, the influence of the oil viscosity on temperature rises is slight, and the effect of the ohmic res
on—sheuld-be is considered. An approximate cotrection term (with its sign) for the hot-spot temperatu
is 0,15 x (A6, — Aby,).

Exponential equations solution

lause 8.2.2 describes the exponential equation solution to the heat transfer differg

ample of a load variation according to a step function,-where-each-of the-increasing|

iven in Annex H),

(9)

B 0il-
5t for
and
also

ion of
of the
or OD
tance
e rise

bntial

Hoad

Hisfolowed-by a~-decreasing-load-step; is shown in Figure 13 (the details of the example
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K2
K4
IEC
735 min
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6, Winding hot-spot temperature

0, Top-oil temperature in tank

K1i4 1,0 K2 is 0,6 K3.is\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, equal to the sum of the ambient temperature, the top-oil
tempgrature rise in the tanks~and the temperature difference between the hot-spot and tgop-oil
in the tank.

27 [rene?]'|
eh(ﬂ=93+A90,JM ANy = Ay x| R KT | L (1) He K

TR | { o [ T+R JJ (6)
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The fop-oil temperature increase to a level corresponding to a load factor of &'i8 given by

27" — YR ix70)
0,()= 0, + Ay + A@or{%} —AG, x(’l—e(t) . Oj (10)

Corrgspondingly, the top-oil temperature decrease to a level corresponding to a load factor
of K [s given by:

27 2 1%
Oo(t) = Oy + MOy, x{%} +3AGpi = Aby, x{%:l w e k11x70) (11)

The lhot-spot to top-oil temperature gradient increase to a level corresponding to a load factor
of K |s given by:

A (1) = Abhy (1)~ A2 (1) (12)
wherp two gradients are
AOn1(t) = MOy + {1«21ng10 ~ Abhy, }x (1 —e(‘f)’("22”w>) (13)
and
Abnz(t)= Abng; + {(k21 —N)Hg K¥ — Abhy, }x (1 _ )0 ”‘22)) (14)

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

Abhy(t) = krHg K + {Aﬂni ~ ko1Hg, K” }x lMk22xw) (15)

and

Abhot) = (kp1 - 1)Hg K +{A9hzi = (k21 —1)ngKy}Xe(_t)/(t°/k22) (16)
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The final equation for the hot-spot temperature is:

On(1)= 0o (1)+ 264 (1)
where
r, is the winding time constant (min);
79 is the oil-time constant (min).

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

2018

(17)

The
can |
the {
unch
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constants kq4, ko4, koo and the time constants r,, and r, are transformer spegific.
e determined in a prolonged heat-run test during the “no-load loss + load less* peri
upplied losses and corresponding cooling conditions, for example AN or\AF, are
anged from the start until the steady state has been obtained (see AnneX'F). In this
necessary to ensure that the heat-run test is started when “the” transform

appr

only ff the transformer is equipped with fibre optic sensors. If 7y and\z, are not defined
prolonged heat-run test they can be defined by calculation (see Annex E). In the absen
transformer-specific values, the values in Table 4 are recommended. The correspomnding

grap
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s are shown in Figure 14.

1 Unless the current and cooling conditions remain unchanged-\during the heating process long eno
t the tangent to the initial heating curve, the time constants¥cannot be determined from the heat-ry
med according to IEC practice.

2 The-fo() A0, (1)/A0, graphs observed for-distributien*small transformers are similar to graph 7 in
—distribution small transformers do not show such a*hot-spot “overshoot” at step increase in the load d
- and OF-cooled power transformers do.

3 The background of the oil, x, and windiqg, y, exponents and corresponding determining procedu
n Annex G.

unction /s

to-thé¢unit-of the-total decrease=

They
od, if
kept
case,
bris

ximately at the ambient temperature. It is obvious that 4,4, k5 dnd 7, can be defined

in a
ce of

igh to

n test

Figure
urrent

fe are

Faing

(9)
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Table 4 - Recommended thermal characteristics for exponential equations

— 43 —

&
[
3
g o Medium and large power transformers
» 2
s
Characteristic hn
© © ©
o o °
4 zQ z wo T8 9
< < o < < o < Lo T8 [a]
4 Z'c z Zc z Ot o o
o Qv [e) o [e) b
e e e
Qil ekponent x 0,8 0,8 0,8 0,8 0,8 1,0 1,0 110
Winding exponent y 1,6 1,3 1,3 1,3 1,3 1,3 1.3 2|0
Congtant k,, 1,0 0,5 0,5 0,5 0,5 1,0 1,0 140
Congtant k,, 1,0 3,0 2,0 3,0 2,0 1,45 1,3 140
Congtant k,, 2,0 2,0 2,0 2,0 2,0 1,0 1,0 140
Timg constant z,, min 180 210 210 150 150 90 90 90
Timg constant ¢, 4 10 10 7 7 7 7 y
min

a

— ) —

a winding of an ON- or OF-cooled transformer is zigzag-cooledy) a radial spacer thickness of less [than

mm might cause a restricted oil circulation, i.e. a higher maximum value of the function—f,(+} A0, (1)]A0,,
an obtained by spacers > 3 mm.
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0 60 120 180 240 300 360 420 480

IEC 2314/95

2,5

AG(t)A G,
0 60 120 180 240 300 360 420 480
t min
IEC
Key
1 ONAN - restricted oil flow 5 OF - restricted oil flow
2 ONAN 6 OF
3 ONAF - restricted oil flow 7 OD and-distribution small power transformers
4 ONAF

Figure 14 — The function-f,(#} A6, (7)/A6},, generated by the values given in Table 4
An application example of the exponential equations solution is given in Annex H.

8.2.3 Differential Difference equations solution
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Subclause 8.2.3 describes the difference equation solution to the heat transfer differential
equations, applicable for arbitrarily time-varying load factor K and time-varying ambient
temperature 4,.

If thq
straig

The

differential equations are converted to difference equations, then the solutiondA
htforward, even on a simple spreadsheet. Q}/

wherg D stands for a difference over a small time step. A
al
Equdtion (5) becomes: Q/\

The |
step

Q

2 X
o, = {1+K R} (Al - 6’0{(’%

=k11T0 1+R
<<O

D” operator implies a difference in the associa(e variable that corresponds to each
Dz, At each time step, the nth value of Dg, isx\@lculated from the (n — 1)th value usin
QO
7
o(n) =’@m) +Dbo()

N

)
Equdtions (7) and (8) become X\
xO
O
C}s\Aﬂn - ><[7621 X Abhe K — Abh
. koot

and

&
3 2l
O DAbhy = ——5—— x|(kpq )% A K¥ — Abhy
3

(1 ko270

The 1

t\Prs alues of each of A'Qh‘l and /\F)ilz are calculated in a way similar to Fquation (19)

quite

differential Equations (5) to (8) can be written as the following differ@e equalfions,

(18)

time

(19)

(20)

(21)

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

Final

Abn(ny = Abh1(n) — Abho(n)

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

On(n) = Co(n) + Abh(n)

(22)

(23)

For an accurate solution, the time step Dt should be as small as is practicable, certainly no
greater than one-half of the smallest time constant in the thermal model. For example, if the
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time constant for the winding considered is 4 min, the time step should be no larger than

2 mi

n. z,, and z, should not be set to zero.

Also, 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 methods.
However, the increased complexity is not warranted here considering the imprecision of the
input data.

The loss of life of cellulose insulation differential equations of 6.4 can also be converted to

difference equations. The fundamental differential equation is
drL _,
dz
implying
DL(n) = V(n) x Dt
and

Liny = Ln-1y + DL(p)

An application example of the difference equations Sglution is given in Annex I.

Ambient temperature

8.3.1 Outdoor air-cooled transformers

For dynamic considerations, such as.monitoring or short-time emergency loading, the 3
tempgrature profile should be used directly.

Hesign and test considerations, the following equivalent temperatures are take
ient temperature:

e monthly average temperature of the hottest month is used for the maximum hot

le yearly weightedsambient temperature is used for thermal ageing calculation;
mperature calculation.

NOTE| Concerhing the ambient temperature, see also IEC 60076-2:1993.

If th
amb

b ambient temperature varies appreciably during the load cycle, then the weig

(24)

ctual

Lspot

hted

ientvtemperature is a constant, fictitious ambient temperature which causes the

pame

ageing 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 vary
sinusoidally, the yearly weighted ambient temperature, 6, is equal to

O = 0y +0,01 x [2 (Ona-max —Oya) | "

(27)
where
Oma-max 1S 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);
Hya is the yearly average temperature (which is equal to the sum of the monthly

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

0

ma-max

2] =

ma

0

ma

0

ma

PLE Using monthly average values (more accurately using monthly weighted values) for 6,:
= 30 °C for 2 months
20 °C for 4 months Average Gya =15,0°C

10 °C for 4 months

|
|
f
I Weighted average 6 = 20,4 °C
J

0 °C for 2 months

The ambient temperature used in the calculation examples in Annex J is 20 °C.

8.3.2 Correction of ambient temperature for transformer enclosure
A trapsformer operating in an enclosure experiences an extra temperature rise which is\about
half the 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:
A = AOor + A(Ar) (28)
wherp
A(A6),) is the extra top-oil temperature rise under rated load.
It is $trongly recommended that this extra temperaturelrise be determined by tests, but when
such|test results are not available, the values givens/imTable 5 for different types of enclgsure
may be used. These values should be divided by:two to obtain the approximate extra top-oil
tempgrature rise.
NOTE| When the enclosure does not affect the cooletrsy 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
installed Transformer size
kVA
250 500 750 1 000
1 11 12 13 11
Underground vaults with natural ventilation 2 12 13 14 1P
3 14 17 19 2p
1 7 8 9 1P
mante and huildinac wwith naar natiiral
BaS\:..- ."t ATTETEETTEITTS "'t" ~ M ""‘t"‘"“' 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
forced ventilation
3 6 9 10 13
Kiosks? 1 10 15 20 -

NOTE The above temperature correction figures have been estimated for typical substation loading conditions
using representative values of transformer losses. They are based on the results of a series of natural and
forced cooling tests in underground vaults and substations and on random measurements in substations and
kiosks.

a8 This correction for kiosk enclosures is not necessary when the temperature rise test has been carried out on
the transformer in the enclosure as one complete unit.
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Water-cooled transformers

2018

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 quantities used in Equations (10), (11), (13), (14), (15), (16) and (17) have to be

apprnnrinfn forthe tan at which the transformer is aperating
g g g T

For
main
+15 9

ain a constant LV voltage for a given load. If this requires the transformer, to be

be measured or calculated for that tap.

example, consider the case where the HV voltage is constant, and it is required to

on a

o tap on the LV side, the rated oil temperature rise, losses and winding gradients haye to

Condider also the case of an auto transformer with a line-end tap-changer — the sleries
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.
9.2 | Short-circuitlosses Load loss
The [transformer’s short-circuit loss is a function of,the tap position. Several different
conngections of the tapped windings and the main{ winding can be realized. A universal
apprpach to calculate the transformer’s ratio of losses as a function of the tap positipn is
shown in Figure 15. A linear function is calculated between the rated tap position and the
minimum and maximum position. Figure 15 canvbe changed according to regulating winding
arrarjgement regarding tapping method selegted.
v
Rmin i
Rmax N
Revq |-
RI’
P
tapmin X
IEC
my = Rr RmTh My = Rmax Rr+|
tap; —tapmin tapmax —tapr.1
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 losses
are assumed to be constant. Using a linear approximation, R can be determined as a function
of the tap position.
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For tap positions beyond the rated tap-changer position (from tap,, ¢ to tap,,):
R(tap) = Rr.1 + (tap — tapy,.1)x my (29)
For tap positions below the rated tap position (from tap,;, to tap,):
R(tap) = R, + (tap — tap, ) x my (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

procgssthattambedescribed by the foltowmgAmtemusequatiomr————————————————————————]
3

EA Nl

1.1 =Axtxe_R><(¢9h+273) '\Cb (A1)
DPend DPstart (19

-

wher|

14

A

DPg 4 is the insulation DP value at the moment of the sampling or @end of life criterign;

DPJ. is the initial insulation DP value; ©
A is the pre-exponential factor in 1/h; \Q/C)
Ep is the activation energy in kd/mol; C‘)\

t is the life time of a transformer in h; <(

R is the gas constant in J/(K-mol); QO

Oy is the hot-spot temperature, °C. ;\Q\\

Arrhgnius extrapolations assume that a %&%ical degradation process is controlled [py a
reaction rate k proportional to exp(=E,/RT, here E, is the Arrhenius activation energy, R the
gas ¢onstant (8,314 J/(K-mol), T the algsolute temperature and 4 the pre-exponential fgctor.
The |pre-exponent value 4 is a con&‘ant depending on the chemical environment. Ih an
Arrhgnius plot, the natural logarithfd of the ageing rate (In k) is plotted against the inyerse
abso|ute temperature (1/7) and traight line is obtained as shown in Figure A.1 — illustiating
how he ageing rate depends. temperature. The condition for achieving a straight lipe is
that |t is the same ageing prdcess over the whole temperature range. The activation efergy
descfibes how much the reaction rates depend on temperature; if the ageing proceps is
indegendent of temp@ re the activation energy is zero and the line becomes parallel with
the if-axis, while if (ityincreases fast with increasing temperature the line falls quickly.] One
shou|d bear in mifd-that 4 and E, values come in pairs. In principle, E, is the slope of th¢ line
in Figure A.1,$the A-value is the value of interception with a virtual y-axis from (, the
highgr the @ the higher the location of the curve above the abscissa and the ageipg is
fastef. T)&int is that a small change in slope will influence the 4-value significantly.

NOTE] & temperature and moisture values used in the transformer life estimation always refer to thelsame
location.
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Ink 4
En
P ST, — A
R Q}/
1T o)
IEC (19\
Key %j\ :
1T inverse absolute hot-spot temperature Q/\
In k logarithm of the ageing rate %Q
Figure A.1 — Arrhenius plot for an ageng.p\rocess
Knowing the end-of-life (EOL) criterion we can rearra &e Equation (A.1) to expresp life
expeftancy, lexp» @S @ function of hot-spot temperaturg, and the parameters £, and 4:
1 1 s\\}
DPyq < W
1 H ears A2
exp = Ax24><3§ (y ) (A.2)
The feasibility of this procedure d é}lds on a valid selection of £, and 4 values. As [main
resulf of extensive research work e references [9] to [15]), the activation energy ovdr the
rang¢ from 70 °C to 160 °C wa Iculated and an 4 value was estimated for each single|case
basefd on the first order a \}19 models. The corresponding coefficients applicable t¢ the
powdr transformers, where Oil is separated from and in contact with air, are providéd in
Tablg A.1. @
Tabje A.1 - Ac%agibn energy (E,) and environment factor (4) for oxidation, hydrolysis
Pl
Q Free from air Free from air Free from air With air
Paper t& geing parameters and 0,5 % and 1,5 % and 3,5 % and 0,5|%
C, moisture moisture moisture moisture
Non{ficfefally 4 (hh 4,1x1010 1,5%1011 4,5x10"" 4,6x1(°
upgraded paper E, (kJ/mol) 128 128 128 89
Thermally upgraded 4 (b 1,6 x10* 3,0x10% 6,1x10% 3,2x104
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.



https://iecnorm.com/api/?name=5574c8a6eb427cbdb483e430fa8dbdcc

-52 - IEC 60076-7:2018 RLV © IEC 2018

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
98 °C 11,7 3,2 1,1 3,4
110 °C 3,2 0,9 0,3 1,Q
Thermally upgraded 80 °C 151,9 81 39,9
apgr at
pap 90 °C 67,8 36,1 17,8 '\Q) ‘9
98 °C 36,7 19,6 9,6 N s
110 °C 15,3 9.6 s AT 22

S
A.2 | Relative ageing rate considering oxygen and wab&ffect

In 6.8, the rate of ageing of the interturn insulation of traK\formers under the effect of|time
and femperature is referred to a hot-spot temperatuQ 98 °C and 110 °C for the|non-
thernpally and thermally upgraded paper, respect|ve urther, the relative ageing ratel V is
definpd according to Equations (2) and (3). These @u tions are based on the life expecfancy
formiila of Montsinger [25], and Dakin’s agemg@ ormula [26], which are a simplificatipn of
the fnore general Arrhenius relation given in uation (A.1), and valid only in a lifited
tempgrature range. On the other hand, fhe IEEE Loading Guide [27], recommends
Equgtion (3), which is an equivalent to the ék\%eleratlon ageing factor, FAA, for a wide range of
temperatures. Further, Equations (2) a 3) imply that the ageing rate is only dependept on
the khot-spot temperature and do n@s consider different insulation conditions, whicH are
defingd in references [9] to [15]. \O

Thergfore, if the ageing rate@@e paper insulation is given as follows:

> e

k= Axe R<(0n+273)

(A.3)

rate at a certain temperature and at an insulation condition is chosen {o be
7 k., then the ageing rate, &, determined for any temperature and insulation
condjtion(can be related to this rated rate, &, by a new relative ageing rate, V, given as|their

lx[ E, E J
V:ki:ieR n+273 0y +273 e

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 /' = 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

g over the range of the temperatures is oxygen, Table A.4. This is in line with the

agein
conclusions in [13]. Q
Table A.3 — Relative ageing rates due to hot-spot temperature, oxy%g
and moisture for non-upgraded paper insulation N
AN
Relative ageing rate, -V

Temperature " " 7 N "
Table 1 Free from air Free from air Free fRs ir With aif
°C and 0,5 % and 1,5 % an 5 % and 0,5 to
moisture moisture A ture moisture

80 0,125 0,12 0,44 C )\)1,323 0,80

86 0,25 0,25 0,91 . {(/ 2,742 1,32

92 0,5 0,50 184 O 5,548 2,16

/
98 1,0 1,00 ; 10,976 3,47
YV
104 2 1,94 \%,08 21,245 5,50
\\‘

110 4 3,67 S\\} 13,43 40,281 8,58

116 8 6,82 R (%] 24,96 74,880 13,21

122 16 1244 45,53 136,601 20,07

\‘

128 32 2%@ 81,58 244,755 30,10

134 64 \939,27 143,69 431,061 44,62

140 128 N \,{* 68,04 248,93 746,802 65,39

. . ~N\> . .
The felative ageing rates, V, for @rent ageing factors at temperature of 98 °C are indicated to be compargd to
the rpted 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, V

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 3,0§

\‘l

104 0,536 0,65 1,22 2,48 02256

110 1,00 1,00 1,88 3,81 Q)\7,02

‘k\

116 1,83 1,52 2,84 578 )" 1045

122 3,29 2,27 4,26 8,66 /\’,V 15,36

128 58 3,36 6,30 1?,@%' 22,32

A
134 10,07 4,91 9,22 _clgyra 32,07
140 17,2 7,11 13,33 ~ O21,12 45,60
o
The felative ageing rates, V, for different ageing factors at temperature S@AO °C are indicated to be comgared

to th

b rated insulation condition, i.e. where the relative ageing rate is 1(3\\

The |

Q

oss of life, L, over certain period of time is c%{@ated as given in 6.4.

QO
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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
insulation material degradation and subsequent gassing.

a)

b)

B.2

The
she

coreg), this hot-spot is located in the middle of the

ore hot-spot inside the core, should be limited to 130 °C under conditions of hrg
eicitation, rated load and maximum ambient temperature. This is in order to %\v,e
i

t|core
rit the

cpre heating which results in the break-up of the thin oil film between cor nafions,

the consequence of which is the generation of mainly H, and CHy, in addtion to
quantities of other hydrocarbons [29], [30]. It is important to understand t any pog
| gas saturation should be prevented. .,

0
Jore surface hot-spot, which is in contact with oil and solid insulatj materials, shou
limited according to Table 2. Q

@Q

\<</Q

Core hot-spot locations

[l{form or a core form transformer. In the most co Q)n core type (three-phase, three
%yoke between cooling ducts. In

core ftypes, the location of the core hot-spot is typ{xa y at the top of the middle core limb

The

a)

b)

c)

The

otal core surface temperature rise is the Sum of the following three components:

small
sible

Id be

location of the internal core hot-spot depends Iargelyé}the core type and whether if is a

-limb
bther
30].

t¢mperature rise due to the Ieakage |mp|ng|ng on the surface of the laminations qf the
outermost core step(s) — this valu %@an vary from a few kelvins to several tens of kglvins

over the adjacent oil depend|
design;

n the transformer winding, core, and tank shiglding

t¢mperature rise due to th\ ain flux in the core - this value can again vary from g few

kelvins to several tens @elvms over the adjacent oil depending on the transformer
design (diameter an@umber of cooling ducts), core induction, and core material;

—

mperature rise (@ e oil around the area of the surface hot-spot.

core

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

located at the of the middle core-limb, where the leakage flux enters the surface df the
core [amin @ Also, the relative magnitudes of the temperature rise due to the leakag¢ flux
e due to the core main flux depends wholly on the design of the transformer

versuys th

e the

temperature increase at rated Ioad (mcludlng temperature rise of adjacent 0|I) and add to it
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

eva

luated.
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Annex C
(informative)

Specification of loading beyond rated power

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).

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

a) Lpng time emergency loading

B

bssible to have an increased loading available for emergency situatio;t,
ss of life is accepted. The extent of this loading capability will_d

2 00 W\

The following need to be specified at the enquiry stage: @Q
1) the ambient temperature at which the loading is requir%)
2) the load as per unit (p.u.) of rated current; s\\
3) the winding(s) to which the loading is to be appli d;c>
4) the tap position; QQ
N\

5) the cooling stage(s) in service. N

the temperatures and currents given \N‘}\
fqllowing conditions:

e| a yearly average ambient temp&@lure (20 °C unless otherwise specified);
¢| current flowing in the highe&Oated winding is considered;

voltage on the high
load for a unity power factor load;

o| all normal cooli n service but with no standby cooling capacity.
b) Short time emer@éncy loading

=0 =

spegi
1

e ambient temperature at which the loading is required;

nce the hot-spot temperature limit in IEC 60076-2 is less than that givgﬁ'w\
ov

3

Q}/

®

Table 2
ided tha
pend on am
mperature, while preload and the duration of loading are only re&\ t to loss of life|

Iffloading according to this document is spésé» ied, then the transformer should not exceed
able 2 and Table 3, respectively, unde

o| the tap position that @‘s the rated voltage on the lower voltage side with
e(%ltage side taking account of the voltage drop caused b

it is
t the
bient

r the

rated
y the

the trans er is used at a load less than rated current, then there will be an addifional
hort tim ding capability caused by the thermal time constants of the oil and wind
as ic short time loading capability is required then the following need t

ings.
D be

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

current;
6) the duration of the loading;
7) the cooling stage(s) in service.

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

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 the

following conditions:

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

c) Loading according to a specific cycle

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

Description of Q, 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 @ and S factors are dimensionless factors described in IEC 60076-2 as: Q

N\
e (is “a dimensionless factor to estimate the increase of the average winding%gaien due

tq the local increase of additional loss.” Q’\

e Slis “a dimensionless factor to estimate the local increase of the aver@%e’ inding gradient
dhe to the variation in the oil flow stream.” %,

Accofrding these definitions, O should be calculated by modelling t nding with the cqrrect

heat|loss distribution, but with uniform oil velocity. The QO fac is then the ratio of the
maxifmnal winding to local oil gradient over the average winding @verage oil gradient.

N
On the other hand, S should be calculated by modelling thewwinding with uniform heat Iqsses
and with the correct oil velocity inside the winding. T factor is the ratio of the makimal
winding to local oil gradient over the average windin&@ verage oil gradient.

Howgver after calculating O and S in line with th@c 60076-2 definition, the hot-spot factor H
cannpt be calculated directly as the product ow and S factors, as mentioned in IEC 600 6-2,
becalise: N

— d|scs with maximal Q factor and Q@@ with maximal S factor can (and probably will) be
d[fferent discs; 3

— when modelling the windin@% correct heat loss distribution and oil flows, O gnd §
fgctors will not be indeper@p from each other as explained later.

For the above reasons, IG&% WG A2.38 [18] proposes more practical definitions of O gnd S
and [ factors, as given<pelow.

The H factor can@gcjd’erived out of Figure 6 and is:
XX
C)é H=—"t"8_ D.2)

B+D
\(</ =

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:

0 =0(r,2,¢,T)/Oave (D.3)

where
O(r, z, 9, T) is the local loss density at a location (W/m?3);

r is the radial position; Q
® is the angle in circumferential position; Q}/
z is the axial position; ,\Cb

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

Oave is the average loss of the winding at average temperature. f\ :

For dalculation purposes, one can redefine the Q factor for a disc w@ing in which each disc
has geveral conductors in radial direction and consists of numer@ discs in axial diregtion,

O = Olconductor _number _in _ disc, disk é»ber, ?,T)/Oave D.4)

The P factor is a scalar function and is based o % steady state condition of a defined
loadipg at a defined tap position (if applicable). §

It is Important to note that the Q factor in .@g’definition is not a ratio of temperatures put a

ratio [of losses. $
.\@
Finally the S factor used in this dOCl61 nt is defined as:
b\
\c\}‘
C)\ S _ D.5)
‘ 0

whicl can be easily@%ulated as soon as H and Q are known.
This [S factor i %indication of the local cooling inefficiency. Higher S factor means hjgher
local|tempe re gradient thus worse cooling efficiency.

Accor@g to the current IEC 60076-2 calculation this S factor should be calculated a$ the

ratio "offocat—tot=spot—gradientoverwinding—gradient—withrconstantreattosses—With  this
definition the S factor is proportional to the ratio of two thermal resistances, resulting in:

SOCS(V’Z"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.

Remark 1 _We should note that the size of one (paper insulated) conductor is the smallest
element in which one calculates the losses. Inside each element there exists the\ sgame
tempgrature, so thermal resistances inside the element are neglected. In the ea one
calcylates the Q factor based on a number of conductors in one (or sometimes n 4) top
discq, one increases in essence the element size to a large extent and onxcbeglect; the

tempgrature distribution between conductors in the disc (and even betw

iscs), which

results in a too low estimate of the hot-spot. The approach of using ong-dr more dis¢s as
smallest element results in a too low estimate of the hot-spot tempe(gj re and should be

rejecfed.
S

Remark 2 In the case of a high Q factor in a transformer, o @ able to limit the hot}tspot
factof by creating locally more cooling surface and so design for a low § factor at| that
locat|on. This principle is easy to do by adding an axial cogh channel inside a radial spacer

disc pr by adding a radial spacer inside a winding with axi

ooling channels. The locatipn of

the hot-spot does not necessarily have to correspoﬁ with the location of the maxijmum

lossds. Q

N
<
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Annex E
(informative)

Calculation of winding and oil time constant

The winding time constant is as follows:

(E.1)

Al);

(E.3)

[31].

(E.4)

T _ My X Cw xXg
W e0xR,
wherp
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 for
P, is the winding loss in W at the load considered.
Another form of Equation (E.1) is
Tw =2,75><#2 for *Cu
(1+P)xs
Tw =1,15x——5— for Al

NP )x s
wherp
Py is the relative winding eddy loss'in p.u.;
s is the current density in A/mm? at the load considered.
The {op-oil time constant is(calculated according to the principles in references [27] and
It mejans that the thermal capacity C for the ONAN, ONAF, OF and OD cooling modes is:

¢=0,132xmp +0,0882 x my + 0,400 x mg
C = Cyw Xmyy +CFg XM +Cc1 Xm1 + ko X co Xmop

wherp

HEp — o tHEeHHASS O Core G CoHaSSEHPDyHHHO GRSy

My
mrg
mr

mo

Cw

CFE
‘T
o

is the mass of coil assembly in kg;
is the mass of core in kg;

is the mass of the tank and fittings in kg (only those portions that are in contact
heated oil-shal should be used, i.e. 2/3 of tank weight should be considered);

is the mass of oil in kg;

with

is the specific heat capacity of the winding material (390 for Cu and 890 for Al) in

Ws/kgK;

is the specific heat capacity of the core (= 468) in Ws/kgK;

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

C =0,132x(mp +m7)+0,580 x mq,

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

NOTE Itis apparent that all the oilin a transformer is not heated to the same temperature as the top- 0|I The ratio
of ave C C If the
corre pondlng temperature rises are not known then an average value of these flgures i.e. 80 %, is used as fhe oil
corredtion factor for ONAN and ONAF cooling modes. For the forced-oil cooling modes, either OF or '©[), and
distribjution transformer without external radiators the correction factor is 100 %.

The fop-oil time constant at the load considered is given by the following:
C x Abypy, x 60

T, = b

_ Co x A,
o= 0% p (E-5)

wherp
(A is the-average top-oil time constant in min;
A6,

bl 1S the—average top-oil temperature rise above ambient temperature in K at the(load

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

Thermal model parameters

F.1 General

As defined in 8.2.3, the first gradient A6, (Equations (7) and (13) with thermal constants k5,
and ky,) represents the fundamental hot spot temperature rise, before the effect of changing

oil flgw— ) and
(14) with parameters kyq = 1 and ky,) represents the varying rate of 0|I flow past the hat-spot,
a phénomenon which changes much more slowly. The combined effect of these t s is

to agcount for the fact that a sudden rise in load current may cause thefwise
unexpectedly high peak in the hot-spot temperature rise, very soon after A@udden load
chanpe. Similarly, thermal constant k44 in Equations (5) and (11) acts as a'%rrectlon factor
for the top-oil time constant, taking into account the fact that the t|me\o nstant is eing
affecfed in a length of the time by the viscosity change. @
QY

The procedure to estimate these thermal constants from a prolon@ heat-run test durinp the

“no-lpad loss + load loss” period is defined in Clause F.2 Tt@ rmal constant estimjation

procg¢dure from service data is defined in [18]. N\
S\

The model in this document represents the traditional \Qyoof modelling based on many years
of experience [21], [31], [33]-[39], and it has b verified under different operafional
cond|tions [18], [21], providing satisfactory hot-spo¥temperature estimates. Being basgd on
consfant parameters the model provides e@ential response for predefined thgrmal
procgsses, and as such its further development in this form could be limited. However, dlue to
extreme simplicity in application in the s@%t/ life of an engineer, it is still considered
appropriate. $\'
2
On the other hand, it is possible t ‘Qrovrde complete analytical solution for these physical
procg¢sses considering all system |ables (oil viscosity, loss change with temperature, ptc.),
as id partly illustrated in Claﬁe F.3. This approach would demand a certain change in
modelling practice, for exan‘@}g viation from traditional x and y exponents.

F.2 | Thermal con@t estimation: experimental approach

The thermal co t k14 should be estimated for the transient top-oil rise temperature ¢urve
obtaiped duri e test period with total losses as follows (see [32]).

1) Qefin ction f4(7), which describes the relative increase of the top-oil temperaturg rise
ac ing to the unit of the steady-state value:

f:l(t):(']_e(_t)/(kﬂx'fo)) (F.1)

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

M6, — My,

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 between 11 and Mfy;:
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S N
m|n|m|ze:Z:jﬂ[f”(z)—MfU]2 (F.3)
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);
Mf1j is the measured relative increase of the top-oil temperature rise as per unit of the
steady stafe value; Q
j is the index for each time step over the test period with the total losses. Q},
The initial value for the k44 constant is taken from Table 4. \Cb
O
The pil time constant value to be set in the function f;(¢) at the load conisidered is given in
Anngx E. /\@
Simil

and f,, for the hot-spot to top-oil thermal gradient are als
tempgrature rise test with supplied total losses [32]. In gen

due

supp
Alter

whiclh would be run from the cold start until the co

be o
be eq

1) D
g

2) o

—

fhe steady state valéfgr the complete test period:

r to the top-oil thermal constant, k44, estimation procedur@%e thermal constantp k,4
ined from the part of the

7 this approach is accepfable
o fact that the shape of the thermal curve, A6,(7), g{ 14, is not affected by the|total
ied loss level [22], compared to when the unit i pplied with only rated load |loss.
natively, a technically correct procedure wouI@mand additional temperature {ests,
% onding steady state conditions Would

pbserved at the rated current. The procedure\}p cifies that the transformer winding|is to
uipped with fibre optic sensors.

Q)
efine function f5(¢), which describeQ&e relative increase of the hot-spot-to-t¢p-oil
radient according to the unit of the s@ady-state value:

K\
Folt) = koq x (1 — sj‘(j\'@(kZZXTW))_ (koq —1)x (1 _ (zo /k22)) (F.4)

ptain measured relat|v€)}crease of the hot-spot to top-oil gradient, Mfzj, as per upit of

S i, -

o~

M6, — M6,

e (F.5)

3) perform linear regression by using guess-error approach (alternatively curve fitting or
optimization software could be used) to find the constant to minimize the sum of sqyares
of\ ences between f2j and Mfy;

minimize : N: [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;

fzj 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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is the index for each step over the test period with total losses introduce the following
constraint: maximum ofle- is equal to maximum of Mfy;.

J
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
Figu e F.7 Sshows € Tinal overa ot-spot an Op-0l ermal model. as e 10 cwing
featul:es: K
e itluses the “current source” concept as the copper loss and core loss heat souIBeE;
e itluses the “voltage source” concept as the ambient air heat source (or(ﬁw , and ap the
“@ambient” oil heat source (or sink); ,\ A
e the nonlinearities are included in an easily understood way; ,\@'
e it|lis not a complicated equivalent circuit; QQ
e itlhas been verified physically, as discussed in several pape@@Z], [40]-[44].
Rth— s—oQ
ehs
Gwdn Cih-wdn < @ il
WS
N
e
xO
’\\C\}\
C) Rin-oil-air
. qtot 0.
. oil
— /1
@ te CD q CD Cih-oil C_L Oamb

\Q/ IEC
Key
9wdn heat generated by winding losses Cih-wdn thermal capacitance of the winding
Ors hot-spot temperature Ry hs-oil NONlinear winding to oil thermal resistance
0, top-oil temperature Giot heat generated by total losses
9te heat generated by no-load losses q, heat generated by load losses
Cinon  €quivalent thermal capacitance of the Ry oil-air  MON-linear oil to air thermal resistance

transformer oil

0mb ambient temperature

Figure F.1 — Hot-spot and top-oil overall model
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Annex G
(informative)

Oil and winding exponents

G.1 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

subs

s—fyrther

elabqrated in Clause G.2. However, these exponents are transformer specific a@ any

suggpsted values should be used only in absence of transformer-specific values.
it hag been found that the recommended winding exponent of 1,6 is quite conser
[23],][24] and [45]), and this has been accounted for in this document. Thi§
inclugled in this edition as given in Table 4.

specific transformer design. Q
@Q
G.2 | Historical background Q/C)

N\

contgct of a gas is proportional to the excess of tem

Clauses G.2 and G.3 provide methods used to define the winding,\&)'d oil exponents for

It wap reported by Dulong and Petit in 1817 that the vilo@ty of the cooling due solely tp the

“Naddjition,
tive|(see
nge i$ still

ture in degrees centigrade raisgd to

the plower 1,233 [33]. Based on this, Swift [22] com{@ d: “It is fascinating that the recipfrocal
of 1.p23 is approximately 0.8, a value of x cor@only used to this day, for natural cdoling

cond|tions!”.

\QQ)

In 1881, Lorenz derived for convectiowﬁ" heat from vertical plane surface the follgwing

relatipn [33]: - @
Q\

S g
{ 548 x 4/% x 0%5 x AGL25
¢ '

P is the loss dissi@ per cm?2,

c is the specigc@éat of gas at constant pressure,

=
>
]
=
4%

.

G.1)

ky, |is the g rmal conductivity,
y is the viscosity,

O0n |is tG:g gas average temperature,
p isthe gas average density

g is the gravitational constant,

L is the height of plane, and

AO is 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 = C' x A§*?

(G.2)

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

dissipated by convection, was almost the same:
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P = Ct x AGV45 (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:
Ag — L o p1/125 _ rte y p08 G.4)
Cte T .

3

It wap found that Equation (G.4) holds for top-oil rise and for horizontal disc coils@(fcr the

verti¢al/layer winding design the corresponding temperature rise over top-oil vaies

betiveen

0,9 and the first power of the loss. Now the corresponding temperature rises@ ny load can

be folund from the following mathematical expression: /\

1) p-oil temperature rise: @,

us]

AB,, = Cf% x B>® \(</C)

then Equation (G.4) is divided by Equation (G.5) the ((s)mowing ratio is obtained:

20, _ cte %QQ
e §Er'

Aoy CEC
QO
Also, if for given design and operating tempegrature range the following is defined:

b

.\@\%‘61 = €

=

—

Hen Equation (G.6) becomes:
xO

C}\o A8, = AB,, X (Pir)o’8

sed on Equation (G.4), the temperature rise at rated load is e@ssed as follows:

G.5)

G.6)

G.7)

G.8)

It] is also known @t’ P represents the total losses when considering the top-oil
tgmperature rise()@ich are equal to the sum of the load loss, P;, and no-load loss, Pg:

@ P=P +Ps G.9)
Furthéﬁle loss ratio is defined as:
\<</ gt (45.10)
Pfer
and the following correlations are valid:
Prer = Ppe (G.11)
k=2t (G.12)
Py
the final equation for temperature rise is:
0,8
86, = (M) x 6,y (G.13)
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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+RxK2\*

) x 86, (G.14)

86, = (

The hot-spot to top-oil temperature rise

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
derived:

DOy = DOpe_yy X K16 Qﬁ 5.15)
Algain, this is the same as the general form suggested in the loading gmq%&)vhere “1,6”
r¢fers to the winding exponent “y”, giving the final equation for t nal hottspot
tgmperature rise over top-oil temperature at any load as follows: /\
%/
DBy = DOpg_or X KY Q’\ (G.16)
@Q
G.3 | Theoretical approach Q
<</

Based on heat transfer theory, the natural convection 0| ow around vertical, inclined and

horizpntal plates and cylinders the temperature nse§ the average winding to average oil
gradient can be obtained from the following empiric r

wher

RN ™ < D >

A6

wherp O
Ny, &, P(% Nusselt, Grashof and Prandtl numbers, respectively,
C angl are empirical constants affected by oil flow,

elation (see references [46] to [p0]):

\\
N, =C \}XP] (6.17)
S
: &

3

\J:\O N, =24 (G.18)
Ol
. P. ”X;XC (G.19)
S

O G, = xaoxentt (6.20)

is the heat transfer coefficient,

is the dimension of the heated surface in the direction of flow,
is the thermal conductivity,

is the oil density,

is the oil kinematic viscosity,

is the coefficient of thermal cubic expansion,

is the gravitational constant, and

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 pxvxc _ BxAOxgxi3 1"
T_C><[ 2 . ] (G.21)
If the temperature gradient is given as the heat loss to heat coefficient ratio:
A6 =§ (G.22)

and if Equation (G.21) is solved for heat transfer coefficient and substituted in Equation
(G.22), the following is obtained:
AB = L A 5.23)

CxA, [pxvxe Bxa0xgx13 1" \/
T vZ Q

N
Also,| as for the range of the operating temperatures the physical propep@ of the pil in
Equation (G.23) can be considered constant the following is valid: /\

O
Ag = C, x P/ QQ (G.24)
©

wher

V/
<<\O

1

¢, =

— g] (G.25)
Equgtion (G.24) is identical to Equation (G.4) éQ} y following the same procedure as given
abovg, it is possible to arrive at Equations ‘Q\@) and (G.16) by defining correlation:

[Cxl" Ixpxcex

¥ ae (6.26)
xO

C}\CB’*‘ L (=) (§.27)
Apart of the oil physica,%gar’ameters the accuracy of the equation depends also on accurfately
detefmined C and ;0 pirical constants. This can be done according to the follqwing
procgdure: @)
1) Qbtain the -spot/average winding and oil temperatures from the extended temperpture

rise tes

2) dalc average winding to average oil gradient.
3) ate mean boundary layer temperature between the heating surface and coolant

9,, = 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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The 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 n 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].

A )
Y —~ Q)’
g\
. = P(28I)+Pe oy
C c
[0 o (0]
Plr(Ir)+Pfe 3 GE) g /\LQJQE
< 3 <~ 3 Q;’ 2
-1 S N~ 8 Overtload s
g P07I)+Pre o £ n =
g S 3
) S C)Q) S
Regular heat run ® §<, »
o Under-load q_‘ﬁ\/ 8
€ run =
< a
L N
X
S
@s\ 1EQ
&
Key N
x-axi[ losses in kW Q\Q)
y-axis time in h \O
Figure\\@\}’f — Extended temperature rise test
The ¢xtended test cons@’ of the three successive thermal runs:
1) Hegular heat ru :O
This part o test is the regular temperature rise test, i.e. the transformegr is
short-circui and supplied with total losses. Once the oil temperature is stabilizeq and
cprrespafiding oil temperature rises recorded, the test immediately continues with the
ra ted&es supplied for 1 h. This is followed with the transformer shut down in order to
ne the warm resistance and to estimate the corresponding average winding to
aléage oil gradient.

2)

3)

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

propnrfinnnl tothe averaage windina rise ogver averaae oil temperature
~J ~J ~J Ll

At AL,
[ayrrvgayeryy

The 3
using

3

a) oil exponent b) winding exponer
& & Q)
N
®
,'n-fPI (1r251r) + Pfe] 2-k.;ﬂ (1r251r)
‘l..l‘I @ a@
.'P [Plr (Ir) + Pfe] o0 QQ Plr ([r)
’P"fﬂ (0,71,) + Pge] g@al (0,71,)
. OK |
[(1 + RH2)/(1 + R)] QQ K
IEQ

N

Figure G.2 - Transform@%xponent estimation plots

tlopes should be determined by tﬁ@élopes of the lines that best fit the data points pl
the least-square method. o)
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Annex H
(informative)

Practical example of the exponential equations method

H.1 Introduction 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

time period—the-load-curront-waskept-constant—thatis—thelosseschanged-due-to-resistance

chanpe 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

0to 190 1,0

190 to 365 0,6

365 to 500 1.5

| 500 to-740 705 0,3
| 740 —735 705 to 730 2,1
| 735750 730 to 745 0,0

The fwo main windings were equipped with eight fibre optic sensors each. The hottest|spot

was found in the innermost main winding (%18 kV). In this example the variation of the hgttest
| spot [temperature during time period 0 min to-750 745 min will be defined according tp the

calcylation method described in 8.2.2.:Accomparison with the measured curve will be made.

The ¢haracteristic data of the transformer, necessary for the calculation, are:

6, 9425,6 °C

Ab,4 =38,3K

R =1 000 (because the test was made by the “short-circuit method”)

H=14 (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, thatlis,
7 min, will be used in the calculation)

15 = 162 min to170 min (depending on the loading case. The value in Table 4, that is, 150, will be

used in the calculation)

The winding is zigzag-cooled with a spacer separation > 3 mm.
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H.2 Time period 0 min to 190 min

0,8
210
Onlt =25,6+12,7+J38.3JM1 —127l><.f1(t)+00+{14><145><101’3 _oo} Fo (1)

|_ T+1 000 J

f1()E (1 _ o(-1)(0,5x150) )

Fa(020xf1-V20D) (20 10)x 1 ol1)1(150/20)|

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

Aby=12,7 K (This test was started at @820 in the morning. The preceding even
an overloading test at 1(&9 p.u. had been finished at 22:00)

K=1,0

A6,{=0,0K

Equgtions (10), (12), (13), (14) and’ (17) yield the hot-spot variation as a function of

hence from Equation (10):

1+1 000

From Equatien (13):

A} =00+ 20 14x 145103 _golly [(/207))

0,8
2 ’
Oo(t) = 25,6 +12,7 + 38,3{1+1 000 <10 } 127 b1 V05150

time,

n ' tv b ]

From Equation (14):
() =00 +{20-10)x 14 x 145 x 103 — 0,0} [1 - el 1)/1150/20)
From Equation (12):
AGh(£) = Al (1)~ A6 (1)

From Equation (17):
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On (1) = 0o (1) + A0 (¢)

Time period 190 min to 365 min

2018

1+1 000 x 0,62 }0'8 J {1+1 000 x 0,62 ]0'81

36,2 -383x

f3(t)

=25.6+38.3>{ x fa(t)+ 14145 %

1+1000 _I t L 1+1 000 JJ

_ e(—t)/(0,5><150)

The i

AGy;
K =(
Abhiq

Abhip

nitial data for the time period 190 min to 365 min are as\éHows:

- 36,2 K
,6

=40,6 K
=18,7K

(calculated in H.2)

(calculated in H.2)
(calculated in H.2)

Equations (11), (15), (16) and (17) yieldSthe hot-spot variation as a function of time, hlence

from

From

From

Equation (11):

1+1 000+ 0,62

2
o (1) = 25,6 + 38,3 1+1000x0,67
154 000

08
+436,2 - 38,3 x
1+1 000

08
} « o(~1)/(0,5x150

Equation (15)!

Abh(t) = 20x14x145x 06" + 40,6 - 2,0x 14 x14,5x 0,63 |x o 1)/(207)

Egyation (16):

Abha(0) = (20-10)x 14 x 14,5 0,6"3 + /18,6 (20— 10)x 14 x 14,5 x 0,63 | ¢{1)/(05:150)

From Equation (17):
6n(t) = 66(c)+ A6k (1)

H.4 Time period 365 min to 500 min

AQ, = 18,84 K (calculated-in-B-3)
19:_1,%
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The initial data for the time period 365 min to 500 min are as follows:

Afy=18,8 K (calculated in H.3)
=11,5

Abpyl =20,9K (calculated in H.3)

Abhp = 11,25 K (calculated in H.3)
The galculation is identical to the one in H.2, when the following repl
Equgtion (10): S

@Q
12,7 replaced by 18,8 C)
1,0 r¢placed by 1,5 \Q/
S
In Equation (13): Q<<
0,0 rg¢placed by 20,9 \Q
O
1,0 r¢placed by 1,5 b\
7
)
In Equation (14): N ®$
Q\
0,0 r¢placed by 11,25 o
1,0 rgplaced by 1,5 \j;\'
\0

H.5 | Time period 500 to—7—1—0 705 min
A+ 641K C@e@a&ed-m-%

q&%ents are ma

de in

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

A6, = 63,6 K (calculated in H.4)
K=0,3
A6y = 68,2 K (calculated in H.4)

Abhip = 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
1,0r

replaced by 68,2

placed by 1.5

In Eq
18,6
1,0r

H.6

AG, -

N\
uation (16): Q‘
replaced by 30,3

Q
bplaced by 1,5 /\(1/
%/
Time period-740 705 min to-735 730 min Q/\
. @Q

O
nitial data for the time periaqﬁ‘% min to 730 min are as follows:

The i
N\

AG, =94 K (calq@ed in H.5)

Aby1 =8,5K QQalculated in H.5)

A6, = 6,0 K @ (calculated in H.5)
The galcul is identical to the one in H.4, when the following replacements are mafe in
Equdtion :

18,8 c},.accd by-9-4

1,5 replaced by 2,1

In Equation (13):

20,9

replaced by 8,5

1,5 replaced by 2,1

In Equation (14):
11,25 replaced by 6,0
1,5 replaced by 2,1
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H.7 Time period-735 730 min to-750 745 min
A, =4136 K (calculated-in-B-6)

Sl

AG =T K (caleulated-in-B-6)

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

AG,[F 423K
K =[0,0
Abpl = 90,0 K

Abhb = 19,4 K

(calculated in H.B)

(calculated in H.6)
(calculated in H.6)

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

H.8 | Comparison with measured values

The

calculated and measured hot-spot temperature curves\dre shown in Figure H.1.

The

corrgsponding curves for the top-oil temperature are shown in Figure H.2. The numgrical

valugs at the end of each load step are shown in Table #.2.

180

A

160

140
ﬂ
=" !
120 —— !

A IS S N |
| |

- L
/!
#

60 1

40 S ————y

20

0 T T T T T T T T T T T T
0 60 120

180 240 300 360 420 480 540 600 660 720 780 840 900 960

Key

x-axis time ¢ in minutes —— Measured values

y-axis temperature 6, in °C ---- Calculated values

Figure H.1 — Hot-spot temperature response to step changes in the load current

IEC
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160

140

120

100

80

60 E——. / AN K

40 .-

20

0 T T T T T T T T T T T T T

0 60 120

Key

x-axi[ time ¢ in minutes Measured values
y-axi

Calculated values

temperature 6, in °C

Table H.2 — Temperatures at.the end of each load step

180 240 300 360 420 480 540 600 660 720780 840 900 960

Figure H.2 — Top-oil temperature response to‘step changes in the load current

IEC

Time (min) / load factor Top-oil'temperature Hot-spot temperature
°C °C
Calculated Measured Calculated Measured
190/1,0 81,8 61,9 58,8 83,8 82,2
365/0,6 44 .4 47,8 54,9 54,0 58,6
500/1,5 89,7 89,2 80,8 427,5127,0 119,2
716705/0,3 35;3 35,0 46,8 39,5 37,54 49,8
735730/24 6750 67,9 65,8 438,2 138,6 140,7
750 745%-0,0 59,5 60,3 68,2 59,5 75,3 82,4
NOTE BoldMalues indicate load increase.
The Eatettationrmethod—in—this—documentis—intended—to—yietd—retevant—values;—especially at

load increase (noted by bold entries in Table H.2).
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Annex |
(informative)
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L(n) = L(n-1) + PLin) N
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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 temperature
and loss-of-life information. The steps in the solution are as follows:

1) eptablish the transformer parameters;
2) eftablish the input data;

3) chplculate the initial conditions;

4) splve the differential equations;

5) tabulate the output data;

6) p

The details are as follows.

1-E

The
at an

Ab

or

Aehr

The i

ot the output data.

stablish the transformer parameters

parameters used are chosen in such a way that the/rated hot-spot temperature is 11

ambient temperature of 30 °C. Other parameters\are typical.
= 45 K 7o = 150 min R=8 =13 koqy =2
= 35 K TW:7min X:0,8 k11:0,5 k22:2

stablish the input data

nput data for this example@re listed in Table 1.1 and plotted in Figure 1.1.

0°C
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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 TS TS5 79,5 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 14:42 279 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 15:00Q 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
35 105 15:45 23,8 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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Key
Load

Ambignt temperature in °C (lower curve, right axis)

Time

Amb
time

an agcurate solution. Because r,, = 7 min incthis case, the time step Dr = 3 min.
3 — Qalculate the initial conditions

Althdugh the system may not strictly be in the steady state at the start of a calculation p4

this i

The initial conditions, then, are calculated by setting the time derivatives equal to zero in
of Edquations (5), (7) and*(8), resulting in the following values.

From Equatigny(5), the initial value of g, is ) =

Fro

-84 — IEC 60076-7:2018 RLV © |IEC
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2,0 50

1,5 |
1 a0

1,0 |
~— 1 30

05 |
0 A A 20
14:00 14:30 15:00 15:30 1600
IEC

factor (upper curve, left axis)

f day (y-axis)

Figure 1.1 — Plotted input datd for the example

ilent temperatures and load factors are available at 3 min intervals. This is a maxi
step since it should be less than half the smallest time constant, z,, in the equation

5 usually the best one canvassume, and it has little effect on the result.

1+ K2R
1+R

X
} x Afqr +0, = 63,9 °C.

mum
5, for

riod,

each

$lo H

= I L7\ ol 1 £ A0 H A 7 =X A L2 2 L
Lyuauuri \l ,, ure mmmudr vailuc Ul M(/h1 S L\Uh'](o) —K21 FAN xL\Uhr = JJ, 4 T\,

From Equation (8), the initial value of A6, is A6y = (kgq —1)x K” x A6, = 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

At n

=0,t=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:

0,8
2 ’
Dby4) = 3 1+0,87% x8 ><45—[63,9—29,9] = 0,121 and
0,5x150 1+ 8

Oo(1)| = Oo(0) + Dbo(1) = 63,9 + 0,121 = 64,0
Similgrly, from Equation (20), the hot-spot temperature rise first term-changes as follows:
DAG11y = 3 (2,0><35><0,871’3 —53,2) = 1,12 and

20x7
Abh{(1) = Abh1(0) + DAGh1(1) = 53,2+ 1,12 =543
Similgrly, from Equation (21), the hot-spot temperature rise second term changes as follo
DGy = ((20-1)x35x 0879~ 266) = 0,104 and

Ho(1) = (20-1)x35x0, , , an
(1/2,0)x150

A6h2 1) = A6’h2(0) +DA9h2(1) = 26,6 + 0,104 = 26,7

Then[the total hot-spot temperature rise, from Equation (22) is

ABh

and

h(1

1) = ABh1(1) = &0h2(1) = 54,3 — 26,7 = 27,6

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

=90(1) +A9h(1) =64,0 + 27,6 = 91,6

WS:

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

DL( 1

15000 15000
e110+273 9h(1)+273 x3 = 0742 min

)=V(1)><Dt=

(Loss of life under rated conditions would have been 3 min.)

The total loss of life to this point is:
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Lay = Loy + DLy, = 0 + 0,42 min, or 0,000 29 days.

At n = 2, t = 6 min, the entire calculation is repeated, with all subscripts incremented by 1, that
is, each variable X4y becomes X5). At n = 3, 7 = 9 min, each variable X,) becomes X3, and
so on. Continue un%il n=40,t= 1(22) min.

5 — Tabulate the output data

The results of the calculation are shown in Table 1.2 and Figure 1.2.

Table 1.2 — Output data for the example
Step Time Time of day Hot-spot Loss of life Loss of lifg
t temperature 6, L L

min h:min °C min days
0 0 14:00 90,5 0 0
1 3 14:03 91,6 0 0,00
2 6 14:06 92,7 1 0,00
3 9 14:09 93,2 1 0,00
4 12 14:12 94,3 2 0,00
5 15 14:15 95,6 3 0,00
6 18 14:18 97,2 3 0,00
7 21 14:21 98,6 4 0,00
8 24 14:24 100,0 5 0,00
9 27 14:27 101,6 7 0,00
10 30 14:30 118,6 14 0,01
11 33 14:33 132,1 39 0,03
12 36 14:36 143,5 109 0,08
13 39 14:39 152,4 258 0,18
14 42 14:42 158,8 508 0,35
15 45 14:45 163,6 875 0,61
16 48 14:48 168,2 1402 0,97
17 51 14:51 171,5 2 076 1,44
18 54 14:54 173,6 2 871 1,99
19 57 14:57 175,7 3796 2,64
20 60 15:00 176,1 4 754 3,30
21 63 15:03 175.6 5 675 3.94
22 66 15:06 173,8 6 480 4,50
23 69 15:09 171,5 7 156 4,97
24 72 15:12 167,8 7 667 5,32
25 75 15:15 164,3 8 055 5,59
26 78 15:18 160,1 8 335 5,79
27 81 15:21 156,0 8 534 5,93
28 84 15:24 151,1 8 668 6,02
29 87 15:27 146,8 8761 6,08
30 90 15:30 136,9 8 800 6,11
31 93 15:33 129,1 8 819 6,12
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Step Time Time of day Hot-spot Loss of life Loss of life
t temperature 6, L L
min h:min °C min days
32 96 15:36 122,8 8 830 6,13
33 99 15:39 117,5 8 836 6,14
34 102 15:42 113,1 8 840 6,14
35 105 15:45 110,0 8 843 6,14
36 108 15:48 106,6 8 846 6,14
37 111 15:51 104,5 8 847 6,14
38 114 15:54 102,6 8 849 6,14
39 117 15:57 100,4 8 850 6,15
40 120 16:00 99,3 8 851 6,15
6 — Rlot the output data
200 20
150 15
100
50 L 5
0 | | | 0
14:00 1430 15:00 15:30 16:00
IEC

Key

Hot-sp

Loss

Time

Since the elapsed time of the plot is 2 h or 0,083 3 days, and the loss of life is 6,15 days, the
relative loss of life during this overload is 6,15/0,0833 = 74 times normal. This is not serious if
there are otherwise long periods of time (usually the case) at relatively low hot-spot

f day (y*axis)

ot temperatunenin °C (upper curve, left axis)

qf life in days (lower curve, right axis)

Figure 1.2 — Plotted output data for the example

temperatures.

1.3

If top-oil temperature is available as a measured quantity, for example as a 4 mA to 20 mA
signal to the monitoring device, then the calculations become more accurate. Hot-spot
temperature rise is calculated from difference Equations (20), (21) and (22) and added
directly to the measured top-oil temperature data, at each time step. See the dashed line path

Use of measured top-oil temperature

in Figure 12.
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Annex J
(informative)

Flowchart, based on the example in Annex H

START

INPUT DATA

Cooling method: ONAF
The ambient temperature: 6, = 25,6 °C
The top-oil temperature rise at the rated current: Ag, = 38,3 K
Ratio of load losses at rated current to no-load losses: R = 1 000
The hot-spot factor: H=1,4
The winding-to-oil temperature difference: g = 14,5 K
The winding time constant: ¢z, = 7 min
The average oil time constant: z,= 150 min
The oil temperature exponent: x = 0,8
The winding temperature exponent: »y<4,3
Thermal constants: k,, = 0,5; k,, = 2,00\k,, = 2,0
The number of intervals in load&ycle: N = 6
Load factor for each.interval:
K(1)=1,0; 1(1) = ( ~0.=190) min
K(2) = 0,6; 1(2) = (190 — 365) min
K(3) =1,5; 1(3)-=(365 — 500) min
K(4) = 0,3; 4) = (500 — 705) min
K(5) = 2,0 1(5) = (705 — 730) min
K(6) =70,0; 1(6) = (730 — 745) min
Duration of each interval:
D(1) = 190 min
D(2) = 175 min
D(3) = 135 min
D(4) = 205 min
D(5) = 25 min
D(6) = 15 min
Spacer thickness > 3 mm

C = 1 (interval counter settings)

K =K(1) D =D(1)
P=0 t=0
(Initial data)
AG, =12,7 K AG,,=0,0K

A6, =0,0 K
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Is the loading

increasing No
functV
Yes
Y |
Calculation: Calculati
6,(1) 0,(?)
Hh(t) Hh(t)
Y Y
t=t+1 t=t+
No No
t>D t>D
Yes Yes
\
<D+ P

(Print'results)
6.(1), 6,(1)
(Initial data)
A, = 0,(1) - 0,
Abhi—=—bn—E )
Aby = A6, (1)
= A6, ,(1)

A9hi2

Y
C=C+1
K= K(C)
D= D(C)

C—1
P=>"D(j
=]

=0

No
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Annex K
(informative)

Example of calculating and presenting overload data

Annex K contains an example of how to calculate and present the overload data with the
equations presented in this document.

Table K.1 gives, as an example, some characteristics that might be used.

Table K.1 — Example characteristics related to the loadability of transformers
Distribution Large and medium power transformgrs
Small
Characteristic transformers
ONAN ONAN ONAF OF oD
Oil exponent X 0,8 0,8 0,8 1,0 1]0
Wind|ng exponent y 1,6 1,3 1,3 1,3 210
Loss Jratio R 5 6 6 6 ¢
Hot-gpot factor H 1,1 1,3 1,3 1,3 113
Oil time constant 7y 180 210 150 90 90
Wind|ng time constant Ty 4 10 7 7 T
Ambipnt temperature 0, 20 20 20 20 20
Hot-gpot temperature 0y 98 98 98 98 98
Ia-lto::té)gtctsr:ggt-on (in tank) gradient A6, 23 26 26 292 20
Avergge oil temperature rise @ AO o 44 43 43 46
Top-gil (in tank) temperature rise AD 55 52 52 56 ::E
Bottom oil temperature rise @ Ay, 33 34 34 36 43
ky s 1,0 0,5 0,5 1,0 1{0
kyy 1,0 2,0 2,0 1,3 110
kyy 2,0 2,0 2,0 1,0 1{0
a8 Ayerage oil temperature\rise and bottom oil temperature rise are given for information only.
With|a spreadsheet programme, a 24 h period is created, with the time-scale in minutes.
Equdtions (10) to (17) are used to calculate for each minute the hot-spot temperature|as a
functjon of the load. The initial conditions for Af,; and A6y, Ab;» can be determined-with+#{#
= 0 Ay =0-and fo{£)-=1; With £ — .

When the hot-spot temperature is known, the relative ageing can be calculated with
Equation (2). With Equation (4) the loss of life, expressed in “normal” days, can be calculated
by dividing the sum of the relative ageing of each minute by 1440.

For example, consider a case with a pre-load (X4) of 0,8, then an overload K, = 1,4 during
30 min and return to K4, = 0,8 for the time remaining (1410 min). The transformer is OF
cooled; therefore, the example characteristics of Table H.1 (OF) are used.
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The initial values, after a steady state pre-load are:
K;=0,8

AbOy; = 38,7 K

Af, =165 K

Abpi1 = 21,4 K

Abpiq = 4,95 K

The values after t = 30 min from start:

K2 = 1,4

F=30)=0;28+,(+=30)=1520

0o(t 5 30) =76,7 °C

On(t 3 30) = 114,2 °CAequation{(5)0f 822}
The Yalues after t = 31 min from start:

K, =10,8

fatt=H—=0;99

Oo(t51)=76,5°C

Op(t31)=111°C

gh%t—: = 5 °

The Yalues after t = 1440 min from start:

K, =10,8

Faf=1440)=16E—07

0o(t 5 1410) = 58,7 °C

On(t 3 1410) = 75,2 °CHequation{6)¢f-8-2-2)
This fesults in a loss of life of Q{14 days and a maximum hot-spot temperature rise of 94 |
The parameters used in the. described method can be varied to obtain a table with the lg

life as a function of K~and K,. When the overload time is changed, a complete set of t
can he obtained.

As ap examplelone table with an overload time of 30 min is presented in Table K.2.

ss of
hbles
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Table K.2 — An example table with the permissible duties and corresponding
daily loss of life (in “normal” days), and maximum hot-spot
temperature rise during the load cycle

— 92 —

IEC 60076-7:2018 RLV © IEC 2018

K, 0,25 0,5 0,7 0,8 0,9 1,0 1,1 1,2 1,3 1,4 1,5
2
0,7 | 0,001 0,004 0,02
33 38 45
0,8 | 0,001 0,004 0,02 0,07
38 43 51 55
0,9 | 0,001 0,004 0,03 0,07 0,25
43 49 56 61 66
1,0 || 0,001 0,004 0,03 0,08 0,26 1,00
49 55 62 67 72 78
1,1 || 0,001 0,01 0,03 0,08 0,27 1,04 4,48
56 61 68 73 78 84 91
1,2 || 0,002 0,01 0,03 0,09 0,29 1,09 4,66 22,6
62 68 75 80 85 91 98 105
1,3 || 0,004 0,01 0,04 0,11 0,33 1,19 4,94 23,6 128,9
69 75 82 87 92 98 105 112 120
1,4 0,01 0,02 0,06 0,14 0,40 1,36 5,43 25,2 135,0 827,1
77 82 90 94 100 106 112 119 127 136
1,5 0,01 0,03 0,10 0,21 0,55 1,7 6,34 28,0 144,9 868,7 5[975
85 90 97 102 107 113 120 127 135 144 153
1,6 0,03 0,06 0,18 0,37 0,87 2,44 8,19 33,3 162,7 938,3 6(297
93 98 105 110 715 121 128 135 143 152 61
1,7 0,07 0,15 0,40 0,76 1,64 4,12 12,3 44,6 198,0 1067 X
101 107 114 119 124 130 137 144 152 161 X
1,8 0,18 0,37 0,94 1573 3,55 8,24 22,1 70,5 275,2 X X
110 115 123 127 133 139 145 153 161 X X
1,9 0,48 0,95 2,39 4,32 8,58 18,9 47,0 134,7 X X X
119 125 132 137 142 148 154 162 X X X
2,0 1,34 2:61 6,45 11,56 22,5 48,1 X X X X X
129 134 141 146 151 157 X X X X X
Type|of cooling OF, 4, = 20 °C
Pre-lpad Ky, load K, during 30 min, load K, during 1410 min

NOTE The italic style values in Table K.2 show the results of the calculation, disregarding the limits from
Fable4 Table 2 and Table 3.

The data can also be presented in a graph. In Figure K.1, an example is given where X, is

presented as a function of K; with a given overload time and unity loss of life.
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2,01—
1,8 B
1,64 It PR S—
I AT *., =30 min
AT fo1h
1, A _— N
K2 -----_-“"""—---._‘______'_- .‘ih
t=4h o \
t=2h
1,2 — BN
t=8h —_— \l
_‘H"“‘a\
t=24h
1,0
0, =20 °C
0,8
0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0 1,1 1,2

Ki
IEC
NOTE| The dotted lines show the results of the calculation, disregarding the limits from—TFable—4 Table 2 and

Table |3.

Figure K.1 — OF large power transformers:‘permissible duties for normal loss of ljfe
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Annex L
(informative)

Geomagnetic induced currents

L.1 Background

Transformers serve long distance lines and intermeshed power grids. In such systems
geomagnetic induced currents (GIC) are possible as a consequence of solar magnetic
distupbancestike—solarwinds—and—sun—spots—Fhe—varying—goeo-magreticfieldscauses—a time
varying DC current that flows from the grounded transformer neutral into the high@ltage
windings of the transformer, Figure L.1. The signature of this DC current depe?xm the
magnitude and duration of the geo-magnetic field variation, the network top and the
earthl conductivity. Moderate GIC levels in the range of several amperes whichican last $ome

days| and high GIC peaks up to a few hundred amperes for only a minuted are
possible [53]. /\ .
%/
Igic/3 Q/\
—_— Q
C ©
—

>

. 8‘\

b N -

i—lslt[:

—l;— -— Egl@ksurface Potentia| =—— e

C)\\ IEC

A

S&re L.1 - GIC flow into a power transformer

Durirlg the tran%«mer operation the GIC causes a magnetic flux offset in addition t¢ the
alterpating co@ ux. This leads to temporary unidirectional core saturation, once Tvery
excit|ing vol @ cycle. The effects of this half cycle saturation are harmonics and addifional
reacffve r consumption as well as increased transformer heating. This means that the
transffo operates during a GIC event under an exceptional load condition.

L.2 GIC capability of power transformers [54], [55]

The capability of a power transformer to withstand GIC events depends on the transformer
design. Single-phase units and transformers with 5-limb core designs are more vulnerable to
DC currents whereas 3-limb core designs are less sensitive. The magnitude of the DC current
is also not the sole influence parameter of the GIC sensitivity of a transformer. The number of
DC-carrying transformer winding turns is very important. Therefore, the same DC magnitude
can cause significantly different DC excitations in the core. Also, the core geometry and
material have an influence. Measurements and calculations have shown that the location and
magnitude of the hot-spot differ from the nominal loading condition of the transformer.
Core-near structural parts like tie bars and clamping plates are most vulnerable to
overheating and also the winding hot-spot temperature increase due to GIC. Therefore, the
vendor should declare the behaviour of the transformer design under DC, if the unit is
exposed to GIC in the power grid. To evaluate the thermal risk of the transformer design, the
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temperature limits of short and long time emergency loading in Table 2 can be used or if
specified by customer different temperature limits can be applicable.



https://iecnorm.com/api/?name=5574c8a6eb427cbdb483e430fa8dbdcc

- 96 - IEC 60076-7:2018 RLV © IEC 2018

Annex M
(informative)

Alternative oils

Synthetic esters and natural esters have been used for some years now in p
transformers [56] to [59]. There has been an attempt to use these oils at increasing volt

ower
ages

and power ratings, and there are some examples of these oils being used in high voltage and
high power transformers. CIGRE Brochure 436 includes an overview of how these liquids are

currently used the|r propertles consrderahons that |mp|nge on transformer deS|gn|ng

the ¢IGRE Brochure 436 was published, IEC 62770:2013 [61] — a new standard
natunal ester liquids for transformers — has been published. IEC 60076-14 furtrzﬁ iscu
the alpplication of these oils in transformer design and considering among oth eir the
charjcteristics and permissible temperatures, including suggested the

operated above nameplate rating. Moreover, a 50 MVA commercial tran riher designg

and

this

limits when

minefal oil was comparatively tested by filling first with natural ester, de then with miperal
oil [6R]. Some other ageing studies have been reported in referengs [63] to [65] and the
c

onclusive, these

tests

demg@nstrate the difference in the thermal performance that c expected with these oils

compared to mineral oil. Consequently, introduction of thes%/ s in this document req
furtheér continuous research activities to give reliable and prQ?n t answers to their effect o
transfformer design and service life.

uires
n the
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INTERNATIONAL ELECTROTECHNICAL COMMISSION

POWER TRANSFORMERS -

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

FOREWORD
The International Electrotechnical Commission (IEC) is a worldwide organization for standardization cemj
all] national electrotechnical committees (IEC National Committees). The object of IEC_.is\to pr]

end and in addition to other activities, IEC publishes International Standards, Technical Specifica
Technical Reports, Publicly Available Specifications (PAS) and Guides (hereafter ‘referred to as
Publication(s)”). Their preparation is entrusted to technical committees; any IEC National Committee inte
in |[the subject dealt with may participate in this preparatory work. International,.-governmental and
gopernmental organizations liaising with the IEC also participate in this preparation-’IEC collaborates d
with the International Organization for Standardization (ISO) in accordance.with’ conditions determin|
agfeement between the two organizations.

Thie formal decisions or agreements of IEC on technical matters express, @s nearly as possible, an interng
copsensus of opinion on the relevant subjects since each technical <committee has representation fr
interested IEC National Committees.

IEC Publications have the form of recommendations for international use and are accepted by IEC N3
Cdmmittees in that sense. While all reasonable efforts are madé to ensure that the technical content
Publications is accurate, IEC cannot be held responsible~fer/the way in which they are used or fq
miginterpretation by any end user.
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In|order to promote international uniformity, IEC National Committees undertake to apply IEC Publications

transparently to the maximum extent possible in their national and regional publications. Any diver
befween any IEC Publication and the corresponding.national or regional publication shall be clearly indicg
the latter.

IEC itself does not provide any attestation of e¢onformity. Independent certification bodies provide conf]
aspessment services and, in some areas, access to IEC marks of conformity. IEC is not responsible f
sefvices carried out by independent certification bodies.

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

Nd liability shall attach to IEC or:its’directors, employees, servants or agents including individual exper
megmbers of its technical committees and IEC National Committees for any personal injury, property dam
othher damage of any nature whatsoever, whether direct or indirect, or for costs (including legal feeg
expenses arising out of.the publication, use of, or reliance upon, this IEC Publication or any othe
Publications.

At{ention is drawn to_the Normative references cited in this publication. Use of the referenced publicati
indispensable for the-correct application of this publication.

At{ention is dfawn to the possibility that some of the elements of this IEC Publication may be the sub
pafent rights. |EC shall not be held responsible for identifying any or all such patent rights.
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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

a

re suggested;

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

b

ibliography.

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

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

Full i
votin

This

A list
found

The
the ¢

tability date indicated on the IEC website under "http://webstore.iec.ch" in the
relate¢d to the specific publication. At this date, the publication{will be

e rg¢confirmed,

e withdrawn,

o rgplaced by a revised edition, or

e amended.

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

hformation on the voling for the approval of this standard can be found in the repd
h indicated in the above table.

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

of all parts of the IEC 60076 series, under the general title Power transformers, cg
on the IEC website.

committee has decided that the contents of this publication wilb remain unchanged

rt on

n be

until
data

IMP)
that
un
col

it contains colours which are considered to be useful for the cor
erstanding of-its’ contents. Users should therefore print this document usin
ur printer.

ORTANT - The 'colour inside' logo on the cover page of this publication indicates
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INTRODUCTION

2018

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

choo

se 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
rated loading.

This [part of IEC 60076 gives mathematical models for judging the consequence of diff
loadipgs, with different temperatures of the cooling medium, and with transient. orvcy
variation with time. The models provide for the calculation of operating temperatures i
transfformer, particularly the temperature of the hottest part of the winding."\This hot
temperature is, in turn, used for evaluation of a relative value for the rate of thermal ageing
and tfhe percentage of life consumed in a particular time period. The modeélling refers to

trans|

ormers, here called distribution transformers, and to power transformers.

A mgjor change from the previous edition is the extensive work on-the paper degradatior

has
oxidg
insul

been carried out indicating that the ageing may be destCribed by combination o

btion life considering different ageing factors, i.e. moisture, oxygen and temperature

more| realistic service scenarios. The title has been updated from "oil-immersed p

trans|

formers" to "mineral-oil-immersed power transformers". The temperature and cuy

limitd are reviewed and the maximum core tempefature is recommended. The use of

optic
sens

brs per transformer highly varies. This issue’”and the description of Q, S and H fa

are pmow considered as well. The thermal .models are revised and rewritten in geng

appli

cable mathematical form. The geomagnetic induced currents are briefly discussed

corrgsponding temperature limits are suggested.

This
loadi

part of IEC 60076 further ptésents recommendations for limitations of permis
ng according to the results of temperature calculations or measurements. T

recomnmendations refer to different types of loading duty — continuous loading, normal ¢
undiqturbed loading or temporary emergency loading. The recommendations refg

distri
Clau
the o

Clau
to es

Clau

Appli

bution transformersy, toe medium power transformers and to large power transforr
tes 1 to 7 contain-definitions, common background information and specific limitation
peration of different categories of transformers.

be 8 contdins the determination of temperatures, presents the mathematical models
fimate the/hot-spot temperature in steady state and transient conditions.

5e9 contains a short description of the influence of the tap position.

brent
clical
h the
rspot

small

that
f the

tion, hydrolysis and pyrolysis. Also, providing possibility to estimate the expegcted

and
ower
rrent
fibre

temperature sensors has become a standard:practice, however, the number of insfalled

ictors
erally
and

sible
hese
yclic
r to
ners.
s for

used

cation examples are given in Annexes A, B, C, D, E, F, G, H, | and K.
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effect of operation under various ambient temperatures and load conditions on transfd

life.

NOTE| For furnace transformers, the manufacturer is consulted in view of the peculiar loading-profile.
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POWER TRANSFORMERS -

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

Scope

part of IEC 60076 is applicable to mineral-oil-immersed transformers. It describe

Normative references

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

5 the
rmer

their

contgnt constitutes requirements of this document. For dated references, only the exition

cited|applies. For undated references, the latest edition of theseferenced document (incl

any

IEC

IEC

high{temperature insulation materials

3

For

3.1

smalll power transformer

pow

irrespective of rating

3.2

medjum powertransformer

pow

3.3
larg

gmendments) applies.
©0076-2, Power transformers — Part 2: Temperatare rise for liquid-immersed transfor

©0076-14, Power transformers — Part 14;\Liquid-immersed power transformers

Terms and definitions

the purposes of this document,\the following terms and definitions apply.

gr transformer without attached radiators, coolers or tubes including corrugated

gr transformer with a maximum rating of 100 MVA three-phase or 33,3 MVA single-ph

ding

mers

ising

tank

ase

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
longitime emergency loading
loading resulting from the prolonged outage of some system elements that will“ngt be
recomnected before the transformer reaches a new and higher steady-state température

3.7
short-time emergency loading
unuspally heavy loading of a transient nature (less than 30 min) due t0, the occurrence of one
or more unlikely events which seriously disturb normal system loading

3.8
hot-gpot
if not| specially defined, hottest spot of the windings

3.9
relatjve thermal ageing rate
for a| given hot-spot temperature, rate at whichMransformer insulation ageing is reduced or
accelerated compared with the ageing rate at @reference hot-spot temperature

3.10
trangformer insulation life
total |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, dielgctric
stresp, short-circuit stress, or«mechanical movement (which could occur in normal seryice),
and at which a high risk of electrical failure exists

3.1
per gent loss of life
equijalent ageing\in hours over a time period (usually 24 h) times 100 divided by the
expegted transformer insulation life

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

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-fdirected oil flow
OF
flow jndicating that the pumped oil from heat exchangers or radiators flows fre€ly 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 ducts or radial in horizontal
coolinp ducts with or without zigzag flow.

3.15
non-fdirected oil flow
ON
flow |ndicating that the oil from the heat exchangers or radiators flows freely inside the|tank
and is not forced to flow through the windings

Note 1 to entry: The oil flow inside the windings can be eitheraxial in vertical cooling ducts or radial in horizontal
coolinp ducts with or without zigzag flow.

3.16
diregted oil flow
oD
flow jndicating that the principal part of’the pumped oil from heat exchangers or radiatgrs 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 horigzontal
coolinp ducts.

3.17
design ambient temperature
tempgrature at whiechthe permissible average winding and top-oil and hot-spot temperpture
over ambient temperature are defined

4 ymbols“and abbreviations

Syn—*bol Meaning Units
C Thermal capacity Ws/K
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
7 Numberof-eachtimre-itervat

N Total number of intervals during the time period considered

ob Either ODAN, ODAF or ODWF cooling

OF Either OFAN, OFAF or OFWF cooling

ON Either ONAN or ONAF cooling

A Supplied losses W,
P Relative winding eddy loss p-d.
P, Winding losses W
K Ratio of load losses at rated current to no-load losses at rated voltage

R Ratio of load losses to no-load loss at principal tapping
R, Ratio of load losses to no-load loss at tapping r + 1

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

R Ratio of load losses to no-load loss at maximum tapping

RIID Resistance Temperature Detector

RH Oil relative humidity %

Laplace operator

li Time variable min

ta Principal tapping position

tap|, , Tapping position r + 1

taplin Minimum tapping position
tapl .. |Maximum tapping:position
1/ Relative ag€ing Tate
14 Relativetageing rate during interval n
waP Watencontent of oil ppm
wdap Water content of paper insulation %
Exponential power of total losses versus top-oil (in tank) temperature rise (oil exponent)
y Exponential power of current versus winding temperature rise (winding exponent)
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
AG,.. | Average oil (in tank) temperature rise at rated load (no-load losses + load losses) K
A, Top-oil (in tank) temperature rise in steady state at rated losses (no-load losses + load K

losses)
A, Corrected top-oil temperature rise (in tank) due to enclosure K

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

5 Effect of loading beyond nameplate rating

5.1 General

The normal life expectancy is a conventional reference basis for continuous duty under design
ambient temperature and rated operating conditions. The-application of a load in exceps of
namgplate rating and/or an ambient temperature higher than design ambient temperpture
involyes a degree of risk and accelerated ageing. It€is the purpose of this part of IEC 600[76 to
identjfy such risks and to indicate how, within limitations, transformers may be loadg¢d in
excess of the nameplate rating. These risks\'can be reduced by the purchaser clearly
spec|fying the maximum loading conditions.and the supplier taking these into account in the
transformer design.

5.2 | General consequences

The ¢onsequences of loading a ttansformer beyond its nameplate rating are as follows.

a) Tlhe temperatures of windings, cleats, leads, insulation and oil will increase and can reach
unacceptable levels.

b) The leakage flux( density outside the core increases, causing additional eddy-cyrrent
heating in metallic parts linked by the leakage flux.

c) As the tempeéerature changes, the moisture and gas content in the insulation and in the oil
ill change,

d) Bushjn@s; tap-changers, cable-end connections and current transformers will alsp be
exposed to higher stresses which encroach upon their design and application marging.

The combination of the main flux and increased leakage flux imposes restrictions on possible
core overexcitation [6], [7], [8].

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 the 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
currents and temperatures. This risk may be of an immediate short-term character or come
from|the cumulative effect of thermal ageing of the insulation in the transformer oven nany

years.

5.3 | Effects and hazards of short-time emergency loading

Shorf-time increased loading will result in a service condition having an‘increased rigk of
failure. Short-time emergency overloading causes the conductor hot-spot to reach a [level
likely| to result in a temporary reduction in the dielectric strength. However, acceptance of this
condjtion for a short time may be preferable to loss of supply. This type of loading is expécted
to odcur rarely, and it should be rapidly reduced or the transformer disconnected within a
shorfl time in order to avoid its failure. The permissible duration\of this load is shorter thah the
therr:ral time constant of the whole transformer and depends/on the operating temperature
before the increase in loading; typically, it would be less than half-an-hour.

The [nain risk for short-time failures is the reductiomin/dielectric strength due to the pogsible
presgnce of gas bubbles in a region of high electrical stress, that is the windings and l¢ads.
These bubbles are likely to occur when the¢hot-spot temperature exceeds 140 °C for a
transformer with a winding insulation moisturescontent of about 2 %. This critical tempergature
will decrease as the moisture concentration«increases.

NOTE| Concerning the bubble generation, seejalso IEC 60076-14.

a) (Qas bubbles can also develop,(either in oil or in solid insulation) at the surfaces of Heavy
metallic parts heated by the(leakage flux or be produced by super-saturation of thg oil.
However, such bubbles uswally develop in regions of low electric stress and haye to
cjrculate in regions wheré the stress is higher before any significant reduction i the
djelectric strength oceurs.

Bare metallic parts, )except windings, which are not in direct thermal contact with celldlosic
insulation but are’ in contact with non-cellulosic insulation (for example, aramid ppper,
glass fibre) «and the oil in the transformer, may rapidly rise to high temperaturgs. A
temperatureof 180 °C should not be exceeded.

emporary deterioration of the mechanical properties at higher temperatures could relduce
the short-circuit strength.

akage assipg in

c) s e build-up in the b
nsulation exceeds

condese ye ushings ay Iso ccur if the temprate of the i
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) Tlhe contact resistance of the tap-changers could increase at elevated currents| and
temperatures and, in severe cases, thermal runaway could take place.

d) Tlhe gasket materials in the transformer may become more brittle as a result_of eleyated
mperatures.

—

The [calculation rules for the relative ageing rate and per cent loss of\lifé are based on
cons|derations of long-term risks.

5.5 Transformer size

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

—

. e leakage flux density increases;

e the short-circuit forces increase;

o the mass of insulation, which is subjected to.a‘high electric stress, is increased;
o the hot-spot temperatures are more difficultto determine.

Thus} a large transformer could be moreWulnerable to loading beyond nameplate rating|than

a smaller one. In addition, the conseguences of a transformer failure are more severg for
larger sizes than for smaller units.

Thergfore, in order to apply asre€asonable degree of risk for the expected duties, this part of
IEC 60076 considers three categories:

small transformers,Sfor which only the hot-spot temperatures in the windings and thermal
Ic:rterioration shoeuld’be considered;

edium power -transformers where the variations in the cooling modes should be
cpnsidered;

grge power transformers, where also the effects of stray leakage flux are significant and
fle consequences of failure are severe.

— —
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be considered to avoid permanent tank deformation during loading beyond nameplate

r

should
ating.
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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From| kraft pulp various types of paper and pressboard having varying density are{made.
adding various nitrogen containing compounds the ageing characteristics of thencellulose
be improved. Typical values for nitrogen content of thermally upgraded papers are bet

1 %

proddiction of acids caused by the hydrolysis (thermal degradation) of-the material ove
lifetime of the transformer.
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Figure 1 — Structural formula of cellulose

and 4 %. The purpose of thermally upgrading insulation paper is° {6 neutralizg

Insulation life

cent years, extensive work on paper degradation has beeh carried out and publish
bnces [9] to [15], indicating that cellulose ageing maycbe described by combination g

pnment is oxygen from air ingress, and ‘s the ultimate end product of the prg
ars water. The hydrolysis of cellulose is @,catalytically governed process where thg
byrolysis is a process that can tak€“place without access to water and/or oxygen, o

140 °C), such processes are‘considered to be of little relevance.

real transformer all \these processes — hydrolysis, oxidation and pyrolysis -

taneously. This hampers the application of one model describing the full complex
legradation processes. Which process will dominate depends on the temperature an
tion (i.e. oxygen,-water and acid content).

ent parameters might be used to characterize cellulose degradation process d
g. In reality it is the mechanical strength that is important for the winding paper to 1

I in'a’transformer, it is not possible to analyse tensile strength of paper sampled
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heap-Stresses occurring during short circuits. However, due to the folded geometfry of

from

transformers. Hence, it is more convenient to characterize the degree of polymeriz

ation

(DP) in order to describe the state of an insulation paper. Figure 2 shows a typical correlation
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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The %egree of polymerization (DP) is the average number (n) of gl§cosidic rings in a cell

molecule, which ranges between 1100 and 1400 for unbleached soft wood kraft b

br to a lesser or higher degree. During ageing, the lengths of these polymeric cell
cules are reduced due to breakage of the covalént bonds between the anhydro
se monomers. The change of DP over time of non-thermally and thermally upgr
I exposed to a temperature of 140 °C, oxygen of < 6000 ppm and water of 0,5
n in Figure 3 (see [15]). The nitrogen content of the thermally upgraded paper us
xperiment was 1,8 %.
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and thermally upgraded’/paper are presented in Figure 4 and Figure 5, respectively.
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WheI the DP is reduced to 200 % or 35.% retained tensile strength, the quality of the f

he mechanical strength) is normally’ considered so poor that this defines the “end o
ch insulating material (see [11]), although the insulating material dielectric strength
Il at an acceptable level.

x A gives further elaboration of the paper ageing theory providing a mathem

as moisture, oxygen' and temperature. The corresponding results for the non-ther

illustrated 2difference in thermal ageing behaviour has been taken into accou
trial standards as follows:

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

upgraded paper and 110 °C for thermally upgraded paper.
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NOTE

1 Disagreement between laboratory tests could come from testing procedures. It is difficult to reproduce
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.
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Figure 3 — Accelerated ageing in mineral oil at 140 °C, oxygen and moisture contents
maintained at <6000 ppm and 0,5 %, respectively
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Figure 5 — Expected life for thermally upgraded paper and its dependence
upon moisture, oxygen and temperature

NOTE|2 Figure 4 and Figure 5 indicate expected life values that are based on residual DP value of 200, ar|d that
are derived under the laboratory controlled condition as given in text above, (e.g. constant moisture cqntent,
constdnt and homogenous temperature, etc.). However, to evaluate the expected life of a transformer the real
servicp conditions are considered (e<g. loading history and prediction, ambient temperature, insulation materipl and
insulajion moisture contamination). The moisture contamination estimate is usually based on the correspgnding
equiligrium curves for moisture\partition between oil and paper, (e.g. WCO vs WCP or RH vs WCP).

6.3 | Relative ageing rate

Althdugh ageifig~or deterioration of insulation is a time function of temperature, moigture
content, oxygen content and acid content, the model presented in this document is based only
on thie 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 2)

(15000 715000]
1104273 6h+273

= (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 vV Vv

80 0,125 0,036

86 0,25 0,073

92 0,5 0,145

98 1,0 0,282

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
The |ndicated relative ageing rate V' = 1,0 corresponds to a témperature of 98 °C for non-thermally upgrpded
papgr 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

wherp
V. _ ig the relative dgeing rate during interval n, according to Equation (2) or (3);
t, i the nth\time intervalj;

n ig thelnumber of each time interval;

N iqd.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
Normal cyclic loading
Winding hot-spot temperature and metallic parts in contact with 120 120

cellujosic insulation material (°C)

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

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

Top-pil temperature, in tank (°C) 105 105

Long-time emergency loading

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

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

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

Top-pil temperature, in tank (°C) 115 115

Short-time emergency loading

Winding hot-spot temperature and metallic partsyin contact with See 7.3.1 160
cellujosic insulation material (°C)

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

Innef core hot-spot temperature (°C) See 7.3.1 160

Top-pil temperature, in tank (YC) See 7.3.1 115

NOTE For more inforpmatien on the core temperature, see Annex B.

7.2 Current/limitations

Therg are”limitations on current carrying capability of transformer other than temperature
limitd_given in Table 2, and these are described in 7.3 to 7.5. Therefore, it is recommended
that the current limits given in Table 3 are not exceeded even if the circumstances of the
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

Shojt-time emergency loading

Currbnt (p.u.) | 2.0 ‘ 1,8 | 1,5

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

The [imits on load current, hot-spot temperature, top-oil temperature and temperatufe of
metallic parts other than windings and leads stated in Table/2 and Table 3 should n¢t be
excegded. No limit is set for the top-oil, core and winding hot-spot temperature under
shorf-time emergency loading for distribution transformérs because it is usually impracti¢able
to cgntrol the duration of emergency loading in this{case. It should be noted that when the
hot-spot temperature exceeds 140 °C, gas bubblesxmay develop which could jeopardiz¢ the
dieleftric strength of the transformer (see 5.3).

7.3.2 Accessory and other considerations
Aparf from the windings, other partsZ,of the transformer, such as bushings, cablg-end

conngctions, tap-changing devices and leads may restrict the operation when loaded agbove
1,5 times the rated current. Qil expansion and oil pressure could also impose restrictions.

7.3.3 Indoor transformers

When transformers are\used indoors, a correction should be made to the rated top-oil
tempgrature rise to take*account of the enclosure. Preferably, this extra temperature risg will
be determined by a'test (see 8.3.2).

7.3. Outdoor ambient conditions

Wind|, sunshine and rain may affect the loading capacity of distribution transformers, but|their
unpredietable 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

Unlesgs other limitations for variable flux voltage variations are known (see IEC 600%6-1}, the
applied voltage should not exceed 1,05 times either the rated voltage (principaltapping) or
the tapping voltage (other tappings) on any winding of the transformer.

7.5 | Specific limitations for large power transformers
7.5.1 General

For large power transformers, additional limitations, mainly associated with the leakage|flux,
shoul|d be taken into consideration. It is therefore advisable in this case to specify, at the|time
of enfquiry or order, the amount of loading capability needed:in  specific applications.

As fa
appli

r as thermal deterioration of insulation is coficerned, the same calculation megthod
s to all transformers.

Accofding to present knowledge, the importanee ‘of the high reliability of large units in viegw of
the gonsequences of failure, together with.the following considerations, make it advisahle to
adopt a more conservative, more individual, approach here than for smaller units.

he combination of leakage flux and main flux in the limbs or yokes of the magnetic cfrcuit
see 5.2) makes large transformers more vulnerable to overexcitation than smaller
tlansformers, especially when-loaded above nameplate rating. Increased leakage flux may
also cause additional eddy=current heating of other metallic parts.

he consequences of degradation of the mechanical properties of insulation as a funlction
of temperature andstime, including wear due to thermal expansion, may be more sgvere
for large transformers than for smaller ones.

ot-spot temperatures outside the windings cannot be obtained from a ngrmal
t¢mperaturéirise test. Even if such a test at a rated current indicates no abnormalities|, it is
npt possible to draw any conclusions for higher currents since this extrapolation may not
h

Jaleulation of the winding hot-spot temperature rise at higher than rated currents, based
(o) S eSu O a c l_cI" c a altcd y S ] aypoe e -,u— O 'arge
units than for smaller ones.

7.5.2 Current and temperature limitations

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 Hot-spottemperature Tiseimsteady state
8.1.1 General

To be strictly accurate, the hot-spot temperature should be referred to the ‘adjacent oil
tempgrature. This is assumed to be the top-oil temperature inside the winding:x.Measurements
have[shown that the top-oil temperature inside a winding might be, dependént on the cogling,
up to| 15 K higher than the mixed top-oil temperature inside the tank.

For most transformers in service, the top-oil temperature inside-ajwinding is not pregisely
known. On the other hand, for most of these units, the top-oil-temperature at the top df the
tank Js well known, either by measurement or by calculation.

The ¢alculation rules in this document are based on the following:

>

6,

or’

6+ the hot-spot temperature rise above top-0il temperature in the tank at rated current [K].

. the top-oil temperature rise in the tank above ‘ambient temperature at rated losses [K];

>

The parameter Ag,, can be defined either by direct measurement during a heat-run test pr by
a caltulation method validated by direct measurements.

NOTE| The methods, principles and calculation procedures given in 8.1.2, 8.1.3, 8.1.4 and Annex D are ultijately
valid for the converter transformers for H¥D.C application, however, with the necessary consideration of the|effect
of harmonics on the transformer thermal_performance with a reference to a specific converter operating poipt and
speciflc system conditions.

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

rmal diagram is assumed, as shown in Figure 6, on the understanding that such a
diagram is the simplification of a more complex distribution. The assumptions made in this
simplification are.as‘follows.

a) Tlhe oil temperature inside the tank increases linearly from bottom to top, whatever the
cpoling mode.
b) Asc’a Afirst approximation, the temperature rise of the conductor at any position up the

; —with 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 7 x g, that is, A, = H x g,.

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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v l Hx g,

D s = e

- —
X
IEC
Key

A Tlop-oil temperature derived as the average of the tank qutlet oil temperature and the tank oil pocket
temperature
ixed oil temperature in the tank at the top of thewinding (often assumed to be the same temperature ag A)

B N

C Tlemperature of the average oil in the tank

D Qil temperature at the inlet of the tank (assumed to be the same as at the bottom of the winding)
E Hottom of the tank

g, Average winding to average oil (in-tank) temperature gradient at rated current

H Hot-spot factor

P Hot-spot temperature

I Average winding température determined by resistance measurement

x-axi[ Temperature

Relative positions
B measured ‘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.

Experience has shown that there might be gradients of more than 10 K between different
sensors in the top of a normal transformer winding. Hence, it is not self-evident that the
[ . An
b the
were
etc.)
are tfhe relative local loss densities in per cent of the average loss density ‘of the whole
winding that is the total loss of the winding divided by the number of discs. lt|should be noted
that {he highest temperature rise of 23,2 K was measured at the relative‘loss density 117 %,
whicly was far from the highest value 156 %.

/ 114 | 732 \\
3 A\

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

(103 T7105 T 708 XU\ 707

\ﬂ'
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Figure 7~ Temperature rises above top-oil temperature (in tank) 65,8 °C of the zig-zag
cooled HV-winding of a 400 MVA ONAF cooled 3-phase transformer,
load current 1,0 p.u., tap 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.

EXAMPLE For single-phase 550/230 kV auto-connected transformer with the throughput rating S = 334 MVA, the
corregponding impedance Z = 15 %, and the auto factor o« = (550 - 230)/550 = 0,58, the leakage, flux is
approximately [1,8 x (0,58 x 334)%5 x (15/0,58)] = 650 mWhb.

In shell type transformers, the fibre optic sensors should be located in the. coil €dges
(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, wherethe sensors should be located in the edge
with the higher calculated temperature rise

If it |s not possible to install.the fibre optic sensor in the expected hot-spot location, for
exaniple due to high voltage)stress, then the installation can be made at a safer location.
Coniequently, the proposed alternative measuring location and the corresponding correlction
procedure should be further discussed between purchaser and manufacturer.

Althgugh Table 2 comprises temperature limits for core and structural parts, such temperpture
rises| are not ¢measured in a normal temperature rise test. Those temperature riseg are
normially estimated by calculation. The manufacturers should install thermal sensors in fhese
parts| in sélected transformers to calibrate their calculation methods. Manufacturers of|fibre
optic| probes are producing insulation kits for this purpose, but also robust thermocouplges or
RTDs$ ‘offer a good alternative. The thermocouples can be installed permanently in the
transformer in such a way that they do not reduce the voltage strength and that they remain
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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Thermal 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).

Phase B Phase B

IEC

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

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

Instajlation of sensors in _the top yoke makes sense only if an extra thermal no-load test is
done

More| 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 pasis
whenrequired. Studies show that the factor A varies within the ranges 1 0 to 2 1 depemnding
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
temperature should be modelled for each cooling duct.

b) 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 the
leakage flux intercepts the wide dimension of the conductors. The total losses in 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.

c) 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.

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

e Flow-directing washers reduce the heat transfer into the fluid in the case of a
7ig7ng-r~nnlnd winrling (Fignrn m)

IEC

s |

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

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

e 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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8.2

8.2.1

Cooling duct

Collapsed cooling duct

_________ oA

et

bececccnedecaccacaad

IEC

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

Subcdause 8.2 provides two alternative ways, of describing the hot-spot temperature

funct

a) e
b) d

Both
ambi
heat
suita
meth

on of time, for varying load current and@mbient temperature:

lxponential equations solution [18], {21];
fference equations solution [22].

of these methods are suitable for arbitrarily time-varying load factor K and time-va
ent temperature 6,. The-fermer method is particularly more suited to determination g
transfer parameters by test, especially by manufacturers, while the latter method is
ble for on-line monitering due to applied mathematical transformation. In principle,
pds yield the same results as they represent solution variation to the identical

transffer differential equations.

The heat transfer differential equations are represented in block diagram form in Figure 1

Obsdrve,in/Figure 12 that the inputs are the load factor K, and the ambient temperature

the |
varia

rying
f the
more
both
heat

N

0, on

Eft.“The output is the calculated hot-spot temperature 6, on the right. The La

blace

ble s is essentially the derivative operator d/dz.
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Figure 12 — Block diagram representation of the differential equations

In Figure 12, the second block in the uppermost path represents the hot-spot rise dynamics.
The first term (with numerator k,4) represents the/fundamental hot-spot temperature|rise,
before the effect of changing oil flow past the hot:=spot is taken into account. The second|term
(with| numerator k,4-1) represents the varying rate of oil flow past the hot-spot, a
phenpmenon which changes much more slowly. The combined effect of these two terms|is to
accolnt for the fact that a sudden rise in Joad current may cause an otherwise unexpegtedly
high |peak in the hot-spot temperature ris€, very soon after the sudden load change. Values
for k44, ko4, kpo and the other parameters shown are discussed in 8.2.2 and suggested values
giver] in Table 4.

If thg top-oil temperature canibe measured as an electrical signal into a computing dgvice,
then fan alternative formulatien is the dashed line path, with the switch in its right position; the
top-dil calculation path_(switch to the left) is not required. All of the parameters have peen
definpd in 8.2.2.

The mathematicallinterpretation of the blocks in Figure 12 is given as follows:

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

= =%

1+K°R do,
{ 1= R J x (Abor ) = k1174 X dto+[00_9a] (%)

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

AOp = AOp—AO (6)
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The t

and

wo equations are

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

(ko —1)x K x (Abhy ) = (7 1 Kog ) x 2 20h2

+ Ath

(7)

(8)

the s

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

The final equation for the hot-spot temperature is

Reg4g
cooli

Hh :90 +A9h

rding Equations (5) to (8), the complexity is in order to account for the fact that th
ng medium has mechanical inertia in addition to thermal inertia. The effect is greate

natunal cooling (ON), somewhat less for non-directed-flownpumped-oil cooling (OF),

negli
negli

NOTE|
the cd
resistd
coolin
variati
0,15

8.2.2

Subc

pible for directed-flow pumped-oil cooling (OD), as regards power transformers. It ig
hible for small transformers (see 8.2.2).

For ON and OF cooling, the oil viscosity change counteracts the effect of the ohmic resistance varia
nductors. In fact, the cooling effect of the oil viscosity. change is stronger than the heating effect
nce change. This has been taken into account implicitly by the winding exponent of 1,3 in Table 5. F
b, the influence of the oil viscosity on temperature rises is slight, and the effect of the ohmic resi
on is considered. An approximate correction tefm (with its sign) for the hot-spot temperature rise at
(AGy = Aby,).

Exponential equations solution

Equations (5) to (8).

An e

ample of a load variation according to a step function is shown in Figure 13 (the d

of the example are giyeniin Annex H).

9)

oil-
t for
and
also

Ur—p

ion of
of the
or OD
tance
OD is

lause 8.2.2 describes the exponential equation solution to the heat transfer differg¢ntial

ptails
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K8
K3
K1
K2
K4
IEC
735 min
Key

6, Winding hot-spot temperature
0, Top-oil temperature in tank
K1i4 1,0 K2 is 0,6 K3.is\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, equal to the sum of the ambient temperature, the top-oil
tempgrature rise in the tanks,~and the temperature difference between the hot-spot and tgop-oil
in the tank.

The fop-oil temperaturelincrease to a level corresponding to a load factor of K is given by

2 ~0)(k11%70)
0,(t) = 0, + AO; + Aﬁorx{%} —AG,, x(']—e( M °] (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

AO(0) = Ay, + foHgr K — Abyy fx (1 o) h22x7) ) (13)

and
A2 (6)= Abha, + (ka1 —VHg K — Ay, [x (1 )0 1h22) (14)
CorréSpongmaty T-mmm tToTEToTe 5 toD0=0 level

corrgsponding to a load factor of K is given by:

Abh(t) = koqHeg K + {A9h1i —k21ngKy}>< el lk22xew) (15)
and
Abha(t) = (kpq —1)Hg K" + {Mhzi ~ (k24 —1)ngKy}X Mghi) (16)
The final equation for the hot-spot temperature is:

On(1)= 0o (1)+ MG 7) (17)

wher

[

7y | is the winding time constant (min);

Ty is the oil-time constant (min).

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

The tonstants k44, ko4, kyo(and the time constants 7, and z; are transformer specific. [They
can lpe determined in a prolonged heat-run test during the “no-load loss + load loss” peripd, if
the qupplied losses and:-corresponding cooling conditions, for example AN or AF, are|kept
unchpnged from the-start until the steady state has been obtained (see Annex F). In this ¢ase,
it is| necessary to~ensure that the heat-run test is started when the transformer is
approximately at'the ambient temperature. It is obvious that k4, k,, and z, can be defined
only ff the transformer is equipped with fibre optic sensors. If 7y and 7, are not defined in a
prolonged heat-run test they can be defined by calculation (see Annex E). In the absente of
transformer-specific values, the values in Table 4 are recommended. The correspomnding
graphs.are shown in Figure 14. T

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

2
(]
-
g o Medium and large power transformers
» 2
g
Characteristic h
© © ©
k-] k-] o
=z zZ2 4 w9 [T 3
< <o < < o < [TRT} w a
b4 Zc =z Zc z ot o o
[e) o+ o o+ (o) -
g 2 2
Qil ekponent x 0,8 0,8 0,8 0,8 0,8 1,0 1,0 110
Winding exponent y 1,6 1,3 1,3 1,3 1,3 1,3 1.3 2|0
Congtant &, 1,0 0,5 0,5 0,5 0,5 1,0 1,0 110
Congtant k,, 1,0 3,0 2,0 3,0 2,0 1,45 1,3 110
Congtant k,, 2,0 2,0 2,0 2,0 2,0 170 1,0 110
Timg constant z,, min 180 210 210 150 150 90 90 90
Timg constant ¢, 4 10 10 7 7 7 7 y
min
2 |{ 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 maximum value of the function A#, (7)/A6, |than
obtained by spacers > 3 mm.
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1 ONAN - restricted oil flow 5 OF —gestricted oil flow
2 ONAN 6 OF
3 ONNAF - restricted oil flow 70D and small power transformers
4 ONAF

Figure 14 — The function A#, (7)/A6;;.generated by the values given in Table 4
An application example of the exponential equations solution is given in Annex H.

8.2.3 Difference equations solution

Subdause 8.2.3 describes ‘the difference equation solution to the heat transfer differg¢ntial
equations, applicable for_arbitrarily time-varying load factor K and time-varying ampbient
temperature 4,.

If thg differential.equations are converted to difference equations, then the solution is |quite
straightforwardyeven on a simple spreadsheet.

wherp\B_stands for a difference over a small time step.

The (differential Equations (5) to (8) can be written as the following difference equaTons,

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

DGy =k < MO K ~ Aty (20)
W
and
DA6h2 ZLX [(k21 —1)>< Aé’hrKy —A9h2 (21)
(11 koo )zg

The gth values of each of A6,y and A, are calculated in a way similar to Equation/(19).

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

Abh(n) = Abh1(n) — Abh2(n) (22)

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

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

For gn accurate solution, the time step Dr should ke 'as small as is practicable, certainly no
greafer than one-half of the smallest time constant.in the thermal model. For example, |f the
time |constant for the winding considered is 4*min, the time step should be no larger|than
2 min. 7, and r, should not be set to zero.

Also,| 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 methods.
Howegver, the increased complexity(is not warranted here considering the imprecision df the
input|data.

The |oss of life of cellulose insulation differential equations of 6.4 can also be convertged to
diffejence equations. Thexfundamental differential equation is

ar _ (24)
dz
implying
DL,y = V(,y x Dt (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) thfie monihly average iemperature of the hottest month Is used for the maximum hotfspot
t¢mperature calculation.

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

If th¢ ambient temperature varies appreciably during the load cycle, then) the weighted
ambipnt temperature is a constant, fictitious ambient temperature which ‘causes the same
ageing as the variable temperature acting during that time. For a casej;where a temperpture
increpse of 6 K doubles the ageing rate and the ambient temperaturecan be assumed to|vary
sinudoidally, the yearly weighted ambient temperature, 6g, is equal to

1,85

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

wherp

Oma-hax s the monthly average temperature of the‘hottest month (which is equal to thel sum
of the average daily maxima and the @verage daily minima, measured in °C, during
that month, over 10 or more years, divided by 2);

eya is the yearly average temperatlre (which is equal to the sum of the mdnthly

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

EXAMPLE Using monthly average values (more accurately using monthly weighted values) for 6,:
6 | = 30 °C for 2 months
6__ =20 °C for 4 months Average Hya =15,0 °C

6 __ =10 °C for 4 months

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

6__ =0 °C for 2 months

The ambient tempg€rature used in the calculation examples in Annex J is 20 °C.

8.3.2 Correction of ambient temperature for transformer enclosure

A trapsformer operating in an enclosure experiences an extra temperature rise which is erbout
half thretemperature riseof theairimthatenctosure:

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
installed Transformer size
kVA
250 500 750 1000

1 11 12 13 14
Undgrground vaults with natural ventilation 2 12 13 14 1P

3 14 17 19 2p

1 7 8 9 1P
Base_m(—;-nts and buildings with poor natural 2 8 g 10 1b
ventifation

3 10 13 15 1

1 3 4 5 g
Buildings with good natural ventilation and
undgrground vaults and basements with 2 4 5 6 1
forcqd ventilation

3 6 9 10 1B
Kiosks? 1 10 15 20 E
NOTE The above temperature correction figures have been' estimated for typical substation loading condifions
using representative values of transformer losses. They ‘are based on the results of a series of naturall and
forcqd cooling tests in underground vaults and substations and on random measurements in substations| and
kiosHs.
a8 Tlhis correction for kiosk enclosures is notriécessary when the temperature rise test has been carried ofit on

the transformer in the enclosure as one camplete unit.

8.3.3 Water-cooled transformers

For water-cooled transformers, the ambient temperature is the temperature of the incoming
watef, which shows less'variation in time than air.

9 Ipfluence‘of tap-changers

9.1 General

All quantities used in Equations (10), (11), (13), (14), (15), (16) and (17) have tb 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.

i,

Rmin -
Rmax “““““
m2 :
|
Rrsq '
R, :
l
|
H -
tapmax X
1EC
R — Ry R =R
my = r min my = max r+1

- tap, —tapmin - tapmax —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

are gdssumed to be constant._Using a linear approximation, R can be determined as a function

The{ansformer’s top-oil temperature rise is a function of the loss ratio R. The no-load Igsses
of th

tap position.

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

R(tap): Rei4 +(tap_tapr+1)><”"2 (29)

For tap\positions 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

procgssthattambedescribed by the foltowmgAmtenmusequationr———————————————————

En

LI :AxtxeiRX(thrzn) (A.1)
DPend DPstart

wher

[

DPg.ly is the insulation DP value at the moment of the sampling or the end of life criterion;

DP is the initial insulation DP value;

start

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.

Arrhegnius extrapolations assume that a chemical degradation process is controlled |by a
reaction rate k proportional to exp(—EA/RT), Where E, is the Arrhenius activation energy, R the
gas ¢onstant (8,314 J/(K-mol), T the absolute temperature and 4 the pre-exponential factor.
The [pre-exponent value A4 is a constant depending on the chemical environment. In an
Arrhgnius plot, the natural logarithin of the ageing rate (In k) is plotted against the inyerse
abso|ute temperature (1/7) and alstraight line is obtained as shown in Figure A.1 — illustrating
how the ageing rate depends;on temperature. The condition for achieving a straight lipne is
that {t is the same ageing process over the whole temperature range. The activation energy
descfibes how much the_reaction rates depend on temperature; if the ageing proceps is
independent 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.[ One
shou|d bear in mind .that 4 and E, values come in pairs. In principle, E, is the slope of th¢ line
in Figure A.1,cand the A-value is the value of interception with a virtual y-axis from (, the
highgr the value the higher the location of the curve above the abscissa and the ageipg is
fastef. Thewpoint 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|same
location.
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Ink 4
Ep
P ST, —
1T
IEC
Key
1T inverse absolute hot-spot temperature
In k logarithm of the ageing rate
Figure A.1 — Arrhenius plot for an ageing-process
Knowing the end-of-life (EOL) criterion we can rearrange-the Equation (A.1) to expresp life
expertancy, lexp» @S @ function of hot-spot temperature-8,,, and the parameters £, and 4:
T 1 En
DP. DP,
foxp = ——2nd__stat  Rx(h+273) - (years) (A.2)
Ax 24 x 365
The feasibility of this procedure depends on a valid selection of E, and 4 values. As |main
resulf of extensive research work*(see references [9] to [15]), the activation energy over the
range from 70 °C to 160 °C was-calculated and an 4 value was estimated for each single|case
based on the first order ageing models. The corresponding coefficients applicable t¢ the
powdr transformers, where "oil is separated from and in contact with air, are provideéd in
Table A.1.
Table A.1 — Activation energy (E,) and environment factor (4) for oxidation, hydrolysis
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 moistufe
-1 10 11 1 5
Non-kRefefally 4 (h'") 4,1%x10 1,5x10 4,5x10 4,6x10
upgraaed paper E, (kJ/mol) 128 128 128 89
-1
Thermally upgraded 4 (b 1,6 x10% 3,0x10% 6,1x10% 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
98 °C 11,7 3,2 1,1 3,4
110 °C 3,2 0,9 0,3 1,4
Thermally upgraded 80 °C 151,9 81 39,9 194
papgr 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 6.8, the rate of ageing of the interturn insulation of trahsformers under the effect of|time
and femperature is referred to a hot-spot temperature of 98 °C and 110 °C for the |non-
thermally and thermally upgraded paper, respectively~Further, the relative ageing rate V is
defined according to Equations (2) and (3). These eguations are based on the life expeciancy
formiila of Montsinger [25], and Dakin’s ageing rate. formula [26], which are a simplificatipn of
the more general Arrhenius relation given in*Equation (A.1), and valid only in a limited
tempgrature range. On the other hand, .the IEEE Loading Guide [27], recommends
Equation (3), which is an equivalent to the acceleration ageing factor, F,, for a wide range of
tempgratures. Further, Equations (2) andi(3) imply that the ageing rate is only dependept on
the Ihot-spot temperature and do nat-consider different insulation conditions, which are
defingd in references [9] to [15].

Thergfore, if the ageing rate of\the paper insulation is given as follows:

E

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

and if an ageing rate at a certain temperature and at an insulation condition is chosen {o be
the rated one; k., then the ageing rate, k, determined for any temperature and insulation
cond|tion(can be related to this rated rate, k., by a new relative ageing rate, V, given asjtheir
ratio [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
ageing over the range of the temperatures is oxygen, Table A.4. This is in_line with the

conclusions in [13].

Table A.3 — Relative ageing rates due to hot-spot temperature, oxygen
and moisture for non-upgraded paper insulation

Relative ageing rate, V
Temperature . . . . .
Table 1 Free from air Free from air Free fromair With aif
°C and 0,5 % and 1,5 % and~3,5 % and 0,5 to
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 89,27 143,69 431,061 44,62
140 128 68,04 248,93 746,802 65,39
The felative ageing rates, V, for different ageing factors at temperature of 98 °C are indicated to be compargd to
the rpted 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 12482 22,32
134 10,07 4,91 9,22 18,74 32,07
140 17,2 7,11 13,33 27,12 45,60

The felative ageing rates, V, for different ageing factors at temperature of{110 °C are indicated to be comgared
to thg rated insulation condition, i.e. where the relative ageing rate is 1.

The loss of life, L, over certain period of time is calculated as given in 6.4.
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B.1

Annex B
(informative)

Core temperature

General

In transformer cores, there are two different core hot-spots which, if not controlled, can cause
insulation material degradation and subsequent gassing.

a)

b)

B.2

ore hot-spot inside the core, should be limited to 130 °C under conditions of highest
eicitation, rated load and maximum ambient temperature. This is in order to prever

core
t the

cpre heating which results in the break-up of the thin oil film between core. laminafions,

the consequence of which is the generation of mainly H, and CH,, in addition to
guantities of other hydrocarbons [29], [30]. It is important to understand that any pog
| gas saturation should be prevented.

0
Jore surface hot-spot, which is in contact with oil and solid insulatiommaterials, shou
limited according to Table 2.

Core hot-spot locations

small
sible

Id be

The location of the internal core hot-spot depends largely o the core type and whether it is a

she

[l{form or a core form transformer. In the most common core type (three-phase, threg

coreg), this hot-spot is located in the middle of the top’ yoke between cooling ducts. In
core ftypes, the location of the core hot-spot is typically at the top of the middle core limb

The

a)

b)

c)

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

temperature rise due to the leakage flux impinging on the surface of the laminations g
outermost core step(s) — this value!can vary from a few kelvins to several tens of kg
over the adjacent oil depending on the transformer winding, core, and tank shig
design;

-limb
bther
30].

f the
Ivins
Iding

temperature rise due to the.main flux in the core — this value can again vary from a few

kelvins to several tens of Kelvins over the adjacent oil depending on the transformer
design (diameter and.number of cooling ducts), core induction, and core material;

temperature rise afthe oil around the area of the surface hot-spot.

Therg¢fore, in almost all cores, this core surface hot-spot is not located in the yoke b
locatpd at thedop of the middle core-limb, where the leakage flux enters the surface o

core

versys theise due to the core main flux depends wholly on the design of the transformer

Conss

core

ut is
f the

laminations. Also, the relative magnitudes of the temperature rise due to the leakage flux

e the

temperature mcrease at rated Ioad (mcludmg temperature rise of adJacent 0|I) and add to it
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
evaluated.
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Annex C
(informative)

Specification of loading beyond rated power

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).

Spec

a) L
S

Id

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

png time emergency loading

nce the hot-spot temperature limit in IEC 60076-2 is less than that given in Table 2
bssible to have an increased loading available for emergency situations provided tha
ss of life is accepted. The extent of this loading capability will_depend on am
mperature, while preload and the duration of loading are only relevant to loss of life,

he following need to be specified at the enquiry stage:

the ambient temperature at which the loading is required;
the load as per unit (p.u.) of rated current;

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

the tap position;

the cooling stage(s) in service.

e temperatures and currents given in~Table 2 and Table 3, respectively, unde
llowing conditions:

a yearly average ambient température (20 °C unless otherwise specified);
current flowing in the highest prated winding is considered;

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

all normal coolingiin service but with no standby cooling capacity.

b) Short time emergency loading

li

=)

the transformer is used at a load less than rated current, then there will be an addi
nort timeloading capability caused by the thermal time constants of the oil and win

a specific short time loading capability is required then the following need t
becified:

it is
t the
bient

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

r the

rated
y the

ional
ings.
0 be

the ambient temperature at which the loading is required;

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

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

current;
) the duration of the loading;

) 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 the
following conditions:

a yearly average ambient temperature (20 °C unless otherwise specified);
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current flowing in the highest rated winding is considered;

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;

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

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

Loading according to a specific cycle

S

pecify 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 @ and S factors are dimensionless factors described in IEC 60076-2 as:

e (is “a dimensionless factor to estimate the increase of the average windingcgradieni due
g the local increase of additional loss.”

—

e Slis “a dimensionless factor to estimate the local increase of the average winding gradient
dpe to the variation in the oil flow stream.”

Accofding these definitions, O should be calculated by modelling thé winding with the cqrrect
heat [loss distribution, but with uniform oil velocity. The Q factotis then the ratio of the
maxifnal winding to local oil gradient over the average winding t6 average oil gradient.

On the other hand, S should be calculated by modelling the.winding with uniform heat Iqsses
and with the correct oil velocity inside the winding. The S factor is the ratio of the makimal
winding to local oil gradient over the average windingto)average oil gradient.

Howegver after calculating Q and S in line with the JEC 60076-2 definition, the hot-spot factor H#
cannpt be calculated directly as the product of>Q and S factors, as mentioned in IEC 600[6-2,
becalse:

— d|scs with maximal Q factor and dises with maximal S factor can (and probably will) be
d|fferent discs;

— when modelling the winding with correct heat loss distribution and oil flows, O gnd S
gctors will not be independént from each other as explained later.

—h

For the above reasons, CIGRE WG A2.38 [18] proposes more practical definitions of O gnd §
and / factors, as given<below.

The H factor can be derived out of Figure 6 and is:

g-_P-B D.2)

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

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

For dalculation purposes, one can redefine the Q factor for a disc winding in which each disc
has $everal conductors in radial direction and consists of numerous discs in axial diregtion,
as:

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

The P 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 Q factor in this”definition is not a ratio of temperatures put a
ratio [of losses.

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

S=" D.5)
0

whiclh can be easily(Calculated as soon as H and Q are known.

This [S factor_is/anh indication of the local cooling inefficiency. Higher S factor means hjgher
local|temperature gradient thus worse cooling efficiency.

According to the current IEC 60076-2 calculation this S factor should be calculated a$ the
ratio "of focattot=spot—gradient overwinding—gradient—withconstant—teattosses—Wth 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.

Remark 1 We should note that the size of one (paper insulated) conductor is the smallest
element in which one calculates the losses. Inside each element there exists the\ $ame
temperature, so thermal resistances inside the element are neglected. In the ease| one
calcylates the Q factor based on a number of conductors in one (or sometimes éyen 4) top
discg, one increases in essence the element size to a large extent and one neglect$ the
tempgrature distribution between conductors in the disc (and even betweeny discs), which
results in a too low estimate of the hot-spot. The approach of using one-or more dis¢s as
smallest 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, one ‘is’ able to limit the hottspot
factof by creating locally more cooling surface and so design for a low § factor at| that
locat|on. This principle is easy to do by adding an axial coqling“channel inside a radial spacer
disc pr by adding a radial spacer inside a winding with axial*cooling channels. The locatipn of
the hot-spot does not necessarily have to correspond with the location of the maximum

lossds.
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