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INTERNATIONAL ELECTROTECHNICAL COMMISSION

POWER TRANSFORMERS -

Part 7: Loading guide for oil-immersed power transformers

FOREWORD

1) The International Electrotechnical Commission (IEC) is a worldwide organization for standardization comprising
all national electrotechnical committees (IEC National Committees). The object /0 is to promote

this end and in addition to other activities, IEC publishes International Standard echnical ‘Specifications,
Technical Reports, Publicly Available Specifications (PAS) and Guides (hexe o as “IEC
Publication(s)”). Their preparation is entrusted to technical committees; any K atio i i

in the subject dealt with may participate in this preparatory work. {

consensus of opinion on the relevant subjects since each ica i épresentation from all
interested IEC National Committees.

Publications is accurate, IEC cannot be
misinterpretation by any end user.

4) In order to promote international uniformity i € i undertake to apply IEC Publications
transparently to the maximum extent posgible |n th' i and regional publications. Any divergence
between any IEC Publication and the corre ional er regional publication shall be clearly indicated in
the latter.

7) No liability shal =yl
members of its te atfonal Committees for any personal injury, property damage or
other damage of an S ether direct or indirect, or for costs (including legal fees) and
expenses arising ot f i ge of, or reliance upon, this IEC Publication or any other IEC
Publications.

International dard\IEC 60076-7 has been prepared by IEC technical committee 14: Power
transformers.

This standard cancels and replaces IEC 60354 published in 1991. This first edition constitutes
a technical revision of the material given in IEC 60354. Details of the changes are given in the
introduction.

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

FDIS Report on voting
14/512/FDIS 14/520/RVD

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

Documents

Document Sharing Hub

Full document details: IEC 60076-7 2005


http://avadocuments2026.com/doc/iec-60076-7-2005
http://avadocuments2026.com/doc/iec-60076-7-2005

60076-7 © IEC:2005 -5-

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

IEC 60076 consists of the following parts, under the general title Power transformers:

Part 1: General
Part 2: Temperature rise
Part 3: Insulation levels, dielectric tests and external clearances in air

Part 4: Guide to the lightning impulse and switching impulse testing — Power transformers
and reactors

Part 5: Ability to withstand short circuit
Part 7: Loading guide for oil-immersed power transformers
Part 8:  Application guide

Part 10: Determination of sound levels
Part 11: Dry-type transformers

The committee has decided that the contents of this publicatiQ y unchanged until
the maintenance result date indicated on the IEC web_si hitpo//webstore.iec.ch" in

* reconfirmed;
* withdrawn;
* replaced by a revised edition, or

&%\@
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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. It should be noted that IEC 60076-2 refers to the average winding temperature
rise while this part of IEC 60076 refers mainly to the hot-spot temperature and the stated
values are provided only for guidance.

ThIS part of IEC 60076 gives mathematical models for Judglng the cgns of different

quence

k temperature sensors
Qbtaining a proper thermal
i the load current. These

f temperature calculations or measurements. These
ypes of loading duty — continuous loading, normal cyclic
pQrary emergency loading. The recommendations refer to

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.

Application examples are given in Annexes B, C and E.
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POWER TRANSFORMERS -

Part 7: Loading guide for oil-immersed
power transformers

1 Scope

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

NOTE For furnace transformers, the manufacturer should be consulted in view of the<peculidr loading\profile.
2 Normative references

The following referenced documents are indispensable fqQ
For dated references, only the edition cited applies. For > ces,the latest edition

3.3
large power transformer
power transformer exceeding the limits specified in 3.2

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. The cyclic loading
may either be a normal loading or a long-time emergency loading
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3.5

normal cyclic loading

higher ambient temperature or a higher-than-rated load current is applied during part of the
cycle, but, from the point of view of relative thermal ageing rate (according to the
mathematical model), this loading is equivalent to the rated load at normal ambient
temperature. This is achieved by taking advantage of low ambient temperatures or low load
currents during the rest of the load cycle. For planning purposes, this principle can be
extended to provide for long periods of time whereby cycles with relative thermal ageing rates
greater than unity are compensated for by cycles with thermal ageing rates less than unity

3.6

long-time emergency loading
loading resulting from the prolonged outage of some system eleme et will not be
reconnected before the transformer reaches a new and higher steady-st ature

3.7

short-time emergency loading
unusually heavy loading of a transient nature (less than 30 min e surrence of one
or more unlikely events which seriously disturb normal sys¢é

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

3.9
relative thermal ageing rate
for a given hot-spot temperature, rate

3.10
transformer insulatio

total time betweef\t
state when due

movement, which

3.1

per cent loss o s

equivalenf _ageing ™ ho er a time period (usually 24 h) times 100 divided by the
expected tran i ation life. The equivalent ageing in hours is obtained by multiplying
the relative ith the number of hours

3.12

thermally upgraded paper

cellulose-based paper which has been chemically modified to reduce the rate at which the
paper decomposes. 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; 50 % retention in tensile
strength after 65 000 hours in a sealed tube at 110 °C or any other time/temperature
combination given by the equation:
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15000
(6n + 273)

(6h+273) (110 + 273)

_ 28,082] 15000 15000 j 1)

Time (h) = e[ = 65000 x e[

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.

NOTE This definition was approved by the IEEE Transformers Committee Task Force for the Definition of
Thermally Upgraded Paper on 7 October 2003.

3.13

non-directed oil flow
OF

indicates that the pumped oil from heat exchangers or radiator

3.14

non-directed oil flow

ON

indicates that the oil from the heat exe reely inside the tank and is
not forced to flow through the windings indings can be either axial in
vertical cooling ducts or radial in horizontsg Qlin i without zigzag flow)

3.15

directed oil flow
oD

indicates that the pringip rom heat exchangers or radiators is forced

to flow through the wi inside the windings can be either axial in vertical
cooling ducts org

3.16
design ambient
temperature issible average winding and top-oil and hot-spot temperature
over ambient\temp ined
4 Symbo
Symbol Meaning Units
C Thermal capacity Ws/K
c Specific heat Ws/(kg-K)

DP Degree of polymerization

D Difference operator, in difference equations

Full document details: IEC 60076-7 2005

g Average-winding-to-average-oil (in tank) temperature gradient at rated K
current
mp Mass of core and coil assembly kg
my Mass of the tank and fittings kg
mg  |Mass of oil kg
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Symbol Meaning Units
myy Mass of winding kg
H Hot-spot factor
k11 Thermal model constant
ko4 Thermal model constant
koo | Thermal model constant
K Load factor (load current/rated current)
L Total ageing over the time period considered TN h
n Number of each time interval /\\ r\
N Total number of intervals during the time period considere{d/\ \
OD |Either ODAN, ODAF or ODWF cooling AN\
OF |Either OFAN, OFAF or OFWF cooling NN\
ON |Either ONAN or ONAF cooling SN\
P Supplied losses / . X w
Py Relative winding eddy loss f\\)/ N p.u.
Py, |Winding losses < (\\ 6 ( U M W
R Ratio of load losses at rated c@&erh\@\x@-%gd I(}&ses/
. Ratio of load losses to no-Ioa@ Io§s\at b&'\n\oigal\typping
Ry, |Ratio of load lossésto r}aﬁs{a\los\s\at\ﬁapah&y 7+ 1
Rpin | Ratio of load Rsskitc}ho-}gad\k{\ss\at mi%um tapping
Rmax |Ratio of Joad &os\s&\@\no-\m\a\d\kos t maximum tapping
s Laplace.operator Q
t Time va@a\é@ \/\\/ min
tap, Number fb(mt‘\ipah@\p\ping/
tap..4 |NufgoberoftapRing\ +
tapmin < Nﬁfbgj;%\;\i}mb\r:tiping
tapax Nw\rof\QMum tapping
V Relative\ag,e'T)ng rate
Va Relative ageing rate during interval n
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)
o, Ambient temperature °C
Yearly weighted ambient temperature °C
Documents
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Symbol Meaning Units
6, Hot-spot temperature °C
6,2 |Monthly average temperature °C
6na-max | Monthly average temperature of the hottest month, according to °C
IEC 60076-2:1993
6, Top-oil temperature (in the tank) at the load considered °C
&a Yearly average temperature, according to IEC 60076-2:1993 °C
7, Average oil time constant min
Ly Winding time constant min
AG,, |Bottom oil (in tank) temperature rise at rated load (no-load es Ao K
losses)
AG, Hot-spot-to-top-oil (in tank) gradient at the load consi ere K
AG, |Hot-spot-to-top-oil (in tank) gradient at start < \ \ \ K
AG, |Hot-spot-to-top-oil (in tank) gradient at ratem \ K
Ag, |Top-oil (in tank) temperature rise at the/lea&d c@id/\e%ck \/ K
A@,; |Top-oil (in tank) temperature(l’iee\at?t’é&t > ( Q Q K
A6, |Average oil (in tank) tempera}u@ ?ke t th Ianered K
A6, |Average oil (in tank) temperature rlse ed tgad (no-load losses + load K
losses)
A6, |Top-oil (in tank) em rature |n ate at rated losses (no-load K
losses + Ioadrl\ss
NG, Correct/d\to 0|I e rat e se tank) due to enclosure
A(AG,,) |Extra top- /\(xqperéﬂ{re\m{ }}n\\{k due to enclosure

nameplate rating and/or an ambient temperature higher than design ambient temperature
involves a degree of risk and accelerated ageing. It is the purpose of this part of IEC 60076 to
identify such risks and to indicate how, within limitations, transformers may be loaded 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.

Full document details: IEC 60076-7 2005
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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

imum flux density is present in the
shder no-load. The flux density in

Wed steel these saturation effects start rapidly above

1,9 T). In no time at all, stra g the ctably high temperatures at the core surface and in
nearby metallic parts such|as\windir he windings, due to the presence of high-frequency
components in the 9 3 In general, in all cases, the short overload
times dictated by wi gs icq otto dverheat the core at overexcitation. This is prevented by the

long thermal time ¢

jsk of premature failure associated with the increased
may be of an immediate short-term character or come
from the cum i y hermal ageing of the insulation in the transformer over many

ds of short-time emergency loading

Short-time increased loading will result in a service condition having an increased 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, acceptance of this
condition for a short time may be preferable to loss of supply. This type of loading is expected
to occur 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 than half-an-hour.

1 Numbers in square brackets refer to the bibliography. Documents
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a) The main risk for short-time failures is the reduction in dielectric strength due to the
possible presence of gas bubbles in a region of high electrical stress, that is the windings
and 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 decrease as the moisture concentration increases.

b) 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 exa aramid paper,

about 140 °C.
e) The expansion of the oil could cause overflow of ¢t
f) Breaking of excessively high currents in the ta

The short-term risks normally disapp
need to be clearly identifi ,
and operators.

5.4 Effects of long

This is not a nor S ditiomand its occurrence is expected to be rare but it may

a) Deterioration ’ cal properties of the conductor insulation will accelerate at
higher tepipe . deterioration proceeds far enough, it may reduce the effective

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 elevated
temperatures.

The calculation rules for the relative ageing rate and per cent loss of life are based on
considerations of long-term risks.
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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:

» the leakage flux density increases;

* the short-circuit forces increase;

« the mass of insulation, which is subjected to a high electric stress, is increased,;

« the hot-spot temperatures are more difficult to determine.

Thus, a large transformer could be more vulnerable to loading beyond nameplate rating than

a smaller one. In addition, the consequences of a transformer failure & ore severe for
larger sizes than for smaller units.

Therefore, in order to apply a reasonable degree of risk for the e
IEC 60076 considers three categories.

a) Distribution transformers, for which only the hot-spot
thermal deterioration shall be considered.

indings and

b) Medium power transformers where the variations in\the shall be
considered.

c) Large power transformers, where also the ¢ age flux are significant and

The purpose of thermally u 0 neutralize the production of acids
caused by the hydrolysijs degrada n) of the material over the lifetime of the
transformer. This hydroly t elevated temperatures, and published
research results indic g pgraded insulation papers retain a much higher
percentage of their te € \g stxength than untreated papers when exposed to

elevated temper@s 4 c - ences also show the change of DP over time of
non-thermally an e
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T
1200 .
1000 H-\ .

800 1 A i
DP I \ N 1
600 |\ E -

400

200

IEC 2306/05

Key

DP Degree of polymerization
t Time (h)
A Values for thermally upgraded paper

. Values for non-thermally upgraded paper

Another reference [6] S i e of temperature and moisture content, as shown
in Table 1.

JTab sf paper under various conditions

ehtype/ageing temperature Life
Eg@ years
< Dry and free With air and
from air 2 % moisture
WW 80 °C 118 57
90 °C 38 1,9
98 °C 15 0,8
Upgraded wood pulp at 80 °C 72 76
90 °C 34 27
98 °C 18 12

The illustrated difference in thermal ageing behaviour has been taken into account in
industrial standards as follows.

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

NOTE The results in Figure 1 and Table 1 are not intended to be used as such for ageing calculations and life
estimations. They have been included in this document only to demonstrate that there is a difference in ageing
behaviour between non-thermally and thermally upgraded insulation paper.
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6 Relative ageing rate and transformer insulation life

6.1 General

There is no simple and unique end-of-life criterion that can be used to quantify the remaining
life of a transformer. However, such a criterion is useful for transformer users, hence it seems
appropriate to focus on the ageing process and condition of transformer insulation.

6.2 Relative ageing rate

Although ageing or deterioration of insulation is a time function of temperature, moisture
content, oxygen content and acid content, the model presented in this part~f IEC 60076 is
based only on the insulation temperature as the controlling parameter.

ggeing is
referred to the winding hot-spot temperature. In this case the is defined
according to equation (2) for non-thermally upgraded papera ion (3YTor thermally
upgraded paper [7].

y =2h=s8)/6 2
15000 15 000
= \110+273 6, +273 (3)

where g, is the hot-spot tepnperature i

Equations (2) and (3)[¥ ve to the hot-spot temperature as can be

seen in Table 2.

T e(z\ g rates due to hot-spot temperature
A\
\Nﬁ-upgraded paper insulation Upgraded paper insulation

N | 4 | 4
NERWN 0,125 0,036
& \\5\38\ B 0,25 0,073
92 \ 0,5 0,145
9 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
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6.3 Loss-of-life calculation

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

2
L=[rdt or L= ZV xt, (4)

1 n=1

where
v, is the relative ageing rate during interval n, according to equation (2) or (3);
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.

6.4 Insulation life

Reference [7] suggests four different end-of-life criteria ent lifetimes for

thermally upgraded paper as shown in Table 3.

Table 3 — Normal insulation life of a well-dried, rermally upgraded
insulation system &refe nceMe f110 °C

Basis \_/ Normal insulation life
Hours Years

50 % retained tensile strength of |nsu|at\Qn 65 000 7,42

25 % retained tensile s(ng\@fm\ N > 135 000 15,41
200 retained degreeMpo%eréatiN iw ) 150 000 17,12
|nterpretation};&distl\ibuM\N@\ifor}\q}uQctiaxal life test data 180 000 20,55

operate at weJkbe of their actual lifetime. A hot-spot temperature of as little
as 6 °C beIw ra S esults in half the rated loss of life, the actual lifetime of
or operating at retatively constant ambient temperatures, the actual lifetime needs special consideration.

7 Limitations

71 Current and temperature limitations

With loading values beyond the nameplate rating, all the individual limits stated in Table 4
should not be exceeded and account should be taken of the specific limitations given in 7.2
to 7.4.

Documents

Document Sharing Hub

Full document details: IEC 60076-7 2005


http://avadocuments2026.com/doc/iec-60076-7-2005
http://avadocuments2026.com/doc/iec-60076-7-2005

-18 - 60076-7 © IEC:2005

Table 4 — Current and temperature limits applicable to loading beyond nameplate rating

Types of loading Distribution Medium power Large power
transformers transformers transformers
(see Note) (see Note) (see Note)
Normal cyclic loading
Current (p.u.) 1,5 1,5 1,3
Winding hot-spot temperature and metallic parts in 120 120 120
contact with cellulosic insulation material (°C)
Other metallic hot-spot temperature (in contact with oil, 140 140 140
aramid paper, glass fibre materials) (°C)
Top-oil temperature (°C) 105 105/\ 105
Long-time emergency loading {\\ N\
Current (p.u.) 1,8 (\\S\ \ \,3
Winding hot-spot temperature and metallic parts in 140 14 140
contact with cellulosic insulation material (°C)
Other metallic hot-spot temperature (in contact with oil, 160 1?0 160
aramid paper, glass-fibre materials) (°C)
Top-oil temperature (°C) 115 1\1\5 115
Short-time emergency loading \ j / N
\%g

Current (p.u.) \ > Z,p ( \ N > 1,8 1,5
Winding hot-spot temperature and metallic parts\in See 7\2.1 160 160
contact with cellulosic insulation material (°C)
Other metallic hot-spot temperature (in contact with oj ee R2.1 180 180
aramid paper, glass fibre materials) (°C)
Top-oil temperature (°C) < N \) N 99 7.21 115 115

N\

NOTE The temperature an be valid simultaneously. The current may be limited

urrent limits not 'W
to a lower value than that shg i r meet temperature limitation requirement. Conversely, the
temperature may be Wd n that shywn in order to meet the current limitation requirement.

7.21

hOt-spot temperature, top-oil temperature and temperature of
indings and leads stated in Table 4 should not be exceeded. No

emergency loading this case. 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).
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7.2.2 Accessory 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
1,5 times the rated current. Oil expansion and oil pressure could also impose restrictions.

7.2.3 Indoor transformers

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

7.2.4 Outdoor ambient conditions

Wind, sunshine and rain may affect the loading capacity of distributio but their

unpredictable nature makes it impracticable to take these factors info a

7.3 Specific limitations for medium-power transformers
7.31 Current and temperature limitations

The load current, hot-spot temperature, top-oil tem ature of metallic parts
other than windings and leads should not excegs - a Table 4. Moreover, it
should be noted that, when the hot- Ders 40 °C, gas bubbles may

mer, such as bushings, cable-end
connections, tap-changing 2strict the operation when loaded above
1,5 times the rated ¢

Consideration may als

Unless other limitations for variable flux voltage variations are known (see |IEC 60076-4), the
applied voltage should not exceed 1,05 times either the rated voltage (principal tapping) or
the tapping voltage (other tappings) on any winding of the transformer.
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7.4 Specific limitations for large power transformers
7.41 General
For large power transformers, additional limitations, mainly associated with the leakage flux,

shall be taken into consideration. It is therefore advisable in this case to specify, at the time of
enquiry or order, the amount of loading capability needed in specific applications.

As far as 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 la

ge units in view of

* The combination of leakage flux and main flux in the limbs or y6
(see 5.2) makes large transformers more vulnerable tg

of temperature and time, including wear due to may be more severe
for large transformers than for smaller ones.

¢ Hot-spot temperatures outside 3 S ¢ obtained from a normal
temperature-rise test. Even if such aest a ihdicates no abnormalities, it is

not possible to draw any conclusionis for hig ents since this extrapolation may not
have been taken into account at th

e Calculation of the winding se at higher than rated currents, based
on the results of g te afest at rategd current, may be less reliable for large

other than windin nevertheless in contact with solid insulating material should
not exceed themits stated in\Jable 4. Moreover, it should be noted that, when the hot-spot

7.4.3

Refer to 7.3.2.

7.4.4 Short-circuit withstand requirements

Refer to 7.3.3.

7.4.5 Voltage limitations
Refer to 7.3.4.

Documents

Document Sharing Hub

Full document details: IEC 60076-7 2005


http://avadocuments2026.com/doc/iec-60076-7-2005
http://avadocuments2026.com/doc/iec-60076-7-2005

60076-7 © IEC:2005 -21-

8 Determination of temperatures

8.1 Hot-spot temperature rise in steady state
8.1.1 General

To be strictly accurate, the hot-spot temperature should be referred to the adjacent oil
temperature. 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, dependent on the cooling,
up to 15 K higher than the mixed top-oil temperature inside the tank.

For most transformers in service, the top-oil temperature inside a windif
known. On the other hand, for most of these units, the top-oil tempera
tank is well known, either by measurement or by calculation.

not precisely
he top of the

* Ag,, the hot-spot temperature rise above top-oil te

The parameter Ag,, can be defined either by direct
a calculation method validated by direct measureir

a) The oil temperaturp_insid
cooling mode.

b) As a first ai ati
winding is assdme

constant differe

wWo straight lines (g, being the difference between the

winding avergge\te by resistance and the average oil temperature rise in
the tank).

c) The hot-spot temye e is higher than the temperature rise of the conductor at the
top ¢ i as\ described in 8.1.2b), because allowance has to be made for the

on the conductor\Tofake into account these non-linearities, the difference in temperature
between the hat-spot and the top-oil in tank is made equal to / x g, that is, Ag,, = 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 used for loading.
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Hx g

IEC 2307/05
Key
A Top-oil temperature derived gs\the average &f th mperature and the tank oil pocket temperature
B Mixed oil temperature in theMank 2 én assumed to be the same temperature as A)

D Oil temperature apthe
E Bottom of the tan
g Average winding to a 8 Oi rature gradient at rated current

H Hot-spot factor

Y-axis RelativeNpositions

Figure 2 — Thermal diagram
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8.1.3 Direct measurement of hot-spot temperature rise

Direct measurement with fibre optic probes became available in the middle of the 1980s and
has been practised ever since on selected transformers.

Experience has shown that there might be gradients of more than 10 K between different
locations in the top of a normal transformer winding [8]. Hence, it is unlikely that the insertion
of, for example, one to three sensors will detect the real hot-spot. A compromise is necessary
between the necessity of inserting a large number of probes to find the optimum location, and
the additional efforts and costs caused by fibre optic probes. It is recommended that sensors
be installed in each winding for which direct hot-spot measurements are required.

and the highest surrounding oil temperature. It would, therefore, be
the top conductors contain the hottest spot. However, measuremef

top-oil temperature rise at the end of
and Ag,, = 36 K for the 410 kV winding

IEC 2308/05

e 3 -~ Local temperature rises above air temperature in

a 120 kV winding at a load factor of 1,6
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=
i N 114
1
1 N 114

! 114

100

115 o :

way [9].

IEC 2310/05

Figure 5 — Two fibre optic sensors installed in a spacer before the
spacer was installed in the 120 kV winding

The hot-spot factor H is taken as the ratio of the gradient Ag,, for the hottest probe and the
average winding-to-average oil gradient g,. In the example measurement, the g-values were
23 K for the 120 kV winding and 30 K for the 410 kV winding. This means that the H-values
were 1,22 and 1,20 respectively.
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8.1.4 Hot-spot factor

The hot-spot factor H is winding-specific and should be determined on a case-by-case basis
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 [10]. The factor H
should be defined either by direct measurement (see 8.1.3) 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. For standard distribution
transformers with a short-circuit impedance < 8 % the value of H = 1,1 can be considered
accurate enough for loading considerations. In the calculation examples in Annex E, it is
assumed that # = 1,1 for distribution transformers and H = 1,3 for medium-power and large-
power transformers.

A calculation procedure based on fundamental loss and heat transfe iples should

consider the following [11].

a) The fluid flow within the winding ducts. The heat transfer,
temperature should be modelled for each cooling duct.

b) The distribution of losses within the winding. One of \NCHE ses of extra local
loss in the winding conductors is radial flux eddy indi

addition to the d.c. resistance loss. Connections, that subject 1o leakage flux heating,
such as coil-to-coil connections s \@ding brazes, should also be
considered.

* Flow-directing W € e tF at transfer into the fluid in the case of a zigzag-
cooled ‘@»- :
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o
‘ ance betwegeh all sections is the same
and the flow-directing washer\s insta in th ce between sections

end insulation.

* Not all cooling dqucts exte] pletely arobwid the winding in distribution transformers
and small powerNransform ’ cooling ducts are located only in the portion of
the winding_outs igure 7). Such a "collapsed duct arrangement"
causes & '
ducts unde
located.

L ]
|

_________

IEC 2312/05

Figure 7 — Top view section of a rectangular winding with "collapsed cooling
duct arrangement” under the yokes
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8.2 Top-oil and hot-spot temperatures at varying ambient temperature and load
conditions

8.2.1 General

This subclause provides two alternative ways of describing the hot-spot temperature as a
function of time, for varying load current and ambient temperature.

a) Exponential equations solution, suitable for a load variation according to a step function.
This method is particularly suited to determination of the heat transfer parameters by test,
especially by manufacturers [12], and it yields proper results in the following cases.

« Each of the increasing load steps is followed by a decreasing load step or vice versa.

« In case of N successive increasing load steps (N = 2), each of the (N
has to be long enough for the hot-spot-to-top-oil gradient Ag¢to obtain s

1) first steps
ady state.

varying ambient temperature g,. This method
monitoring [13], especially as it does not have any restrj

resistance change ThIS has been taken into account |mpI|C|tIy
cooling, the influence of the oil viscosity on temperature rises
variation should be considered. An approximate
OD is 0,15 x (AG, — Ab,,).

8.2.2 Exponential equations solutjor

An example of a load variafion accord| g tp function, where each of the increasing load
steps is followed by a d d.step,Ns_showp in Figure 8 (the details of the example

are given in Annex B).

9,
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&

RIS
K1 X\
. N

[N N

>

U
IEC 2313/05
735 min

N
&, Winding hot-spot temperature
g, Top-oil temperature in ta
K1is 1,0 K4 is 0,3 K5 is 2,1

Figure nses to step changes in the load current
The hot-spot temp S to the sum of the ambient temperature, the top-oil
temperature ' 1d the temperature difference between the hot-spot and top-oil
in the tank.

The tempers e A0 a level corresponding to a load factor of K is given by:

1+ Rx K2

TR ] - 8605 % 1i0) 86k g K7 - 1) (5)

6r () = 6, + A8 +1A0; x[

Correspondingly, temperature decrease to a level corresponding to a load factor of X, is given
by:

1+ Rx K2
1+R

1+ Rx K2

1Tt R ] fo(t)"'ngKy (6)

X
9h(t)=6’a+A6’0r><[ ] + A‘g’oi_AHorx[

The top-oil exponent x and the winding exponent y are given in Table 5 [14].
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The function f(¢) describes the relative increase of the top-oil temperature rise according to
the unit of the steady-state value:

7l0)= (1 _ e(‘f)/(kﬂxfo)) ()

where

k44 is a constant given in Table 5;

Ty is the average oil-time constant (min).

The function f5(¢) describes the relative increase of the hot-spot-to-top-oil gradient according

to the unit of the steady-state value. It models the fact that it takes somg e _before the oil
circulation has adapted its speed to correspond to the increased load lex

_ —t) (koo Xt (8)
/2(6)= ka1 "(1‘6( iz W))‘(k21 ‘1)"(

The constants k44, ko4 ko, and the time constants 7, and_r, nsformer specific. They
can be determined in a prolonged heat-run test during ~Noad loss" period, if
the supplied losses and corresponding cooling conditions, & AN or AF, are kept
unchanged from the start until the steady state|has ned. In this case, it is
necessary to ensure that the heat-run t former is approximately at
the ambient temperature. It is obvigus\tha an be defined only if the
transformer is equipped with fibre optis senso gre not defined in a prolonged
heat-run test they can be defined by ca . In the absence of transformer
specific values, the values in Table (5 are re ended. The corresponding graphs are
shown in Figure 9.

NOTE 1 Unless the current and coo anged during the heating process long enough to

sformers are similar to graph 7 in Figure 9, i.e. distribution
" at step increase in the load current as ON and OF-cooled

NOTE 2 The f5(¢) gré
transformers do not Y

power transformers do»

The function f5(z sCribes\thexcelatiye decrease of the top-oil-to-ambient gradient according
to the unit of the to :

(9)

Documents

Document Sharing Hub

Full document details: IEC 60076-7 2005


http://avadocuments2026.com/doc/iec-60076-7-2005
http://avadocuments2026.com/doc/iec-60076-7-2005

-30 - 60076-7 © IEC:2005

Table 5 - Recommended thermal characteristics for exponential equations

Medium and large power transformers

Distribution
transformers

- T T o
z z2%5 z TR w 2%
< <L = < 0= < o= ' [a]
2 ZE, P-4 Z5, z Ok o (o]
(@) 030 (@] qu, (@) " o
0 o0 0\@(
- - -

Oil exponent x 08 08 08 08 08 /\ﬁQ ) (\o 1,0
Winding exponent y 1,6 1,3 1,3 1,3 1,3 \ 1?9\ 1,3 2,0
Constant & 1,0 0,5 0,5 0,5 0,5< \\0\ 1@ 1,0
Constant &y 1,0 3,0 2,0 30 | /20 1,43 173 1,0
Constant &y, 2,0 2,0 2,0 2,0 3\9\ \\0 1,0 1,0
Time constant 7, 180 210 210 1 ~ 13‘8\ 9(} 90 90
Time constant 7, 4 10 (\(\/ /‘7\ N7 7 7

spacers = 3 mm.

s NG L
2,0 7 \/

1,5

Sf2(2)
1,00H

0,5 i

10
NOTE If a winding of an ON or OF-cooled traasformerqs zigzgg-cooled, dilal/Spacer thickness of less than 3
mm might cause a restricted oil circulation, i.e. athigh xim value of the function f,(¢) than obtained by

° 0 éO 1‘20 1éO 2;10 360 360 450 480
t min
IEC 2314/05
Key
1 ONAN - restricted oil flow 5 OF — restricted oil flow
2 ONAN 6 OF
3 ONAF - restricted oil flow 7 OD and distribution transformers
4 ONAF

Figure 9 — The function f,(7) generated by the values given in Table 5§

An application example of the exponential equations solution is given in Annex B. Documents
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8.2.3 Differential equations solution

This subclause describes the use of heat transfer differential equations, applicable for
arbitrarily time-varying load factor K and time-varying ambient temperature g,. They are
intended to be the basis for the software to process data in order to define hot-spot
temperature as a function of time and consequently the corresponding insulation life
consumption. The differential equations are represented in block diagram form in Figure 10.

Observe in Figure 10 that the inputs are the load factor KX, and the ambient temperature 6, on
the left. The output is the desired hot-spot temperature 4, on the right. The Laplace variable s
is essentially the derivative operator d/dt.

K k kpq —1
- y o 21 _ 21
AHhrK 1+ k22TWS 1+ (TO /k22)S

In Figure 10, th
The first ter

uppermost path represents the hot-spot rise dynamics.
represents the fundamental hot-spot temperature rise,

before the effect o ging_oil Iow past the hot-spot is taken into account. The second term
(with nup presents the varying rate of oil flow past the hot-spot, a
phenomenon s much more slowly. The combined effect of these two terms is to

ot-spot temperature rise, very soon after the sudden load change. Values
e other parameters shown are discussed in 8.2.2 and suggested values

high peak in the
fOI’ k11, k21, k22 and
given in Table 5.

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

The time step shall be less than one-half of the smallest time constant 7y to obtain a
reasonable accuracy. Additionally, 7y and zg should not be set to zero.

The interpretation of the blocks in Figure 10 as convenient difference equations is described
in detail in Annex C.
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8.3 Ambient temperature
8.3.1 Outdoor air-cooled transformers

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

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

a) The yearly weighted ambient temperature is used for thermal ageing calculation.

b) The monthly average temperature of the hottest month is used for the maximum hot-spot
temperature calculation.

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

If the ambient temperature varies appreciably during the load ‘¢cycle g th eighted
ambient temperature is a constant, fictitious ambient temperature the same
ageing as the variable temperature acting during that time. Fo emperature
increase of 6 K doubles the ageing rate and the ambient tg assumed to vary

(10)
where
Gna-max onth (which is equal to the sum
daily minima, measured in °C, during
Hya is the yearly ayera is equal to the sum of the monthly
average temp divided by 12).
EXAMPLE: Usin@) rag alues (more accurately using monthly weighted values)
for &,:

Average 6, = 15,0 °C
Weighted average ¢ = 20,4 °C

The ambient temperatyre used in the calculation examples in Annex E is 20 °C.

8.3.2 Correction of ambient temperature for transformer enclosure

A transformer 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 (5) and (6)
should be replaced by A&, as follows:

DBy = DGy, +0(D6,,) (11)

where A(A§,,) is the extra top-oil temperature rise under rated load.
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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 6 for different types of enclosure
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 (11).

Table 6 — Correction for increase in ambient temperature due to enclosure

Correction
to be added to weighted
Type of enclosure Number of ambient temperature
transformers
installed /\K

dansfor}iize
A (v

350 \| \g00 \| 750 } 1000

1 \41\ 12 >3 14
1

4 16

Underground vaults with natural ventilation 2
XM 17 19 22

1 X/ 8 9 10
Basements and buildings with poor natural ventilation 2 8 9 10 12
aN /(x 3 (\ ‘\>10 13 15 | 17

L4

3 4 5 6
Buildings with good natural ventilation and unde und 2 4 5 6 7
vaults and basements with forced ventilation
('\ 6 9 10 13
Kiosks (see Note 2) ( /\\ \) § 1 10 15 20 -
NOTE 1 The above tempe i i Wgﬁi estimated for typical substation loading conditions
using representative values|o . They sed on the results of a series of natural and forced

cessary when the temperature rise test has been carried
lete unit.

cooling tests in underground va
NOTE 2 This corror i
out on the transforme )}?(é\e

8.3.3

9 Influence oftap’>changers

9.1 General

All quantities used in equations (5) and (6) have to be appropriate for the tap at which the
transformer is operating.

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

9.2 Short-circuit losses

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 11. A linear function is calculated between the rated tap position and the
minimum and maximum position.

—_—_——

IEC 2316/05

Key

X Tap position

Y Ratio of losses

Fi@1 siple osses as a function of the tap position

9.3 Ratio of lo§ses

For tap positions beyond the rated tap changer position (from tap,.4 to tap,4,):

R(tap) = Ry4q + (tap — tapyq) x my (12)

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

R(tap) = R, + (tap - tap, ) x mq (13)

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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