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6) All usgrs should ensure that they have the latest edition of this publication.

7) No liapility shall attach to IEC or its’directors, employees, servants or agents including individual ex
membgers of its technical committees and IEC National Committees for any personal injury, property d
other |[damage of any natureiwhatsoever, whether direct or indirect, or for costs (including legal
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Internatlond| Standard IEC 60076-7 has been prepared by |IEC technical committee 1

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

pow

b) insu

er transformers";

lation life is updated by considering latest research findings;

c) temperature limits have been reviewed and maximum core temperature is recommended,;

d) num

ber of fibre optic sensors is recommended for temperature rise test;

e) Q, S and H factors are considered;

f) thermal models are revised and rewritten in generally applicable mathematical form;
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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-immersed transformers during continuous
rated loading.

This pa”i‘ of IEC 680076 gi\/nc mathematical models for Jillriging the conseguence of different
loadingg, with different temperatures of the cooling medium, and with transient @r|cyclical
variation 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 hot-spot
temperdture is, in turn, used for evaluation of a relative value for the rate ofithermal ageing
and the[percentage of life consumed in a particular time period. The modelling refers o small
transformers, here called distribution transformers, and to power transformers.

A major{change from the previous edition is the extensive work on the paper degradation that
has begn carried out indicating that the ageing may be described by combination of the
oxidatioh, hydrolysis and pyrolysis. Also, providing possibility to estimate the expected
insulatign life considering different ageing factors, i.e. moisture, oxygen and temperatiire, and
more realistic service scenarios. The title has been{updated from "oil-immerseqd power
transformers" to "mineral-oil-immersed power transformers". The temperature and| current
limits are reviewed and the maximum core temperature is recommended. The use |of fibre
optic temperature sensors has become a standard“practice, however, the number of installed
sensors| per transformer highly varies. This issué’and the description of Q, S and H factors
are now considered as well. The thermal models are revised and rewritten in generally
applicaljle mathematical form. The geomagnetic induced currents are briefly discussed and
corresppnding temperature limits are suggested.

This pdrt of IEC 60076 further presents recommendations for limitations of permissible
loading | according to the results” of temperature calculations or measurements| These
recommlendations refer to different types of loading duty — continuous loading, normal cyclic
undistubed loading or témporary emergency loading. The recommendations fefer to
distribufion transformers;“to medium power transformers and to large power transformers.
Clausegq 1 to 7 contain(definitions, common background information and specific limitafions for
the operation of different categories of transformers.

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

Clause 9contains a short description of the influence of the tap position.

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 trarlsformer
life.

NOTE Fpr furnace transformers, the manufacturer is consulted in view of the peculiar loading”profile.
2 Normative references

The following documents are referred to in the text in such a way that some or all|of their
content|constitutes requirements of this document. For dated teferences, only the| edition
cited applies. For undated references, the latest edition of the-referenced document (ipcluding
any ame¢ndments) applies.

IEC 600/76-2, Power transformers — Part 2: Temperature rise for liquid-immersed transformers

IEC 600/76-14, Power transformers — Part 14.iquid-immersed power transformeis using
high-temperature insulation materials

3 Terms and definitions
For the purposes of this document{_the following terms and definitions apply.

3.1
small ppwer transformer
power fransformer without attached radiators, coolers or tubes including corrugated tank
irrespegtive of rating

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

3.3

large power transformer

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

3.4

cyclic loading

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

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

normal cyclic loading

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

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

3.6

long-tinreemergencytoadinyg
loading |resulting from the prolonged outage of some system elements that will| not be
reconngcted before the transformer reaches a new and higher steady-state tempgrature

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

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

3.9
relative|thermal ageing rate
for a giyen hot-spot temperature, rate at whichdransformer insulation ageing is reduced or
accelerated compared with the ageing rate at, a-reference hot-spot temperature

3.10
transformer insulation life
total time between the initial state\for which the insulation is considered new and the final
state fof which the insulation is:considered deteriorated due to thermal ageing, dielectric
stress, ghort-circuit stress, or mechanical movement (which could occur in normal gervice),
and at which a high risk of electrical failure exists

3.1
per cenit loss of life
equivalent ageingcsin hours over a time period (usually 24 h) times 100 divided| by the
expected transformer insulation life

Note 1 tolentry> 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

z65000xe[(0h+273)7 (110 + 273) 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-dirgcted-oit-flow
OF
flow indjicating that the pumped oil from heat exchangers or radiators flows fre€ly ‘inside the
tank, anld is not forced to flow through the windings

Note 1 tolentry: The oil flow inside the windings can be either axial in vertical cooling ddcts“or radial in horizontal
cooling dycts with or without zigzag flow.

3.15
non-dirpcted oil flow
ON
flow indjcating that the oil from the heat exchangers or radiators flows freely inside the tank
and is npt forced to flow through the windings

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

3.16
directed oil flow
oD
flow indjcating that the principal part of the pumped oil from heat exchangers or rad|ators is
forced tp flow through the windings

Note 1 tolentry: The oil flow inside the wihdings can be either axial in vertical cooling ducts or zigzag in horizontal
cooling dycts.

3.17
design @ambient tempeérature
temperdture at which\the permissible average winding and top-oil and hot-spot temperature
over ambient tempeérature are defined

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
kqq Thermal model constant
kyy Thermal model constant

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

oD Either ODAN, ODAF or ODWF cooling

OF Either OFAN, OFAF or OFWF cooling

ON Either ONAN or ONAF cooling

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

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

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

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

RTD Resistance Temperature Detector

RH Oil relative humidity %
s Laplace operator
t Time variable min
tap, Principal tapping position
tap,, 4 Tapping position r + 1
tap i Minimum tapping position

tap, .« | | Maximum tapping position

14 Relative ageing rate
Va Relative-ageing rate during interval n
WOP Watércontent of oil ppm
wcCP Water content of paper insulation %
X EXponential power of total JoSSes versus top-oll (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
A6, Top-oil (in tank) temperature rise in steady state at rated losses (no-load losses + load K

TOSSES)
AGY, Corrected top-oil temperature rise (in tank) due to enclosure K

A(A6,,)| | 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 undef design
ambienf] temperature and rated operating conditions. The) application of a load in ejxcess of
nameplate rating and/or an ambient temperature higher than design ambient temperature
involvey a degree of risk and accelerated ageing. lt.is\the purpose of this part of IEC §0076 to
identify |such risks and to indicate how, within limitations, transformers may be lopded in
excess [of the nameplate rating. These risks~can be reduced by the purchaser| clearly
specifying the maximum loading conditions and the supplier taking these into account in the
transformer design.

5.2 General consequences
The consequences of loading a-ransformer beyond its nameplate rating are as follows].

a) Theltemperatures of windings, cleats, leads, insulation and oil will increase and cgn reach
unagceptable levels.

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

c) As the tempenature changes, the moisture and gas content in the insulation and ip the oil
will change:

d) Bushings; tap-changers, cable-end connections and current transformers will plso be
expd sed to highnr stresses which encroach upon their dncign and npplirs\finn mardins.

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 over many
years.

5.3 Effects and hazards of short-time emergency loading

Short-tilme increased loading will result in a service condition having an~jncreased risk 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, acceptancg of this
conditiop for a short time may be preferable to loss of supply. This type of loading is expected
to occuf rarely, and it should be rapidly reduced or the transformer disconnected within a
short time in order to avoid its failure. The permissible duration of'this load is shorter than the
thermal|time constant of the whole transformer and depends*on the operating temperature
before the increase in loading; typically, it would be less thHan half-an-hour.

The maj|n risk for short-time failures is the reductionzin dielectric strength due to the possible
presence of gas bubbles in a region of high electrical stress, that is the windings anfd leads.
These 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 decfease as the moisture concentration.increases.

NOTE Cloncerning the bubble generation, see(also IEC 60076-14.

a) Gas|bubbles can also develop (either in oil or in solid insulation) at the surfaces o¢f heavy
metallic parts heated by the\leakage flux or be produced by super-saturation of| the oil.
However, such bubbles uswally 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 paris;-except windings, which are not in direct thermal contact with cgllulosic
insulation but are*in contact with non-cellulosic insulation (for example, aramid paper,
glasg fibre)and the oil in the transformer, may rapidly rise to high temperatures. A
temperatureref 180 °C should not be exceeded.

b) Temporary deterioration of the mechanical properties at higher temperatures could reduce
the short-circuit strength.

c) 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.

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

d) The|gasket materials in the transformer may become more brittle as a result. of ¢levated
temperatures.

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

5.5 Transformer size

The serjsitivity of transformers to loading beyond nameplate ¢ating usually depends jon their
size. As[the size increases, the tendency is that:

o the leakage flux density increases;

e the short-circuit forces increase;

o the mass of insulation, which is subjected to_ahigh electric stress, is increased;
o the hot-spot temperatures are more difficult'to determine.

Thus, allarge transformer could be more\vulnerable to loading beyond nameplate rating than

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

Therefofe, in order to apply a reasonable degree of risk for the expected duties, thig part of
IEC 60076 considers three ¢ategories:

a) small transformers{ for which only the hot-spot temperatures in the windings and|thermal
detdrioration shotld be considered,;

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

c) large power transformers, where also the effects of stray leakage flux are signifigant and
the ¢consequences of failure are severe.

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

6 Relative ageing rate and transformer insulation life

6.1 General

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

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

From kraft pulp various types of paper and pressboard having varying density are.mlade. By
adding yarious nitrogen containing compounds the ageing characteristics of the cellulpse may
be imprpved. Typical values for nitrogen content of thermally upgraded papers”are between
1 % and 4 %. The purpose of thermally upgrading insulation paper is~to neutralize the
production of acids caused by the hydrolysis (thermal degradation) ofthe material ¢ver the
lifetime |of the transformer.

6.2

nsulation life

In recent years, extensive work on paper degradation has,béen carried out and publjshed in
referenges [9] to [15], indicating that cellulose ageing may.be described by combinatign of the
three prpcesses, i.e. oxidation, hydrolysis and pyrolysis-

The oxi:]ination is a process possibly dominant at lower temperature. The oxidizing agent in this
environment is oxygen from air ingress, and_as the ultimate end product of the process
appearg water. The hydrolysis of cellulose is, a-catalytically governed process where fthe rate
of chain scissions depends on carboxylic;~acids dissociated in water. As both wgter and
carboxylic acids are produced during ageing of cellulose this process is auto accelerating.
The pyrplysis is a process that can take place without access to water and/or oxygen], or any
other agent to initiate the decomposition. At normal operating or overload temperatures,
(i.e. < 140 °C), such processes are.considered to be of little relevance.

In a rdal transformer all ‘these processes — hydrolysis, oxidation and pyrolysis — act
simultaneously. This hampers the application of one model describing the full complexity of
the degfadation processes. Which process will dominate depends on the temperature|and the
conditiop (i.e. oxygenywater and acid content).

Different parameters might be used to characterize cellulose degradation procesg during
ageing. [In reality it is the mechanical strength that is important for the winding paper o resist
the shepristresses occurrlng durlng short circuits. However due to the folded geometry of
paper irn S = .
used transformers Hence |t is more convenlent to characterlze the degree of polymerlzatlon
(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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Figure 2 — Correlation between tensile strength and DP-value

ree of polymerization (DP) is the average number (n) of glyeosidic rings in a @

ellulose

macromjolecule, which ranges between 1100 and 1400 for unbleached soft wood kraft before

process

further {o a lesser or higher degree. During ageing, the lengths of these polymeric g

ng. Depending on the transformer drying process,(the DP value may be feduced

ellulose

molecules are reduced due to breakage of the covalent bonds between the anhydrous-§-

glucose

paper exposed to a temperature of 140 °C, oxygenr'of < 6000 ppm and water of (
shown ih Figure 3 (see [15]). The nitrogen content of the thermally upgraded paper
this experiment was 1,8 %.

When tH
(i.e. the
for such
be still

Annex A

methodology for estimationof the expected insulation life considering different ageing
moisture, oxygen’and temperature. The corresponding results for the non-thermally

such as
and the

The illu

industrial standards as follows:

e The

monomers. The change of DP over time of non-thermally and thermally u

e DP is reduced to 200 % or 35\% retained tensile strength, the quality of th
mechanical strength) is normally considered so poor that this defines the “en
insulating material (see [1d]),“although the insulating material dielectric stren
t an acceptable level.

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

strated \difference in thermal ageing behaviour has been taken into acd

bgraded
5 % is
used in

e paper
i of life”
gth may

gives further elaboration of the paper ageing theory providing a mathg¢matical

factors

ount in

rélative ageing rate ' = 1.0 corresponds to a temperature of 98 °C for non-thhermally

upgraded paper and 110 °C for thermally upgraded paper.

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 ‘€xpected life values that are based on residual DP value of 200} and that
are derived under the laboratory cofitrolled condition as given in text above, (e.g. constant moisturg content,
constant pnd homogenous temperature, etc.). However, to evaluate the expected life of a transformef the real
service cgnditions are considered (e.g. loading history and prediction, ambient temperature, insulation mdterial and
insulation| moisture contamination). The moisture contamination estimate is usually based on the corr¢sponding
equilibriufn curves for moisture-partition between oil and paper, (e.g. WCO vs WCP or RH vs WCP).

6.3 Relative ageing rate

Although ageinhg~or deterioration of insulation is a time function of temperature, moisture
content)| oxygen content and acid content, the model presented in this document is baged only
on the insulation temperature as the controlling parameter.

An example of how all ageing parameters can be taken into account is given in Annex A.

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 15 ooo]
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 indicated relative ageing rate V' = 1,0 corresponds to a.temperature of 98 °C for non-thermally upgraded
paper and 110 °C for thermally upgraded paper.

6.4 Loss-of-life calculation

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

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

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

t, is thp nthtime interval;

n is the'number of each time interval,
N is the total number of intervals during the period considered.

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

7 Limitations

7.1 Temperature limitations

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

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

Types of loading Small Large and
transformers medium power
transformers
Normal cyclic loading
Winding|hot-spot temperature and metallic parts in contact with 120 12
cellulosip insulation material (°C)
Other metallic hot-spot temperature (in contact with oil, aramid 140 14(
paper, glass fibre materials) (°C)
Inner cofe hot-spot temperature (°C) 130 13(
Top-oil tr,mperature, in tank (°C) 105 104
Long-tirhe emergency loading
Winding|hot-spot temperature and metallic parts in contact with 140 14(
cellulosip insulation material (°C)
Other metallic hot-spot temperature (in contact with oil, aramid 160 16(
paper, glass-fibre materials) (°C)
Inner cofe hot-spot temperature (°C) 140 14(
Top-oil emperature, in tank (°C) 115 115
Short-time emergency loading
Winding|hot-spot temperature and metallic parts®in contact with See 7.3.1 16(
cellulosip insulation material (°C)
Other metallic hot-spot temperature (in-contact with oil, aramid See 7.3.1 18(
paper, glass fibre materials) (°C)
Inner cofe hot-spot temperature (:C) See 7.3.1 16(
Top-oil emperature, in tank (°C) See 7.3.1 115
NOTE For more information on the core temperature, see Annex B.
7.2  Clurrentlimitations
There dre-timitations—eonr——ecurrent—ecarrying—capabitity—of transformer—other—than—temperature

limits given in Table 2, and . 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

Short-time emergency loading

Current [p.u.) | 2,0 ‘ 1,8 | 11,5

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

The limlits on load current, hot-spot temperature, top-oil temperature and temperature of
metallic| parts other than windings and leads stated in Tabte*2 and Table 3 should not be
exceeded. No limit is set for the top-oil, core and winding hot-spot temperatur¢ under
short-time emergency loading for distribution transformers’because it is usually impracticable
to contrpl the duration of emergency loading in thisscase. It should be noted that when the
hot-spol temperature exceeds 140 °C, gas bubbles‘may develop which could jeoparflize the
dielectric strength of the transformer (see 5.3).

7.3.2 Accessory and other considerations

Apart fom the windings, other parts of the transformer, such as bushings, cgble-end
connectjons, tap-changing devices and leads may restrict the operation when loaded above
1,5 timgs the rated current. Qil expansion and oil pressure could also impose restrictions.

7.3.3 Indoor transformers

When tfransformers arelused indoors, a correction should be made to the rateq top-oil
temperdture rise to take/account of the enclosure. Preferably, this extra temperature [rise will
be determined by a‘test (see 8.3.2).

7.3.4 Outdoor ambient conditions

Wind, stinshine and rain may affect the loading capacity of distribution transformers, but their
unpredictable mature Tmakes itimpracticable to take these factors imto 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

Unless pther limitations for variable flux voltage variations are known (see IEC 6007§-1), the
applied [voltage should not exceed 1,05 times either the rated voltage (principal\tapping) or
the tapging voltage (other tappings) on any winding of the transformer.

7.5 Specific limitations for large power transformers

7.51 General

For IargtLe power transformers, additional limitations, mainly assoCiated with the leakgge flux,
should be taken into consideration. It is therefore advisable inithis case to specify, at the time
of enquiry or order, the amount of loading capability needed, in“specific applications.

As far ps thermal deterioration of insulation is concerned, the same calculation |method
applies to all transformers.

According to present knowledge, the importance of the high reliability of large units in| view of
the congsequences of failure, together with the following considerations, make it advisable to
adopt a|lmore conservative, more individualcapproach here than for smaller units.

e The|combination of leakage flux and main flux in the limbs or yokes of the magnetic circuit
(sed 5.2) makes large transformers more vulnerable to overexcitation than [smaller
trangformers, especially when.loaded above nameplate rating. Increased leakage flux may
also|cause additional eddy-current heating of other metallic parts.

e The|consequences of-degradation of the mechanical properties of insulation as a function
of temperature and-time, including wear due to thermal expansion, may be morg severe
for large transformers than for smaller ones.

e Hotispot temiperatures outside the windings cannot be obtained from a | normal
temperature-rise test. Even if such a test at a rated current indicates no abnormalifjies, it is
not possible to draw any conclusions for higher currents since this extrapolation may not
have been taken into account at the design stage.

e Calculation of the winding hot-spot temperature rise at higher than rated currents, based
on the results of a temperature-rise test at rated current, may be less reliable for 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 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

8.1

8.1.1 General

Determination of temperatures

Hot-spot temperature rise in steady state

To be ptrictly accurate, the hot-spot temperature should be referred to the radjacent oil
temperdture. This is assumed to be the top-oil temperature inside the winding, Measufements
have shiown that the top-oil temperature inside a winding might be, dependent on the [cooling,

up to 1§ K higher than the mixed top-oil temperature inside the tank.

For mosgt transformers in service, the top-oil temperature inside(a, winding is not precisely
known. |On the other hand, for most of these units, the top-oil. {€mperature at the top of the

tank is well known, either by measurement or by calculation.

The calgulation rules in this document are based on the_ following:

Aoy

Ad,} the hot-spot temperature rise above top<oil temperature in the tank at rated clirrent [K].

, the top-oil temperature rise in the tank aboverambient temperature at rated Igsses [K];

The parpmeter Ag,. can be defined either by-direct measurement during a heat-run tgst or by

a calculption method validated by direct méasurements.

NOTE The methods, principles and calculation procedures given in 8.1.2, 8.1.3, 8.1.4 and Annex D are Jultimately
valid for the converter transformers for HYDC application, however, with the necessary consideration of [the effect
of harmorjics on the transformer thermak performance with a reference to a specific converter operating [point and

specific system conditions.

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

A thermal 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

simplifidation are~as follows.

a)

b)

c)

The|oil temperature inside the tank increases linearly from bottom to top, whatg¢ver the
cooling/mode.

As a first approximation, the temperature rise of the conductor at any position up the
winding is assumed to increase linearly, parallel to the oil temperature rise, 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).

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 Top-pil temperature derived as the average of the tank outlet oil temperature and the tank oil pocket
temperature
B Mixed oil temperature in the tank at the top of thewinding (often assumed to be the same temperatuie as A)

C Temperature of the average oil in the tank
D Oil tgmperature at the inlet of the tank (assumed to be the same as at the bottom of the winding)

E Bottgm of the tank
g, Averpge winding to average oil (imtank) temperature gradient at rated current
H Hot-$pot factor

P Hot-s$pot temperature

I Averpge winding temperature determined by resistance measurement

x-axis Tlemperature

y-axis Relative pa@sitions

B measfired point; ® calculated point

Eigure 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 sa