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Abstract: Frequency domain spectroscopy has been widely used to monitor the condition
of insulation system in power transformers. For a core type of transformer, a simplified X-
Y model of a duct has been developed which allows one to examine the contribution from
oil, barrier and spacer to the overall dielectric measurement. In the present paper, we
have constructed a 3D model of the duct to investigate the effects of degree of
polymerization, temperature and geometry on the results such as dissipation factor and
complex permittivity. The results are compared with the X-Y model so the accuracy of the
simplified model can be evaluated. It reveals that the major differences between X-Y and
3D models lie in the lower frequency region and the difference is varied with the effects of
degree of polymerisation, temperature and geometry of the insulation. As the dielectric
response in the low frequency region is often used to estimate the moisture, the simplified
X-Y model may result in potential error in estimation of moisture content in the oil-paper

insulation system.

1 INTRODUCTION

Assessment of insulation condition of electrical
apparatus such as transformers, cables and
rotating machines has received more attention due
to their crucial roles in the power system [1].
Among them, the power transformers are the most
critical and costly equipment used in the system
and the failures of transformers can lead to an
interruption of power supply as well as revenue
loss both to the electricity utilities and to the
customers [2]. The insulation system of power
transformers consists of oil and paper/pressboard.
Generally, insulation failures of power transformers
are predominantly caused by the degradation
affected by primary factors such as moisture, heat
and oxygen [2]. Moisture in oil paper insulations
can lead to three dangerous effects: it decreases
the dielectric withstand strength [3], significantly
accelerates ageing processes of cellulose [3] and

causes the emission of bubbles at high
temperature [4]. Therefore, knowledge about the
actual moisture content provides essential

information about the condition of the insulation.

Traditional electrical measurements such as
insulation resistance (IR), polarization index (Pl)
and oil quality tests have no definite relationship
with moisture content [2]. However, by assuming
the transformer stays at a fixed temperature for
sufficiently long time, the equilibrium in distribution
of moisture between oil and paper/pressboard can
be achieved [4]. Thus, the moisture content in
impregnated paper can be estimated from the so
called equilibrium curves [5]. However, the
equilibrium state is practically rather rare for a
transformer in operation [3] as the moisture
distributes unequally both in the oil and in the
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pressboard; hence, it is of the highest importance
to carry a quantitative study on the moisture
concentrations within each component [6]. As a
result, dielectric diagnostic methods were
developed like Recovery Voltage Measurement
(RVM), Polarization and Depolarization Current
method (PDC) and Frequency Domain
Spectroscopy (FDS) which deduce moisture in
paper and pressboard from dielectric properties [4].

In this paper, the FDS of a core type of transformer
has been modelled in both 3D and 2D using
COMSOL. The results were compared with the
simplified X-Y model and the influence of changes
in parameters, i.e. degree of polymerization,
temperature and geometry, has been investigated.
2 MODEL DESCRIPTION

The modelling and interpretation of the oil-paper
insulation in a power transformer using the
dielectric response methods take both materials
properties, and the design of the transformers into
consideration [7, 8]. In the present paper, a core
type transformer as shown in Figure 1 [9] is
considered and its main duct insulation consists of
multiple cylindrical oil ducts separated by the
pressboard barriers and then they are separated
and supported by axial spacers [7, 10]. For
modelling purposes, the transformer duct is
lumped together to an “insulation module” and the
combined oil/paper/pressboard insulation can be
assumed as series/parallel plate capacitors [10].
The insulation structure is then characterized by a
so-called X-Y model, where X represents the ratio
of the total thickness of all the barriers in the duct
to the radial width of the duct and Y, the ratio of the



total width of all the spacers to the total length of
the periphery of the duct [7].
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Figure 1: (a) Insulation structure between LV and
HV windings. (b) Transformer insulation X-Y model

9.

Therefore, utilize the library of data on material
properties and the geometry of the modelled
insulation system, the PDC, RVM and FDS
responses can be obtained. The calculations in the
time domain (PDC and RVM methods) are based on
the known response function f(f), and they are
temperature and humidity dependent while in the
frequency domain (FDS technique), the composite
dielectric relative permittivity of the insulation duct

Equcts Will be calculated as [7, 8, 11]
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In equation (1), the relative permittivity of the oil,
spacers and barriers are also complex quantities
dependent on frequency, temperature and humidity
[7]. Moreover, the calculation in time domain is the
similar but involves with the convolution integrals. As
a result, it will be more complicated numerically [8].

2.1 3D Model

The dimensions of the transformers have been given
in Table 1. The dimensions of transformer T1 are
referred to the paper [12] and the dimensions of the
other two transformers are changed due to the
investigation on the effect of parameters X and Y
corresponding to the 2D X-Y model. The insulation
of three transformers has two layers of oil gaps.

Table 1: Geometrical data of the 3D model of three
transformers.

T T2 T3
Total Spacers 40 40 40
Spacers width (mm) 25 25 40

Radius HV-Coil (mm) 754 786 754

Radius LV-Coil (mm) 684 684 684

Coil Height (mm) 1615 1615 1615
Total Pressboard (mm) 42 42 42
Total Oil duct (mm) 28 60 28
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Furthermore, the electrical potential was applied on
the HV winding with a sinusoidal voltage
20%sin(2*pi*freq*t) where the freq was defined as the
frequency in the Variables of model definitions, and
then the LV winding was grounded. After that, the
model was meshed as physics-controlled with extra-
coarse condition due to the consideration about the
time-consuming during the modelling while at lower
frequencies below 1 Hz coarser mesh condition was
applied. It is noteworthy that the mesh quality has
influence on the results, but the difference is
relatively small, hence, it is acceptable to mesh
coarsely. The accomplished 3D model of the
transformer T1 was given in Figure 2. Now we can
set the time-dependent physics to run in one period
dependent at a chosen frequency with 100 steps,
and then run the model and choose the line
integration on the interface of grounding and barriers
of insulation. After that, evaluate the x-component or
y-component current density and record the
maximum current density which will be used to
calculate the relative complex permittivity of the
whole insulation system.

(a)
Figure 2: 3D model of T1 built in COMSOL

Table 2: Geometrical data of the 2D X-Y model of
three transformers.

T T2 T3
Spacers width (mm) 500 500 800
Spacers height (mm) 28 60 28
Barriers width (mm) 4430 4430 4430
Barriers height (mm) 42 42 42
Oil gap width (mm) 3930 3930 3630
Oil gap height (mm) 28 60 28

2.2 2D X-Y Modeling

The dimensions of the 2D model are equal to that of
the 3D model except the coil height of the
transformers is ignored. So the steps are similar to



that of the 3D modelling, however, at the final step,
evaluate the z-component current density and record
the maximum current density which will be used to
calculate the relative complex permittivity of the
whole insulation system.

(a)

L

(b)

Figure 3: 2D Model (a) Paper material (b) Oil
material.

3  RESULTS AND DISCUSSION

The influence of moisture, ageing time and testing
temperature on the FDS results of oil-paper
insulation has been widely reported [13]. It is
generally recognised that the effects of ageing time
are related to the reduction in degree of
polymerization (DP) of cellulose itself. The new
pressboard has higher DP value while the aged
cellulose has a lower value. The quantitative
analysis of the FDS results is given based on the
data from two paper samples with different DP
(DP=1180 and DP=600) [13].

The accuracy of the 2D model results can be
investigated by comparing it with the calculated
results. The equation (1) can be defined as the
complex permittivity of the whole insulation system
represented by the 2D X-Y model where the
complex permittivity of pressboard and oil, and X, Y
parameters are what we concerned. From Table 2,
the following X and Y can be calculated.

42 . 50
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As the transformer oil is non-polar liquid, its dielectric
losses under low electric fields are mainly due to the
conduction ionic impurities [3]. The frequency
response of oil may be defined as [14]:

il

B, T =2.2 —
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The dielectric response of the insulation using
RVM, PDC and FDS techniques are all highly
dependent of the temperature. This is due to the
exponentially increase of both the oil and paper
conductivity with rising temperature and then the
conductivity can be expressed by [15, 16]:

U{Tj oA g::_E::-'IFl'T:I 3)

where T is the absolute temperature in Kelvin, Ais a
constant related to the mobility of ions in the
insulation, k is Boltzman constant and E,. is the
activation energy [16]. The activation energy E,; of

T
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the hypothetical oil sample was assumed to be
0.483 eV, and the constant A is 1.95x10° S/m [14].
Moreover, as the data of complex permittivity of
pressboard was measured at a temperature of
110°C with DP=1180 and DP=600, the modelling in
this section was assumed to be at a temperature of
110°C as well. Thus, from equation (3), a
conductivity of 8.64 pS/m can be obtained for the oil.
And then the relative complex permittivity of oil can
be rewritten as:
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where freq represents the frequency.
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Figure 4: Dissipation factor (tand) with different
degree of polymerization (DP).

Figure 4 illustrates the dissipation factor from 2D and
3D model. For comparison, the calculation based on
equation (1) with two different ageing pressboard
samples at varied frequency has also been included.
It can be seen that the difference between the 2D
model and calculated results either with DP=1180
pressboard or DP=600 pressboard is remarkably
small (+/- 3 percent). As compared with the results
from 3D model, in the middle frequency range, all
three approaches are very similar. In the low
frequency range, the simplified X-Y model
underestimate tans while in the high frequency range
it overestimates tand. The difference in tans reduces
when DP decreases. Overall, it can be observed that
the results obtained from the simplified X-Y model
are credible. It is clear from both calculated and 3D
simulated results that the minimum of tand shifts
towards the higher frequency when DP decreases.
The minimum dissipation factor has been associated
with the moisture content [6, 17]:

m.c.= 15.297 + 2.53267 x Inltan &,;,)  (5)

Table 3 shows the minimum value of the dissipation
factors in both 2D and 3D model and their
corresponding frequencies of two different aged oil
impregnated pressboard whose DP is 1180 and 600
respectively. The last column in Table 3 represents
the results of the moisture contents calculated from
equation (5).



Table 3: Minimum dissipation factors and calculated
moisture contents of the oil-paper insulation.

DP Minimum f (Hz) Moisture
tan & Contents (%)
2D 0.00304 133 0.618
1180
3D 0.002824 133 0.431
2D 0.003906 486 1.253
600
3D 0.003361 486 0.872

It can be seen that the ageing of the materials
clearly affects the moisture contents which were
modelled in the FDS method. Both the calculated
moisture contents in 2D and 3D model increased
approximately by 100% with the reduced DP. But the
increment of moisture content in 2D model is higher
than that in 3D model. Thus, the diversity between
2D and 3D model also influences the correct
estimation of the moisture content in the insulation
where this effect is more significant with the more
aged (DP=600) insulation.

3.1 EFFECTS OF TEMPERATURE

Temperature shows significant influence on the FDS
results. Here the insulation system at T=30°C and
T=70°C has been modelled. The paper conductivity
was taken from [13] and from equation (3), the oil
conductivity is 0.175 pS/m and 1.521 pS/m can be
obtained at T=30 °C and T=70 °C respectively,
assuming the activation energy remains at 0.483 eV.

Therefore, from equation (2), the complex
permittivity of the oil can be derived as:
Eoit (62, 30°0) = 2.2 — j &= =12.2— j0.003 /freg (6)

Enld
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Figure 5: Dissipation factor (tand) at different
temperature.

Figure 5 illustrates that the temperature has
tremendous effects on the dissipation factor. When
temperature increases the curve moves towards the
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right. On the other hand, the minimum of tand
decreases with the temperature. The difference in
tand values between the simplified X-Y model and
3D model increases with temperature. Overall, the
simplified approach gives a good accurate account
of tand of the insulation system.

3.2 EFFECTS OF PARAMETER X

The influence of the barriers (parameter X in X-Y
model) on tand of the insulation system obtained
from 3D model to 2D model has been studied. The
dimensions of T2 have been used to compare with
the results from T1. Moreover, the complex
permittivity of the pressboard was referred to the
paper with DP=600 from [13]. From Table 2, the total
oil gap increases from 28 mm to 60 mm while the
width of spacers remains unchanged, therefore,

Hence, the transformer T2 has a lower parameter X
(X=0.412) compared to T1 (X=0.6).

In Figure 6, it can be observed that the minimum
tand is independent of parameter X. Similar to the
previous observation, the difference in the
dissipation factor mainly occurs in the lower and
higher frequency regions. When increasing X, tand
decreases in low frequency region and increases in
high frequency region. The minimum tand value and
its corresponding frequency, together with the
calculated moisture content are summarised in
Table 4.

—*— X=0.6 3D
X=0.6 Calculation
—6— X=0.4122D
—+—X%=0.412 3D
X=0.412 Calculation

Frequency (Hz)

Figure 6: Effects of barriers on Dissipation factor
(tand) when Y=0.113.

Table 4: Minimum dissipation factors and calculated
moisture contents of the oil-paper insulation.

Parameter X | Minimum f (Hz) Moisture
tan & Contents (%)
2D | 0.003906 486 1.253
0.6
3D | 0.003361 486 0.872
2D | 0.002921 486 0.517
0.412
3D | 0.002065 486 ~0




It is noteworthy that the moisture content of 3D
model in T2 was close to zero as tand,,;, is smaller
than 0.0024. It can be seen that the oil gap clearly
affects the estimation of the moisture contents which
were modelled in FDS method. Although the
calculation of the moisture content is not available in
3D model of T2, the substantial reduction of the
minimum dissipation factor indicates that the
simplification from 3D to 2D model will result in error
in the estimation of the moisture content in oil-paper
insulation systems.

3.3 EFFECTS OF PARAMETER Y

Similar study has also been carried out to examine
the influences of the spacers (parameter Y in the X-
Y model) on tans of the insulation system. This time
the dimensions of T3 have been used for both 2D
and 3D model. Based on the parameters given in
Table 3, the total spacers width increases from 500

mm to 800 mm while the oil gap remains
unchanged, therefore,
X=—"—=06YV=— 3 =0.181

=
1K EES+—]

This means that the transformer T3 has a higher
parameter Y (Y=0.181) compared to T1 (Y=0.113).

DP=600

T T
—©—Y=0.113 2D
—+—Y=0.113 3D
Y=0.113 Calculation
—6— Y=0.181 2D o
—+—Y=0.181 3D
Y=0.181 Calculation
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Figure 7: Effects of spacers on Dissipation factor
(tand) when X=0.6.

Figure 7 shows the results concerning the effect of Y
on tand. Similarly, Y has no impact on the position of
tand minimum but influences its value. This will affect
the moisture calculation as show in Table 5.

Table 5: Minimum dissipation factors and calculated
moisture contents of the oil-paper insulation.

Parameter Y| Minimum  f (Hz) Moisture
tan & Contents (%)

2D | 0.003906 486 1.253
0.113

3D | 0.003361 486 0.872

2D | 0.00421 486 1.443
0.181

3D | 0.003367 486 0.877
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4 CONCLUSIONS

In this paper, the Frequency Domain Spectroscopy
(FDS) has been used to investigate the accuracy
of the simplification from 3D model to X-Y model
carried out by COMSOL Multiphysics Software
where the later model has been widely used
nowadays for estimating the moisture content in
the oil-impregnated paper insulation of power
transformers. Moreover, the effects of degree of
polymerization (DP) which related to ageing
condition, the influence of temperature and
geometry includes oil gaps and spacers have been
modelled. The following conclusions can be drawn.

Overall, the simplified X-Y model provides a good
approximation on the cylindrical core type insulation
as far as FDS response is concerned. Simulation
from 2D model is consistent with the simplified X-Y
model, validating the simulation process. There are
two major differences in tand when comparing 3D
model and the simplified X-Y model. The first is
frequency characteristic occurred in lower frequency
and higher frequency regions. In the former tans is
underestimated while in the latter tand s
overestimated. The second is the minimum value of
tand becomes lower. This means that the moisture
calculated from the simplified X-Y model may be
higher than the actual moisture content in the
system. The difference between the two models
depends on parameters such as DP of pressboard,
temperature and geometrical parameters X and Y.

It has been found that the DP of pressboard has an
obvious effect on tand. When DP decreases (aging),
tand value increases and its frequency curve shifts
towards right. Temperature shows a significant
impact on tand,. When temperature increases the
curve moves towards the right and the minimum of
tand decreases with the temperature. Geometrical
parameters X and Y affect tand value but not the
frequency characteristics.
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