Study Committee A2 Transformers
Preferential subject: PS1 Transformers incidence in service
http : //www.cigre.org Subsubiect: Fire prevention, bushina technoloaies,

HV bushing failure in service, diagnostics and modeling of oil-type bushings

Jacek Wankowicz* Jerzy Bielecki  Marek Szrot  Jan 8bocz Ryszard Malewski
Instytut Energetyki Energo-Complex ZUT Malewski Electric
Poland
[acek.wankowicz@ien.com.pl

Introduction

Recently, a violent failure of HV bushing initiatdde that destroyed a large network
transformer. A similar accident was reported ontlagotransformer of the same age. A high
cost of such failures prompted the utility to intvgate the cause of bushings' explosion. The
local manufacturer, who produced these transforrserse thirty years ago, designed the
internal insulation with a large safety margin. Slgenerous safety margin increases their
technical-life expectancy. However, 400 kV and &RX0bushings were imported. These are
oil-impregnated paper (OIP) bushings designed ppraximately 30-year technical life, but
no additional safety margin was provided. Mosthasie bushings are still in relatively good
condition but their operational performance isidift to predict in near future. Simultaneous
replacement of all, nearly 400 bushings is impdssibonsidering their long delivery time
and high cost. An effort was initiated to develtipgnostic procedures and a monitoring
system to identify the bushings to be replaced.firs

Bushing failure mechanisms

An effective diagnostics shall be based on a knoweghanism of insulation degradation, and
two possible causes of bushing-insulation failutaeenbeen addressed in this report.

m Bushing failure due to moisture ingress through deaky seal

One of them is due to penetration of atmospheristue into the bushing through aged
sealing-gaskets, and gradual increase of wateenbmt the bushing core. In such case the
highest concentration of moisture is expectedeabtlter surface of the core.

m Incomplete moisture removal from the bushing-corenner-layer at the factory

Another possible cause is the manufacturing tedgyobf oil-type bushings, which are
heated in vacuum chamber to extract moisture thppéhin paper layers separated by co-
axial aluminum foils. The moisture is first evapedfrom the paper layer edges, but if the
vacuum is applied too fast then the evaporatioroimes very intense. The latent heat of
evaporation (enthalpy) is absorbed, and the tenyerdistribution along the bushing axis
drops near the foils edge. That local temperatuop grevents an efficient extraction of
moisture trapped in the middle section of the pdggers. In principle, the manufacturing
technology requires a slow lowering of the pressaréhe oven, and it may take a few
weeks to dry 400 kV bushing.

An attempt to shorten this time results in leavangvet-paper pocket usually near the
bushing mid-length. Acceptance tests that involeasurements of capacitance anddtai
power frequency do not reveal such small pocketwvetf paper [1]. Such measurements
indicate an average C-tanof the whole stressed cellulose volume, and atesaositive
enough to detect a higher dielectric permittivitgldoss of a relatively small volume of the
wet paper.



Investigation of failed 400 kV oil impregnated pape (OIP) transformer bushings

Luckily, some bushing failures were detected iretitm prevent explosion and fire. Such units
have been diassembled and examined for the mechahitheir insulation failure.

Fig.2. 400 kV transformer bushing type oIP thatEiduafter some 30 years of service.

Once the porcelain housing was removed and theifsiore exposed , the paper layers
were unwound and paper samples taken. These samplesput in hermetically sealed
containers to prevent adsorption of atmosphericifliyn and sent to thermo-gravimetric

analysis to assess their moisture content.

Fig. 3. Defective 400 kV OIP bushing core. Sequiytiunwound layers of paper reveal
carbonized pocket at approximately 60% of the mghiore length (counting from the
bottom).

The outer layers were punctured at the gap betweeradjacent paper sheets, visible in Fig.
3, first picture. This area was subjected to a digdiress, since the gap sandwiched between
adjacent paper layers was filled with oil of neawyo fold lower dielectric strength than oil-
saturated paper.

m Typical location of the bushing-core fault

The bushing field-control foils ensure uniform distition of dielectric stress along the
surface of porcelain housing, but the radial distiion usually shows a slightly higher
stress near the central tube, and sometimes nedatige [2].

The lower part of transformer bushing is immersed i
the top oil that may attain and even exceed 90°C.

Fig. 1. Radial distribution of stress in the bughaore
with the linear stress distribution along theqatain-
housing surface. Usuallya< 1,3 Eye




The high stress and high temperature in the wetipapocket accelerate degradation of
cellulose, and water is one of decomposition prtslu& higher dielectric loss of the wet
cellulose contributes to the local overheating aager becomes carbonized after years of
service [3]. Subsequently, the carbon short-cisctlie inner paper layer, and the stress is
shifted to the adjacent layers of the wet-papekebd-inally, the high potential is transferred
to the healthy outer paper-layers that are pundtamed break down under the excessive
stress.

Diagnostic procedures and their effectiveness
m Moisture in paper assessment

The thermo-gravimetric test consists in putting plager sample on a precision scale and
heating under vacuum. As the paper temperatureases water evaporates and the sample
weight decreases. A graph of the temperature amghtveeveals the amount of evaporated
water in the temperature range of approximately®@adn such a way the water content in
the paper sample can be determined. Subsequenhdeasults in evaporation of oil
chemical components and finally in cellulose bugnin

Fig. 4. Thermo-gravimetric record of paper samplesh
from the bushing core close to the inner tube.

Although not very accurate, but water content apey
can be assessed by measuring the reduction of sampl
weight at 100°C (lower graph). The reading indisae
few percent (close to 5%) of water content in paper
This is a rather high value for bushing core, bot n
impossible considering the production of water tlue
the thermal decomposition of cellulose.

The thermo-gravimetric method is not intended to
measure water content in paper, but to analyze
evaporation (lower curve in upper graph) and
evaporation rate (upper curve in upper graph) of oi
chemical component at the temperature increasirtg up
800°C in 80 minutes.

In consequence data read within 100°C range (rdarke
by the rectangle) are not precise enough for gizivie
determination, but provide indication of a rathéghh
moisture content in paper sample taken in vicioty

—-=i=il  the bushing inner-tube.

Sample weigth &= =00

m Bushing condition assessment based on dielectriolprization characteristics

Ingress of moisture to the bushing through a leaskgl affects the whole volume of
cellulose. This can be detected by measuremertteobtishing capacitance and dielectric-
loss factor frequency-characteristic.

To interpret the recorded characteristic the bugimsulation is modeled by a combination
of series and parallel RC two-poles [4]. Their exdjve elements reflect dielectric loss and
conductive loss of paper-oil insulation. The mopledicted characteristics can be matched
to the measured ones, and cellulose degradatiobecagvealed in the low-frequency range
of C and tah characteristic.



Such characteristic can be measured directly wighatid of specialized instrument [5], or
derived from the depolarization current records [6]

mm Polarization and depolarization current measuremen
The bushing depolarization-current was recordedofee hour to assess the moisture
content of a few 110 kV transformer-bushings rendofrem service. Different types of
OIP type bushings were examined to gain practicglegence in the measuring
technique and analysis of the recorded depolavizatiirrent.
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Fig. 5. Depolarization current recorded on thesdiarminal (upper graph), and neutral-
terminal (lower graph) bushings during one hour.



Curve-fitting algorithm was implemented to derivgpenential components of the
recorded current B8, as well as the direct current i = A-that flows through the
insulation conductance. With the known direct-cotr@arameters: A and N, time-
constant | of each exponential component n and its respectiagnitude B the
insulation resistance R and moisture in celluloas determined.
The parameters A, N, B1, T1, B2, T2 derived fronthe# depolarization current record
were compared to the respective parameters oferefercellulose-samples conditioned
and analyzed in the laboratory. Moisture contenbushing insulation was assessed at
1.1% to 1.5%.

The neutral-terminal bushing revealed a short twaestant T1=14s of the depolarization
current. This must have been caused by relaxafidheospace charge in an empty space

within the insulation, which was left after a sifyeant oil leak from the bushing.

The long time constant T1=766 s of the line termmeshing and T2=842 s of the neutral-

terminal bushing are characteristic to the low rmuwescontent in cellulose.

mm Frequency characteristic of C and tard measurements

As a cross-check, the same bushings were examwédithrd bridge that operates in
frequency range from 1 mHz to 100 Hz, at the teftage regulated up to 200 V [7].
Moisture content derived from the measured frequ&haracteristics was close enough
to the value obtained from depolarization curréfdwever, the measuring uncertainty of
the frequency-domain measurements was considelatggr, since the examined 110
kV bushing capacitance was small (130 to 160 pE)the bridge test voltage of 200 V
was 25 fold smaller than 5 kV direct-voltage usedieasure depolarization current.
The insulation conductivity was also measured waithigher accuracy at 5 kV direct-
voltage.

Bushing-insulation thermal-model based on taé measured as a function of voltage and
frequency

Capacitance and dielectric-loss factor of three W@Gbushings installed on a large power-
transformer were measured at power frequency wsicgnventional low-voltage bridge. The
bridge readings C=1,25+1,36 nF and &a0.25+0.35 % indicated a low moisture content and
good technical condition of bushings' insulatiomwéver, phasé& bushing has developed a
slight oil leak, and this observation prompted arenadvanced investigation of C anddan
These were measured as a function of voltage agdiéncy using a specialized bridge [8].

0,5

05
Bushings 400 kV Haefely ’ ‘ Bushings|400 kV Haefely .
—e— bushing A —e— bushing A
—e— bushing B —e— bushing B
—e— bushing C —e— bushing C
04 04
S A S A
S S
8 3
5 . Bland C §
3 L i 03
—1
/_\ e \ B and C
02 i T T i ) ) l 0.2 T T T T T T ;0
0 50 100 150 200 250 300 350 400 2 4 6 8 10 12
fHz] U kV]

Fig. 7. Dielectric loss factor térof three-phase 400 kV bushings measured as aidanat
frequency and test voltage.



A higher ta® measured in the low-frequency range, and alsdatiricreased test voltage
suggested ingress of moisture to the phase A bgshmconfirm this finding the polarization
ipol @and depolarizationgdp current was recorded, as well as the direct-curigrflowing
through the conductance of bushing core was derived
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Fig. 6. Polarization pp and
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three 400 kV bushings.

The current g that flows through the
bushing core insulation and its 1e8"
conductivity ¢ was derived from the
Ipol @nd kep Characteristic, and from
the bushing geometric capacitance C
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Table 1.
DC leakage current, capacitance, conductivity andtare content of thee 400 kV bushings
Bushing #| Temperature iR Choushing o H,O content
[°C] [NA] [nC] [ pS/m.] [%0]
A 20 7.6 1.36 0.09 2.2
B 26 4.4 1.25 0.05 1.7
C 24 5.0 1.25 0.06 1.7

The calculated moisture content in three bushirgylation, shown in Table 1, should be
analyzed taking into account the temperature distion within the bushing core.

In contrast to the transformer insulation that amty heated by the load loss, the HV bushing
core is heated by the dielectric loss in celluldd®e letter increases with the water content in
cellulose, its ageing and the ambient temperatioe. instance, at the bushing porcelain-
housing temperature of 35+4T and taf = 0.6+0.8 %, the bushing core temperature may
attain 85+95°C, and wet cellulose starts to degrade at suchdmtpe. The bushing core
may attain an even higher temperature if the hgusrexposed to an intense sunshine. At
approximately 126°C bubble effect may develop that leads to breakdofywaper insulation
between adjacent aluminum layers.

Early thermal models [9, 10] developed for lowett&ge bushings did not account for the
core heating by dielectric loss, but assumed tesformer-top oil as the main heat source.
However, these models are still useful to calcullagerate of natural heat removal by ambient
air.

Contemporary thermal model of 400 kV and 800 kVssldushings includes the heat
production by the dielectric loss. This model shdhest the highest temperature develops at
the inner layer of paper and at approximately 60% e core length from the lower end. The
temperature dependence ofdassumed in this model is given by:
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Fig. 9. The highest temperature
inside the bushing core derived fromn
the thermal model for the dielectric
loss factor ta ranging from 0.01%
to 1.2%, at the porcelain housing
temperature To=3%, for the

parameter k=0.005; 0.01 and 0.0:
that increases with the cellulose
water-content and ageing ,
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Although not yet confirmed by temperature measurgmenside the bushing core, the
thermal model indicates a real possibility of thatioreakdown of time-aged bushings with
high moisture-content. The model predicted spahefhighest temperature coincides with the
breakdown location of several bushings, observethefpost-mortem examination of failed
units.

Monitoring of alternating-current that leaks throu gh the bushing

The concept of monitoring the sum of leakage cumesasured on three-phase bushings has
been known and employed for years [11, 12]. Tmspge device indicates an asymmetry of
the leakage current drawn from the compared bushifige leakage-current sum plotted as a
function of time reveals three possible outcomesfgut symmetry, stable asymmetry or
increasing asymmetry. In the latter case, the toamer is switched off, and bushings'
capacitance and dielectric-loss factor are meashyeal portable C-tanbridge that operates
at ~12 kV power-frequency test voltage [13]. Howewaly some insulation faults of say 800
kV or 400 kV class bushings can be detected at goltage level.

A bushing monitoring system based on comparisorthef leakage current recorded and
compared to the current measured in units connectdtie same phase, but in different
transformers was developed and presented at 208&fbrmer Committee colloquium in
Bruges [14]. This monitoring system is largely inmeuto perturbations that hamper
operation of the circuit that displays the sum bfee-phase bushing-leakage currents.
However, a noticeable change of the leakage curemeals an advanced stage of the bushing
insulation fault. Such monitoring system providesaaning signal that precedes an oncoming
bushing explosion, but cannot reveal an early stdglee fault development.

Partial discharge measurements

As measurement of C and tanat power frequency cannot detect early stageshef t
oncoming fault, the detection of partial dischardgleat accompany cellulose degradation
under high stress may be considered as one ofrtmiging diagnostic methods. However,
the partial discharge level in a new HV bushing hasbe lower than 10 pC (some
specifications require a few pC) [15]. Partialotiarges at such low level can be measured in
a specialized HV laboratory, equipped with the tetanagnetic shield and the test-voltage
supply free from partial discharges.



HV power transformer in service may indicate padiacharges that largely exceed 100 pC,
and they mask much smaller discharges originated the bushing. An attempt to filter out
the perturbations that prevail on transformersuibssations has been made, and an advanced
digital processing of partial discharges measuredboshings in service gives promising
results [16].

m Partial discharge between to adjacent foils in théushing core

Breakdown of paper insulation between the adjaakmhinum foils occurs at the sine-voltage
peak that may attain 4kVacin 400 kV rated-voltage bushing. Capacitance chdusulation
can be estimated as:
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where: the aluminum foil lengtb=4 m, inner foil radius;#=0.098 m, the outer foil radius

rou=0.1m, oil-impregnated paper dielectric-constapt4. The charge stored in this

capacitance Q=C-U=17&C.

Two concentric foils form co-axial transmissiondiaf the characteristic impedance
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The discharge current waveform approaches rectangulse, and its spectrum is shown in
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In reality, the discharge-current waveform devidtes rectangle, since the spark-channel
resistance drops from an initial high value to acfion of one ohm in a finite time. In
consequence, the current impulse front is roundiédammd the spectral harmonics are
reduced at somewhat lower frequency. Neverthetegspartial discharges that originate
inside the bushing have spectral components extetml@ much higher frequency than
discharges coming from the transformer winding. Wieding impedance behaves as a
low-pass filter and attenuates higher frequencypaments of discharges that have to pass
through the winding before they reach the bushing.
m Detection of partial discharges based on electrorgaetic radiation

A short-wave receiver that can be tuned within fieguency range from 20 MHz to 50
MHz will be able to detect partial-discharge eleattagnetic field radiated by 400 kV
bushing. Such receiver can be mounted on an imsglaod and brought close to the
bushings of transformer in service. Alternativehg antenna can be installed in vicinity of
HV bushing and serve as part of monitoring systdinis concept to detect partial



discharges by measuring the radiated high-frequetestromagnetic field was pioneered
by Dr. Eberhard Lemke, who designed his Lemke pnold®70*[17].

Fig. 11. "Lemke probe" detector of electromagneti
field radiated by partial-discharges in HV equipmen
This probe operates in frequency range of ~2 MHz, .
and can detect e.g. discharges in medium voltagiec = & » o |
joints. However, the probe frequency-range shalbbe 7 o :
least ten times higher to detect partial dischangesV
bushing.

LEMKE PROBE.

Conclusions

1. In-service faults of transformer bushings of R20and 400 kV voltage class become more
frequent as these bushings approach the end of seevice life, but simultaneous
replacement of all older units is difficult and npistified economically. A bushing
condition-assessment method is required to re\agl stages of the oncoming fault.

. The standardized measurement of bushing capeeit@nand dielectric-loss factor tan
using the conventional, low-voltage bridge that rapes at power frequency is not
sensitive enough to detect the initial stage ofhings fault development. This technique
can be enhanced by recording frequency characteoétC and tad, as well as their
voltage dependence.

. Effectiveness of such diagnostic is satisfaciarghe case of moisture ingress into the
bushing housing and subsequent penetration intowtih@le volume of bushing core.
However, experimental evidence indicates frequexdt$ that originate from a small
pocket of cellulose, located at the inner radiushef core at approximately 60 % of the
core length (from the bottom end).

. Such small pocket of degraded cellulose canaaddiected by an increase of C andtan
measured on the whole core, since these are ihigggatities, averaged over the stressed
core volume. Appearance of partial discharges atdi the localized fault that initially
affects only one layer of paper insulation betweeéfacent foil shields. However, such
discharges are much smaller than the partial digelsain transformer insulation, which
mask the minute signals from inside the bushing.

. Partial discharges in the bushing core must bpeetral components that extend to a much
higher frequency that discharges inside transformadings, measured at the bushing
capacitive tap. Reception of high frequency sigrdiered out from the whole partial
discharge spectrum is considered a promising metthdetect the bushing internal fault at
its early stage.
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