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ABSTRACT 
The complex dielectric spectrum of pressboard is a function 
of its moisture content and temperature. In oil-impregnated 
pressboard of medium and low humidity the dielectric spec- 
trum’s shape and amplitude do not change with variations in 
temperature and moisture content, but only shift in frequen- 
cy. Thus it is possible to create a ‘universal’ curve, with ap- 
propriate temperature correction factors, which can be used 
to extract information about the moisture dynamics of solid 
transformer insulation from dielectrometry measurements. To 
create the universal curve, measurements are taken with the 
material placed in a parallel-plate structure whose complex 
impedance is measured. To measure spatial distributions of 
dielectric properties, imposed w - k  (frequency-wavenumber) di- 
electrometry is used, where a set of interdigitated electrodes 
on one surface of the material cause the electric field to have a 
limited depth of penetration into the dielectric, proportional to 
the electrode spacing. Measurements using the parallel-plate 
methodology establish a mapping of the dielectric spectrum 
of EHV-Weidmann HIVAL pressboard impregnated with Shell 
Diala A”” transformer oil, as a function of temperature and 
water content. This mapping is then used to determine spa- 
tial moisture profiles in pressboard in other experiments which 
make use of a three-wavelength interdigitated sensor. 

1. INTRODUCTION 
1.1. MOTIVATION 

N this paper we continue earlier dielectrometry re- I search applied to  moisture dynamics of solid and liquid 
transformer insulation [l-41. 

The presence of moisture in the solid (pressboard) and 
liquid (oil) transformer insulation, is a major factor that  
affects the operation of power transformers. Although 
moisture does not seem to greatly affect the conductiv- 
ity of the oil, it can reduce its dielectric strength [5]. 
Moisture also affects the conductivity of the pressboard, .. 

which in turn increases the dissipated power and the rate 
of static charge relaxation, which may be a crucial factor 
in static electrification phenomena [6]. 

Load transients which transformers undergo, especial- 
ly upon power-up, cause rapid changes in the insulation’s 
temperature. Temperature affects the solubility equilib- 
rium of moisture between the solid and liquid insulation 
and also directly influences the insulation’s conductivity 
[7]. Moisture in the oil may under fast decreasing tem- 
perature transients result in free water tha t  can lead to 
electrical breakdown. A mass transfer process of water 
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results from the equilibrium imbalance, in which at  high- 
er temperatures moisture leaves the pressboard to  enter 
the oil. The oil initially establishes moisture equilibrium 
with an  interfacial zone at  the surface of the pressboard. 
The steady state is reached when moisture from deep in- 
side the pressboard diffuses to the surface to  establish a 
uniform moisture distribution. The transient interfacial 
dry zones are highly insulating, and as a consequence sig- 
nificant surface charge may accumulate to cause surface 
spark discharges. 

The dielectrometry methods developed specifically for 
pressboard have applications in many other fields also. 
The dielectric properties of a material are greatly affect- 
ed by many of its other physical properties, such as tem- 
perature, pressure, mechanical stress, etc. In polymers, 
the permittivity may be related to the degree of polymer- 
ization. There are many applications in quality control, 
where deviations in the dielectric properties of a material 
may correspond to  flaws in its structure. 

As materials age, their permittivity and conductivity 
may change too. In general, whenever the condition of 
a dielectric material must be monitored, dielectrometry 
measurements provide a simple, non-destructive, real- 
time measurement, which can be related to the property 
in question. 

1.2. DIELECTRIC PROPERTIES OF 
M A T  E RI A LS 

There are two parameters of a medium that determine 
the quasi-static distribution of electric fields: the dielec- 
tric permittivity E and the conductivity U .  If a system 
is under ac steady-state operation, every quantity F(t) 
may be expressed as the real part of a complex quantity 
varying at  radian frequency w 

F ( z , y , z , t )  = ${F(z,y,z)e'W") 

If E and CT are constant with time, we may write the total 
current density as a sum of displacement and conduction 
current densities. In terms of complex amplitudes 

- 6 -  n n  

J = J d + J c =  iwEE+oE 
n (2) 

= iwE E + -  = iw&*E ( 3 
where E*  = ( E  - io/u) is the complex permittivity. 

The dielectric spectrum of a material is a representa- 
tion of its complex permittivity, E* = E' - i E", as a func- 
tion of frequency. The real component E' = E gives the 
permittivity while the imaginary component E" = a/w 
determines the power dissipation (loss) in the material. 

In an  ohmic material, E and U are independent of the 
frequency or amplitude of the applied electric field, and 

a plot of log(E"/EO) vs. logw has a slope of -1. In a 
dispersive material, when E" is plotted against frequency 
on a log-log scale, it can be characterized by one or more 
loss peaks. The magnitude of the slope a t  which these 
peaks are approached on either side is between 0 and 1 
for most materials [8]. For every loss peak in the E" spec- 
trum, there is an associated elevation in the E' spectrum 
proportional to the area under the corresponding peak 
in E" ,  as required by the Kramers-Kronig relations [8]. 

1.3. MOISTURE D Y N A M I C  PROCESSES IN 
PRESSBOARD/OIL SYSTEMS 

During thermal transients complex dynamic process- 
es occur as temperature gradients develop. Temperature 
transients disturb the moisture equilibrium of the system, 
causing the initiation of moisture mass transfer process- 
es. Transformer oil and pressboard are very dissimilar 
materials, in that the former is hydrophobic and the lat- 
ter is hydrophilic. Typical values for the water content of 
pressboard are 0.5 to  5%, while in oil a t  room tempera- 
ture the saturation moisture content is - 50 ppm (parts 
per million) [9, lo].  As a consequence, almost all of the 
moisture present in the system resides in the pressboard. 
As the temperature changes moisture will move into or 
out of the pressboard via diffusion. 

The rate of diffusion of moisture through the oil and 
the pressboard determines the time rates of change of 
the moisture distribution, and thus how long it takes 
before equilibrium is reached. Earlier experiments have 
determined the diffusion constants of water in these two 
media to  have the values shown in Table 1 [4]. 

Table 1. 
Diffusion coefficients of water in transformer oil 
and pressboard [4]. 

In order to appreciate the magnitude of these diffusion 
constants, we can calculate that  the diffusion times of wa- 
ter across A = 1 mm of pressboard, given by T = A z / D p  
are half a year and two days at 15 and 70"C, respectively. 
What this means is that equilibrium is generally never 
reached in an operating transformer, given how quickly 
the oil temperature changes with the power load and the 
ambient air temperature. Instead, oil equilibrates on- 
ly with a thin layer of pressboard at its surface. This 
implies that the surface of the pressboard can become 
extremely dry, causing a highly insulating surface that 
may lead to static charge accumulation and partial dis- 
charges, and ultimately catastrophic failure. 
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The equilibrium of moisture between the oil and the 
pressboard is what determines the direction of the mass 
transfer processes in the pressboard/oil system. This 
equilibrium is extremely sensitive to  temperature. This 
is how a temperature transient drives the system out of 
equilibrium and initiates the mass transfer processes. If, 
for example, the moisture concentration in the paper is 
0.5%, at 20”C, the oil humidity in equilibrium with it is - 0.5 ppm. If the oil temperature then changes to  80”C, 
the new equilibrium value for the oil humidity becomes 
close to  6.5 ppm, i.e. thirteen times higher, which would 
drive water out of the pressboard surface and leave it 
very dry until moisture deep in the pressboard diffuses 
to  the surface on a time scale of order i-. 

1.4. SCOPE OF THIS WORK 
We present the following distinct steps in our work: 

1. Use the parallel-plate sensor to  develop the ‘universal’ 
spectrum of oil-impregnated pressboard as a function 
of moisture and temperature. 

2. Use the three-wavelength sensor to  measure transient 
moisture distributions. 

3. Develop efficient parameter estimation algorithms to  
interpret data collected with the three-wavelength sen- 
sor 
The results and methods presented are preliminary, 

aimed a t  developing experimental and numerical meth- 
ods that show the promise of this technique. More re- 
search is needed to  refine these methods and to  collect 
more complete da ta  on the materials in question. 

2. FEATURES OF THE DIELECTRIC 
SPECTRUM OF PRESSBOARD 
2.1. PARALLEL PLATE SENSOR 

The simplest way to  measure the permittivity and the 
conductivity of a material is to  place it between a pair 
of parallel plates of known area and separation. This 
test cell can be modeled as a resistor in parallel with 
a capacitor. The complex admittance of the structure 
can be measured, and from there its permittivity and 
conductivity can be calculated. 

We have used this simple idea in the development of 
the parallel-plate sensor, whose structure is shown in Fig- 
ure 1. The capacitive structure is comprised of the driv- 
en electrode and the sensing electrode. Underneath the 
sensing electrode lies the guard electrode. The guard 
electrode is driven by a buffer amplifier stage to  be al- 
ways a t  the same potential as the sensing electrode. The 
sensing electrode is also surrounded by a ring electrode, 
which is connected to  the guard electrode. In addition 
to  shielding the sensing electrode from external electric 

d Electrodes 

‘ I C  

A 

I ’ressboar 

e 
Teflon 

Figure 1. 
Structure of the parallel-plate sensor. 

fields, the guard electrodes serve to  eliminate all parallel 
parasitic capacitances and resistances, which the sens- 
ing electrode might have with respect to  the surrounding 
medium. 

Another advantage to  having a guard ring around the 
sensing electrode is that  the electric field is highly uni- 
form and there are essentially no fringing fields associ- 
ated with that  electrode. The material sample is larger 
in area than the sensing electrode, thus letting almost 
all field lines pass through the material sample. Teflon 
was chosen as the insulating material between the differ- 
ent electrodes because of its excellent thermal properties 
in addition to  being a very good insulator. The entire 
‘sandwich’ structure is tightened together with insulat- 
ing nylon bolts. 

._________________________..__..__............. 

A 

7- 
1. 

Figure 2. 
Equivalent circuit of the test structure. 

The input admittance, with which the sensing elec- 
trode is loaded, is that  of a known parallel RC pair, 
modeled as shown in Figure 2 with 

d RT = - 
U A  
&A 
d 

(3)  
CT = - 

where d is the plate separation distance, A is the sensing 
electrode area, and U and E are the material’s conductiv- 
ity and permittivity respectively. 
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For linear time-invariant (LTI) systems we take the 
standard complex frequency form 

vIN = s{FINeiu t )  
(4) 

VoUT 1 %!{VOUTeiWt} 

with complex amplitudes GIN and COLIT defined in Fig- 
ure 2. A microprocessor-driven controller is responsible 
for generating the driving voltage and measuring the out- 
put voltage. The da ta  that it produces are expressed in 
terms of a magnitude 20 log(M) [dB] and phase p.  1 8 0 / ~  
[deg], which are related to the complex amplitudes de- 
fined in Figure 2 as 

I F \  

The next step in calculating ~7 and E is to calculate 
RT and CT from measurements of M and p, and the 
known values of RL and CL. We define the admittances 
of the test and load branches as YT = ~ / R T  + i WCT and 
YL = ~ / R L  + i WCL respectively. Then from the voltage 
divider relationship we obtain 

VOUT YT 

In the low frequency limit as w + 0, the voltage ratio 
becomes real and equal to  R L / ( R L  + RT). In the high 
frequency limit as w --+ ca, the voltage ratio is also real 
and equal to CT/(CT + CL).  

Solving (6) for RT and CT in terms of known values 
for RL and CL and measured values for M and p yields 

1 + M2 - -2Mcosp  
RT = M[cosp-  M - w R ~ C ~ s i n p ]  RL (7 )  

M[cos p - M + ( ~ / w R L C L )  sin p] 
CT = CL (8) 1 + M2 - 2M cos p 

In order to test the performance of the parallel-plate 
sensor, we used it on known materials. For Shell Diala A 
transformer oil the results are shown in Figure 3. On a 
log-log scale, the plot of E" vs. frequency is a straight line 
of slope -1, which means that ~7 is independent of the 
frequency. This is characteristic of an ohmic material. 
For linear dielectric materials, E' should also be constant 
with frequency. The observed rise of E' a t  the lower end 
of the frequency range can be attributed to double layer 
formation at the aluminum-oil interface [4]. This plot 

I I 
2 3  

-2.5 - 

-3 
-3 -2 -1 0 1 

log(freq) 
Figure 3.  

Complex permittivity of transformer oil mea- 
sured with the parallel-plate sensor. 

corresponds to  C-J = 0.83 x 10-l' S/m and E / Q  = 2.2, 
which are typical values for the dielectric parameters of 
transformer oil. 

The plot of E" is not shown for frequencies higher than 
Hz. This is because at  that  frequency range the 

response is dominated by the capacitive element, and the 
gain/phase measurement is insensitive to  the value of D. 

2.2. EXPERIMENTAL PROCEDURES 
The objective of this set of experiments is to use the 

parallel-plate sensor to study how the dielectric spectrum 
of oil-impregnated pressboard changes with variations in 
temperature and moisture content. We first prepared 
many samples of pressboard, each with a different con- 
tent of water. We then measured the moisture content of 
a small piece of each sample, placed the remaining sam- 
ple in the sensor structure, scanned its dielectric spec- 
trum at five different temperatures, and finally measured 
its moisture content again. This section describes all of 
these stages. 

Prior to oil impregnation we cut 50x50 mm2 pieces of 
1 mm thick oil-free EHV-Weidmann HIVAL pressboard. 
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Then we placed them under vacuum, and subsequently 
in transformer oil, one a t  a time, for various lengths of 
time, in order t o  obtain different moisture contents. Ta- 
ble 2 lists the parameters of the oil-impregnation process 
that every sample underwent and the resultant moisture 
content. 

The moisture of each sample was measured before and 
after the frequency scan using the Mitsubishi VA-05 wa- 
ter vaporizer and oven and the Mitsubishi CA-05 mois- 
ture meter. The small pressboard pieces cut from the 
samples were split into many thin layers before deposit- 
ing in the vaporizer oven, which heated the pressboard 
samples to  180°C in order to  drive out all of the mois- 
ture. This moisture was then entrapped in dry nitrogen 
gas and passed to  the moisture meter for measurement. 
The optimal oven temperature of 180°C was chosen after 
a series of experiments to  be a temperature where the 
moisture diffusion is fast enough so that the accuracy of 
the measurement is not compromised by the background 
titration rate of the moisture meter. At the same time 
the temperature is not so high, that the cellulose begins 
to  disintegrate. 

After the parallel-plate measurement, the entire re- 
maining sample was used for the second moisture mea- 
surement. We define the moisture content of pressboard 
as the weight of water liberated from the sample during 
vaporization (a  quantity provided by the moisture me- 
ter) divided by the total weight of the oil-impregnated 
sample before it is placed in the oven. If the two mois- 
ture measurements were not close to  each other, the data 
of the sample was not used. This happened for samples 
NA, NC, and ME. 

Measurements with every sample were taken a t  five 
temperatures: 30, 40, 50, 60, and 70°C. The parallel- 
plate sensor, with the pressboard sample placed inside 
i t ,  is placed in an  oven, whose temperature is controlled 
by a feedback temperature controller. 

We have observed that in addition to a short (4 h) 
transient for the sample to  reach thermal equilibrium, 
its complex permittivity experiences another, long tran- 
sient. When we tested a sample for 270 h a t  a constant 
temperature (50’C) we observed the behavior illustrat- 
ed in Figure 4. The long time constant of this transient 
suggested that it may be due to  mass transfer processes 
of water in the pressboard. Since the sample in the test 
cell is sealed from the outside air, and since diffusion of 
water through 6 mm of pressboard before it reaches the 
active area would require months we concluded that this 
sample conditioning process is probably due to moisture 
redistribution within the bulk of the pressboard, final- 
ly resulting in a uniform distribution. Based on values 
for the diffusion constant taken from Table 1, namely 

2 -  

I I 

“I 

IO 

”.“, 

I I 
100 200 300 

0 

Time [hl  
Figure 4. 

Pressboard conditioning transient at 50’C and 
0.860% moisture.. 

Dp = 6.0 x 10-”m2/s a t  70°C and 6.7 x 10-14m2/s a t  
15°C with A = 6 mm. T = 

DP 

We then established the rule that after a sample is 
impregnated and placed in the test cell, it must stay there 
for a t  least five days a t  a temperature above 50’C before 
any measurements are performed. 

= 69 days to  17 years. 

2.3. RESULTS 

We would like to  establish a relationship between the 
temperature and moisture content of pressboard, and its 
dielectric spectrum. This can be accomplished by sum- 
marizing the results from frequency scans taken a t  several 
different moisture contents and temperatures. 

Figure 5 shows the raw gain-phase da ta  of a frequency 
scan of a representative oil-impregnated pressboard sam- 
ple taken with the parallel-plate sensor. If we process the 
data shown in this Figure using (7) and (8) t o  produce 
values for the complex permittivity, we obtain the results 
shown in Figure 6. 

The first thing to  note in Figure 6 is that  all E’’ data 
for frequencies 2 10 Hz is noise. This is due to  the lack of 
sensitivity of the measurement a t  high frequencies to  the 
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Vacuum D 
T I Duration 

Table 2. 
Impregnation process parameters for the pressboard samples used in the universal spectrum. Samples 

irements greatly differed. 
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10 

213 
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Figure 5. 

Raw gain-phase data for a frequency scan of a 
representative pressboard sample MA at 50% 
with RL = 9.78 Gfl  and CL = 123 pF. 

resistive component of the material. When we disregard 
this data,  the rest of the E" points lie approximately on 
a straight line. This line does not have a slope of -1, 
characteristic of an ohmic material. Instead, the slope is 
M -0.7. This indicates that oil-impregnated pressboard 
is dispersive. 

fter moisture me 

Oil Immersion 

70 10 
70 10 
70 10 
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- 
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-3 -2 -1 0 1 2 3 4  

log(freq) 
Figure 6. 

Dielectric spectrum of a representative press- 
board sample MA at 50'C. 

This decay of E" is associated with a loss peak not 
visible in Figure 6, because it occurs a t  a frequency be- 
low the lower limit of our equipment (0.005 Hz). The 
elevation in E' ,  which accompanies a loss peak in E" ,  as 
required by the Kramers-Kronig relations [8], is clearly 
shown at  the top of the Figure. 

For seven samples the shape of the loss peaks in the 
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dielectric spectrum of a material is independent of mois- 
ture and temperature. The spectra only shift position 
with frequency. This allows the creation of a single 'uni- 
versal' spectrum, to  which all spectra map, after having 
been shifted (horizontally with frequency and/or vertical- 
ly) by an  amount which is a function of the temperature 
and moisture content [ll, 121. 

With only one loss peak, the entire spectrum could be 
described by the position of a single point, namely the 
peak itself, with coordinates ( w P , & ; ) .  A shift in either 
E' or E", both horizontally or vertically, is required by 
the Kramers-Kronig relations to  be accompanied by an  
identical shift in the other component of E* [13, App. 
A]. It is unfortunate that the loss peak occurs a t  such 
low frequencies, because a degree of freedom is lost by 
having only a straight line to shift. In other words, w p  
and E; cannot be determined uniquely. We have therefore 
the freedom of choosing to  shift the spectra either only 
horizontally, only vertically, or in some predetermined 
combination. We have chosen to  move only horizontally, 
as suggested by previous research [12]. 

We chose a numerical method that fits the two spectra 
by trying shifts in increments of 0.1 on a logarithmic fre- 
quency scale, because this is the frequency resolution of 
our data  acquisition system. It finds the shift that min- 
imizes the sum of the squares of the differences between 
corresponding values of E' and E". 

First, let us look a t  the spectra of the same sample 
a t  different temperatures. Figure 7 is a plot of all five 
spectra of sample MA (Table 2). We have chosen sample 
MA a t  50°C to be our reference spectrum. If we shift the 
other four spectra in Figure 7 by the appropriate amount, 
we obtain the universal curve a t  constant moisture for 
this sample shown in Figure 8. 

One sample (NB), with the highest moisture content 
(3.1%), had spectra distinctly different from the rest, 
with a second loss peak visible, which implies either that  
over the extremely long process of impregnation of sam- 
ple NB (- 12 months) some kind of impurity has found 
its way into the pressboard, or that a t  higher moisture 
levels water exists in the pressboard in a different band 
state [13,14]. Eliminating sample NB, we next collapsed 
the five spectra of every sample into universal curves of 
constant moisture. These universal spectra can now be 
shifted again to  compensate for the moisture differences 
and to  yield the final master universal spectrum shown in 
Figure 9, which contains data  from 35 different frequency 
scans, seven samples of different moisture concentration 
a t  five temperatures each. 

At the high-frequency end, the E" plots in Figure 9 
show some spread, which is due to  the high sensitivity 
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Figure 7. 

Dielectric spectra of a pressboard sample (MA) 
at five temperatures with 23% moisture. 

curves overlap quite closely. This universal mapping can 
be used to  estimate the moisture content of pressboard, 
if its dielectric spectrum is measured a t  a known temper- 
ature. Table 3 lists the logarithmic frequency shifts by 
which each spectrum had to  be shifted in order t o  form 
the master spectrum. 

Table 3.  
Relative logarithmic frequency shifts for data 
at different temperatures and moisture contents. 
Reference curves are at 50°C and 2.4% moisture 
(shown in bold). 

Name ( 1  Moist ( 1  30'C I 40°C I 50°C I 60°C 1 70°C 
MD 11 0.42 11 -1.6 1 -1.3 1 -1.0 1 -0.7 I -0.4 

In order to  find out how the dielectric spectrum of 
pressboard changes with temperature and moisture con- 

to  noise a t  these frequencies. Otherwise the thirty-five tent, we need to  relate the logarithmic frequency shifts 
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Figure 8. 
Universal curve for one sample (MA) at five temperatures. 

of Table 3 to the temperatures and moisture contents. In 
order to  test whether the effects of either of these factors 
are independent of each other, we perform some process- 
ing on the da ta  in Table 3. What the independence men- 
tioned above implies is that one can assign a quantity of 
shift to every temperature and to every moisture, and 
the shift that  every spectrum is subjected to is the sum 
of the shifts due to  these two factors. Symbolically, this 
may be represented as follows 

where ~ T ( T )  depends only on the absolute temperature 
and f ~ ( m )  depends only on moisture. These formulas 
also incorporate the requirement that  both components 
of E* shift by the same amount, as can be derived from 
the Kramers-Kronig Relations [13, App. A], [8]. 

The strategy applied to test the validity of the assump- 
tion that the shifts due to temperature and moisture are 
independent is to  take every row in Table 3 and add to 
(or subtract from) every number in it the same amount 
in a way that would make the shift a t  50’C be zero. This 

I I I I 
-4 -2 0 2 4 

0 
-6 

I I I I I I 
-4 -2 0 2 4 6 

log(freq) 
Figure 9. 

Master universal spectrum, containing data from 
35 frequency scans, shifted with moisture and 
temperature. 

I I I I 

;verse Absolute Temperature tC1x18 
2.9 3.1 3.2 

Figure 10. 
Logarithmic frequency shift as a function of tem- 
perature: Arrhenius plot. 

operation results in the numbers shown in Table 4. We 
have normalized the data in such a way that the effect of 
moisture has been eliminated. If the two effects are truly 
independent of each other, the numbers in each column of 
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% 
0.42 
0.83 
1.1 
1.8 
1.8 
2.2 
2.4 

Table 4 would be approximately the same, which would 
represent the frequency shift due to  temperature alone. 
We can see in Table 4 that this is approximately true. 
We can now take the average of the numbers in each col- 
umn to be the logarithmic shift due to  temperature, as 
plotted in Figure 10. 

Table 4. 
In this table the spectra for all moisture contents 
have been shifted so that all of the 50°C curves 
overlap. In this way the effects due to moisture 
have been eliminated and one can calculate the 
average shift due to temperature. 

30'C 40'C 50°C 60'C 70'C Ave. 
-0.9 -0.9 -1.0 -1.1 -0.9 -0.96 
-1.1 -0.9 -1.0 -1.1 -0.8 -0.98 
-0.5 -0.5 -0.6 -0.7 -0.4 -0.54 
-0.6 -0.6 -0.6 -0.7 -0.3 -0.56 
-0.4 -0.3 -0.4 -0.6 -0.4 -0.42 
-0.7 -0.3 -0.5 -0.6 -0.3 -0.48 

0.0 0.0 0.0 0.0 0.0 0.0 
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Figure 11. 
Logarithmic frequency shift as a function of mois- 
ture. The curve represents a best fit to this data 
according to the chosen functional form (26) in 
Section 4.4.2.  

We can similarly eliminate the effects of temperature 
by making the entire row in Table 3 for MA be all zeros, 
by adding or subtracting the appropriate amount from 
each number in the same column. The results of this op- 
eration are shown in Table 5. From this table we can now 
calculate the average logarithmic shift due to moisture, 
as plotted in Figure 11. In conclusion we can say that  the 
two factors independently shift the dielectric spectrum of 
pressboard. 

One can see in Figure 10 that  the relationship between 

approximately linear over the small measured temper- 
ature range. If we assume the Arrhenius dependence 
E* a e - E a I k T ,  where k is Boltzmann's constant, then 
the plot of Figure 10 corresponds to  an activation energy 
of E,  FZ 0.69 eV. 

2.4. ALGORITHM FOR USING T H E  
UNIVERSAL SPECTRUM 

Suppose that we perform a dielectrometry measure- 
ment on a sample of pressboard a t  a known temperature. 
How can we use the results presented in Section 2.3 to  
find its moisture content? 

We first need to  determine what positive or negative 
frequency shift would map this spectrum onto the refer- 
ence spectrum MA at  50°C. If the dielectrometry is per- 
formed only a t  a single frequency, then Figure 9 can be 
used to  determine a t  what frequency the corresponding 
value of E* is achieved, and the frequency shift will be 
equal to  the difference between these two frequencies. 

The next step is to  find the frequency shift associated 
with the temperature of the sample. This may be done 
graphically in Figure 10. The shift due to  temperature is 
then subtracted from the total shift and the result is the 
shift due to  moisture. Finally, the right most column of 
Table 5 is used to  estimate what moisture content would 
correspond to  this frequency shift. 

3. THE FLEXIBLE 
TH RE E- WAVEL E N GT H 

I N TE R D I G ITAT ED SEN SO R 
The flexible three-wavelength sensor has been used in 

past preliminary studies to  measure one-dimensional spa- 
tial variations in the complex permittivity [4]. We report 

inverse temperature and logarithmic frequency shift is on our efforts to  improve further this technique. 
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Parameter 
Spatial wavelength X 
Interelectrode spacing 
Electr. meander length 
Substrate thickness 
Substrate permitt. E ,  

Parylene layer thickness 
Permitt. of Parylene E~ 

Load Capacitance CL 
Load Resistance RL 

Sheiretov et al.: Dielectrometry of Moisture Dynamics in Oil-impregnated Pressboard 

Values 
1.0 mm 2.5 mm 5.0 mm 
0.24 A 0.24 X 0.24 X 
0.15 m 0.15 m 0.30 m 
1 2 7 p m  127 pm 127pm 
3.0 EO 3.0 EO 3.0 EO 

5.0 pm 5.0 pm 5.0 p n  
3.05 EO 3.05 EO 3.05 EO 

226 pF  37.6 pF  6.47 pF 
00 00 00 

- f vs 4 
Figure 12. Imposed w-k dielectrometry [4]. 

3.1. IMPOSED w-k DIELECTROMETRY 

If electrodes are placed side by side in a repeating pat- 
tern on one surface of the material, the electric fields will 
decrease away from the electrodes and the complex im- 
pedance between the electrodes will be most sensitive to 
the material adjacent to them. 

In previous work [I, 2'41 periodic electrode structures 
with a multitude of interdigitated fingers, as shown in 
Figure 1 2  have been designed. The electric fields are 
uniform in the z direction and periodic in the y direction 
with a spatial wavelength of A, equal to the distance be- 
tween repeating electrodes. Thus at  every surface of con- 
stant z the electric potential is periodic in y and can be 
expanded as an  infinite series of sinusoidal Fourier modes 
of spatial wavelengths A, = X/n. This is very convenient, 
because the two-dimensional solutions to Laplace's equa- 
tion 

v21 = 0 (11) 

in Cartesian geometry are of the form 
m 

1 = 9, h y p ( L z )  trig(kny) (12) 
n = l  

where I C ,  = 27r/X, is the wavenumber of the nth mode, 
hyp(c) stands for any one of the hyperbolic exponential 
functions sinh(z), cosh(z), e", or e-", and trig(y) stands 
for one of the trigonometric functions sin(y) or cos(y). 
For every Fourier mode n, the electric fields decrease with 
c as exp(-27rnz/X) with the fundamental mode n = 1 
penetrating farthest into the material. 

By designing sensors with various fundamental spatial 
wavelengths A, it is possible to test the dielectric prop- 

results from several such sensors makes it possible to  de- 
termine the z dependent spatial profiles of the complex 
permittivity. 

Figure 13. 
Structure of the three-wavelength interdigitated 
sensor as designed by von Guggenberg [4]. 

erties OF materials at different depths. Combining the of an  interdigitated sensor to its physical parameters, the 
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medium above it, and the frequency of excitation. This 
two-dimensional problem is solved with the help of nu- 
merical techniques. Details of this process are presented 
in [I] and [2]. 

- 1 0 1  

g -20 c 
d -30 

‘r 1 
-40 

-50 
-3 -2 -1 0 1 2 3 4 

log(freq) 
21 

8 7  “c 
a -7 O I  

- 1 4 k  

-21 1 
-28 1 I I I I I I 

-3 -2 -1 0 1 2 3 4  
log(freq) 

Figure 14. 
Response of a three-wavelength sensor in air 
before Parylene coating and after recommend- 
ed chemical cleaning procedure and heating. It 
shows zero phase and constant gain over the en- 
tire frequency range, indicating a clean sensor. A 
X = 5 ,  U X = 2.5 ,  0 X = 1 mm. 

Figure 14 shows measurements in air that  verify that 
the sensor has no surface contamination, with a zero 
phase angle and constant gain for each wavelength over 
the measured frequency range. Figure 15 shows represen- 
tative three wavelength gain/phase data in transformer 
oil and Figure 16 shows the corresponding values of E’ 

and E” .  For these measurements we have & / E O  = 2.2 
and CT M 1.4 x S/m. In a uniform medium each of 
the three wavelength measurements should give the same 
values of E’ and E ” .  

4. PARAMETER ESTIMATION 
ALGORITHMS 

Numerical techniques can be used to solve the forward 
problem of calculating the magnitude and the phase an- 

-40 I 
-3 -2 -1 0 1 2 3 4  

2 -30 
a 

-993 -601 -2 -1 0 log(freq) 1 2 3 

Figure 15. 
Raw gain-phase data of the three-wavelength sen- 
sor in Shell Diala A transformer oil. A X = 5 ,  0 
X = 2.5 ,  0 X = 1 mm. 

gle of the voltage ratio of an interdigitated sensor from 
the parameters of the sensor and the properties of the 
materials above it. What is meant by parameter esti- 
mation is the reverse problem of finding properties of 
the materials from measured magnitude and phase da- 
ta. Numerical techniques must be used for this purpose, 
since it is impossible to express this solution in closed 
form. In this Section we review the various techniques 
for parameter estimation that have been developed and 
tested. 

In Section 4.1 we discuss how some qualitative infor- 
mation about the spatial variations of the dielectric prop- 
erties of a material can be obtained from the comparison 
of data taken with interdigitated sensors of several differ- 
ent spatial wavelengths. The next step would be to try 
to combine the results from all of these wavelengths in 
a quantitative manner, in order to calculate this spatial 
variation. 

The first question is how much information can be ob- 
tained from measurements with the same wavelength at  
different frequencies. Reference [l, pp. 881 summarizes in 
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3 c  
L'cl I I I I I I I I 

2t 
1.51 

$ 1  O I  0.5 

1 

2t 1 

log(freq) 
Figure 16. 

Dielectric spectrum of Shell Diala A transformer 
oil taken with the three-wavelength sensor shows 
that the oil is spatially uniform as each wave- 
length has essentially the same value of permit- 
tivity E U 2 . 2 ~ 0  and conductivity u U 1.4 x 
10-l' S/m. The results include all significant 
spatial Fourier modes. A X = 5, U X = 2.5, 
O X = l m m .  

Theorem 3.2 that a unique determination of the complex 
permittivities in a structure consisting of several homo- 
geneous layers is possible only if the relaxation times of 
the materials are sufficiently distinct and they appear in 
decreasing order as one moves away from the electrode 
surface. This constraint makes this approach useful on- 
ly in specific cases, where the material layers are in the 
required order. 

Given that this is the case, we next investigate how 
measurements with sensors of different spatial wavelength 
at  the same frequency can be combined to  calculate some 
unknown parameters of the medium above the sensors. 
Different ways to  accomplish this are presented in Sec- 
tions 4.2, 4.3, and 4.4. 

4.1. ONE-DIMENSIONAL PARAMETER 
EST I M A T  IO N 

This is the simplest kind of parameter estimation in 
which only one complex parameter is unknown, namely 
the complex permittivity E* of one of the layers above 
the interdigitated sensor. The algorithm takes da ta  from 
one wavelength and uses a root-finding algorithm to find 
the unknown parameter [l]. The gain and phase of the 
response are a function of the unknown E * .  The problem 
is that of finding a root (zero) of the difference of this 
function and the measured results. 

An arbitrary number of known layers may be included 
along with the unknown layer, i.e. no unnecessary as- 
sumptions need to be made about the structure of lay- 
ers, other than the assumption that the unknown layer's 
dielectric properties do not change with variations in z. 

If the material is indeed homogeneous, then sensors of 
any spatial wavelength would measure the same value of 
E * .  If, however, E* depends on z, then the value of E* 

measured by an interdigitated sensor would be some sort 
of a weighted average, with the depth of sampling propor- 
tional to the spatial wavelength X of the sensor. Conse- 
quently, if a material is not homogeneous, each different 
wavelength electrode structure of the three-wavelength 
sensor would measure different values of E * .  

Although this method can show homogeneity if all 
three wavelengths give the same E * ,  if the material is in- 
homogeneous it can only provide a qualitative picture of 
how E* varies with 2. It  is nevertheless a very useful tool 
and is probably the first step to take when interpreting 
dielectric profile data. Section 5 shows instances of the 
application of this method to  da ta  from measurements. 

4.2. MARCHING APPROACH 

This is the first method which attempts to combine the 
results from more than one wavelength into a quantita- 
tive description of the spatial dielectric profile of an  inho- 
mogeneous medium. It is presented in detail in [15]. Its 
iterative algorithm is based on a series of one-dimensional 
estimations of the kind described in Section 4.1 and thus 
avoids the complications associated with multidimension- 
al searches. 

This method approximates the dielectric profile of the 
structure above it by a stair-step function, with the inter- 
vals of this function being determined by the algorithm 
itself. It is therefore only applicable to  the problem of 
finding an approximation to  the dielectric profile of one 
single unknown layer extending to infinity, as no a pri- 
ori information may be specified about the widths of the 
different regions. 
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An assumption is made that every sensor of spatial 
wavelength X has a depth of penetration into the mate- 
rial equal t o  aX, where a is a parameter which reflects 
the assumed discreteness of the regions. Each subsequent 
sensor in order of increasing wavelength is therefore as- 
sumed to  be sensitive to  one more layer than the previ- 
ous one and this reduces the problem to that of many 
one-dimensional searches. The algorithm makes several 
runs through all distinct wavelengths until convergence, 
if possible, is reached. 

The greatest advantage of this method lies in its rela- 
tive simplicity in that it avoids multidimensional search- 
es by only solving for one unknown a t  a time. This also 
makes it somewhat more robust in terms of convergence 
than the multidimensional searches. However, this meth- 
od does not allow for the specification of structures with 
layers of arbitrary thickness or the inclusion of known 
layers. The marching approach is perfectly fitted to sit- 
uations where a single inhomogeneous material is in in- 
timate contact with the interdigitated electrodes and its 
thickness is greater than the reach of the longest wave- 
length. 

4.3. MULTI-DIMENSIONAL PARAMETER 
EST I M AT IO N 

This is a process which searches for more than one 
unknown variable simultaneously. It is useful in cases 
when there are more than one unknown layer in a mate- 
rial structure and data from more than one spatial wave- 
length is available. There are no limitations to  the thick- 
nesses or the position and order of the unknown layers. 

An inhomogeneous layer may be approximated by a 
number of unknown homogeneous layers forming a stair- 
step function in a way similar to  the marching approach 
of Section 4.2. However, in this case these sublayers may 
be assigned arbitrary thicknesses in a way that would 
approximate the profile function more closely. 

4.3.1. A ROOT-FINDING ALGORITHM 

In this method we are looking for exact solutions for 
the complex permittivity of the unknown layers. Two 
degrees of freedom are necessary for every unknown layer 
( E ,  a) and two degrees of freedom are assigned to  every 
spatial wavelength ( M ,  cp), which means that  the number 
of unknown layers must be equal to  the number of spatial 
wavelengths. The three-wavelength sensor can therefore 
be used to  measure the complex permittivities of three 
unknown homogeneous layers above it. 

Every measurement with a specific spatial wavelength 
X i  creates one complex equation of the form 

h h 

f i ( E ; , & ; ,  . . . )  = M;(&;,E;,  . . . )  - Mi" = 0 (13) 

where the functions @ represent the forward process 
of evguating the complex gain from the layer structure 
and M y  is the measured value of the complex gain. This 
is how one equation in the set of equations results from 
every spatial wavelength. 

The root-finding algorithm is based on a hybrid be- 
tween the Newton-Raphson and the Secant methods [16]. 
The Jacobian matrix and its inverse are not calculated 
for every iteration, but the old matrix is used for several 
iterations before a new one is computed. 

Since the Newton-Raphson and the Secant methods 
may become unstable and severely deviate from a root, 
it is necessary to  introduce damping to  the algorithm. 
After a new guess is computed, a test is performed to  
determine whether the new guess is closer t o  the root 
than the old one. A vector X is considered closer to  the 
root of the system of equations if the absolute value of 
its corresponding result vector Y is smaller. If the new 
guess is not closer, then a half step backward is taken. 
If this guess is still worse than the old one, a quarter 
step back is taken, etc. If more than five such steps are 
needed, we conclude that a new Jacobian matrix needs 
to  be calculated. Also, if this matrix is already up  to  
date, but still damping does not get a better guess, the 
method fails and no solution is found. 

Since in the process of finding new values for the un- 
known parameters the inverse of the Jacobian matrix is 
calculated, this matrix must be non-singular, which is 
similar to  the requirement that  the slope be non-zero 
in the one-dimensional Newton-Raphson method. This 
means that a t  least one unknown layer must fall within 
the reach of every sensor and every unknown layer must 
fall within the reach of a t  least one sensor. Although this 
is a necessary requirement t o  find a solution, it might not 
be a sufficient condition for a non-singular matrix. We 
have not, however, been able to  find a situation when the 
method would fail due to  such a problem. 

The iterations stop either when the absolute value of 
the result vector is less than a prespecified tolerance, or 
when the new iteration yields a new guess which is very 
close to  the old one. 

Convergence case studies of this method indicated that 
convergence is always reached if every unknown layer is 
well within the scope of at least one sensor. We ap- 
plied this method to  computer-generated complex gain 
data, which simulated two layers with various values of 
the conductivity and the permittivity and with various 
initial guesses for layer 1. Convergence was reached in 
all cases. Table 7 lists the parameters of these tests, as 
well as the total number of iterations # that  were nec- 
essary to  find the root. We also tested the behavior of 
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Layer Initial guess True values Final result # Time 

1 8.85 x 10-la 0 8.85 x 10-l’ 0 8.84 x 10-l’ -9.91 x 5 1:49 
2 8.85 x 10-la 0 8.85 x lo-’’ 10-l’ 8.86 x 10-l’ 1.00 x 10-l’ 
1 8.85 x lo-’’ 0 8.85 x 10-la 0 8.85 x 10-la 4.57 x 9 4:21 
2 8.85 x 10-l’ 8.85 x 10-l’ 10-l’ 8.85 x 10-l’ 1.00 x 10-l’ 
1 8.85 x lo-’’ 0 8.85 x 10-l’ 0 8.85 x 10-la -3.96 x 7 3:08 
2 5 x 0 8.85 x 10-l’ 10-l’ 8.86 x 10-la 1.00 x 
1 8.85 x lo-’’ 0 8.85 x lo-’’ 0 8.83 x 10-la 0 5 1:56 

1 8.85 x 10-la 0 8.85 x 10-l’ 0 8.85 x 10-l’ 1.67 x 9 4:12 
2 8.85 x 10-l’ 3 x lo-” 0 3.00 x -2.28 x 
1 8.85 x lo-’’ 0 8.85 x 10-l’ 0 8.77 x 10-l’ 0 7 3:28 

E U E U E c7 [m:s] 

2 8.85 x 10-la 0 3 x 0 3.00 x 0 

2 5 x 10-11 0 3 x 0 3.00 x 10-l’ 0 

Table 7. 
Computation time of the root-finding algorithm as a function of initial guess and solution using 
multidimensional estimation. The frequency is 0.01 Hz. Negative values for final result conductivity 

this estimation process if an  intentional error was intro- 
duced to the computer-generated data. The results of 
these tests are shown in Table 8. Noise at  the input nat- 
urally resulted in noise in the output, but did not seem 
to affect the ability of the algorithm to find E* solutions. 
I t  is conceivable that instrumentation errors inherent in 
every measurement might cause the problem to have no 
solution. This obstacle could then be overcome by allow- 
ing for a larger tolerance in the convergence test. The 
negative values for the conductivity in Tables 7 and 8 
are small variations about zero due to ‘numerical’ noise. 

As mentioned earlier, a new Jacobian matrix is calcu- 
lated every several iterations. The root-finding method is 
closer to the Newton-Raphson method if a new Jacobian 
is computed more often, while if J is rarely updated the 
method is closer to  the Secant method. The former con- 
verges much faster, but the calculation of the Jacobian 
costs a lot of extra computation time. These are two com- 
peting factors in terms of computation time cost. Tests 
have shown [13] that for this set of data convergence is 
reached fastest if a new Jacobian was calculated at  every 
step, in spite of all the extra computation associated with 
this. However, if there is a large number of unknowns this 
may no longer be true, since the number of computations 
associated with finding the Jacobian increases with the 
square of the number of unknowns. 

4.3.2. AN OPTIMIZATION ALGORITHM 

If we have more sensors than unknown layers the prob- 
lem becomes overspecified, i.e. the set of equations will 
in general have no solution. However, the extra infor- 
mation should in principle contribute to  finding an even 
closer approximation to the profile function. Therefore 

the problem is one of optimization, i.e. finding the set 
of values for all of the unknown complex permittivities 
that would minimize the set of functions fi defined in 
(13). The function that we are trying to minimize is 
given as the sum of the squares of all of the individual 
functions 

N 

i=l 
N 

= 1 2 ( E ; , E ; ,  . . . ) - M7,”I’ 
i= l  

In theory, if the da ta  is error-free, such as computer- 
generated data, then the problem would have a solution 
even if it is overspecified, because the extra measure- 
ments would be redundant. However, unlike the case of 
equal number of degrees of freedom, adding experimental 
noise to  an overspecified problem will lead to  no solution. 
This is when the optimization method becomes extreme- 
ly useful. Adding more wavelengths would act to reduce 
the effects of measurement noise. 

Optimization techniques have the additional advan- 
tage that they tend to be much more stable than root- 
finding methods. They do have one major drawback. Al- 
though there may be many local minima, and so one can 
never be sure that the global minimum has been found. 
It is therefore of a crucial importance to  begin with a 
guess very close to the true solution. 

Case studies [13] showed that our implementation of 
an optimization algorithm, based on the Simplex Method 
[16] takes longer to arrive at  the solution than the root- 
finding method, and that the optimization algorithm can 
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Table 8. 
Effect of noise on the results from the multidimensional parameter estimation for two sensors X = 
2.5 mm (index 1) and X = 1.0 mm (index 2), and two layers: top, d = M (index 1) and bottom, 
d = 0.25 mm (index 2) .  The input values in bold are the ones that have been altered. The exact 
values are given in the top entry labelled ‘No noise’. The frequency is 0.01 Hz. Negative values for 
final result condu :tivity are small variations about zero due to ‘numerical’ noise. 
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give wrong answers, because it arrives a t  different local 
minima than the one corresponding to  the true solution. 

4.4. ASSUMED PROFILE FUNCTION 
EST I M AT IO N 

So far we have approximated a dielectric profile by 
stair-step functions. This is the simplest and a very gen- 
eral kind of approximation. It makes it possible to  use the 
existing models, which assume that the medium above 
the interdigitated electrodes consists of a set of homoge- 
neous layers to  approximate an  inhomogeneous layer. 

These methods provide no means of using a priori 
knowledge about the functional form of the dielectric 
profile in the parameter estimation. If we know that 
a function has a specific form, then we may be able to  
find this function exactly with only a limited number of 
degrees of freedom. If we know nothing about a func- 
tion, then we would need an infinite number of degrees 
of freedom to determine it exactly, because only an infi- 
nite set of equations would let us decrease the width of 
the intervals in the stair-step function to  zero. 

In this Section we investigate the functional form of di- 
electric profiles in pressboard, which result from moisture 
mass transfer processes. We already know from Section 2 
how the complex permittivity of pressboard depends on 
its moisture content. What remains to  be seen is what 
profiles the moisture content in pressboard may assume. 

4.4.1. DIFFUSION EQUATION 

We are only considering diffusion in one dimension. 
This is justified by the fact that we are interested in 
modeling processes that  occur in high-power transform- 
ers, where the pressboard appears in thin sheets, with 
one surface in contact with the oil. The thickness of these 
sheets is very small compared to  their other dimensions 

0.2 0 4  0 6  O.B 
Normalized distance 5‘ 

Figure 17. 
Solutions to the diffusion equation for normal- 
ized moisture content m’((, 1 )  = m((, t)/mo with 
ml = 0 at different values of normalized time 
t’ = (7r2Dt) / (4d2)  as a function of normalized 
distance (‘ = ( / d .  

and therefore we assume that  the moisture content de- 
pends only on the transverse coordinate (. In this case 
the diffusion of water in pressboard is governed by 

where m is the moisture concentration and D ( m )  is the 
diffusion coefficient, which is, in general, a function of 
the moisture. This fact introduces a nonlinearity in (15) 
which would make it very difficult to  solve. Since our 
goal is to  obtain only the general form of the functional 
dependence, we shall assume from now on that  D ( m )  is 
a constant. Since there may be other layers, such as the 
Parylene coating, between the pressboard sheet and the 
electrodes, it is convenient to  define ( such that  ( = 0 
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Figure 18. 
Experimental setup for profile measurements tak- 
en with the 3-X sensor. 

at  the exposed outer surface of the pressboard, and < = 
d a t  the sealed surface, where d is the thickness of the 
pressboard sample. If the distance between the exposed 
surface and the sensor is 21, then < = a1 --z (Figure 18). 

The closed-form solutions to  (15) are 

where k is the diffusion equation separation constant and 
L is an arbitrary parameter. These solutions are pairwise 
independent, i.e. either pair of equations may be used to 
find the total solution of a diffusion problem. The error 
function erf(z) is defined as [17] 

X 

and it has the bell curve as its derivative. In most cas- 
es infinite sums of these functions are needed to match 
boundary conditions and particular solutions. The first 
two forms are more convenient at times longer than the 
characteristic diffusion time T = d 2 / D ,  where d is the 
thickness of the layer, while the last two forms are more 
convenient a t  times shorter than 7, when a change at  
one surface has not had the time to  significantly diffuse 
to  the other. 

Let us assume that the exposed surface at  < = 0, i.e. 
the surface of the pressboard in contact with the oil, is 
constrained by the equilibrium with oil (Section 1.3) to 
be at  a certain constant concentration, and that this con- 
centration experiences a step change at time t = 0 from 
9 to  ml such that 

m(t = 0, t < 0) = 9 (18) 

m(< = O , t  > 0) = ml (19) 

We are also assuming that all previous transients in the 
moisture distribution have had time to  die away such 
that a t  t = 0- the moisture is uniformly distributed, i.e. 

m(<,t = 0-) = 9 (20) 

At the other surface, < = d,  there is no moisture flux, 
since it is sealed by the sensor, so that 

dm 
-((E = d ,  t )  = 0 

We recognize that out of the solutions to the diffusion 
equation, only the top solution in (16) satisfies these 
boundary conditions, for values of kn = ( n . x ) / ( Z d ) ,  with 
n a positive odd integer. A sum of terms with the above 
values for k constitute the homogeneous part of the so- 
lution to this differential equation. The particular soh-  
tion is ?((, t)  = ml. Since a t  time t = 0 the mois- 
ture distribution is given by (20) except a t  t = 0, where 
m(( = O,t = 0) = ml, we must find an infinite series 
with terms in the top form of (16), which would converge 
to this function. We therefore use a Fourier sine series 
expansion to write the total solution to  the differential 
equation: 

m 

Figure 17 shows a family of functions in the form of 
(22), every curve corresponding to a specific value of nor- 
malized time t' = (7r2Dt)/(4d2). As is clear from (22), 
higher order modes die out with time at a considerably 
higher rate as compared to lower modes due to  the factor 
ki in the exponential. At large values of the normalized 
time one can see that only the fundamental spatial mode 
of the transient is present, which is simply a one-quarter 
period of a sine in space. 

Based on (22) we may assume that the general mois- 
ture concentration in the pressboard sample at  some in- 
stant of time is of the functional form 

m .  m(<) = A + B -e -Dtk:  4 sink,< (23) 
rn 

n=l,odd 

4.4.2. PROFILE FUNCTIONS 

Equations (9)  and (10) show how the dielectric spec- 
trum of pressboard varies with changes in its moisture 
content. For the moisture contents of interest, i.e. for 
contents 5 3%, the loss peak in pressboard occurs at fre- 
quencies below 0.005 Hz ( Section 2.3), and the only part 
of the dielectric spectrum visible is the decrease to  the 
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right of the loss peak, which on a log-log plot is a straight 
line of slope y M -0.7 (Figure 9). We may therefore write 

q r l )  = c1+ yrl (24) 

q r l )  = ca + yrl ( 2 5 )  
where cl, cz, and y are constants. Before we are ready 
to  write the general equation relating E* to  the moisture 
content m, we need to know the function f M ( m ) ,  which 
represents the logarithmic frequency shift as a function 
of the moisture content in (9) and (10). Little can be said 
about this function from the data  in Table 5. Therefore 
we choose a form that  would yield the simplest algebra 

h ( m )  = cm + logm ( 2 6 )  
whose best fitted curve is shown in Figure 11. The curve 
in this Figure corresponds to  cm = -0.684, if m is in 
percent and the frequency is in Hertz. 

Combining (9), ( lo ) ,  and (24) to  (26) yields the final 
functional form 

m -7 
E* = E m  + EOC (,) ( 2 7 )  

in which c is a complex coefficient defined as 
c = 10-7(fT(T)+cm)(locl - i l oe l ) .  

Substituting (23) into (27) gives the general form of the 
dielectric profile of pressboard, most conveniently written 
as 

E * ( < )  = E, + 

(28) 
where G = c(A + B / 2 ) - 7  and C = 2B/(2A + B). The 
range of physical values for C, i.e. values for which the 
moisture content is non-negative, is C E [-2, 21. 

The dielectric profile is fully specified by the three pa- 
rameters G, C, and Dt. If these parameters are found by 
an estimation method, then the dielectric profile of the 
pressboard, and therefore its moisture profile, are fully 
specified. The first of these coefficients is complex (G) ,  
but the other two (C and D t )  are real, for a total of four 
degrees of freedom. In separating the real and imaginary 
parts of (28) it is found that data  from three wavelengths 
is needed to  solve for the unknown parameters of this 
function [13, Sect. 4.1.21. 

Relating the gain/phase response of a sensor to the 
medium above it,  described by ( 2 8 ) ,  is more complicated 
than before, when the variation in the complex permittiv- 
ity of the medium was described by a stair-step function. 
Now E* is a function of position and this must be ac- 
counted for in the mathematical model. However, since 

the only three parameters being estimated are those in 
(28), the spatial variation of E* may be arbitrarily closely 
approximated by a stair-step function with a large num- 
ber of intervals, and therefore the previously developed 
algorithms for calculating the gain and phase are still 
useful. 

5. PROFILE MEASUREMENTS 
5.1. EXPERIMENTAL SETUP 

In order to measure moisture profiles in pressboard, 
the sample had to  be placed in a controlled environment, 
which allowed moisture to  diffuse in and out of the press- 
board from one surface. The other surface of the sample 
was sealed by the sensor itself. For this purpose the ex- 
perimental setup shown in Figure 18 was created. The 
stainless steel chamber can be filled with transformer oil, 
whose moisture content can be varied by bubbling wet or 
dry nitrogen through it,  or the chamber can remain full 
of air with controlled pressure and humidity, as was done 
in the experiments presented there. Since intimate con- 
tact 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 a t  the same time allowing mass-transfer 
processes to occur a t  ( = 0 through a multitude of holes. 
They are attached to the aluminum base with insulating 
nylon bolts. 

- 1  

0 I I I I I I 
-3 -2 1 0 1 2 3 

log(freq) 
Figure 19. 

Permittivity of polymer structure as calculated 
from every wavelength of the three-wavelength 
sensor. A X = 5, 0 X = 2.5, 0 X = 1 mm. 

5.2. POLYMERS 
Before using the three-wavelength sensor to  measure 

profiles in pressboard, we decided to test it on polymers. 
We substituted the pressboard layer in Figure 18 with 
three layers of polymers, listed in Table 9, and took a 
full frequency scan. 
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Table 9. 
Layer structure for polymer experiment. Permit- 
tivity data is taken from [18] at 1 kHz and room 
temperature. 

Layer Material Thickness [mm] Permittivity 

2.26 EO 

HDPE 0.028 2.26 EO 

Parylene 0.005 2.70 EO 

The phase angle remained close to zero for the en- 
tire frequency range, indicating that the conductivities 
of these materials are too low to make a contribution. 
Using the one-dimensional parameter estimation routine 
(Section 4.1) we estimated the properties of the polymer 
layer for every wavelength independently, in order to ob- 
tain a qualitative picture of the permittivity distribution, 
shown for each wavelength in Figure 19. Only E’ data  is 
shown because the conductivity was too low to measure. 

The longest wavelength in Figure 19 measured the 
highest value of the permittivity, indicating that the top- 
most Plexiglasm layer had a higher permittivity than the 
other two materials, which is consistent with the per- 
mittivities of these plastics, listed in Table 9 [18]. The 
effective depth of penetration of an interdigitated sen- 
sor is typically of order X/4 [1,4]. The reach of the 
shortest wavelength, X3 = 1 mm (Table 6), is therefore - 0.25 mm. The combined width of layers 1 and 2 is 
< 0.1 mm, which means that all three wavelengths reach 
the Plexiglas layer. The thickness of the Plexiglas lay- 
er is - l o x  larger than the depth of penetration of the 
longest wavelength, and may be assumed to be infinite. 

The measurement in Figure 19 is consistent with the 
values of the permittivity of the materials listed in Ta- 
ble 9. The Plexiglas layer shows some dispersion, since 
the permittivities increase with lower frequencies. The 
shortest wavelength displays the least pronounced depen- 
dence on U, because it is least sensitive to the properties 
of the Plexiglas. 

The data in Figure 19 seems to be more noisy than 
other dielectric spectra presented so far. This is due to 
the fact that  the phase angle of the response is close to 
zero and the noise compensating influence of having two 
pieces of da ta  per measurement is absent. The inversion 
algorithms can only rely on magnitude data, which has a 
typical measurement tolerance of 0.5 dB, corresponding 
to  6% noise. 

When we applied the root-finding multidimensional 
parameter estimation algorithm (Section 4.3.1) to the 
data a t  1 kHz, poor results were obtained. Although 
the method worked correctly, the results are unrealistic, 

because the spatial dielectric profile seen by every wave- 
length is not sufficiently distinct. All three wavelengths 
were primarily influenced by the Plexiglas layer and as a 
result the signal-to-noise ratio of the method with respect 
to the other two layers is quite low. For good results the 
unknown layers’ thicknesses should be of the same order 
of magnitude as the depths of penetration of the differ- 
ent wavelengths, so that the shortest wavelength is most 
sensitive to the closest layer, etc. Therefore the three- 
wavelength sensor should work best on 0.5 to  2 mm thick 
layers. 

For the polymer experiment described in this section, 
the inversion algorithm that yielded the most information 
was the one-dimensional parameter estimation. 

5.3. OIL-IMPREGNATED PAPER 
Preliminary measurements with the three-wavelength 

sensor on EHV-Weidmann HIVAL pressboard exhibited 
inconsistency in the values of the permittivity between 
the three wavelengths and the known properties of press- 
board (from Section 2). We realized that because of the 
textured surface of that  kind of pressboard, an  effective 
oil layer was formed between the pressboard surface and 
the Parylene coating. Although such a layer can easily 
be included in the model, it would introduce another un- 
known and make the measurements less sensitive to  the 
properties of the pressboard instead. 

This is why we chose to conduct our profile measure- 
ments with Crockerm paper, which is a very similar cellu- 
lose insulating material with much the same applications 
as pressboard. The Crocker paper samples had a very 
smooth surface, which eliminated the problem of the ex- 
tra oil layer. In addition to  that,  the smooth surface of 
the paper made it possible to  stack many layers without 
worrying about empty space left between the plies. The 
Crocker paper sample, with which we conducted the ex- 
periments discussed in this Section, was 0.25 mm thick. 
Sixteen plies of paper added up to  a total thickness of 
4 mm, thus making the measurement sufficiently inde- 
pendent of the layers on the other side of the paper. The 
paper was impregnated with Shell Diala A transformer 
oil. 

First we examined the oil-impregnated Crocker paper 
sample with the parallel-plate sensor, described in detail 
in Section 2.1. The dielectric spectrum of the sample was 
taken at  room temperature. I t  is shown in Figure 20. 
This Figure is included mainly as a ‘sanity check’ ref- 
erence for all subsequent measurements with the three- 
wavelength sensor on Crocker paper. 

The dielectric spectrum of the Crocker paper sample in 
Figure 20 differs from the spectrum of HIVAL pressboard 
(Figure 9) in that in addition to the dominant loss peak, 
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Figure 20. 
Dielectric spectrum of oil-impregnated 0.25 mm 
Crocker paper at room temperature using the 
parallel-plate sensor. 

which occurs a t  frequencies < 0.005 Hs and is present in 
both materials, another loss peak is visible a t  N 0.2 Hs. 
This minor peak is responsible for the curved shape of 
the E" plot between 0.01 and 0.1 Hz. 

The first set of measurements with the three-wavelength 
sensor on the sixteen-ply Crocker paper structure was 
conducted in air immediately after the oil-impregnated 
samples had been dried under vacuum. The results from 
the one-dimensional parameter estimation algorithm, ap- 
plied to the data  from all three wavelengths with the as- 
sumption of a single unknown homogeneous layer, are 
shown in Figure 21. The shortest wavelength measured 
the highest value of E", suggesting that the layer closest 
to the sensor is more conducting as compared to the bulk 
of the paper. 

This high conductivity near the surface of the sensor 
may be attributed to the absorption in the paper of mois- 
ture which had been adsorbed on the sensor surface. 

We also applied the above root-finding multidimen- 
sional search to the data a t  0.01 Hs. The results are 

2t 
01 I I I I I I 
-3 -2 -1 0 1 2 3 4  

W f r e q )  

L 

-3 -2 -1 0 1 2 3 4  
log(freq) 

Figure 21. 
Dielectric spectra taken with the three-wavelength 
sensor on Crocker paper. A X = 5, 0 X = 2.5, 0 
X = l m m .  

shown in Table 10. The values of the permittivities are 
in the order expected from looking a t  Figure 21, i.e. layer 
2 had the highest value. I t  is disturbing to see a negative 
value of the conductivity of layer 1. This phenomenon 
has a simple explanation. The dielectric relaxation time 
(in s) of layer 2, which is closest to the sensor, is 

(29) 
E 4.79 x 10-11 
Q 2.32 x 

r e = - =  = 20.6 

corresponding to a relaxation frequency (in HI) of 

1 
2T7, 

fc = - = 0.0077 

This estimation was based on a layer 2 thickness of dz = 
0.25 mm. The highly conducting interfacial sone may 
be much thinner and more highly conducting than these 
estimates, corresponding to even higher values of the re- 
laxation frequency. This means that a t  0.01 Hs the elec- 
tric fields are shielded from the rest of the paper and the 
parameter estimation for layers 0 and 1 becomes a victim 
to a low signal-to-noise ratio. 
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and 86 h after the application of the vacuum. 

Table 10. 
Results from applying the root-finding multidi- 
mensional algorithm to Crocker paper data at 
0.01 He. 

0.25 3.29 -1.50 x 
2 0.25 5.41 2.32 x 

After that, vacuum was applied to  the chamber and 
continuous frequency scans were taken every hour, in or- 
der to monitor the drying process. Figure 22 shows the 
results from the application of one-dimensional param- 
eter estimation to  the data from each individual wave- 
length. The Figure shows the dielectric spectra mea- 
sured by each wavelength independently a t  five specific 
times: 1, 6, 12, 57, and 86 h after the application of vac- 
uum. The dielectric spectra in this Figure shift to  the 
left with time, indicating by the decrease in conductivity 
that moisture is leaving the paper. 

The application of the multidimensional search to  the 
same da ta  that  yielded the results in Figure 22 a t  0.01 Hz 
produced the results listed in Table 11. The table lists 
the estimated dielectric properties of the layer closest t o  
the sensor (layer 2), showing the low frequency disper- 
sion by its enhanced permittivity. These results are in 
agreement with the trends seen in Figure 22 and provide 
a quantitative measure of the decrease in conductivity 
associated with the drying. As already discussed, this 

conducting layer greatly reduced the sensitivity of this 
estimation to  the properties of the other two layers. 

Table 11 
Results of applying the multidimensional param- 
eter estimation algorithm to data at 0.01 He 
taken after the application of vacuum to oil- 
impregnated Crocker Paper at time t = 0. The 
tabulated values are for the Crocker paper layer 
closest to the three-wavelength sensor (layer 2). 

10.2 EO 1.41 x 10- 
9 .66~0 1.29 x lo-'' 
9.57&0 1.23 x 
9 .48~0  9.49 x 
8.45&0 6.24 x lo-'' 

6. CONCLUSIONS 
6.1. UNIVERSAL SPECTRUM 

importance of the 'universal' dielectric spectrum THE presented in Section 2 is that  a relationship may be 
developed between the dielectric properties and one or 
more physical properties of a material. While Section 2 
did present one such universal spectrum, it also estab- 
lished a methodology of obtaining such spectra for a ma- 
terial. The measurement method with the parallel-plate 
sensor can be used on any material. 

While taking the dielectrometry measurements with a 
parallel-plate sensor, it is important that  the material is 
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homogeneous. For example, our work showed that for 
moisture to  reach a uniform concentration in a 1 mm 
thick pressboard sample, five days at 50'C were needed. 

A method of combining the data  from all dielectric 
spectra was discussed in Section 2.3, which allowed all 
thirty-five measurements to be merged into a single uni- 
versal curve. This process resulted in a relationship be- 
tween the manner in which the individual spectra are 
moved in frequency in order to form a single curve and 
the physical parameters being varied. This relationship 
could later be used in the opposite direction to  obtain 
moisture content or temperature information from a di- 
electric measurement. 

For oil-impregnated pressboard the dielectric spectra 
were shifted horizontally with frequency on a logarithmic 
scale, the shift being a function of the two physical pa- 
rameters under consideration, temperature and moisture 
content. An important conclusion of the analysis of this 
function was that  the effects due to  variations in each of 
these two physical parameters were independent of each 
other (see (9), (10)). 

The limited range of temperature variation, - 13% on 
an absolute temperature scale, made it difficult to find 
the exact functional form of the relationship describing 
the frequency shift due to temperature, although an Ar- 
rhenius dependence fit the data  quite well. Future work 
should include testing a wider temperature range. 

The relationship describing the frequency shift due to  
moisture was difficult to establish for a different reason. 
The calibration moisture measurement with the vaporiz- 
er has a wide error margin. Therefore many more data  
points in Figure 11 are necessary in order to establish 
the functional form with confidence. When it is consid- 
ered that performing measurements on one pressboard 
sample takes a week to  allow for the conditioning tran- 
sient to  die away, it is clear why only seven data  points 
are present in that  Figure. In order to  find the universal 
dielectric spectrum of a material together with its accom- 
panying functions, it is necessary to  perform many more 
tests than we were able to do. However, we did establish 
a procedure that  can be followed to obtain such universal 
spectra. 

6.2. PARAMETER ESTIMATION 
Parameter estimation is the process of calculating the 

complex permittivities of the materials above an inter- 
digitated sensor from measured gain-phase data. It is 
the reverse of finding the gain phase response of a sensor 
if the material above it is known, often referred to  as the 
forward problem. The forward problem is solved in [l] 
and [2] for the case of a number of homogeneous layers 
of constant complex permittivity. In other words, the 

solution presented in that section is only applicable for 
cases where the complex permittivity profile is a stair- 
step function of the spatial variable z. Other spatial 
profiles can be found as solutions to Poisson's equation 
with spatially varying complex permittivity. 

Parameter estimation is performed numerically, be- 
cause it is impossible to  find closed-form solutions to 
the reverse problem. It can be implemented as iterative 
root-finding techniques or optimization techniques. The 
simplest case is the one-dimensional search, where the 
complex permittivity of only one parameter is unknown. 

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 wavelengths. 

In addition to the previously developed marching ap- 
proach [15], we have developed two other methods of pro- 
cessing the data  from measurements with more than one 
wavelength: the multidimensional search, and the mul- 
tidimensional search with an assumed profile function. 
The marching approach is simpler and more reliable and 
it is only valid when there is one unknown inhomogeneous 
layer extending to  infinity, but it is not applicable to ar- 
bitrary structures, since the thicknesses of the layers are 
prescribed by the sensor wavelengths. Both the marching 
approach and the multidimensional search approximate 
the profile with a stair-step distribution. The multidi- 
mensional search may be done either as a root-finding 
problem, in which case exact solutions are sought, or as 
an optimization problem in which case the minimum of 
an error function is sought. The second option allows 
for including data  from more wavelengths than there are 
unknowns. 

The multidimensional search with an assumed profile 
function 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 thick- 
ness. It is a root-finding problem where the unknowns 
are some parameters of this assumed function. 

All of these methods need refinement, although we 
have successfully used them in some applications. One of 
the major difficulties is that because the forward prob- 
lem is very nonlinear, the multidimensional algorithms 
may become unstable or otherwise fail to  find a root if 
the initial guess is too far from the solution. This is why 
it is very important to start with a good first guess to a 
multidimensional estimation problem, perhaps from ap- 
plying the one-dimensional algorithm to every individual 
wavelength first. 
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Which of these parameter estimation routines is pre- 
ferred depends on the characteristics of the particular 
problem. 

6.3. MOISTURE PROFILES 

We have used the ideas about measuring dielectric pro- 
files, developed in Sections 3 and 4, on measurements 
with the three-wavelength sensor on polymers and oil- 
impregnated paper. One of the obstacles in measuring 
spatial profiles by probing the material from only one 
surface is that  a highly conducting layer near the sur- 
face will limit the electric fields from penetrating into 
the material and reduce the measurement’s sensitivity to 
the bulk dielectric properties. 

Altogether the experiments confirm the feasibility of 
the method of calculating dielectric profiles. Depend- 
ing on the application a choice must be made about the 
spatial wavelengths of the interdigitated sensors, the fre- 
quency range, and the most appropriate parameter esti- 
mation algorithm, so that the greatest amount of infor- 
mation about the material properties is extracted from 
the measurements. 

Future work should include more diagnostic profile mea- 
surements with polymers or other well known materials, 
selecting their thicknesses in a way that would make the 
estimation methods sensitive to all layers. Slightly con- 
ducting polymers would be a good choice, because this 
would test the methods under more general conditions 
than very insulating materials could. More experiments 
on measuring moisture dynamic processes in pressboard 
with the three-wavelength sensor are also needed. When 
confidence is gained in the use of the simpler parame- 
ter estimation methods, the method of using an  assumed 
profile function, presented in Section 4.4, should be fur- 
ther studied. 
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