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Prevention of Sudden
Explosive Failures: Condition
Assessment Techniques of OIP
& RIP Transformer Bushings

In this paper, Gautam Nikam and Pramod Rao of Yash Highvoltage
review and describe various health monitoring and condition assessment
techniques adopted by various users and recommend sequence of tests

and evaluation methods.
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critical components of transformers, and
hence, are expected to be highly reliable
products. In the event of transformer bushings
failure, it usually results in explosive and catastrophic
failure of transformers. The effect is downtime of
several months of a transformer or reactor
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Transformer bushings are most important and

accompanied by financial losses, as against the
urgency to restore the system at the earliest.

Most bushings in service (for past many years)
are bushings with oil impregnated paper (OIP)
insulation system. India has commenced largely
using resin impregnated paper (RIP) bushings, with
a few installations of resin impregnated synthetics
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(RIS) bushings in Indian grids. OIP bushings are well
established up to 800 kV, RIP bushings are now in
use up to 420 kV, and RIS bushings are reported to
be available up to 245 kV.

In view of various insulation technologies in use,
it is essential to understand technical aspects of
insulation degradation mechanism and their effects
on the service behaviour of bushings. It mainly aims
to take preventive actions to avoid bushing failure,
and thus, prevent transformer or reactor failure.

This paper reviews the various health monitoring
and condition assessment techniques adopted by
various users. It also recommends the sequence of
tests and evaluation methods based on experiences
of the authors. Since the tests and measurements
are carried out at site, the paper describes
the precautions to be taken to prevent wrong
interpretation and wrong conclusions. The paper
focuses on the condition monitoring techniques for
OIP and RIP bushings.

1. Insulation Systems Used in Bushings

Synthetic resin bonded paper (SRBP): The first
use of condenser type SRBP bushings was reported
in 1913. RBP bushings are no longer manufactured
and have been replaced at many sites because of
major failures due to partial discharges. Thus, it
can be referred to as obsolete technology. However,
there could be some SRBP bushings in service on
old transformers.

OIP: Its use has been reported for the past ~100
years. Its manufacturing technology has now well
established for the past 70 years with up to 800 kV
rating. Most bushings (more than 50 percent) are
still in service.

RIP: Contains solid insulation system as they are
free of insulating oil. The bulk usage of RIP bushings
is reported from about 1970. In India, the bulk use of
RIP bushings commenced in about 2011.

RIS: This is a truly paperless bushing and is a
latest development. It is reported to have been in
satisfactory service for about 12 years. In India,
the initial installation of RIS bushings is reported
to have undergone a successful service period of
about seven years.

2. Dielectric Construction of OIP RIP
Bushings

OIP bushings: Insulating Kraft paper layers are
tightly wound on the central pipe / central rod and at
designed diameters, condenser grading aluminium
foils are inserted at pre-decided locations. The
tight and compact winding is achieved by winding
the condenser core on a machine. Insulating Kraft
paper thickness used is in the range 0.075 mm to
0.125 mm and the grammage used typically in the
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range of 60 GSM to 80 GSM. The grade and quality
of insulating paper used decides the dielectric
constant and hence the capacitance value. Removal
of moisture from condenser core is carried out
in autoclaves at a temperature ~100 °C and finer
vacuums (finer than 0.05 mbar). After the drying is
completed, the condenser core is impregnated by
use of well dried and degassed mineral insulating
oil. Usually, uninhibited mineral oil is used.

RIP bushings: Insulating crepe paper layers
are wound on central pipe / central rod, and at
designed diameters, condenser grading aluminium
foils are inserted at pre-decided locations. The
optimum winding tightness is ensured to facilitate
impregnation by resin mix and also to ensure the
condenser grading foils stay in position during
handling and during the process of drying and
impregnation, specially coated aluminium foils are
used.

3. Bushing Failure Modes and Mechanisms

OIP bushing failure

There are three failure mechanisms identified
with OIP bushings: Insulation failure; thermal failure;
and mechanical failure.

Mechanicalfailureresultsinbreakage of porcelain
insulators and can be caused by seismic events or
rigid connection on air end terminal causing unusual
force being exerted due to sudden temperature
changes. Thermal failures are usually caused by
heat generation due to poor contact between air end
terminal of bushings and the terminal connector.
Thermal failure can also be caused by gas bubble
generation due to sudden change of temperature.
These gas bubbles will result in partial discharge
(PD) and ultimately failure of bushings.

Insulation failure in OIP bushings is because of
moisture ingress or degradation of OIP insulation
or poor earthing of test tap of bushing or insulation
oil ageing or flashover across air end insulator or
flashover around oil end electrode of the bushing.
Almost all failure modes of insulation are detected
by Capacitance and Tan Delta measurements and
some of the failure modes are detected by evaluation
of oil sample from bushings.

RIP bushing failure

In RIP bushings also, thermal failure and
mechanical failure mechanisms exist. The probability
of mechanical failure causing severe damage or
bushing failure is remote as in RIP bushings, as
composite or polymer insulators are used in RIP
bushings. The mode of insulation failure starts with
PD over a small surface inside the condenser core;
it ultimately results in creating conducting path and
it bridges two or more capacitor segments. Other
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capacitor segments are stressed more and there
could be PD generation in other capacitor segments,
creating conducting path and bridging two or more
capacitor segments. Bridging capacitor segments
will result in increase in capacitance, and hence,
such incidents can be detected by measurement of
Capacitance and Tan Delta.

Detectability of different bushing failure defects
by measurements on bushings is summarised in the
table given below.

Defect Capacitance | Tan PD
Delta

Insulation ageing - Yes Yes
Moisture ingress - Yes -
Contamination on - Yes Yes
surface
Shorting of Yes Yes Yes
capacitor segments
Test tap earthing Yes Yes Yes
or internal test tap
contact issue

As seen in the table, Capacitance and Tan Delta
measurements detect most defects. PD detection
on bushings at site (whether online or offline) is
not widespread, as there are concerns with PD
detection capabilities and there are difficulties in PD
interpretation. It is difficult to perform accurate PD
measurements at sites in view of the high level of
noise prevailing at sites. Thus, the main focus is still
on Capacitance and Tan Delta measurements.

4. Capacitance and Tan Delta

Capacitance change

It is to be noted that an increase in capacitance
with failure of one Capacitance segment depends
on the number of foils, ie, the number of capacitor
segments in the condenser core of bushing. In OIP
bushings, a relatively higher number of foils are used
when compared with RIP bushings. For example,
typically, in 145 kV OIP bushings, 31 aluminium foils
are used for condenser grading, whereas in 145 kV
RIP bushings about 15 aluminium foils are used.
With a Capacitance value of 300 pF, failure of one
capacitor segment causes increase in Capacitance
to 310 pF (300 x 31/30) in OIP bushings and
increase in Capacitance to 332 pF (300 x 15/14) in
RIP bushings. Thus, change in Capacitance due to
failure of one Capacitance segment in RIP bushings
is higher than that in OIP bushings.

As the kilovolt class keeps on increasing, the
number of aluminium foils used for condenser
grading also keeps on increasing. Thus, higher the
kilovolt class, lower the change in Capacitance
due to failure of one segment. Accurate data
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on number of foils should be asked for from the
bushing manufacturer. When such data is not
readily available, the limits of permissible change in
Capacitance must be followed, as given in the table
below (Refer CIGRE TB 755).

kV Class OIP RIP Capacitance
Capacitance Change (%)
Change (%)
72.5 kV 8.8% 12.0%
145 kV 4.8% 7.1%
245 kV 2.7% 4.2%
420 kv 1.7% 2.6%

It is found during measurements at site that
the Capacitance values are lesser than factory test
results (mentioned on bushing rating plate) by about
2 percent. Hence, the reference Capacitance value
for future monitoring should always be based on
values measured at the pre-commissioning stage.

Capacitance varies linearly with temperature
and is mainly decided by variation of composite
dielectric constant variation with temperature. The
typical temperature coefficients of Capacitance of
OIP RIP and RIS are 0.025 percent per degree Celsius
for OIP and 0.04 percent per degree Celsius for RIP,
If we consider, a bushing has a Capacitance value
of 300 pF at 20 degrees Celsius, and if we estimate
Capacitance at 50 degrees Celsius based on above
temperature coefficients, in case of OIP bushings,
the capacitance will be 302.3 pF; for RIP bushings, it
will be 303.6 pF. Thus, during site measurements, we
need to consider the temperature of insulation at the
time of Capacitance measurement and change in
capacitance caused by puncture of one foil segment
and then decide health and status of bushing.
When Capacitance is measured immediately after
shutdown, CIGRE TB 755 has given a method of
estimating average temperature of bushing,

[T(f) x H(oil)] + [0.5x H(air) x {T(f)+T(h)}]

T(avg) =
H(oil) + H(air)

- T(f): Temperature of mounting flange
- T(h): Temperature of head portion

- H(oil): Length of oil end of bushing

- H(air): Length of air end of bushing

- T(avg): Average bushing temperature.

To summarise, it is necessary to measure
Capacitance value at pre-commissioning stage and
convert it to a standard reference temperature of
20 degree Celsius by using temperature coefficient
of Capacitance for the relevant insulation system.
During service, if it is necessary to measure
Capacitance immediately after shutdown, measure
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temperatures of mounting flange, head portion;
calculate the average temperature and convert
Capacitance value to 20 degree Celsius. For
evaluating health and condition of the bushing, the
permissible change in Capacitance should be used,
as recommended by the bushing manufacturer. As
an alternate, the limits shared in the table above can
be used.

Tan Delta change

The Air to Oil type bushings are mounted on the
transformer tank and oil end part is immersed in
hot oil inside the transformer, and thus, based on
the transformer load conditions, the bushings in
service are continuously exposed to temperatures
of 60 degree Celsius to 90 degree Celsius whereas
the factory tests are carried out on bushings at
ambient temperatures. Thus, it is important to
understand and appreciate the variation of Tan
Delta with reference to temperature of OIP and RIP
bushings and assess its performance at test bed
and during service. Typical Tan Delta vs temperature
characteristics of OIP bushings is shown in the
graph below. As seen, there is a variation in Tan
Delta when the temperature is increasing.

QIP: Typical Tan Delta vs Temperature

0.006
0.004 ,\'_/’///
0.002

0
0 20 40 60 80 100 120

In case of RIP bushings, in view of the inherent
resin material characteristics, higher Tan Delta
variation (when compared with OIP) is observed
with respect to temperature.

RIP : Typical Tan Delta vs Temperature
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As seen from the above graph, Tan Delta varies

with respect to temperature, and thus, for health or
condition assessment, it is essential to convert the
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Tan Delta value to 20 degree Celsius as a standard
reference temperature. It is essential that users seek
the data of Tan Delta vs temperature (ie correction
factor) from the bushing manufacturer and use it as
a guidance for correcting Tan Delta measured at site
temperature to Tan Delta at 20 degree Celsius. As
mentioned in the above paragraphs, always consider
the pre-commissioning value as a reference value
for future monitoring. Assessment of insulation
health based on change in Tan Delta is best defined
in CIGRE TB 755. Refer to the table below.

Relative Change in Tan |Condition of Bushing
Delta (OIP)

Up to 1.33 Good

1.341t01.66 Moderate

1.67 t0 2.00 Severe

>2.00 Extreme

The pre-commissioning Tan Delta value is to
be considered as 1.00 in above evaluation. The
condition-based guidance is given below.

+ Good: Good condition. All assessments at regular
intervals.

* Moderate: Moderate change. Perform visual
inspection, take additional measurement within
a year. Continuous monitoring is suggested.

« Severe: Severe change. Perform visual inspection,
take additional measurement within a month.
Continuous monitoring is suggested. Consider
removal from service.

« Extreme: Extreme change. Remove from service,
or service may be prolonged for a short period (ie,
a month) with continuous monitoring applied.
As seen above, it is best to monitor health

of the bushing based on relative change, rather
than absolute value. As an example, if Tan Delta
measured at pre-commissioning is 0.0024 and when
the relative change in Tan Delta is >2, ie, Tan Delta
value is >0.0048, the condition should be assessed
as extreme and immediate action taken. Some users
wrongly consider 0.007 as a limit for taking remedial
action.

It is also well known based on experience that, in
case of RIP bushings, mainly capacitance monitoring
is effective and Tan Delta based monitoring is usually
not carried out as there is insignificant change in
Tan Delta during service.

5. Dielectric Frequency Response (DFR)

The Capacitance and Tan Delta measurements
mentioned in section-4 refer to offline measurements
carried out at rated frequency 50 Hz. Capacitance
and Tan Delta measurements at 50 Hz need to be
converted to a standard reference of 20 degree
Celsius and the analysis depends on the relative
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increase of values and is judgmental. In OIP
bushings, it is well known that moisture ingress is
one of the major causes of bushing failure. The Tan
Delta measurements at 50 Hz are found to be about
the same value even if the moisture content is 0.5
percent or 2 percent. It is also revealed by technical
papers and literature that moisture content in the
OIP insulation can be revealed by measurements
at Tan Delta at lower frequencies such as 1 Hz
and few megahertz. The measurement of DFR (ie,
measurement of Tan Delta at various frequencies)
has become more popular as an effective health
assessment tool. There are two types of DFR
measurements, namely, narrow band (NB) DFR and
wide band (WB) DFR. In NB DFR, measurements
are carried out between 10 Hz and 400 Hz, and in
WB DFR, measurements are carried out between
10 mHz and 1 kHz. The DFR measuring equipment
also has a capability of converting all measured Tan
Delta value to 20 degrees Celsius as a reference
temperature. The moisture ingress in RIP bushings
due to improper storage can also be effectively
determined by NB DFR measurements. Aging or
overheating, insulation contamination such as
X-wax or tracking paths, and shorted Capacitance
segments, result in increased oil Tan Delta (ie, oil
conductivity) and which is detected by state-of-the-
art DFR equipment. Indicative limits of Tan Delta
have been given in CIGRE TB and are shared below.

Frequency | OIP Bushings RIP Bushings
New Aged New Aged
15 Hz <0.5% <0.7% <0.6% <0.7%
50 Hz <0.4% | <0.5% | <0.5% | <0.5%
400 Hz <0.5% | <0.7% | <0.6% | <0.7%

Experience is being gained by site engineers and
data is also being generated. One such data-based
information is that in RIP bushings, due to intrinsic
properties of epoxy resin, the Tan Delta of new and
healthy RIP bushings could be around 0.7 percent.
In ISH-2021, Dr. Robalino and others proposed Tan
Delta limits at 1 Hz for OIP bushings, which are
reproduced below.

Condition 1 Hz Tan Delta at 20 degrees Celsius
As New 0.2t0 0.4%

Good 0.4100.75%

Aged 0.75t0 1.25%

Investigate |>1.25%

In 2022, IEEE C57.12.200 (Guide for the Dielectric
Frequency Response Measurement of bushings)
has been published, which explains in detail the
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basics of use of DFR and case studies-based
explanations.

Three Bushings of a Transformer
(B-Phase : Defective)
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Recently, experts have published a three-

step approach for monitoring bushings, which is
summarised below:

Step-1: 50 Hz Capacitance and Tan Delta testing

+ Absolute Tan Delta limits, eg, double of pre-
commissioning value.

+ Tan Delta and its temperature dependence.

« Capacitance increase — puncture of capacitor
segments.

Step-2: NB DFR
* 1 Hz and 10 Hz Tan Delta values indicative of
moisture contamination.

Step-3: WB DFR. Tan Delta up to 0.01 Hz
+ Percentage moisture content (or contamination
content):
- AsNew:0.15% to 0.5% + good in service: 0.5%
to 1.0%.
- Averagein service: 1.0% to 2.5% + investigate:
>2.5%.
+ Oil conductivity (pS/m):
- As New: 0.001 to 0.37 + good in service:
0.37 to 3.7 + average in service:; 3.7 to 37 +
investigate: >37.

6. Dissolved Gas Analysis (DGA) of Oil

Sample from OIP Bushings

Since the oil volume in bushing is relatively
small, there are limitations on the tests which can
be carried out on oil sample from bushing. Due to
the critical sampling procedure, it is recommended
to limit the oil sample volume. Thus, DGA of oil
sample is the most preferred evaluation method, in
view of low quantity of sample. It is recommended
to carry out DGA of oil sample, when it is concluded
that relative change in Tan Delta is more than 1.67
and Tan Delta at 1 Hz is more than 1.25 percent.
The DGA results confirm action to be taken on OIP
bushings. Given below are the typical limits of gas
content (ppm) for new bushings and limiting values
(ppm) for bushings in service:
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Gas Typical Limits for | Limiting Values in

New Bushing Service

H2 <20 ppm >140 ppm

CH4 <5 ppm >40 ppm

C2H2 <2 ppm >2 ppm

C2H4 <5 ppm >30 ppm

C2H6 <5 ppm >70 ppm

CO <150 ppm >1000 ppm

CO2 <300 ppm >3400 ppm

Based on experience with similar rated bushings
from same bushing manufacturer, users arrive at
different limits for DGA when compared to above
referred values.

7. Thermography/Infrared Scanning

All bushings (OIP/RIP) confirming to dimensions
as per IS12676 are provided with air end HV terminal
of copper material, whereas the connection from
transmission line or bus is made of aluminium
alloy. Thus, bimetallic strip or sleeve is necessary
to be used. If not used, it will result into bimetallic
corrosion and reduction in contact area causing
overheating.

In case adequate flexibility is not provided
between rigid aluminium bus and HV terminal of
bushing at higher ambient temperature or during
carrying higher current, this will result in excessive
force on HV terminal, causing loosening of terminal
connector clamping on HV terminal, which will result
in overheating.

The overheating at HV terminal needs to be
detected and prevented from exceeding the thermal
limits of OIP insulation (105 degrees Celsius) or RIP
insulation (120 degrees Celsius). Thermography
or IR scanning method is used for assessing
temperature (overheating) of the HV terminal to
terminal connector joints. Temperature difference is
assessed between similar bushings and comparable
bushings. Technical literatures have provided
guidance as under, based on temperature difference.

Temperature Assessed Condition

Difference

<5 degrees Celsius  |Normal condition

>5 degrees Celsius to |Caution-check and
<10 degrees Celsius |repair in next scheduled
maintenance

>10 degrees Celsius
to <35 degrees

Caution-prepone
maintenance schedule for

Celsius repairs

>35 degrees Celsius |[Emergency — immediately
remove from service for
repairs
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48.0°C

28.0C

8. Online Monitoring System
Online condition monitoring systems are now

being connected to test tap stem of bushings.

Thus, the test tap stem of bushings is connected to

earth through the components of online condition

monitoring system. Hence, the following precautions

need to be taken while configuring online condition

momtonng system with test tap of bushings:
Normally the bushings are provided with a test
tap cap, which makes contact of test tap stem
with mounting flange of bushing, ultimately
connected to Earth.
When online monitoring devices are to be
connected to bushings, test tap cap is removed,
and a test tap adopter is screwed on and fixed in
place of test tap cap.
For use of online monitoring system on bushings,
a detailed drawing of the test tap adopter — a
part of the online monitoring system — is to be
shared with the bushing manufacturer for review
and to ensure its suitability and compatibility.

« Test tap adopter must establish solid and firm
contact with the test tap stem of the bushing
to maintain connection to Earth through the
components of the online monitoring system. The
contact springs to ensure contact is adequate to
carry impulse surge currents from test tap stem
to earth.

Test tap adopter should provide weatherproof
sealing against the mounting flange while
maintaining firm contact with the test tap stem.

« Adequate protection must be a part of either the
testtap adopter, online monitoring device, or both,
to safeguard the bushing from surge voltages on
its test tap. Additionally, proper protection should
be in place to prevent open circuiting of the test
tap stem connection to earth.

9. Summary
At the start, we have described the insulation
systems used in transformer bushings. A large
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population of OIP bushings are still in service, and
in India, RIP bushings are gaining popularity as
they prevent explosive or catastrophic failures of
bushings, and consequently, the catastrophic failure
of transformers. The dielectric construction of OIP
and RIP bushings is also briefly described.

The difference between bushings failure modes
of OIP and RIP bushings is also described and how
offline Capacitance and Tan Delta measurements
detect the insulation degradation is detailed.
Temperature dependence of Capacitance and Tan
Delta has been discussed and explained in detail
is the importance of correcting the Capacitance
and Tan Delta to a reference temperature of 20
degrees Celsius. Reference values of percentage
change in Capacitance due to one segment failure
has been explained. Similarly, the relative change in
Tan Delta with respect to pre-commissioning value
and thereby detecting the condition of insulation is
explained in detail.

DFR and its usage have been explained, and the
indicative and proposed limits at 1 Hz have also
been shared. DGA analysis limits for new and in-
service bushings are explained.

Importance and popularity of regular use of
thermography or infrared scanning is detailed and
how to use the temperature difference between
similar bushings is explained in above paragraphs.

Online monitoring systems are now being
frequently installed, by connecting them to test tap
of bushings. Precautions needed while configuring
online monitoring systems with bushings are
explained.

It is possible to prevent catastrophic or explosive
failure of transformer bushings when the right data-
based analysis is carried out, of Capacitance, Tan
Delta measurements at rated frequency. The NB
and WB DFR measurements should be adopted to
further refine the judgement on dielectric health
of bushings. DGA analysis of oil sample from OIP
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bushings should be used as a final confirmation of
deteriorated health of OIP bushing, as indicated by
DFR and rated frequency Capacitance and Tan Delta
measurements.
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