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Reliable electricity 

supply has never been 

more critical or 

politically sensitive 

for the world’s 

economic and social 

development.

Preventing Catastrophic Transformer Failures

Transformers are a critical part of an electrical utility’s asset base. Loss of a
transformer in a transmission utility, generation plant or industrial plant can cost
many millions of dollars, depending on how long it is out-of-service.

On-line monitoring and diagnostics is a useful tool to help operators manage
their assets and make decisions on continuing operation, maintenance or
replacement. Transformer bushings have been identified as the cause of a large
number of transformer failures and GE has developed an on-line bushing
monitoring system that will monitor the bushing insulation and also detect
partial discharge within the bushing and tank.

The bushing/PD monitoring system can be integrated with GE’s existing DGA
monitors. It uses sensors on the bushing tap of the transformer to measure the
low frequency and high frequency components of the leakage current, to
identify changes in the bushing insulation properties and to detect partial
discharges within the bushing and transformer tank. This paper describes the
results of field trials of the integrated system on a transformer.

Introduction

The world faces major challenges with respect to growing the electrical power
infrastructure while continuously improving its reliability. Failures of critical
transformer assets in both public and private power networks have social
consequences (provision of electrical power to consumers), but also impact
industrial production and productivity. Reliable electricity supply has never been
more critical – or politically sensitive – for the world’s economic and social
development.

The fundamental design of the power transformer has not been altered
significantly over the past 100 years. However, the impact and value of losing
critical load due to transformer failure has increased by many orders of
magnitude. Today, global services and industries alike are critically dependent
upon reliable electric power supply.

Key parameters of the transformer and its 5 major components -the active part
(core and windings), oil, bushings, on-load tap changer and the cooling system -
can provide useful transformer “information” to allow network and asset
owners/operators to make better technical, operational, and hence business
decisions.

Grouping of transformer failures into the 5 major component categories shows
that bushings and tap changers are as critical as the active part in terms of the
root cause of failure. 1,2,3,6
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Bushing Failures

Faulty insulation is the principal cause of bushing failure. Humidity and oil-
ageing are major factors in insulation breakdown.

Table 1 below shows the main causes of insulation failure in condenser (bushing)
insulation. Progressive insulation breakdown leads to a flashover inside the
bushing and often to catastrophic failure where the porcelain shatters,
endangering personnel and other equipment in the vicinity. It can also lead to
fire that destroys the transformer and surrounding equipment
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Figure 1
Transformer Failure Causes

Typical Defects and Faults Failure Mode

Residual Moisture; Poor 
Impregnation;

Overstressing; Ingress of Moisture;
Ingress of Air; Oversaturation with 

gas;
Aging of oil and Oil Paper Body;

Thermal Instability of oil;
Gas Unstable Oil; Copper Migration;

Dielectric Overheating; Incipient 
Ionisation;

X-wax deposit

Critical ionisation
Puncture
Explosion

Thermal instability of the
oil/paper dielectric

Exponential increase of dielectric 
losses and temperature

Critical ionisation
Explosion

Table 1

Bushing Condenser-type Insulation Failure Modes5
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Having an integrated 

monitoring solution 

will significantly 

increase the ability to 

detect potential 

transformer problems 

which can lead to 

catastrophic failures.

Bushing and Partial Discharge Monitoring

The traditional system of bushing checking is based on measuring the dielectric
loss of insulation, also known as dissipation factor, at a voltage of 10 kV4 at the
power system frequency. A Schering Bridge is used to measure the bushing
capacitance and dissipation factor. This involves taking the transformer out of
service to apply the voltage and make the measurement under no-load
conditions.

On-load bushing monitors have been developed that measure the current in the
bushing capacitance tap, replacing the earth connection in the tapping point
with a current sensor. These current sensors also have built-in protection to
ensure that the bushing foil is effectively earthed in the event of open-circuit on
the measuring cable or some other fault in the measuring equipment.

The advantage of on-load monitoring is that it can be carried out with the
transformer in service condition and does not require an outage of what is often
a critical equipment. The disadvantage is that, without any reference voltage,
the actual capacitance and dielectric loss cannot be determined. The measured
value is relative, but any changes over time can be monitored.

One other advantage of on-line measurement is that partial discharge (PD) in the
transformer can also be detected by measuring the high frequency component
of the bushing capacitance current. Partial discharge from within the
transformer, as well as the surrounding environment, is transmitted through the
capacitance layers of the bushing and can be detected as a high frequency
signal on the bushing tap current. Different means can be used to discriminate
between internal and external PD.

For this project, different types of measurements were assessed. The first
included a sum-of-currents method that measures the sum of bushing
capacitance currents on the three phase bushings, and monitors any change in
magnitude and phase angle of the current.

It is considered that the parameters of the insulation of all the bushings on the
three phases of the transformer cannot change simultaneously and to an equal
degree. The unbalance current (stress), isolated on the summing resistor of the
instrument (UNN, see figure 2a), always alters with the appearance of insulation
defects in one or two bushings.

The first method uses the magnitude of the unbalance current to characterize
the degree of the development of a defect in the bushing insulation. Caution
and Alarm limits can be set on this value. The three-dimensional direction of the
vector of the unbalance stress indicates the phase of the bushing in which the
insulation parameters have changed (figure 2b).

The second method measures the individual currents on the three phases. The
magnitude of the current is a measure of the capacitance of the bushing and a
change of current magnitude indicates a change of capacitance, and hence
insulation failure. This is expressed as a relative value, as there is no reference.
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Bushing Measurements

In addition, one bushing is used as a reference and the phase angles of the
other two bushings are measured relative to this angle, giving phase angle A-B
and A-C, or relative tgd. Changes in the phase angles provide information about
changes in the tgd of the individual bushings. All of these parameters can be
trended to show changes in the bushing insulation over time.

Both methods require the basic parameters of the bushings to be entered into
the system during commissioning, usually from a recent off-line power factor
and capacitance test, or from the bushing rating plate and initial commissioning
test report.
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Caution

Alarm

Current 
Imbalance 
Vector

Figure 2
Sum of Currents Measurement

(a) Measurement Circuit (b) Measurement Output
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Partial Discharge Monitoring

Partial discharge appears as a high frequency signal superimposed on the
power frequency signal from the bushing tap. There are several different ways of
analysing this signal to eliminate external noise and to provide information
about the amount, type, and location of partial discharge within the transformer.

The final solution chosen for this system was to include a GPS receiver in the
system that can accurately timestamp all measurements and synchronise the
measurements from three phase bushings and a high-frequency current
transformer located on the neutral connection.

Sensors for transformer top oil temperature, ambient temperature and ambient
humidity are also included to compensate the results to a reference. The
arrangement of all sensors is shown in figure 3.

The high frequency signal is digitized at 100MHz and all phases and neutral are
sampled simultaneously to eliminate phase shift. This provides a resolution of
10ns. The time-of-flight for signals passing from phase terminations to neutral is
calibrated during installation of the system, so discrimination between internally
generated signals and external noise is possible.

Investing in Continuous Transformer Testing

Figure 3

Partial Discharge and Bushing Monitoring Sensor Overview

Using a GPS receiver, 

the system uses the 

very precise time 

signals transmitted by 

the GPS satellites to 

accurately timestamp  

and synchronize all 

measurements. 
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PD Diagnostics and Interpretation

There are three levels of diagnostics and interpretation. The first level is the
amplitude of PD pulses, and this can trigger an alarm within the software.

The second level is a Partial Discharge Activity (PDI) level, which combines the
number of discharges and the amplitude to give an indication of the severity of
any discharge within the transformer. The PDI value is provided as one of the
outputs, which can be used to trigger and alarm, and can also be trended in the
software along with the DGA values.

The third diagnostic level, which is not yet implemented, is to characterise the
partial discharge according to Phase Resolved PD (PRPD) analysis. This is a
common approach to characterising PD, determining the type of PD by the
amplitude, position and decay of the high frequency pulses relative to the power
frequency waveform.7

On-Site Experience

A partial discharge and bushing monitoring system was installed at Ballylumford
Substation in Northern Ireland, on the coast, and connected to an existing
TRANSFIX DGA monitor (figure 4).
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(a) Transformer HV bushings (b) Monitoring System

Figure 4
Partial Discharge and Bushing Monitor Installed with TRANSFIX
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Bushing Replacement 

The customer had concerns about one of the bushings on this transformer and
intended to change it with a spare bushing, in accordance with their
maintenance policy. When the monitoring system was installed, there was no
indication of any problem or deterioration in the bushing. There was no
significant change in the sum-of-currents measurement, which was the system
installed at that time (figure 5).

The customer changed the bushing, and during the transformer outage the
monitoring system was changed to the system measuring relative parameters
for individual bushings. Due to firmware problems, there was no data available
from this system for several months. After the firmware bugs were fixed, data
was received and again showed no problem with the replacement bushing
(figure 6).

It can be seen from Figure 6 (a) that the PDI figure varies between 0 and about
10,000 units. In this example, the activity on phases B and C is higher than the
activity on phase A. Over time, the trend for each phase of a particular
transformer can be plotted and alarm limits set at an appropriate value. As we
gain more experience of the PDI values on different transformers, we will be able
to recommend default alarm settings.
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Although one bushing 

was thought to be 

defective by the 

customer, this did not 

turn out to be the case, 

and the need for 

replacement was 

avoided.

Figure 5
Sum of Currents Measurement
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Phase Angle Comparisons 

In Figure 6 (b), the phase angle measured between A-B and A-C does not change
significantly – the variance is <0.3°. The leakage currents from the bushings are
also constant, and there is a variance of about ±5% seen between the three
phase bushings. Figure 6 (c).
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(a) PDI Average Values (arbitrary units)

(b) Phase Angle (normalised)

(c) Leakage Current (mA)

Figure 6
Individual Bushing Parameter Measurement over 70 hour period
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Bushing and Partial Discharge Monitoring

Over a period of several weeks, some strange phenomena were observed in the
partial discharge measurements that could not be correlated to DGA activity or
any known transformer issue. On further investigation, the only explanation was
that this was some type of external noise that was being picked up by the
monitoring system.

A local weather station was found that had meteorological data available for the
relevant period, and the partial discharge signals were correlated with rainfall
and wind (Figure 7). It was found that during periods of high wind and heavy
rain the PD activity increased. The PD activity correlates well to high rainfall and
high wind speed, although different phases are affected at different times,
possibly due to the wind direction. It was assumed that this PD activity was due
to external corona on the bushing porcelain surface because of the combination
of wind, rain and salt-laden atmosphere.

Most of the corona is filtered out of the system, but some remains, and under
these circumstances it became the major contributor to the PD activity
measurement. This has also been found to be the case in other studies, for both
partial discharge and tgd activity8. The DGA measurements in the tank at this
time indicated no partial discharge or other possible faults (Figure 8). All the
hydrocarbon gases measured <5ppm and the hydrogen measured in the region
of about 15ppm with a falling trend. This indicates that no gas was being
generated in the transformer over this period, and that the hydrogen was being
lost to atmosphere through the conservator.

One outcome of this investigation was the possibility of adding rain and wind
sensors to the equipment in the future, perhaps as an optional extra, to help
eliminate spurious signals due to the weather.
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Partial Discharge 

activity analysis 

requires interpretation 

and is susceptible to 

environmental 

phenomena.

Correlation to DGA 

result helps eliminate 
spurious causes.

Figure 7

Partial Discharge Activity Correlated To Rainfall And Wind Speed 
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Bushing and Partial Discharge Monitoring (cont.)

Further field trials of the system are planned for transformers that have known
partial discharge and/or bushing problems, to gather more data and assess the
effectiveness of the system for monitoring transformers.

Conclusion

Measurements of partial discharge, bushing leakage current and bushing phase
angle have been measured on a transformer along with the corresponding DGA
measurements.

Although one bushing on the transformer was thought to be defective, this did
not turn out to be the case, and no other issues were found to indicate any
faults.

Heavy rainfall in conjunction with wind can give an indication of partial
discharge, probably due to surface discharge on the bushings. This may be
something that could be compensated for using wind and rain sensors, but it will
require further development work. The DGA results corroborated the conclusion
that there was no partial discharge within the tank.

The results of the trial have shown that the system can operate successfully and
carry out the required measurements. Further investigation and trials are
required to define meaningful limits for each of the measured parameters.
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Figure 8
DGA values over the Same Period as Figure 7
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