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Abstract Dry-type transformers play a vital role in power

distribution to many loads at different voltage levels in a

nuclear power station. Usually, dry-type transformers are

located indoor with appropriate heating, ventilation and fire

protection. The dry-type transformers in NPPs are less

loaded due to redundancy in design. The maintenance

program for transformers in NPPs calls for stringent

requirements and overseen by multiple regulating authori-

ties. Even though an effective maintenance program is in

effect, there were few occasions where a dry-type trans-

former has failed and could not be foreseen during regular

maintenance. Also with growing nature of deregulation in

electrical markets, the failure probability of transformer

increases simultaneously. A transformer failure in a nuclear

power plant (NPP) can result in significant damage to

critical loads, serious safety implications and revenue loss

as well. Hence, a distinctive maintenance program should

be adopted in order to ensure the healthiness of dry-type

transformer. This paper describes a case study made to

analyze the procedures for maintenance of dry-type trans-

formers by conducting sterilization techniques at a speci-

fied interval in order to improve reliability. The results of

this case study were extraordinary and successfully

improved transformer life. Owing to the results, the revi-

sion of existing procedures followed in other NPPs is

recommended.
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Introduction

The Prototype Fast Breeder Reactor (PFBR) electrical

system describes station auxiliary transformers having the

rating of 6.6 kV/433 V, 2MVA feeding power supply to

the power control center switchgear panels for the load

rating of 90 kW to 160 kW. In PFBR, there are 26 Nos.

6600/433 V dry-type transformers are used to feed the

power supply to many auxiliary loads and successfully

operating from 2012 onwards. From 2012, the loading of

the transformer was gradually increased from 20 to 50%,

and few transformers were raised to 60%. These trans-

formers operated satisfactorily for nearly 7 years. There

were no deficiencies observed during this period. One of

the 2 MVA transformer’s HT winding short circuited and

set the transformer on fire. The initial observation for

failure of transformer is due to inter-turn fault which was a

result of degradation in resin insulation which in turn was

due to an overlay of dust and moisture. A detailed failure

analysis need to be carried out and the condition of existing

transformers also to be examined, in order to prevent

similar failures. Hence out of the 26 nos. of transformers,

seven nos. of transformer were initially sampled, and case

study was carried out [1, 2].

Existing Maintenance Program

The cast resin dry-type transformer has a primary winding

with delta and a secondary winding with star connection.

HV and LV winding are separately cast under vacuum with

fiber glass reinforcement. Core is constructed out Cold

Rolled Gain Oriented Silicon steel and exposed outer sur-

face is given an epoxy varnish as per IS: 11,171. The
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enclosure is fully of bolted construction as shown in Fig. 1

[3].

Generally a dry-type transformer requires very less

maintenance. However, inspection should be made at reg-

ular intervals and corrective measures to be taken to ensure

design life span as per the manufacturer recommendation.

The common problem that occurs in a transformer is when

there is moisture in the windings. Moisture accumulates

when transformers are kept in areas under high level of

humidity, dampness or extreme fluctuations in temperature.

Normally during a preventive maintenance, the fine dust

particles found inside as well as outside of the HV and LV

windings and corrosion particles on the outer surface of the

winding are cleaned. This procedure was followed for the

last 7 years, and post-maintenance parameters were

observed to be normal. Also the audible sound emitted by

transformer measured was well within limits showing no

sign of degradation [4].

Failure of Dry-Type Transformer

After successful operation of seven years, there was an

inadvertent fire in the 2 MVA transformer. The transformer

tripped on HT side earth fault resulting in LV side trip [5].

There was no automatic fire protection for the transformer,

and hence manual firefighting was attempted with CO2 fire

extinguishers. On complete utilization of all CO2 extin-

guishers, there was no other option left but deployment of

dry chemical powder (DCP) extinguishers available in the

vicinity to extinguish the fire completely.

Root Cause Analysis

The visual inspection of the failed transformer was carried

out. The as-found condition is shown in Fig. 2a, b.

In first preliminary view, a flashover was occurred due

to failure of insulation between turn-to-turn in Y-phase

near tapping point which leads to peel off insulation in

Y-phase of the transformer as shown in Fig. 2a, b. After

visual inspection, the winding resistance and insulation

resistance were measured, and corresponding factory

results are given in Table 1.

The above test results were compared with factory test

(2010) reports and latest preventive maintenance records

(2020) and found matching for R and B phases. However,

for Y phase, it was found that winding between tap position

2 and 6/7/8 was found open. Further, on physical checking

of burnt insulation at top of the winding, few winding strips

were found in snapped condition. There might have been

partial discharge inside Y-phase insulation and inter-turn

fault near tapping position in Y phase winding due to

insulation deterioration. The sealing of HT cable entry as

well as control cable entry to the transformer and sealing

arrangement for the LT bus duct at the top of the trans-

former were all found to be intact indicating the source of

fire is from the transformer due to partial discharge. For

further analysis, yearly preventive maintenance records

were reviewed for checking if there were any leads.

Interestingly, the images shown in Fig. 3a–d, taken on the

transformer for clearing the functional test of a thermal

imaging camera, were recalled and were studied now.

Figure 3d clearly shows a slight sign of higher temperature

in the Y-phase compared to other two phases [6, 7].

In due course of time, the cascading effects of temper-

ature variation to insulation degradation and vice versa,

finally resulting in partial discharge. In dry-type trans-

formers, the possible causes for failure may be due to the

following:

a) Heating due to load or harmonic loading.

b) Voltage surges.

Fig. 1 Dry-type transformer assembly

Fig. 2 a Failure of the insulation that came out from the transformer

Y-phase winding. b Failed Y-phase winding insulation and winding

top side view
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c) Persistent over voltage.

d) Unequal distribution of voltage stress among coils.

e) Partial discharges.

f) Insulation degradation due to environmental conditions

like dust, moisture, etc.

In the present failed transformer, the moisture was found

to be deposited over the surface. Cleaning with cloth does

not help much due to fine undulation and surface pores.

Use of cleaning agent is effective only when resin tem-

perature is increased. The gaps between winding can be

cleaned only by a custom made sponge. Hence, heating of

transformer is mandatory. The heating methods are

described below. Thermal imaging of transformer is rec-

ommended as a good maintenance practice.

Sterilization Process

In dry-type transformer, heating of the winding by allowing

a full rated current through the winding is a known method

of heating. The heat can be generated only by allowing

current for prolonged period. It is similar to a short-circuit

test of a transformer. This process is conducted on the high-

voltage (HV) side of the transformer, whereas the low-

voltage (LV) side or the secondary is short-circuited.

Copper flexible connectors are used to short the LV

winding of transformer. The short-circuit test requires

variable voltage source to feed the minimum voltage at HV

Table 1 Winding resistance and insulation resistance of failed transformer

Phase Resistance in mX Phase

between

Insulation resistance in MX

Plant (2020) Factory (2010) Plant (2020) Factory (2010)

R 142.4 141.5 R–E 55 1000

Y Open 140.9 Y–E 2.5 1000

B 134.6 139.1 B–E 89 1000

Fig. 3 a Thermal image of one phase of the transformer with upper

half side, b thermal image of the all the three phase of the

transformer, c thermal image of one phase of the transformer with

lower half side, d thermal image of all the three phase upper half of

the transformer

Fig. 4 Cleaning of the transformer winding using special cloth

arrangement with sponge at higher temperature
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side and receive the rated current on the LV side which is

short-circuited. Usually in a plant, a variable voltage source

may not be available. So in this case, an already available

standard rated voltage such as 433 V applied on the HV

side will produce a current on the LV side which will be

less than the rated current of LV side. This process may not

feed the rated short-circuited current on the LV side due to

the fixed impedance of the transformer. In general, the

magnitude of in-rush current is 6 to10 times of rated

current. By applying reduced voltage with LV short-cir-

cuited condition, the magnitude of inrush current is

expected to be less as compared to normal condition.

At present transformer LV winding temperature is about

55o C with 20% load. The load is increased to 65–82% by

conducting the above short-circuit test and the temperature

of winding may be expected to raise from 70 to 80 �C
[8–11]. By keeping this arrangement for about 5–6 h, the

Fig. 5 a IR values between HV winding to Earth before sterilization. b IR values between HV winding to Earth after sterilization. c IR values

between LV winding to Earth before sterilization. d IR values between LV winding to earth before sterilization. e IR values between HV winding

to LV winding before sterilization. f IR values between HV winding to LV winding after sterilization
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transformer winding gets heated uniformly. The heating

results in slackening the dust on the winding.

A special cloth arrangement with sponge was used to

clean the dust between the winding surfaces when it is still

hot. The special cloth should be a baniyan cloth made with

100% cotton, woven type, lint free with high rate of

absorbency (\ 2 s) and this would be rinsed with Isopropyl

Alcohol which is having antibacterial properties, Volatile,

colorless liquid with a sharp musty odor like rubbing

alcohol. Figure 4 shows the method of cleaning the wind-

ing. The special cloth with sponge clearly shows the

deposit of dust which is removed from the winding sur-

faces. This is an enhanced method for removing the heavily

bonded dust. It is not a conventional method and posed a

great challenge since cleaning was carried out in a hot

environment.

A typical calculation of 2 MVA transformer is given

below.

A transformer of rated capacity 2 MVA has a voltage

rating 6600/433 V and Dyn11 vector group with 8%

impedance. The full load current on HV and LV side is

175A and 2667A, respectively. The corresponding impe-

dance voltage on HV side is 528 V is required to circulate

the full load current on secondary side, i.e., 2667A.

As per our sterilization process, the available rated

voltage on LV, i.e., 433 V applied on HV side and the

corresponding current on the LV side is as follows.

Current in HV side ¼ 433 V=528 Vð Þ � 175 A

¼ 143:51 A

Current in secondary ¼ 433 V=528 Vð Þ � 2667 A

¼ 2187:14 A which is 82%

of full load current:

In this sterilization process, this transformer is loaded up

to 82% of rated load and winding temperature attains 81 �C
within 6 h.

The following are pre-requisites and steps in the steril-

ization process in order to maintain the healthiness of the

transformer.

• Measure and record the values of insulation resistance,

polarization index (PI) and tan delta test before

sterilization of transformer.

• Conduct the sterilization process on transformer and

maintain the temperature of winding between 70 �C
and 80o C for 5–6 h.

• Immediately apply 100% dry air through the winding to

blow out dust from transformer windings. For removing

the dust inside the winding, clean the transformer

winding by the special cloth cleaning technique as

shown in Fig. 4. The cloth is inserted in between

winding annular space and pulled up and down for

cleaning the fine dust deposited inside the winding.

• Measure and record the values of insulation resistance,

polarization Index and tan delta test after sterilization of

transformer.

Fig. 6 a Polarization index values between HV winding to Earth

before and after sterilization. b Polarization index values between LV

winding to Earth before and after sterilization. c Polarization index

values between HV winding to LV winding before and after

sterilization
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Fig. 7 a Tan delta value CHG ? CHL before and after sterilization of the transformers. b Tan delta value CHG before and after sterilization of the

transformers. c Tan delta value CHL before and after sterilization of the transformers. d Tan delta value CLG 1 CLH before and after sterilization

of the transformers. e Tan delta value CLG before and after sterilization of the transformers
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Results and Discussions

The results observed before and after sterilization was

plotted. The insulation resistance is usually measured after

10 min, whereas in our case, it is noted every minute and

plotted as graph shown in Fig. 5a–f.

The Insulation resistance values between HV winding to

Earth, LV winding to earth and HV winding to LV winding

before sterilization are shown in Fig. 5a, c and e, respec-

tively. The corresponding results after sterilization are

shown in Fig. 5b, d and f, respectively. The IR values were

observed to be doubled after the sterilization process which

shows the effectiveness of the procedure in removal of

moisture, dust, etc., which could not be cleaned in con-

ventional methods. The above overall results are extraor-

dinary when compared to the conventional methods of

heating the windings. The method of taking the insulation

resistance values at the end of every minute after steril-

ization shows gradual increase and becomes steady after

few minutes.

This indicates increase in dielectric strength resulting

from the formation of dipole and polarization owing to

cleaner gaps between winding and core. The resin also is

free from moisture and dust which supports the effective-

ness of sterilization.

Figure 5c, d brings the effectiveness of the overall

process where most of the transformer LV winding to earth

values are improved four fold after sterilization process.

Normally, cleaning the LV winding inner surface and

removing dust and moisture is very difficult, whereas this

sterilization technique effectively removes the same and

improves the values to an extraordinary level.

The polarization index gives an indication of the

buildup of dirt or moisture, the deterioration of insulation

and the feasibility for operating the transformer. Usually,

the polarized index indicates the degradation of the insu-

lation. The PI values before and after the sterilization are

given in Fig. 6a, HV winding to earth, Fig. 6b, LV winding

to earth, Fig. 6c, HV winding to LV winding. After ster-

ilization, there is only a minor change in magnitude which

shows that the sterilization process does not have any effect

on the insulation of the transformer windings. This

improvement in PI values aids in increased transformer

life. Measuring capacitance and dissipation/power factor

help to determine insulation condition in bushings or

between windings. All the tan delta values are subjected to

temperature correction done for 20 �C.
A tan delta test is special test to know the healthiness of

the transformer. Usually, a tan delta test is conducted on an

oil cooled-type transformer only [12]. It has been extended

to dry-type transformer for a detailed analysis. Figure 7a

shows that the tan delta values CHG ? CHL before and after

sterilization indicate a twofold increase. Similarly,

increased values after sterilization are observed for other

modes such as CHG, CHL, CLG 1 CLH and CLG as shown in

Fig. 7b–e, respectively. Before sterilization, each trans-

former gives different values but after sterilization all the

transformers give almost equal values and low in magni-

tude which shows good healthiness of the transformers.

The overall results of tan delta test are extraordinary and

are a clear indication of improvement in transformer

healthiness and extended life in the long run of the plant

[13].

Conclusion

The sterilization process has been carried out in a most

economical way with the available resources in the plant

and did not hinder the essential plant functions. It is similar

to a short-circuit test almost closer to the rated current and

reach the maximum allowable temperature. The method

has been devised taken in to account the value of the

equipment, safety of personnel, down time, minimal cost

implication to plant.

It is evident after sterilization that the IR values have

increased multifold and ingress moisture and dust both

removed effectively when compared with conventional

techniques. The procedure avoids inter-turn fault and cor-

ona discharge. There is no degradation of insulation as

justified in PI test after the sterilization. The tan delta test

once again confirms the insulation integrity after the

sterilization.

As an overall result, the life of the transformer is

increased during the long run of the plant. From the results

of the above case study, the present maintenance program

is planned to be revised, and the sterilization procedure

practiced once in 5 years is recommended to the other

nuclear power plants. Also thermal imaging is recom-

mended to be carried out along with the procedure.
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