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Abstract — The dielectric spectrum of pressboard,
(i.e. its complex permittivity as a function of fre-
quency), is related to its moisture content and to its
temperature. Consequently, it is possible to use di-
electrometry measurements to measure a pressboard
sample’s moisture content. A method of calculating
the complex permittivity of pressboard involves inter-
digitated electrodes, applied only to one surface of the
sample. Since the electric field’s depth of penetration is
dependent on the spatial wavelength of the electrodes,
different sensors yield information from different depths
in the material, making it possible to measure spatial
distributions of the dielectric properties. This can allow
the study of the diffusion of water in pressboard.

INTRODUCTION

It is important to monitor the moisture content of the
pressboard used as insulation in high-power transform-
ers, because its conductivity increases the dissipated
power and the rate of static charge relaxation, which is
a crucial factor in static electrification phenomena.

Load transients which transformers undergo, espe-
cially upon power-up, cause rapid changes in the insu-
lation’s temperature. Temperature affects the solubil-
ity equilibrium of moisture between the solid and liquid
insulation and also directly influences the insulation’s
conductivity. Moisture in the oil may under tempera-
ture transients result in free water in the oil that can
lead to electrical breakdown. A mass transfer process of
water results from the equilibrium imbalance, in which
at higher temperatures moisture leaves the pressboard
to enter the oil. As a result complex dynamic pro-
cesses take place, such as the formation of interfacial
dry zones which are highly insulating, so that surface
charge can significantly accumulate to cause spark dis-
charges. Such critical conditions can lead to a high level
of static electrification and possibly catastrophic failure
of the unit. It is therefore important to be able to mon-
itor the moisture dynamics in such systems, in order to
understand the failure mechanism and to prevent crit-
ical conditions.

The dielectric spectrum of a material is a represen-
tation of its complex permittivity, €* = ¢ — je”, as a
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function of frequency. The real component €’ gives the
dielectric constant while the imaginary component €”
determines the power dissipation (loss) in the material.

Once it is known how the dielectric spectrum of oil-
impregnated pressboard varies with temperature and
moisture, it is possible to measure the moisture content
in a sample by taking a frequency scan and comparing
the results to the known calibration mapping. This
type of mapping is unique to every type of paper and
may depend on the amount of impurities in it.

In this paper we present how a multiple-wavelength
interdigitated sensor is used to determine the spatial
variations of the dielectric properties of materials. Since
the dielectric properties of pressboard are directly re-
lated to its moisture content, moisture profiles can be
obtained from these measurements.

INSTRUMENTATION

The interdigital flexible sensors probe the material from
only one surface via a set of interdigitated electrodes,
as shown in Figure 1. The electrodes are deposited on
a flexible Kapton (a polyimide) substrate. The entire
structure is then coated with 5 pm of Parylene which
protects the surface from contamination [1, sec. 6.2.2].
The depth of penetration of the applied electric field
is directly proportional to the spatial wavelength of the
sensor. A driving AC potential with a magnitude of 1 V
is applied to one set of electrodes and the frequency is
varied from 0.005 to 10,000 Hz. The three-wavelength
(3-A\) sensor, shown in Figure 2, is a combination of
three interdigitated flexible sensors placed on the same
substrate. It enables simultaneous measurements at
three different spatial wavelengths: 5.0 mm, 2.5 mm,
and 1.0 mm [1, sec. 6.3.1].

Interpretation of data taken with an interdigital sen-
sor is difficult because the potential distribution is two-
dimensional and the driving potential is represented by
an infinite number of Fourier modes, each of which sees
a different complex surface capacitance density at the
plane of the electrodes [3, sec. 2.3]. The complex sur-
face capacitance density is used to relate the potential
to the sum of conduction and displacement current den-
sities at the electrode surface and thus gives the com-
plex impedance of the sensor. A further difficulty is
that the potential is imposed only along the electrodes.



Figure 1: Imposed w-k dielectrometry. [1]

Figure 2: Structure of the three-wavelength interdigi-
tated sensor. [1]

Between the electrodes the surface potential must be
calculated from conservation of charge at the interface.
These complications make it impossible to find an ana-
lytical solution even for the forward problem of finding
the complex impedance of the sensor as a function of
the material above it. A numerical method [2] [3] [5] is
used to calculate the complex impedance of the sensor
from the dielectric properties of the layer structure.

In reality it is seldom necessary to solve the forward
problem. Instead, the complex impedance is usually
measured, and this information is used to infer un-
known properties of the medium. A variety of numer-
ical root-finding one- or multidimensional algorithms
can be used for this kind of data processing [3] [5]. They
are described under ESTIMATION ALGORITHMS.

The dielectric spectrum of pressboard is a function
of the temperature and of its moisture content. This
property can be used to estimate the amount of wa-
ter present in a sample by performing a dielectrometry
measurement and comparing the results to an estab-
lished mapping [4] [5] [6].

EXPERIMENTAL PROCEDURES

In this section we describe the various experimental
setups used with the 3-) sensor to measure spatial pro-
files. For the data shown in Figure 4 the sensor was
simply immersed in a container full of oil, making sure
the walls of the container were at a distance greater
than the penetration depth of the longest wavelength
(about 4 mm) away from the active surface. Since the
top plate was well within the reach of the electric fields
of the sensor, its presence had to be accounted for in
the numerical calculations.

In order to measure moisture profiles in pressboard,
the sample had to be placed in a controlled environ-
ment, which allowed moisture to diffuse in and out of
the pressboard from one surface. The other surface of

Experimental setup used for moisture profile measurements
with the three-wavelength flexible sensor
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Figure 3: Experimental setup for profile measurements
taken with the 3-)\ sensor

the sample was sealed by the sensor itself. For this
purpose the experimental setup shown in Figure 3 was
created. The stainless steel chamber can be filled with
transformer oil, whose moisture content can be var-
ied by bubbling wet or dry nitrogen through it, or the
chamber can remain full of air, as was done in the ex-
periments presented in the next section. Since intimate
contact between the pressboard and the sensor needs to
be maintained, the sample has to be tightly squeezed
from both sides. The teflon and aluminum layers serve
this purpose, while at the same time allowing mass-
transfer processes to occur at that surface through a
multitude of holes.

ESTIMATION ALGORITHMS

These algorithms solve the reverse problem, i.e. calcu-
lating the dielectric properties of one or more unknown
layers from the gain and phase of the response.

One-Dimensional Search

This approach has been used before for interpret-
ing results from interdigitated sensor measurements
[3] [2] [1]. It uses the Secant Method for root-finding.
There can be an arbitrary number of known layers, in
addition to one unknown layer. Data from only one
wavelength is taken, since the problem has only one
degree of freedom. A single complex number, €*, is
calculated from a complex gain.

Applying this method to each of the three wave-
lengths of the 3-)\ sensor with a homogeneous medium
should produce the same results in all three cases. This
provides a good test for the working condition of a
multiple-wavelength sensor. Figure 4 shows the results
from applying this algorithm to data taken with the 3-\
sensor in Shell Diala A transformer oil.

Conversely, if the results from a 3-A sensor in good
condition disagree, that will mean that the assumption
of a homogeneous unknown layer is invalid, indicat-
ing an a-dependence (see Figure 1) of €* in the ma-
terial. Such a case for a pressboard sample is shown
in Figure 5, where the longest-wavelength sensor sees
the lowest conductivity, suggesting that the region fur-
thest from the sensor is least conducting. This result is
confirmed by the multi-dimensional algorithm, as dis-
cussed in a later subsection.
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Figure 4: Dielectric spectrum of Shell Diala A trans-
former oil, taken with the 3-\ sensor.

Marching Approach

This is an approach that deals with inhomogeneous ma-
terials, which avoids the complications associated with
multidimensional searches. It is only applicable when
there is a single layer of material.

An assumption is made that every sensor has a depth
of penetration into the material equal to a\, where A is
the spatial wavelength of the sensor and « is a param-
eter which represents the discreteness of the assumed
regions. We are allowed some freedom in choosing «
in order to aid convergence. This parameter usually
takes up values between 0.1 and 0.5, nominally 0.25! [3].
We can approximate the inhomogeneity of the medium
by several homogeneous sublayers, with the sublayer
boundaries at £ = a\,. We have not used the march-
ing approach with the 3-\ sensor, because the greater
flexibility of the multidimensional search, described in
the next subsection, is better fitted to our problem.

Multidimensional Search

This approach allows the estimation of the dielectric
properties of more than one unknown layer by combin-
ing measurements from several sensors of different spa-
tial wavelengths. One degree of freedom is associated
with every spatial wavelength. Therefore the number
of unknown layers must equal the number of sensors.
With our three-wavelength sensor we may estimate the
properties of three unknown layers simultaneously.
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Figure 5: Dielectric spectrum of EHV-Weidmann
HIVAL pressboard, taken with the 3-\ sensor.

This method has the advantage that an arbitrary
number of known layers may be included in the layer
structure. In addition, if we were to use this method
to calculate profiles in an inhomogeneous material by
approximating it with a stair-step function, we would
be free to choose the widths of every sublayer, unlike
the marching approach, where the widths were deter-
mined by the wavelengths of the sensors. At least one
unknown layer must fall within the reach of every sen-
sor and every unknown layer must fall within the reach
of at least one sensor, as required for convergence [5].

Case studies of this method indicate that convergence
is always reached if every unknown layer is well within
the scope of at least one sensor [5]. However, in those
cases the method was applied to error-free computer-
generated gain-phase data, which meant that there al-
ways was a solution. Instrumentation errors inherent
in every measurement may cause the problem to have
no solution. This obstacle can be overcome by allowing
for a larger tolerance in the convergence test.

When this method was applied to data obtained from
measurements with the setup shown in Figure 3 on oil-
impregnated pressboard at 0.01 Hz, the results shown
in Table 1 were obtained. These results are consistent
with moisture diffusing out through the exposed surface
of the pressboard into air with a lower relative humidity.
The pressboard sample’s dielectric profile was approx-
imated by a stair-step function, namely layer numbers
2, 3, and 4. (Layer numbers 0 and 1 are the aluminum
and teflon respectively and layer number 5 is the pary-
lene coating, which falls between the sensor and the



| Layer #]| Width | Permittivity | Conductivity ]
2 0.80 mm | 2.63x 10~ | 0.0
3 0.25 mm | 4.74 x 10711 | 6.48 x 10~ 14
4 0.05mm | 2.35x 107! | 3.23x 10712
Table 1: Results from the multidimensional search

method applied to an inhomogeneous sample of oil-
impregnated pressboard at 0.01 Hz

pressboard. See Figure 3.) Layer number 4, which is
closest to the sensor, displays the highest conductiv-
ity, as suggested by the plots in Figure 5. There is
a slight inconsistency in these results, because on the
right side of the loss peak higher values of ¢’/ = o/w
must correspond to higher values of €, as required by
the Kramers-Kronig Relations [7, Sec 2.8]. This can be
accounted for by an extra oil layer formed between the
pressboard and the Parylene, due to the rough surface
of the pressboard [5]. The values of the conductivity
listed in Table 1 correspond to a moisture content of
2.6% for layer number 4, and near 0% (too low to esti-
mate) for layers 2 and 3 [4].

Multidimensional Search with an
Assumed Profile Function

This method is very similar to the one described in
the previous subsection. It allows for one unknown in-
homogeneous layer, whose dielectric properties can be
represented by a smooth function of z. The unknowns
are several parameters of this function. The motiva-
tion behind this method is that some knowledge about
the physics of the inhomogeneous layer may be incor-
porated into the estimation algorithm to gain a better
approximation to the spatial profile than a stair-step
distribution can provide.

Based on arguments related to water diffusion in
pressboard [5] and the dependence of the dielectric
properties of pressboard on moisture [4], we arrive at
the final functional form describing the complex dielec-
tric profile of the unknown inhomogeneous pressboard
layer at a time t¢:

-
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where € = €/(w — ), k, = 7n/2d, and £ = 21 — x
(see Figure 3).
Since v ~ —0.7 (the logarithmic slope) and e, =

2.9 x 107! are known parameters of pressboard [4],
e and o are fully determined by the three unknown
parameters A, B, and Dt. This corresponds to three
degrees of freedom, i.e. measurements with three wave-
lengths are enough to fully determine the spatial profile.
For simplicity in this derivation we have assumed that
the diffusion coefficient D is constant throughout the
entire sample. Although values for D can be measured,
we may not know the value of ¢, so the product Dt is
treated as an unknown parameter. For the purposes
of the numerical algorithm, the inhomogeneous layer is
approximated by a number of homogeneous sublayers,

but unlike the multidimensional search, for the method
described in this subsection the number of such sublay-
ers is not limited by the number of degrees of freedom,
and the smooth profile function can be approximated
as closely as we wish. We are currently working on
applying this method to results from experiments.

CONCLUSIONS

Flexible sensors with different spatial wavelengths may
be used to extract information about the spatial profile
of the dielectric properties of a material by combining
the results of several sensors of different spatial wave-
lengths.

Three different methods of processing the data from
such measurements exist: the marching approach,
the multidimensional search, and the multidimensional
search with a given profile function. The first method
is simpler and more reliable, but it is not applicable
to more complex structures. The first two methods
approximate the profile with a stair-step distribution.
The third method attempts to include in the estimation
algorithm some knowledge of the physics of moisture
diffusion, by using a smooth function to represent the
variation of the dielectric properties of the pressboard
across its thickness.
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