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  Abstract - The first experiments that set the principles of 
the UHF technique of detecting partial discharges in gas 
insulated substations (GIS) were made 21 years ago, 
when the substation failure rate was higher than now and 
no satisfactory means of detecting defects in them was 
available. Since then the technique has been developed 
from a laboratory curiosity into a sensitive and practical 
means of giving an early warning of most impending 
failures in a GIS, and enabling the high quality of supply 
demanded by today's customers to be provided. 
 
  1.  The early days 
 
  In the late 1970’s, GIS for 275kV and later for 400kV were 
being introduced into the UK and other countries. Their 
small size and quiet operation allowed them to be installed in 
very restricted sites which included underground caverns; but 
especially they made it possible for the first time to install a 
major substation in an urban area. This was a major step 
forward, and in London, for example, later allowed power to 
be brought in to the capital by 400kV underground cables 
from the large generating stations built on the Midland coal-
fields. To Londoners the effect of closing the dozen or so 
small coal-fired stations that had supplied them locally was a 
major reduction in pollution. 
 
  GIS are not affected by atmospheric pollution, require only 
modest maintenance, and do not appear to have any 
significant ageing problems. The first GIS were therefore 
claimed to be ‘fit and forget’, and the Chief Engineer of a 
major utility made it known that after completing the HV 
commissioning tests on his new GIS, the substation door 
would be locked and not opened for 10 years. Three months 
into service the GIS broke down for the first time. 
 
  Unfortunately this experience was all too common in those 
days, because manufacturers had not yet developed the 
design, assembly and cleaning techniques needed to 
eliminate (well, perhaps almost eliminate) the small metallic 
particles, stress-raising edges on electrodes, floating 
components, etc. that cause compressed SF6 to break down 
so readily.   
 
  It has been said that engineering problems cannot be solved, 
just changed from one form to another. In this case the 
problem of insulator flashover caused by atmospheric 
pollution had been changed to that of apparently minute 
defects in the chambers triggering the highly stressed SF6 
into breakdown. Unlike air insulation, internal breakdown in 
a GIS was non-self restoring, and several days were needed 
to affect a repair; furthermore, GIS were generally installed 
at critical parts of the network where outages could cause 

serious disruption. So what could possibly be done to detect 
and locate, for example, a defect such as 5mm long metallic 
particle, which could be anywhere in several hundred meters 
of bus duct, circuit breakers, and disconnectors – all of which 
were completely enclosed in earthed metal housings? 
 
  2. The available techniques were considered 
 
The various techniques that might be used to detect any 
defect in a GIS were evaluated by the Transmission Division 
of the UK Central Electricity Generating Board (now The 
National Grid Company plc.), in collaboration with EDF and 
ENEL. Virtually all defects that might cause a GIS to break 
down are preceded by low levels of partial discharge, and so 
measuring the PD activity was likely to be the best approach. 
The main techniques considered were: 
 
IEC 60270 – this ‘conventional’ technique is the standard 
means of measuring PD, but its large external circuit and 
susceptibility to interference made it unpractical for 
monitoring a GIS in service. 
 
Optical − very low levels of PD activity could be measured 
by focussing the light output from the discharge onto a 
photomultiplier.  However, placing a photomultiplier in a 
chamber to detect the light from a PD hidden from direct 
view gave very poor sensitivity. 
 
Chemical − the PD breaks down SF6 molecules into reactive 
fragments, which form gases such as thionyl fluoride and 
sulphuryl fluoride. These give arced SF6 its characteristic 
smell of rotting eggs, but they were produced in such small 
quantities by a PD that when diluted in a large volume of gas 
they could not be detected. 
 
Acoustic − the best of the available techniques, especially for 
detecting free metallic particles moving over the chamber 
floor. The main disadvantages of acoustics for continuous 
monitoring were that the acoustic wave could not pass 
through the cast resin barriers, and the shear wave that 
propagates along the chamber wall is so strongly attenuated 
that measurements need to be made at frequent intervals 
along its length.   
 
  3. The UHF technique is born 
 
The UHF technique came about by chance. Some PD 
experiments were being made in a GIS test chamber, and it 
was noted with curiosity that a probe placed in the chamber 
picked up an apparently noisy signal when viewed on a 
spectrum analyzer. The signal was made up of very many 



 

peaks, which although appearing to be random were 
unusually stable. They also extended to very high 
frequencies, of beyond 1GHz. 
 
A few may remember that the early 80’s were days when 
‘blue sky’ research was encouraged by some companies, 
even though it could not be shown at the outset that the 
results would be profitable. At least, that was the excuse 
made to spend time looking at the signal in more detail 
(although in truth, nobody imagined that we would still be 
looking at the signals 21 years on!). 
 
The first experiment was to tune the spectrum analyzer to 
one particular frequency fo , where a peak occurred.  Then the  
probe was moved in small steps along the length of the test 
chamber, and the signal strength measured at each position. 
When plotted, it was found that the signal was periodic, the 
period being the wavelength of fo (Figure 1). That and a few 
similar tests suggested that the discharge had excited 
standing waves in the chamber, of a magnitude proportional 
to the charge dissipated; that the resonances were of two 
distinct types, later identified as TEM waves and TE/TM 

waves; and that they persisted for much longer than the 
original PD pulse. 
 
 
Figure 1. A standing wave in a GIS chamber 
 
Encouraged by this, tests were made using various types of 
defect (free metallic particles, sparking electrodes, corona 
sources) in the chamber, to find if there were any differences 
in the spectrum of the signals that would enable the defect to 
be identified; but there were none. The alternative method of 
looking at the points at which the discharge pulses occurred 
on the power frequency wave was tried, and gave a clear 
indication of the nature of the defect. Finally it was shown 
that a defect between two probes could be located by 
measuring the time interval between the wavefronts arriving 
at the probes (i.e., by time of flight). At that time the state of 
the art oscilloscope was a single channel analogue instrument 
with a 1GHz bandwidth, and measuring a time interval of 
some nanoseconds required skill and imagination. In 
comparison, today’s digital oscilloscopes enable an accurate 
location to be made within minutes. 
 
The fundamental principles of the UHF technique were 
established within a year of making the first experiments, and 
it seemed clear to those working on the development that this 

was a sensitive, practical technique for detecting a defect in a 
GIS. However, at the time many transmission engineers were 
very skeptical of the whole proposal, and made it known that 
this unlikely marriage of microwave technology and power 
engineering was no more than a flight of fancy.  After all, the 
argument went, how can sensitive electronics measuring a 
few millivolts at 1GHz possibly survive the many tens of 
kilovolts of fast-fronted transients generated nearby when a 
400kV disconnector opens? The answer was that it would 
survive quite easily if the electronics were properly 
protected; but for a while the technique remained a 
laboratory curiosity used mainly to impress visitors, and the 
ideas were not published until later [1]. It really took a new 
generation of power engineers coping with the pressures of 
deregulation to recognize it as a practical, cost-effective aid 
to reducing the number of enforced outages in GIS, 
maintaining the quality of supply, and allowing more 
efficient maintenance techniques to be adopted.   
  
  4. UHF couplers 
 
In new GIS, the UHF couplers are usually mounted 
internally, often on the inside of hatch cover plates. Internal 
couplers are chosen because they are in a high UHF field and 
screened from radiated interference, for example that from a 
nearby contactor or a mobile telephone. They are necessarily 
simple and robust in design, and have a smooth profile, 
because it would be unforgivable if the coupler itself caused 
a breakdown. In most cases the couplers will be supplied and 
fitted by the switchgear manufacturer.  
 
When retrofitting couplers to an existing GIS, external 
couplers are preferred because they can be fitted without any 
outage. They can be mounted on the exposed edges of cast 
resin barriers, on viewing windows, or over any other 
dielectric aperture in the chamber through which the UHF 
signal can propagate. Because the apertures are usually small 
they act as high-pass filters, and the lower frequencies in the 
signal may be attenuated strongly. In spite of this, external 
couplers may be made as sensitive as those fitted internally, 
because being outside the gas zone they can be made much 
more complex. 
 
Whichever type of coupler is used it is important to  find its 
sensitivity and bandwidth, because this enables it to be 
designed to match the input requirements of the monitoring 
system, and optimise the performance of the PDM. 
 
When preparing the tender for a new GIS, the user should 
specify the coupler response required. The sensitivity of a 
coupler is its output voltage (volts) divided by the magnitude 
of the UHF field (volts/mm) in which it is placed; and since 
this has units of mm, the sensitivity is expressed as an  
effective height He (mm) [2]. 
 
Using this approach, The National Grid Company plc has 
prepared a specification for UHF couplers [3], and an 
example is shown in Table 1. Here the minimum effective 
height He min is defined as the sensitivity that must be 
exceeded over at least 80% of the declared frequency range, 
and the mean effective height He is the sensitivity that must 
be exceeded by the average value of He over the whole 
frequency range. 
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Table 1 
Typical NGC coupler specification 

 
Frequency range 500-1500 MHz 
Min. effective height He min 2.0 mm 
Mean effective height He 6.0 mm 

 
The use of two conditions rather than simply specifying He 
ensures that the couplers are broadband. If the minimum 
value was not specified, the average value could be achieved 
by using a very sensitive, but narrow-band coupler. The 
specification also requires that the calibration is carried out 
with the coupler mounted on a replica of its mounting 
arrangement.  
 
This specification applies to both internal and external 
couplers. As an example, an external coupler with its 
calibration curve is shown in Figure 2.  The coupler had been 
designed to satisfy the NGC Specification, with its maximum 
sensitivity in the 500-1500 MHz range. The calibration curve 
shows that with a mean effective height of  9.2 mm over 
100% of the frequency range, the requirements had readily 
been met. 
 
 

 

Figure 2. An external barrier coupler and its calibration 
curve. 
 
 
 
  5. Present day PDM systems 
 
Partial discharge monitors are now produced by several 
switchgear manufacturers, and a few independent companies. 

All systems operate on the same principles of UHF 
technology, which has not changed over many years; the 
difference between them lies in their sensitivity and 
sophistication.  
 
When utilities choose a PDM they are mostly concerned 
about the experience of the supplier, the reliability of the 
PDM, whether the software is user-friendly, how the data is 
stored and recovered – and, of course, the cost. However, 
these are probably the two aspects of the PDM that raise the 
most discussion: 
 
Sensitivity and the GIS commissioning tests 
 
Many utilities are now specifying that a PDM is installed 
with any new GIS, and that it is used both during the HV 
commissioning tests and when the GIS is in service.  This 
follows the proposal of CIGRE JWG 33/23.12 [4], which 
was that the recommended dielectric on site test procedure is 
a high voltage AC test together with a sensitive partial 
discharge measurement. 
 
The purpose of the test is to detect ‘critical defects’, which 
are defects of a size likely to affect the specified LIWL and 
PFWL voltages. Extensive series of tests made in a number 
of laboratories have shown the critical lengths of defects to 
be: 
 
 Free metallic particles: 2-5 mm  
 Protrusion from the HV conductor: 1 mm  
 Particle on a barrier surface: 2 mm  
 
All these defects produce PD before breakdown occurs. An 
important part of the CIGRE studies has therefore been to 
find the AC voltage level that will cause the critical defects to 
generate partial discharges of a magnitude measurable on 
site. This has led to the suggestion that the test voltages at  
which  the  critical  defects  will  produce  PD  levels of 1-10 
pC should be used. The highest permissible PD level during 
the HV test has been set at 5 pC.  
 
To ensure that the PDM has the sensitivity to detect a 5pC 
discharge anywhere in the GIS, calibration tests need to be 
made [5]. The principle of these is that injecting fast-fronted 
voltage pulses into a coupler produces UHF resonances in the 
GIS that can be detected at adjacent couplers. So the first part 
of the test, which is made in the factory, is to find the 
magnitude of the injected pulse that is equivalent to a charge 
of 5pC. In practice this can be up to a few tens of volts. Then 
the second part, made on site, is to inject the same pulses into 
each coupler in turn and show they can be detected at an 
adjacent coupler. Of course it can be argued that the lowest 
sensitivity is obtained when the PD is mid-way between 
couplers, and so the injected pulse should be equivalent to 
10pC; but in all this work it should be  recognised that PD 
measurements are not exact, and factors of 2 or possibly 
more are of little consequence.      
 
 
 
Data display and interpretation 
 
It is relatively easy to detect a UHF signal; the problem is 
first to decide whether it is a real PD signal or interference, 
and if it is real to identify the type of defect causing it. 
 



 

Much experience has been gained in identifying defects 
through visual displays of the UHF data. The early work on 
data interpretation was made using spectrum analyzers, but 
these instruments are limited in their usefulness when 
displaying data. In general it is more satisfactory to use a 
dedicated display such as the 3D format favoured in the UK, 
or the PRPD (phase resolved partial discharge) format with 
which many European engineers are familiar.  The choice 
between the two is largely one of personal preference, and 
both displays can be incorporated into the same PDM. 
 
One advantage of the 3D display is that the UHF data is time 
resolved, which in many cases allows the defect to be 
identified more easily than from a 2D display. As an 
example, Figure 3 shows the 3D signal from a faulty busbar 
joint. 
 
 

Figure 3. 3D signal from a faulty busbar joint. 
 
 
However, busy engineers have no time to look at data 
displays routinely, and major developments in using 
analytical programs to interpret data are under continuous 
development in many parts of the world. The problem is 
huge, but good progress is being made and many different 
techniques based on the statistical analysis of the data are 
being investigated.      
 
Artificial Neural Networks are also well suited to 
recognizing the pulse patterns generated by discharges. 
During system training with a database of real PD patterns 
from known types of defect, the links between neurons in the 
ANNs are automatically strengthened or weakened on the 
basis of the required output. In practice it is found that the 
amount of data obtained in one second is too great to be 
handled by a single ANN, and it is better to use several 
ANNs optimized to recognize key parameters.  The accuracy 
of this defect classification can exceed 95%. 
 
 
 
 
 
 
 
  6. Conclusions 
 
Utilities are increasingly seeing UHF monitoring as an 
effective means of avoiding unplanned outages of their GIS. 
This may be especially important where the supply industry 
has been privatised and, for example, a transmission 

company is under contract to accept energy from a 
generating station. The consequence of being unable to do so 
due to the failure of the station GIS, which in an extreme 
case could require the generators to be shut down, is likely to 
be penalties against which the initial cost of a UHF 
monitoring system would be insignificant. 
 
Utilities are also under mounting pressure to maximise their 
return on plant, which is a major investment and needs to be 
used to its limits for as long as possible. This has to be 
achieved with the minimum of maintenance, since it is 
expensive and possibly disruptive when plant is taken out of 
service. Utilities must also provide the highest possible 
quality of supply to customers, especially to those in 
industries whose own plant protection and control systems 
are becoming increasingly sophisticated, and where even 
small dips in the supply can cause major problems. After 
their long period of development, PDM systems have finally 
come of age and are proving to be of major assistance to 
transmission engineers the world over who are striving to 
meet these goals. 
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