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ABSTRACT 
In this paper relevant aspects of digital processing of par- 
tial discharge (PD) as measured by conventional PD detection 
methods are discussed. Moreover, a systematic study of PD 
quantities is presented and discussed within the scope of prac- 
tical PD analyzes, including recognition of defects in certain 
HV insulation configurations. 

1. INTRODUCTION 
HROUGH the years, many methods for detection, T location and evaluation of PD phenomena have been - 

developed [l-191. Moreover, many discharge quantities 
were introduced in order to improve this situation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[4,12]. 
Although the quantities used today do not predict the 
lifetime of dielectric insulation in particular HV equip- 
ment, they do give information on its quality. PD mea- 
surements often provide a means for detecting defects 
that otherwise would lead to the breakdown of the dielec- 
tric. In general, there are six types of PD, see Figure 1, 

1. Corona discharges occur a t  sharp points protruding 
from electrodes in gases and in liquids. 

2. Surface discharges may occur in gases or in oil if there 
is a strong stress component parallel to the dielectric 
surface. 

3. Internal discharges occur in gas-filled cavities, but oil- 
filled cavities can also break down and cause gaseous 
discharges afterwards. 

4. Electric trees can start from sharp conducting parti- 
cles or from a cavity in solid insulation. 

5. Floating part discharges occur in cases of badly ground- 
ed components in or near a HV circuit. 

6. Contact noise may occur in cases of bad contacts or 
poor grounding of the test samples. 
In practice the most used PD measurement is electric 

pulse detection [1 ,3 ,6 ,  13-16]. This method is based 
on the measurement of the current impulses caused by 
a discharge in the defect and which occur in the circuit 
in series with the dielectric. The following three goals 
are important here: to determine the presence of PD 
and to estimate their magnitude; to locate the site of 
the discharges; and to estimate the danger caused by the 

[7,91: 

Figure 1 

Typical insulation defects and their stylized dis- 
charge patterns. (a) corona discharges, (b) sur- 
face discharges, (c) cavity discharges, (d) treeing 
discharges, (e) floating part, ( f )  contact noise. 

Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2. 

PD patterns as observed during PD measurement 
on a 3 nF, 100 kV capacitor. (a) photograph of 
cathode ray screen as made within 2 min, (b) 
phase-resolved distributions as processed during 
2 min. 

detected discharges. Therefore, information on the type 
of defect is important [9,20,21]. 

It is known that the characteristics of discharges may 
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change substantially during service and that the occur- 
rence of discharges depends among other things on tem- 
perature, pressure, applied voltage and the test dura- 
tion. The occurrence of discharges may cause structural 
changes in the defects zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAso that the discharge patterns may 
be subject to change [4,10,11]. To analyze the PD pro- 
cess, oscillograms give valuable information about the 
type and origin of discharges; moreover diagrams of dis- 
charge magnitude as a function of voltage also help to 
determine the cause of discharges [3-9,121. The changes 
in the behavior of discharge magnitude and extinction 
voltage may add to these findings. However, the combi- 
nation of these characteristics gives an indication only, 
and much depends on its intelligent use. Room is left 
for considerable doubt. An example of patterns that un- 
dergo change over a short time is shown in Figure 2(a). 
It follows from Figure 2(b) that the PD process as ob- 
served during 2 min also can be described using digital 
quantities representing typical patterns for this period. 

In recent years, investigation into the use of digital 
techniques for the evaluation of PD has become increas- 
ingly important. The trend towards automation in tests 
for cables, transformers and other insulated devices is 
evident [8,11,18-221. One of the undoubted advantages 
of a computer-aided measuring system is the ability to 
process a large amount of information and to transform 
this information into an understandable output. 

Many computer aided systems have been developed 
for the measurement and understanding (evaluation and 
interpretation) of PD phenomena [12,13,17-26,28-311. 
In this way a complete data recording can be made and a 
basis will be created for further evaluation and diagnosis 
of the insulating systems. This trend concentrates on the 
development of the recognition of discharge sources and 
the evaluation of measuring results 123-521. 

Nevertheless, the PD process in a defect is sensitive 
to many factors such as roughness of the interface sur- 
face, aging process, local field strength, etc. All these pa- 
rameters may influence the measured PD pulse sequence 
which is the basis for in-depth analysis. Moreover these 
parameters may influence the outcome of the digital sys- 
tem [56]. Therefore, human experience is essential for 
the evaluation of results, even if obtained by a digital 
system. 

In this paper important aspects as related to digital 
processing of PD measuring data will be discussed: dig- 
ital acquisition of PD sequences, signal processing and 
analysis possibilities, and diagnosis of defects in HV in- 
sulation. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

2. DIGITAL ACQUISITION OF PD 
SEQUENCES 

Since the last revision of the IEC 270 Standard for 
PD measurements (1981) much effort has been put into 
electrical measurement of PD, but above all in the devel- 
opment of new, often computer-aided measuring systems. 
Since 1993 the above mentioned IEC Standard has been 
under revision, where recommendations regarding digital 
PD measurement will comprise part of the new Standard. 
Therefore, in this Section some fundamental aspects of 
the digital processing of PD pulses will be discussed. 

Figure 3. 

Detection circuits for PD. (a) straight detection, 
(b) balanced detection. 

Figure 4. 
Typical bandpass filter characteristics of PD 
measuring systems. 

Basically, all modern systems measure discharges using 
the same PD detector as introduced in 1941 by Austen 
and Whitehead [l]. In Figure 3(a) this basic circuit is 
shown and in Figure 3(b) the balanced PD detector as 
later introduced by Kreuger in 1961 [3]. This circuit is 
principally composed of a coupling capacitor to stabilize 
the voltage across the test object and to pass the fast 
charge transfer to the test object, a measuring imped- 
ance to quantify the charge transfer by an integration of 
the current pulses and an instrument (PD detector) to 
measure or to display the PD pulses. Depending on the 
electrical parameters of the test circuit and of the dis- 
charge process, different characteristics can be obtained. 
To provide a correct integration of a discharge pulse, the 
upper limit fi of the frequency range of an analog in- 
strument shall be < 1/3 of the resonance frequency of 
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the test object zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[6]. For this reason, most analog instru- 
ments have a bandwidth with upper limit < 500 kHz 
and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAf zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 400 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAkHz. smaller than - 300 kHz. As a 
result, narrow-band and wide-band measuring systems 
have been used, see Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4. 

Due to the increasing automatization of PD measure- 
ments in recent years the use of digital systems has be- 
come very popular. A computer-aided system containing 
a digital memory offers the opportunity to store the dis- 
charge pulse sequences and to postprocess these in the 
course of time or as a function of the power frequency 
cycle. For this purpose several deduced quantities exist 
and they have a practical implication [4,6,7,26]. Most 
of these quantities are related to the magnitude and the 
phase-position of a PD pulse. Consequently, the value 
of all these parameters strongly depends on the correct 
digital registration of the discharge sequences. 
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Figure 5 

Digitized PD pulses as measured by PD system 
with a bandwidth of 40 to  400 kHz using different 
sampling rates. 

2.1. DIGITAL PD DETECTOR 

Generally, a digital instrument samples and stores the 
individual PD pulses after continuous quasi-integration 
of the discharge-current pulses using an analog instru- 
ment. It means, that in addition to an analog instru- 
ment , a digital instrument shall continuously register the 
peak values of individual pulses. Due to the fact that the 
pulse shape of a discharge is determined by the resonance 
frequency of the discharge circuit, the digitization of dis- 
charge pulses should not concentrate on the shape of the 
PD pulse, but on the registration of the peak values of 
the discharge pulses, see Figure 5. 

Moreover, with regard to maximum time of registra- 
tion and data processing for which the digital instrument 
is designed, distinction may be made between two types 
of digital instruments, a detector and an analyzer. 

A system for short test times is a digital PD detector. 
The instrument displays and stores the peak value of the 
apparent charge. For this purpose the discharge sequence 
has to be measured and displayed during - 500 s. 

A system for long test times is a digital PD analyz- 
er. The instrument measures and displays not only the 
apparent charge but also processes several derived quan- 
tities for an in-depth analysis. During the test the dis- 
charge sequences are processed and stored from - 100 s 
to - 100 h. In this case, due to the large amount of 
information, compression procedures can be applied; for 
instance averaging, peak storage or signal integration. 

.... . . . .  
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Figure 6 

Output voltage signals of three different PD mea- 
suring systems for apparent charge. 

2.2. SPECIFIC REQUIREMENTS 
The important difference between analog and digital 

instruments is that digital signals contain no informa- 
tion between individual samples of the measured signal. 
In consequence, the peak value of the discharge pulse 
can be approximated only. To obtain the peak value of 
discharge pulses two measures are recommended. First , 
after the quasi-integration of the discharge current puls- 
es, using sufficiently high sampling rates fa > l O f 2 ,  the 
discharge pulses are digitized and stored as numerical 
values. To determine the peak value of the discharge 
pulse these numerical values must be interpolated using 
mathematical routines to produce a curve similar to the 
curve recorded by an analog instrument, see Figure 6. 

Second, after the quasi-integration of the discharge 
current pulses and before digitization, an analog circuit 
must be used to capture the peak value of the discharge 
pulse. Using a sample and hold circuit a rectangular 
pulse can be generated with an amplitude proportional 
to the peak value of the discharge pulse. In this way the 
resolution time of the digital instrument may be adjust- 
ed to the pulse resolution of the analog instrument only 

To give an example, it is known that in the case of coro- 
na discharges at ac voltage the discharges are symmetri- 
cally disposed about the voltage peak, and are of equal 
magnitude and equally spaced in time. In Figures 7 to 9 
examples of corona discharges at HV point are analyzed 
using different diagrams of discharge magnitude and dis- 
charge intensity. The main objective of these examples 
is to show the importance of correct digitization. In all 

[501. 
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Figure 7 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Measured data of corona discharges processed for 
2 min at 4 kV. Sample: single point-to-plane con- 
figuration at the HV electrode in air; point diam- 
eter 50 pm, distance to plane 50 mm; Bandwidth: 
40 to 400 kHz, Time resolution: 6 p s .  

cases during 2 min the same well defined point-plane con- 
figuration at  HV electrode was studied. It is known that 
this configuration is characterized by stable behavior in 
PD magnitude and PD intensity. To test the influence of 
resolution time of the instrument on different PD pulses 
as detected by different band-pass filter characteristics 
two bandpass filters were used: wide band of 40 to 400 
kHz and narrow band of 70 to 80 kHz. It can be seen from 
Figures 7 and 8 that selecting the correct resolution time 
of the digital instrument for a certain filter characteristic 
of the PD detector provided correct measurement of the 
PD magnitudes. On the other hand, Figure 9 shows that 
a wrong time resolution of the digital instrument may 
falsify the measurement result of discharge magnitude. 

It follows, from this example, that complete in-depth 
analysis as is usual by computer-aided processing may be 
strongly influenced or even falsified by incorrect digitiza- 

Figure 8. 

Measured data of corona discharges processed for 
2 min at 4 kV. Sample: single point-to-plane con- 
figuration at the HV electrode in air; point diam- 
eter 50 pm, distance to plane 50 mm; Bandwidth: 
70 to 80 kHz, Time resolution: 150 p s. 

tion of PD pulses. 

When using a digital PD detector, another important 
aspect needs special attention: the reading of the digital 
PD meter. It is evident that independent of the kind 
of PD detector, analog or digital, the value of recorded 
PD magnitude has to be the same. Finally, most actu- 
al standards or specifications of different apparatus are 
based on analog PD detection. 

It is known that in the case of an analog PD peak 
meter (with certain charging and discharging time con- 
stants) the reading in pC is based on the largest repeat- 
edly occurring magnitude. In other words, the final value 
in pC as displayed by the instrument is based not on a 
single PD discharge event, but is a result of a certain 
relationship between the measured PD magnitudes and 
their pulse repetition rate, for more information see for 
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time resolution of two consecutive discharge pulses, in zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
ps or in *; the discharge singularity or identity of one 
discharge pulse is independent of the frequency charac- 
teristic of the measuring circuit, one peak value from the 
calibrator is represented by one digital value; the conti- 
nuity of the digital acquisition for which a check is neces- 
sary to ensure that within the specified repetition rate of 
the particular digital instrument no single discharge im- 
pulse is lost during the registration; and the procedure 
for specifying the PD reading in pC. 

3. PD QUANTITIES FOR EVALUATION 
OF HV MEASUREMENTS 

In practice the evaluation of PD in HV constructions 
is restricted to measuring the inception voltage (in kV) 
and largest discharge magnitude (in pC) and comparing 
these to the test specifications. However, if the maximum 
allowable discharge level is exceeded, it is important to 
know the cause of the discharge. For this purpose differ- 
ent discharge related quantities have been introduced in 
the past and are still in use. Also, the use of a computer- 
aided system offers the opportunity to store sequences 
of the discharge pulses and to postprocess these in the 
course of time or as a function of the power frequency cy- 
cle. In this way a basis is created for further evaluation 
and diagnosis of the insulating systems. 

The main goal of this Section is to make an inven- 
tory of some analysis and presentation methods which 

I w zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIN tn l b l  *I may have a practical implication for the evaluation of 
Figure 9. 

Measured data of corona discharges processed for 
2 min at  4 kV. Sample: single point-to-plane con- 
figuration at the HV electrode in air; point diam- 
eter 50 pm, distance to  plane 50 mm; Bandwidth: 
70 to  80 kHa, Time resolution: 6 ps. 

instance the normalized evaluating function as described 
in (IEC) CISPRE 16-1. 

After digital processing of a PD sequence a digital PD 
instrument is able to display two values: the magnitude 
of the single PD event as observed during the test, and al- 
so statistically processed values. For this purpose, based 
on an intensity distribution of PD pulses, the most ap- 
propriate statistical parameters have to be selected e.g. 

mean value of specific percentile quartiles of this distri- 
bution or simply the mean value of all maximum PD 
pulses as observed during 1 s in each power frequency 
cycle. In this way a digital indication will be available 
having similar characteristics as the analog PD reading. 

Therefore the following characteristics require more at- 
tention during testing and calibration of a digital PD 
system and, preferably be specified in a kind of perfor- 
mance rapport of the digital PD detector/analyzer: the 

PD measurements. 

Figure 10. 

The basic discharge quantities zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAq;, 4; and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAV; which 
describe the PD activity in the case of conven- 
tional PD detection. 

3.1. PD DERIVED QUANTITIES 
A digital PD analyzer which provides registration of 

the discharge signals and the test voltage may process the 
discharge magnitude and the discharge position related 
to the power frequency cycle. Using a classic PD detector 
the following quantities are the basic ones to  describe the 
recurrence of discharges, see Figure 10. The discharge 
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magnitude zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAqi represents the peak value in pC of the single 
discharge pulse. The discharge phase & represents in * 

the phase position of q; as related to the power frequency 
cycle. The discharge instantaneous inception voltage Vi 
represents the momentary value in kV of the test voltage 
at which the discharge qi has occurred. 

All other quantities which were introduced throughout 
the years, and which may have practical implications for 
the analysis of discharges are calculated on the basis of 
these three. If the PD measurements are performed dur- 
ing a time interval T several quantities can be processed 
by a digital instrument, see Figure 11. The duration of 
T is either the positive half or the negative half of the 
power frequency cycle, or possibly the duration of the 
whole cycle of the power frequency. Also, in the case of a 
wide-band PD instrument, the positive or negative half 
of the power frequency cycle can also be replaced by the 
polarity of discharge pulses. For both cases the following 
PD quantities are frequently in use: q, p,U, U,, I, P, N, 
and D. 

The discharge magnitude q is the maximum value of 
discharge magnitude q; observed during the time interval 
T. The discharge energy p is the maximum value of the 
discharge energy magnitude pi = qiK observed during 
the time interval T. Due to the fact the derivation of 
this quantity is phase angle dependent it may in certain 
cases result in negative contribution by particular pulses 

P91- 

The discharge phase inception voltage Ui is the mo- 
mentary voltage during each half cycle where the dis- 
charge pulse sequence starts, while the discharge phase 
extinction voltage U, is the momentary voltage during 
each half cycle at which the discharge pulse sequence 
stops. The discharge current is I = 1/T x lq;!, where 
T is the duration of the power frequency half cycle is 
and the a the number of the consecutive discharge as ob- 
served during T, the discharge power P = l / T x C  IqiUil, 
the discharge intensity N is the total number of dis- 
charges as observed during T, and the quadratic rate 

If the observation time t takes place for longer than T, 
e.g. > 100 power frequency cycles, the above mentioned 
quantities m a y  be further processed by calculating during 
t the maximum, average, or integrated values. Moreover, 
all these quantities can either be analyzed as a function 
of time but also as a function of the phase angle. Conse- 
quently, three groups of quantities can be distinguished 
as shown below. 
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PD quantities the phase inception voltage zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAUi,,(t) 
and the number of discharges zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAN q ( t )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas observed 
during 65 h for cavity discharges. 

discharges. In both cases the changes in behavior can be 
explained in terms of aging effects at the discharge site 
[54,58]. 
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Figure 14. 

PD quantities maximum discharge magnitude 
qmaa(t) and the quadratic rate zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAD ( t )  as observed 
during 70 h for surface discharges. 

In Figure 14 examples of changes in discharge magni- 
tude qmllo(t) and quadratic rate D ( t )  are shown. Both 
quantities were observed for surface discharges during 
70 s. It can be seen from this Figure that in contrast 
to qmar( t )  the quantity D ( t )  is characterized by more 
changes in the positive half of the voltage cycle [60]. Sim- 
ilar to the results as shown in Figures 12 and 13 the ex- 
planation of these changes can be found in the physical 
changes of the dielectric surface. 

3.3. INTENSITY HISTOGRAMS OF 
DISCHARGE AND ENERGY MAGNITUDES 

The second group of quantities comprises the intensi- 
ty histograms. In this way the number of pulses as a 

function of apparent charge or discharge energy magni- 
tude can be described as H ( q ) ,  the distribution of the 
discharge magnitude, and H ( p )  the distribution of the 
discharge energy magnitude. 

........................................ 
H (91 

1369 ..................................... 
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8 

Figure 15. 

The intensity spectrum of discharge magnitude 
as observed for five cavities electrode-bounded in 
polyethylene. 

................................................ 

1 6 4  ......................................... 

Figure 16 

The intensity spectrum of discharge magnitude as 
observed for a single flat cavity in polyethylene. 

The observation of these intensity spectra can give in- 
teresting additional information about discharge sources. 
In Figures 15 to 17 three spectra are shown of discharge 
magnitudes observed for multiple cavities discharges, sin- 
gle point corona at the HV electrode and discharges be- 
tween two touching insulators. The differences are clearly 
visible and it is clear that using this PD quantity addi- 
tional information can be obtained to analyze different 
PD sources [50]. 

3.4. DlSTRl B U T I 0  NS 0 F PHASE- RELATED 
DERIVED QUANTITIES 

The discharge quantities as function of the phase angle 
belong to the third group. The discharge magnitude is 
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Figure 17. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
The intensity spectrum of discharge magnitude 
as observed for surface discharges between two 
touching insulators. 

analyzed as a function of the power frequency cycle. For 
this purpose the power frequency cycle is divided in sev- 
eral phase windows zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA# ~ i  representing the phase angle axis 
(0 . .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.360'), see Figure 10. As a result, during the digiti- 
zation and the storage of discharge pulses their position 
as related to the power frequency may be measured. For 
comparison, the width of one phase window $i should be 
equal to the time resolution of the digital instrument. 

If the observation takes place during time zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt ,  the inte- 
gral distribution of individual discharge events may be 
observed in each phase window 4;. Moreover, these dis- 
tributions may be analyzed using the sum of the dis- 
charge magnitudes in each phase window zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI$;, the number 
of discharges in each phase window #i, and the max- 
imum value of the discharge magnitude in each phase 
window 4;. 

These quantities, when observed throughout the whole 
cycle (0 .  . .360') result in the following four distribu- 
tions. H z q ( 4 )  is the distribution of the sum of discharges, 
H,(4) the distribution of the number of discharges, 
Hqmaz (#) the distribution of the maximum values of dis- 
charges, and H z q ( 4 ) / H n ( # )  = Hqn(4) is the distribution 
of the average values of discharges. 

In Figure 18 an example of phase distributions is shown 
as observed in a flat cavity. Looking at these distribu- 
tions it's clear that each distribution is characterized by 
its specific shape. These shapes can be explained in terms 
of PD inception conditions, thus reflecting the physical 
conditions in the cavity. The HqmaZ(4)  sinusoidal shape 
of the maximum charge in a flat cavity can be related 
to the overvoltage in the cavity (actual field/minimum 
breakdown field). The flat shape of H q n ( 4 )  can be relat- 
ed to the type of the cavity (flat, square or narrow). The 
multiple peaks in the number of discharges H,(#) reflect 

16.4 ..-.......... ............. 
I. 

..... ~~ 

........ 
................ .............. 
...... .......... zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

27.  36- 
.............................. ............ 

3-61 ..... 
& (0) 2535 

IC.* ................. 

Q 1 1  

Figure 18. 

The phase-resolved quantities as observed for dis- 
charges in a flat cavity. 
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Figure 19. 

The phase-resolved quantities as observed for dis- 
charges in air bubbles in oil. 

the statistical occurrence of the discharges. In Figures 19 
and 20 examples of other PD sources are shown. In both 
cases the discharge mechanism typical for these defects 
is clearly visible in the shapes of Hpma+($)r Hq,(#) dis- 
tributions. In Figure 19 the sinusoidal shape of these 
distributions indicate multiple PD in spherical cavities. 
In an other example, see Figure 20, the symmetric oc- 
currence of PD pulses about the voltage peak and their 
equal spacing in the time confirms corona discharges. All 
the above discussed PD quantities can also be analyzed 
as a function of time, see Figures 2 1  and 22. For this 
purpose the total observation time t is then divided into 
several test intervals. In each interval these distributions 
may be processed as a function of the power frequency cy- 
cle. In this way a PD measurement can reflect significant 
changes during a long-term test or during an increasing 
voltage test. 
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Figure 20. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
The phase-resolved quantities as processed for 
corona discharges using sharp points at the HV 
electrode. . . . . . .  
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Figure 21. 

Different shapes of phase-resolved quantity zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Hq,,(q5) as observed during 8 h for surface dis- 
charges. 
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Figure 22 

Different shapes of phase-resolved quantity zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
H,(q5) as observed during 8 h for surface dis- 
charges. 

3.5. SPECIAL GRAPHICS OF DERIVED 
QUANTITIES 

Additionally to the PD quantities as described above 
the following two analysis and presentation methods are 

frequently used to evaluate PD. 
,,,+.. ............................................................ 
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Figure 23. 

The qU curve as observed for internal discharges 
in a 23 kV epoxy insulator. 
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Figure 24. 

The qU curve as observed for internal discharges 
in a 23 kV epoxy insulator. 

3.5.1. THE qU CURVE 

To analyze the effects of different test voltages on the 
discharge magnitude these may be displayed using two di- 
mensional diagrams, where the z-axis represents the iev- 
el of the test voltage in kV and the y-axis represents the 
level of discharges in pC. Two examples of this qU curve 
(which was introduced by CIGRE in 1961) are shown in 
Figures 23 and 24. In both cases internal discharges in 
the same type of epoxy resin insulator were measured. 

It can be seen from these diagrams that internal dis- 
charges within the same type of HV construction may be 
characterized by different behavior. The zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAqU curve in Fig- 
ure 23 shows little variation in discharge magnitude when 
the voltage is raised above the discharge inception level. 
This behavior is similar to that described in a CIGRE 
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workgroup report on internal discharges in a dielectric- 
bounded cavity. On the other hand, in Figure 24, the 
discharge magnitude steadily increases as the voltage is 
raised above inception, which is more characteristic for 
internal discharges between conductor and dielectric in 
a number cf cavities of various sizes. In both cases the 
discharge sources were for different air gaps inside the 
epoxy resin insulator [55], see Figure 39. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Figure 25. 
The zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAHn(q5, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAq )  distribution as observed for contact noise. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

b 

Figure 26. 

The Hn(r$, q )  distribution as observed for floating 
part discharges. 

3.5.2. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATHE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAH N ( $ J , ~ )  DISTRIBUTION 

To display a 3-dimensional relationship between dis- 
charge magnitude, discharge intensity and phase angle 
the &($J, q )  distribution is used. In Figures 25 and 26 
examples of this presentation are shown. It is known that 
the 3-dimensional diagram can be very useful in analyz- 
ing the discharge process in actual HV equipment. 

4. DIAGNOSIS OF DEFECTS IN HV 
I N S U L AT IO N 

The main goal of the PD diagnosis is to recognize the 
insulation defect which causes the discharges e.g. inter- 
nal or surface discharges, corona, treeing, etc. This in- 
formation is vital for estimating the harmfulness of the 
discharge. As shown in previous Section, using classi- 
cal detection the patterns of phase-resolved data can be 
studied which occur in the 50 or 60 HZ sinewave. These 

patterns are familiar to us in the shape of the widely used 
ellipse on the line frequency time base. Based on the fact 
that each discharge pulse reflects the physical process at 
the discharge site, in the past a strong relationship has 
been found between the shape of these patterns and the 
type of defect causing them. As a result phase-resolved 
recognition using a digital system offers a number of ad- 
vantages, especially for use on some industrial compo- 
nents [52]. 

First, there is no difference between the actual electri- 
cal path and that seen by the PD detector [6]. Second, 
the type of detector or its coupling circuit do not influ- 
ence the result, because the shape of the single pulse is 
not relevant, only their relative height and phase angle 
[6]. Moreover, standard detectors of a HV laboratory can 
be used, because the equipment for recognition is added 
to the detector and is not replacing it. 

In general, a system for recognition of discharges can 
be used in different ways. It means that the ability of 
digital PD analyzers to process and to store the specific 
information of discharge can be used for different purpos- 
es much as discharge recognition, and condition monitor- 
ing. To illustrate these possibilities, three different cases 
of PD recognition in HV components are discussed. For 
this purpose a concrete, recently commercialized finger- 
print technique TEAS will be used [43,50,54-581. Of 
course, general conclusions can be drawn, based on this 
particular solution with regard to digital processing. 

Figure 27. 

Photograph of the 2x150 A to 5 A epoxy insu- 
lated current transformer. 

4.1. RECOGNITION O F  DISCHARGES USING 
ARTIFICIAL DEFECTS 

It is known that simple models of discharges can be 
used to study complete HV constructions [43,56]. In 
a particular case, a collection of 17 different discharges 
[43,56] as made using simple two-electrode models is 
used for analysis of discharges in a 50 kV epoxy resin 
current transformer, see Figure 27. The origin of dis- 
charges in this type of transformer was related to several 
cracks around the transformer core which remained after 
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Figure 28. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
The phase-resolved quantities as observed during 
2 min test for discharges in the transformer. 
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Figure 29. 

Recognition by a computer-aided data bank 'ar- 
tificial defects' of discharges as observed for 2 min 
on epoxy resin 50 kV; the origin of discharges was 
air cracks around the transformer core. 
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Figure 30. 

The zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAH n ( 4 , q )  distribution as observed during 2 
min test for discharges in the transformer. 

a short-circuit test. This transformer was tested dur- 
ing 2 min at zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA56 kV test voltage. In Figures 28 and 29 
the phase-resolved quantities as well as the result of the 
comparison to  'artificial defects' are shown. In Figure 30 
the 3-dimensional distributions H,,(+, q )  as observed for 
above mentioned discharges are shown. It follows from 
the classification diagram that the discharge in the trans- 
former is caused by cavities, with a probability of 99% 
for dielectric or 90% for electrode bounded cavities. This 
result is reasonable, since there were pockets of air detect- 

ed around the coil. This example shows the possibility of 
digital PD analyzer to recognize industrial defects using 
physical models of discharges. 

4.2. RECOGNITION OF DISCHARGES USING 
INDUSTRIAL PROBLEMS 

The experiences have shown also that the recognition 
of industrial defects depends on how near the artificial 
defects come to actual cases. Moreover, factors such as 
roughness of the interface surface, the shape of the defect, 
the aging process, or local field strength of a particular 
defect in real component may influence the measured PD 
sequence which is the basis for the recognition. With 
regard to a particular HV system, a number of discharges 
can occur, which are only specific for this component, and 
making a general model does not make much sense. 

Therefore it is equally important to develop a second 
type of data bank which contains specific problems of a 
particular HV component, such as the specific location of 
one or several discharges in the sample. As a result, the 
measurements of these discharges can form a collection 
of specific problems. Such a collection is of importance, 
when in the future similar situations may occur. 

Figure 31. 
Photograph of the 23 kV epoxy insulated bushing. 

The following practical example is presented, called 
'PD location in 23 kV bushing', see Figure 31. In par- 
ticular this three-phase epoxy insulated 23 kV bushing 
was rejected because of measured internal discharges at 
23 kV in all three phases, 230 pC in phase A, 170 pC in 
phase B, and 220 pC in phase C. 

The main goal of further investigation was to locate, in 
this three-phase system, the possible discharge sites. It is 
known, that in the case of three-phase constructions, and 
single-phase energizing there are seven possible combina- 
tions (A, B, C, A+B, B+C, ASC, A+B+C) that can be 
used for straight PD detection. 

Using these combinations, and by varying the test volt- 
age between O.SU, and 2.2U0 a series of tests was made 
using a digital PD analyzer. To analyze the measur- 
ing data and to recognize possible discharge sites cluster 
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Figure 32 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Tree structure processed using the group averag- 
ing method for measuring data of a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA23 kV bushing 
as collected at different phases and voltages. 
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Figure 33. 

The phase-resolved quantities as observed during 
2 min test on phase A for 23 kV epoxy resin in- 
sulated bushing. 

analysis techniques was used. By means of these tools 
a clustering of data without a priori knowledge can be 
recognized. In particular, using group averaging meth- 
od all measuring data were sorted in the form of a tree 
[58]. By means of such a tree structure the similarity 
between different measurements can be investigated, see 
Figure 32. The percentage scale in this Figure shows 
the dissimilarity between particular measurements. It 
follows that similar measurements are connected at rela- 
tively low dissimilarity level, and different data are con- 
nected at higher levels. It follow from this Figure that 
two main groups are observed on the base of all mea- 
sured data: group A and group B. Further analysis of 
this tree structure indicated that the left group A rep- 
resents discharges between phase A and B and the right 
group B represents discharges between phase B and C. 
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Figure 34. 

The phase-resolved quantities as observed during 
2 min test on phase zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC for 23 kV epoxy resin in- 
sulated bushing. 
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Figure 35. 

Recognition by computer-aided data bank ‘PD 
location in 23 kV bushing’ of discharges as ob- 
served during 2 min test on phase A for 23 kV 
epoxy resin insulated bushing. 
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Figure 36. 

Recognition by computer-aided data bank ‘PD 
location in 23 kV bushing’ of discharges as ob- 
served during 2 min test on phase C for 23 kV 
epoxy resin insulated bushing. 

shown as observed for these two different discharge sites 
and in Figures 35 and 36 the results of the recognition. 
In particular, a data bank was developed representing 
the collection of internal discharges at  different phases. 

In Figures 33 and 34 the phase-resolved distributions are In Figures 37 and 3% the 3-dimensional distributions 
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Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA37. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
The zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAH,(r$,q) distribution as observed during 2 
min test for discharging defect between phase A 
and B of the 23 kV bushing. 
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Figure 38. 

The H , ( d , q )  distribution as observed during 2 
min test for a defect between phase B and C of 
the 23 kV bushing. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Hn(4, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAq )  as observed for the above mentioned discharges 
are shown. As shown also in Figure 30, different insula- 
tion defects are characterized by typical differences in the 
landscape of such 3-dimensional figures. It confirms the 
opinion that these H,,($, q )  distributions as mentioned 
here might be very useful to analyze the discharge pro- 
cesses in actual HV equipment [39,45,56]. 

This example shows the possibility of a digital PD an- 
alyzer to develop a user specific data bank that contains 
specific industrial problems. 

4.3. MAPPING OF DISCHARGES USING 
PERIODIC MEASUREMENTS 

One of the important tasks which can be done by a 
digital PD analyzer could be the mapping of degradation 
changes of discharging dielectrics. It is well known from 
the past and has recently been shown in detail, that with 
conventional detection equipment, the temporal change 
in discharge patterns can be observed [55,57,58]. Finally 
using similar techniques the condition of the insulation 
could be tested in such way. To illustrate such mapping 
techniques, long term aging until breakdown will be dis- 
cussed here [55]. 

A 23 kV epoxy insulator containing air pockets around 
the ceramic core, see Figure 39, was aged during a period 
of 1606 h. To achieve a significant aging of the sample, 
the voltage was increased in 5 kV steps from 28 to 82 

Figure 39. 
Photograph of the 23 kV epoxy resin insulator 

........................................ ...................................... 
........ ................ ..*... ... ....................... ............. 

."(.. ,__. .................... ............... :. ......................... ......... 

vanage vouacs 
23 & V I  - - 

" ,..- 87. - I. =-aA (d) .I., 

Figure 40 

Typical phase-resolved distributions as observed 
until breakdown during 0 to 1606 h aging of 23 
kV epoxy resin insulator. (a) Aging 117 h, (b) 
309 h, (c) 794 h, (d) 1415 h. 
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kV, every - 150 h. During the whole aging period 45 
PD measurements at 23 kV were carried out. 

The clustering of the measured data was analyzed in 
a similar way as in the previous Section. From the be- 
ginning of the test until breakdown, six clusters of data 
were distinguished. To describe each of these clusters 
a data bank was developed representing consecutive ag- 
ing stages of the insulator. In Figure 40 four typical 
phase-resolved distributions are shown, and in Table 1 
the corresponding classification results are presented. 

In Figure 41 this time behavior of the cluster forma- 
tion of measured data is compared to the behavior of the 
maximum discharge magnitude as a function of the ag- 
ing time. In this way additional information has been 
created which can be important in the judgement of the 
insulation quality [54]. 

This example shows the possibility of a digital PD an- 
alyzer for recognition of significant changes in dielectrics 
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Table 1. 
Classification using data bank 'clustering: 23 kV 
insulator' as processed for the measuring data in 
Figure 40. 

I I I I I 141:. ' 1 I I I I 1 1 -  
n. 

I 5  

12 

9 

f 
6 3  

3 

3 

Agingtime [h] 
Figure 41. 

Maximum discharge magnitude measured for 23 
kV epoxy resin insulator during 1606 h aging un- 
til breakdown extended by clustering of phase- 
resolved distributions. 

as observed during aging. 

5. CONCLUSIONS AND SUGGESTIONS 
N this paper some actual aspects of digital analysis of I PD have been discussed and the following conclusions 

are drawn. 

The use of digital processing of PD requires additional 
calibration and performance verification. With regard to 
the discharge phase and magnitude, as well as the repe- 
tition rate, digital PD analysis offers much improvement 
for evaluating classic PD measurements. 

It has been shown, that in practical cases a digital PD 
system provides additional information, can support the 
documentation and analysis of the PD measurement, can 
help to inventory and evaluate different measurements, 
but is not, able to replace 100% of our working experience. 

The discussion of this paper and others in the present 
Issue could lay the foundation for a more systematic 
analysis of the different digital techniques and statisti- 
cal tools, which are used in the field of recognition and 
diagnosis of discharges in HV components. To analyze 
the whole range of modern PD evaluation techniques, 
the following further studies are suggested. 

It is necessary to compare quantities which are useful 
for the evaluation of results obtained with phase-resolved 
(classical) PD detection and with time-resolved (UHF) 
detection. 

The recognition techniques should be compared for 
type of discharges and the degradation stages of the in- 
sulation using UHF and classical detection. 

Finally, an analysis is needed of the applicability of 
results as obtained from physical models of discharges 
for the evaluation of full scale HV apparatus. 
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