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ABSTRACT 
The response of a three-wavelength interdigital dielectrometry sensor to the moisture dif- 
fusion process in oil-impregnated transformer pressboard has been simulated using an em- 
pirical relationship between the moisture concentration and the dielectric properties of the 
pressboard. A benchmark test of the moisture diffusion process has been developed with 
the purpose of comparing alternative parameter estimation algorithms used in w-lc (frequency 
wavenumber) dielectrometry. The results of simulations highlight characteristic features of 
the multi-wavelength sensor respon e delay from the start of the 
transient moisture diffusion process ngth, the influence of mois- 
ture boundary conditions, and the r nitude and variations of di- 
electric properties. One of the parameter estimation algorithms, linear calibrated admittance- 
based estimation (LCABE), has been applied to both simulated and measured data. Adequate 
performance of the LCABE approach in the absence of strong ,discontinuities of dielectric prop- 
erties in the electric field penetration region is demonstrated and contrasted to an electrically 
shielded region case, in which the signal response becomes nonlinear. The proposed approach 
offers significant potential for the measurement of diffusion processes in various dielectrics, 
especially for cases with highly irregular geometry or material structure. Measurement results 
from moisture diffusion process monitoring are included. Parameter estimation of measure- 
ment results with LCABE confirm its applicability to the monitoring of moisture dynamics in 
transformer pressboard. 

1 INTRODUCTION basic idea is to apply a spatially periodic electric potential to the surface 
of the material under test. Since the changes in the dielectric proper- 
ties usually are induced by the changes in various physical, chemical, 
or structural properties of materials, the dielectrometry measurements 
provide effective means for indirect, non-destructive evaluation and 
monitoring of vital parameters in a variety of industrial and scientific 
applications [12,13]. 

NTERDIGITAL sensors are used for a number of research and commer- 
cia1 applications to measure material properties [I, 21, control man- 

ufacturing processes [3,4], monitor chemical and physical changes of 
fluid and solid dielectrics [S, 61, etc. In many cases, the interpretation 
of the sensor response depends on simple calibration procedures, yet 
in other cases, it requires sophisticated signal processing algorithms [7]  

I 

and a deep understanding of the physics and chemistry of the dynamic 
processes that are being monitored [8]. 

Interdigital dielectrometry is a subset of interdigital electrode sensor 
applications that allows the direct measurement of dielectric properties 
of insulating and semi-insulating materials from one side [9-111. The 

The simplest experimental setup contains a single stationary inter- 
digital sensor in contact with the studied material. In this case, one can 
only determine dielectric properties of a single homogeneous layer of 
known thickness, or alternatively, one can determine the thickness of 
that layer if the dielectric properties are known in advance. The integral 
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relationship between the material dielectric properties and the inter- 
electrode admittance can be viewed as an equation with unknowns as 
dielectric properties on one side and measured or calculated terminal 
characteristics on the other side. 

In order to measure a larger number of unknown parameters, addi- 
tional equations must be supplied to parameter estimation algorithms. 
These equations come from the auxiliary instrumentation, physical and 
numerical models of monitored processes (e.g. diffusion process), and 
finally, from additional interdigital electrode pairs of different period- 
icities. For example, the moisture concentration in the ambient fluid 
may be obtained from an independent commercial sensor and used to 
better estimate the concentration of moisture in the solid insulation. 

The art and science of designing sensors with multiple interdigital 
electrode pairs and processing the output signals to gain knowledge 
about the material under test is the subject of interdigital frequency 
wavenumber (U-k) dielectrometry. The penetration depth of the fring- 
ing electric fields above the interdigital electrodes is proportional to the 
spacing between the centerlines of the sensing and the driven hge r s  
and is independent of frequency. Figure 1 illustrates the idea of multi- 
ple penetration depths for .a three-wavelength sensor. The variation of 
the material properties across the thickness of the material under test 
in the vertical direction can be found by simultaneously solving three 
complex equations describing this experimental arrangement assuming 
the layers are homogeneous in the horizontal direction. 

Multi-wavelength interdigital dielectrometry, also known as fre- 
quency wavenumber (U-k) dielectrometry, has been under develop- 
ment for cu. two decades. An overview of important concepts related 
to this technology is available [l, 14-20]. 

2 MOTIVATION 
An important application of this technology that is currently un- 

der investigation is the ability to study moisture dynamics in power 
transformer insulation materials in order to prevent failures due to free 
water formation, excessive losses, and dielectric breakdown induced 
by flow electrification [9,13,22,23]. 

Abrupt changes in the operating temperature of large power trans- 
formers result in a redistribution of moisture between the transformer 
oil and pressboard and may lead to transformer failure. Possibili- 
ties include the formation of free water in oil, excessive drying of the 
pressboard-oil interface, accelerated aging, and mechanical degrada- 
tion of solid transformer insulation. 

Dielectric properties of transformer insulation vary with the pres- 
ence of contaminant materials and additives. Since moisture is always 
present, it plays an important role in evaluating the operational char- 
acteristics of a power transformer. Transformer pressboard, a highly 
hydrophilic fibrous material, is strongly affected by moisture [24-261, 
which also makes it a good candidate for monitoring through dielec- 
trometry measurements [27,28]. Somewhat paralleling corrosion pro- 
cesses in metals, moisture accelerates pressboard insulation aging due 
to thermal, mechanical, and electrical degradation of the cellulose base 
[29-311. It has been observed that the practical lifetime of cellulose in- 
sulation is inversely proportional to its average moisture content [32]. 
An extensive review of the properties of transformer pressboard, and 
related measurement, modeling, and application issues is given in [33, 
341. 

The preliminary measurements of the three-wavelength sensor re- 
sponse to the molecular diffusion process were presented [35]. The goal 
of this study is to continue the development of parameter estimation 
algorithms to measure the spatial profiles of dynamically varying mois- 
ture concentration across the thickness of trdnsformer pressboard in a 
controlled environment. 

In this paper, the moisture profiles are calculated assuming a nearly 
linear relationship between the change in sensor transcapacitance and 
the average amount of moisture in the adjacent pressboard volume [36]. 
The linearity assumption and terminal circuit parameters are widely 
used in many designs of relative humidity [ 37-39], gas [40], chemical 
[41], and biological [42,43] interdigital sensors. From the true physi- 
cal representation perspective, this approach is inferior to the full-scale 
model-based inverse problem algorithms that use electric field model- 

ements and electrical network terminal parameters of the sensor. How- 
ever, it offers several advantages, including simplicity, stability of pa- 
rameter estimation, speed, and ability to determine moisture profiles in 
cases of ill-defined geometry and poor surface contact. 

Substrate 

S - Sensing Electrode 

Figure ' * A 
showing that the frmglng 
tional to the fundamental electrode periodicity A. 

The interdigital frequency-wavenumber dielectrometry methodol- 
ogy is based on electrical excitation of several sets of interdigitated elec- 
trodes with a sinusoidal voltage frequency sweep [21]. The combination 
of signals produced by variation of the spatial period of the interdigi- 
tal comb electrodes with thr variation of electrical excitation frequency 
provides information about the spatial profiles of dielectric properties 
of the material under test. The task of interpreting signals is fulfilled by 
parameter estimation algorithms, whose complexity, precision, accu- 
racy, and reliability vary considerably depending on the experimental 
conditions and available computation time. 

view Of multi-wavelength dielectrometrY 
Penetration is propor- ing to relate spatially varying material properties to lumped circuit el- 

3 THREE-WAVELENGTH 
SENSOR 

The top view of the sensor used in our recent moisture dynamics 
studies is shown in Figure 2. It consists of three sets of topologically 
identical interdigital electrode pairs etched on a common flexible highly 
hydrophobic TeflonTM substrate, which is 254 pm thick and has a rel- 
ative dielectric permittivity ~,=2.1. Each sensing comb contains five 
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50 mm long fingers. Two additional fingers on each side are held at a 
guard potential equal to the sensing voltage, to approximate the effect 
of infinite periodicity in the 2 direction [20]. The gray shaded area in- 
dicates guard voltage backplanes on the reverse side of the substrate. 
The transconductance and transcapacitance between comb electrodes is 
measured by driving them with a sinusoidal voltage difference. A half- 
wavelength two-dimensional representation of interdigital electrodes 
with a superimposed equivalent lumped element circuit is shown in 
Figure 3. 

In our normal practice, the frequency of the driving voltage signal 
varies between 0.005 Hz and 10 kHz with 10 logarithmically spaced 
frequencies per decade. Such a frequency sweep takes 6 2 h. In or- 
der to monitor the diffusion process with sufficient resolution in time, 
only selected frequency data points were measured and recorded in 
this experiment. Attention in the following Sections is concentrated on 
the 1 Hz frequency measurements. Measurements at other frequencies 
produce similar results in terms of moisture distribution and provide 
additional confidence in the proposed approach. High frequency mea- 
surements most accurately determine the transcapacitance C1 2 while 
low frequency measurements most accurately determine the transcon- 
ductance G12. For the most accurate measurements to determine both 
the transcapacitance and transconductance, the optimum frequency is 
on the order off = G12/(27rC12). 

2 
Figure 2. The three-wavelength interdigital sensor with spatial peri- 
odicities of 2.5,5.0, and 1.0 mm. 

4 SEQUENCEOF 
CO M P UTAT IO N S 

Whenever a new algorithm to solve the inverse problem is being de- 
velopedjt should be tested first on synthetic data, free of experimental 
noise and statistical measurement errors. In order to evaluate the per- 
formance of the linear calibrated admittance-based estimation (LCABE), 
the admittance output for various frequencies of the three-wavelength 
sensor as a function of time during the moisture diffusion process has 
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Figure 3. Half-wavelength representation with superimposed equiv- 
alent lumped element circuit. 

been simulated using typical values of physical parameters of trans- 
former pressboard. Then, admittance values were supplied to LCABE 
as the input for the inverse problem to determine moisture profile as a 
function of time. The sequence of this study is outlined below: 

1. Simulate the moisture diffusion process by numerically solving the 
governing moisture diffusion equation with a finite-difference code. 

2. Convert spatial moisture profiles for each measurement frequency at 
several distinct moments of time to the profiles of dielectric properties, 
using measured relationships from [18]. 

3. Discretize the calculated dielectric property profiles with a spatial reso- 
lution significantly higher than a three-layer approximation suggested 
by the penetration depths of the three-wavelength sensor in Figure 4. 

4. Using the finite element simulation (MaxwellTM by Ansoft Corp.), gen- 
erate a table of values of transcapacitance CIZ and transconductance 
Glz for each property profile and each wavelength of the sensor. 

5 .  For each moment of time that has an associated property profile, gen- 
erate a set of six input variables (G12 and C12 for each wavelength of 
the three-wavelength sensor). 

6. Use time curves of C12 and/or Gl2 to extrapolate the moisture profile 
at each selected moment of time using the LCABE algorithm. 

7. Convert the stair-step moisture profiles to either piecewise-linear or 
smooth profiles, because the nature of the diffusion process requires 
that property profiles should not have discontinuities across layer bound- 
aries. 

simulated data of moisture dynamics. 
8. Compare the results of the inverse problem solution with the original 

5 FORWARD PROBLEM 
The forward problem simulation of calculating the equivalent cir- 

cuit parameters given all material properties includes steps 1 through 
5. Several alternative methods could have been used to implement each 
step. For example, the diffusion equation could have been solved either 
numerically or analytically. We chose to use a numerical solution to the 
diffusion equation with constant diffusion coefficient, because in future 
work we plan to allow the diffusion coefficient to be a function of mois- 
ture concentration, for which analytical solutions are either difficult or 
not possible. Also, the conversion of moisture profiles into dielectric 
property profiles depends on empirical data that strongly deviate from 
the best fit due to a limited spatial resolution of the sensor. However, 
as long as one is consistent in the assumptions made for the forward 
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problem and for the inverse problem, the performance of the inverse 
algorithm is assessed properly. 

5.1 DIFFUSION PROCESS 

Figure 5 shows spatial profiles of moisture concentration generated 
with a finite difference simulation program according to a classic one- 
dimensional diffusion equation with a constant diffusion coefficient 
D = m2/s. 

Jm d2m 

where m is moisture concentration, t the time, and 2 is the spatial 
coordinate in the direction of diffusion. The profiles are shown at 10 
distinct moments of time, and the number next to each curve repre- 
sents time in hours elapsed since the beginning of the diffusion process. 
The left boundary condition at x=O is that the moisture concentration 
is at a constant value, chosen to be 10% throughout the process. This 
boundary condition corresponds to the case when a relatively small 
amount of pressboard is placed in a very large oil container or when 
it is open to the atmosphere and the relative humidity of air does not 
vary significantly during the experiment. Since the total moisture con- 
centration in a sealed transformer is fixed, a change in moisture level 
in pressboard also changes ihe moisture level in oil. However, a con- 
stant boundary condition is more desirable for the benchmark problem 
to insure simplicity and consistency of subsequent analysis. The right 
boundary condition at x=1 mm is the zero flux across the boundary. 
This condition exists when the pressboard faces an impermeable wall 
on one side. The sensor attached to the side of pressboard provides this 
type of an interface. 

(1) __ = D -  
at a x 2  

Metal plate 
with holes 

800 1000 x (pm) L I O *  --+i P 

,,+ 
Pressboard Sensor 

Figure 4. The cross-section of pressboard may be discretized into 
three layers. For each layer the distance from the sensor to the far 
interface corresponds to one-fifth of each of the three spatial wave- 
lengths of the sensor. 

The diffusion process starts at time zero and continues for N 30 h. 
After 30 h, a nearly flat pt$ile is obtained. The sensor should detect 
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Figure 5. Calculated spatial profiles of moisture concentration across 
the 1 mm thickness of pressboard from dielectrometry measurements 
using D = m2/s. Numbers next to the curves correspond to 
the time (h) at which the profile was calculated. 

nearly homogeneous properties across the entire pressboard thickness 
in the beginning and at the end of the simulated period of time. 

Characteristics of the imposed boundary conditions are steep gra- 
dients close to the left boundary and almost flat profiles close to the 
right boundary. Consequently, shorter wavelengths see a nearly homo- 
geneous region, while the fringing fields from the longer wavelengths 
penetrate through highly inhomogeneous regions. The signal indicat- 
ing the change of moisture concentration after it was stepped up at 
the left boundary is expected to be practically the same for the 1 and 
2.5 nun wavelengths that are most sensitive to changes in regions 1 and 
2 shown in Figure 4. The right-side boundary condition (z=lOOO pm) 
of no flux across the interface causes the moisture profiles to be fairly 
uniform. Since the penetration depth of the largest 5 mm wavelength 
is approximately equal to the pressboard thickness, the signal delay for 
this wavelength is essentially zero, while there will be some delay be- 
fore the moisture diffuses to within the penetration depths for each of 
the shorter 2.5 and 1 mm wavelengths. 

5.2 DIELECTROMETRY PROFILES 

In the next step, moisture profiles are converted into profiles of di- 
electric properties for oil-impregnated pressboard using semi-empirical 
relationships available from [13] 

E' = E, + &,1O-Y(fT+cm)10"1 (s) -y (2) 

= &,1(-Y(fT+"m)10"2 (?)-7 (3) 

The functional form of these relationships originates from the 'uni- 
versal curve' methodology in [44-461. The values of empirical coeffi- 
cients have been obtained by curve fitting of experimental data [18]. The 
following values of coefficients were used: CI =-0.7798, e2=-0.4724, 
e,=-0.684, f ~ = 0 . 6 ,  y=-0.7. The high frequency relative dielectric 
permittivity of transformer pressboard is assumed to be &,=3. (The 
experimental data discussed later has been obtained only for a narrow 
frequency range (1 Hz to 10 Hz). For that reason, it is not possible to 
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see how well (2) and (3) obey the Kramers-Kronig relationships which 
rely on integrals over the entire frequency range from 0 to -.) 

For the parameters analyzed in this problem, the relationship be- 
tween the moisture and the dielectric properties are not far from linear. 
Not surprisingly, the time-dependent theoretical profiles of dielectric 
properties in Figures 6 and 7 look very similar to the moisture profiles 
in Figures 5.  Figure 6 shows profiles of relative dielectric permittiv- 
ity during the diffusion process. The maximum value of ~,=3.72 is 
determined from (2) by the left boundary condition for moisture con- 
centration m=10%. (This simulation excludes low frequency dispersion 
effects due to an electrochemical double layer, when the estimated val- 
ues of dielectric permittivity are much higher than the high frequency 
permittivity.) 

3.81 
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3O 0.2 0.4 0.6 0.8 1 
Depth into material (mm) 

Figure 6. Calculated spatial profiles of relative dielectric permittiv- 
ity E~ = E ’ / E ~  at 1 Hz across the thickness of pressboard using (2) 
and Figure 5. Numbers next to the curves correspond to the time (h) 
for which the profile was measured. 

Spatial profiles of the imaginary part of the complex dielectric per- 
mittivity (loss factor) obtained using (3) are very similar in shape to 
those of the real part of complex dielectric permittivity, but they span 
a relatively larger range of values. For that reason, and also since the 
minimum value of E” is zero, the loss tangent tan 6 = a / ( w ~ ’ )  pro- 
files (not shown here) are also similar in shape. Assuming that the 
measurements are done at 1 Hz, the loss factor profiles (E” = a / w )  
can be recalculated readily into conductivity profiles by multiplying 
them by w=27r. The conductivity profiles are presented separately in 
Figure 7 because they are related directly to the time variation of the 
transconductance Glz discussed later. 

5.3 STAIR-STEP APPROXIMATION 

The sensor response to gradual changes of moisture concentration 
has been simulated using commercial finite-element software Maxwell. 
The cross-section of pressboard has been broken into 20 equally thick 
layers, each with specified distinct values of relative permittivity and 
conductivity, so that for each moment of time this spatial profile would 
be approximated in a fashion shown in Figure 8. 

The broken curve shows the original profile of relative dielectric 
permittivity of pressboard at t=l h, and the solid line shows a corre- 

“0 0.2 0.4 0.6 0.8 1 
Depth into material (mm) 

Figure 7. Calculated spatial profiles of conductivity (a = W E ” )  

across the thickness of pressboard using (3) and Figure 5 with w=27r. 
Numbers next to the curves correspond to the time (h) for which the 
profile was calculated. 

sponding 20 layer stair-step approximation. This representation is sig- 
nificantly more accurate than a three-step representation available from 
the three-wavelength sensor. The computational error introduced by 
the stair-step representation is well within the the maximum accuracy 
available from the three-wavelength sensor. 

I 
I 

I 
I 

I 

Depth into pressboard (mm) 

Figure 8. Twenty-layer stair-step representation of a continuous spa- 
tial profile of relative dielectric permittivity of pressboard at t=l h. 

Figure 9 shows the finite element mesh generated by Maxwell for 
the cross-section of the 2.5 mm wavelength sensor. The density of the 
mesh is higher at the electrode edges, in the regions of significant elec- 
tric field enhancement. The location and shape of triangles in the upper 
part of the pressboard cross-section reflects the layered representation 
illustrated in Figure 8. For the purpose of this simulation, the thin layer 
between the driven and sensing electrodes whose thickness is equal to 
the electrode height (14 pm) is assigned the same properties as the insu- 
lation layer directly above it. Other simulations could allow this cavity 
to have dielectric properties of oil for oil-impregnated pressboard or air 
for oil-free pressboard. 
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16.5195 0.1381 
16.5197 0.6135 
16.5529 1.6345 
16.7989 4.8608 
17.1368 8.4096 
17.7502 14.4998 
18.7188 24.1318 
19.2391 29.4096 
19.5407 32.5008 

D 

10.4090 
10.4520 
10.538'1 
10.7960 
11.065;' 
11.5137 
12.2030 
12.5739 
12.7893 

Guard 

0.6713 
1.8974 
3.2680 
5.9749 
8.4174 

12.3269 
18.4244 
21.8070 
23.8041 S 

0.0000 
-0.5872 
-1.3645 
-1.5941 

0.5577 
4.1422 

10.9672 
21.9644 
27.9077 
31.3596 

Guard 

14.0861 0.0000 
14.0140 -0.9099 
13.9306 -1.8895 
13.9055 -2.1000 
14.0798 -0.8331 
14.3718 1.1481 
14.9225 4.8925 
15.7952 11.0511 
16.2604 14.4556 
16.5289 16.4557 

Figure 9. Finite-element mesh for the 2.5 mm wavelength electrode 
cross-section with the guard electrodes at the same potential as the 
sensing electrode and where spatially varying properties of trans- 
former pressboard are mc'deled through a twenty layer representa- 
tion. 
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5.4387 
5.4152 
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6.7488 
6.8938 

5.4 RESULTS OF NUMERICAL 
S I M U LATl ON 

0.0000 1.3092 
-0.4919 1.2453 
-0.9159 1.1922 
-0.9600 1.1869 
-0.5285 1.2321 

0.0800 1.2904 
1.2252 1.3886 
3.1819 1.5320 
4.3084 1.6043 
4.9841 1.6448 

The admittance between the driven and sensing electrodes for each 
spatial wavelength is calculated for each moment of time indicated in 
Figure 5. Two cases are considered, corresponding to our experimental 
setups. The first case assumes that the region above the pressboard is 
of semi-infinite extent and has dielectric properties of Teflon, ~ ,=2 .1 .  
The second case assumes that a guard plane at the same potential as 
the sensing electrode is positioned at the top of the pressboard (for the 
sensor and pressboard orientation shown in Figure 9). One experimen- 
tal setup uses a guarded perforated steel plate to provide mechanical 
support while allowing access of the external fluid (usually air or trans- 
former oil) to pressboard. Alternatively, a perforated Teflon plate has 
been used. A third case, not analyzed here, is direct access of the exter- 
nal fluid to the pressboard-fluid interface, without a perforated plate. 
In this case, the signal dynamics should be similar to that in case one, 
because the Teflon plate is closer in dielectric properties to the dielectric 
fluid than to a metal plate. 

A major distinction exists for the conductors and insulators posi- 
tioned at the top of the 1 mrn thick pressboard cross-section. The pres- 
ence of a conducting sheet significantly alters the distribution of fring- 
ing electric fields throughout the thickness of pressboard, especially 
in the upper region. This, in turn, affects the values of transcapaci- 
tance C 1 2  and transconduciance G I 2  between the driven and sensing 
electrodes. Table 1 shows values of transconductance G12 and tran- 
scapacitance C l 2  computed for all three wavelengths, assuming a 50% 
metalization ratio (equal width drive and sense electrodes), 1 m long 
meander length, and a top insulating layer of infinite thickness with a 
relative dielectric permittivity ~ ,=2 .1  (Teflon). Table 2 shows the values 

Table 1. Nominal values of transconductance Glz and transcapaci- 
tance Cl2 for all three wavelengths calculated for 11 distinct moments 
of time during the diffusion process assuming a top insulating layer 
of semi-infinite extent with E~ = 2.1 (Teflon). 
- - 
Time 

h 
'0 
0.1 
0.5 
1 
2 
3 
5 

10 
15 
20 
30 

- 

- - 

G12 pS I C12 pF i Giz pS I Ciz pF 
0 0000 116 5209 I 0 0000 I 10 

7.1047 
7.2173 
7.3356 
7.5466 
7.7200 
7.9809 
8.3686 
8.5771 
8.6982 

Table 2. Nominal values of transconductance G12 and transcapaci- 
tance Clz for all three wavelengths calculated for 11 distinct moments 
of time during the moisture diffusion process assuming a perfectly 
conducting top layer. 
- 
~ 

Time 
h 
0 
0.1 
0.5 
1 
2 
3 
5 

10 
15 
20 

- 

of G I ~  and C l 2  computed for the same case, but with the top insulating 
layer being replaced by a perfect conductor. Although graphical repre- 
sentation of this data is also included and analyzed below, the response 
is tabulated because these cases are expected to serve as benchmark 
tests for alternative parameter estimation algorithms. 

To avoid confusion, we should comment on the negative values of 
the transconductance G 1 2  in column 2 of Table 1 and in columns 2,4, 
and 6 of Table 2. This does not violate any physical laws and does not 
require any special assumptions about the physics or electrochemistry 
of the process. The negative values of transconductance (as well as 
transcapacitance) arise from the fact that a multi-electrode distributed 
system with spatially varying material properties is being represented 
as the simple lumped element circuit of Figure 3 that does not have the 
same topology as the sensor. In particular, there is a parallel capacitance 
and conductance from the interface between drive and sense electrodes 
to the backplane guard electrodes that at low frequencies can result in 
negative values of C l 2  and G l 2  in the 7r-equivalent circuit. Additional 
discussion to clarify this issue is available [20]. 

The simulated change of capacitance with time, from values in Ta- 
bles l and 2 are shown for each wavelength in Figures 10(a) and (b), 
respectively, without and with a metal top plate. The absolute value of 
transcapacitance increases as the spatial wavelength decreases for the 
same total meander length. Also, the absolute value of C l 2  decreases 
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with the introduction of the perfect conductor as a top plate. Intuition 
supports this result: the conductor terminates some of the electric field 
lines originating at the driven electrode which would otherwise have 
reached the sensing electrode. So, even though the total capacitive en- 
ergy stored in the system increases, the capacitive coupling between 
the driven and sensing electrodes decreases because of redirection of 
fringing electric field lines. 

I 0 1  
0 5 10 15 20 25 

i , -t 5-0 mm i 

- 1  _ _ _  _ _ _ _ _  - c.' 10 1- 
a , ,  

8 6 1  
g 8 4  I - n 0 

0 " 

4 o w - + - -  4 ;  I 
I 
I .____. - -  A - 

--- O L  - 
0 5 10 15 20 25 

Time, f (h) 
(b) 

Figure 10. Simulated variation of capacitance per meter during 
moisture diffusion calculated using the half-cell presentation as 
shown in Figure 9. (a) without metal top plate, @) with metal top 
plate. 

For the purposes of employing the LCABE algorithm, the time vary- 
ing capacitive sensor response should be normalized to common base 
values, which will be related later to moisture concentration base val- 
ues. First, consider normalization to the starting value, shown in Fig- 
ure 11 

(4) 
The II priori number at t=O is available because the entire pressboard 
region is considered uniform before the diffusion process starts. There- 
fore, one may want to use the starting value of capacitance of each 
wavelength as the normalization factor. Each curve in Figure 11 was 
obtained by dividing entries in Figure 10 by the corresponding curve 
starting value, for example, by c12=7.0421 pF/m in Table 1 for the 
5.0 mm wavelength curve in Figure ll(a). This way of plotting em- 
phasizes some salient features of the process dynamics. The relative 
change of capacitance increases with wavelength, because the ratio of 
the spatial wavelength to the substrate thickness approximately deter- 
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Figure 11. Change of normalized capacitance Cizns during the dif- 
fusion process with normalization to the starting value for each of the 
three wavelengths as given in (4). (a) without metal top plate, @) with 
metal top plate. 

mines what fraction of energy is stored in the pressboard. Since the 
substrate thickness does not change with the wavelength in this sensor 
design, the final normalized values of capacitance differ at the end of 
the diffusion process. The only exceptions are the 5.0 and 2.5 mm wave- 
lengths in Figure ll(a), whose values are approximately equal at t=30 h. 
This happens because a small part of capacitive energy associated with 
the 5.0 mm wavelength is stored in the top insulating layer, which re- 
duces the fraction of the electric field lines that go only through the 
pressboard. In other words, if the thickness of pressboard was higher, 
the distribution of the final normalized values of capacitance Clans in 
Figure ll(a) would be similar to that observed in Figure ll(b). 

Figure 11 illustrates the delay difference with wavelength. In case 
(a), the 5.0 mm wavelength reacts to changes in moisture concentration 
immediately, whereas the 1.0 mm wavelength goes through the inflec- 
tion point, experiencing a delay on the order of 0.5 h. In case (b), all 
wavelengths respond immediately, although with different intensity, 
because the zero order spatial Fourier harmonic is affected strongly by 
the large increase in conductivity and permittivity due to the presence 
of moisture in the upper region of the pressboard cross-section. An- 
other way to look at this is to say that the fringing electric field lines 
from the drive electrode to the top plate are affected immediately by 
the increase of conductivity and dielectric permittivity at the top. 

Another important feature of the time profiles in Figure 1101) is the 
initial decrease of capacitance during the first 3 h of the diffusion pro- 
cess. It may seem counter-intuitive at first, because the average value of 
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Figure 12. Change of normalized capacitance during the diffusion 
process with normalization i o  the difference between the final and the 
starting values for each of the three wavelengths as given in (5). (a) 
Without metal top plate, (b) with metal top plate 

the relative dielectric permittivity grows continuously. In this case, the 
initial reduction of capacitance is due to increasing conductivity in the 
upper region. Some fringing electric field lines that previously would 
follow an arc between the driven and sensing electrode now are drawn 
into the high conductivity region and terminate on the top plate. 

Another possible way to normalize the change of capacitance is by 
using a posteriori information. Figure 12 shows the same signal curve 
linearly normalized to the difference between the final and the starting 
value, so that the final value of the normalized signal is equal to 1 and 
the starting value is equal to 0: 

t712(t) - Cl2(t = 0) 
C1:2(t = CO) - Cl2(t = 0) Cl2nd = - (5) 

Figure 12(a) exhibits similar features as Figure ll(a). The speed of 
the response growth increases with the spatial wavelength. At each 
moment of time, except for the initial and final values, the magnitude of 
the normalized capacitance CJ1znd is the highest for the 5.0 mm wave- 
length and the lowest for the I .O mm wavelength. From the perspective 
of mapping the range of capacitance values to the range of moisture 
values, the representation in Figure 12(a) is more advantageous than 
that in Figure ll(a) because it allows direct linear mapping in which the 
average signals from each region of the pressboard retain their relative 
relationships. On the other hand, the relative positioning of normalized 
signal amplitude is reversed in Figure (b) with respect to their counter- 
parts in Figure (a). A direct h e a r  mapping to moisture values would 
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Figure 13. Simulated variation of conductance during moisture dif- 
fusion per meter length, calculated using a half-cell representation as 
shown in Figure 9. (a) Without metal top plate, (b) with metal top 
plate. 

result in non-physical negative moisture concentration values early in 
the simulation. 

Before we turn our attention to mapping of capacitance dynamics 
to moisture dynamics, we should also review the changes of the in- 
terelectrode transconductance during the same diffusion process. It 
is well known that the local bulk conductivity of transformer press- 
board changes by several orders of magnitude during typical moisture 
concentration transients [13], whereas the real part of the complex di- 
electric permittivity varies in a comparatively narrow range (at a given 
frequency). Figure 13 reflects this difference. The initial conductance 
values are zero, whereas the final values are on the order of 10 pS. 

The effect of the metal top plate is clearly pronounced. The distribu- 
tion of the final values of Gl2 is much wider for case (b) in Figure 13. 
This same effect has been observed in Figure 10 for the capacitance C12 

values. The intersection of curves in Figure 23(a) at - 3 h from the 
beginning of the diffusion process that leads to the reversal of the wave- 
length sequence in their signal's relative magnitude for each period of 
time is easy to interpret. Given an infinitely thick homogeneous mate- 
rial, the conductance decreases with the wavelength increase, so when 
the property distribution becomes nearly homogeneous at time t=30 h, 
the conductance increases from the 5.0 mm wavelength to the 1.0 mm 
wavelength. However, in the beginning of the process, when the mois- 
ture has only partially diffused into the pressboard, the conductivity 
in the upper layers is only seen by the longer wavelengths. The two 
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competing factors equalize at time t = 3 h. 
To parallel the data representation shown in Figure 12, the conduc- 

tance plots are normalized to their final value (since the starting value 
is zero). Figure 14 shows that the results of the conductance normal- 
ization are very similar to the results of the capacitance normalization, 
including the reversal of the curve sequence between cases (a) and (b). 
The difference between the curves for individual wavelengths within 
the same top plate case is slightly less pronounced for the conductance, 
primarily because the growth over several orders of magnitude has 
been normalized to the linear [0;1] interval. Logarithmic representation 
of such data will be explored separately. 
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Figure 14. Change of conductance during the diffusion process with 
normalization to the final value for each of the three wavelengths, 
Glz,d = Glz ( t ) /G~z ( t  = -=) (a) Without metal top plate, (b) 
with metal top plate. 

6 INVERSE PROBLEM 
6.1 ASSUMPTION OF LINEARITY 

The simplest type of mapping from the interdigital sensor output 
usually assumes a linear relationship between the sensor capacitance, 
conductance, impedance, admittance, or resistance and the physical 
variable of interest (e.g. [47-491). The advantages of such an approach 
include its inherent simplicity, stability, and speed. The disadvantages 
are numerous. Only relatively simple cases of spatial property distribu- 
tions can be treated; the physics and chemistry of underlying plienom- 
ena are not fully represented; U posteriori information about the signal 
and frequent recalibration may be necessary; mass transfer in the bulk 
of material is reflected in the signal hysteresis. 

5 10 15 20 25 "3 0 
-2 ' 

Time (h) 

793 

-- 0 5 10 15 20 25 30 
Time (h) 

(b) 

Figure 15. Time profiles of average moisture concentration calcu- 
lated from simulated capacitance curves in Figure 12. The numbers 
next to the curves indicate the regions shown in Figure 4 penetrated 
with a corresponding spatial wavelength. The calculated moisture in 
part (b) is not physical at early time because of the negative moisture 
concentration values. (a) Without metal top plate, (b) with metal top 
plate. 

The assumption of linearity for the case analyzed here is reasonable 
for relatively small variations for moisture concentration, and when the 
outer boundary moisture concentration is available from auxiliary sen- 
sor measurements. Bringing a perfect conductor in the vicinity of the 
sensor head significantly distorts the otherwise adequate linear rela- 
tionship between moisture concentration and capacitance Cl2 as was 
illustrated in Figures 10 through 14. Figure 15 shows the time varia- 
tion of average moisture concentration detected by different electrode 
pairs. These profiles have been generated by a linear mapping of time 
profiles of the normalized capacitance Clznd in Figure 12 from the 
[0;1] interval to moisture concentration in the interval [0;10%]. In the 
field measurement, the upper limit of moisture concentration can be 
provided by an auxiliary moisture sensor immersed in transformer oil, 
using oil-pressboard equilibrium curves. 

' Figure 15 shows that such a mapping performs adequately for case 
(a), but produces negative, non-physical values of moisture concen- 
tration in case (b). Also, the sequence of curves in case (b) does not 
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reflect average moisture concentrations in each layer of transformer 
pressboard because initially i he normalized values decrease below the 
starting value. For that reason, only case (a) is analyzed from this point. 
By the nature of the mapping, the initial (t=O) and final (t=30 h) mois- 
ture concentration profiles are guaranteed to be flat and assume extreme 
values of the moisture concentration interval [0;10]%. 

6.2 STAIR-STEP PROFILES 

From three-wavelength computer simulations, Figure 16 shows the 
calculated three-layer stair-step spatial profiles of moisture concentra- 
tion at selected moments of time that directly correspond to the time 
profiles in Figure 15(a). Time (h) is indicated above each curve at each 
of the three layers of Figure 4 selected to represent pressboard thick- 
ness. The stair-step profiles provide intermediate, crude estimates of 
moisture concentration. For clarity of graphical presentation, the steps 
are plotted so that the level in the region 500 to 800 p m  shows the aver- 
age level at the 500 to 1000 pin region. Similarly, the level in the region 
0 to 500 p m  shows the average level at the 0 to 1000 p m  region. The 
800 to 1000 p m  region shows the average moisture level in the layer 
adjacent to the sensor. Appropriate weighting of these levels to reflect 
actual changes in each region is achieved in the next step by exploit- 
ing the outer boundary condition value at z=O. However, even at this 
point, the adequacy of the proposed approach is demonstrated as the 
moisture concentration decreases from left to right, as expected from 
the physical model. 

I 
^I 15 , 

0 200 400 600 800 1000 
Depth into pressboard, p m 

Figure 16. Stair-step profiles of average moisture concentration for 
selected moments of time plotted using the results in Figure 15(a), 
where the moisture values in Region 3 are obtained from curves (1,2, 
and 3), in Region 2 from curves (1 and 2), and in Region 1 from curve 
(1). 

6.3 CONTINUOUS PROFILES 

Additional information about the physical process is always valu- 
able when solving inverse pioblems. Since the diffusion of moisture 
is being analyzed, we can impose a continuity requirement on each 
moisture profile. The discontinuities in Figure 16 are due to the spa- 
tial discretization of representation with the three-wavelength sensor 
shown in Figure 4. Also, the left boundary condition at z=O may be 

available from auxiliary sensor measurements of oil moisture. In this 
benchmark problem, the left boundary condition is a constant moisture 
concentration of 10%. Stair-step profiles in Figure 16 are first converted 
into point-wise profiles by assuming average concentration values at 
the region boundaries and a 10% Concentration at the left boundary. 
Then the moisture profiles are approximated with a fourth-order poly- 
nomial in z. The result of this process is presented in Figure 17. The 
resultant profiles are close to the original one:; shown in Figure 5 for 
all times except the very early ones. Very high gradients in the outer 
regions could not be characterized accurately due to the limited spatial 
resolution of the three-wavelength sensor. 
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Figure 17. Smoothed continuous profiles of moisture concentration 
with an imposed 10% constant moisture concentration boundary con- 
dition at z = 0 using a polynomial approximation of profiles in Fig- 
ure 16. Profiles do not agree well with those of Figure 5 at early times 
t<l h because of the large gradients near z=O. 
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Figure 18. Piecewise-continuous moisture concentration profiles 
generated with imposed additional mass conservation requirement. 

To address the steep gradients issue, one can incorporate a conser- 
vation of mass requirement while interpreting the stair-step parameter 
estimation provided by the three-wavelength sensor. It may be neces- 
sary to move the coordinates of the point that separates regions with 
dissimilar properties, which we will refer to as the collocation point. 
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Figure 18 shows piecewise-continuous spatial profiles in which the col- 
location point departs from the region boundary and shifts to the left 
if the corresponding flat profile region in Figure 16 is at a very low 
moisture value. For example, the area of the triangle in Figure 18(a) 
at time 0.5 h is proportional to the area under the corresponding rect- 
angle in Figure 16 that extends form x=O to x=500 pm. On the other 
hand, if the area of the triangle is larger than the rectangle area times 
the proportionality factor, the collocation point remains at the interlayer 
boundary. The proportionality factor should be selected based on the 
spatial rate of decay of the electric field in the material at increasing 
distances from the sensor head. In the first approximation chosen here, 
the triangle area has to be 5x as large as the rectangle area. The pro- 
portionality factor is somewhat dependent on material properties and 
has been selected empirically based on several simulations. 

7 EXPERIMENTAL RESULTS 
The results discussed in this Section, also presented in [SO], are rep- 

resentative of many studies of moisture dynamics in transformer press- 
board. The moisture concentration was measured in a 1.5 mm thick oil- 
free transformer pressboard as a function of time and position during 
the moisture diffusion process. A flexible interdigital three-wavelength 
sensor shown in Figure 2 was used to gather information regarding 
pressboard dielectric properties at different depths from the sensor- 
pressboard interface. Data was obtained by processing the signals from 
the three-wavelength sensor, air humidity sensor, and thermocouple in- 
stalled in the experimental chamber. Air-pressboard equilibrium curves 
were used to provide boundary conditions and the relative moisture 
level magnitude. 

A controlled-environment experimental chamber was built to sim- 
ulate the temperature, moisture, and materials of a power transformer 
environment [35]. A number of diffusion studies have been performed 
in this chamber to date. The ambient air inside the chamber was humid- 
ified to a pre-selected value by circulating moist air through a system 
of interconnected ducts. 

"0 5 10 15 20 25 30 
Time (h) 

Figure 19. Measured capacitance between each electrode pair 
throughout the moisture diffusion experiment for each sensor wave- 
length at 1 Hz. 

Initially, the pressboard was vacuum-dried. The moisture diffusion 
process started with the step change in the ambient air humidity from 

0% to - 12% with temperature being held at 70°C. Air-pressboard 
equilibrium relationships [51] were used to provide boundary condi- 
tions at the air-pressboard interface and relative moisture level infor- 
mation needed for the parameter estimation algorithms. According to 
these relationships, a 12% humidity level in air at 70°C corresponds to 
1.8% equilibrium moisture concentration in the transformer pressboard. 
Thus, the left side boundary condition at z=O is a moisture level equal 
to 1.8% for the duration of the entire experiment. 

The signals from the sensing electrodes of the three wavelengths 
were recorded at three frequencies: 0.1,1, and 10 Hz. This paper utilizes 
the signals only taken at the frequency of 1 Hz, since the transcapaci- 
tance and transconductance were similar at 0.1 and 10 Hz. Figure 19 
shows the values of measured transcapacitance for each of the three 
electrode pairs. Each signal follows approximately the same pattern 
dictated by the diffusion dynamics. After a small initial delay, the signal 
grows at a high rate, after which it flattens off, indicating the end of the 
diffusion process experiment. The initial delay time is the smallest for 
the largest wavelength, because it can 'see' deepest into the pressboard. 

Similar results hold for the measured transconductance vs. time for 
each of the three wavelengths. The relative amplitude of change of 
the transconductance is normally larger than that of the transcapaci- 
tance due to the high electric conductivity growth with the increase of 
the moisture concentration. Nevertheless, as demonstrated below, the 
transcapacitance provides sufficient sensitivity for the moisture profile 
measurements. 

21 1 

'0 5 10 15 20 25 30 
Time (h) 

Figure 20. Average moisture level measured by each wavelength: 
region 1 (1 mm), regions 1 and 2 (2.5 mm), and regions 1, 2, and 3 
(5 mm) using Figure 19 with (6). 

8 MOISTURE PROFILES 

The transcapacitance signals in Figure 19 were used to generate the 
curves of moisture concentration in the pressboard layers, assuming a 
linear relationship between the non-dimensional difference capacitance 
values of (5) and the moisture levels at each moment of time 

where for our experiment m(t = O)=O and m(t = -)=1.8%. Note 
that conversion of measured capacitance values to moisture does not 

m(t) = m(t = 0) + [m(t = m) - m(t = O)] C 1 2 ~ d ( t )  ( 6 )  
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require any empirical relationship relating moisture to dielectric prop- 
erties like those in ( 2 )  and (3). 

Figure 20 shows the change in the average values of moisture con- 
centration in the three regions that correspond to the penetration depths 
of the three wavelengths of the sensor. The average value corresponds 
to the cumulative amount of moisture in all regions within reach of a 
given penetration depth. 

The fact that the difference of the moisture concentration measured 
by the 2.5 and the 1.0 mm wavelengths is very small, is related to a 
relatively small signal delay difference in the detection time analysis. 
Since the right side blocked boundary condition eliminates the moisture 
escape, the gradient-driven diffusion process results in a nearly flat 
moisture concentration profile across regions 1 and 2 of the pressboard 
indicated in Figure 4. 
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be possible to combine advantages of an approximate smooth profile 
representation and a straight line representation with moving colloca- 
tion points. 

The experiment is stopped at - 30 h, when the signals essentially 
stop changing. At this point, the moisture profile is expected to be 
almost uniform and at the maximum value of 1.8%. The profile at 28 h 
has these characteristics. 

Now, it is possible to evaluate the moisture diffusion coefficient from 
the moisture dynamics presented in Figure 21. By simulating the diffu- 
sion process using a standard finite difference technique, one can match 
the measured profiles. The estimated value of the diffusion coefficient 
is D M 2.3~10-l1 m2/s. Figure 22 shows theoretical moisture profiles 
generated using the estimated value of diffusion coefficient that are in 
reasonable agreement with the measured profiles in Figure 21. 
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Figure 21. Calculated spatial profiles of moisture concentration 
across the thickness of pressboard from dielectrometry measurements 
using D z 2.3~10-'I m'/s. Numbers next to the curves correspond 
to the time (h) at which the profile was measured. These curves were 
obtained using a polynomial approximation of the stair-step represen- 

Figure 22. Theoretical spatial profiles of moisture concentration 
across the thickness of pressboard calculated using a diffusion coeffi- 
cient of D = 2.3~10-l1 m2/s, selected based on best visual match 
of the curves in the low gradient region. Numbers next to the curves 
correspond to the time (h) after the moisture was stepped to 1.8% at 
x=o. tation similar to that shown in Figure 16. 

Figure 21 shows calculated moisture profiles from dielectrometry 
measurements for 14 distinct moments of time. The moisture spa- 
tial profiles were calculated from the measurement data using multi- 
variable parameter estimation algorithms for the three-wavelength sen- 
sor combined with the moisture measurement data of the ambient en- 
vironment (air relative humidity of 12%) together with moisture equi- 
librium curves to give the pressboard moisture concentration of 1.8% 
at z=O. Early time profiles for t<2 h are not shown because as earlier 
shown in the simulated analysis of Figure 17, the three wavelength sen- 
sor has insufficient resolution for high gradients near the x=O interface. 

The process starts with a step change in moisture concentration to 
1.8% at the left boundary at time zero. The first two profiles (at the 
time moments of two hours and four hours) continue to show a slightly 
overestimated amount of moisture in the middle region of the press- 
board because the sensor resolution is insufficient to capture high pro- 
file gradients. Future work will include better use of mass conservation 
requirements in order to improve the spatial resolution without adding 
more electrode pairs of different spatial periodicity. In this case, it may 

9 CONCLUSIONS AND FUTURE 
WORK 

EASUREMENT of moisture diffusion processes in transformer press- M board have been made possible using multi-wavelength dielec- 
trometry. The parameter estimation algorithm based on terminal char- 
acteristics of interdigital comb electrodes has been developed and tested 
against synthetic data. As a part of the algorithm testing process, the so- 
lution to a benchmark problem of a transient diffusion process has been 
calculated using finite element (FE) software. The benchmark problem 
will be used in the future to compare the performance of alternative 
parameter estimation algorithms. It also helps to develop intuition for 
analysis of multi-wavelength dielectrometry measurements and pro- 
vides insights into improved experimental practices. 

The algorithm tested here has demonstrated adequate performance 
for experimental setups which do not have sharp gradients of dielec- 
tric properties within the sensor penetration depth region of a wave- 
length. The algorithm has been successfully applied to experimental 
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data. The moisture diffusion coefficient in oil-free transformer press- 
board has been evaluated, assuming that it is independent of moisture 
concentration. 

Future work includes testing of algorithms that determine spatially 
inhomogeneous dielectric properties as an intermediate step before 
evaluating the moisture concentration distribution. Measurements of 
moisture diffusion in oil-impregnated pressboard in a simulated trans- 
former environment will be reported as well. The understanding of 
moisture-related processes in power transformers can be enhanced with 
this methodology. The results of measurements with oil-impregnated 
pressboard immersed in transformer oil will be published at a later 
date. 
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