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Abstract: The measurement of oil-paper insulation sys-
tems in the frequency domain provides novel diagnostic
methods for quality control of materials and high-
voltage power transformers. The first task is to measure
and to analyse the dielectric behaviour of oil-paper insu-
lation systems and their dependency on material quality,
moisture content and ageing products in oil, paper and
pressboard. Furthermore, the geometrical layout of
power transformers and the type of modelling are very
important for the diagnostic.

Every medium has its own special complex capacitance
Chreaium 1N frequency domain that can be simulated with
a Cole-Cole function with conductivity.

The behaviour of the power transformer can be calcu-
lated from the parallel connexion and the series connex-
ion of the individual microscopic capacitances Chegium.
The quantitative usage of the insulation layer model
requires small parasitics on the boundaries, homogene-
ous materials of the individua layers and a uniform
field.

The paper describes the models of oil, paper and press-
board with different values of parameters like tempera-
ture and moisture. Thisis the basic model for the power
transformer. It describes a method of generating the
different power transformer models with parameters like
temperature, moisture etc. and a technique to control
and show the error of measurement.

INTRODUCTION

The aim of this work is to improve the diagnostics of
power transformers to optimise the cost-effectiveness
and to increase the operationa reliability. To identify
the state of a power transformer, knowledge about the
operating conditions, the measurands and their effects
on the insulation system is necessary. The measurands
can be measured online or offline.

Measurements in frequency domain and time domain,
like FDS and PDS measuring methods, are offline diag-
nostic methods. If the geometric data and the behaviour
of the measurands through changes of the insulation
system are known, it is possible, with either of the
measuring methods, to draw conclusions about the insu-
lation system of the power transformer [6].

Dueto the different insulation arrangements, it isimpor-
tant to have a model that simulates the insulation ar-
rangement for the respective measuring method accu-
rately enough to achieve more accurate diagnostics of
the different transformer types. As an alternative, the
model can also be used to separate individual insulation
behaviours, e.g. the approximate insulation behaviour of
the whole transformer board. For that, the geometry

and the behaviour of the other insulations must be
known.

The basics for the diagnostic method were introduced in
detail in the paper [3]. This paper is an extension and a
refinement of the model so far.

For a better understanding, the chapter "Theory" dis-
cusses briefly the basic approach of the model necessary
for this paper.

After that, the insulation models for oil, paper and trans-
former board are introduced, followed by a transformer
model constructed with the individual insulation mod-
els. Here, firstly, the insulation between high and low
voltage in the cylinder field is seen as a homogeneous
field and secondly, some of the fringe fields can be con-
sidered.

THEORIE

The model for measurements in frequency domain is
based on the complex dielectric function (1). This func-
tion has two important advantages. Firstly, the capaci-
tance and the conductivity are a part of the function,
which makes the transformer modelling easier. The sec-
ond advantage lies in the order of magnitude of the
complex permittivity. The conductivity of insulation
systems is seen as an imaginary part and is perceivable
in low frequencies with higher numerical values.

The complex permittivity £ can be determined using the
following formula and an impedance measurement [5]:

(0Zw) G,

with C, as the capacitance of the empty capacitor. The
real part ¢’ indicates the permittivity of the capacitor
material and the imaginary part ¢“ indicates the ratio of
current in the same phase with the voltage, i.e. the elec-

tric loss. The loss factor or fan & can be determined as
follows:
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For oil-paper insulation systems it was shown that the
dielectric function, also known as Cole-Cole Function
with conductivity (3), consists of different behaviours,
like conductivity o, instantaneous polarisation &, and
relaxations.

For oil-paper insulations used mainly in transformers, it
was experimentally shown that the Cole-Cole function
with conductivity is an appropriate form for modelling.
Having this function as a basic form the oil and the pa-
per can be emulated in the transformer behaviour. The
Cole-Cole function assumes a distribution of time con-



stants G(z) - the so-called relaxation. Expanding the
function with the specific conductivity o and other dis-
tributions of time constants results in the following
equation [1] [4] [5]:
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parameter:
o: 0<o; gpecific conductivity [S/m]
&. 0Os<e.; instantaneous polarisation
w =2-xf; angular frequency [1/g]
T temperature [K]
a-relaxation:
ng, 0<n,<l;
Ag, 0 <Ag,; a-didectricity change
7, 0<7,; o-relaxationtime[s|

The advantage of this function lies in the exact mapping
of the time constant distributions to the respective relax-
ation and the considering of the specific conductivity.
The multiplication of the complex dielectric function
&, T) With the capacitance of the empty capacitor C
resultsin complex capacitance C.

MODEL

Insulation-Oil Model

The paper [3] shows a typical temperature-dependant
permittivity graph of new insulation oil (Shell Diala D)
with a distance of 0.25 mm. Such a small distance is
applicable only for material analysis. For the diagnostics
of transformers, the distances between the individual oil
ducts are multiples of that and influencing parameters
like state of ageing, therma behaviour, moisture, field
strength etc. are of importance.
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Figure 1: Curve run of the complex permittivity of new min-

eral oil in different temperatures

Examining first the mineral ail in the transformer on the
FDS and the PDC measurements, experimental studies
show that the conductivity changes strongly and the

permittivity weakly. The relaxation behaviour decreases
with growing distances. The influence of the field
strength is small here, as it was significantly below
10V/mm during all measurements.

In the following are shown measurements performed
with adistance of 1-2mm and the more exact analysis of
the parameters temperature moisture content and the
state of ageing.

The figure 2 shows atypical curve run of the mineral oil
permittivity in frequency domain and a temperature
range between 10 °C and 85 °C. In this case it is Shell
Diala D with approx. 10 ppm moisture. The distance
between the electrodes was 1 mm.

The imaginary part of the complex permittivity shows a
significant dependence on the temperature and thus an
increase in the conductivity. From the phase angle ¢ it
is discernable, after which barrier frequency the conduc-
tivity outweighs capacitance behaviour.

As the relaxation behaviour shows itself only in fre-
guencies below 5 mHz and with higher temperatures, it
can be neglected in most cases. Using the simplified ail
model that models the behaviour of mineral oil with a
parallel connexion of capacitance and resistor, the fol-
lowing equation is the result:
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For the new mineral oil and for the temperature range
Te[283K, 385K] the following coefficients are result-
ing: op =5, 9626E — 6 S/m, &, = 2, 15 and E/R = 5005.
If the specific conductivity is laid on the temperature
(Fig.:3) T /K], the new mineral oil shows an exponential
dependence. This exponentia behaviour was confirmed
by al the measuring fluids measured during this work
and examined during the dissertation works of Mr. Fich-
tner [2]. One way to emulate the dependency is to use
the theory of Arrhenius equation and the activation
energy (see Eq. 4). Another possibility is the exponen-
tial function o(T) = a - exp(=b - T). Both functions can
emulate the thermal behaviour exactly enough only
partly, i.e. in sections. It could be shown that especially
the Arrhenius equation is the best model for the thermal
behaviour in temperature range between 10°C and
85°C. This form of modelling has two significant ad-
vantages. the compressing of the measured data and the
gaining of information about the material characteristics
through the activation energy E,, which is independent
of systematic measurement errors. A constant systemat-
ic error of the impedance measurement has thus no ef-
fect on the calculation of the activation energy [2].

The Arrhenius representation of the specific conductivi-
ty measured shows curves, whose slopes differ from
each other for different measuring fluids and viscosities.
For the same measuring fluids with different state of
ageing the curves show paralel shifts. The new oail
shows a sharp bend below 15°C, this run could be de-

(4)



scribed with two activation energies. The figure 3 illu-
strates the behaviour of the specific conductivity of the
different oil samples over the reciprocal temperature.

In the following part, to make the changes of the meas-
ured data clearer in frequency domain, only transformer
board (TIV) with thickness of 1 mm is used in frequen-

T . —=— dry, new il (Shell Diala D) cy domain between 1 mHz and 40 kHz. The following
12711 < _ el material samples were used:
izﬂ T S —— = Table 2: Description of the material samples
- o Name Description
10 e TPb-1 Dry, non-impregnated transformer
e | 8C TOF ATC AoC] we el | e 209 board TIV
0,0028 0,003 O,OUSIZJiT [1/%]0034 0,0036 0,0038 0,004 pr_2 |mpregnated transrormer board T|V
with a moisture content under 0,3%
Figure 2: Thermal dependency of the specific conductivity of TPb-3 impregnated transformer board TIV
mineral oils with a moisture content of approx. 11ppm (Arr- with amoisture content of 0,7%
henius representation) TPb-4 impregnated transformer board TIV
with a moisture content of 1,8%
As stated above, the activation energy depends mostly TPb-5 impregnated transformer board TIV

on the medium and is related to the dynamic viscosity.
The correlation of the specific conductivity with the
temperature of the oil is based on the fact that a high
viscosity and a low temperature result in a higher resis-
tance against the charge carriage of the ions than a low
viscosity and a high temperature would. The ions can be
seen as spherical charges moving with the electric field
in the measuring fluid. For a constant velocity, the result
is a balance of forces between the charge in the field
and the Stokes drag.

The samples T40 and T62 are original mineral oil sam-
ples of a transformer. The higher specific conductivity
compared to new minera oil is mainly caused by the
acid content. The moisture content has aso an effect on
the conductivity, however, only for mineral oils, whose
acid number and thus the acid content are small. The
figure 4 shows, as an example, the moisture content in
dependence of the specific conductivity of the new ail
and of the oil sample T40 for a constant temperature of
T=298 K. A representation independent of the tempera-
ture would be the usage of the parameter o, yielding
more or |ess the same resullt.
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Figure 3: Specific conductivity in dependence of the moisture
content of new mineral oil and the oil sample T40 at atemper-
ature of 40°C

Transformer board Model

Parameters like e.g. the state of ageing, thermal behav-
iour, moisture content, field strength are also of impor-
tance for cellulose based systems. However, experimen-
tal measurements showed that the model (3) consisting
of the terms conductivity, instantaneous polarisation and
relaxations could emulate the individual parameters
affecting the measurements.

The variation of the results of the measurements can so
far only partly be assigned to the individual parameters.

after 600h artificial ageing at 120°C

The figure 5 shows all four material samples at 40°C.

The curve run of the sample TPb-1 shows a near to ideal
behaviour of capacitance and can be approximated with

the equation

.5E-15
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for atemperature range of Te[283K, 385K].

The therma behaviour of the specific conductivity
could not be determined exactly, as the specific conduc-
tivity lies below o= 5E-15 S/m. To determine the con-
ductivity more exactly, it should be measured with
smaller frequencies, thus leading to longer duration of
the measuring. In comparison to TPb-1, the impregnated
sample TPb-2 shows an increase of the instantaneous
polarization to £.=3.8 and of the specific conductivity
(see Fig. 6). In addition to that, both samples show the
first, minor ¢, p-relaxations which can be modelled with
the eguation (3). The exact modelling is at the moment
interesting only for the material analysis.

The material samples TPb-2, TPb-3 und TPb-4 differ
from each other only through moisture content. Here,
the a-relaxation gets stronger and the conductivity in-
creases with increasing moisture content.
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Figure 4: Curve run of the complex permittivity of trans-
former boards TPb-1-5 at 40°C



The sample TPb-3 was artificially aged at 120°C for
600 h. It can be assumed, that the moisture content did
not increase significantly, as the water vapour could
leave the measuring cell. The run of the curve over the
frequency shows two clear a,f-relaxations and an in-
crease of the specific conductivity. The relaxation and
conductivity parameters depend on the temperature and
show an exponential behaviour being examined more
carefully at the moment.

The temperature-dependent changing of the conductivi-
ty can beillustrated with the Arrhenius representation as
was done with the minera oil. As can be seen in the
figure 6, the samples show different gradients. The gra-
dient describes the activation energy and is a measure
for the state of the cellulose system.
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Figure 5: Thermal dependency of the specific conductivity of
the material samples TPb-1-5 and cils

What comes to the reason for these strong variations,
there are basically two possihilities: Firstly, the decom-
position substances of the mineral oil and secondly, an
increase of the moisture content unable to leave the
measuring electrodes. When determining the moisture
content, the sample does not show a significant increase
after 1000 h.

The general model for the samples TPb-1-4 can be con-
structed with the equation (3). So far, the specific con-
ductivity can be simulated depending on the tempera-
ture. The relaxation times seem to show exponential
behaviour.

To be able to determine the model parameters, some
time and experience is necessary. A computer algorithm
that minimizes this effort through determining the pa-
rameters automatically was developed. With these
model parameters the amount of data can be decreased
and the power transformer with different insulation lay-
ers modelled in a simple way. This is briefly described
in the next section.

Power Transformer Model

The power transformer model shall represent the behav-
iour of the insulation layers between low and high volt-
age windings, so as to enable proper diagnostics using
FDS. The model must:
- consider the power transformer temperature
- enable a simple modelling of the insulation ge-
ometry
- enable a simple changing of the insulation pa-
rameters

Essentially, every power transformer is an individual.
Having measured data, knowledge about the geometri-
cal data and about the behaviour of the insulation ge-
ometry in form of the Cole-Cole model, the complex
capacitance of the whole transformer can be approxi-
mated. Here, the individual insulation capacitances are
added like in a capacitance circuit. For a homogeneous
field, this approach was described in the paper [3].

At the moment the first transformer models are being
examined respective to inhomogeneous fields like a
cylinder field and edge fields to improve the accuracy of
the model.

CONCLUSION

Asasummary it can be said that it is possible to charac-
terise all basic behaviour of oil-paper insulation systems
with the Cole-Cole model with conductivity (3). The
conductivity can be determined with a form of the Ar-
rhenius equation in which the so-called activation en-
ergy describes the relative change of conductivity re-
spective to the temperature. The parameters of the re-
laxation are partialy constant over the temperature or
show exponentia behaviour as does the relaxation
time z.

It is difficult to identify the parameters affecting the
measurement. Particularly, the effects from moisture
content and the acid content of the transformer board
can not be exactly enough separated from each other.

So far, the dry impregnated transformer board and the
mineral oil can be well emulated over a temperature
domain with the equation (4).

At the moment, the transformer model can emulate the
transformers only in a simplified way. Inhomogeneous
fields, field strength and effects due to the border layers
influence the model as well. Now it is attempted to im-
prove the accuracy of the transformer model.
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