DIAGNOSTICS

Written in the aid of technicians involved in the maintenance of electric equipment

Absorption index
of insulation at
end of service life

ABSTRACT

Absorption Index (Al) remains valid
for old-aged unsealed transformers
as a simple and effective method of
non-destructive control insulation.
The reasons for Al decrease within
transformer operation are insulation
moistening and contamination. Sev-
en gradation levels of the insulation
condition and algorithm of the oper-
ating procedures are proposed de-
pending on the value of the measured
Al and its variation in time. Along with
Al, it is recommended to measure the
polarisation index (PI) and the PI-2
(Rsoo/Rus ratio).
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- Part li

Old-aged transformers equipped with silica gel air breather

5. 0il and Al

It is well known that oil quality has a signif-
icant effect on the insulation resistance and
on Al and PI values. The better the quality
of the oil, the higher the insulation resis-
tance, and more reliable the transformer.
But modern transformer oils with low con-
ductivity (including Russian GK oil) have
Aland PI close to 1 (see the last paragraph

of Annex 3). This means that for insulation
of the transformer as a whole, the Al and
PI values will be lower when filling with a
higher quality oil than when filling with a
lower quality oil. To quantify this reduc-
tion in the Al the following experiment
was performed at ZTZ. The Russian old
TKp oil (obtained from the oil by acid-base
treatment) and GK oil (obtained by the
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hydrocracking method) were alternately
poured into a three-phase three-winding
transformer. The comparison of the Al at
a voltage of 2.5 kV is shown in Table 4. As
follows from this table, GK oil increases the
insulation resistance by approximately an
order of magnitude, and on average halves
the Al value.

It is noteworthy that when oil is filled
with TKp, the Als in the schemes
LV - (HV + MV + GND) (1.96 and 2.06
at different temperatures) are less than in
the MV — (HV + LV + GND) schemes
(3.52 and 3.95). And on the contrary,
when pouring the GK oil, Al in the
LV - (HV + MV + GND) scheme is larg-
er than in the MV - (HV + LV + GND)
scheme (1.43 and 1.24, respectively). This
can be explained as follows. It is known
that when changing the oil in a solid in-
sulation of a transformer, up to 10 % of the
old oil remains. The solid insulation near
the LV winding of our transformer has
fewer oil channels, and TKp oil remain-
ing in it is older than in the oil in the solid
insulation near the MV winding, where
there are fewer oil channels.

6. Al dependence on the
temperature

The author’s data indicate that old-aged
transformers with a high moisture content

V/italy GURIN

The quality of the oil affects the insulation
resistance and the Al and Pl values - the
more stable these values, the more reliable

the transformer

have the Al value significantly dependent
on the temperature. This is valid for both
the European climate conditions (Fig. 3)
and tropical climate (Fig. 5).

In an operating transformer, the water
migrates from the solid insulation to
the oil and vice versa, depending on the
transformer temperature. Therefore, Al
values should be compared with earli-
er measured data at the same or at close
temperature values of the transform-
er. According to the USSR practice, the
temperature of HV winding phase B is
assumed as the transformer insulation
temperature, which is determined by
DC resistance. For “cold” transformers,
the temperature can be determined by

sensors installed at the top oil layers. The
difference between these methods can
exceed 5 °C. It is suggested to use both
methods, and for comparison, to apply
the method used during the previous
testing.

Various correcting formulas and tables
are available for reducing the measure-
ment results to the same temperature
for IR [15, 16]. According to the author,
there is no point in compiling such tables
for Al values. It is preferable to take mea-
surements during the transformer cool-
ing after decommissioning, when the
temperature approaches the level from
previous measurements. Temperature
difference should not exceed 5 °C.

Measured data indicate that old-aged trans-
formers with a high moisture content have
the Al value significantly dependent on the

temperature

Table 4. Transformer 160 MVA 220/ 121 / 35 kV in the testing lab of ZTZ, February 1988

Type of oil, Ris, Reo,
temperature T et MQ MQ L
TKp, 38 °C
HV - (LV + MV +GND) 250 480 1.92
MV — (HV + LV + GND) 270 950 3.52
LV - (HV + MV + GND) 260 510 1.96
TKp, 33 °C
HV - (LV + MV + GND) 330 650 1.97
MV — (HV + LV + GND) 380 1150 3.95
LV - (HV + MV + GND) 340 700 2.06
GK, 35°C
HV - (LV + MV + GND) 4900 5800 1.18
MV — (HV + LV + GND) 4500 5600 1.24
LV - (HV + MV + GND) 2800 4000 1.43
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During diagnostics, itisimportantto correct-
ly evaluate the remaining “time to death”,
which depends, on the degree of insulation

moisture content

T[°c)

—o—HV-lV —a—HV-tank

Figure 5. Temperature-dependence of insulation Al of autotransformer 4T
(125 MVA 242 / 121 / 36 kV) TPP Neyveli at 5 kV. The test was carried out in February
1989. Before the shutdown of the AT, the moisture content in the oil was 40 ppm at 75 %
load. The moisture content in the solid insulation was 4 % (calculated). The AT was man-

ufactured by ZTZ in 1965.

7. Insulation condition
evaluation using Al value and
recommended measures

The problem related to insulation mois-
turizing of both old and new transformers
remains relevant [10]. During diagnostics,
it is important to correctly evaluate the re-
maining “time to death” of a transformer,
which depends, among other things, on
the degree of insulation moisture con-
tent. Over the decades of work in the field
of transformers, the author occasionally
returned in his thoughts on how to rean-
imate the criterion of Al value. The situ-
ation is as follows. Operating stafl typi-
cally have the annual data of Ris and Reo.
This set of data is maintained throughout
the whole service life of the transformer.

However, this data is not used efficient-
ly enough, and the isolation condition
remains underestimated. Therefore, the
relevance of evaluating the permissible
decrease of Al value and the permissi-
ble absolute Al value (previously equal
to = 1.3) was also practically assured. The
author has repeatedly thought about im-
proving the evaluation of the transform-
er insulation condition based on the Al
criteria. In the afternoon of his life, the
author has formulated and suggested the
following simple algorithm of measures
based on Al test results.

First, let us consider a marginal case when
the transformers measured Al value was
1.0. In 2001, at S/S “Varna TPP”, Bulgar-
ia, the bushing 220 kV was replaced by a

Water and moisture in the transformer in-
sulation can cause a fatal damage, as in the
case of the 200 MVA 230 / 121 / 38.5 kV
transformer in “Varna TPP”
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company unqualified for the 200 MVA
230 / 121 / 385 kV autotransformer
(AT) (manufactured by ZTZ in 1977)
after 23 years of successful operation. In
this AT, three single-phase OLTCs type
RNOA 110 / 1000 are located on the
110 kV-side. Typically, over 20 years of
transformer operation, rubber seals be-
come brittle and must be changed. How-
ever, this has not been done. The rainwa-
ter has entered the phase C diverter switch
reservoir through a poor seal between
the transformer cover and the diverter
switch and moistened the insulating parts
of diverter switches. The measured Al in
configuration HV - (LV + GND) was 1.0.
Despite this, the AT was commissioned.
After two months, the AT exploded, re-
sulting in significant damage: a rupture
of the diverter compartment and OLTC
diverter switch of phase C, displacement
of the AT out of the rails, damage of three
HV bushings (the framework of damaged
110 kV bushing of phase cI is shown in
the foreground of Fig. 6), AT tank defor-
mation, failure of the tank welded joints
at many places, complete failure of two
coolers, etc. During the investigation,
water was also found at the bottom of di-
verter switch reservoirs of phases A and B.
An emergency overhaul was carried out
by Trafoservice company to upgrade and
modernise the AT at the substation site.
The AT was sealed (tank welding and in-
stallation of an air bag) and filled with new
Bulgarian oil “Priesta Trafo A During
testing after the overhaul, AT was 1.30 at
35°Cand 1.26 at 55 °C. The AT has been
commissioned and operated without any
problems for almost 5 years. Then the AT
was decommissioned. The annual preven-
tive testing of the AT performed from that
moment has confirmed the AT’s operating
capability until today (April 2020).

This fact indicates the unaccepted value of
Al = 1.0. An assessment of higher Al val-
ues tolerability and the algorithm of pro-
posed measures are provided in Table 5.

Initially, the lowest measured Al value is
brought in correlation with the four grada-
tions listed in column 2 of Table 5. Then AAI
variation is calculated using the equation:

AAT = (Al — AL) / ATz x 100 (%), where:
Al1 - test performed a year before,
Al — current test.

In the equation, the denominator con-
tains the smaller Al value (Al instead of
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Al) for the purpose of a more accurate
consideration of the decrease rate of Al
for a significantly moistened and con-
taminated insulation (when Al is less
than 1.1). For this purpose, different Al
values (10, 5, and 2 %) are also indicated
for different absolute values of AL A val-
ues are the most controversial part of the
proposal and require the most extensive
clarification. It should be emphasized that
the Al decrease revealed in the moistened
and contaminated transformer encour-
ages some degree of optimism because it
ensures a degree of margin for a timely de-
cision on the transformer decommission-
ing in order to prevent an accident.

The algorithm is related to old-aged un-
sealed transformers according to GOST,
without reference to their power and volt-
age rating.

An example of effectiveness of the mea-
sures according to Table 5 is shown in
Fig. 4. Another example is presented in
Table 6.

There is an algorithm based on Al and AAl
for evaluating the insulation condition of
aged transformers according to GOST,
without reference to their power and volt-

age rating

Transformer 47T (250 MVA 242 /15.75kV)
AEC Kozloduy, Bulgaria, manufactured
by ZTZ in 1974. The moisture content in
the oil before repair — 26 ppm, after repair
- 6 ppm. Oil spray drying was carried out
in April-May 1994 by Research Center
“LTZ-Service”

The author feels the reliance upon effec-
tiveness of his proposal for diagnostics
of the transformer condition. Improve-
ment of Table 5 is possible and necessary
by analysis of Al data accumulated over
many years for unsealed transformers by
different manufacturers. Priority should
be paid to the nature of change in Al of

the HV - LV section over a long period
of the transformer operation. It is also
necessary to accumulate and analyse new
data, especially for those transformers
filled with new oil during an overhaul. By
virtue of his age, the author himself can
no longer do this in practice. He relies on
consideration of other younger special-
ists.

8. Comparison of criteria for
Al, Pl, DAR and Reoo/R15 ratio

The typical time-dependence of IR of the
old-aged transformer in the range of up to
10 minutes is shown in Fig. 7. Table 7 rep-

Figures 6. Damage of the 200 MVA autotransformer at S/S "Varna TPP", Bulgaria
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Table 5. Evaluation of insulation condition of the old-aged unsealed transformer and recommended measures

No. | Al AAI* Insulation What to do
condition (recommended action)
1 >1.2 <10 % | Excellent No cause for concern. Continue to operate normally.
>10 % | Good Continue to work, but the condition should be checked upon the first
shutdown of T.
2 11<Al£12 |[<5% Fair Carry out additional measurements.**
Continue to operate but check the decrease trend.
>5% | Questionable Continue to operate with excessive control.***
Check the decrease trend.
3 1.01 <Al<1.1 [ <2% Poor Continue to operate with excessive control.****
Filtration or drying of oil, or replacement of oil within the next 6-12 months.
>2% | Very poor Continuation of operation is risky.
Drying or replacement of oil or insulation drying within the next 1-2 months.
4 <1.01 - Dangerous It is unacceptable to start up the transformer for operation. Insulation
drying.

*Variation of Al value (see the equation in the text) at temperature difference between the tests not exceeding 5 °C.

*+Make measurement of insulation IR, Al, P, tan delta and their dependence on the temperature and voltage testing for all accessible sections of
the transformer insulation. Make measurement of the oil characteristics (moisture content, tan delta, breakdown voltage). Plot graphs of variation
with available data for the complete period of the transformer operation. Contact experts for advice onr evaluation of the transformer condition.
=+xExcessive control includes taking measurements++ at least once per six months to clarify the trends.

=+xExcessive control includes taking measurements++ at least once per quarter. If it is impractical to carry out the testing too frequently, it is
possible to cut to estimation of the transformer condition as "very poor".

resents the comparison of AT, PI, DAR, and
Reo/Rus calculated based on data in Fig,. 7.

Let us compare conditions of transform-
er 2GT according to Pl and Al criteria. If
PI = 1.6, in line with IEEE (Annex 3 to
this paper), the condition of transform-
er 2GT should be evaluated as “fair” For
a complete evaluation of the condition
using the Al criterion, there is no data for
the year before 1988. According to the
absolute value of Al = 1.18, the transform-
er condition should be evaluated in the
rough between “fair” and “questionable”

DAR assumes only a very small-time do-

main in the absorption curve and a pri-
ori provides less information about the

Table 6. Effect of insulation drying on Al

insulation moisture content if compared
with other criteria. Considering also that
a smaller error occurs when comparing
large digital values, DAR should be con-
sidered unpromising for implementation
of field tests in practice. Reoo/Rus ratio (let
us call this ratio “Polarization Index 2”
PI-2) may be more informative.

The author’s experience shows that a wid-
er point of view that PI is temperature-in-
dependent may not be observed for old-
aged highly moistened transformers. So,
Fig. 8 shows a temperature dependence of
AL PI, and Reoo/R1s (PI-2) for the distance
from major solid insulation of the trans-
former 4T at TPP Neyveli (mentioned in
Fig. 5). As can be seen from Fig. 8, PI no-

ticeably decreases at the temperature in-
crease, although to a lesser extent if com-
pared to AL and especially PI-2.

9. On the possible life span of
old power transformers

By the start of the 1990s, it was found that
power transformers and shunt reactors of
up to 750 KV inclusive are able to operate
reliably beyond the 25-year service life es-
tablished by GOST [17, 18, 19].

The subsequent experience of the au-
thor suggests that transformers can
successfully work for much longer.
Many of the transformers discussed in
this article are still in operation. Some

Before repair

After repair

Transformer temperature 38 °C 43 °C
HV - LV 1.30 1.67
HV —tank 1.05 1.41

128

TRANSFORMERS MAGAZINE | Volume 8, Issue 2 | 2021



of them are over 50 years old. In addi-
tion, more than 100 transformers of up
to and including 400 kV were renovated
in Bulgaria by modernization. The vast
majority of them continue to work suc-
cessfully (as on April 2020). An analysis
of this experience is beyond the scope of
this article.

The author considers it incorrect and eco-
nomically unreasonable to replace trans-
formers that have successtully worked
for 25 years with new ones. Just as during
the time of Bratsk HPP (replacing 220 kV
block transformers). Over the past five
years, this vicious practice has been car-
ried out in Ukraine (replacement of trans-
formers of 750 and 330 kV).

Conclusion

The absorption index has kept its impor-
tance as the most straightforward meth-
od for evaluation of moisture content and
contamination of the transformer insula-
tion. A practical approach is proposed to
improve this method (Table 5 algorithm,
taking into account Al value and its vari-
ation over time). The approach requires
verification in practice. This is just one of
the methods for evaluation of the insula-
tion condition; it does not substitute the
need for additional testing and detailed
expert analysis of the transformer con-
dition as a whole. However, according to
the author, it would assist in focusing on
priorities of those transformers, which
need to be considered the most.

Performance of Al test once a year is rea-
sonable and sufficient. Along with the
measurement of AL it is recommended to
measure PI (in order to use the American
experience). DAR does not make sense to
perform. The PI-2 could be more infor-
mative. It is also suggested to gain prac-
tical experience of comparison of Al test
results and DFRT data.

The author expects that after clarification,
Table 5 can also be applied to old-aged,

The absorption index has kept its impor-
tance as the most straightforward method
for evaluation of moisture content and con-
tamination of the transformer insulation
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Figure 7. Aninsulation absorption curve of transformer 2GT at TPP Neyveli. Measurements
at 5 kV were performed on 2/8/1989. The transformer's temperature was 28 °C.
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Figure 8. Temperature dependence of insulation Al, Pl, and Reoo/R1s (PI-2) of LV - HV for
transformer 4T TPP Neyveli

Table 7. The values of Al, P1, DAR, and PI-2 according to Fig. 7

Time, s 15 30 60 600 Al DAR Pl Reoo/R15
IRwv-hv, MQ | 1700 2050 2500 4450 1.47 1.22 1.78 2.62
IRMv-tank, MQ | 3450 3750 4075 6500 1.18 1.09 1.60 1.88
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Considering also that a smaller error occurs
when comparing large digital values, DAR
should be considered unpromising for
implementation of field tests in practice

unsealed transformers from other manu-
facturers. The wider application of Al may
be advantageous for oil-filled bushings,
CTs,and VTs.

The authors experience shows that the
safety margins of insulation of old-aged
USSR oil-filled, free silica gel breathing
power transformers are such that, subject
to proper maintenance, they can be in ser-
vice for the period up to 40-50 years, and
with their modernization with tank seal-
ing maybe even more.
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Annex 1. Summary of the factory tests
of new transformers.

Measurements of Al carried on for 484
transformers manufactured by ZTZ rated
for voltage 35-750 kV and capacity from
11 to 630 MVA, filled with new oil type
GK or Nynas have been analyzed. Circuits
HV - (LV + GND), LV - (HV + GND),
and (HV + LV) — GND have been con-
sidered. It turned out that Al values are in
the range 1.17-2.75, and statistically, these
values dependent in a minor way on the
transformer parameters (power and volt-
age class).

The average wvalues Al  for
LV - (HV + GND) are higher than for
HV - (LV + GND) (1.79 versus 1.45),
which is to be explained by the lump of
solid insulation adjacent LV windings if
compared to HV windings. At the dis-
patch from the factory, more than the
third part of the transformers have an Al
value less than 1.3.

With temperature increase, the Al val-
ue of new transformers is practically the
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same. But if the transformer is filled with
old TKp oil, then Al value decreases sig-
nificantly depending on the temperature,
and this is much obviously for the dis-
tance HV-tank. This once again confirms
the fact that at a distance of HV-tank, the
main role is played by oil and that TKp
oil gives higher Al values than GK and
Nynas.

Annex 2. Other possible test
connections of transformers for Al test

Two winding transformers:

1. LV - tank

2.HV - (LV + GND)

3.1V - (HV + GND)

4. (HV +LV) - GND

Three winding transformers:
1. LV - tank

2. TV - tank

3.HV-TV

4 LV-TV

5. HV-(LV+TV +GND)
6.1V = (HV + TV + GND)
7.TV = (HV + LV + GND)
8.(HV +LV)-(TV +GND)
9.(HV + TV) = (LV + GND)
10. (LV + TV) = (HV + GND)
11.(HV + LV + TV) - tank

Annex 3. Evaluation of T insulation by
Pl value (cited from clause 7.2.13.4 of
the standard [1]).

The following are guidelines for evaluat-
ing transformer insulation using polariza-
tion index values:

Less than 1.0 = Dangerous
1.0 to 1.1 = Poor

1.1 to 1.25 = Questionable
1.25t0 2.0 = Fair

Above 2.0 = Good

The polarization index method should
not be used to assess insulation condition
in new power transformers.

The polarization index for insulation lig-
uid is always close to 1. Therefore, the po-
larization index for transformers with low
conductivity liquids (e.g, new mineral
oil) may be low in spite of good insulation
condition.

Author’s note: What is PI, see Table 1 in
the article. According to [1] “Test voltag-
es are typically 500 V; 1000 V; 2500 V,
or 5000 V DC”.
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