Transformer Continuous Partial Discharge Monitor
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Basic Principles underlying the operation of the Tr ansformer  Vigil™

Partial Discharges are a reliable early warning indicator for transformer electrical insulation breakdown but only
if they can be detected from the plethora of electrical noise readily found in any substation. The Transformer
Vigil ™ continuous on-line monitoring system for partial discharge detection uses a combined radio frequency
and ultrasonic signature detection method for reliably detecting repeat localised partial discharges. The system
is composed of receiving antennas, receivers, amplifiers filters and signal processing algorithms to create the
complete system. One of the most challenging components to the project are the ultrasonic and radio
frequency antennas.

The radio frequency and ultrasonic receivers are connected to specialist receiving antennas that have to work
continuously up to 1200C within a transformer oil environment and be reliable enough not to require any
maintenance but still be able to produce clear signals within highly electrically noisy environments of the
transformer tank.

Once the antenna signals are detected by the receiver electronics and amplifiers, the signals are passed into a
reverse time interval folding algorithm to remove noise and amplify the tell tale partial discharge signals,
increasing the signal to noise ratio sufficiently to create a reliable transformer monitoring system. There are
four levels of alarms produced by the Vigil Transformer system, and these alarms can be passed to the
substation control room for transferring to the electrical utility system control centre via SCADA, and or
engineering communications.

Several installations have been carried out on new and old transformers in Australia, USA, France and
Germany. The Vigil Transformer system has reliably detected partial discharges inside transformers,
transformer bushings and transformer tap-changers, and allowing preventative maintenance to occur before
any further damage could occur. Early warning detection provides substantial savings in maintenance and
replacement costs, extension of transformer lifetime, improved safety to substation personnel, continuity of
electrical utility supply, and avoidance of oil spills with consequential environmental disputes.

The transformer insulation is comprised of paper; mineral oil, epoxy bushings, and other cellulose based
materials for winding segregation and insulated connections to tap changers.
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Transformers can develop faults within these different materials arising from :

Reduction of allowable static and dynamic operating temperature range reducing transformer MVA capacity;
Chemical interaction of water within the paper;

Loose or distorted windings;

Excessive vibration of laminated core;

Tools, nuts, bolts or other maintenance materials inadvertently being left within the transformer tank;

Loose or poor connections;

Fault tap changer contacts;

Mechanical fatigue.

If these defects in transformers can be detected early enough, the transformer life can be saved from any
reduction in lifetime.

Partial discharges can be found emanating from all of these defects, but standard protection systems cannot
detect any of these defect symptoms except for gas detection within Buchholz relays, but even then, because
the relay accumulates gas from all parts of the transformer, the information is not useful.

However, a recent international power survey sponsored by CIGRE revealed that the causes of transformer
failures were caused by dielectric faults for 31% of all failures, thermal faults for 9% of all failures, mechanical
faults for 53% of all failures, chemical faults for 1% and unknown faults were responsible for the remaining 6%
of all failures.

No equipment can monitor and protect the transformer for dielectric, thermal capacity of paper insulation, or
mechanical faults. Only when these defects turn catastrophic can conventional protection systems detect these
faults and then the transformer is already heavily damaged.

That is where a Vigil Transfomer system that can detect partial discharges effectively help.

The Transformer Vigil™ uses a unique method of detection and signal processing not available with any other
system.

Detection of Partial Discharge

This monitoring system works by detecting both the ultrasonic and radio frequency signals that are
generated by partial discharges. The special ultrasonic and radio frequency detectors are fitted so they are
immersed in the mineral oil inside the transformer and flush with the inside surface of the wall or roof of the
transformer. Critical for the functional operation of this system the radio frequency and ultrasonic signals travel
at different speeds from the partial discharge source and the system measures the time interval between the
arrival of the radio frequency and ultrasonic pulses. Each pair of ultrasonic and radio frequency detectors are
housed as part of a sensing “head” which is installed either through the wall of the transformer, through an
inspection plate. The introduction of these transducers into the transformer does not interfere with the
performance of the transformer.. An advantage of having the transducers inside the transformer and the
electronics inside an earthed metal box is that they are shielded from noisy signals from other parts of the
substation.

Ultrasonic Transducers

These transducers have to be very sensitive, matched acoustically to the mineral oil, have short ring
down time and be capable of surviving in hot corrosive mineral oil up to 120°C for several years. There are no
ultrasonic transducers available commercially which meet this specification since conventional ultrasonic
transducers do not survive these demanding conditions. A short ring down time is essential to maximise the
number of ultrasonic pulses detected.

Special composite transducers have had to be developed in-house specifically for this application.
Acoustic impedance is defined as the density times the velocity in the material through which the ultrasonic
wave is travelling. The acoustic impedance of the receiver should be as close as possible to the acoustic
impedance of the mineral oil so as to minimise reflection. One can have a very sensitive detector but if the
acoustic impedance of the transducer and the medium it is in contact with are widely different, there will be
very little acoustic energy to detect since most of it will be reflected. The use of piezoelectric ceramic in epoxy
increases the electromechanical coupling, k, and the piezoelectric sensitivity parameters d, and g, Composite
structures have lower acoustic impedance closer to that of the oil. The ring down time is reduced by the
damping properties of the epoxy but in our design this was further reduced by use of a metal of the tungsten
family loaded backing on the transducer. These special transducers have been found to meet all the
requirements and survive for many years in mineral oil up to temperatures of 140°C without loss of the original
high values of k, dyand gy, . The encapsulation using the special 1-3 composite configuration ensured a rugged,
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chemically resistant transducer, which survives the demanding conditions and also the low frequency
magnetostrictive vibrations, propagated through the transformer

When ultrasonic transducers are used on the outside of the transformer wall (as in fault location) there
is severe acoustic mismatch and loss of acoustic energy. The composite internal transducer receives 38 % of
the incident energy whereas the large reflection at the steel wall allows only 14 % of the energy to be received
by an externally mounted transducer. This is due to reflection at the inside wall of the transformer and at the
interface between the transducer and the outer wall of the transformer even using special couplants. Some of
the energy goes as shear waves and Lamb waves in the transformer wall.

These composite oil immersion transducers are much more sensitive than commercially available
transducers. They have low lateral coupling coefficients so that they are not affected by false signals due to
shear waves, which are generated in the walls of the transformer. These are generated when the ultrasonic
longitudinal waves generated by mechanical vibrations impinge on the wall of the transformer at angles other
than normal. This low lateral coupling improves selectivity since it causes the transducer to ignore spurious
ultrasonic waves, which bounce around between the inside of the wall and the laminated cores. The thickness
resonance frequency was selected following Fourier power spectrum analysis of ultrasonic responses from
numerous partial discharges produced artificially. Internally mounted composite ultrasonic transducers have a
wider peripheral view of 35 ® compared with only 13 ° for the oil / steel and then steel / transducer interface for
transducers mounted externally on the outside of the transformer tank.

Radio frequency transducers

The radiated electrical field disturbance from a partial discharge is an impulse lasting only a few
nanoseconds and is rich in high frequency components. After much design and trial and error it was found that
a brass ring antenna was the most efficient.

Permanent Transducer Head

A permanent installation is recommended for new or old large generator and transmission transformers
due to the high capital outlay and the costs associated with outages. This installation consists of a pair of
transducers (RF and US) mounted on a sealed lead through plate covered by a noise shield. The lead through
plate and electronics are contained in a steel enclosure that is mounted on a flange welded to the transformer
wall or an existing inspection plate. The transducers are immersed in the mineral oil flush with the internal wall.
An advantage of having the transducers inside the transformer and the electronics inside the metal box is they
are shielded from em noisy signals from other parts of the substation. The installation of these transducer
heads is designed to be permanent and the transducers last the lifetime of the transformer. The introduction of
these transducers into the transformer does not interfere with the performance of the transformer.
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Figure 2. Photo of fixed head to Transgrid transfor ~ mer in Yass Substation
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Time Delay Calculation

Memany 4
1392

RF Signal

|

992

792

Vo B32 US Threshold
s

382

152

US Signal

-0.oe

-2.08

-10.00 s 2 madDiv

Figure 3 Processed RF and US Analogue Signals

Figure 9 illustrates an actual processed radio frequency and ultrasonic pulses from a partial discharge. Also
shown is the time delay between the two signals, which depends upon the distance from the partial discharge
source to the detectors, and the materials in the path.

Microprocessor and Optical Communications

A locally mounted microprocessor calculates the ultrasonic amplitude, ultrasonic and radio frequency
activity, the time delay between the radio frequency pulse and the ultrasonic pulse and the alarm status for
each of the transducer heads. A 4 level alarm is incorporated into the system offering visual and relay outputs
locally at the transformer and remotely via optical communications.

The microprocessor may be connected to a data-logging computer via an optical fibre for isolation
from the transformer. The data-logging computer may be accessed via modem or network connection to
access stored data, view alarm status or change threshold levels on the microprocessor via the optic fibre link.
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Fig 4. Microprocessor enclosure fitted to Transgrid transformer at Yass Substation
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Probable Time Delay Calculation and Histogram

If an ultrasonic pulse is detected all radio frequency pulses are recorded up to 4 ms prior to the arrival
of the ultrasonic pulse. These are combined in a time-delay versus count histogram as illustrated in Figure 6.
This method is called reverse time folded signal processing. As the time delay for a fixed partial discharge
source does not vary, a peak will develop in the histogram while noisy interference will spread over the whole
time period. This method allows the system to differentiate a relatively small number of partial discharges from
a background of corona interference. In extreme cases, a time delay may not be accurately resolved.
However, a large or medium amount of ultrasonic activity will still trigger the alarm conditions 3 and 4.
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Figure 5. Time Delay Histogram

Alarm Criteria

Fig. 11 illustrates the conditions for the four level alarms. In all cases, ultrasonic signals are detected.
The criteria, which we have found to be reliable in practice and not prone to give false alarms, are as follows:
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Figure 6. Alarm Flow Diagram

Alarm Class 1 corresponds to a time delay detected and a high ultrasonic level

Alarm Class 2 corresponds to a time delay detected and a medium ultrasonic level.

Alarm Class 3 corresponds to no time delay detected but a high ultrasonic level.

Alarm Class 4 corresponds to no time delay detected but a medium ultrasonic level.
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