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Abstract

The step-by-step method has been used to calculate the value and determine the shape of
the return voltage after a longer charging-up the insulation with a DC voltage, followed
by a temporary short circuit {1]. In this paper is given a computer simulation method
to investigate the long time-constant range of the polarization spectrum. This range
can be investigated by successive calculation of the value of polarizability (polarization
intensity), or the initial slope of the return voltage curve obtained at different ratios
between the charging and the discharging times. Also the simulation method is used for the
investigation of the polarization spectrum obtained from the return voltage measurements.
Finally a comparison has been done between the calculated and experimental results.
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Introduction

As a response of applying a voltage to polar dielectrics, polarization pro-
cesses of different time constants are normally resulted. If the voltage
is removed, these processes decay to their original positions. The time
constants of these processes depend on the mobility, charges, etc. of the
charge carriers. The most of the technical insulations have a continuous
distribution of relaxation times (time-constants) [2,3], and from the point
of view of practice it has a great importance to investigate this range. Dif-
ferent dielectric parameters give information about the different parts of
the spectrum, (e.g., loss factor measured at different frequencies, thermally
stimulated discharge method, DC parameters measured with different val-
ues of charging and discharging times [4-6]). In a recently contribution [1],
an exact step-by-step method for modelling the long time-constant range of
the polarization processes has been explained. In this paper this method is
used to investigate the polarization spectrum by return voltage calculation.
The dependence of the shape of the spectrum on the degradation of the
insulation is explained as well.
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Description of the Method

After the application of an electric field to the dielectric, the elementary
polarization processes response with a delay according to their relaxation
times. In the calculation the continuous distribution function can be ap-
proximated by a series of delta functions at regular distances. The weights
of the delta functions can be obtained from the assumed value of relative
permittivity. The development of polarization processes after charging time
tcn can be given by

n
P(ten) = Ep Z a;(1 - etC"/r‘) A sec/cm® (1)

=1
where, Ejp is the applied electric field V/cm. «; is the polarizability
of the i-th elementary processes (a quantity which measures the intensity
of polarization in the dielectric) A sec/V cm. 7; is the time constant of the
i-th elementary process within the range 7; — % <T< T+ % and n is
the number of elementary polarization processes. It is clear that the de-
velopment of the elementary polarization processes are different during the
charging time. The relative value of the development of the i-th elementary

process over its steady state value after ., is

= Pitten) _ 1- e~ len/Ty, (2)
Dio

where p;o = «a; Ep is the steady state polarization in equilibrium. After
switching-off the voltage and discharging the dielectric, the polarization will
not instantaneously become zero, because there is a certain time required
for the processes to return back to neutral positions. Therefore, the i-th
elementary process after a very long charging-up, t.; =~ co diminishes to

Pit..) = Pioe */TA sec/cm’. (3)

where %5 is the discharging time. Similarly the relative rate of excitement

r;” after ts. time over its equilibrium value can be expressed by

= i(tse) — e"isc/l’i' 4

z Pio “)
Therefore, we can illustrate that after a given t., charging and ¢;. discharg-
ing period what will be the relative rate of excitement of the processes.
Figs. (1) and (2) show the dependence of the resulting value of the rela-
tive rate of excitement, r; = ri7;” on the values of charging and discharging

times, respectively. In these figures is assumed a uniform distribution of the
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elementary polarization processes in 5 decades of time constants between
107! to 10* seconds. From these figures it can be seen that by increas-
ing the charging time the value of 7; increases. While increasing of the
discharging time, this value of r; is decreased. Since the return voltage is
brought about by the elementary polarization processes, the return voltage
value is proportional to the area under these curves.
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Fig. 1. The dependence of the relative rate of excitement on the processes time
constants with charging voltage as a parameter. 5 decades, 5 proc./dec.,
gr = 3, vep = 100 volt.

Dependence of the Return Voltage Slope
on the Measuring Parameters

It is proved [7,8] that the initial slope of the return voltage is pro-
portional to the charging voltage v, and to the intensity of the processes
causing it, 1.e.

n
sp = — Z'Bi V/sec. (5)

€0 =]
where §3; = % is the polarization conductivity of the i-th elementary pro-
cess A/V cm, and €¢ is the permittivity of vacuum A sec/V cm. Fig. (3)
illustrates the dependence of the slope on the process time constant in the
case of single process at different ratios of t¢;/tsc. From this figure we can

see that there is a maximum nearly at the short circuit time. For a
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Fig. 2. The dependence of the relative rate of excitement on the processes time constant
with discharging voltage as a parameter. 5 decades, 5 proc./dec. er = 3,v =
100 volt.

certain time constant range of the spectrum its increasing rate depends on
the value of t.;. If the time constant of the process is greater than the
short circuit time, the slope will decrease. Also, we can see that the rate of
the increase of the slope on the left side of the diagram is higher than the
rate of its decay on the right side. This means that the value of the slope
depends strongly on the elementary polarization processes which have the
smallest time constant in the investigated range.

From Figs.(1) and (2) it is clear that the value and the slope of the
return voltage are proportional to the intensity of the polarization processes
in the interval:

t < T < ty. (6)

where t; ~ 0.5fsc and &4 o~ Tty are the lower and upper interval limits
belonging to 7; equals to 20 % of its maximum value, respectively.

Therefore, the average polarization conductivity during this investi-
gated range is

B = En:ﬁi A/V cm. (7)

=1

where n is the number of the elementary processes, remaining in excitation
after short circuit in the interval ¢; — £,. By a selective investigation of any
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Fig. 3. Time constant dependency of the slope of the return voltage with different values
of {.p/tsc. Single process er = 3,v.; = 100 volt.

optional t; — t, interval, the long time constant range of the polarization
spectrum can be examined by calculating of the value and the slope of the
return voltage with charging and discharging times chosen according to
equation (6). If the value of the average conductivity is multiplied by the
charging time £,; then the quantity

a=KtpB A sec/Vcm (8)

gives the average polarizability of the investigated range. K is an arbitrary
constant, its value depends only on the ratio of t./tsc. Consequently,
the average polarizability of any optional part of the spectrum can be
approximately determined from the slope of the return voltage with any
arbitrary values of t.; /tsc.

Calculation of K

The arbitrary constant K indicates the ratio between the average polariz-
ability in the investigated range and that value obtained from the calcula-
tion of the polarization conductivity. After charging and discharging the
dielectric the processes are excited with different ratios depending on their
time constants as shown in Figs. (1) and (2). Therefore by summation of
the intensity of the processes which are still in excited state the value of
K is e
— =1
K T 9)
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Fig. 4. Dependence of K on the ratio of .5 /tsc.

From Fig. 4 the value of K decreases with the increase of the ratio of
tch/tSC-

Polarization Spectrum Investigation

The polarization spectrum characteristic of the dielectric can be obtained if
the intensity of the elementary polarization processes is known as a function
" of the time constants. The intensities of these processes are characterized
by the polarization referred to unit field strength applied to the dielectric.
In our investigation the continuous spectrum has been substituted by a dis-
crete one as shown in Fig. 5-a. Where «; stands for the resultant polariz-
ability of the processes which have a time constant 7;. Figs. (5-a)(5-b) and
(5-c) show the original assumed distribution functions which are denoted
by letter A. From the assumed distribution functions the slopes belonging
to different ratios of ¢.,/tsc were calculated and from the slopes again the
distribution of polarization processes re-calculated. The re-calculated ones
obtained from the step-by-step method are denoted by letter B. To control
the condition of an insulation it is necessary to make the calculation are
three steps per decade of time constant and to co-ordinate in each case the
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Fig. 5. Comparison between the assumed and calculated polarization spectra with

ten/tse = 10, e = 3, 7 decades 5 proc./dec. vy, = 100 volt.
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Fig. 6. Comparison between the measured and calculated values of the return voltage

slope with a ratio of {.p/tsc = 2.

value of the average polarizability to the short circuit time of the calcu-
lated range (nearly the central time-constant of this range). By changing
the window t., — tsc the average polarization spectrum can be determined
as shown in these figures. From these figures it can be seen that there
is a good agreement between the assumed and re-calculated polarization

spectra.
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Comparison between Experimental and
Analytical Results

In order to investigate the polarization spectrum the initial slopes of the
return voltage have been plotted versus the time constant. From these plots
the polarization maxima can be determined. Also, the conditions of the
insulation or the alteration of conditions can be observed from the shape
or from the alteration of the shape of the spectrum, i.e. the increasing of
maxima or from changing their sites.

Some measurements were carried out by the Hungarian Electricity
Board on two transformers. These transformers are of 23 and 31 years of
operations. The time constant range of 1072 to 10% second range of the
spectrum of the first transformer was investigated in 16 steps. The inves-
tigated range of the second transformer was between 1072 to 10% second
in 8 steps. In both cases the DC charging voltage was 2000 volt and the
ratio between t.p /tsc was 2. As mentioned before the initial slope is af-
fected by the processes which have a time constant range determined by
Eq. (6). The calculated value of the constant K is 3.1 for ¢, /tsc equals 2.
Therefore, the value of the average polarizability 3 «; in the investigated
range of the spectrum can be determined by using Fgq. (8). By using the
simulation method and the obtained resultant polarizabilities the initial
slopes of the return voltage have been re-calculated. Figs. (6-a) and (6-b)
show the measured and the re-calculated responses of the slope for the two
tested transformers. From these figures we can see that there is a good
agreement between the original and the re-calculated results in both cases.

Conclusion

The proposed step-by-step method helps the correct interpretation of re-
sults obtained by measuring the return voltage. It has been used for the
investigation of the long time constant range of polarization spectrum. The
dependence of the initial slope of the return voltage on the measuring pa-
rameters has been discussed. The influence of the time window on the
measured quantities is investigated as well. Also the relation between the
polarization spectrum the measuring parameters and the measured quan-
tities has been explained, too.
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