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Abstract. Power transformers are the most common equipment in an electric power system, which
has been manufactured in the last decade. However, overheating can damage them, considerably
reducing their operation lives, which may cause economic losses to the power utilities. The motivation
of this paper is to investigate the time and power overload limits that a power transformer can
be subjected to and how it will impact its temperature. Investments in the grid can be delayed if
a transformer can support some overload during some momentary load demand increase. In this
context, this paper presents a study of a 30/40MVA power transformer by 3D finite element method
(FEM) for coupled thermal-electromagnetic simulations to investigate its thermal behaviour when
it is submitted to its nominal load at a steady-state operation and a variable load during a period
of one day. The simulations were performed with the commercial software packages Flux 3D and
AcuSolve, for electromagnetic and thermal modelling, respectively. The modelled equipment was based
on a power transformer installed in the Light Serviços de Eletricidade S.A, the utility that supplies
electrical energy to the city of Rio de Janeiro, in Brazil. Since the literature doesn’t present many
works simulating coupled thermal-electromagnetic power transformers in 3D-FEM, this paper has the
goal to bring new contributions to this field. Three study cases were modelled, and some simplifications
in transformer’s geometry were made in some of them to reduce the computation time usually required
for such a simulation. The obtained results are presented and compared with the measured values for
the temperature in the hot spot of the transformer and in the top of the oil, to investigate the impact
of these simplifications in the calculated results.
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1. Introduction
Power transformers are the costliest equipment in
the process of expanding system substations [1]. The
distribution companies allocate millions of dollars in
their expansion plan for the acquisition of new equip-
ment, which, due to its high cost, should be used to
its maximal potential in its capacity to transport en-
ergy and, at the same time, have ensured its integrity
throughout the expected period of time for its service
life [2, 3]. The integrity warranty is directly related
to the temperature limits that the power transformer
insulations may be subjected to during normal and
emergency operation conditions [4].
The literature presents some papers dedicated to

simulating a power transformer using a finite ele-
ment method (FEM) considering the model-based
in the thermal properties [5–10] and electromagnetic
phenomena [11–15]. Some other papers also inves-

tigate coupled thermal electromagnetic modeling of
the equipment [16, 17]; however, the literature is still
limited. In this context, the contribution of this work
is to present a tridimensional numerical modeling to
simulate one power transformer by coupling the elec-
tromagnetic and thermal behaviour, covering a gap
in this field. The 3D model can be used by electri-
cal energy distribution companies to predict the hot
spot temperature in typical daily cycles of operation
and regions with a high concentration of load. The
model was implemented in the commercial software
AcuSolve [18] that uses the 3D FEM and Compu-
tational Fluid Dynamics (CFD) [19] formulation to
simulate the oil movement and the heat flow inside
the transformer.
In a previous work [20], a model, where the heat

exchange between the main parts of the transformer
(core, windings, and tank) and the insulating oil was
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considered through the phenomenon of thermal con-
vection, was developed. In that case, the convective
coefficients were analytically calculated for the sur-
faces of these parts in contact with the oil, representing
a complex task susceptible to the inaccuracy of the
results. Moreover, in that previous work, the oil cir-
culation inside the transformer was not considered,
since the computational tool used in the simulation
didn’t have the necessary resources to simulate the
fluid dynamics.

In this new study, we decided to use a tool dedicated
to thermal simulation in fluids, in order to consider the
oil movement inside the transformer and also allowing
the automatic calculation of the convective coefficients
for the heat flux exchange between the windings and
core walls, and the insulating oil, warranting a better
accuracy of the results.

However, due to the main disadvantage of the CFD
tools, which is the need for very high computation
time, mainly due to a large number of mesh elements
normally required by this kind of simulation. a simpli-
fied model of the transformer was developed, as will
be detailed in the next sections.
The validation of the developed model was made

through the temperature determination in the hot
spot for the condition of the transformer operating at
its nominal load of 30/40 MVA, natural and forced
ventilation respectively. The hot spot and top oil
temperatures were monitored when the transformer
was submitted to a variable load curve for 5 hours
and 30 minutes. The power demanded by the load
changed from 27.8MVA to 30MVA during the tests.
The FEM coupled simulations were performed to re-
produce these operational conditions comparing three
different ways of modelling the windings and the radi-
ator, in which some simplifications were applied. The
proposed simplifications to the coil and the radiator
had an impact on the accuracy of the results, as will
be shown in the following sections.

2. Methodology
The 3D computational model of a power transformer
was developed using Flux3D, a finite element pack-
age for electromagnetic simulations, and the AcuSolve
software, a CFD tool dedicated to thermal simulations.
The model was developed considering the main geo-
metric and physical characteristics of the transformer,
including its core, the high and low voltage windings,
and the transformer tank.

Two main heat sources were considered in the model:
the core losses and the windings losses. The core
losses represent the no-load losses, they were calcu-
lated through an electromagnetic simulation, and they
can be considered constant even for a variable load.
The windings losses represent the losses due to the
Joule effect in the coils, and they are proportional to
the winding electric resistance and the current flowing
through the windings, meaning it is dependant on the
load curve.

The induced currents in the transformer tank and
the effects of solar radiation were not included in
this simulation model, although they represent heat
sources existing in real conditions.
Concerning the heat dissipation from the trans-

former to the environment in the model, it was consid-
ered through a convective heat flux coefficient defined
for the tank walls and another one for the radiator
walls, where the most significant parcel of heat dissi-
pation is.

All convective heat flux coefficients that modell the
thermal exchange between the insulating oil and the
surface of the transformer components (core, wind-
ings, and tank) were automatically calculated by the
simulation software.
The insulating oil circulation inside the trans-

former was modelled through a natural convection
phenomenon using the Boussinesq model [10] with
laminar flow, once the transformer was considered
operating with the type of the refrigeration ONAN
(Oil Natural, Air Natural) [19, 21].

The transformer was simulated operating with a
variable load close to its nominal load of 30MVA.
For this simulation, we used the Transient Analysis
with a time step of 60 seconds. It must be noted
that a preliminary study was made to determine the
value of the time step that ensures a reduction in the
computation time without compromising the quality
of the results.

3. Model description
The transformer used for the development of the 3D
finite element model is a 30/40MVA, 138/13.8 kV,
∆/Y, three-phase transformer. Figure 1 presents a
photo of the transformer that was simulated and mea-
sured in this work. Details of the equipment used for
the model validation are presented in Table 1 with
some data given by the utility and the manufacturer.
This transformer is installed in one of the distribution
substations of LIGHT S.A. – the main electric energy
distribution company of Rio de Janeiro - Brazil. As
described before, the model was developed in both
Flux3D and AcuSolve software, commercial tools ded-
icated to electromagnetic and thermal simulations
using the CFD, and it was carried out in different
steps, including the geometry description, the finite
element mesh generation, and the physical properties
definition, as described in the following sections.

3.1. Geometry
Figure 2 shows the geometries used in the model to
simulate the transformer, where one can identify the
core (blue) and the coils of high (red) and low voltage
(yellow) windings. One can see that the windings
were modelled in two different ways: as continuous
cylindrical structures – as shown in Figure 2a, that is
without the spacing between turns, existing in practice,
and as segmented coils – as presented in Figure 2b,
which is a more realistic approach. In both cases,
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Figure 1. Picture of the 30/40MVA, 138/13.8 kV Power Transformer studied in this work.

Description Value
Voltage 138/13.8 kV
Power (greater power in forced ventilation) 30/40 MVA
Manufacturer WEG
Class 55 °C
Type of oil Naphthenic
Total mass 63,600 kg
Active part mass 25,500 kg
Core mass 15,400 kg
Total oil mass 17,000 kg
Oil tank volume 16.26 m3

Oil volume into the radiator 1.94 m3

Total oil volume 19.0 m3

Copper losses 200 kW
Core losses 20 kW
Total losses 220 kW
Equivalent resistance 2.38 Ω
Radiator placing Front/rear
Number of heatsink units 6 + 6
Tank area 54.11 m2

Heatsinking unit area 55.17 m2

Table 1. Technical data of the power transformer measured in the field and used for the model validation.

(a). (b).

Figure 2. (A) The geometry of the full core and simplified windings representation. (B) More realistic windings
represented in segmented coils turns.
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the windings were modelled with an additional shell
region with 4 layers of 0.3mm, representing their
cover of paper insulation with a thermal conductivity
of 0.19W/m·K. The goal of modelling the coils by
these two different ways is to compare the importance
of the coil details’ influence on the simulated results.
The power transformer was modelled considering

its full geometry for the electromagnetic FEM simula-
tions to calculate the core losses. However, due to the
existing symmetry in the transformer, the geometry
adopted in the thermal simulations was only 1/4 of the
real one, as presented in Figure 3. The reason behind
this decision is to reduce the degrees of freedom of this
problem and, consequently, the computational effort.
This simplification made it possible to reduce the sim-
ulation time without compromising the quality of the
results, since the observed physical phenomenon al-
lows such a consideration. Another component added
to the simulation model is the radiator that makes the
main heat exchange between the hot oil on the top of
the transformer and the external environment. The
radiator has a complex geometry formed by several
thin cooling fins, which are very small when compared
to the other parts of the transformer. This results in
a high number of mesh elements that consequently in-
crease the simulation time. In order to investigate how
important is the radiator shape, three different ap-
proaches were proposed. In the first attempt, named
as case A, the radiator was modelled using cylindrical
tanks where the heat exchange with the external air
is made through their walls, where a high convective
heat flux coefficient of hc = 450W/m2K was defined.
In case A, besides the radiator, the windings were sim-
plified. The second approach proposed is presented
in Figure 3b, named as case B. Here, the radiator has
the same volume of the real device, but a rectangular
shape and an intermediate convective heat flux coeffi-
cient of hc = 170W/m2K was assumed. Finally, case
C presents a form similar to the real transformer, as
shown in Figure 3c. The radiator was modelled by 12
rectangular plates and with convective heat flux coef-
ficient of hc = 27.2W/m2K. Cases B and C consider
the windings represented in segmented coils turns.
For all simulated cases, the radiator was modelled
with six tanks on each side of the transformer (three
tanks in 1/4 of geometry), representing the number
of oil outputs existing in the real transformer. The
goal of this comparison is to investigate how these
windings and radiator simplifications are relevant to
the accuracy of the results.

3.2. Finite element mesh
The finite element mesh generation is one of the most
critical steps in the development of the model, the
quality of the results is directly related to the quality
of the mesh. As discussed earlier, some simplifications
were incorporated into the geometry (mainly that of
the core and windings) aiming to obtain a quality
mesh without increasing the number of elements and,

consequently, the computation time. The radiator was
also considered with a simplified geometry composed
by cylinders, since the detailing of all cooling fins
would result in an extremely high number of elements.

The tridimensional mesh used in the model is com-
posed of tetrahedral elements, resulting in the fol-
lowing number of nodes in 1/4 of the transformer
geometry for each case: A = 155370, B = 341221,
C = 347567. Even with the geometry simplifications
considered in the model, the thermal simulation in-
volving computational fluid dynamics (CFD) requires
a greater refinement of the mesh, especially in the
regions near the walls of the tank, coils, and core,
where the heat exchange between those parts and the
insulating oil through the thermal convection phe-
nomenon takes place. Those regions require the use of
a mesh formed by elements layers to correctly modell
the fluid flow, as shown in Figure 4.

3.3. Physical properties
Physical properties were defined to describe the ther-
mal behaviour of six main regions: core, high voltage
winding, low voltage winding, oil, tank, and radiator.

The core was defined as a region with thermal con-
ductivity of steel (150W/m·K), and with a heat source
equivalent to the no-load losses calculated through
the electromagnetic simulation, estimated as 20 kW.
This represents about 15% of the total losses when
the transformer is under its nominal load (30MVA).

The high and low voltage windings are regions with
the same thermal properties as copper, i.e., thermal
conductivity k = 394W/m·K and volumetric thermal
capacity cp = 3.52E6 J/m3·K. The heat source in
the windings was calculated from their Joule losses,
and it depends on the electrical resistance and the
current flowing in the winding (obtained from the
transformer’s load curve). Under the nominal load,
the windings losses are 112.5 kW. Figure 5 shows the
power transformer load curve for a period of almost
30 hours. The temperature measurements were done
in this interval between 10:05 h and 15:30 h.
The oil region has the same thermal conductiv-

ity of the mineral oil used in transformers, i.e.,
0.1262W/m·K. It has a specific heat capacity of
2100 J/kg·K, a viscosity of 0.00738 kg/m·s and a volu-
metric density of 848 kg/m3. The thermal properties
of the oil were considered constant, while the variation
of its density was modelled through the Boussinesq
model [10]. Its expansivity was considered with a
value of 0.00064 °C−1, aiming to represent the natural
convection phenomenon.
The tank represents the region of the transformer

in contact with the air, where the part of the heat
dissipation by convection and radiation takes place.
The heat flux density dissipated from the tank by
natural convection depends on the air temperature
immediately in contact with the tank walls and the
convective heat flux coefficient h [W/m2·K], as indi-
cated in the equation below. As described before, the

403



H. O. Henriques, C. E. Vizeu, P. C. de Souza et al. Acta Polytechnica

(a). (b). (c).

Figure 3. Geometry used to modell the radiator. (A) Case A – cylindrical simplified radiator with hc = 450W/m2K
and simplified winding; (B) Case B – rectangular simplified radiator with hc = 170W/m2K; (C) Case C –radiator
with 12 plates and hc = 27.2W/m2K, similar to the real device.

Figure 4. Detail of the finite element mesh used to the thermal simulations of case C.

Figure 5. Measured load curve used to validate the FEM simulations.

404



vol. 60 no. 5/2020 Coupled electromagnetic-thermal simulation of a power transformer. . .

induced currents in the tank walls and the solar radi-
ation during the daytime period weren’t considered
as heat sources in this simulation model.

ϕ = −h · (Tw − Ta) (1)

where:
ϕ – heat flux density (normal to the surface) [W/m2]
h – convective heat flux coefficient [W/m2·K]
Tw – the temperature of the tank wall [K]
Ta – the temperature of ambient air [K]
Besides the heat exchange between the tank walls

and the external air, the developed model considers
the heat dissipation from the windings to the insu-
lating oil through a natural convection. To this end,
the AcuSolve software automatically computes the
convective coefficients for these faces, so it isn’t neces-
sary to calculate them analytically. This automatic
calculation represents a significant improvement when
compared to the previous work [20], where it was nec-
essary to calculate the value of the convective heat flux
coefficients analytically for each face of the geometry
in contact with the oil.

Finally, the radiators were described in the simula-
tion model as a region where the surfaces in contact
with the ambient air have a high convective coefficient
dependent on the modelled case, as described in the
legend of Figure 3.

4. Results
4.1. Electromagnetic FEM results
As mentioned above, the electromagnetic simulations
were calculated using the Flux3D software. For these
simulations, the authors didn’t apply any symmetry
to reduce the degrees of freedom of the problem. From
the electromagnetic point of view, the Cases A, B,
and C, will yield the same results because the same
Magnetomotive force is applied to the core in all cases.
Figure 6 presents the magnetic flux density in the
core of the transformer. This result was calculated
considering that the transformer is feeding a load of
30MVA. It can be observed that the transformer is
operating at a point immediately after its saturation,
at the maximum magnitude around 2.1 T.
The losses with the nominal load are presented in

Figure 7. These values give the iron losses contribu-
tions to the heating of the oil. The total iron loss
calculated without load is 20.2 kW. The expected loss,
given by the manufacturer’s specifications, for the
transformer operating with no load is 20 kW, so a
difference of only 1% was verified in this case.

4.2. Thermal FEM results
In this section, we present the results obtained from
the thermal simulation. Figure 8 shows the tempera-
ture colour map on the surface of the windings and
the transformer core for the case where it is operating

with the load curve shown in Figure 5, for the same
amount of time (about 20 hours). It is possible to see
that the warmer region is in the internal coils of the
windings, where the temperature is close to 77.5 °C
for the case A, 74.2 °C for the case B and 68.5 °C for
the case C. Figure 9 shows the obtained temperature
only on the surface of the core (maximum value =
68.8 °C).

Figure 10 shows the temperature colour map along
a vertical plane inside the transformer tank, where it
is possible to see the oil temperature variation from
the bottom to the top of the transformer. In this
figure, it can be observed that the temperature at the
top of the oil is about 63.8 °C (case A), 62.4 °C (case
B) and 54.0 °C (case C), i.e., approximately 12 °C -
15 °C below the temperature of the hot spot for each
case.

Figure 11 shows the oil flow vectors in the inlet and
outlet ducts of the radiator cylinders. The legend of
this figure represents the temperature value of these
vectors, and it is possible to verify a temperature
variation of approximately 11 °C between the oil tem-
perature at the inlet of the radiator and the average
oil temperature at its outlet in the three simulated
cases.
Figure 12 shows the comparison between the mea-

sured temperatures at the top of the oil and the simu-
lated results for the Cases A, B, and C. It can be seen
that cases A and B could not represent the experi-
mental data very well. On the contrary, Case C could
obtain a result much closer to the actual measure-
ments, in which the highest error was 12.4%. This
figure also presents the measured room temperature
in the substation and the apparent power demanded
by the load supplied by this transformer. The forced
ventilation was turned on automatically at 12:15 h,
turned off manually 13:36 h, and turned on (again
manually) at 14:41. The external temperature and
the forced ventilation effects were taken into account
in the model.

The hot spot temperatures were also measured and
simulated, as can be seen in Figure 13. Again, the
case C was the only one that could show a satisfactory
temperature result, with a maximum error of 8.5%.
These results were obtained using the transient anal-
ysis, as described in section 3, and one can see that
the hot spot has a similar temperature variation as
the load.

5. Conclusions
A three-dimensional finite element model was devel-
oped in order to simulate the thermal behaviour of a
three-phase 30/40MVA power transformer subjected
to a steady-state operation, supplying a variable load
around the rated power. Some simplifications in ge-
ometry were made to reduce the number of elements
in the mesh and the computation time. The simpli-
fications did reduce the computation demands, but
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(a). (b).

Figure 6. Magnetic flux density in the core region: (A) Modulus of B; (B) Vector representation.

Figure 7. Total iron power losses with nominal load.
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Figure 8. Temperature colour map on windings and
core (nominal load) (a) Case A; (b) Case B; (c) Case
C.

Figure 9. Temperature colour map on the core (nom-
inal load) (a) Case A; (b) Case B; (c) Case C.

Figure 10. Colour map of the oil temperature from
the bottom to the top (nominal load) (a) Case A; (b)
Case B; (c) Case C.

Figure 11. Inlet and outlet oil temperature (nominal
load): (a) Case A; (b) Case B; (c) Case C.
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Figure 12. Top of the oil temperature for a variable load.

Figure 13. Hot spot temperature for a variable load.

they had a severe impact on the accuracy of the sim-
ulations. The obtained results indicate that a precise
representation of the winding is relevant to obtain a
maximum acceptable error (around 10%) between the
measurements and the simulations.

The temperature curve obtained in the simulations
exhibited a very similar behaviour to the experimen-
tal curves, including the obtained temperature of the
windings. However, only the case, in which the wind-
ings and the radiators were represented with the same
level of details of a real transformer, could be validated.
For this case, the maximum temperature discrepancy
between the measurements and the simulations was
around 8.5% for the hot spot point in the coil and
12.4% for the top of the oil. The discrepancies could
be even reduced by a more detailed representation
of the windings, core, and radiator. The following

items can be improved: representing core laminations,
modelling all the coil turns and the space between
them, and considering the roughness of the surface
in the radiator. However, the average time to carry
out these 3D simulations is around 1 or 2 days on a
personal computer with i7 (2.9GHz) processor, 16Gb
of RAM, and 4GB of VRAM. The representation of
those details could reduce the error, but the simulation
time would increase considerably.
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