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The paper presents research results of paper-oil insulation samples obtained through the measurement of the
electric polarization current. The research tests were carried out in a home-made laboratory system, which made it
possible to regulate and control the temperature and humidity of mineral insulation oil. The samples of the
electrotechnical paper differed in the degree of aging. Based on the measurements of the polarization current the
value of the main time constant of the insulation under study and values R & C of the substitute diagram were
determined by using the Deby’s model. The analysis of the influence of temperature, humidity and the degree of
aging of the paper-oil insulation samples on the values determined from the model was carried out..
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Introduction

Throughout a few recent years the research-
developmental work carried out in numerous scientific
institutions in the world has significantly improved the
knowledge on the phenomenon of electrical polarization
in dielectrics [1, 2, 3]. As a result of this research the
apparatus developed [4, 5], which has been successfully
introduced onto the market and adopted for the research
on paper-oil insulation of transformers and power cables.
Presently, various methods of the evaluation of insulation
condition are used (PDC polarization and
depolarization current, RVM — recovery voltage method,
LFDS - low frequency domain spectroscopy). Modern
PDC or RVM meters are used mainly for determining the
degree of electrotechnical paper dampness of power
transformer insulation [6, 7]. For example, a RVM 5461
meter by the firm Tettex Instruments provides as the
main measurement parameters the content of water in
percentages in paper (percentage of water weight in
relation to paper weight) and critical temperature, at
which the time constant of the insulation under study is
about 200 ms. Moreover, in this meter as well as in
meters by other manufacturers, the parameters that are
analyzed are as follows: maximum value of recovery
voltage, the time of obtaining this value, and the speed of
increase of the voltage registered. However, the attempts
to use the RVM or PDC meters for the evaluation of the
aging degree of paper-oil insulation encountered
considerable difficulties in interpreting the measurement
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results obtained. A  simultaneous influence of
temperature, dampness and aging processes on the runs
registered caused significant and difficult to explain
changes of the above—mentioned parameters. The issue
of a specific separation between the influence of
dampness and aging still remains open. At present, many
research institutes in the world conduct research work to
improve the level of knowledge in this scope [6].
According to the author, the lack of a more thorough
analysis of the runs of polarization and depolarization
current, and recovery voltage can cause the above-
described situation [8]. Therefore a bigger number of
parameters should be defined and their behavior during
the simulated phenomena should be analyzed using a
mathematical model, and we should go back to
laboratory research on small objects, which imitate an
actual paper-oil insulation of a transformer relatively
well. Obviously, the last stage of the research work
should be comparing the laboratory results with the
measurements on real objects. This paper presents the
influence of temperature and dampness on a time
constant determined by using the analysis of the
polarization current run and Deby’s mathematical model.

I. Measuring set-up

A properly prepared sample of paper-oil
insulation was used as the research object. The
measuring set-up and the shapes and sizes of the
electrodes are shown in Figure 1 and Figure 2. The
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sample of paper-oil insulation was made by cutting one
sheet of electroinsulation transformer paper and pouring
carefully fresh mineral insulation oil over it. The process
of pouring oil was carried out in such a way as to prevent
the occurrence of air bubbles inside the insulation. First,
the sample underwent drying and after being poured with
oil, it was seasoned. The measurements of temperature
and dampness of oil were taken with an HMP228
transducer by the firm Vaisala, which was scaled for
transformer oils in ppm units. The polarization current
was measured with a resistivity meter BM 25 by the firm
Megger, connected with a PC for data archivization.
Temperature control in the system was ensured by a
circulating oil pump with a water heater. The level of
dampness of the insulation sample under study was
changing with temperature, however, the apparatus made
it possible to determine only the dampness of oil.
Therefore, for each consecutive temperature the fact of
establishing a new water balance between paper and oil
was taken into consideration, thus the measurement
taking of polarization current was delayed deliberately.

=
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Fig. 1. Measuring set-up for the measurements of
polarization current and paper-oil insulation

1 — container, 2 — electrodes, 3 — electroinsulation paper,
4 — insulation oil level, 5 — czujnik temperature and
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dampness sensor, 6 — valve, 7 — pump, 8 — water heater,
9 — resistivity meter BM 25
In this setup three samples of transformer
electroinsulation paper saturated with mineral insulation
oil of an unknown origin were tested, which differed
significantly in their degree of aging. It was decided to
mark the samples in the following way:

I — fresh paper, dried;

II — paper from a transformer after a failure;

III — artificially thermo-aged paper.

Sample II was obtained during the repair works of
the transformer after the interwinding fault of the upper
voltage. The markings of the transformer manufacturer
were as follows: TAOC 100/15 Elta Lodz; 100 kVA/89.
Sample III was aged for in the temperature of 110°C for
50 h with the access of air.

II. Mathematical model

When a dielectric is exposed to the activity of the
external electrical field it is subject to the phenomenon of
polarization. However, the very polarization is extremely
difficult to observe. It is tested through registration of the
changes of current flowing through a dielectric. Current
density J(t) is the sum of conductivity current connected
with a finite conductivity of a material and current
resulting from the shift of bounded charges:

J(t) = cE(t) + 4D
dt (1)
where: 6 — conductivity, E(t) — external electrical field,
D — electrical induction.
If a dielectric is exposed to the activity of a constant
electrical field for time tc, polarization current I,(t) will
assume the form:

1,(t)=E(c+&,/(1) )

where: g — electrical permeability of vacuum, f(t) —
dielectric response function.

b)
Fig. 2. Overall view of the measuring setup (a) and a close-up of the vessel with the sample under study (b)
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Fig. 3. Substitute scheme of the insulation under study
R - skew resistance of insulation, Cy — geometric
capacity of an object, R; i C; — elements simulating a
time constant of insulation

Response function f(t) can be calculated based on a
substitute scheme of the insulation under study, which is
shown in Fig. 3:
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Time constant can be also determined based on the
measurements of  polarization current properly
approximating  the registered function  run

y(x)=4-e"* +C.

II1. Research results

Fig. 4 presents collective characteristics of the
influence of temperature of paper-oil insulation of the
polarization current registered. There should be noted a
constant and significant increase of the established value
of polarization current with the increasing temperature of
the measurement. This phenomenon is due to the
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Fig. 4. Influence of temperature and dampness on polarization current (4a, 4b,4c) and changes of oil dampness
caused by rising temperature of the insulation under study (4d)
a) sample I, b) sample I, c¢) sample II1
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Fig. 5. Resistance and a time constant (5a, 5c, 5e) and elements R, and C, (5b, 5d, 5f) of paper-oil insulation
a, b) sample I; ¢, d) sample II; e, f) sample III

decreasing skew resistance of insulation, the almost
linear drop of which is shown in Fig. 5a, 5c and 5Se.
Figure 4d shows how the dampness of oil changed
with rising temperature during testing the consecutive
samples of oil-paper insulation. Significant changes of
the degree of oil dampness in the heating circuit should
be observed, which proves the significance of the
stabilization of conditions that make it possible to keep
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the water balance between paper and oil during the tests
of this type of insulation.

Fig. 5a — 5f show the changes of time constant T and
elements R; and C,, which were determined using a
mathematical model from polarization current runs. The
initial decrease of the time constant is caused mainly by
increasing temperature, i.e. lowering value R; at an
almost constant C; (Fig. 5b). For temperatures above
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45°C the time constant increases, which is caused by
transformer paper drying, i.e. migration of water from
paper to oil (repeated increase of R; and a quite
significant decrease of C; — Fig. 5b). Such situation is
typical for fresh insulation (sample I), when dampness in
cellulose is entirely of the external origin, and not, for
example, the result of aging reactions.

An entirely different behavior of the main time
constant T was observed in the case of testing the
polarization current of the aged samples II and III. In an
almost whole range of rising temperature of insulation,
the time constant also rises, except for insignificant
fluctuations for 30 — 50°C of sample III (Fig. Se). It
should be also noted that the resistance of the insulation
from both the paper aged through operation and aged
artificially is at a similar level and behaves similarly in
the temperature function (Figs 5c¢ and 5e). The increase
of the main time constant 7 is caused by a rising value C,
at an almost unchanged value R; (Figs 5d and 5f). It
should be also observed that value R; of the insulation
from the most aged paper (sample II) is considerably
lower than value R, for the other samples. Moreover, the
more aged the paper is, the bigger influence of element
C;, not Ry, on value t in the temperature function
(dampness) is. This observation proves the usefulness of
determining the values of elements R; and C,, which
simulate the main time constant t of paper-oil insulation
to evaluate the degree of its aging.

Conclusion

According to the author, the temperature of a
measurement influences significantly the value of time
constant T of paper-oil insulation. While estimating the
state of dampness or aging of transformer insulation
based on the measurements taken with PDC or RVM
meters, this influence should be taken into account, the
proof of which are tests already carried out on a simple
sample of such insulation. Determining the changes of
the values of elements R; and C; of a substitute scheme
can prove to be very useful. Only a correct interpretation
of t changes in correlation with R; and C; and other
parameters of the PDC and RVM methods should lead to
a correct diagnostics of paper-oil insulation of
transformers and power cables.

Taking the dominant role of value C; in the main
time constant t together with the degree of aging of
paper-oil insulation obviously requires confirmation by
further research work (increasing the number of samples,
precise control of the degree of paper dampness,
extending the time scale of artificial thermo-aging, etc.).
The research schedule for fulfilling the above-discussed
aims will constitute a part of the author’s further research
tasks in the nearest future.
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[redan BonpHuii

Brnuime TemMniepaTypu 4 BOJIOTOCTI HA 3HAYEHHS I'0JIOBHOI KOHCTAHTH 4acy

NanepoBo-MacJsiHOI i30/1511il, BU3HAYEHOI IPY BUKOPHUCTaHHI mojeJi ledaiis

Texuiunuii ynieepcumem Onone, gyn. Cocnoscvkoeo 31, 45-272 Onone, [loavwa. E-mail: swolen@po.opole.pl

B crarTi mpuBeneHi pe3ynbTaTH JOCIIUKEHHS 3pa3KiB IMalepoBO-MACILHOI 130J1AMil, BU3HA4YEHI 3a METOXOM
BUMIPIOBAHHS CTPYMy €JIeKTpUYHOI nossipu3anii. JlocmimkeHHs Oynu npoBesieHi B CUCTeMI BIaCHOI KOHCTPYKIT, J1e
OyJia MOXKJIMBICTh PETYJIFOBAHHS 1 KOHTPOJKO TEMIICPATYPH 1 BOJIOTOCTI MiHEPAIbHOTO i30JSAMIMHOIO Macia. 3pa3ku
SJICKTPOTEXHIYHOTO Harepy BiPi3HSUIMCSA OAWH BiJ APYroro CTYIIiHHIO cTapiHHsA. Ha OoCHOBI BHMIpIOBaHHS CTpyMy
nonsipu3anii npu 3acrocyBaHHi moxeni JleGas BU3HAUEHO 3HAYCHHS TOJOBHOI KOHCTAHTH Yacy IOCIiKYBaHOL
i3omstii 1 3nayenHss R u C B cxemi 3amimieHss. [IpoBeseHo aHaii3 BIUTUBY TeMIEpaTypHu, BOJOTOCTI M CTYIEHs
CTapiHHSA 3pa3KiB MANepOBO-MACISHOL 130JIAIII1 HA BiANOBIAHI 3HAUYSHHS 13 MOJEII.
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