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ABSTRACT

This paper discusses partial discharge (PTY) measurements performed on turbogenerators us-
ing the VHIF PD detection technique. With this technique it is possible to perform PD measurc-
ments on turbogenerators without interreption of their operation. In addition to PD in any
particular phase, the recorded patterns can show crosstalk from other phases and disturbances.
The membership of each signal source (phase’s own PD pattern, crosstalk, disturbances) to the
recorded pattern depends on the selected center frequency. By examination of some typical ex-
amples, the relationship between the center frequency and recorded patterns is discussed, Fur-
thermore, PD measurements performed over time on the same generator are studied to discuss
possible changes in the spectral responses of particular phases of a turbogenerator. By visual
compatison of PD patterns as well as computer-based discrimination taols it was found that
several centex frequencies are suitable to tune the VHF D detection technique. Howevet, these
cenler frequencies can change in the course of time for a particular phase of a turbogenerator.
As a result, in order to aveid a misjudgment on the insulation condition of turbogenerators,
the analysis of on-line recorded ¥D should not be restricted to just one single center frequency.
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1 INTRODUCTION

0 obtain good insight into the condition of the stator insulation of
a generatoy, PD measurements offer a good opportunity [6, 8], For
this purpose the 1) measurement can be performed in two ways,

1. During periodic revision of the generator using 18C 270 measur-
ing circuit and applying external voltage to particular short-circuited
cotls/phases [1]. By periodically performing this of-line test (2to 5 yr)
aquite good impression can be obtained about the trend of the PD levels
for particular phases. To analyze PD patterns, additional information of
the pulsc-phase as well as the pulse-intensity can be used. Comparison
of different tests in time of the same generator can provide a identifi-
cation of now discharge sources, Off-line PD measurement has been in
uge for many years, However, three main disadvantages can be found
regarding this type of discharge measurements.

During off-line tests, the thermal and mechanical stresses in the sta-
tor insulation are not the same as during operation, Asa result, an off-
linc PR measurement does not show the PD processes of the generator
which it has in service.

The costs of such off-line tests (removing the unit {rom scrvice, pro-
viding of an external [TV source efe.) are quite high,

The perlormance of off-line ID tests in time infervals of 2to 5 yr docs
not give any information abotit the changes of PD activity in the period
between these tests.

2. During regular operation of a gencrator using capacitive or in-
ductive couplers, the 11y signals are measured by a scope or a specially
aclopted PI detector. When the PD couplers (at least one on cach phase)
are permanently installed on the generator, an on-line test can be per-
formed [2-5]. This type of measurement is very easy without any inter-
ruption of the generator operation. Moreover, such a PD measurement
is performed on a object under regular thermal and mechanical stresses
for operation, On-line 1D tests have become very popular in the last
few yoars,

Two difficultics arise when such PD measurements have to be per-
formed, From the power plant as well as from the rotor excitation,
system Interference may occur in the measuring cireuit [7,8), Due to
the fact that all three phascs are encrgized at the same time, complex
propagation processes occur of P signals through the stator winding,
resulting in reflections, attenuation and crosstalk [7, 8, 14],

Different methods can be applied fo suppress external noise [19,
27). Moreover, extensive studies in the past have shown that certain
relationships exists between D pattern sequences and measuing fre-
quency [29-33].

In this study, a spectrum analyzer (SA) is used as tuned filter to sup-
press external noise [8]. For this purpose, the $a can be tuned between
e.g. 10 and 100 MHz to a frequency where PD {rom the stator insula-
tion is dominaling and the level of PD signals at this frequency can be
demodulated to ~25( kHz and displayed on a 50 or 60 Hz time basis,
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As a result, such a signal can be processed further by a conventional v
detector or PD analyzer with the main goal to use the wide experience
on phase-resolved PD pattern recognition [9-14].

The main geal of this study is the analysis of the above mentioned
problems T and 2. In particular, on the base of a series of tests in power
plants, the following aspects have ta be researched and discussed.

What is the influence of the selocted resonance frequency of the sa
on the measured PD patterns, and how should crosstalk cffects in the
PD patterns of single phases be handled and analyzed?

What is the most efficient way to compare the P13 patterns measured
on particular phases of a generator, or measured at different fimes dur-
ing service life on the same pencrator, ot ¢lse measured for known fail-
ures {slot 'D, end winding PD)?

In this paper, the first experiments from on-ling tests on turbogener-
ators are presented. In particular, the evaluation of Pb measurcments
at different frequencies are discussed in scope of the above mentioned
aspects.

2 THE VHF PD DETECTION
TECHNIQUE

The discussion presented in this report is based on PD measurements
using the measuring setap depicted in Figure 1, The eircuit used for
or-line measurements is composed of high frequency (ITF) capacitive/
inductive discharge-free couplers, a Sa to measure the signal response
at frequencies of 30 M1z and to demodulate it to 250 kHz, and a mod-
ified P0 detector to display and record the measured p signals,
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Figure 1. Measuring setup as used for VIIF PD measurements on turbo-
genetators, The setup Is composed of ratating machine i operation, high
frequency discharge-ree couplers, ey, Rogowski coils, spectrum analyzer
and digital PD detector.

The on-line measurement technique is denoted as the VIIT PD de-
tection technique, because the technique is based on measuring D re-
sponses in the VHF range. In this Section this technique, as well as the
components of the circuit, will be discussed.

2.1 GOUPLERS

To measure PD during operation of generators, different methods can
be utilized. Several types of couplers can be used: capacitive couplers
[4], Rogowski coils [2, 4], stator slot couplers [3], and current transtorm-
ers [16].
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The PD measurements evaluated in this report are all performed with
capacitive couplers and Rogowski ceils around the HY bushings. Due
to the fact that the scope of this study is the D pattern behavior, and
that the applied sensors have been developed by the authors of [4], no
discussion of the sensor electrical properties will be given in this paper.

2.2 ON-LINE VHF TUNING

When a Firmeasurement is performed at a generator in regular oper-
ation, the signal at the terminals of the couplers is a mixture of various
sources, divided in three main groups. First, the PD activity originat-
ing from the measured phase, denoted as the phase’s own PD activity/
pattern; second the PD activity originating from the other phases. PD
signals are high frequency signals and travel by complex propagation
through the stator windings. Therefore, PD signals originating {rom
one patticular phase can be revealed at a coupler connected to another
phase, an effect called erosstalk {7, 8]. Third, in a power plant {the gen-
erator’s natural environment) many sources of electromagnetic (FM)
disturbance and noise are present, that are picked up by the couplers.
Ore particular disturbance originating from the generator itself is the
Totor excitation {7, 14].

Crosstalk patterns can be distinguished from the phase’s own PD
pattern by their appearance on the phase position. All measurements
presented in this report are performed with the frequency of phase I/
as reference. With the fact that the two other phases are shifted 120
and 240° with respect to phase £/, Figure 2 shows the positions of the
patterns of the phases on a 20 ms base.
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Figure 2, The pasitions of the single phase patterns on the 50/60 Iiz
powet frequency of phase U,

The classic PD detection circuit as used for off-line PD measurements
operates according to 15C 270 recommendation in a frequency range
to 500 kHz [1]. If this type of detection would be used at a generator
in operation, the result would be the sum of all signal sources at the
detector side and no distinction between these various sources would
b possible. Therefore, research has led to discrimination between these
various sources based on their frequency characteristics in the Mtz
range (PD analysis on gas insulated systems even goes to ~1 GHz [25]).
As a result, detection circuits have been developed that operate in the
VHF /UHY rangc.

From the literature it is known that the spectral contents of PD activ-
ity can be used for twe purposes.

PD activity can be distinguished from othor signal sources, based
ont the spectral response. In Figure 3 a literature example is shown of
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Figure 3. Example of a spectrum of a 4 kY moter. The spectrum indi-
cates a clear distinetion betwoen end-winding 0 and signals from broad-
casting skatiens [15],

the spectrum of a 4 kV machine, where end-winding PD can be distin-
guished from broadcasting station signals {15].

When defects arise in the insulating system, the spectral response
will change. Figure 4 shows an example of spectral measurements ona
stator bar with and without defect [23].
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Figure 4. Example of spectral measurements on a stator bar [23]: (a)
spectral response of a good bar, {b) spectral response of bar with slot dis-
charges.
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Figure 5. Example of a frequency spectrum obtined with the 54,
recorded on phase I7 of a new turbogenerator, The arrows correspond
lo frequencies at which a high response is measured,

For the purpose of recording, the frequency spectrum of a particu-
lar phase, a Tektronix $4 is connected to the couplers. The SA is an
advanced {oshument designed for spectral analysis. For the on-line
measurements presented in this repert two function modes of the 54
arc used, the specific frequency span and the zero span mode.

In the specific frequency span mode, the S4 measures the frequency
spectrum of the signal detected by the sensors, The upper limit of the
frequency range Is determined by the characteristics of the couplers
and thus in this particular case daes not exceed 100 MHz for the cascs
discussed in this paper. Tn Figuie b an example of a specific frequency
spectrum as obtained with the 54 is shown.
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In this example a number of peaks at certain frequencies are marked
by the arrows. These peaks indicate that at these frequencies the mea-
sured response is above the noise level, At this stage there is no con-
clusion about the seurce of the response {phase’s own PD, crosstalk or
disturbances). For this parpose, the zero span mode of the SA must be
used.

In the zero span mode, the $4 is tuned to a selected frequency (prefer-
ably a frequency with a high response), which means that the $a acts as
a bandpass filter of 300 kHz with the selected frequeney as center fre-
quency, denoted as fo. After the 8a is tuned, it is switched to the zero
span mede with a ime base of 20 ms (for 50 Hz). This is the demod-
ulation function of the 54, a demodulation to ~200 kHz, In this way,
signals containing the selected resenance frequency can be recorded by
a pL detector, directly connected to the 54

Tn addition to these two operating modes, a third mode can be uti-
lized by a combination of the sA and the PD detector, This mode, de-
noted as the ‘frequency scan’ mode, is discussed in Section 2.3.1,

2.3 VHF PD PATTERN ANALYZER

All Pv measurements discussed in this paper arc obtained with the
digital "D detector TES71 of 1Taefely Trench [10, 18]. The TE571 detector
records the measured P signals with respect to the 50/60 He aine wave
of the applied voltage and stores the measurement for further analysis
{Section 2.5). It is known that there oxists a strong relationship between
the shape of the measured PD patterns that occor in the 50/60 Hz sine
wave and the type of defect that is causing therm [12, 18]. In the case of
generators this means that patterns measured at a phase in good con-
dition differ from those measured at phases in bad condition. More-
over, patterns caused by slot discharges differ from those originating
from end winding discharges [13, 19]. Analysis of those pattems is thus
a good means of discrimination between different discharge sources
as well as quality levels of the insulation. The fellowing distributions
are digitally processed it order to characterize the properties of a PD
measurement; the maximum pulse height H ;ﬁm; (¢), the mean pulse
height HZ {10}, the pulse count {7 (42} and the discharge intensity
H{g), see Figure 6.

Using a 12C 270 measuring system, these quantities are processed
for a fixed frequency range as defined by 2 D detector. The use of
a tunable $A allows processing of these quantities at different conter
frequencies. To observe the behavior of these quantities as a funetion
of the center frequency, the frequency scan and the spectral response
matrix are introduced,

231 FREQUENCY SCAN

The complex propagation of the PD pulses through the windings
strongly influences the frequency characteristics of the Pb signal as they
appear at the coupler site. As a resulf there is need for a study on the
influence of the center frequency on the measirement of P patterns.
For this purpose the frequency scan {#5) procedure of D patterns was
introduced.

During a 1's the 84 operates in zero span mode. Preceding a mica-
surement, several (V) center frequencies are selected. This selection
right rosult from a provious measured frequency spectrum by the 4,
or can be a fixed step series of frequencies (i.e. 10,12, 14MHz . . . ). The
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Figure 6. Example of phase resolved distributions (upper) and dis-
charge intensity distribution (Jower) as recorded off-line with the digital
PD detector TES71,

s is tuned to the first selected Ju, is set to the zera span mode and the
TES71 detoctor records the PD patterns until 1/ of the total measta-
ing time has elapsed. Then the 84 is tuned to the next selected center
frequency and the process continues until the total measuring time has
clapsed. By this methed, patterns are obtained at cach selected center
frequency.

Analysis of the changes in these patierns for the selected center fre-
quencics ¢an give more information about the frequency behavior of the
sensor responsc to PD activity, crosstalk and disturbances. In particular,
the technique is a useful means for finding a proper eenter frequency
in order to obtatn D patterns which are not distorted by surrounding
disturbances, It also allows study of the spectral response of the phase’s
own PD activity as well as crosstalk, and helps in finding trends in the
frequency response measuted at a particular coupler by comparisen of
FS recorded at different times during service life. Such trends might
indicate the development of defects in the insulation system,

Bigure 7 depicts & froquency scan recorded at one phase of a turbo-
generator {PD patterns at five frequencies are displayed). This example
clearly shows the differences in the P pattcrns measured at different
fo. The pattern measured at 18 MIlz shows the phase’s own D ac-
tivity. With a center frequency of 30 MHz crosstalk from phase V' is
measured. At 48 MHz no response is measured. An equal level of the
phase’s own D activity and crosstalk from both phases is measured
at 62 MIiz, while at 64 MHz crosstatk from phase V' dominates the
pattern.

2.3.2 SPECTRAL RESPONSE MATRIX

To find the most svitable and sensitive conter frequency 1o measure
the phase’s own PD response, a pracedure denoted as spectral rosponse
matrix (5ra) is introdueed. For this purpose, the highest response and
its origin (the phase’s own PD, ctosstalk rD from each other phase, and
disturbance) measured in the patterns at all V' center frequencies is de-
termined and is assigned as 100%. Subsequently, a pevcontage ratio of
the four types of signal sources at each frequency is determined and all
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Figure 7. Example of a frequency scan measured at phase W7 of a new
tutbogenerator {only patierns at 5 of the 30 frequencies are depicted).

Table 1. srM of the cxample in Figuve 7, f.e. frequency scan at phase W
of alarge turbogenerator.

Ju Mase st
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are put in a XN matrix. Thus a SgM is a representation of a £5 mea-
sured at a particular phase, A &M can be a useful means to evaluate
the spectral respanses of the various signal sources at the coupler site,
Moreover it can be used to analyze changes in the frequency behavior
of these signal sources measured during the service life of a generator.
Table 1 shows the $RM of the example in Figure 7.

2.4 STATISTICAL ANALYSIS

After a PD measurement is finished, further analysis of the patterns
is required, The TES71 detector is accompanied by the TEAS-D finger-
print technique for analysis and diagnosis of the measured data [20].
Furthermore, a number of stand-alone tools have been developed to
make classifications in sets of data, based on clustering,

241 FINGERPRINT PROCESSING

At the of end of a D measurement the characteristic shapes of the
moeasured patterns (see previous Section, Figure 6) are quantified by the
following statistical operators:

1. the asymmetry as the quotient of the mean level in the + and — phase,

2. the phase factor to study the difference in inception veltage in the +
and — phase,

3. the cross-correlation factor to evaluate the difference in shape between
+and — phase

4. the number of peaks to discriminate between single top and multiple
top distributions,

5. the skewness as an indicator for asyminetry with respect fo a normal
distribution and
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6. the kurtosis as an indicator for the deviation from the normal disteibu-

tion.
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Figure 8, Fingerprint as processed for the measured data of Figure 6. A
total of 29 statistical operators is processed to characterize a particular PD
measurement,

Tu total 29 statistical operators are processed. The total set acts as a
fingerprint of a certain I't> measurement, see Figure 8, Measurements
now can be compared with cach other by comparison of their finger-
prints, using mathematical techniques. A percentage is obtained that
reflects the recognition of a particular measurcment as a defined dis-
charge type in the PD data bank (Figure 9).

Selected Flald:
Turbogenerator 1

Descriptions: % 29 o
Phase ¥ 100
Phase U 81
Phase W 26

Figure 9. Percentage of recognilion of an unknown measureinent, com-
pared to a tuibogenerator data bank.

2.4.2 PD DATA BANK

With several fingerprints, a collection of user-specific data can be ere-
ated, the PD data bank [20]. Fingerprints of discharge measurements of
unknown type can be compared to the collection of known situaticns.
A data bank is judged to be well designed if it produces a high simi-
larity for the correct defect/situation and low or nil for the others. The
recognition process strongly depends on a number of factors, such as
the test conditions at which the reference data are obtained, the number
of fingerprints that represent a defect and the organization of the data
bank, A way of organizing is depicted in Figure 10.

243 CLUSTER ANALYSIS

As stated, a data bank is well designed for classification purposes if
it produces a high similarity for the correct defect and a low one for ail
the others. Due to the fact that users of P'D analyzer TE571 can create
their own data bank, they should be trained to create well designed
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Figure 10, A possible structure of a data bank. In this example, the
hierarchical structure starts with a collection of gencrators, followed by
the single phases and ends with P measurements.

Typical fingarprinls as
measured for a phase

data banks. For this purpose, discrimination techniques can be used
[19]. With these techmiques recognition of clusters can be performed
without 4 priori knowledge of the type of the single measurements. Two
techniques are discussed here, the group average analysis technigue
(Ward's minimum} and the fractal method.

TREE ANALYSIS

To analyze the P measurements discussed i this report Ward's min-
imum clustering method is used [20]. With this avalysis lechnique the
distances between all fingerprints of a group of P> measurements is
examined. The result is a tree structure that illustrates the relationship
between individual fingerprints, see Figure 11,

lsgimllaning pareantage

Figure 11, Exmnple of cluster avalysis using the tree method, each let-
ter eorresponding to measturements from one single phase,

The percentage scale in this Figure represents the dissimilarity be-
tween the fingerprints that were fused together. Similar fingerprints
coninect at a low dissimilarity level, different fingerprints connect at
relatively high dissimilavity levels. By cutting such a tree at a certain
level, a number of cluskers is formed, each cluster consisting of finger-
prints of the same defect.

FRACTAL ANALYSIS

In addition to the tree technique, the fractal method is used. Tt is
shown [21, 22] that the 3-dimensional distribution Hy,{p, g, see Fig-
ure 12, canbe analyzed on fractal features. The fractal method processes
two operators: fractal dimension, as indicator for the roughness of the
surface and lacunarity, as indicator for the density of the surface.

Tigure 13 shews the result of fractal analysis represented ina X'Y-
plot. The same numbers correspond to measurements from one single
phase. The different clusters are marked with the ellipses.
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Figure 12, 3-dimensional distribufion 115, (¢2, ¢). This example shows
crosstalk.
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Figure 13. Example of fractal analysis, cach letter correspending to
measurements from one single phase,

3 PURPOSE OF PD PATTERN
ANALYSIS

3.1 OFF-LINE PD MEASUREMENTS

It is known from the literature that phases of a hubogenerator in
good condition can be characterized by ru patterns in the firstand third
quadrant of the sine wave with a typical sinusoidal shape [12, 23]. The
H,, (ip, ¢} distribution depicted in Tigure 14 shows the typical shape of
an off-line PD measurement on a generator in good condition, Further-
more, knowledge exists on changes in and characteristics of patterns
of off-line PD measurements when faults are present in the phases of
the generators [12,13]. As an cxample, the H,, (¢, ¢) distribution of a
vy measutement on a furbogenerator suffering from slot discharges is
depicted in Figure 15,

Figure 14. II,(w, ) distribution of an off-line measurement of 4 tur-
bogenerator. The characteristic sinusoidal shape is emphasized by the con-
tour lines.
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Figure 15. Hy (i, ¢) distribution of an off-line measurement on a fur-
bogenerator, This pattern is typical for tutbogenerators showing slot dis-
charges.

3.2 PROCEDURE FOR ON-LINE PD
MEASUREMENTS

The application of the on-line PD measurement technique as dis-
cussed in the previous Section, has as purpose to monitor the insulation
condition of a generator by using knowledge from off-line PD measure-
ments [28]. In other words, the examination is focused on finding a
procedure for on-line measurements to obtain the same characteristic
patterns as would be obtained by off-line measurements. However, as
was mentioned already in Section 2.2, at on-line measurernents several
signal sources influence the measured patterns: The phase’s own 1
activity, I'D activity originating from the other phases due to crosstalk,
and disturbances inside and outside the generator.

a} ve e “ife

Figure 16. Ifn{p, ¢) distributions of an on-line measurement at phase
W of TG, measured at different fo. (a) fo = 63.5 MHz, phase’s
own PD activity with characteristic sinuscidal shape is recorded. {b}
fo = 32.3 Mz, phase’s own P activity and crosstalk of phase V7, both
with no inner envelope, is recordecd.

Tn Figure 16 two TT,, (¢, q) dishibution arc shown of an on-line ViT¢
Pi» measurement on a turbogenerator, Figure 16(a) is from a meastre-
ment with the $a tuned at 63.5 MHz, Figure 16(b) is from a measurc-
ment with the 5 tuned at 32.3 MHz, This example clearly indicates the
issue of tuning the 8A correctly for a uscful P> measurement. Thore-
fore, considering the goal of this report as stated in the beginning of
this Section, the evaluation of the measurements that will be presented
in the next sections are concenirated on the following aspects. What is
the influence of fu on the measurement of phase’s own PD response/
pattern? What is the influence of fy on the measurement of crosstalk
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PI) response/ pattern? And finally, what is the iniluence of f; on the
meastrement of disturbances response/ pattern?

Visual comparison of patterns as well as statistical analysis will be
used for this purpose. Moreover, another aspect will be examined: Does
the spectral response measured at the phases of a particular generator
change during service life?

Before proceeding towards the evaluation it shouid be noted that
all patterns presented in this paper are obtained with the vHF detec-
tion method, a method that lacks a calibration procedure. Thus, all
discharge magnitude valucs that the axes show are uncalibrated.

4 EVALUATION OF VHF PD
MEASUREMENTS

To discuss the issues of study as stated in Section 3.2, on-line po
measurements of tiwo large turbogencrators are evaluated, denoted as
TG1 (155 MW/15 kV) and TG2 (650 MW /21 kV).

4.1 INFLUENCE OF [, ON OWN
PHASE PD PATTERN

In the following, using two typical cxamples, the meaning of the
phase’s own Pi3 pattern is discussed.

Ha[¥,0}
umber
1y

f, =47 MHz

Y f, = 66.9 MHz

Figure 17. II.(ip, ¢) distributions of a measurement at phase U/ of
TG, measured at fy - - 47, 53 and 66.9 MHz. The s is well tuned.

Figure 17 depicts the (¢, q) distributions measured at phase &7
of TG at three different center frequencics, fiy = 47, 53 and 66.9 M1z,
The phase’s own PD patterns are marked by curved Jines, This example
shows that measuring at different fy can produce equal patterns for the
phase’s own PD activity:

Another case shown in Figure 18 shows a different picture than the
above. These distributions ate measured at phase ¥ of TG2. As can
be seen from this Figure, the particular phase’s own PD pattern is mea-
sured at center frequencics 10 and 22 M1z, [Towever, when meastring
at fo = 18 MHz and f; = 44 MHz the phase’s own PD pattern is
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Figure 18. 11.(y) distributions of a measurement at phase V' of TG2,
measured at fo = 10,18, 22 and 44 MHz,

not recorded; the measurement at 18 MITz shows no patterns at all, the
measurement at 44 MHz shows a pattern due to crosstatk from phase
W . Thus this case indirates that the center frequency can influence the
measured D patfern,

Based on the above the following can be concluded. The measure-
ment of phase’s own 11 pattern is influenced by the center frequency,
and there is more than one center frequency to measure the phase’s own
PL pattern,

4.2 INFLUENCE OF jf, ON
CROSSTALK PD PATTERN

With the following examples, the influence of the center frequency
on the crosstalk PL patterns is discussed.

1, =47 MHz
1= 83 MHz

1, = 66.9 MHz

f, 373.5 MHz

e

Figure 19. 11,{y} distributions of PD measurement on phase I7 of
TGLat fo - - 47, 53, 66.9 and 73.5 MHz.

Figure 19 shows the 77,,(¢) distributions of the measurements dis-
cussed in Section 4,11 of the previous Section, with an addition of a
measurement performed at fu = 73.5 MHz. The distributions show
that, next to the phase’s own 1D pattern, a crosstalk pattern is recorded
at phase V' Furthermore, the Figure shows that the relative intensity
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of the measured crosstalk patterns increases with increasing center fre-
quency. At 73.5 MHz the crosstalk pattern cven dominates over the
phase’s own pattern,

Tray

G AT -

A -

Figure 20. Phase resolved patterns of a measurement at phase I ol
TGI, at 20 successive center {requencles.

Figure 20 depicts a frequency scan measured at phase U of TG,
in the range from 10 to 48 MHz. To analyze the influence of the cen-
ter frequency on the amount of of erosstalk in the measured patterns, a
modifizd SRM was calculated, Instead of determining the SRM based on
the highest response of all patterns (sec Section 2.4}, cach SRM-line was
determined based on the phase’s own PD response of the correspond-
ing pattern. By this, the relation betwecn crosstalk pattern and phase’s
owL PD pattern can be evaluaied per cach center frequency. The proce-
dure to determine such a modified srM is as follows. First, determine
the maximum phasc’s own PD) response measured at the first center fre-
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quency of the range, Then, determine the percentage ratio of maximum
crossfalk and disturbance response compared to the maximum phase’s
own kD response, and finally repeat the procedwre for the patterns at
all conter frequencics.

2 -

1.5

CT fowm PD

0.6

0
10 20 30 40 50
f (MHz)

-=- gross talk phase V -+ cross talk phase W

Figura 21, Graphical interpretation of the SRM data regarding crosstalk.

Figure 71 dopicts the modified SRM for the crosstaik memberships
in graphical form. From the Figure it can be concluded that the mem-
bership of crosstalk in the measured patterns strongly depends on the
center frequency, and the membership of crosstalk in the measured pat-
terns differs for each phase, <40 MHz the recorded crosstalk of phase
W is roughly twice as high as the measured erosstalk of phase V', while
>40 MHz little to no crosstak from phase W is measured.

Phase U, 16 MHz Phasa 4, 62 MHz

4

Hyeny 19
&

Haa 0¥1
o

win

Figure 22. Phase resolved patterns of a measurement on TG2.

Another cage that shows the influmnee of the center frequency on the
measured crosstalk patierns is shown in Figure 22, The phase resolved
distributions are from a measurement on TG2, The characteristics of the
distributions are summarized in Table 2, From this table it can be seen
that depending on the used center frequency, all sotts of combinations
of signal sources are revealed in the recorded patterns.
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Table 2. Summary of evatuation of the phase resolved distributions in
Figure 22,

Meas. | fo Patkein
phase | MHx dominated by _
o 16 |aosstalk from phase Vo4 disbn-
bance
o1 G2 |phase’s own P> + crosstalk from
phase 1
v | 20 |phase’s own PD + crosstalk from
phase W
¥ | 62 |crosstalk from phage 147
W | 20 |phase's own 01+ disturbance
w | 62 |crosstalk from phase £/ _

Phaso U, f, =82 MHz Phase ¥, |, = 20 Mz

uuuuuuu

Pl ¥ orazs
Lok plluen

Phase's m
P pakin

Hpta
= frumbsnr
+ w

B foor

Figure 23. 3-dimensional distribution which shows the sinusoidal
shapes, characteristic for a good insulation, measured on TG2.

T Tigure 23 the IF, (¢, q) distributions are depicted of the measure-
ment on phase U at fo = 62 MHz and the measurement on phase V'
at fo - 20 MHz. Nof only do the patterns show the characteristic si-
nuscidal shape with inmer envelope (marked by the curved lines) of the
phasc’s own PD pattern, this shape is also present in the crosstalk pat-
terns. This event shows thai the center frequency can be a useful means
to meastire crosstalk patterns that show the typical shapes known from
the exporience with off-line PD analysis.

The above discussion results in the following conclusions. The cen-
ter frequency can influence considerably the measurement of crosstalk
patterns, This influence depends on the generator where is measured,
as well as the particular phase.

The presence of crosstalk patterns can be wnfavorable for general
pattern analysis of a particular measurement. However, in some cases
the crosstalk patterns give conclusive information about the insulation
state of the phase (rom which the crosstalk is measured.

4.3 INFLUENCE OF f; ON
DISTURBANCES

The follewing discussion of two typical examples shows the effect
of disturbances on the meastired PD patterns in relation to the center
frequency,

The measured H,, {4, ¢) distributions of the PD measurement pre-
viously discussed at Sections 4.1.1 and 4.2.1 are re-shown in Figure 24,
The relative high level activity in the encircled groups originates from
disturbances. The origin of the disturbances was not known, but from
Figure 25, the H, 4. () distributions of the smne measurement, it
can be concliuded that their membership in these patterns increases
with increasing frequency. Their intensity, i.c. their number, does not
increase, as can be seen from Figure 24,

PD measurements were performed at several conter frequencies on

phase W of TGL. At one particular center [requency, fo = G MHz,
signals from a disturbance source wete measured, see Figure 26, This
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Figure 24. If.{y, ¢) distributions of 2 measutement at phase IJ of
TG1, measured at fo - - 47, 33 and 66.9, 73.5 Ml z. The encircled groups
are disturbances.

disturbance pattern was not measured at other fi. Closer exarmination
of the measured pattern shows that the distutbances occur with a re-
peat rate af ==1200 Hz. A plausible explanation for this occutrence is
that there is some equipment {i.e. a pump) nearby the generator that
emits pulses at a frequency of 1200 11z, 'The spectral energy of these
high frequency pulses shoutd then be concentrated around the 60 Ml 1z
signal,

From the above it is concluded that the measurement of present dis-
turbances is dependent on the center frequency. Depending on the spec-
tral properties of the disturbance signal, they can be revealed either at
just one or at a range of center frequencics,

4.4 TIME BEHAVIOR OF SPECTRAL
RESPONSE

To discuss possible changes of the spectral responscs in the course of
time, examples of D measurements cn TG are examined. Two phases,
{7 and W are considered, see Figures 27 and 28. In both Figures pat-
terns are depicted of two measurements that have been performed in a
time period of 18 months.

Visual comparison of the measurements performed on phase W
(Higure 27) shows that the frequency response is practically unchanged.
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Figure 25, Hypex () distributions of the measurement cotrespond-
ing to Figure 24,
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Figure 26. The PD measurement at fo = 60 MHz on phase ¥/ of TGL
shows a pattern of disturbances.

a} b}

:"'::‘ Fy = 18 MHz
T
-, 30 Wy

Figure 27. P patterns at 4 resonance frequencios selected from the
frequency scan, measured at phase W of TG1, (a) initial measurement, {b)
measurement performed 18 months later.

Although only the patterns of 4 conter frequencies are depicted here,
this conclusion is supported over the entire frequency scan, which coy-
ers the range from 10 to 68 MHz. Thus, it may be concluded that no
effect whatsoever arose in this particular phase in the time period of 18
menths, which would be likely to change the frequency response, such
as PD activity due to defects.

Figure 28 shows a different picture. In particular, the patterns at 34
and 44 MHz are substantially changed in the course of time, This is
also ohserved at other resonance frequencies in the range from 10 to
68 MHz besides the ones depicted here. This example indicates the
care one should take when analyzing on-line PD measurcments using
the responses of a particular phase at one single froquency. Although
it has been shown that typical defects in the stator insulation can be
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Figure 28. D patterns at 4 resonance frequencies selected from the
frequency scan, measured at phase {7 of TG, (a) initial measurement, {b)
measurement performed 18 months later.

identified by the spectral responses of a phase [26], variations in the
spectral response should not be associated automatically with changes
in the insulation conditien,

5 STATISTICAL ANALYSIS

The discussion in Section 4 results in the general conclusion that the
image of the measured patterns strongly depends on the center fre-
quency. In this Section statistical analysis of the patterns measured at
TG1 is cvaluated. The evaluation is concentrated on finding clusters of
measurements at specific center frequeneies that separate themselves
by their patterns.

5.1 PATTERNS OF DIFFERENT

SIGNAL SOURCES

The vecorded patterns of the first measurement of TG1 are statisti-
cally processed and analyzed by the tree method, Figure 29, Threc clus-
ters can be distinguished: A cluster of measurements where the pattern
is dominated by the phase’s own PD pattern, clusters of measurements
wherc the pattern is dominated by cross talk PD pattern, and clusters
of measurements where the pattern is dominated by a disturbance pat-
tern.

UHWQJ{U
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Figure 29. Cluster analysis by the tree method of the ri2 measurements
performed on TG

Figure 30 shows the results of the fractal analysis. The results are
gimilar to the tree method. Three separale clusters are formed as seen in
Figure 29, marked 1, 2 and 3. Besides the distinction in measurerents of
different signal sources, both the tree and fractal analysis shcw another
important result. The measurements at phase 7 and W, where the
phase's own PL pattern dominates the measured pattern, cluster with
one another {the measurements are in Figure 29 denoted by A, B, C
for phase £/ and I for phase W, and in Figure 30 by U47, U563 and
U766.9 for phase £ and 1435 for phase W),

The results is that the phase’s own PD patterns are similar in both
phases, and that the insulation shows similar PD behavior,
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Figure 30. [ractal anabysis of the PD measurements performed on TG1

With respect to measurement of different signal sources, statistical
analysis of the VHF P> patterns results in measurements that are dom-
inated by patterns of a specific signal source cluster with one another,
For cach signal source a cluster is found. Morcover, measurements of
the phase’s own PD pattern from phases U and W cluster with one
another, and thus the phases show similar PD behavior.

5.2 PATTERNS MEASURED AS
FUNCTION OF TIME

Tn Scction 4.4 it was concluded that the spectral response of phase
W of TG1 was not changed in a time interval of six months. Statistical
analysis as shown in Figure 31 confirms this conclusion. The pattern of
the measurement performed 18 months later (as also discussed in Sec-
tion 4.4) is added to the tree that was discussed in the previous Section.
This measurement (denoted by H in the tree) clusters with the group
of patterns that were dominated by the phase’s own riz pattern.

Zndmoagurpmant, -
phasa it = 4 Mz
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aamapeyren, | §
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i

H
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Figure 31. Tree of Figure 29, expanded wilh statistical results of the
measurement performed 18 months later on the same generator.

Although the spectral response of phase £/ did change (see previous
Section), patterns at some individual center frequencies still tesemble
the patterns measured 18 months earlier. One measurement performed
at a center frequency fo = 47 MHz (denoted by 7 in the tree) clusters
with the graup of the phase’s own P activity,

So far, only measurements of phase & and phase W of TG1 have
been discussed. During the measurement performed 18 months later
at this generator, VIF D measurements were also performed on phase
¥, where mainly phase’s own PD pattern was recorded, e.g. at fo
441 Mz, The measured pattern at this center frequency is depicted in
Figure 32. After statistical analysis of this measurement, it was added
to the tree in Figure 31 Tt clusters with the group of measurements
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Figure 32. Phase resolved pattern of phase ¥ of TG1, measured at
fo = 44 MITz.

of phase’s own FO activity, Thus, the PD behavior phase V' shows, is
similar to the other twa phascs.

Statistical analysis concludes that no change in b patterns measured
at the phases of TG1 appeared.

Measurements of phase’s own FD pattern from all phase of TGT clus-
ter with one another, thus the phases show similar PD behavior.

6 GENERAL CONCLUSIONS

With regard to turbogenerators involved in this investigation the dis-
cussion results in the following conclusions.

1. For the measurement by vIIF detection of the #13 processes in the in-
sulation of a particular phase of a generaten, several center frequencies
are suitable to tune the sa,

2, To find suitable frequencies to tune the 54 for the measurement of the
phase’s own PD pattern, the folloiving procedure can be followed, Mea-
surement of the lrequency spoetrum by specific span mode of $4, selec-
tion of & specific serics of center [requencies, and measurement of P
patterns at each of the selected frequencics (frequency scan). Use must
be made of several techniques, eg. visual comparison, tree analysis,
fractal analysis, and spectral response matrix, to find and analyze the
phase’s own P pattern

3. PDresponses at specific resonance frequencies ean change in the course
of time for a particular phase of a tmbogenerator. In consequence, an-
alyzing the Iy patterns of the same phase on just one single resonance
frequency is not suflicient to get insight in the PD processes inside the
insulation,

The authors vealize that the analysis of D patterns obtained by the
on-line measuring technique from: phases of generators is very complex
due to influences of crosstalk and disturbances. Marcover, to obtain
cenfinmation of gencral applicability of these results, further systematic
study is necessary and the following steps should be considered. Mare
systematic online tests on generators in service (if possible in good and
bad condition}, Fundamental studies of D signal propagation effects
in the stator insulation on the resonance frequency of the sa. Using
the above-mentioned tools for analysis of PD patterns of well defined
discharge sources such as shot discharges and end winding discharges.
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