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Abstract
Power transformers represent the largest portion of capital investment in transmission
and distribution substations. In addition, power transformer outages have a considerable
economic impact on the operation of an electrical network. One of the most important
parameters governing a transformer’s life expectancy is the hot-spot temperature value.
The classical approach has been to consider the hot-spot temperature as the sum of the
ambient temperature, the top-oil temperature rise in tank, and the hot-spot-to-top-oil (in
tank) temperature gradient. When fibre optic probes were taken into use to record local
hot-spots in windings and oil ducts, it was noticed that the hot-spot temperature rise
over top-oil temperature due to load changes is a function depending on time as well as
the transformer loading (overshoot time dependent function). It has also been noticed
that the top-oil temperature time constant is shorter than the time constant suggested by
the present IEC loading guide, especially in cases where the oil is guided through the
windings in a zigzag pattern for the ONAN and ONAF cooling modes. This results in
winding hottest spot temperatures higher than those predicted by the loading guides
during transient states after the load current increases, before the corresponding steady
states have been reached.
This thesis presents new and more accurate temperature calculation methods taking into
account the findings mentioned above. The models are based on heat transfer theory,
application of the lumped capacitance method, the thermal-electrical analogy and a new
definition of nonlinear thermal resistances at different locations within a power
transformer. The methods presented in this thesis take into account oil viscosity changes
and loss variation with temperature. The changes in transformer time constants due to
changes in the oil viscosity are also accounted for in the thermal models. In addition, the
proposed equations are used to estimate the equivalent thermal capacitances of the
transformer oil for different transformer designs and winding-oil circulations. The
models are validated using experimental results, which have been obtained from a series
of thermal tests performed on a range of power transformers. Most of the tested units
(i.e., 80 MVA ONAN, 250 MVA ONAF, 400 MVA ONAF, 650 MVA ONAF and a
605 MVA OFAF cooled unit) were equipped with fibre optic sensors in the main
windings. Some of them also had thermocouples in the core and structural parts. In
addition, a comprehensive test programme was performed on a 2500 kVA ONAN
cooled transformer (without external cooling) equipped with thermocouples. Finally, to
properly assess the operating conditions of a 40 MVA OFAF transformer unit suffering
cooling deficiency problems, temperatures recorded from the transformer while in
service are compared to the corresponding temperatures calculated with the thermal
models.
A significant advantage of the suggested thermal models is that they are tied to
measured parameters that are readily available (i.e., data obtained from a normal heat
run test performed by the transformer manufacturer).
Keywords: power transformers, hot-spot temperature, top-oil temperature, bottom-oil
temperature, non-linear thermal resistance, oil time constants
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1 Introduction
“A power transformer is a static piece of apparatus with two or more windings which,
by electromagnetic induction, transforms a system of alternating voltage and current
into another system of voltage and current usually of different values and at same
frequency for the purpose of transmitting electrical power,” [23].
Power transformers are one of the most expensive components in an electricity system.
Knowing their condition is essential to meet the goals of maximizing return on
investment and lowering the total cost associated with transformer operation. The
transformer winding hot-spot temperature is one of the most critical parameters when
defining the power transformer thermal conditions and overloading capability beyond
the nameplate rating. Therefore, in order to increase transformer operational efficiency
and minimize the probability of an unexpected outage, several on-line and off-line
monitoring systems have been developed [4], [9], [17], [19], [36], [38-39], [64-65],
[74], [77] and [81-82].
Direct measurement of actual transformer winding temperatures using fibre optic probes
has been increasing since the mid-1980s, [13], [37], [47-49], [62], [64], [66] and [78].
By analysing measured results from tested power transformers it has been noticed that
the hot-spot temperature rise over top-oil temperature following load changes is a
function depending on time as well as the transformer loading (overshoot time
dependent function), Fig. 1.1. Similar results were obtained for distribution transformers
with external cooling, [57]. The maximum values and shapes of this function
(represented in terms of the overshoot factor Bp) for different transformers with external
cooling, different loadings, different oil circulation modes in the windings (zigzag and
axial) and different cooling modes are given in [49].

Fig. 1.1. Normalised time variation of hot-spot temperature rise above top-oil temperature, f2(t),
(in tank) for a step increase in load current, [62]
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It has also been noticed that the top-oil temperature time constant is shorter than the
time constant suggested by the present loading guide, [22], especially where the oil is
guided through the windings in a zigzag pattern for the ONAN and ONAF cooling
modes, [49]. These values are estimated by exponential curve fitting in order to obtain
the relevant numerical quantities, due to the fact that transformer time constants are
functions of the transformer oil viscosity, [79], and further, they are dependent on the
oil temperature, [28]. The foregoing thermal phenomena will directly cause the transient
winding hottest spot temperatures to reach higher values than those predicted by both
the present IEC and IEEE loading guides for oil-immersed power transformers, [22],
[28] and [62].
On the other hand, a thermal test made on distribution transformers without external
cooling, [69], showed that the hot-spot temperature rise over top-oil temperature for the
oil temperature measured in the oil pocket due to a change in load is an exponential
function, f2(t), with the time constant equal to the winding time constant, the dashed line
in Fig. 1.1. It has also been observed that this top-oil time constant is longer than the
time constant obtained for large power transformers with zigzag oil circulation through
the windings.
Therefore, the author was strongly motivated to carry out a comprehensive transformer
investigation in order to provide new solutions, in the form of transformer thermal
models and their real-time application. These thermal models are based on conventional
heat transfer theory, [33], [35] and [59-60], numerous transformer thermal tests and
reports, [2-3], [6-7], [11-12], [15], [18], [34], [37], [40-50], [52], [57], [62], [69-70],
[72] and [75-76], application of the lumped capacitance method, the thermal-electrical
analogy, and the concept of nonlinear thermal resistances between different locations
within a power transformer. The crucial ideas have already been published and verified
in the author’s work, [69-71].
The present work focuses specifically on further refinement in the definition of the
nonlinear thermal resistances (by considering specific design differences between the
transformer windings and vertical plates, and consequently, the fluid flow around their
surfaces) and the relevant thermal models. The changes in transformer time constants
with the oil viscosity are accounted for in the thermal models. In addition, the
equivalent thermal capacitances of the transformer oil for different transformer designs
and winding-oil circulations are estimated by the suggested equations. The methods
presented in this thesis take into account oil viscosity changes and loss variation with
temperature and they are validated using experimental results. Furthermore, the IEEEAnnex G method is used as a reference, [28].
The listed research methods, techniques and performed thermal tests have been
successfully used to attain the following:
The scope of the research work is to develop the physical background for power
transformer dynamic loading based on heat transfer theory, to allow capacity
monitoring using data obtained from the normal heat run test performed by the
transformer manufacturer.
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2 Transformer loading capacity: basic aspects
A typical oil immersed transformer layout is shown in Fig. 2.1. During its operation a
transformer is the source of energy losses, the majority of which are located in two
fundamental parts, the magnetic core and the windings. In the magnetic core the losses
are generated by variation of alternating flux in the magnetic circuit; therefore they are
directly related to the induction and hence the applied voltage. The winding losses are
primarily due to DC losses and eddy currents, however, and are related to the load.
Losses are also generated in the connections, tap changers and bushings. They can be
linked with the losses referred to above, and appear in the same way as in materials with
good electrical conductivity. The leakage flux from the windings, terminals and
connections can also create stray losses by inducing eddy currents in neighbouring nonactive metallic components, such as the fastenings, tank and cover. The manufacturer
must reduce these to the absolute minimum, [21], [34].

Fig. 2.1. Cross-sectional view of a typical oil-immersed transformer, [10]

All these losses cause heating in the corresponding parts of the transformer and this heat
must be transferred to the transformer oil by convection and further, from the oil to the
cooling medium via a heat exchanger. Although the winding copper holds its
mechanical strength up to several hundred degrees Celsius and the transformer oil does
not significantly degrade below about 140°C, the paper insulation deteriorates very
rapidly if its temperature exceeds 90°C. In addition, the moisture content, acidity and
oxygen content of the oil have a significantly detrimental effect on insulation life, [14]
and [26]. Therefore, the loading capacity of a transformer is defined in terms of the
thermal ageing of its insulation and the transformer hot-spot temperature. It has been
reported, [7], that from 90 to 110°C the tensile strength aging rate is doubled for
approximately each 8°C increase in temperature. Other authors have observed, [7], that
the life of different transformer insulation materials is halved by an increase in
temperature ranging from 5 to 10 degrees. Generally, the consensus is that in the
17

temperature range from 80 to 140°C, the life expectancy is halved by each 6°C increase
in temperature, [22] and [34]. In IEC Publication 76, the rate of ageing of the interturn
insulation of transformers under the effect of time and temperature is referred to a hotspot temperature of 98°C (i.e., to a value that normally corresponds to a 20°C cooling
air temperature under the continuous rated load), [24]. The service life of such a
transformer due to ageing is about 30 years. IEC-76 defines temperature rise limits (e.g.,
top-oil and average winding temperature rises above ambient temperature for different
cooling modes) and specifies test methods for temperature-rise measurements, [24]. The
IEEE standard test code for liquid-immersed distribution, power, and regulating
transformers, [29], also deals with temperature rises and related test procedures similar
to IEC-76 parts 1 and 2, [23 and 24].
In addition, the IEC 354 loading guide for oil immersed power transformers, [22], and
the IEEE guide for loading mineral-oil-immersed transformers, [28], indicate how oilimmersed transformers can be operated in different ambient conditions and load levels
without exceeding the acceptable deterioration limit of insulation due to thermal effects.
According to the loading guides, the hot-spot temperature in a transformer winding
consists of three components: the ambient temperature rise, the top-oil temperature rise
and the hot-spot temperature rise over the top-oil temperature, Fig. 2.2. It is assumed
that during a transient period the hot-spot temperature rise over the top-oil temperature
varies instantaneously with transformer loading and independently of time.

Fig. 2.2. A transformer thermal diagram that shows the main temperature distribution along the winding
height as well as the oil temperature distribution inside the transformer tank

The variation of the top-oil temperature is described by an exponential equation based
on a time constant (oil time constant). The top-oil time constant suggested by the IEC
loading guide is 150 min for the oil natural-air natural (ONAN) and oil natural-air
forced cooling modes (ONAF). In the case of the oil forced-air forced cooling mode
(OFAF) it is suggested to use the oil temperature of the oil leaving the winding. This
18

has not been practiced in industry due to difficulties in recording the temperature of the
oil leaving the winding. The suggested oil-time constant for OFAF cooled units is 90
min. The IEEE Loading Guide, [28], suggests a design specific calculation method for
the top oil time constant. In this case the time constant is calculated separately for each
transformer unit, depending on both the cooling mode (ONAN, ONAF or OFAF) and
the masses of the various components comprising a transformer, such as the oil, tank,
radiators, insulation, clamps, and windings.
At the time when the present IEC 354 loading guide for oil immersed power
transformers was made, fibre optic sensor thermal investigations had just begun. During
the last twenty years fibre optic probes have been used by many authors [13], [37], [4749], [62], [64] and [78], in order to obtain as accurate values as possible for transformer
temperatures. It was shown that the dynamic winding hot-spot calculation methods
proposed in the loading guides, [22] and [28], yield significantly low values during
transients, especially in the case of a short-term emergency loading, [62]. The same
conclusion is also valid for hot-spots in the core and structural parts, if the principles
proposed in [22] and [28] are applied. This is a critical limitation in the open market
environment, where network planners, operators and asset managers are trying to fully
exploit the capacity of existing equipment.
In order to overcome these thermal obstacles and to increase transformer loading
capacity, different calculation procedures for the winding hot-spot temperature response
to load changes have been proposed by many authors. Aubin and Pierce dealt with the
overshoot phenomenon by avoiding its direct modelling. They obtained hot-spot
temperature calculation methods that were based on the bottom-oil temperature. These
methods are published in scientific papers, [2] and [52-53]. Pierce’s method is also
presented as a more complex dynamic hot-spot temperature calculation procedure in the
IEEE Loading Guide Annex G in [28]. Similarly, Radakovic performed thermal tests on
distribution transformers with external cooling, [57], where he observed the same
phenomenon and suggested a calculation procedure based on the bottom-oil temperature
and application of the lumped capacitance theory. On the other hand, the author of this
thesis has defined two thermal models, where the variation of the winding hottest-spot
temperature rise over the top-oil temperature after a load change is defined by
exponential functions with constant parameters. Both models depend only on data
received in a normal heat run test, (i.e., the top-oil in the tank of the transformer, the
average winding-to-top-oil gradient), [49] and [67-68]. In addition, many other authors
have suggested different solutions, such as Alegi, Blake, Declercq, Lesieutre, Pierce,
Pradhan, Radakovic, Ryder, Tang, and Van der Veken in references [1], [5], [10], [39],
[54],[55], [56,58], [61], [75-76] and [80] . It is necessary to stress the importance of the
work published by Swift for further understanding of the state of the art in transformer
thermal modelling, [72-73].
A permanent on-line monitoring system, which collects information from several
measurable variables, should also include a real-time application of the thermal models
to provide an accurate picture of the operating condition of the transformer, allowing the
operator to detect early signs of faults and correct them. The scientific papers that
describe the implementation of the transformer temperature monitoring systems, based
either on thermal models or temperature sensor installations, and other power
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transformer diagnostic methods that consider the key parameters, e.g., the gases,
moisture in oil, partial discharge, load current and voltage, insulation power factor and
pump-fan operation, are listed in references [4], [8], [9], [10], [16], [17], [19-20], [36],
[38-39], [51], [63-66], [74], [77] and [81-82].
Finally, the Institute of Electrical and Electronics Engineers has attempted to give
general guidance to power transformer manufacturers and users in evaluating the
thermal performance of the transformers by printing two new publications, the IEEE
Guide for Determination of Maximum Winding Temperature Rise in Liquid-Filled
Transformers, [30], and the IEEE Recommended Practice for Performing Temperature
Rise Tests on Oil-Immersed Power Transformers at Loads Beyond Nameplate Ratings,
[31], which consider the findings referenced above.
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3 Dynamic thermal modelling of power transformers
This section starts with a short review of the thermal-electrical analogy. The thermal
nonlinearty of transformer parameters is desribed by defining the relevant non-linear
resistances in the following subsection. Subsequently, the dynamic thermal models for
power transformers are discussed and defined. These models are the top-oil temperature
model, the hot-spot temperature model, the bottom-winding and bottom-oil temperature
model, and the hot-spot models based on the bottom oil temperature. At the end, the top
oil time constant for the thermal models is defined.
3.1 Introduction
In order to analyse the temperature conditions inside a transformer, the analogy between
thermal and electrical processes is briefly reviewed below, [69-73].
A thermal process can be defined by the energy balance equation:

q × dt = Cth × d +

− amb
× dt
Rth

(3.1)

where:

q is the heat generation,
Cth is the thermal capacitance,
θ is temperature,
Rth is the thermal resistance,
θamb is the ambient temperature.
The equation may be rewritten as follows:

q = Cth ×

− amb
d
+
dt
Rth

(3.2)

Now, if we define a simple electrical RC circuit, as given by Fig. 3.1, we can write a
similar equation based on both the first Kirchoff’s law and Ohm’s law:
i = Cel ×

du u
+
dt R el

(3.3)

where: i is the electrical current, Cel is the electrical capacitance, Rel is the electrical
resistance and u is the electrical voltage.
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Fig. 3.1. An electrical RC circuit

Simply, by comparing equations (3.2) and (3.3) we obtain the analogy between
electrical and thermal processes, Table 3.1.
Table 3.1. Thermal-electrical analogy
Thermal

Electrical

Generated heat

q

Current

i

Temperature

θ

Voltage

u

Resistance

R th

Resistance

R el

Capacitance

C th

Capacitance

C el

The analogous thermal circuit for the electrical circuit, Fig. 3.1, is given in Fig. 3.2.

Fig. 3.2. The analogous thermal circuit

At this point the thermal resistance and capacitance can be defined as the material’s
ability to resist heat flow and store heat, respectively.
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The foregoing analysis assumes that the thermal characteristics of the material are
constant, that is, they are not changeable with temperature. In order to use this
electrical-thermal analogy for transformer temperature calculations it will be necessary
to further modify the lumped capacitance method by introducing a nonlinear thermal
resistance, which takes changes in the transformer oil thermal parameters with
temperature into account. The nonlinear thermal resistance will be clearly defined in the
following sections for the top-oil, bottom-oil, bottom-winding and the hot-spot
temperature models. The transformer oil has thermal characteristics strongly dependent
on temperature, Table 3.2, where the oil viscosity dependence on temperature is most
pronounced, [18] and [52].
Table 3.2. Thermal characteristics of transformer oil, [18]
Temperature
θ, °C

Density
ρ, kg/m3

Specific heat
coil, Ws/(kg°C)

Thermal
conductivity
k, W/(m°C)

-15
-5
5
15
25
35
45
55
65
75
85
100

896.885
890.295
883.705
877.115
870.525
863.935
857.345
850.755
844.165
837.575
830.985
821.100

1900
1940
1980
2020
2060
2100
2140
2180
2220
2260
2300
2360

0.1262
0.1247
0.1232
0.1217
0.1201
0.1186
0.1171
0.1156
0.1140
0.1125
0.1110
0.1087

Coefficient of
thermal cubic
expansion
β, 1/°C
8.6x10-4
8.6x10-4
8.6x10-4
8.6x10-4
8.6x10-4
8.6x10-4
8.6x10-4
8.6x10-4
8.6x10-4
8.6x10-4
8.6x10-4
8.6x10-4

Viscosity
, kg/(ms)
0.0694
0.0463
0.0318
0.0224
0.0162
0.0119
0.0089
0.0068
0.0053
0.0042
0.0033
0.0024

The validity of the lumped capacitance method application for power transformers is
given in [34], [56-58], [69-73], [75] and [76].
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3.2 The non-linear thermal resistance
The nonlinear oil thermal resistance, Rth-oil, (m2K)/W, according to heat transfer theory,
[33-35], [59-60] and [69-73] is given in the following equation:
Rth − oil =

1
=
h× A

(3.4)

oil

q

where:

h is the heat transfer coefficient,
A is the area,
oil is the oil temperature gradient,
q is the heat generated by the corresponding losses.
Hence, the nonlinear thermal resistance is inversely proportional to the heat transfer
coefficient, whose dependence on temperature is explained in the text to follow.
Based on heat transfer theory, the natural convection oil flow around vertical, inclined
and horizontal plates and cylinders can be described by the following empirical
correlation, [33-35], [59-60]:
N u = C × [G r × Pr ]n

(3.5)

where C and n are empirical constants dependent on whether the oil circulation is
laminar or turbulent. The basic values are given in Table 3.3, [33].
Table 3.3 Empirical values for constants C and n
The oil circulation

C

n

Laminar

0.59

0.25

Turbulent

0.10

0.33

The Nusselt number (Nu) Prandtle number (Pr) and Grashof number (Gr) are described
in the following equations, [33-35] and [59-60]:
h× L
k

(3.6)

c ×
Pr = oil
k

(3.7)

Nu =

Gr =

L3 × oil 2 × g ×
2

×(

oil

)

(3.8)
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where:

L is the characteristic dimension, length, width or diameter,
g is the gravitational constant ,
k is the oil thermal conductivity, Table 3.2,
ρoil is the oil density, Table 3.2,
β is the oil thermal expansion coefficient, Table 3.2,
coil is the specific heat of oil, Table 3.2,
µ is the oil viscosity, Table 3.2,
∆θoil is the oil temperature gradient, (K).
By substituting (3.6), (3.7) and (3.8) in (3.5) the following expression is obtained:
c oil ×
k

h× L
=C×
k

×

L3 × oil 2 × g ×
2

×(

oil

)

n

(3.9)

The variation of viscosity with temperature is much higher than the variation of other
transformer oil physical parameters, Table 3.2, [6], [7], [18], [34] and [52]. Therefore,
all oil physical parameters except the viscosity in (3.9) will be replaced by a constant
and (3.9) will be solved for the heat transfer coefficient, h, as follows:
h = C1 ×

oil

n

(3.10)

where C1 is assumed to be a constant, expressed as:

C1 = C ×

oil

2

×g×

×k

1− n
n

×L

3n − 1
n

(n )
× c oil

(3.11)

and µ is the viscosity, kg/(ms). The viscosity dependence on temperature is given by the
following equation, [52-53]:

= A1 × e

oil

A2
+ 273

(3.12)

where the viscosity is evaluated at the oil temperature that corresponds to the top-oil
temperature in sections 3.2.1 and 3.2.2 and to the bottom-oil temperature in section
3.2.3. The constants A1 and A2 for the transformer oil are given in [28], [52-53] and
Appendix A. The factor C1 is depicted as a function of temperature in Fig. 3.3 for the
transformer oil. It is considered that for the range of the constant n from 0.2 to 2, (where
2 is applicable for the transformer cold start, Appendix B), and at the normal operational
temperatures of power transformers between 40 and 100°C, the factor C1 varies in range
from 1 to 0.944, and from 1 to 0.964 per unit, corresponding to the values n=0.2 and
n=2, respectively. As a result, it is assumed to be constant when compared to the oil
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viscosity changes with temperature. In a case where it is necessary to consider the
influence of all oil parameters, i.e., if the thermal behaviour of the transformer
insulation oil differs significantly from the oil used in the transformers covered in this
thesis, the corrections to be made are given in Appendix A.

Fig. 3.3. Physical properties of transformer oil

An example of oil viscosity variation with temperature, compared with the other
physical properties of transformer oil, is shown in Fig. 3.4.

Fig. 3.4. Oil viscosity variation with temperature

26

3.2.1 The top-oil temperature model
The top-oil temperature model is given as a thermal circuit, Fig. 3.5, based on the
thermal-electrical analogy and heat transfer theory, [33-35], [69-73].

Fig. 3.5. The top-oil temperature model

where:

qtot is the heat generated by total losses,
qfe is the heat generated by no-load losses,
ql is the heat generated by load losses,
Cth-oil is the equivalent thermal capacitance of the transformer oil,
θoil is the top-oil temperature,
Rth-oil-air is the non-linear oil to air thermal resistance,
θamb is the ambient temperature.
The heat generated by both no-load and load transformer losses is represented by two
ideal heat sources and the ambient temperature is represented as an ideal temperature
source, [69-73].
The differential equation for the thermal circuit shown in Fig. 3.5 is:
q fe + q l = C th − oil ×

d oil ( oil − amb
+
dt
Rth − oil − air

)

(3.13)

If we substitute the equation for non-linear thermal resistance, (3.4), into (3.13) the
following equation is obtained:
q fe + q l = C th − oil ×

d oil
+
dt

(

oil − amb

1
h× A

)

(3.14)

Then, by substituting equation (3.10) for the heat transfer coefficient, h, the differential
equation is changed to:
27

(q fe + ql )×

n

C1 × A

n

=

C1 × A

× C th − oil ×

d oil
+ ( oil − amb )1 + n
dt

(3.15)

Next, we can define the variable, µ, oil viscosity, as:
=

pu

(3.16)

× rated

and the following constants:
the rated non-linear thermal resistance, Rth-oil-air, rated,
Rth − oil − air, rated =

1
×
C1 × A

n

(3.17)

rated
oil, rated

the rated top-oil temperature rise over ambient temperature, ∆θoil, rated,
oil, rated

(

)

(3.18)

= q fe + q l
× Rth − oil − air, rated
rated

the rated top-oil time constant,τoil,rated, section 3.3 and Appendix E,
(3.19)

oil, rated = R th − oil − air, rated × C th − oil, rated

the ratio of load losses at rated current to no-load losses, R,
R=

ql
q fe

(3.20)

and the load factor, K,

K=

I

(3.21)

I rated

where I is the load current and Irated is the rated current. The temperature dependence of
the load losses, Pl,pu(θe), is also taken into account as follows:
Pl, pu ( e ) = Pdc, pu ×

+ k
e, rated + k
e

+ Pa, pu ×

e, rated

+ k

e + k

(3.22)

where:

Pdc,pu is the DC loss per unit value,
Pa,pu is the additional loss (i.e., equal to the sum of eddy and stray losses) per unit value,
θe is the temperature at which the losses are estimated, ºC, (3.23),
θk is the temperature factor for the loss correction, equal to 225 for aluminium and 235
for copper.
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Both the high and low voltage windings affect the oil, therefore the losses are estimated
at a temperature equal to the mean hot-spot temperature value given below:
e

+ hs, hv
= hs, lv
2

(3.23)

where:

θhs,lv is the low voltage winding hot-spot temperature, ºC,
θhs,hv is the high voltage winding hot-spot temperature, ºC.
Equation (3.15) is then reduced to its final form:
1 + R × Pl, pu ( e ) × K 2
×
1+ R

n

pu ×

oil, rated =

n

pu × oil, rated ×

d oil
+
dt

(

oil −

amb

oil, rated

)1 + n
n

(3.24)

which forms the basic model for top-oil temperature calculation. The importance of the
oil viscosity temperature variation, µpu, is that it affects both the oil thermal resistance
and top-oil time constant.
It is assumed that oil circulation inside the transformer tank is laminar and so the
constant n for that particular flow type is equal to 0.25, Table 3.3. Additionally, when
considering the constant n, it is necessary to take into account whether the heat is
dissipated by free or forced convection, [6], [7], [18], [22], [24], [28], [34], [40-42],
[46], [52-53], [69-71] and [73]. Transformers both with and without external cooling for
the air natural (AN) cooling mode assume free convection heat transfer with the
constant n equal to the value for laminar oil flow, i.e., n=0.25. This means that the oil
flow is dependent on the temperature. Conversely, transformers with external cooling
and forced air, i.e., the AF cooling mode, are better modelled with forced convection
heat transfer and a lower value for constant n, which is corrected for improved air flow
(e.g., if the velocity were to be increased to a very high value, the constant n would be
dropped entirely), Table 3.4. For a transformer cold start or when the oil velocity inside
the transformer tank is equal to zero (i.e., when the temperature gradient between the
transformer top and bottom is approximately equal to zero), the constant n will take
different empirical values for the various cooling modes and designs, Table 3.4 and
Appendix B.
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Table 3.4. Empirical constant n for the top-oil thermal model
n

Oil circulation
initial oil circulation
speed = 0

with external cooling

without external cooling

ONAF/OFAF

ONAN

ONAN

0.5

0

0.25

0.2

0.25

0.25

(cold start)
initial oil circulation
speed > 0(transformer
on load)

The constant n is fully empirical and its values are based on conventional heat transfer
theory, [33], [35], [59-60] and on findings suggested by different authors [6], [7], [18],
[22], [24], [28], [34], [40-42], [46], [52-53], [69-71] and [73]. In part, i.e., where n is
more specifically related to transformer operating conditions such as a cold start, its
value is obtained by fitting and extrapolation techniques performed on the results
obtained during various transformer thermal tests, [48], [49], [62].
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3.2.2 The hot-spot temperature model
The hot-spot temperature model, which is based on the top-oil temperature, will be
defined for two different empirical correlations of the non-linear resistance between the
winding insulation surface and the oil at the top of the winding. The first model is based
on conventional heat transfer theory for natural convection oil flow around vertical
plates, [33], [35] and [59-60]. It has already been applied and verified in the scientific
papers [69-71]. The second introduces a new concept based on a thorough analysis of
experimental results obtained during various thermal tests, [48-49] and [62], and partly
on the theoretical approach used to define the non-linear resistance (at the beginning of
section 3.2). It defines the natural convection and heat exchange phenomena by
considering the specific design of the transformer windings and their influence on the
oil circulation and temperature gradient at the top of the winding stack; i.e., it takes into
account the fact that the winding is a complex construction consisting of alternating
vertical and horizontal surfaces.
- Thermal resistance based on conventional heat transfer theory
Similar to the conventional heat transfer theory given for the top-oil temperature
model and the non-linear thermal resistance, the hot-spot temperature model is
also represented as a thermal circuit, Fig. 3.6, [69-73].

Fig. 3.6. The hot-spot temperature model

where:

qwdn is the heat generated by winding losses,
Cth-wdn is the thermal capacitance of the winding,
θhs is the hot-spot temperature,
Rth-hs-oil is the nonlinear winding to oil thermal resistance,
θoil is the top-oil temperature.
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The heat generated by winding losses is again represented as an ideal heat
source and the oil temperature forms an ideal temperature source, [69-73]. The
nonlinear thermal resistance, Rth-hs-oil, is defined by the heat transfer theory,
which has already been applied to the top-oil thermal model, as explained below.
The nonlinear winding to oil thermal resistance is given by the following
equation:
Rth − hs − oil = Rth − wdn + Rth − insul + Rth − insul − oil

(3.25)

where:

Rth-wdn is the winding thermal resistance,
Rth-insul is the winding insulation thermal resistance,
Rth-insul-oil is the non-linear winding insulation to oil thermal resistance.
By comparing the resistances given in (3.25), the following thermal correlations
are obtained:
Rth − insul − oil >> Rth − wdn

(3.26)

Rth − insul − oil >> Rth − insul

(3.27)

for hot-spot temperatures measured on the outer surface of the insulation
wrapped around the conductors, Appendix C, [37] and [48].
Thus, the final equation for the nonlinear winding to oil thermal resistance is:
Rth − hs − oil =

1
h× A

(3.28)

Equation (3.28) is similar to (3.4) for the top oil temperature model, therefore
the equation for the heat transfer coefficient, h, is completely analogous to the
heat transfer coefficient in (3.10):
h = C1 ×

hs

n

(3.29)

where the viscosity is again evaluated at the top-oil temperature and ∆θhs is now
the hot-spot to top-oil temperature gradient.
The differential equation for the thermal circuit shown in Fig. 3.6 is:
q wdn = C th − wdn ×

d hs ( hs − oil )
+
dt
Rth − hs − oil

(3.30)

If we substitute the equation for the non-linear thermal resistance, (3.28), into
(3.30), the following equation is obtained:
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q wdn = C th − wdn ×

d hs
+
dt

(

− oil
1
h× A

hs

)

(3.31)

Then, by substituting the equation for the heat transfer coefficient, (3.29), into
(3.31), the differential equation is changed to:
q wdn ×

n

C1 × A

=

n

C1 × A

× C th − wdn ×

d hs
+ ( hs − oil )n + 1
dt

(3.32)

We again define the oil viscosity as a variable, µ, Fig. 3.4, such that:
=

pu ×

(3.33)

rated

and the following constants:
the rated nonlinear hot-spot to top-oil thermal resistance, Rth-hs-oil,rated,
Rth − hs − oil, rated =

n

1
×
C1 × A

(3.34)

rated
hs, rated

the rated hot-spot temperature rise over top-oil temperature, ∆θhs, rated, as:
hs, rated

(3.35)

= q wdn, rated × Rth − hs − oil, rated = H × g r

where H is the hot-spot factor and gr is the rated average winding to average oil
temperature gradient, [22].
The rated winding time constant,τwdn,rated, Appendix D, is:
wdn, rated

(3.36)

= R th − hs − oil, rated × C th − wdn, rated

and the winding loss’s dependence on temperature, Pwdn,pu(θhs), is:
Pwdn, pu ( hs ) = Pdc, pu ×

+ k
hs, rated + k
hs

+ Peddy, pu ×

hs, rated

+ k

hs + k

(3.37)

where Pdc,pu(θhs) and Peddy,pu(θhs) describe the behaviour of the DC and eddy
losses as a function of temperature. The DC losses vary directly with
temperature, whereas the eddy losses vary inversely with temperature. θk is the
temperature factor for the loss correction, equal to 225 for aluminium and 235
for copper.
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It follows that the final equation is:

{K 2 × Pwdn, pu ( hs )}×
=

pu

n

×

hs, rated

n

pu × wdn, rated ×

d hs
+
dt

(

hs

(3.38)

− oil )n + 1
hs, rated

n

which is the basic model for the hot-spot temperature. In analogy to (3.24), the
equation takes into account the change of thermal resistance and winding time
constant due to the oil viscosity variation with temperature.
Similar to the assumption made in the top-oil thermal model that oil flow inside
the transformer tank is laminar, the value for constant n where oil circulation is
already formed, should be equal to 0.25. However, it is also necessary to take
into account whether the heat is dissipated by free or forced convection from the
winding surface. Transformers without external cooling for the oil natural, (ON),
cooling mode can be modelled assuming free convention heat transfer, whose
constant n is equal to the value for laminar oil flow (i.e., n=0.25). On the other
hand, the oil circulation within transformers with external cooling and the oil
natural (ON) cooling mode will be established due to both buoyancy effects and
the difference between the heights of the winding and the radiator heating
centres. Therefore, it is modelled as natural forced heat transfer, which is similar
to the heat transfer in the oil forced cooling mode, (OF). Where the pumps are
forcing the oil at a high rate into the bottom of the tank, some of it will be
siphoned by the windings, but most of it will bypass the winding and reach the
top without too much change in temperature. The constant n will have different
values in the case of a transformer cold start, that is, when the oil velocity is
equal to zero, Appendix B. The empirical values for constant n for different
cooling modes and different oil circulation conditions are given in Table 3.5.
Table 3.5. Empirical constant n for the hot-spot thermal model
n

Oil circulation
initial oil circulation
speed = 0

with external cooling

without external cooling

ONAF/ONAN/OFAF

ONAN

2

0.25

0.2

0.25

(cold start)
initial oil circulation
speed > 0
(transformer on load)

Similar to the constant n used in the top-oil thermal model above, the constant n
for the hot-spot thermal model is fully empirical and its values are also based on
conventional heat transfer theory, [33], [35] and [59-60], and on findings
suggested by different authors [6], [7], [18], [22], [24], [28], [34], [40-42], [46],
[52-53], [69-71] and [73]. In part, i.e., where it is more specifically related to
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particular transformer operating conditions such as a transformer cold start, they
are obtained by fitting and extrapolation techniques performed on the results
obtained during various transformer thermal tests, [48], [49] and [62].
- Thermal resistance based on thermal tests obtained by Nordman, [48-49]
It has been already shown and verified in the author’s publications, [69-71], that
conventional heat transfer theory for natural convection oil flow around vertical
plates can be successfully used in order to create an accurate and robust hot-spot
temperature model, for which the final formulation is given above. Nevertheless,
it has also been observed that this modelling can be improved by further
considering the specific design of the transformer windings and their influence
on the oil circulation and the temperature gradient at the top of the winding
stack. This is achieved by defining a general equation for the convection and
heat exchange phenomena between the winding insulation surface and the oil at
the top of the winding, which is derived from equations (3.4) and (3.9) in section
3.2:
hs = C ′ ×

p

× qwdn m

(3.39)

where C' is a function of the fluid properties and winding characteristic
dimensions and is considered to be a constant. p and m are constants that
directly affect the shape of the thermal curve, Fig. 1.1. These constants are
estimated by taking into account both the steady-state and the transient hot-spot
temperature rises over top-oil temperature, and using extrapolation techniques.
The non-linear thermal resistance between the winding insulation surface and
the oil at the top of the transformer can now be derived from equation (3.39) as
follows:

Rth − hs − oil =

hs =

C′ × p

qwdn

hs

1/m
(3.40)

(1− m)

By following the thermal-electrical analogy and mathematical procedure used to
obtain (3.38) from the thermal circuit in Fig. 3.6, the hot-spot model based on
the thermal resistance in (3.40) is:

{K 2 × Pwdn, pu ( hs )}×

pu

n

×

hs,rated

= pu n × wdn,rated ×

′

d hs ( hs − oil )n +1
+
n′
dt
hs,rated

(3.41)

The new parameters, compared to (3.38), are the constants n and n', for which
values are defined and given below in Table 3.6 for different cooling modes.
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Table 3.6. Empirical constants n and n' for the hot-spot thermal model
Cooling modes
Oil circulation

Constant

with external cooling

without external cooling

ONAF/ONAN/OFAF

ONAN
0.25

cold start

n = n'

2

transformer on
load

n = p/m

0.5

n'
=(1- m )/ m

0.1

0.25

The cold start condition is clarified in Appendix B.
Finally, the overall thermal circuit for the transformer top level or a transformer thermal
top level cascade connection is shown below.

Fig. 3.7. The transformer overall top thermal model

where the nomenclature is the same as in Figs. 3.5 and 3.6.
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3.2.3 The bottom-winding and bottom-oil temperature model
The information given in factory reports is usually limited to the data obtained in a heatrun test, i.e., the top-oil in the tank of the transformer and the average winding-toaverage oil gradient. If the bottom-oil temperature measurements are also available, it is
possible, based on the theory given for the thermal models in the preceding chapters, to
generate bottom-winding and bottom-oil temperature models, Fig. 3.8, [69-73].

Fig 3.8. The transformer overall bottom thermal model

where:

qtot is the heat generated by the total losses,
qfe is the heat generated by the iron losses,
qwdn is the heat generated by the winding losses,
ql is the heat generated by the load losses,
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Cth-oil is the equivalent thermal capacitance of the transformer oil,
Cth-wdn is the thermal capacitance of the winding,
θboil is the bottom-oil temperature,
θbwdn is the bottom-winding hottest temperature,
Rth-boil-air is the non-linear bottom-oil to air thermal resistance,
Rth-bwdn-boil is the nonlinear bottom-winding to bottom-oil thermal resistance,
θamb is the ambient temperature.
The differential equations for the thermal circuits in Fig. 3.8, which model the
transformer bottom level, are given as follows:
- The bottom-winding temperature

{K 2 × Pwdn, pu ( bwdn )}×

pu

n

×

bwdn,rated

= pu n × wdn,rated ×

d bwdn ( bwdn − boil )n +1
+
n
dt
bwdn,rated

(3.42)

- The bottom-oil temperature
1 + R × Pl, pu ( be ) × K 2
× pu n ×
1+ R

boil,rated

(
d
− amb )1+ n
= pu × boil,rated × boil + boil
n
dt
boil,rated

(3.43)

n

where:
R is the ratio of rated load losses to no-load losses, (per unit value), [22],
K is the load factor, (per unit value), [22],
θbwdn is the bottom-winding hottest temperature, ºC,
Pwdn,pu(θbwdn) is the dependence of the load losses on temperature, (3.44),
θbe is the temperature at which losses are estimated, ºC, (3.45),
P l,pu(θbe) is the dependence of the load losses on the temperature at the bottom, (3.46),
µpu is the oil viscosity (per unit value),
θamb is the ambient temperature, ºC,
θboil is the bottom-oil temperature, ºC,
∆θbwdn, rated is the rated bottom-winding hottest temperature rise over bottom-oil, K,
∆θboil, rated is the rated bottom-oil temperature rise, K,
τwdn,rated is the rated winding time constant, min, Appendix D,
τboil,rated is the rated bottom-oil time constant, min, section 3.3,
n is an empirical constant, Tables 3.4 and 3.5, Appendix B.
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The variation of the winding losses with temperature, Pwdn,pu(
the bottom winding thermal model as follows:

Pwdn, pu ( bwdn ) = Pdc, pu ×

+ k
+ Peddy, pu ×
bwdn,rated + k
bwdn

bwdn),

bwdn,rated
bwdn

is also included in

+ k

+ k

(3.44)

where:

Pdc,pu is the DC losses per unit value,
Peddy,pu is the eddy losses per unit value,
θk
is the temperature factor for the loss correction, equal
to 225 for aluminium and 235 for copper.
The high and low voltage winding effects on the oil are taken into account by estimating
the losses at a temperature equal to the mean bottom winding hot-spot value given as
follows:
be =

bwdn,lv + bwdn,hv

(3.45)

2

where:

θbe is the temperature at which losses are estimated, ºC,
θbwdn,lv is the bottom-winding hottest temperature for the low voltage winding, ºC
θbwdn,hv is the bottom-winding hottest temperature for the high voltage winding, ºC.
Thus, the dependence of the load losses on temperature, Pl,pu(θbe), is defined in the
following equation:

Pl, pu ( be ) = Pdc, pu ×

be + k

be,rated + k

+ Pa, pu ×

be,rated + k
be + k

(3.46)

where:

Pdc,pu is the DC losses per unit value,
Pa,pu is the additional losses per unit value,
θk is the temperature factor for the loss correction, equal to 225 for aluminium and 235
for copper.
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3.2.4 Hot-spot models based on the bottom oil temperature
The hot-spot temperature model based on the bottom oil is shown below, Fig. 3.9. It is
partly defined by the theory presented above, [69-73], and partly according to the theory
suggested in [3] and [52-53]. The main difference from the previous modelling is in the
definition of the transformer nonlinear thermal resistance, Rth-hs-boil, between the winding
insulation surface at the top level and the oil at the bottom level.

Fig 3.9. The transformer overall thermal model based on the bottom-oil

The symbols, which appear on Fig. 3.9, are the same as those used earlier for Figs. 3.6,
3.7 and 3.8.
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− Thermal resistance based on Aubin experiment, [3]
The equation (3.47) for the natural convection and heat exchange phenomena
between the winding insulation surface at the top level and the oil at the bottom
level is given as follows:
p

hs − boil = C ′′ ×

(3.47)

× q wdn m

where C'' is a function of the fluid properties evaluated at the average hot-spot to
bottom-oil temperature and is considered to be a constant. p and m are constants
that are partly based on experimental results obtained from thermal tests, [48-49]
and [62], and partly based on the experimental results published in [3] and [18].
The thermal resistance between the winding insulation surface at the top-level
and the oil at the bottom level of the transformer is characterised by equation
(3.48), which is derived from (3.47):
Rth − hs − boil =

hs − boil

q wdn

p

C ′′ ×

=

hs − boil

1/m

(3.48)

(1 − m)

Similar to the procedure applied in the hot-spot temperature modelling in section
3.2.2, the new hot-spot model is defined by taking into account the derived
thermal resistance, (3.48), as follows:

{K 2 × Pwdn, pu ( hs )}×
=

pu

n

×

hs − boil, rated

n

pu × wdn − b, rated ×

d hs
+
dt

(

hs

′
− boil )1 + n

hs − boil, rated

(3.49)

n′

where the only new parameter, compared to (3.38) and (3.43), is the rated hotspot to bottom-oil gradient, ∆θhs-boil, rated in K, and the winding time constant,
wdn-b,rated in minutes, Appendix D.
The empirical values for constants n and n', for different cooling modes and
transformer designs, are given in Table 3.7. The viscosity is evaluated at a
temperature equal to the average of the relevant hot-spot and bottom-oil
temperatures.
Table 3.7. Empirical constants n and n'for the hot-spot thermal model based on the bottom oil
with external cooling

without external cooling

ONAF / ONAN / OFAF

ONAN

n = p/ m

0.2

0.25

n' = (1- m )/ m

0.75

0.25

Constant
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− Thermal resistance based on the Pierce experiment, [52-53]
Similar to the experimental results shown above, Pierce obtained an empirical
equation (3.50) for the natural convection and heat exchange phenomena
between the winding insulation surface at the top level and the oil at the bottom
level. This equation was found to fit the data obtained during a wide variety of
thermal tests with different cooling modes, [52]. Thus, it implicitly takes into
account the effect of viscosity as well.
hs − boil

(3.50)

= C ′′′ × q wdn m

where C''' is a constant. The exponent m is a constant, its value taken from the
IEEE Lading Guide-Annex G, [28] and [52-53].
The thermal resistance between the winding insulation surface at the top level
and the oil at the bottom level of the transformer is characterised by (3.51),
which is derived from (3.50):
Rth − hs − boil =

hs − boil

q wdn

=

1/m

C ′′′
hs − boil

(3.51)

(1 − m)

Again applying the procedure used for the hot-spot temperature modelling in
section 3.2.2, the new hot-spot model is now defined by taking into account the
derived thermal resistance, (3.51), as follows:

{K 2 × Pwdn, pu ( hs )}×

hs − boil, rated = wdn − b, rated ×

d hs
+
dt

(

hs − boil

)1 + n ′

hs − boil, rated

n′

(3.52)

Empirical values for the constant n' are given in Table 3.8, for different cooling
modes and transformer designs.
Table 3.8. Empirical constant n' for the hot-spot thermal model based on the bottom oil
Constant

n'
=(1- m )/ m

with external cooling

without external cooling

ONAF/ONAN/OFAF

ONAN

1

0.5

The bottom oil model, Fig. 3.9, has already been defined in (3.43).
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3.2.5 Symbol summary
The symbols used in (3.24), (3.38), (3.41), (3.42), (3.43), (3.49) and (3.52) are
summarised in Table 3.9, below.
Table 3.9. Calcification of elements of thermal models
Equation

Independent
Variable

Constant

Input Variables

(3.24)

t

n , τ oil,rated ,
∆ θ oil,rated , R

θ amb, K , µ pu,

(3.38)

t

n , τ wdn,rated ,
∆ θ hs,rated (= H ⋅ g r )

* θ oil, K ,
µ pu, P wdn,pu (

hs )

(3.41)

t

n, n'
, τ wdn,rated ,
∆ θ hs,rated (= H ⋅ g r )

* θ oil, K ,
µ pu, P wdn,pu (

hs )

(3.42)

t

n , τ bwdn,rated ,
∆ θ bwdn,rated (= H ⋅ g r )

** θ boil, K ,
µ pu, P wdn,pu ( bwnd )

(3.43)

t

n , τ boil,rated ,
∆ θ boil,rated , R

θ amb, K , µ pu,

(3.49)

t

n, n'
, τ wdn-b,rated ,
∆ θ hs-boil,rated

** θ boil, K ,
µ pu, P wdn,pu ( hs )

θ hs

(3.52)

t

n'
, τ wdn-b,rated ,
∆ θ hs-boil,rated

** θ boil, K ,
µ pu, P wdn,pu ( hs )

θ hs

P l,pu ( e )

P l,pu (

be )

Output Variables
* θ oil

θ hs
θ hs
θ bwdn
** θ boil

*θoil- represents the "output variable" in (3.24) and "input variable" in (3.38) and (3.41), so that these
models form a cascaded connection.
**θboil- represents the "output variable" in (3.43), and "input variable" in (3.42), (3.49), and (3.52), also
forming a cascaded connection.
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3.3 Top-oil time constant for the thermal models
The electrical circuit theory for an RC circuit gives the time constant as the time
required to charge a capacitor, Fig. 3.1, to 63.2 percent of full charge or to discharge it
to 36.8 percent of its initial value. The value of the time constant is equal to the product
of the circuit resistance, Rel, and the circuit capacitance, Cel. The value of one time
constant is expressed mathematically as follows:
el

= Rel ⋅ Cel

(3.53)

The thermal time constant has also been defined by Montsinger, [6], as the length of
time required for the temperature to change from the initial value to the ultimate value if
the initial rate of change is continued until the ultimate temperature is reached. The time
constant is usually measured by determining the length of time required for a specific
fraction of the change in temperature from initial value to ultimate value to take place.
Generally, 63 percent of the temperature change occurs in a length of the time equal to
the time constant, regardless of the relationship between the initial and final
temperatures.
Based on the electrical-thermal analogy presented in section 3.1, a thermal time constant
for a thermal circuit as shown in Fig. 3.2, can be defined as follows:
th

= Rth ⋅ Cth

(3.54)

where:
τth is the thermal time constant in minutes,
Rth is the thermal resistance in K/W,
Cth is the thermal capacitance in (Wmin) /ºC.
Furthermore, for the rated conditions, i.e., when ultimate conditions are reached, the
thermal resistance, Rth, is:
Rth,rated =

rated

(3.55)

qrated

where:
∆θ rated is the rated temperature rise,
qrated are the losses at rated load.

If we substitute (3.55) into (3.54), the general equation for the thermal time constant is:
th,rated = Cth,rated

rated

(3.56)

qrated
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In order to use (3.56) to calculate the transformer top-oil time constant it is necessary to
define the equivalent thermal capacitance of the transformer oil. Therefore, a more
complete transformer thermal circuit is shown in Fig. 3.10. This thermal circuit is also
simplified by realising that the direct heat transfer between the winding and other
transformer parts, e.g., the core and the tank, can be neglected due to the insulating
cylinders placed between them, [34]. Similarly, the direct heat transfer between the tank
and the core is also neglected, [34].

3.10. A complex top-oil thermal circuit

where:
qst is the heat generated by the stray losses,
qfe is the heat generated by the core losses,
qwdn is the heat generated by the winding losses,
Cwdn is the thermal capacitance of the copper,
Cfe is the thermal capacitance of the core,
Coil is the thermal capacitance of the oil,
Cmp is the thermal capacitance of the tank and other metal parts,
Rth-oil-air is the non-linear oil to air thermal resistance,
Rth-wnd-oil is the nonlinear winding to oil thermal resistance,
Rth-fe-oil is the nonlinear core to oil thermal resistance,
Rth-mp-oil is the nonlinear tank and other metal parts to oil thermal resistance,
θoil is the oil temperature,
θamb is the ambient temperature.

Furthermore, the load losses in the transformer are equal to the sum of the winding DC
and eddy losses and stray losses in the metal parts. Thus the transformer total losses are:
qtot = q fe + qwdn + qst

(3.57)

Equation (3.57) can be rearranged as follows:
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qtot =

q fe

q
q
× qtot + wdn × qtot + st × qtot
qtot
qtot
qtot

(3.58)

Additionally, the fractions from (3.58) are given the following symbols:

q fe
qtot

= Y fe

(3.59)

qwdn
= Ywdn
qtot

(3.60)

qst
= Yst
qtot

(3.61)

where Yfe, Ywdn, and Yst are the portions of the core, stray and winding losses in the total
transformer losses, respectively. By comparing the loss portions given in (3.59), (3.60)
and (3.61), and considering the data obtained in the thermal tests, [48-49] and [62], the
following correlations are obtained:

Yst << Ywdn , and Yst << 1

(3.62)

Y fe << Ywdn , and Y fe << 1

(3.63)

By substituting (3.59), (3.60), and (3.61) into (3.58), the total loss equation becomes:
qtot = Y fe × qtot + Ywdn × qtot + Yst × qtot .

(3.64)

Then the top-oil thermal circuit, Fig. 3.10, can be further modified, as shown in Fig.
3.11, below.

3.11. Further modified top-oil thermal circuit
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where:

qtot is the heat generated by the total losses,
Yst is the portion of the stray losses in the total losses,
Yfe is the portion of the core losses in the total losses,
Ywdn is the portion of the winding losses in the total losses,
Cwdn is the thermal capacitance of the copper,
Cfe is the thermal capacitance of the core,
Cmp is the thermal capacitance of the tank and other metal parts,
Coil is the thermal capacitance of the oil,
Rth-oil-air is the non-linear oil to air thermal resistance,
Rth-wdn-oil is the nonlinear winding to oil thermal resistance,
Rth-fe-oil is the nonlinear core to oil thermal resistance,
Rth-mp-oil is the nonlinear tank and other metal parts to oil thermal resistance,
θoil is the oil temperature,
θamb is the ambient temperature.
Based on the measured temperature rises and corresponding losses for different
transformer units the thermal circuit can be further simplified by noting that the thermal
resistances, Rth-wdn-oil, Rth-fe-oil, and Rth-mp-oil, yield very low values, [75-76], e.g., of the
order of 5x10-5 K/W, so that for the purpose of this study they can be neglected.
Consequently, the thermal circuit, Fig. 3.11, can be further transformed into the circuit
shown in Fig. 3.12, by the conversion of the heat sources and correction of the thermal
capacitances accordingly.

Fig. 3.12. Transformed top-oil thermal circuit

The thermal capacitances for the different branches in Fig. 3.12 can be denoted as
follows:

C'wdn= YwdnCwdn

(3.65)

C'fe= YfeCfe

(3.66)

C'mp= YstCmp

(3.67)
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and Fig. 3.12 can be changed into Fig. 3.13 below.

Fig. 3.13. Thermal capacitance circuit

where the four parallel thermal capacitances, C'wdn, C'fe, C'mp, and Coil, are replaced by a
single equivalent thermal capacitance of the transformer oil, Cth-oil, as follows:
′ + C ′fe + Cmp
′ + Coil
Cth − oil = Cwdn

(3.68)

and the thermal circuit, Fig. 3.13, is finally transformed into the circuit shown in Fig.
3.5.
Based on the foregoing, the equivalent thermal capacitance of the transformer oil for
transformers with external cooling and a zigzag oil flow through the windings, is given
by:
Cth − oil = Ywdn × mwdn × cwdn + Y fe × m fe × c fe + Yst × mmp × cmp + Ooil × moil × coil
(3.69)

where:

mwdn
mfe
mmp
moil

is the weight of the winding material (use only the excited parts) in kilograms,
is the weight of the core in kilograms,
is the weight of the tank and fittings in kilograms,
is the weight of the oil in kilograms.

cwdn

is the specific heat capacity of the winding material (ccu=0.11 and cal=0.25) in
Wh/kgºC, [32],
is the specific heat capacity of the core (=0.13) in Wh/kgºC, [32],
is the specific heat capacity of the tank and fittings (=0.13) in Wh/kgºC, [32],
is the specific heat capacity of the oil (=0.51) in Wh/kgºC, [32].

cfe
cmp
coil

Ooil =0.86
Ooil =1.0

is the correction factor for the oil in the ONAF, ONAN and OFAF
cooling modes,
is the correction factor for the oil in the ODAF cooling mode.
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The values for the correction factor, Ooil, are based on the modelling performed in this
thesis and on observations made during a number of thermal tests, [48-49] and [62]. In a
similar way, a correction factor of oil has been suggested in the literature, [6-7], where it
was found that the best calculation results were obtained when basing the heat storage
on two-thirds of the tank weight and 85 per cent of the oil. The reason for this was that
the lower portion of the transformer remained comparatively cool. This has been
implemented in the present IEEE loading guide for power transformers, [28].
It is necessary to scale the portion of the winding, Ywdn, and stray, Yst, losses based on
the average winding temperature to the mean hot-spot temperature, equation (3.23), to
account for the additional heat generated at the hot-spot temperature.
The equivalent thermal capacitance of the transformer oil for transformers without
either external cooling or guided horizontal oil flow through the windings (where the
lack of radiators and the lack of the horizontal oil flow through the winding directly
affects the oil flow inside the transformer tank, thus slowing down the cooling process)
is calculated according to the IEEE Loading Guide-Annex G, [28] and [52-53]:
Cth − oil = cwdn × mwdn + c fe × m fe + cmp × mmp + coil × moil

(3.70)

The top-oil time constant at the load considered for the thermal circuit, Fig. 3.3, can
now be given by the following:
oil,rated

= Cth − oil,rated

oil,rated

qtot,rated

× 60

(3.71)

where:

τoil,rated is the rated top-oil time constant,
qtot,rated are the total losses at rated load, corrected for the additional heat generated at the
rated mean hot-spot temperature, e,rated,
Cth-oil,rated is the equivalent thermal capacitance of the transformer oil evaluated at the
rated mean hot-spot temperature, e,rated,
∆θoil, rated is the rated top-oil temperature rise.
When the bottom oil time constant is calculated, the rated top-oil temperature rise in
(3.71) should be substituted with the average oil temperature rise. The reason for using
the average oil rise instead of the top-oil temperature rise is as follows:
It has been standard practice in industry to use the tank-inlet oil for the "official" bottom
oil. In old designs the tank inlet pipes were taken to the bottom of the tank, which
meant a well mixed, homogenous bottom oil flowed into the windings. Therefore, it was
reasonable to assume that the time constant for the "bottom oil" was approximately
equal to the top-oil time constant. On the other hand, in power transformers made today,
the radiator inlet pipes are normally located somewhat below the mid-height of the tank.
Measurements have shown that there is a gradient of 10…20 K between the “official”
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bottom oil, i.e., the measured tank inlet oil, which circulates into the winding, and the
oil under the winding at approximately the middle level of the bottom yoke, which is
stagnant. Therefore, the bottom time constant for this design is shorter than the top oil
time constant, essentially much closer to the average oil time constant.
The time constant correction for an initial temperature rise not equal to zero, a change in
value of the constant n (depending on oil flow) and oil viscosity, dependent on
temperature, is instantaneously made in the equations for top-oil, hot-spot, bottom-oil,
and bottom-winding temperatures.
In practice, the data needed to calculate the top-oil time constant according to the
procedure given above is not always available. Therefore, an empirical equation is
developed and suggested in Appendix E.
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3.4 Discussion

The key contribution in the research results presented above is the definition of the nonlinear thermal resistances between the following transformer components:

−
−
−
−
−

The winding insulation surface to oil, at the top level,
The winding insulation surface to oil, at the bottom level,
The winding insulation surface at the top level to the oil at the bottom level,
The oil to air at the top level,
The oil to air at the bottom level.

The definition is based on the heat transfer theory for the natural flow of oil around
vertical, inclined and horizontal plates and cylinders, [33], as well experimental results
obtained by various authors, [6], [7], [18], [40-42], [46], [52-53], [59-60], [62], [69-71]
and [73]. Furthermore, the non-linear thermal resistances are introduced into the lumped
capacitance method using the electrical-thermal analogy. The application of the lumped
capacitance method for the evaluation of power transformer thermal behaviour has been
verified by many authors and so it was also used to obtain the thermal models in this
research work, section 3.2. Two basic groups of hot-spot temperature models have been
presented. The first is based on the top-oil temperature and related non-linear
resistances while the second is based on the bottom-oil temperature and the relevant
non-linear thermal resistances. In addition, top- and bottom-oil thermal models have
been established. The models take account of variations in oil viscosity and winding
resistance. As a reference temperature for the oil viscosity evaluation, the top- and
bottom-oil temperatures in the tank are used in each respective model. Additionally, the
oil viscosity is evaluated at an average temperature (the average of the relevant hot-spot
and bottom-oil temperatures) for the hot-spot temperature models based on the bottomoil.
The constant n, which defines the shape of the thermal curve for the thermal models
defined by (3.24), (3.38), (3.42) and (3.43), has been given for the various cooling
modes and different transformer designs. It was also pointed out that the constant n
should be corrected for both forced oil circulation (i.e., "natural forced" and "pump
forced") within the transformer tank and forced air circulation within the heat exchanger
(i.e., "fan forced"). Basically, the oil circulation is independent of temperature only in
the cooling mode where the oil flow is directed through the windings, (ODAF), and in
such a case the constant n will be equal to zero. The constants n and n' that define the
shape of the thermal curve for the thermal model given in (3.41) in section 3.2.2 and for
the thermal models in sections 3.2.4 are based on experimental results obtained by
several authors [3], [18], [48-49], [62] and [52-53] and partly on the procedure given in
[15]. The empirical constant given in Table 3.4, however, can be defined in a regular
heat run test made on a transformer with installed thermocouples by using fitting and
extrapolation techniques. The values given in Tables 3.5, 3.6, 3.7 and 3.8 can be defined
in a similar way, but only if the transformer is equipped with fibre optic sensors in a
prolonged heat run test. Note that these techniques should be applied in a manner
consistent with the modelling presented in this thesis.
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The equivalent thermal capacitance of the transformer oil was defined and suggested in
a new solution based on uneven loss distribution within a transformer with external
cooling and guided zigzag oil flow through the windings.
It is also recommended that other transformer designs, i.e., where there is no external
radiator cooling or horizontal oil flow through the windings, should be accounted for.
Therefore, based on observations reported in [49], [52-53] and [69], the modified
equation for the equivalent thermal capacitance of the transformer oil is given.
Results from the application of the models on a comprehensive range of transformer
units will be shown and discussed in the following section.
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4 Application examples
The measured temperature results, which are recorded for six different transformer units
and two different tank types (i.e., tanks with and without external cooling) during
different load tests are compared to results obtained by both the calculation methods
presented in this thesis and the IEEE-Annex G method, [28]. In addition, the real-time
application of the thermal models is also shown. The input data used for the two
calculation methods are given in Tables G.1 and G.2, Appendix G.
The calculation methods are named as follows in the graphs below:

−
−
−
−
−

"TM1" refers to the hot spot temperature model, equation (3.38), section 3.2.2
"TM2" refers to the hot spot temperature model, equation (3.41), section 3.2.2
"TM3" refers to the hot spot temperature model, equation (3.49), section 3.2.4
"TM4" refers to the hot spot temperature model, equation (3.52), section 3.2.4
"TM" refers to both the top- and bottom-oil temperature models, equation (3.24)
in section 3.2.1, and equation (3.43) in section 3.2.3, respectively.

4.1 Transformers with external cooling

A short description of some large power transformers, all of which have been equipped
with fibre optic sensors in the main windings, some also with thermocouples in the core
and structural parts, and to which additional, non-standardised load tests have been
made, is given below, [48-49].
4.1.1 Single-phase 80 MVA ONAN – cooled transformer

The windings were seen from the limb side, the regulating winding, the 26.25 kV main
winding and the 400 kV main winding. The sketch of the core window and winding
arrangement of the transformer is given in Appendix H. The short circuit impedance
was 17%. The oil flow through the windings was guided by the oil guiding rings in a
zigzag pattern. The transformer was equipped with a total of 7 fibre optic sensors, three
in the 26.25 kV winding and 4 in the 400 kV winding. In addition to the normal delivery
test the following load test was performed on the unit in the ONAN cooling mode:
- constant load current: 1.1 p.u., duration: 11.75 h; the transformer was run from a
cold start, Appendix B

The measured hot-spot temperature results, which were recorded during constant
current tests, are compared with results obtained from the thermal models in Figs. 4.1,
4.2 and 4.3 below.
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Fig. 4.1. The hot-spot temperature of the 400 kV winding in the 80 MVA ONAN-cooled transformer

Fig. 4.1 shows the comparison between the measured hot-spot temperature of
the 400 kV winding in the 80 MVA ONAN-cooled transformer and the hot-spot
temperatures obtained by the following calculation methods:
- "TM1" refers to the hot spot temperature model, equation (3.38),
section 3.2.2,
- "TM2" refers to the hot spot temperature model, equation (3.41),
section 3.2.2,
- the IEEE-Annex G method, [28].

When the transformer is run from the cold start the thermal models TM1 and
TM2 will yield the same results. Once the transformer is energised, the “cold
start” exponents, which are given in Tables 3.4, 3.5 and 3.6, should be
substituted for the transformer “on load” exponents at the first load change,
Appendix B. Therefore, the temperature results obtained by these models can
be represented with the single red line in Fig. 4.1.
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Fig. 4.2. The hot-spot temperature of the 400 kV winding in the 80 MVA ONAN-cooled transformer

Fig. 4.2 shows the comparison between the measured hot-spot temperature of
the 400 kV winding in the 80 MVA ONAN-cooled transformer and the hot-spot
temperatures obtained by the following calculation methods:
- "TM3" refers to the hot spot temperature model, equation (3.49),
section 3.2.4,
- the IEEE-Annex G method, [28].
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Fig. 4.3. The hot-spot temperature of the 400 kV winding in the 80 MVA ONAN-cooled transformer

Fig. 4.3 compares the measured hot-spot temperature of the 400 kV winding in
the 80 MVA ONAN-cooled transformer with the hot-spot temperatures obtained
by the following calculation methods:
- "TM4" refers to the hot spot temperature model, equation (3.52),
section 3.2.4
- the IEEE-Annex G method, [28]

Additionally, both the measured bottom- and top-oil temperature results, which were
recorded during a constant current test, are compared with results obtained from the
thermal models in Figs. 4.4 and 4.5 below.
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Fig. 4.4. The bottom-oil temperature of the 80 MVA ONAN-cooled transformer

Fig. 4.4 compares the measured bottom-oil temperature of the 80 MVA ONANcooled transformer to the bottom-oil temperatures obtained by the following
calculation methods:
- "TM" refers to the bottom-oil temperature model, equation (3.43) in
section 3.2.3.
- the IEEE-Annex G method, [28]
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Fig. 4.5. The top-oil temperature of the 80 MVA ONAN-cooled transformer

Fig. 4.5 compares the measured top-oil temperature of the 80 MVA ONANcooled transformer to the top-oil temperatures obtained by the following
calculation methods:
- "TM" refers to the top-oil temperature model, equation (3.24) in
section 3.2.1
- the IEEE-Annex G method, [28]

It should be pointed out that the winding chosen for the comparison was the hottest of
the two main windings in the tested transformer unit. The results are shown graphically,
to enable easy visual verification. These results are further discussed in section 4.4.
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4.1.2 Three-phase 250/250/75-MVA ONAF -cooled transformer

The rated voltages of the 250 MVA transformer were 230±8 x 1.5%/118/21 kV. The
windings were seen from the limb side, the 118 kV and 230 kV main windings, the
regulating winding and the 21-kV tertiary winding. A sketch of the core window and
winding arrangement of the transformer is given in Appendix H. The connection was
YNyn0d11, and the short circuit impedance in the 250/250 MVA main direction was
12%. The oil flow through the windings was guided by oil guiding rings in a zigzag
pattern. The transformer was equipped with a total of 16 fibre optic sensors, eight in the
118 kV winding and eight in the 230 kV winding, according to the principles explained
in [48]. In total, 14 thermocouples were located in the tie plates and outer core packets
at the top level of the main windings of phase B.
In addition to the normal delivery tests, including the ONAN and ONAF heat run tests,
the following load tests were performed on the unit operating in the ONAF cooling
mode:
- constant load current; 1.28 p.u.; duration 13.5 h,
- constant load current; 1.49p.u.; duration 15 h,
- varying load current, Table 4.1.

Table 4.1 – The load steps for the 250 MVA transformer
Time period (minutes)
0.0 -187.4
187.4 -364.9
364.9-503.4
503.4-710.0
710.0-735.0
735.0-750.0

Load factor
1.0
0.6
1.5
0.3
2.1
0.0

The measured hot-spot temperature results, recorded during a varying load current test,
are compared with results obtained from the thermal models in Figs. 4.6, 4.7, 4.8 and
4.9 below.
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Fig. 4.6. The hot-spot temperature of the 118 kV winding in the 250 MVA ONAF-cooled transformer

Fig. 4.6 shows the measured hot-spot temperature of the 118 kV winding in the
250 MVA ONAF-cooled transformer along with the hot-spot temperatures
obtained by the following calculation methods:
- "TM1" refers to the hot spot temperature model, equation (3.38),
section 3.2.2
- the IEEE-Annex G method, [28]
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Fig. 4.7. The hot-spot temperature of the 118 kV winding in the 250 MVA ONAF-cooled transformer

Fig. 4.7 shows the comparison between the measured hot-spot temperature of
the 118 kV winding in the 250 MVA ONAF-cooled transformer and the hot-spot
temperatures obtained by the following calculation methods:
- "TM2" refers to the hot spot temperature model, equation (3.41),
section 3.2.2
- the IEEE-Annex G method, [28]
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Fig. 4.8. The hot-spot temperature of the 118 kV winding in the 250 MVA ONAF-cooled transformer

Fig. 4.8 shows the comparison between the measured hot-spot temperature of
the 118 kV winding in the 250 MVA ONAF-cooled transformer and the hot-spot
temperatures obtained by the following calculation methods methods:
- "TM3" refers to the hot spot temperature model, equation (3.49),
section 3.2.4
- the IEEE-Annex G method, [28]
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Fig. 4.9. The hot-spot temperature of the 118 kV winding in the 250 MVA ONAF-cooled transformer

Fig. 4.9 shows compares the measured hot-spot temperature of the 118 kV
winding in the 250 MVA ONAF-cooled transformer to the hot-spot
temperatures calculated using the following methods:
- "TM4" refers to the hot spot temperature model, equation (3.52),
section 3.2.4
- the IEEE-Annex G method, [28]

Additionally, both the measured bottom- and top-oil temperature results, which were
recorded during a varying current test, are compared with results obtained from the
thermal models shown in Figs. 4.10 and 4.11 below.
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Fig. 4.10. The bottom-oil temperature of the 250 MVA ONAF-cooled transformer

Fig. 4.10 compares the measured bottom-oil temperature in the 250 MVA
ONAF-cooled transformer with the bottom-oil temperatures obtained by the
following calculation methods:
- "TM" refers to the bottom-oil temperature model, equation (3.43) in
section 3.2.3.
- the IEEE-Annex G method, [28]
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Fig. 4.11. The top-oil temperature of the 250 MVA ONAF-cooled transformer

Fig. 4.11 shows the measured top-oil temperature of the 250 MVA ONAFcooled transformer and the top-oil temperatures obtained by the following
calculation methods:
- "TM" refers to the top-oil temperature model, equation (3.24) in
section 3.2.1
- the IEEE-Annex G method, [28]

It should be pointed out that the winding chosen for the comparison is the hottest one of
the two main windings in the tested transformer unit. Also, the results are shown
graphically, to allow visual verification. Further discussion of these results appears in
section 4.4.
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4.1.3 Three-phase 400/400/125 MVA ONAF -cooled transformer

The rated voltages of the transformer were 410±6x1.33%/120/21 kV. The windings
were, seen from the limb side: 120 kV and 410 kV main windings, a regulating winding
and a 21 kV tertiary winding. A sketch of the core window and winding arrangement of
the transformer is given in Appendix H. The connection was YNynd, and the short
circuit impedance in the 400/400 MVA main direction was 20%. The oil flow through
the windings was guided by the oil guiding rings in a zigzag pattern. The main windings
in this transformer are representative of two basic cases: "restricted oil flow" ( 2 mm
radial spacers in the 120 kV winding) and "unrestricted oil flow" ( 3mm radial spacers
in the 410kV winding). The main windings were equipped with a total of 16 fibre optic
probes (eight in each winding) and the tie plates, outer core packets and yoke clamps
had a total of 37 thermocouples. Additional load tests with ONAF cooling were as
follows:
-

Constant load current: 1.0 p.u.; duration 12h,
Constant load current: 1.29 p.u.; duration 10h,
Constant load current: 1.60 p.u.; duration 15h,
Varying load current, Table 4.2.
Table 4.2. – The load steps for the 400 MVA transformer
Time period (minutes)
0.0 -300.0
300.0 -600.0
600.0-780.0

Load factor
1.0
0.65
1.6

The measured hot-spot temperature results, which were recorded during a varying load
current test, are compared with results obtained from the thermal models in Figs. 4.12,
4.13, 4.14 and 4.15 below.

66

Fig. 4.12. The hot-spot temperature of the 410 kV winding in the 400 MVA ONAF-cooled transformer

Fig. 4.12 shows the measured hot-spot temperature of the 410 kV winding in the
400 MVA ONAF-cooled transformer and the hot-spot temperatures obtained by
the following methods:
- "TM1" refers to the hot spot temperature model, equation (3.38),
section 3.2.2
- the IEEE-Annex G method, [28]
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Fig. 4.13. The hot-spot temperature of the 410 kV winding in the 400 MVA ONAF-cooled transformer

Fig. 4.13 compares the measured hot-spot temperature of the 410 kV winding in
the 400 MVA ONAF-cooled transformer with the hot-spot temperatures
obtained by the following calculation methods:
- "TM2" refers to the hot spot temperature model, equation (3.41),
section 3.2.2
- the IEEE-Annex G method, [28]
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Fig. 4.14. The hot-spot temperature of the 410 kV winding in the 400 MVA ONAF-cooled transformer

Fig. 4.14 shows the measured hot-spot temperature of the 410 kV winding in the
400 MVA ONAF-cooled transformer and the hot-spot temperatures obtained by
the following calculation methods:
- "TM3" refers to the hot spot temperature model, equation (3.49),
section 3.2.4
- the IEEE-Annex G method, [28]
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Fig. 4.15. The hot-spot temperature of the 410 kV winding in the 400 MVA ONAF-cooled transformer

Fig. 4.15 compares the measured hot-spot temperature of the 410 kV winding in
the 400 MVA ONAF-cooled transformer with the hot-spot temperatures
obtained by the following calculation methods:
- "TM4" refers to the hot spot temperature model, equation (3.52),
section 3.2.4
- the IEEE-Annex G method, [28]

Additionally, the measured bottom- and top-oil temperature results, which were
recorded during varying current tests, are compared with results obtained from the
thermal models in Figs. 4.16 and 4.17 below.
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Fig. 4.16. The bottom-oil temperature of the 400 MVA ONAF-cooled transformer

Fig. 4.16 shows the comparison between the measured bottom-oil temperature of
the 400 MVA ONAF-cooled transformer and the bottom-oil temperatures
obtained by the following calculation methods:
- "TM" refers to the bottom-oil temperature model, equation (3.43) in
section 3.2.3,
- the IEEE-Annex G method, [28]
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Fig. 4.17. The top-oil temperature of the 400 MVA ONAF-cooled transformer

Fig. 4.17 shows the measured top-oil temperature of the 400 MVA ONAFcooled transformer along with the top-oil temperatures obtained by the following
calculation methods:
- "TM" refers to the top-oil temperature model, equation (3.24) in
section 3.2.1
- the IEEE-Annex G method, [28]

It should be pointed out that the winding chosen for the comparison is the hottest of the
two main windings in the tested transformer unit. The results are shown graphically,
which facilitates a visual check. The presented results are further discussed in section
4.4.
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4.1.4 Three-phase 605 MVA OFAF -cooled transformer

The 605 MVA transformer was a generator step up (GSU) unit with the windings seen
from the limb side: part of the HV winding (i.e., 362 kV-winding), the double shell LV
winding (i.e., 22 kV-winding) and the main part of the HV winding. A sketch of the
core window and winding arrangement of the transformer is given in Appendix H. The
oil circulation through the windings was guided by the oil guiding rings in a zigzag
pattern in such a way that the oil flow through the LV winding was restricted ( 2mm
radial spacer) and through the HV winding unrestricted ( 3mm radial spacer). The
transformer was not a sealed OD (i.e., the oil circulation was not forced through the
winding block). In total, 24 fibre optic sensors were installed in the top disc/turns of the
outer shell of the LV winding and the outer part of the HV winding. In addition to the
normal heat run tests, the following load tests were made with OFAF cooling:
- Constant load current: 1.00 p.u.; duration 12h,
- Constant load current: 1.30 p.u.; duration 1.2h,
- Varying load current, Table 4.3.
Table 4.3. – The load steps for the 605 MVA transformer
Time period (minutes)
0.0 -300.0
300.0 -600.0
600.0-649.8

Load factor
1.0
0.65
1.3

The measured hot-spot temperature results, which were recorded during a varying load
current test, are compared with results obtained from the thermal models and are shown
in Figs. 4.18, 4.19, 4.20 and 4.21 below.
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Fig. 4.18. The hot-spot temperature of the 362 kV winding in the 605 MVA OFAF-cooled transformer

Fig. 4.18 compares the measured hot-spot temperature of the 362 kV winding in
the 605 MVA OFAF-cooled transformer with the hot-spot temperatures obtained
by the following calculation methods:
- "TM1" refers to the hot spot temperature model, equation (3.38),
section 3.2.2
- the IEEE-Annex G method, [28]
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Fig. 4.19. The hot-spot temperature of the 362 kV winding in the 605 MVA OFAF-cooled transformer

Fig. 4.19 compares the measured hot-spot temperature of the 362 kV winding in
the 605 MVA OFAF-cooled transformer with the hot-spot temperatures obtained
by the following calculation methods:
- "TM2" refers to the hot spot temperature model, equation (3.41),
section 3.2.2
- the IEEE-Annex G method, [28]

75

Fig. 4.20. The hot-spot temperature of the 362 kV winding in the 605 MVA OFAF-cooled transformer

Fig. 4.20 shows the measured hot-spot temperature of the 362 kV winding in the
605 MVA OFAF-cooled transformer alongside the hot-spot temperatures
obtained by the following calculation methods:
- "TM3" refers to the hot spot temperature model, equation (3.49),
section 3.2.4
- the IEEE-Annex G method, [28]

76

Fig. 4.21. The hot-spot temperature of the 362 kV winding in the 605 MVA OFAF-cooled transformer

Fig. 4.21 compares the measured hot-spot temperature of the 362 kV winding in
the 605 MVA OFAF-cooled transformer to the hot-spot temperatures obtained
by the following calculation methods:
- "TM4" refers to the hot spot temperature model, equation (3.52),
section 3.2.4
- the IEEE-Annex G method, [28]

Additionally, both the measured bottom- and top-oil temperatures, recorded during a
varying current test, are compared with results obtained from the thermal models
in Figs. 4.22 and 4.23 below.
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Fig. 4.22. The bottom-oil temperature of the 605 MVA OFAF-cooled transformer

Fig. 4.22 compares the measured bottom-oil temperature of the 605 MVA
OFAF-cooled transformer with the bottom-oil temperatures obtained using the
following calculation methods:
- "TM" refers to the bottom-oil temperature model, equation (3.43) in
section 3.2.3
- the IEEE-Annex G method, [28]
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Fig. 4.23. The top-oil temperature of the 605 MVA OFAF-cooled transformer

Fig. 4.23 shows the measured top-oil temperature of the 605 MVA OFAFcooled transformer and the top-oil temperatures obtained by the following
calculation methods:
- "TM" refers to the top-oil temperature model, equation (3.24) in
section 3.2.1
- the IEEE-Annex G method, [28]

It should be pointed out that the winding chosen for the comparison is the hottest of the
two main windings in the tested transformer unit. Also, the results are portrayed
graphically, to enable a convenient visual assessment. The presented results are
discussed further in section 4.4.
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4.1.5 Three-phase 650-MVA ONAF-cooled transformer

The 650-MVA transformer was a GSU unit with the windings seen from the limb side:
half of the LV-winding (i.e., 21 kV), the HV-winding (i.e., 415 kV), and the other half
of the LV-winding (double-concentric). A sketch of the core window and winding
arrangement of the transformer is given in Appendix H. The two LV-windings were
helical windings with axial cooling ducts (no oil guiding rings). In addition, the HVwinding was equipped with axial cooling ducts. The top turns of the inner LV-shell
were equipped with a total of eight fibre optic sensors. In addition to the normal heat
run tests (ONAN and ONAF), the following test was made in the ONAF-cooling mode:
- constant load current: 1.20 p.u., duration: 15 h.

The measured hot-spot temperature results, which were recorded during a constant load
current test, are compared with results obtained from the thermal models in Figs. 4.24,
4.25 and 4.26 below.

4.24. The hot-spot temperature of the 21 kV winding in the 650 MVA ONAF-cooled transformer

Fig. 4.24 shows the measured hot-spot temperature of the 21 kV winding in the
650 MVA ONAF-cooled transformer along with the hot-spot temperatures
obtained by the following calculation methods:
- "TM1" refers to the hot spot temperature model, equation (3.38),
section 3.2.2
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- "TM2" refers to the hot spot temperature model, equation (3.41),
section 3.2.2
- the IEEE-Annex G method, [28]

When the transformer is run from a cold start the thermal models TM1 and
TM2 will yield the same results. Once the transformer is energised, the “cold
start” exponents, which are given in Tables 3.4, 3.5 and 3.6, should be
substituted for the transformer “on load” exponents at the first load change,
Appendix B. Therefore, the temperature results obtained by these models can
be represented with a single red line in Fig. 4.24.

4.25. The hot-spot temperature of the 21 kV winding in the 650 MVA ONAF-cooled transformer

Fig. 4.25 compares the measured hot-spot temperature of the 21 kV winding in
the 650 MVA ONAF-cooled transformer to the hot-spot temperatures obtained
by the following calculation methods:
- "TM3" refers to the hot spot temperature model, equation (3.49),
section 3.2.4
- the IEEE-Annex G method, [28]
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4.26. The hot-spot temperature of the 21 kV winding in the 650 MVA ONAF-cooled transformer

Fig. 4.26 compares the measured hot-spot temperature of the 21 kV winding in
the 650 MVA ONAF-cooled transformer with the hot-spot temperatures
obtained by the following calculation methods:
- "TM4" refers to the hot spot temperature model, equation (3.52),
section 3.2.4
- the IEEE-Annex G method, [28]

Additionally, both the measured bottom- and top-oil temperatures, which have been
recorded during a constant current test, are compared with results obtained from the
thermal models in Figs. 4.27 and 4.28 below.
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4.27. The bottom-oil temperature of the 650 MVA ONAF-cooled transformer

Fig. 4.27 shows the comparison between the measured bottom-oil temperature of
the 650 MVA ONAF-cooled transformer and the bottom-oil temperatures
obtained by the following calculation methods:
- "TM" refers to the bottom-oil temperature model, equation (3.43) in
section 3.2.3
- the IEEE-Annex G method, [28]
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4.28. The top-oil temperature of the 650 MVA ONAF-cooled transformer

Fig. 4.28 compares the measured top-oil temperature of the 650 MVA ONAFcooled transformer with the top-oil temperatures obtained by the following
calculation methods:
- "TM" refers to the top-oil temperature model, equation (3.24) in
section 3.2.1
- the IEEE-Annex G method, [28]

It should be pointed out that the winding chosen for the comparison is the hottest of the
two main windings in the presented transformer unit. These results are also shown
graphically, which allows quick verification. Further discussion of the presented results
is given in section 4.4.
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4.2 Transformer without external cooling

A short description of the tested transformer, performed tests and position of the
installed thermocouples is given below, [69]:
The rated voltages of the transformer are 20.5±2×2.5%/0.71 kV. The low voltage
winding (0.71 kV winding) consists of eighteen Al-foil layers with an axial cooling duct
between the ninth and tenth layers. The distance from the LV-foils to the yokes is 15
mm at both the top and bottom. At the top and bottom an 8 mm pressboard bond is
added to the foils, i.e., the yoke distance from the insulated winding is 7 mm at both the
top and bottom. The cooling duct is collapsed at the LV- bus bar because the LV- bus
bar needs space. The width of the bars is 100 mm, which means that a total of about 150
mm of the duct is blocked on the side of the core. The high voltage winding (20.5 kV)
consists of 15 layers, each layer comprising 66 conductors except one layer which has
only 21 conductors to obtain the proper number of turns. The winding has two axial
cooling ducts, the first one between the fifth and sixth layers and the second one
between the tenth and eleventh layers. The distance from the HV conductor metal to the
yoke is 25 mm at the top and bottom. An 18 mm pressboard bond is added as end
insulation at the top and bottom, i.e., the yoke distance from the insulated winding is
also, in this case, 7 mm at the top and bottom. The connection is Dy11 and the shortcircuit impedance is 6%. The tank is corrugated with 250 mm cooling ribs; the centre
distance is 40 mm. There are 15 ribs, N, on the short sides and 39 on the long sides, Fig.
30. The tank is hermetically sealed and filled with oil.
The transformer was equipped with a total of 28 thermocouples, Figs. 4.29 and 4.30,
which were fitted in the transformer as follows:

Fig. 4.29. Positions of thermocouples, top view, phase C
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Fig. 4.30. Position of thermocouples in the tank, side and top view; dimensions are in mm

- 9 in the low voltage winding, where the thermocouples were inserted to a
depth of about 5 mm between adjacent foils, Figs. 4.29. It was expected that
the hottest spot temperature occurs at the location of the collapsed ducts.
Therefore, two thermocouples were inserted there.
- 6 in the high voltage winding, where the thermocouples were inserted to a
depth of about 5 mm from the edge of the conductor, between adjacent flat
conductors, Fig. 4.29.
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- 2 in the oil pockets at each end of the tank, T2. The distance from both tank
walls to the centre of the pocket pipe is about 30 mm, Fig. 4.30.
- 2 on the outside surface of the tank, at the top, T3, and the bottom, B2. They
were attached to the centre line of the long sides of the tank wall, between two
adjacent cooling ribs, right at the top and bottom levels of the cooling ribs,
Fig. 4.30.
- 2 thermocouples 50 mm under the tank cover, T1, were directly above the
centre line of the active part, Fig. 4.30.
- 2 in the mixed bottom oil, B1, located on the centre line between two adjacent
phases, on a line along the outer edges of the winding block at the top level of
the bottom yoke, Fig. 4.30. They were fixed to pressboard sheets functioning
as phase insulation.
- 2 in both the duct inlet, B3, and the duct outlet, T4, for the high voltage
winding of different phases and 1 in the duct outlet for the low voltage
winding, T4. The thermocouples measuring the duct oil were right in the
centre of the duct, at the edge of the winding insulation. This means that their
vertical positions were 8 mm from the LV-foil and 18 mm from the HVconductor, at both the top and bottom, Figs. 4.29 and 4.30.

In addition to the normal delivery test, the following tests were made:
- Constant load current: 1.00 p.u., duration: 8.5 h
- Varying load current, Table 4.4.
Table 4.4. – The load steps of the 2500 kVA transformer
Time period (minutes)
0.0 -300.0
300.0 -382.2
382.2-415

Load factor
1.0
2.0
0.0

The measured hot-spot temperature results, which were recorded during a varying load
current test, are compared with results obtained from the thermal models in Figs. 4.31,
4.32 and 4.33 below.
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Fig. 4.31. The hot-spot temperature of the 20.5 kV winding in the 2500 kVA ONAN-cooled transformer

Fig. 4.31 compares the measured hot-spot temperature of the 20.5 kV winding in
the 2500 kVA ONAN-cooled transformer with the hot-spot temperatures
obtained using the following calculation methods:
- "TM1" refers to the hot spot temperature model, equation (3.38),
section 3.2.2
- "TM2" refers to the hot spot temperature model, equation (3.41),
section 3.2.2
- the IEEE-Annex G method, [28]

When the transformer is run from a cold start the thermal models TM1 and
TM2 will yield the same results. Once the transformer is energised, the “cold
start” exponents, which are given in Tables 3.4, 3.5 and 3.6, should be
substituted for the transformer “on load” exponents at the first load change,
Appendix B. Therefore, the temperature results obtained by these models can
be represented with the single red line in Fig. 4.31.
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Fig. 4.32. The hot-spot temperature of the 20.5 kV winding in the 2500 kVA ONAN-cooled transformer

Fig. 4.32 shows the measured hot-spot temperature of the 20.5 kV winding in
the 2500 kVA ONAN-cooled transformer alongside the hot-spot temperatures
obtained by the following calculation methods:
- "TM3" refers to the hot spot temperature model, equation (3.49),
section 3.2.4
- the IEEE-Annex G method, [28]
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Fig. 4.33. The hot-spot temperature response of the 20.5 kV winding in the 2500 kVA ONAN-cooled
transformer

Fig. 4.33 compares the measured hot-spot temperature of the 20.5 kV winding in
the 2500 kVA ONAN-cooled transformer to the hot-spot temperatures obtained
by the following calculation methods:
- "TM4" refers to the hot spot temperature model, equation (3.52),
section 3.2.4
- the IEEE-Annex G method, [28]

Additionally, the measured bottom- and top-oil temperature results, which were
recorded during a constant current test, are compared with results obtained from the
thermal models in Figs. 4.34, and 4.35 below.
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Fig. 4.34. The bottom-oil temperature of the 2500 kVA ONAN-cooled transformer

Fig. 4.34 compares the measured bottom-oil temperature of the 2500 kVA
ONAN-cooled transformer with the bottom-oil temperatures calculated using the
following methods:
- "TM" refers to the bottom-oil temperature model, equation (3.43) in
section 3.2.3
- the IEEE-Annex G method, [28]
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Fig. 4.35. The top-oil temperature of the 2500 kVA ONAN-cooled transformer

Fig. 4.35 shows the measured top-oil temperature of the 2500 kVA ONANcooled transformer with the top-oil temperatures obtained using the following
calculation methods:
- "TM" refers to the top-oil temperature model, equation (3.24) in
section 3.2.1
- the IEEE-Annex G method, [28]

It should be pointed out that the winding chosen for the comparison is the hottest of the
two main windings in the transformer unit under consideration. These results are also
shown in a graphical format to facilitate verification. The presented results are discussed
further in section 4.4.
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4.3 Real-time application

The real-time application of the thermal model and radiator thermal monitoring were
used for assessing the operating conditions of a 40 MVA, OFAF cooled transformer
unit in service, [70]. The rated voltages of the transformer were 115±9×1.67%/21 kV.
The connection is YNyn0/d, and the short circuit impedance was 11.18%. The
transformer data obtained during the delivery test are given in Appendix G, Table G.1.
The permanent on-line monitoring system (SCADA) was upgraded with nine PT-100
thermal sensors installed as follows, Fig. 4.36:
- one, “1”, on the outside surface of the oil outlet pipe of the tank, T1,
- one, “1”, on the outside surface of the oil inlet pipe of the tank, T1,
- two, “2”, in the transformer room at different heights. One was attached to
the room wall at half height, T4, with the other at the full height of the
transformer, T3,
- three, “3”, were attached to the cooler. The first on the outside surface of the
oil outlet pipe, C3, the second on the inlet pipe, C4, and the third was inserted
in the cooler pocket (at the oil inlet),
- three, “3”, in the cooler room; one at the air inlet, C2, and another at the air
outlet, C1, of the cooler. The other sensor was attached to the room wall at
the height of the cooler top surface, C5.

Fig. 4.36. PT-100 installation; on-line monitoring system Hydran 201i; oil sampling, O2
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In addition to the thermal sensor installation, an oil flow meter, OF, was installed in the
tank inlet pipe, Fig. 4.36.
The transformer experienced high temperatures during a load pattern below the
allowable rating for the unit, although a DGA analysis (which was used as a prevention
tool in assessing transformer operational conditions) showed normal levels of gas
concentration according to [16], [25] and [27]. However, the analysis indicated an
increase in concentration of both carbon monoxide and carbon dioxide. This could have
been caused by certain transformer operating problems. Generally, both carbon
monoxide and carbon dioxide are developed as the result of thermal degradation of the
oil-impregnated cellulose. Hydrocarbons are produced as the result of oil degradation
caused by overheating, partial discharges and arcing at higher temperature values than
carbons, [63].
In the case under consideration, the transformer overheating was caused by too high
temperature settings for switching the cooler fan on (the tested transformer had the
thermostat set at a top-oil temperature equal to 55ºC). Therefore, the first remedial
action was taken by running the cooling fan continuously. The second remedial action
(the final solution) was accomplished by reducing the temperature at which the cooler
fan switches on:
- the top-oil temperature: start (35°C) / stop (27°C);
- the winding image: start (38°C) / stop (30°C)

Measured temperature results from after the transformer was treated were compared
with results obtained by all the thermal calculation methods to verify the transformer
thermal behaviour and this is shown in the figures below.
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- Permanently switched-on fan

The measured hot-spot temperature results, which have been recorded since the fan
setting was changed, are compared with results obtained from the thermal models in
Figs. 4.37, 4.38, 4.39 and 4.40.

Fig. 4.37. The hot-spot temperature of the 115 kV winding in the 40 MVA OFAF-cooled transformer

Fig. 4.37 compares the measured hot-spot temperature of the 115 kV winding in
the 40 MVA OFAF-cooled transformer with the hot-spot temperatures obtained
by the following methods:
- "TM1" refers to the hot spot temperature model, equation (3.38),
section 3.2.2
- the IEEE-Annex G method, [28]
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Fig. 4.38. The hot-spot temperature of the 115 kV winding in the 40 MVA OFAF-cooled transformer

Fig. 4.38 compares the measured hot-spot temperature of the 115 kV winding in
the 40 MVA OFAF-cooled transformer to the hot-spot temperatures obtained by
the following calculation methods:
- "TM2" refers to the hot spot temperature model, equation (3.41),
section 3.2.2
- the IEEE-Annex G method, [28]
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Fig. 4.39. The hot-spot temperature of the 115 kV winding in the 40 MVA OFAF-cooled transformer

Fig. 4.39 compares the measured hot-spot temperature of the 115 kV winding in
the 40 MVA OFAF-cooled transformer to the hot-spot temperatures obtained by
the following calculation methods:
- "TM3" refers to the hot spot temperature model, equation (3.49),
section 3.2.4
- the IEEE-Annex G method, [28]
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Fig. 4.40. The hot-spot temperature of the 115 kV winding in the 40 MVA OFAF-cooled transformer

Fig. 4.40 compares the measured hot-spot temperature of the 115 kV winding in
the 40 MVA OFAF-cooled transformer with the hot-spot temperatures obtained
by the following calculation methods:
- "TM4" refers to the hot spot temperature model, equation (3.52),
section 3.2.4
- the IEEE-Annex G method, [28]

In addition, the measured bottom- and top-oil temperatures, which have been
recorded since the fan setting was changed, are compared with results obtained from
the thermal models in Figs. 4.41 and 4.42.
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Fig. 4.41. The bottom-oil temperature of the 40 MVA OFAF-cooled transformer

Fig. 4.41 compares the measured bottom-oil temperature of the 40 MVA OFAFcooled transformer to the bottom-oil temperatures obtained by the following
calculation methods:
- "TM" refers to the bottom-oil temperature model, equation (3.43) in
section 3.2.3
- the IEEE-Annex G method, [28]
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Fig. 4.42. The top-oil (oil in tank pocket) temperature of the 40 MVA OFAF-cooled transformer

Fig. 4.42 compares the measured top-oil temperature of the 40 MVA OFAFcooled transformer to the top-oil temperatures obtained by the following
calculation methods:
- "TM" refers to the top-oil temperature model, equation (3.24) in
section 3.2.1
- the IEEE-Annex G method, [28]

The top-oil temperature rise over ambient as a per unit value, Fig. 4.43, was also
compared with the calculated values, and indicates that the transformer has
recovered.
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Fig. 4.43. The top-oil (oil in tank pocket) temperature rise over ambient temperature of the 40 MVA
OFAF-cooled transformer

Fig. 4.43 compares the measured top-oil temperature rise over ambient
temperature of the 40 MVA OFAF-cooled transformer with the top-oil
temperature rises obtained by the following calculation methods:
- "TM" refers to the top-oil temperature model, equation (3.24) in
section 3.2.1
- the IEEE-Annex G method, [28]

Furthermore, the measured oil flow curve and the air flow curves, which were
obtained by the calculation method given in Appendix F for the different fan
settings, are shown in Fig. 4.44.
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Fig. 4.44. Oil and air flows for the different fan settings

The comparison between the air flow curve for the OFAN cooling mode and the
air flow curve for the OFAF cooling mode in Fig. 4.44 suggests how much the
wrong fan setting can decrease the cooler efficiency for approximately the same
load pattern. In this particular case, the air flow for the OFAF cooling mode is
increased approximately 2.5 times compared to the air flow for the OFAN
cooling mode. This, in turn, will cause a corresponding decrease of the air
temperature gradients across the cooler, Appendix F, equation (F.1), which will
further decrease the oil temperatures within the transformer as well as the hotspot temperature.
The presented results are discussed further in section 4.4.
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4.4 Discussion

The results plotted by the proposed thermal models are in good agreement with the
measured values for both the load increase and load decrease in the transformers with
external cooling. However, the uncertain result obtained with the TM model for the
bottom-oil temperature during a 160% overload for the 400 MVA unit, Fig. 4.16, is
most probably caused by restricted oil flow through the 120 kV winding, [48-49] and
[62]. Namely, although the oil circulation through the low voltage winding was guided
with rings, the winding radial spacers were less than 2 mm, creating an increased
resistance to the oil flow. Therefore, the cooling was restricted and the oil temperatures
rose at a slower rate than would normally be expected for this transformer type. It
should be pointed out that the oil flow through the high voltage winding was
unrestricted and for that reason the top-oil temperature was less affected. This mismatch
also directly affects the hot-spot temperature results obtained by models TM3 and TM4,
shown in Figs. 4.14 and 4.15, respectively. It was also observed that the bottom-oil
temperature delay was more pronounced for a cool start of the 80 MVA, ONAN-cooled
and 650 MVA, ONAF cooled units, due to the specific cooling mode in the first case
and the transformer winding design in the second. The delay was not taken into account
in the suggested thermal model, TM, in order to keep the modelling as simple as
possible (modelling of the delay can be achieved by adding a certain number of RC
elements in both the top-oil and the bottom-oil circuits of the model). Therefore, the
thermal model, TM, yields the more conservative results in Figs. 4.4, 4.5, 4.27 and 4.28.
It is also necessary to point out that most of the tested units (i.e., 80 MVA ONAN, 250
MVA ONAF, 400 MVA ONAF, and the 650 MVA ONAF cooled unit) were run from a
cold start, Appendix B.
It should be noted that the IEEE-Annex G method also generally yields results that
match well with the measured results.
The suggested thermal models and the IEEE-Annex G method compare well with the
measurement results for the transformer without external cooling, provided proper
values for oil temperature rises are used. The oil temperatures used to obtain the
calculated curves in Figs. (4.31 - 4.35) are as follows:

•
•

Top-oil temperature is equal to the oil temperature in the oil pockets.
Bottom oil temperature is equal to the bottom oil temperature inside the tank,
under the windings.

If the liquid temperature were strictly defined according to IEEE, [29], then both
calculation methods would yield certain deviations from the measured values, [69].
The results plotted by all thermal models for the real time application agree with the
measured values with good accuracy, proving that the transformer operating conditions
have fully recovered. It was also observed that the thermal models TM1, TM2, TM3
and TM4 yield higher hot-spot temperature values when compared to the values
obtained by both the IEEE Annex-G method and the thermal image device. On the other
hand, the thermal image device is based on IEC 354, [22], with OFAF cooling mode
settings and at the measured top-oil temperature shown in Fig. 4.42. Therefore, it can be
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concluded that the hot-spot temperature calculated by the TM1, TM2, TM3 and TM4
models are generally more accurate, especially after a sudden load change.
A similar transformer operational problem would be avoided if the transformer were to
be operated continuously in the cooling mode for which it is designed. However, if there
is an economic need to operate a transformer in alternative cooling modes, e.g., to
decrease the operational cost for auxiliary power, the switch-on temperature should be
set at lower values than the original top-oil temperature by taking into account both the
transformer rating change and seasonal changes in ambient temperature. Furthermore, to
define the proper setting of the fan controls and the calibration of the thermal image
device, additional heat run tests should be made for all intended cooling modes (e.g.,
OFAN, ONAF, or ONAN). Based on the obtained data, the transformer could be safely
operated when it is switched from one cooling mode to the other. The heat exchanger
type (e.g., radiator or cooler) used during tests should also be clarified.
In addition, the windings chosen for comparison were the hottest of the two main
windings in the presented transformer units. The results were all depicted graphically, to
aid visual verification.
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5 Conclusions
Power transformers are among the most valuable and important assets in electrical
power systems. Insulation system ageing reduces both the mechanical and dielectricwithstand strength of the transformer. An ageing transformer is subject to faults that
result in high radial and compressive forces. In an aged transformer failure, the
conductor insulation has typically deteriorated to the point where it cannot longer
sustain the mechanical stresses caused by a fault. The turn to turn insulation then suffers
a dielectric failure, or a fault causes a loosening of winding clamping pressure, which
reduces the transformer'
s ability to withstand future short circuit forces. The ageing of
the used oil/paper insulation primarily depends on the hot-spot temperature of the solid
insulation system. Hence it is the dominant factor in limiting the lifetime of the
transformer.
There are two basic thermal models (IEC and IEEE) that have been used by the
industry. By the means of such models only the steady state hot-spot temperature can be
estimated and used with good accuracy for determining the ageing of the oil/paper
insulation. In addition, the IEEE Loading Guide-Annex G offers a more accurate but
more complicated thermal calculation method. During the last 20 years fibre optic
probes have been used by many authors in order to obtain as accurate values for
transformer temperatures as possible. By analysing the measured results from a range of
power transformers it was noticed that the hot-spot temperature rise over top-oil
temperature at load changes is a function depending on time as well as the transformer
loading (the “overshoot time dependent function”). This explains why it takes some
time before the oil circulation has adapted its speed to correspond to the increased load
level. The hot-spot temperature increases rapidly with a time constant equal to the time
constant of the windings. During transient states this results in winding hottest spot
temperatures higher than those predicted by the present loading guide for oil-immersed
power transformers.
A thermal investigation performed on a distribution transformer with external cooling
showed similar results. Therefore a comprehensive test program was made on a
distribution transformer without external cooling. The test showed that the hot-spot
temperature rise over top-oil temperature for the oil temperature measured in the oil
pocket due to a change in load is an exponential function with a time constant equal to
the winding time constant. It was also observed that the top-oil time constant is longer
than the time constant obtained for transformers with both external cooling and guided
horizontal oil flow through the windings, whereas it is similar to the time constant
obtained for the transformers with both external cooling and no oil guiding rings. The
time constant values used in the comparison were estimated by exponential curve
fitting.
This research work has been an attempt to develop generalised models that are able to
explain the physical background of the previous findings. The main results of this
doctoral work can be summarised as follows:

− The definition for both the transformer oil-air and winding-oil nonlinear
thermal resistances at the top and bottom level is given as a unique solution.
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−

−
−
−
−

−

Additionally, the transformer top-winding to bottom-oil nonlinear resistance
is defined.
Four different general hot-spot temperature thermal models for more
accurate temperature calculations during transient states are developed, i.e.,
TM1, TM2, TM3 and TM4. Models TM1 and TM2 are based on data
received in a normal heat run test, i.e., the top oil temperature in the tank of
the transformer and the average winding-to-average oil temperature gradient,
whereas the TM3 and TM4 models need, as additional input data, the
bottom-oil temperature.
General dynamic thermal models for both the top-oil and bottom-oil are also
determined, where the effects of ambient temperature dynamics on both the
top-oil and bottom-oil temperature are taken into account.
Oil viscosity changes and loss variation with temperature are taken into
account in the thermal models. The influence of all other oil parameters is
also considered.
Additionally, the changes in the transformer time constants with oil viscosity
are accounted for.
The transformer top-oil time constant equation is presented, where the
equivalent thermal capacitance of the transformer oil for the transformer
design with external cooling and winding-oil circulation in the zigzag pattern
is suggested as a new solution based on the uneven distribution of the
transformer losses. It is suggested that for different transformer designs, i.e.,
transformers without either external cooling or guided horizontal oil flow
through the windings, the other equation for the equivalent thermal
capacitance of the transformer oil should be applied.
The difference between transformer cooling modes is taken into account by
the modified “top-oil time constant” formula and a properly estimated value
for the empirical constant n.

The thermal models were validated using experimental (fibre optic test) results obtained
at varying load current on different transformer units. All the models were successfully
used to properly assess the operating conditions of a 40 MVA, OFAF transformer unit
in service. Their real-time application provides an accurate picture of the operating
condition of the transformer, which allows the operator to detect early signs of faults
and correct them. A considerable advantage of the suggested thermal models, especially
the models based on the top-oil temperature, TM1 and TM2, is that they are tied only to
measured parameters that are readily available, i.e., the top oil in the tank of the
transformer and the average winding-to-average oil gradient. Thus, the intended scope
of this research work has been fully achieved.
The thermal models are fully dependent on accurately defined steady-state temperature
rises. Therefore, it will be important to develop a steady-state calculation method,
especially because most installed transformers are not heat-run tested. However, further
research and development is needed to improve the existing monitoring systems and
introduce new solutions that include the transformer thermal models and their real-time
application. Utilising thermal models allows both transformer manufactures and users to
run different loading and ambient scenarios and, by analysing the results, improve the
transformer design (costs, size and load carrying capacity).
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Appendix A – Description of the different insulation oils
The transformer insulation oils are characterised by the following parameters:
is the oil viscosity
- coil is the specific heat of the oil
- oil is the density of the oil
- k is the thermal conductivity of the oil
is the coefficient of thermal expansion of the oil

The temperature dependence of these parameters, [18] and [52], is given as follows:

= A1 × e

A2
+
273
oil

(A.1)

coil = A3 + A4 oil

(A.2)

oil = A5 + A6 oil

(A.3)

k = A7 + A8 oil

(A.4)

= A9

(A.5)

The nine constants for the two basic transformer insulation oils are listed in Table A.1
below:
Oil /Constant

A1

Table A.1. Insulation oil constants, [18], [52]
Transformer oil
0.13573x10

-5

Silicone
0.12127x10 -3

A2

2797.3

1782.3

A3

1960

1424

A4

4.005

2.513

A5

887

989

A6

-0.659

-0.870

A7

0.124

A8

-1.525x10

A9

8.6x10 -4

0.138
-4

-9.621x10 -5
9.5x10 -4

It is generally valid for all transformer insulation oils that the variation of the oil
viscosity with temperature is much higher than the variation of other oil parameters.
Thus, all oil physical parameters except the viscosity in (3.9) can be replaced by a
constant. However, if it is necessary to consider the influence of all oil parameters the
following changes should be made:
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- Equation (3.10) for the heat transfer coefficient will be changed as follows:

h = C1 ×

oil

×

2

× × coil × k (1− n)/n

n

(A.6)

where C1 is assumed to be a constant, and is now expressed as:

(

C1 = C × g × L(3n −1)/n

)n

(A.7)

and the variation with temperature of all oil parameters is given above in (A.1) –
(A.5).
- Finally, the viscosity, , should be substituted with the following fraction:
2

(A.8)

× × coil × k (1− n)/n

in the equations for the top-oil, hot-spot, bottom-winding and bottom-oil
temperatures (3.24), (3.38), (3.41), (3.42) and (3.43) respectively.
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Appendix B – Transformer cold start
“Transformer cold start” refers to the operating condition where the transformer oil is
initially still, as there is no prior oil circulation when a transformer is energised.
Observations made during various thermal tests on transformers with external cooling,
[48-49] and [62], show that the hot-spot to top-oil, top-oil to air and bottom-oil to air
temperature gradients are directly affected by this condition, i.e., the gradients obtained
during this particular state will reach higher values than those obtained when the oil
circulation within the transformer is established. Further, the lack of moving oil will
artificially create an effect similar to a condition with high oil viscosity that would, for
example, occur in subzero ambient temperatures. Therefore, special exponents for a
cold start are suggested in order to take account of this phenomenon, Tables 3.4, 3.5 and
3.6.
On the other hand, it is observed that the hot-spot to bottom-oil gradient does not differ
from the state where oil circulation has been established. This can be explained by the
location of the gradients in relation to the windings, which are the primary source of
heat in the transformer. For example, when the position of the hot-spot to bottom-oil
gradient is considered, it is obvious that heat will be transferred to the oil along almost
the entire distance between the gradients, i.e., the oil will be heated up at each point
without any delay, whereas the hot-spot to top-oil gradient is directly heated only at the
point at the top of the transformer winding.
This phenomenon can be observed, with appropriate placement of temperature sensors,
in a transformer work shop where temperature rise tests, i.e., heat run tests, are made
according to IEC 76-2, [24]. In addition, this behaviour can be expected when new
transformer units are installed and energised for the first time, or a used transformer is
brought back into service after being treated. Once the transformer is energised, the
“cold start” exponents, which are given in Tables 3.4, 3.5 and 3.6, should be substituted
for the transformer “on load” exponents at the first load change.
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Appendix C – Insulation effect
Although unlikely, the correlation (3.27) may not hold for a specific transformer design
where the transformer winding insulation layer is very thick. This effect, if significant,
can be taken into account by adding the temperature gradient developed over the solid
winding insulation as follows:
ws

= hs +

(C.1)

ws − hs

where:
is the hottest temperature of the winding conductor surface, i.e., the temperature
located at the inner surface of the insulation wrapped around the winding conductor,
hs is the hot spot temperature located at the outer surface of the insulation wrapped
around the winding conductor, as defined by the following equations in the text: 3.38,
3.41, 3.49 and 3.52,
ws-hs is the temperature gradient between the inner and outer surface of the insulation
wrapped around the winding conductor, for which an equation is given below.
ws

Assuming that under transient conditions the temperature gradient,
ws-hs, varies
instantaneously with transformer loading and that the insulation properties do not vary
with temperature, the following equation, consistent with the modelling performed in
this thesis, is given:
ws − hs

= K 2 × Pwdn, pu ( ws ) ×

(C.2)

ws − hs,rated

where:

K is the load factor (per unit value), [22],
∆θws-hs, rated is the rated temperature gradient between the inner and outer surface of the
insulation wrapped around the winding conductor, (K),
Pwdn,pu (θws) is the dependence of the load losses on temperature, (C.2).
The temperature dependence of the winding losses, Pwdn,pu(

Pwdn, pu ( ws ) = Pdc, pu ×

+ k
+ Peddy, pu ×
ws,rated + k
ws

ws),

ws,rated
ws

is included as follows:

+ k

+ k

(C.3)

where:

Pdc,pu is the DC losses per unit value,
Peddy,pu is the eddy losses per unit value,
θk
is the temperature factor for the loss correction, equal to 225 for aluminium and
235 for copper.
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However, it should be pointed out that equations (C.1) and (C.2) can be only applied if
the transformer manufacturer provides the rated temperature gradient between the inner
and outer surface of the insulation wrapped around the winding conductor, ∆θws-hs,rated.
In principle, the temperature gradient can be obtained as follows:
1. By installing fibre optic sensors on the inner and outer surface of the insulation
wrapped around the winding conductor. This information is not included in data
obtained from the normal heat run test. Therefore, it will demand an additional
cost and a special agreement between the transformer manufacturer and
customer.
2. By calculation techniques based on the specifics of the transformer design.
These data should be specially ordered from the transformer manufacturer.
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Appendix D - Winding time constant
The winding time constant, [34], is as follows:
= 2 .75 ×

wdn

wdn

= 1.15 ×

(1 +

hs, rated

Pe ) × s 2

hs,rated

(1 + Pe ) × s 2

for Cu

(D.1)

for Al

(D.2)

where:
is the winding time constant in minutes at the rated load,
hs is the winding hot-spot to the top-oil temperature gradient at the rated load,
Pe are the relative winding eddy losses, per unit of DC loss, corrected for the hot-spot
temperature,
is the current density in A/mm2 at rated load.
wdn

When the winding time constant is calculated for the modelling presented in section
3.2.4, the winding hot-spot to top-oil gradient should be substituted with the winding
hot-spot to bottom-oil gradient, hs-boil.
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Appendix E - Top-oil time constant
The top-oil time constant at the considered load is given by the following:
oil, rated =

C th − oil ×
oil, rated
× 60
q tot, rated

(E.1)

where:

τ oil,rated - is the rated top-oil time constant in minutes,
∆θoil,rated - is the rated top-oil temperature rise over ambient temperature in Kelvins, (K),

qtot,rated – are the total supplied losses (total losses) in watts (W), at rated load,
Cth-oil – is the equivalent thermal capacitance of the transformer oil, (Wh/ºC).

The equivalent thermal capacitance of the transformer oil is given by the following
equations:
(E.2)

C th − oil = 0 .48 × m oil

where:
moil- is the weight of the oil in kilograms, (kg).
Equation (E.2) is an empirical formula based on the modelling that has already been
performed and validated in the author’s previous work, [71]. This equation is based on
observations from heat run tests and implicitly takes into account the effect of the
metallic parts as well. It is suggested to be used when the mass of the transformer fluid
is the only known information.
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Appendix F- Air flow
The air flow (the air volume) passing through the cooler in a unit of time is calculated
by the following equation, [34]:
air

=

cair × air ×

PTH

(F.1)

cooler − air − gradient

where:
is the air flow (the air volume), (m3/s),
PTH is the thermal power to be dissipated (E.2), (W),
cair is the specific heat of the air, (Ws/(kg ºC)),
3
air is the density of the air, kg/m ,
cooler-air-gradient is the measured temperature gradient between cooler air outlet and inlet,
(K).
air

The thermal power (the amount of heat taken by the oil from the transformer active
parts and transferred to the cooler) to be dissipated to the atmosphere in a unit of time is
calculated as follows, [34]:
PTH = coil × oil × oil ×

cooler − oil − gradient

(F.2)

where:
is the oil flow (the oil volume), (m3/s),
coil is the specific heat of the oil, (Ws/(kg ºC)),
3
oil is the density of the oil, (kg/m ),
cooler-oil-gradient is the measured temperature gradient between the cooler oil outlet and
inlet, (K).
oil

The power, PTH, is equal to the difference between the total heat produced by the
transformer losses and the amount of heat that is dissipated by the tank through
radiation from the tank’s external surfaces. The latter is insignificant compared to the
amount of heat dissipated by the cooler for the large sizes of transformers, [21]. Of
course, this balance can be easily disturbed by changing the transformer cooling mode.
Therefore, the unit presented in section 4.3, due to lack of cooler air circulation,
dissipated a higher proportion of heat from the tank surface through radiation.
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Appendix G - Input data
The input data for both the thermal model and the IEEE-Annex G calculation method
are given in Tables G.1 and G.2 below, where LV and HV refer to the low voltage
winding and the high voltage winding, respectively.
Table G.1. Input data for the thermal models
Transformer/Winding
Quantity

2.5

40

LV

HV

80

LV

HV

LV

250
HV

LV

HV

kVA base

2500

40 000

80 000

250 000

*Temp. base

75ºC

75ºC

75ºC

75ºC

*P w , (W)

16028

145907

166434

411780

*P E , (W)

1170

17340

29469

*P S , (W)

1041

24796

43391

*P o , (W)

"short circuit"

24018

"short circuit"

"short circuit"

-

2.33

14462

*s, (A/mm 2 )

1.588

1.462

W/A,R ,

64.7

60.5

54.4

41.7

42.6

72.5

68.3

62.8

58.6

24.5

21.8

21.7

20.3

*

H/A,R ,

(K)
(K)

hs,rated ,

*

(K)

2.55

2.21

44.2

41.7

39.7

55.2

59.8

58.6

50.8

21

25.6

20.3

12.5

*

TO,R ,

(K)

48

41.1

34.2

38.3

*

BO,R ,

(K)

40.35

34.4

19.7

16

E HS

0.7

0.71
1

H HS
*H
wdn ,

(min.)

0

0.5

0.8

1

0.4

1

0
1

1.19

1.33

1.3

1.35

1.49

1.4

1

7.5

7.8

7

8

7

6

7

M CC , ( kg)

2829

36600

66690

153606

*m fe , (kg)

2066

-

51010

99389

*m wdn , (kg)

556

-

11322

29181

1030

7000

19833

44096

1090

14000

34800

73887

*mmp =M TANK ,

( kg)
*m oil =M FLUID ,
( kg)
*

HS ,

( ° C)

24.4

35.6

23

38.3

*

W,

( ° C)

24.35

32

22.5

33.2

*

TO ,

(° C)

24.35

28.4

22.3

38.3

TDO ,

( ° C)

23.7

28.4

22.3

38.3

BO ,

( ° C)

22.4

25.8

19

28.1

*

*Input data necessary for the suggested thermal model.
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Table G.2. Input data for the thermal models
Transformer/Winding
Quantity

400

605

LV

HV

650

LV

HV

LV

kVA base

400 000

605 000

780000

*Temp. base

75ºC

85ºC

75ºC

*P w , (W)

637100

929800

1307900

*P E , (W)

59778

285000

114100

*P S , (W)

65772

71000

194400
"short circuit"

*P o , (W)

"short circuit"

"short circuit"

2

*s, (A/mm )

2.86

2.36

2.057

3.69

2.3

W/A,R ,

(K)

47

46.9

44.7

56.5

58.6

58.3

56.6

56.9

65.3

78.4

20.28

18.6

23.5

31.9

19.5

*

H/A,R ,

(K)

hs,rated ,

*

(K)

*

TO,R ,

(K)

38.0

33.4

58.9

*

BO,R ,

(K)

11.6

24.6

35.1

E HS

0.15

0.2

0.71

0.23

1.1

H HS

0.987

0.973

1

0.981

1

*H

1.3

1.2

1.5

1.16

1.68

5.3

8.2

10

5.5

6

wdn ,

(min.)

M CC , ( kg)

205769

195152

272424

*m fe , (kg)

132023

139448

160272

*m wdn , (kg)

45563

48900

96178

67 252

50153

52959

96018

79746

86809

*mmp =M TANK ,

( kg)
*m oil =M FLUID ,
( kg)
*

HS ,

( ° C)

*

W,

( ° C)

28.3

29.6

20.5

*

TO ,

(° C)

30.9

30.1

20.5

TDO ,

( ° C)

30.9

30.1

20.5

BO ,

( ° C)

25.7

29.1

20

*

34.6

31.6

32.9

32

*Input data necessary for the suggested thermal model.
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Appendix H – Transformer Sketches
The core window and winding arrangement drawings of the investigated transformers
are given below.
1. Sketch of the single-phase 80 MVA ONAN – cooled transformer, Fig. H.1.

H.1. Sketch of the core window and winding arrangement of the single-phase 80 MVA ONAN – cooled
transformer
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2. Sketch of the three-phase 250/250/75 MVA ONAF – cooled transformer,
Fig. H.2.

H.2. Sketch of the core window and winding arrangement of the three-phase 250/250/75 MVA ONAF –
cooled transformer
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3. Sketch of the three-phase 400/400/125 MVA ONAF – cooled transformer,
Fig. H.3.

H.3. Sketch of the core window and winding arrangement of the three-phase 400/400/125 MVA ONAF –
cooled transformer
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4. Sketch of the three-phase 605 MVA OFAF – cooled transformer, Fig. H.4.

H.4. Sketch of the core window and winding arrangement of the three-605 MVA OFAF – cooled
transformer
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5. Sketch of the three-phase 650 MVA ONAF – cooled transformer, Fig. H.5.

H.5. Sketch of the core window and winding arrangement of the three-650 MVA ONAF – cooled
transformer
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