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ABSTRACT

Nowadays power transformers need
to optimise their efficiency to ensure
that a minimum amount of losses is
generated by various physical phe-
nomena. Finite element studies allow
transformer designers to accurately
analyse various losses (Joule losses,
iron losses, stray losses) in order to en-
hance transformer performance. There
are a few steady state and transient
tests which allow the assessment of
electrical and mechanical constraints
that a power transformer will have to
endure during its life cycle. In add-
ition, thermal analysis can complete
these studies to detect and prevent hot
spots on the tank or in the windings.
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1. Introduction

The fact that approximately 40 % of grid
losses are dissipated by power transform-
ers [1], even though their efficiency is
around or above 90 %, has resulted in a
great need to analyse these important
components of the electrical network. A

slight improvement in efficiency can save
a lot of energy in the long life cycle of a
transformer. Nowadays, every aspect of
power transformer design can affect its
efficiency, such as global losses, but also
accurate local quantities like eddy cur-
rents in a specific part of the transformer.
Indeed, losses in the windings or skin
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99 As about 40 % of grid losses are dissipated
by power transformers, only slight improve-
ment of their efficiency can save a lot of
energy in their long life cycle

effect are very difficult to estimate with
traditional analytical methods. Finite
element analysis has become an essen-
tial tool for considering most aspects of a
power transformer and optimising its be-
haviour. Some losses are still very difficult
to measure experimentally and require
an application of the simulation methods
discussed in this article in order to be
evaluated.

This article illustrates different tests used
in steady-state and transient studies to
characterise a power transformer, deter-
mine an equivalent circuit and design it
so as to handle transient electrical and
mechanical constraints. The article also
gives insight into the thermal simulations
that can complete the whole design of a
power transformer.

2. Specific physical models
for power transformers

There are some specific models which
help transformer designers to represent
all the complex phenomena occurring in
their unit.

In order to define every different condi-
tion applied to the power transformer, a
circuit context embedded in the fini-
te element part allows the modelling of
power sources, switches, diodes, induc-
tors, etc. Various coil conductors and so-
lid conductors are also represented in the
circuit context and are directly linked to
the corresponding region in the 2D/3D
model.

Another important aspect is the model-
ling of conductor regions. Homogene-
ous regions allow easier description of
the windings characteristics (number of
turns, material, filling factor, etc.). Some
advanced models permit evaluation of
the skin and proximity effects in the
coils without representing each wire,
which helps reduce the time and mem-
ory needed for the simulations and en-
sures accurate results.
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Thanks to dedicated regions such as
laminated region, a thin conducting
and impedance surface, it is possible to
model the skin effect in conductive parts
(e.g. transformer tank, frames, shunt fas-
tening) up to several MHz. For lamin-
ated materials, for instance, there is a
specific region so that the designer does
not need to represent and mesh every
thin layer of this region: the anisotropy
is considered during the model solving.
In addition, a model of hysteresis can
increase the accuracy of the iron losses

computation and deal with remanence
issues for transient aspects. In order to
reduce the complexity of the tests, not all
of these models were used for the illus-
trated simulations.

Finally, multi-parametric studies permit
model solving directly and analysis of
different configurations of geometry or
different physical parameters, allowing
consideration of various transformers.

3. Various tests to design a
power transformer

The two main tests used in 2D and 3D
design of any kind of transformer, No
Load and Short Circuit tests, are run
in a steady state study, Figure 1. From
these tests, it is possible to determine an
equivalent circuit for the transformer.

93 Finite element tools enable quick and ac-
curate achievement of the requirements of
power transformers with fast and accurate
design and analysis for complete results

Figure 1: 3D power transformer model for No Load and Short Circuit tests
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As illustrated in Figare 2, No Load test 99 Steady state and transient simulations are

is used to determine the components

marked in red. while those marked in important steps in transformer design opti-
green can be determined with the Short misation
Circuit test.

Some transient simulations are also im-
portant in transformer design. For in-

stance, the Inrush Current test allows P'_'im‘_arﬁ" Primary Sec.:ﬂnfj ary
determination of the current and mech- winding | leakage Ideal winding
anical constraints that the transformer is loss  |linductance t_ra_“_sf_ormeir

subjected to during energisation, i.e. while R, X f 1IN .

it is being connected to the network. . ;

The first two tests were carried outon a 150 Core X R L § i I IH}ES;ZQF:)E

MVA HV transformer model (courtesy loss : ' Koz

of Wilson Transformer Company) (132 . _

kV/14.1 kV). An example of a complete
3D model in a tank, with frames, yokes,
shunts and distribution bars is illustrated Inductance
in Figure 1. It combines different physical
regions and materials and illustrates all
the possible studies on a 3D power trans-  Figure 2: Equivalent circuit for a real power transformer
former. The transformer is defined in a

circuit with voltage sources in the primary

and resistive loads in the secondary.

Secondary

Magnetizing Transformer Magnetizing
Inductance

Primary P
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3.1. No Load test W1 HV_1 LW _1

In the first test, illustrated in Figure 3, the |y = | | y
transformer secondary is open, so the core V2 HV_2 Lv_2 !
is saturated and it is possible to measure

the magnetising current in the primary (s
circuit. Also, in this situation the magne- V3
tic leakage can be neglected, which allows

reducing the complexity of the geom-

etry and representing only the core and  Figure 3: Electrical scheme for No Load test
the windings. The other conductive parts
do not affect the results of this case. This
choice is rather time-saving and requires
less memory.

HV 3 . LV 3

Table 1. Results from the No Load test

Magnetizing reactance of the primary Xm 290.4 kQ /phase
The magnetising reactances of the pri-
mary and secondary can be computed Magnetizing reactance of the secondary Xm> 3319 Q/phase
thanks to the values of voltages and the Global iron losses 37.9 kW
result of the reactive power in the domain.
The magnetising current is also availa-
ble for measurement in the circuit. A _
Bertotti model [2] evaluates the iron . - - AN
losses in every magnetic region. Table 1 " ' = j'f
to the left details some of these results. Vi HV_1 LV_1 p
The iron losses results are very difficult to ]
measure in reality and depend on many {1 = = !
manufacturing parameters. So, the obtai- 2 HV_2 Lv_2 : R2
ned results are a good evaluation of the- LU
se losses but cannot perfectly take into = = i
account some details from reality: for V3 HV_3 -~ LvV_3 \R3,
example, specific air gaps with pressure
pads exist in the core but are quite hard
to model accurately. Figure 4: Electrical scheme for Short Circuit test
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Figure 5: Arrows of induction in the core

Table 2. Results from the short circuit test compared with experimental measures

Short circuit voltage 8590V 8390V 23 %

Leakage reactance

of the primary X, 13.1 Q /phase 12.9 Q /phase 1.2 %

Leakage reactance

0
el esaoidly 0.149 Q /phase 0.147 Q /phase 1.2 %

Figure 6: Arrows of current density on the tank surface with phase = 0°

3.2. Short Circuit test

In the second test (Figure 4), the situati-
on is opposite: the magnetising current is
neglected and the core is very slightly ma-
gnetised. However, there is an important
leakage of magnetic flux, which means the
occurrence of eddy current losses in all
the surrounding conductive parts. There-
fore, this test needs the whole geometry
to be correct. The model is also compo-
sed with distribution bars that supply the
power to the windings to model the effect
of these conductors on the global system.
The computation of stray losses is very
important because these kinds of losses
are impossible to measure directly and
the simulation is the only way to estimate
their value accurately. In order to model
this case, the values of the resistances at
the secondary are very low so that the vol-
tages tend to 0.

As in the previous test, the leakage react-
ances are easy to compute from the volta-
ges and the reactive power in the domain.
The different losses in the conductive
parts and in the circuit can also be com-
puted.

The magnetic field radiations outside
the tank of the transformer can also be
analysed, so that they do not exceed ra-
diation regulation, in particular in some
countries, such as Switzerland, Italy or the
Netherlands, to name a few [3].

Table 2 details some of these results in this
particular case.

The arrows of current density illustrated
in Figure 6 can help a designer to under-
stand the direction and the intensity of the
currents on the tank surface. Thanks to
this information at each electrical phase,
the design can be modified to change the
path of the current.

99 In the post-proces-
sing, every quan-
tity is available to
be displayed, plot-
ted into a curve or
computed globally
on each part of the
model

20 TRANSFORMERS MAGAZINE | Volume 2, Issue 2



3.3. Inrush Current test

Different transient studies can be set up,
such as electrical defaults like the rupture
of a coil or the disconnection of a power
transformer, for example.

In particular, the energising of an un-
loaded power transformer may have un-
desirable effects on power quality and may
damage the transformer [4]. The third test
that was realised consisted in measuring
these constraints provoked by the in-
rush current. This phenomenon brings
an important current for a short amount
of time and thus creates important forces
on the windings. The test was carried out
ona 2D smaller transformer to yield faster
results in transient and observe the phe-
nomenon. This 3 kVA model (480 V /240 V)
is only represented with the core and win-
dings in the tank.

A scenario of 0.1 second gives good re-
sults to estimate the constraints on the
transformer. The peaks of current and
forces also correspond to magnetic sat-
uration in the core. The results of max-
imum current and force are displayed in
the Table 4 below.

35 Energising a trans-
former can have
undesirable effects
on power quality
and damage the
transformer.
Therefore, it is use-
ful to simulate such
event

These results are very important in order
to design the power transformer correct-
ly, so that it can endure transient con-
straints.

Table 3. Global results from the short circuit test

Joule losses in the windings
Total eddy current losses in the windings
Total stray losses

Total stray losses without shunts

1200 4

1000

413.6 kW
34.7 kW
7.6 kW
8.9 kW
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Figure 7: Current in a phase in the primary in the Inrush Current test
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Figure 8: Induction in the core for the peak value of current

Table 4. Results from the inrush current simulation in the 2D model

Inrush current in phase 1 in the primary

Maximum Laplace force on the external winding of phase 1

www.transformers-magazine.com
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Figure 9: Isovalues of current density on the tank surface
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Figure 10: Isovalues of temperature on the tank surface (°C)

Table 5. Results from the thermal simulation on the 3D power transformer

22

Maximum temperature on the tank surface in steady state

Maximum temperature on the frames (in magenta in Figure 1) in steady state

4. Thermal analysis

In addition to magnetic application, ther-
mal studies and couplings with other
applications are available to detect hot
spots on conductive parts.

For instance, the heating of the tank of a
transformer can be computed in a steady
state thermal application from the eddy
currents resulting from magnetic results.
Or else, it can be coupled much more
strongly thanks to a dedicated application.
This coupling with a thermal analysis can
also take into account the variation of the
material properties according to the tem-
perature. Magnetisation curves (B(H))
can be defined with specific coefficients
so that they depend on the temperature
at every node. Therefore, during the mo-
del solving there will be iterations so that
magnetic and thermal simulations are ta-
ken into account simultaneously.

Thermal properties and the coupling be-
tween magnetic results and thermal results
have been set on the basis of the analysis of
the previous 3D case. The current densi-
ty isovalues in Figure 9 give a hint of how
the tank will heat. The temperature on the
tank surface reached in steady state after
the model solving is illustrated in Figure 10.

99 Thermal analysis
and couplings with
other simulations
are available to de-
tect overheating of
conductive parts

These thermal simulations can bring sig-
nificant information to a transformer de-
signer in order to prevent the heating and
ensure the resistance of the power trans-
former to these constraints. Consider-
ation of these results can help increase the
life of a transformer [5].

207.9°C
370.2°C
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93 using various algorithms it is possible to
optimise the transformer performances by
modifying geometrical parameters (dimen-
sions of the core, the windings, the shunts,
etc.) or physical parameters (number of
turns, materials, etc.)

5. Going further

Some other advanced simulations have
not been detailed here. There are other
kinds of studies or models that can com-
plete the set of simulations, such as:

« Optimisation: After defining sev-
eral constraints and objectives, it is
possible, for instance, to use various
algorithms to optimise the trans-
former performances by modifying
geometrical parameters (dimensions
of the core, the windings, the shunts,
etc.) or physical parameters (number
of turns, materials, etc.). A complete
optimisation can significantly reduce
the number of computations needed
to determine the best configuration
of parameters to reduce all the losses.

+ Electrostatic study: The analysis of
electric fields allows the prevention
of dielectric breakdowns between
the coil windings. It also allows com-
puting the parasitic capacitance be-
tween each different part of the pow-
er transformer.

«  Hysteresis modelling: The remanent
magnetic flux in a transformer when it
is switched off can be taken into ac-
count with a hysteresis model. This
can be useful to simulate a transient
study to determine the losses due to
this phenomenon. Moreover, it could
accurately simulate a transformer
turning off and starting again with
consideration of the remanent flux.

Conclusion

The different tests that have been conduct-
ed provided a lot of information on the
behaviour and characteristics of power
transformers. They allow evaluation of
different losses and determination of the
best configuration for an efficient design
of a power transformer.

The modelling of transformers relies on a
great set of tools and techniques to evalu-
ate all electrical, thermal and mechanical
quantities that can affect the performance
and life of a transformer. All these solu-
tions are made available by Finite Element

Figure 11: Electric field between turns
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modelling and can help engineers who
handle the design and analysis of power
transformers.
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