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Abstract In this work various models are derived to investi-
gate the resonance behaviour of high voltage power transfor-
mers in different frequency ranges. A first method uses electri-
cal networks consisting of lumped elements (capacitances, in-
ductances, resistances, conductances) or transmission line ele-
ments. If the transformer's behaviour at the network terminals
is of interest, the network can be derived by regarding the trans-
former as a "'black box'' quadripole, accomplished by using the
Modal Analysis. A detailed transformer model is used to calcu-
late the voltage shape inside the winding system. The elements
of this model are determined from construction sketches. The
second method is based on the Finite Element Method (FEM),
which discretizes the whole winding system. In order to reduce
the number of winding turns, equivalent material properties
must be introduced.
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I. INTRODUCTION

In operation transformers are subject to various kinds of
high voltage stresses, caused by lightning strikes, disconnec-
ting operations or system disturbances. The rise times of the
initiated travelling waves are in the range of ms to ns and cor-
respond to frequencies in the range of kHz to several MHz. If
the dominating frequency of a voltage surge corresponds to
one of the eigenfrequencies of the winding system resonance
excitations are caused. These cause high voltage stresses in
parts of the winding system, which can lead to insulation
faults like interturn faults, flashovers and short circuits. Since
measurements can only be carried out at specific places in the
winding system, e.g. at the transformer's regulation taps, nu-
merical simulation is the only way to determine the high fre-
quency performance of a transformer.

This paper develops different methods for the examination
of the resonance processes. The methods' limits are shown as
well as the deviations in their results. The application of the
method is demonstrated by a model of a 110/6.3 kV distribu-
tion transformer. Fig.1 shows its with winding arrangement.

The winding system is composed of a low voltage, a high
voltage and a tap winding. The tap winding is divided into
two different parts, a coarse-step and a fine-step tap winding.
The high voltage and the coarse-step tap winding are de-
signed as interwound disc windings. The fine-step tap win-
ding as well as the low voltage winding are constructed as
multi-layer windings.

low voltage winding

fine-step tap winding
coarse-step tap winding
high voltage winding

Fig. 1 : Test arrangement for 110/6.3 kV
distribution transformer

II. NETWORK MODELLING
A. Idealized Transformer Model

A transformer can be modelled as a quadripole if the vol-
tage and current time characteristics at the transformer's ter-
minals are of interest, e.g. if just the transformer's interaction
with other electrical facilities is examined. This quadripole
has to have the same frequency characteristics as the transfor-
mer, which can be obtained by measurements.

The frequency dependence can be described by the re-
sponse of the idealized transformer model to an arbitrary ex-
citation, which leads to the transfer function H and the input
admittance function Y :

H(jo) = 202 Y(ju) = 242 .
Vi (jo) Vi(jo)

The excitation V(t) and the response V,(t) obtained in the
time domain can easily be transformed to the frequency do-
main by the Fast Fourier Transformation (FFT).

One method to develop a "black box" quadripole model is
the modal analysis, which characterizes the examined system
by three modal parameters: mode shape, eigenfrequency and
damping. Its basic approach is to reduce the step response at
a specific place in the system to its suboscillations. Each sub-
oscillation is interpreted as the output signal at a capacitor of
a R-L-C-series resonance circuit. As a result, for each reso-
nance frequency a series resonance circuit is used.

‘When considering a uniform solution method for transfor-
mers and electrical lines at high frequencies, e.g. using the
travelling wave time-table, distributed parameters have to be
used. The measured and calculated results for a 32/12 kV dis-
tribution transformer are depicted in Fig. 2,3. All functions
show very good agreement.
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Fig. 2 : Measured (a) and calculated (b) real part
of the input admittance function
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Fig. 3 : Measured (a) and calculated (b) imaginary
part of the transfer function

An example for this idealized transformer model accom-
plished by the use of the modal analysis is shown in Figure 4.
The application of modal analysis is limited by the resolution
of high resonant frequencies. Further, the transient processes
inside the winding system cannot be calculated.
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Fig. 4 : Idealized transformer network model

B. Detailed Transformer Model

If the voltage shape inside the transformer's winding sys-
tem is of interest, a detailed network model has to be deve-
loped. To take into account the skin effect, proximity effect
and the displacement of the magnetic flux within the transfor-
mer core, several results obtained by FEM calculations can
be used. Alternately, as shown later in chapter I1.B.5, results
yielded by the network calculations can be used in the
transformer's FEM model.

As a result of the transformer‘s non-linear and frequency-
dependent parameters, the calculation of the transient and re-
sonant behaviour of a transformer leads to a non-linear field
problem. Due to the saturation of the transformer core and
hysteresis, core losses and non-linear inductances occur. Fur-
ther, eddy current effects lead to frequency-dependent para-
meters. To calculate the electrical and magnetic interactions
the winding system has to be discretized into a corresponding
network consisting of lumped elements and active devices.
The equivalent network for a double disc unit is shown in
Fig. 5.
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Fig. 5 : Equivalent network of a double disc unit

The resulting series capacitance of a double disc unit is re-
presented by Cj. The coupling capacitance for the surroun-
ding winding units is described by Cg j and the stray ground
capacitances by Cg ;. The self inductance for an individual
disc unit is symbolized by L; and the coupling inductances to
other units by M;jk. The frequency-dependent resistance Rj
reproduces the eddy current losses in the conductor in high
frequent magnetic fields. G;j takes into account the frequency-
dependent losses of the insulation. The coupling of the elec-
trical and magnetic magnitudes is modelled by their effects
voltage and current. The only way to perform direct coupling
is the use of the FEM.

As transient excitations in transformers usually occur only
in one phase, it is sufficient to model only one of the transfor-
mer‘s phases. Furthermore, comparisons between the FEM
analysis of single phase and three phase models only show
slight differences, which also proves a single phase approach.

B.1 Calculation of the Capacitances

Ground and coupling capacitances represent the electrical
fields between different disc units and between disc units and
ground, respectively. The insulation between the turns is con-
structed of multiple layers consisting of transformer board,
oil or an alternate mixture of both. These materials are repre-
sented by an equivalent dielectric constant. By adapting the
equation of a plate capacitor together with a correcting factor
that takes into account the "edge effect", the ground and
coupling capacitances can easily be obtained. The resulting
series capacitance Cj is yielded by additional application of
the energy conservation law. Today, for the purpose of vol-
tage linearization, interwound disc windings are usually used.
This results in a higher capacitive energy storage and conse-
quently in higher equivalent serial capacitances C;j.
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B.2 Calculation of the Inductances

The self-inductances take into account the stray field of
each conductor within the winding system. To determine the
self-inductances at higher frequencies the knowledge of the
iron core flux is necessary. As shown later, a FEM applica-
tion proves that at frequencies above 10 kHz the magnetic
flux is completely displaced from the interior of the iron core.
As a result the transformer coils can be regarded as air-core
reactors. Besides using analytical equations the self and mu-
tual inductances can be determined by numerical methods.
These are based on the specification of the magnetic vector
potentiai by means of the extended Biot-Savart law. -

B.3 Calculation of the Parallel Conductances

The parallel conductances Gj account for the dielectrical
frequency-dependent losses in the insulation material of the
transformer, which are mainly affected by space charge po-
larization processes. By measurement of the materials' tand(f)
the parallel value G; is calculated by the equation

Gik = 21'5 f y Cik " tanS(f) (2)

B.4 Calculation of the Series Resistances

Due to the transient processes within the winding system
the current density is nonuniformly distributed across the
conductor's cross section, leading to a considerable increase
of the damping if the skin depth reaches the conductor's di-
mensions. These losses are a result of the skin effect (the in-
fluence of the conductor's self-field on itself) and the proxi-
mity effect (the influence of the magnetic field of nearby con-
ductors). The skin and proximity effect losses can be calcula-
ted separately and superposed afterwards.

For modelling the frequency dependent damping resistan-
ces in time domain-simulations, it is necessary to use equiva-
lent networks instead [1,2]. The first method is based on Fos-
ter circuits which consist of parallel R-L blocks connected in
series (Fig.6). The real part of the impedance at the terminal
has to match the resistance shape in the winding. For this
purpose, the resistances and inductances - the parameters of
this network - have to be determined iteratively.
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Fig. 6 : Equivalent networks for modelling frequency
dependent resistances in the time domain

With the analysis program EMTP/ATP Thevenin circuits
can also be used. These circuits consist of a time varying re-
sistor Reg(t) connected in series to a time varying voltage
source Vegq(t). The values of the two components are deter-
mined during the calculations in TACS. Using Thevenin cir-
cuits instead of Foster circuits reduces the total transformer
network size considerably. The disadvantage is that extensive
calculations have to be carried out in advance.

B.5 Calculation of the Skin and Proximity Effect Losses

The analytical calculation of skin effect losses can only be
performed for simple arrangements. Hence, numerical me-
thods have to be used to determine the current distribution
accross the conductor's cross section and the skin effect los-
ses. As shown in chapter IIL. A good results are obtained by
the application of the FEM. These results can easily be used
in the network model.

Using a method developed by Dietrich the increase of the
serial resistance caused by the proximity effect can be deter-
mined. The most important equations are the following:

R(f)=k-Ry=k-(w-1, /k-a-b) (3)
where k = g(f,AH,,AH,,a,b,w,x) (4)

The dc resistance is symbolized by Rg, while w describes
the number of turns within the respective double disc unit
and |, the average length of one turn. The dimensions of a
singular conductor are respresented by a and b. AHy and AHy
symbolize the radial and axial field strength gradient, ob-
tained by using a numerical method. The increase of the re-
sistance caused by the proximity effect is shown in Fig.7.
The proximity effect losses in the considered frequency range
are approximately five times higher than the losses caused by
the skin effect. This is proved by FEM calculations perfor-
med for the 110/6.3 kV distribution transformer.
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Fig. 7 : Resistance of a disc unit in the high voltage winding
B.6 Detailed Model

Discretizing all the discs in the described way yields the
single-phase network model of the considered transformer, as
shown in Fig.8. On the one hand the described method is
limited by the necessary number of line elements for high
frequencies which require time steps that are too small for
EMTP. On the other hand the number of Thevenin or Foster
circuits is limited mainly because of numerical problems.
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Fig. 8 : Detailed network model

III. FINITE ELEMENT MODELLING

In order to investigate the influence of the skin effect on the
transformers' resonance behaviour at high frequencies diffe-
rent FEM models have to be developed. Especially the core
and the conductors have to be simulated by separate models.
The obtained characteristics are then combined in a three di-
mensional three phase model of the 110/6.3 kV distribution
transformer.

A. FEM Model of the Conductor

Due to symmetry it is sufficient to discretize one quarter of
the conductor using three dimensional elements. The conduc-
tor's elements are surrounded by air elements to a cylindrical
outer model boundary, where the magnetic vector potential is
constrained to zero. At the symmetry plains no boundary con-
ditions are applied. As a result, the magnetic field is forced to
be perpendicular to these borders (Neumann condition). The
eddy current distribution of the conductor is shown in Fig.9
for 10 kHz and 1 MHz. The displacement of the current den-
sity can easily be recognized. As mentioned before, the ob-
tained results are also used for the calculation of the series re-
sistance in the network model.

B. FEM model of the Core

In order to simulate the displacement of the magnetic flux
in the transformer core a two dimensional model is deve-
loped, as displayed in Fig. 10.

f=10 kHz

f=1 MHz

Fig. 9 : Skin effect at 10 kHz and 1| MHz

core

high voltage winding

tap windings

i
R |

Fig. 10 : Model for analysing the frequency dependent
magnetic field in the transformer core

If a transfromer core consists of steel layers with thickness
h, conductivity ¢ and permeability [, the damping and the
inductivity change with increasing frequency :

1 2w 1/ 2
A R e ©

Since the transformer core consists of laminated steel the
conductivity in the model is reduced in the horizontal direc-
tion in such a way, that the same changes in damping and in-
ductivity are obtained. Fig.11 shows the flux as a function of
the core radius.

— {=0kHz
— f=0.1kHz

= f=1kHz
o f=10kHz

Fig. 11 : Magnetic flux in the core at different frequencies
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At 10 kHz the magnetic flux within the transformer core is
almost completely displaced out of the core which confirms
the calculated approach for the network inductances in regar-
ding the transformer coils as air-core reactors.

C. FEM model of the Transformer

Based on the given geometrical data a complete 3-phase
model of the 110/6.3 kV distribution transformer is deve-
loped. Since it is impossible to model each turn, because of
the outrunning number of elements, the equivalent material
method has to be used [3].

The basic idea is to increase the relative permeability con-
stant and the relative dielectricity constant in the same ratio
as the number of winding turns is reduced. As a result, the
propagation velocity is reduced and the travelling time is kept
constant as well as the reflection factor.

First, a single phase of the transformer is modelled to com-
pare the calculated results to available measurements. The
transformer core is modelled using penta elements with an-
isotropic conductivity considering the influence of the lami-
nated steel. The low voltage winding is reproduced by a con-
ductive cylinder consisting of quad elements.

Calculations have shown that the low voltage winding's in-
fluence on the potential distribution inside the transformer is
negligible, because it is grounded under test conditions. As a
result, the number of elements can be reduced remarkably by
leaving it out. By using the equivalent material method the
number of turns of the high voltage winding is reduced from
553 to 26. Each turn is built from 12 quad elements, so that
they occupy the same space as the original winding. The
distance between two layers of quad elements is greater than
the distance between two discs of the real high voltage win-
ding. For unchanged capacitances the relative dielectricity
constant of the insulating elements is increased. The coarse-
step and the fine-step tap winding are modelled by 12 line
elements for each turn. Their number of turns is reduced in
the same ratio as used at the high voltage winding.

The low voltage, high voltage and tap windings are separa-
ted from each other by many layers of different insulating
materials, such as oil, paper or transformer board. The single
phase model's windings are shown in Fig.12.

Based on this single phase model a three phase transformer
model is developed. It consists of 10445 elements and 8681
grids and is depicted in Fig.13, without its air envelope. At
the boundary of the air envelope the time-integrated scalar
potential is set to zero as well as the magnetic vector poten-
tial.

As an ac analysis of the complete transformer model
shows, the first maximum at the connection of the high vol-
tage winding and tap winding occurs at 53 kHz. Superposing
the results of the skin and proximity effect calculations show
that the conductors' conductivity at this frequency is about
500 times higher than the direct current value. Hence, the
conductivity of the elements representing the conductors is
reduced by this factor for direct transient analysis.
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Fig. 12 : Single phase transformer model

single phases core

Fig. 13 : Three phase transformer model

A great disadvantage of solution sequences operating in the
time domain is that it is impossible to take into account the
frequency dependent material parameters of the transformer's
conductors and insulation. In order to model frequency de-
pendent materials ac analysis have to be performed. In ad-
dition to the changes of the magnetic flux distribution in the
iron core and to the resistivity and inductance of the win-
dings, a frequency dependence of the losses in the insulating
materials due to a frequency dependent tand can be used.

The excitation has to be transformed into the frequency do-
main using the Fast Fourier Transformation (FFT). After the
multiplication of the transfer function, obtained by the ac
analysis, and the FFT of the excitation function, the inverse
FFT can be employed to transform the product to the time
domain leading to the desired voltage distribution. In prin-
ciple the FEM method can be used for the whole frequency
range. Its only limitation is the restricted number of elements.

IV. CALCULATED AND MEASURED RESULTS

Fig.14 shows the result obtained by measurements. As ex-
citation a 1.2/50 s lightning impulse test voltage was used.
Fig.15 shows the results yielded by the use of the detailed
network transformer model and by the FEM model. The re-
sults show a good agreement.
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Fig. 15 : Calculation results, network model
(above) - FEM model (below)

By application of the FEM method in the frequency do-
main the potential distribution of the windings are obtained.
Fig. 16 shows first the potential distribution of the high vol-
tage winding where x/1 = 0 corresponds to the excited end of
the high voltage winding and x/1 = 1 to the connection of the
high voltage winding and the coarse-step tap winding.

Vo/Vp

100

frequency /kHz

Fig. 16 : Potential distribution of the high voltage winding

Fig.17 shows the potential distribution of the coarse-step
tap winding where x/1 = 0 corresponds to the connection of
the high voltage winding and the coarse-step winding and x/1
= 1 to the connection of the coarse-step and the fine-step win-
ding. The first maximum at the endangered intersection of
both windings occurs at a frequency of 53 kHz.

frequency/kHz

Fig. 17 : Potential distribution of the coarse-step tap winding

V. CONCLUSION

This paper describes idealized and detailed network models
and a detailed FEM model for the numerical simulation of
power transformers. The obtained results show the applica-
bility of network methods and FEM simulations. The serial
resistance increase caused by the proximity effect is calcu-
lated by means of network approaches, that caused by the
skin effect by means of finite element calculations. Further-
more, the displacement of the magnetic flux in the core at
high frequencies was demonstrated. The comparison of re-
sults obtained by measurements with those obtained by nu-
merical simulations shows good agreement. Finally, for the
determination of the frequencies and the location at which the
winding system is most endangered, an ac analysis using the
FEM was performed.
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