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ABSTRACT 
This paper discusses partial discharge (I%) measurcinciits performed on turbogcncrators us- 
ing the VMI: rn detection technique. With this tcchniquc it is possible to perform PD incasiirc- 
mcnts nn turbogenerators without interruption of Lhcir operation. In addition tu PD in any 
particular phase, the recorded patterns can show crosstalk froin other phases and disturbances. 
The nicinbership of each signalsource (phase’s ow11 PD pattern, crosstalk, disturbances) to tlic 
rccordcd yattern depends ON thc  selected center frequency, By cxainination of some typicaI ex- 
aiiiylcs, the relationship bctwccn the center frequency and recorded patterns is discussed, Fur- 
thermore, I’D tneasurcmcnts performed over tiinc 011 the same generator are stndicd to discuss 
possible changes in the spcctral responses of particular phases of B turbogenerator, By visital 
comparison of DO patterns as well as coinputer-based discrimination tools it was found that 
several ceirtcr frequencies aresuitablc i n  tune the VHF r D  dctcction technique. However, these 
center frcqueocics cnii change in the COUTSC of time for a yarticiilar phasc of a turbogenerator. 
As a rcsult, in order to avoid a misjudgment on thc insulation condition of turbogenerators, 
thc analysis of on-line recorded PD should not be restricted to just one single center frcqucncy. 

1 INTRODUCTION 
am good insight iuho tlic condition of thc stator imulation of TOobt a gcnerator, ’ PD iiicasuromcnts offer a guod opportimity [6,8]. For 

this purpose the 1’11 mcasurcment can be performed in two ways. 
1. During periodic revision of the gciierator using 1 t(C 27I1 measur- 

ing circuit and applying cxtcrnal voltage tu particular short-circuitcd 
coils/phascs [I]. By periodically pcrforming th is off-line test (2  to 5 yr) 
a qiiitcgood impressioncan bc obtaiticd about the trcnd of thc PD levels 
for pnrtiaihr phases. To analyxc 1’0 patterns, additional informakionuf 
thc pulsc-phase as well as tlic pulse-intensity can bc used. Cmparisuii  
of different tests in timc of the s m e  generator can provide il iduntifi- 
cation of iicw discharge sources. Off-liw [’U measurcmait has been in 
use for many years, However, three main disadvantages can bc found 
regarding this type of discharge mcxtiremciifs. 

During off-linc tcsts, the thermal and mechanical stresses i n  the sta- 
tor insulation are not the SAMC as during operation. As n result, an off- 
linu I’D mcasurcment does not show the PD proccsscs of the generator 
which i t  hns in service. 

The costs of such off-line tests (rcnicwing the unit lrom scrvicc, pro- 
viding of an cxtcriial IW so~ircc c k )  a l ~  quite high. 

‘i’he perhrmancc of off-line PD tcsis in timc intervals of 2 t o 5  yr docs 
not give any information about the changcs of I’D activity in thc pcriod 
between thew tcsts. 

2. During rcgiilar opcratioii of a geiwator using capacitive or in- 
ductive couplers, the t i t )  signals are measared by a scopc or a specially 
adopted PI) dctcctor. When the PD couplers (at tcast onu oncacli phase) 
arc pcrmancntly installed on tlie geiicrator, an on-line test can be pcr- 
formcd [2-51. This type of measureiiient is w r y  easy without any intcr- 
ruptiim of thc gcncrator operatiou. Morcovcr, such a I’D ineasureincnt 
is pc~foriiicd on a object tmiier refiLilar thcrmal atid mcdianical strews 
for opuration. On-line I’D tests have become vcry popular in the last 
lew ycars. 

Two difficulties arise when such PD inmuwmuits  have to be per- 
lormod, Froiii tlie power plant ns wcll as from thc rotor excitation, 
systcni intcrfcrence may occur in thc mcasuring circuit 17,8]. Due in 
the fact that all three phasus art* cncrgizeri a t  the same time, complex 
propagation processes occur of w signals through the stator winding, 
resulting in rcflcctinns, attenuation and crusstalk [7,8,14]. 

Different methods can bc applied to suppress extcriial noise 129, 
271. Moreova; oxtcnsiw studies in the past have shown that certain 
relationships cxists between PD patterii scqueiiws and mcasuring fru- 
qiieiicy [29-331. 

In this study, a spectrum anolyxcr (SA) is used as tuned filter to sup- 
press external iioisc 181. 1;or this purpose, the 5.4 can bc tuncd between 
c.8. 10 and 100 MHz to a frequency where ra  Irom tho stator insula- 
tion is rloiniualing and thc kvel of PD signals at th is huqucncy caii be 
deiiiodulatod to -260 kHz and displayed on a 50 or 60 Hz tiiiie basis. 
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As a result, such a signal can be processed furthcr by a convcntional I’D 
dctcctor or PD analyzer with the main goal to us? thc widc cxpcricnce 
011 phasc-resdvcd I T  pattern recognition [9-141. 

The main goal of this study is thc aiialysis of thc above mentioned 
problems 1 and 2. In particulai; on tlw basc of 3 scrim of tests in power 
plants, the following aspccts h a w  to be researched and discussed. 

What is the influence of the sclcctcd rcsonaiicc frequency of the SA 
on the measured PD patterns, and how should crosstalk cffccts in the 
PD patterns of single phases be handlcd and aiialyxcd? 

What is the most efiicient way to coinpare the 1111 pattcriis measurcd 
on particular phases of a generator, or measured at differcnt timcs dur- 
ing service life on the same generator, or ~ 1 s ~ ‘  measured for known fail- 
urcs (slot I’D, elid winding PD)? 

In this paper, the first experimciits from on-lint tests on turbo, * e m -  
ators are presented. In particular, the evaluation of w mcaswments 
at different frequencies are discusscd in scope of the abwc mentioned 
aspects. 

2 THE VHF PD DETECTION 
TECHNIQUE 

The discussion presented in this rcport is bascd 011 measurements 
using the measuriiig setup depictcd in Figurc 1, The circuit used for 
on-line measureinents is coiiiyoscd of high fi-cqucncy (1 tp) capacitive/ 
inductive discharge-frec couplcrs, a SA to nicasiire the signal response 
at frcquencies of 30 MHz and to deiiiodulatc it to 250 kHz, and a mod- 
ified PD detector to display and record thr. mcasurcd IT signals. 

MACHINE 

PO ANALY 
TE 571 

Figure 1. Measuring setup as uscd for \.‘IIF PD mcasurcnicnts on turbo- 
generators. The setup is comnposcd of rutiiting machinc in operation, high 
frcqucncy discharge-ircc couplers, f.x, Rogowski coils, spectrum analyzer 
and digital PD dctcctur. 

The on-line measurement tccliniquc is dciiotcd as the WII; 1’D de- 
tection tccbniquc, bccausc the technique is based on measuring PD re- 
sponses in the VHF range. I n  this Scction this technique, as well as [he 
compoiients of the circuit, will be discussed. 

2.1 COUPLERS 

To mcasiirc 1 ’ ~  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 transform- 
ers [16]. 

The PD measurements evaluated in this rcport areall pcrformcd with 
capacitive couplers and Rogowski cuils arouiid the H V  bushings. Due 
to the fact that the scope of this study is thc I’D pattern behavior, and 
that the applied S ~ ~ S O I ’ S  havc bccn dcvclopcd by thc authors of [4], no 
discussion of thc sensor electrical properties will be given in th is paper. 

2.2 ON-LINE VHF TUNING 

When a Ijl)mcasurcmunt i s  performed at a generator in regular oper- 
ation, the signal a i  the tcrminals of the couplers is R mixture of various 
suurces, divided iu thrcc main groups. First, thc pu activity originat- 
ing from the measured phase, denoted as thc phasc‘s own PD actitFityl 
pattern; sccond the activity originating from the other phases. PD 
signals arc high frequency signals and travel by complex prnpagation 
through thc stator windings. Therefore, I’D signals originating from 
m e  particular phase can be revealed at a coupler connected to another 
phase, an effect called crosstalk [7,81. lhird, in a power plant (the gem 
erator‘s natural environment) many soiirces of electromagnetic ( E M )  
disturbance and noise are present, that are picked up by the couplers. 
One particular disturbance originating from thc gcncrator itself is thc 
rotor excitation [7,14]. 

Crosstalk patterns can be distinguished from the phase’s own 1’1) 
pattern by their appearance on the phase position. All measurements 
presented in this report are performed with thc frequency of phasc U 
as reference. With the fact that the two other phases are shifted 120 
and 240’ with respect to phase U, Figure 2 shows the positious of the 
pattcrns of the phases on a 20 ms base. 

U* W. V* U- w t  V- 

a PDpaHsmMmuU 
C PDprtMmolphruv 
E? PD pattam of phrw W 

y3 Gwrlmp pubmm p h i *  U nnd W 
Gu Cvorlrp plmnu phaio V and W 

n ovarlhp plltrmr ~ M O  U s,,d v 

Figure 2, The positions of the single phase patterns on the 50/60 Iiz 
power frcquciicy of phnsc U ,  

The classic PD dekction circuit as used for off-line PD measurements 
operates according to I W  270 rcconimendation in a frequency rangc! 
to 500 kl-h [l], I f  this typc of detection would bc used at il gunerator 
in operation, thc result would Isu thc sum of all signal sources at the 
detector side and no distinction between these various soiiiws would 
bc possiblc. Thercforc, rcscarch has led to discrimiliation bctciwn thew 
various suurces based oii their frequency characteristics in the MHz 
range (PO analysis ongas insulated system even goes to 4 GHz [25]). 
As a rcsult, detcction circuits havc been developcd that operate in the 
VHF /UHF rangc. 

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

[’U activity can bc distinguishcd from othcr signal x”, bascd 
on the spectral response. In Figure 3 a literature example is shown of 
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Figure 3. Lxamplc of II spcctrum of a 4 kV mutor. 'I'IIu spcctnini indi- 
cates a clcar distinction bctwcen end-winding I'D a n d  signals from broad- 
casting stations [15] 

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

When defects arise in  the insulating systetii, the spectral response 
will change. Figure 4 shows an example of spectral measiwements on a 
stator bar with niid without defect [23].  
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Figure 4. Example of spectrid measurements 011 a stator bar 1231: ( A )  

spcctral response ai  a good bar, (b) spcctral rccspunsc of bar with slot dis- 
charges. 
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Figure 5. Example of a frequency speclruin obtaincd with thc SA, 
rccorded on phasc U of a IICW turhogcncrator. Tlic arrows currcspund 
lo frcqucncies.at which a high rcspoiisc is nicasurcd. 

For thc'purpose of recording, the Frcqueucy spcctrum of a particu- 
lar phasc, a Tcktronix SA is connected to the couplers. The St\ is an  
advanccd iistrumcnt designed for spcctral analysis. For the on-line 
mmsurcments prcscntcd in this rcport two function niodes of the SA 
~ T C  uscd, thc spccific frcqucncy span and the zcrn span mode. 

In the specific frequency span mode, the SA measures thc frcqucucy 
spectrum of the signal detected by the sciisors. The uppcr limit of thc 
Irequency range is determined by the charnckristics of the couplers 
and thus in this particular case does not exceed 100 MHz for tlic coscs 
discussed in this paper. hi Figurc E; an cxamplc of a spccific freqwncy 
spectrum as obtilincd with the SA is shown. 

In this example a number of peaks a t  ccrtaiii frequencies are marked 
by the arrows. These peaks indicate that at these frequencies the mea- 
sured response is above the noise Icvcl, At this stagc thcrc is no con- 
clusion about tlic sourc? of thc rcspoiise (phase's own PD, crosstalk or 
disturbances). For this purposc, tlic m o  span mode of the S A  must be 
used. 

In the zero span iiiudc, tlic SA is tiiiied toa selected frequency (prefer- 
ably a frcqucncy with a high response), which means that the S A  acts RS 

a bandpass filtw of 300 kHz with thc selected frequency as center frc- 
quency, denoted as fn. A h  thc SA is Luiicd, it is switched to the zero 
span mode with a time base of 20 ins (for 50 H7,). This is thc dcmod- 
dation function of the SA, a demodulation to -200 kHz. In this way, 
sigiials containing theselected resonance frequency can bc rccorded by 
a I'U dctcctor, dircctly connected to the S A ,  

hi ndditioii to these two operating modes, a third mod? can bc uti- 
lized by a combination of the SA and thc Pu dctcctor, This mode, dc- 
notcd as the 'freqiiency scan' mode, is discussed in Section 2.3.1. 

2.3 VHF PD PATTERN ANALYZER 

All IT measureiiients discussed in this papcr arc obtaincd with the 
digital  detector TE571 of IIacfelyliench [lo, le]. ThcTL571 dctcctor 
records thc iiicasurcd P D  signals with respect to tlie50/60 Hzsiiie wavc 
01 the applid voltage and storcs the iiieasiirement for further analysis 
(Section 2.5). It is known that thcrccxists a stroiig relationship betwccn 
tlic sliapc Df thu  measured PD patterns that occur in thc 50/60 Hz sine 
wave and the type ol defect that is causing them [12,18]. Tn tlw c m  of 
guncratora h i s  mums that patterns measured at a phase in good con- 
dition diffcr from thosc mcasurcd at phases in bad condition. Morc- 
ovcr, pattcrns cnuscd by slot discharges differ from those originating 
fromend winding discharges [13,19]. Analysis of thcsc pattenis is thus 
n good mcaiis of discriininatioii between differcnt discharge sources 
as well as qiiality levels of the insulation. The following distribntions 
arc digitally pioccsscd in ordcr to characterize the properties of a PD 
mcasurcmcnt: the maximum pulse height l l ~ ~ , f ~ L 3 ~  (v), the mean pulse 
height H:, (y), tlw pulse count l/$(p) and the discharge intcnsity 
ki(q), see Figure 6. 

Using a IEC 270 mcasuriiig systcm, thcsc quantities are prnccsscd 
for a fixed frequency range as dcfincd by a IW dctectur. Thu iisc of 
a tunable SA allows processing of thew quailtitics at diffurcnt ccntcr 
frequencies. To observe the behavior of these quantities as n fiinctioii 
of thc cuntcr frcqacncy, thc frequency scan and the spectral response 
matrix arc introdiiccd, 

2.3.1 FREQUENCY SCAN 
Thc comp1c.x prupaption of the PD pulses through the windings 

strongly influences the frequency characteristics of thc IT signal as they 
appear at  the coupler site. As a result there is nccd for il study on the 
iiiflircnce oi the center frequency 011 the measuremcnt of PU patterns. 
For this purpose the frequency scan (lis) procedure. of I'D yattcrns was 
i iitrod wed. 

During a I;S thc SA operates in rcro span mudc. Prweding il mca- 
surement, several ( N )  center frequencies arc sclcctcd. This sclcction 
might rcsult from n prwioiis mcasurcd frequency spectmni by the SA, 
or can be a fixed step series of lrequencies (i.u. 10,12,14 MHz. 
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Figure 6. Example of phase recolvcd distributiol~s [upper) and dis- 
charge intensity distribution (lowcr) as rccordcd off-line with the digital 
PD detector TE571, 

SA is tuiied to the first selected Jj,  is set to thc wrn  spa11 inode nnd thc 
TE57l dctwtor records the PD paituriis until l / i Y  of the tutal nlcasur- 
ing timc has elapsed. Theii thc SA is tuned to the next sclcctcd ccnter 
frcqucncy and the process continues until the total measuring timc has 
clapsed. by this method, pattcms are obtained at cach selccted center 
frequency. 

Analyris of the changes in these pattcrns for the selected centor fw- 
qucncics can give more iufornlation about the frequency bchavior of the 
seiisor response to PD activity, crosstalk and disturbances. In particular, 
thc tuchniquc is a useful m c m  for finding a proper ccnttlr frcqucncy 
in order to obtain I'D patterns which arc not distorted by siirrounding 
disturbances. It also allows study of the spectral response oE thc phase's 
own PU activity as well as crosstalk, and helps in finding trends in the 
frequency r e s p s c  measured at a particular coupler by comparison of 
I;s recorded at different times during service lifc. Swh treiids might 
indicate thc development of defects in the inailation system, 

Figure 7 depicts R frcqucncy scan recorded at 011c phase of a turbo- 
gcnerator (PD patterns at  fivc frequencies arc displsycd). This example 
clearly shows tlic differences in the PI) pattcrns measured at differcnt 
,fn. The pattern mcasurcd at 18 MIIz shows tlic phase's OWI PD ac- 
tivity. With a center frcqucncy of 30 MHz crosstalk from phase V is 
measured. At 48 MHz no response is mcasurcd. An eqiial leve1 of the 
phase's own PD activity and crosstalk !rum both phases is measured 
at 62 MIlz, while at 64 MHz crosstalk from phasc V dominates the 
pattern. 

2.3.2 SPECTRAL RESPONSE MATRIX 
To find the most suitablc and sensitive cmter frcqucncy to meastire 

thc phase's own PO respunsc, 3 procedure denoted as spcctral rcsponsc 
matrix (SRM) is introduccd. For this purpose, the lligllcst rcsponse and 
its origin (the phase's o~vii I'D, crosstalk PD froineach othcr phase, and 
disturbance) measured in thc patterns at all 1V center frcqucncips is dc- 
tcrinined and is assigird as 100%. Subsequently, ;1 pcrccutage ratio of 
the four types of signal sources at each lrequcncy is dcterniined and all 

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

................................................... 
9 1 /::::::::A:::::::!& ......... ......... fo=30MHz 

." ............................. .- ............................. fo = 48 M H ~  ................ ".... ......... 

+ 
cp 

Figure 7. Example ol R frcqnuncy scai i  measured at phasc I.Ti I? IIEW 
turbngencrator (only patterns at 5 of the 30 frcquencies arc dcpicicd). 
Table 1. SKM of the cxamplc in hgure7, i.r. frequeiicy scanat phasc M/ 

ut n large turbogeneratnr. 

are put in a 4xN matrix. Thus a SKM is a representation of a FS mca- 
surcd nt ;1 particular phasc. A S R M  can bc a useful means to evaluate 
the spectral responses of thc various signal soiirces ai the coupler site. 
Moreover it can bc uscd to analyze changes in khc frcqucncy behavior 
of these signal soiiiccs mcasurcd during the service life of a gcncrator. 
Table 1 shows thc SRM of the example in Figure 7. 

2.4 STATtSTlCAL ANALYSIS 

After a I'D measurement is finishcd, further analysis of the patterns 
is required. Tht. TE371 dctcctor is accompanied by the TEAS-D fingcr- 
print technique for analysis and diagnosis of the measured data [ZO]. 
Furthermore, a uumbcr of stand-alone tools have been dcvclopcd to 
make classificatiuns in scts of data, based on clustering. 

2.4.1 Fl NG ER PRINT PROCESSING 
At thc of end of a PD measurement thc chsractcristic shapes of the 

mrmurcd patterns (sec previous Section, Figurc 6) arc quantilied by the 
following statistical operators: 

1 ,  
2. 

3. 

4. 

5. 

thc asymnietry as the quotient of the incm lcwl in the t and - phase, 
the phase factor to study the diffcraicu hi incuptiun voltage i n  the .I. 

and ~ phasc, 
the cross-corrclatioii factor to evaluate the difference in shnpc bctwwn 
t and - phase 
the ntiinbcr of pcaks to discriminate between single top and multiplc 
top dis tribu tiuiis, 
tlic skewness as an indicator fur asynunctry with rrspcct to a normal 
distribution arid 
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6.  thc kurtosis as an iiidicator for the dcviation fioin the IK" distribu- 
tinti. 

-1.26 
5.w 
6.9. 

Figure 8. Fingerprint as processed for the nieasured data of Fiprc 6. A 
total of 29 statistical operators is processed io charxterizc rl particular P U  
mcasuremcnt. 

111 total 29 statistical opcrators arc proccsscd. Thc total set acts as a 
fingerprint of a certain 1'1) measurcmcnt, sec Figurc 8. Mcasurcnicnts 
now can be compired with cach other by comparison of their fingcr- 
prints, using mathematical teciiniqucs. A pcrccntagc i s  obtaiticd that 
reflects the recognition of a particular measuremcnt as a defiucd dis- 
charge type in the PD data bank (Figure 9). 

Seloctsd FleH 
Turbogenerator 1 

Figure 9. Percentage of recognition of an unknown mcnsurcmcnt, com- 
pared to a turbogenerator data bank. 

2.4.2 PD DATA BANK 
With scvcral fingerprints, a cnllcctim of user-specific data can be crc- 

ated, the 1'D data bank [20]. Fingerprints of discharge mmurcincnts of 
unknown type can be compared to the collection of known situations. 
A data bank is judged to be well designd if it produces a high simi- 
lari ty for thc correct dcfcct/situntion and low or nil fnr the others. The 
recognition procuss strongly dcpcnds on a number of factors, such as 
the test conditions at which thcrcfercncc data areobtained, the number 
of fingcrprints that represent a defect and the organization of the data 
bank. A way of organizing is depicted in Figure 10. 

2.4.3 CLUSTER ANALYSIS 
As statcld, a data bank is wcll designed tor classification purposes if 

i t  produces a high siniilarity for the correct defect and a low one for all 
the others. Uue to thc fact that users of PD analyzer TE571 can create 
their own data bank, they should be frained to create wcll designed 

flngerprint 1 
Typlcal Pngerprlnk as 

I >  measured lor a phase 

fingarprint b4 '. 
I I 

Figure 10, A possiblc structure of n data bank. In this example, the 
hierarchical structure starts with a collectinn of gcncmtors, followed by 
the single phases and ends with I'D mcasunmwts. 

data baiiks. For this purpose, discrimiiiatinn tccliiiiqucs can be used 
[NI. With tkcsc tcchiiiques rccopition of clusters can be performed 
without 0 priori knowlcdg of the type ol the siiigle measurements. Two 
tcchniqucs are discusscd hcrc, tlic group average analysis technique 
(Ward's minimum) and thc fractal method. 

TREE ANALYSIS 

To analyzc the I'D iiicasiircmcnts discusscd in this report Ward's min- 
imum clustering method is used [20]. With this aunlysis tcchnique the 
distances between all fingerprints of a group of 171 mcasurcmcnts is 
examined. The rcsult is n trcc structucc that illustrates tlic rclationskip 
between individual fingcrprints, scc Figuw 11. 

..- . . 

+.--. . 

cmw\ 1: 2 A - 1  
,. . ~- CI. l l l . 2  :: 

I CL..,..$ [E . . . . .. . 

02 SDI 1 W K  * . .. . .. ~ . 
niiemiiaEiy p a r m a p  

Figure 1 1 ,  Examplc of cliistcr aualysis using the tree nictliod, each lct- 
tcr corresponding to measiircmciits from ow singh phase, 

The pcrccntagc scale in this Figuri? represents the dissimilnri ty biL 
twccii the fingurpritits that were f w d  together. Similar fingerprints 
coniicct at a low dissimilarity level, diifeerent fingerprints connect at 
datively high dissimilarity Icvcls. Ry cutting such a tree at a certain 
Icvcl, a unmber of clusters is formed, each cluster consisting of finger- 
prints of fhc saiiic detcct. 

FRACTAL ANALYSIS 

In addition to thhe trcc tcchnique, the fractal method is used. It i s  
shown [U, 221 that tlic 3dinicnsional distribution Hi (p ,  q ) ,  see Fig- 
ure 12, canbe analyzed on fractal fccaturcs. The fractal method proccsscs 
two operators: fractal dinicnsioii, as indicator fur the roughness of thc 
surface and lacunarity, as indicator fnr the density of the surface. 

Pigurc 13 sliows thc result uf fractal analysis represented in il XY- 
plot. Thc same muiibcrs cori'cspond to measureinents froin 011~ singlc 
phase. The different clusters arc marked with the ellipses. 
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Figure 15. Hn(p, q )  distributionof an off-line nleasurement on a tur- 
bugmerator, This pattern is typical for turbogenerators showing slot rlis- 
chargcs. Figure 12. 3-dimeiisionnl distribiihi lln (p, q) .  This cxaniple shows 

3.2 PROCEDURE FOR ON-LINE PD 
MEASUREMENTS 

The application of thc on-Iinc I'D tncasurcmonf tcchniquc as dis- 
cussud in the prcvious Scclion, has as purposc to monitor the insulation 
condition of a gcncratw by using knowlcdgc from off-lim 1~ nicasurc- 
mciits [28]. In otlicr words, the cxamination is focused on finding a 
procedure for on-line measurements to obtain the same characteristic 
patterns as would be obtained by off-line measurements. Howevcr, as 
was mentioned already in Section 2.2, at on-line measurements several 
signal wurcs iiiflucncc the measured patterns: The phasc's o w  I'D 
activity r D  activity originating from thc othur phases due to crosstalk, 
aiid disturbances inside and outside the generator. 

n 

A 

Figure 16. II,t(p, q )  distributions of an on-line nieasurcmcnt at phnsc 
W of 'l'GZ, nicasurcd at differcnt fo. (a) .fo = 63.5 MHz, pliasc's 
own IT activity with cliaractcristic siuusuidal sliapc is recurdud. (b) 
fn  = 32.3 MHz, phasc's own I'D activity and crosstalk of phase V, both 
with no inner etwelnpe, is recorded. 

ln Figure l h  two V?),(v, q)  distdbution are shown of an on-line VI 11: 
I'D mcasurcinent on a turbogenerator: Figure 16(n) is from a measure- 
mcnt with thc s~ tuucd at 63.5 MHz, P i p w  l6(b) is from a mcasurc- 
mciit with thc SA fuiicd a t  32.3 MH;?, This cxamplc clearly indicatcs thc 
issuc of tuning thc sn coi'rcctlv for ;i useful 1'1) mcasurcmont. Thcrc- . - 

Y 

Figure 14, I I ~ ( ~ ,  (,) d,str,bution ofal, uff-line lneasurcmcnt of a tur- 
bogenerator. The characteristic siiiiisoidal sliayc is cmphasized by thc con- 
toiir lincs. 

fore, considering tllc goal of this report as stated in thc beginning of 
this Sectinn, the evalnation of thc measurements that will be prcsented 
in the next sectioiis are concentrated on the following aspects. What is 
the influence of 10 011 the measurement of phase's own PD response/ 
paftern? What is the influence ot' J l  on the measurement of crosstalk 
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1’11 responseipattern? And finally, what is the influence nf on thc 
measurcmcnt O F  disturbances response/pdtterii? 

Visual comparison of pdttcrns as wcll as statistical aiialysis will be 
i d  for this purpose. Moreover, mothcr aspwt will be examined: Does 
the sycctral response mcasiwd at thc phasus of a parthdar generator 
chaiigc during scrvicc l ife? 

Before procccding towards the evaluation it should be notcd thnt 
all pattcms prcscntcd in this paper arc obtained with tlw VHF detcc- 
tim method, a method that lacks n calibration procedure. Thus, all 
discharge magnitude valucs that the axes show are uncalibrated, 

4 EVALUATION OF VHF PD 
M EASU REM ENTS 

To discuss the issucs of study as stated in  Section 3.2, on-Iinc [’U 
mcasurciiimts of two large tarbogcncrators are evaluated, denoted as 
TGI(l55 MW/15 kV) and TG2 (650 MW/21 kV). 

4.1 INFLUENCE OF j ’ ~  ON OWN 
PHASE PD PATTERN 

In thc following, using two typical cxampks, tlic mcauing of tlic 
phase‘s own IW pnttcrii is discussed. 

...................................................... ...................................................... -: ...................................................... fo a 18MHr ........................................................ 

1 “ I  
..I 

) f, = 47 MHz 

Figure 17. I17t(p, q )  distribuiioiis of a mcwrcmcnt  a t  phase [J  of 
1%1, mcisurcd at i;, - : 47,53 and 66.9 MHz. ‘I’lw SA i s  ~ : c l l  tiincd. 

Figure 17 depicts thc UT, (y, q )  distributions measured at phasc U 
of TC1 at three different center frequcncics, j,) = 47,53 and 66.9 MI-lz. 
‘The phaso’s own [ID patleros aremarkcd by cmvcd Ijiics. This example 
shows that measuring at diffcrcnt. h1 c m  produceequal pattcrns tor thc 
phasc’s own PU activity. 

Anothcr case shown in Figure 18 shows il diffcrcnt picturc than the 
above. Thesc distribuiioiis are iiieasured at phase V of TG2. As call 

be seen from this Figurc, tlic particular phase’s own IT pattern is mca- 
w e d  at center frequcncics 30 and 22 M I  Tz. 1 Iowevcr, when mcnsuriug 
at .f~ = 3.8 MHz and J n  = 44 MHz tho phasc’s own [)D pattern is 

................ .t 1:;::::::: .--.. ___.__-. 

......... .._...._....................... 

.......... 

..... 
m le4 170 w 

Figure 18. U,i(p) distrihtiuns of ii rncnsureinent a i  pliasc V of TG2, 
mcasiircd at JO = 10,18,22 aiid 44 R/lHz. 

not rccorded; the incnsurcnicnt at  18 MIIz shows no yattcrns a t  all, tlw 
iiicasurement at 44 MHz shows il pattern due to crosstalk from yhasc 
W .  Thus this case indicatcs thnt the center frequcncy cui iiiflmm thc 
measured r D  pattern, 

Based on thc abnvc thc fdlowing can be concluded. The measiire- 
ment of phase’s own I’D pattern is iuflueiiced by the cciitcr frcqucncy, 
and there is mow than onc center frequency to mcasulr thc phase’s own 
i’u pattcrii. 

4.2 INFLUENCE OF jo ON 
CROSSTALK PD PATTERN 

With thc following examples, thc influcncc of the center frequency 
un  the crosstalk ]’U patterns is discussed. 

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

...................... ....,............ 

io = 66.9 MHr 

f, 73.5 M k  

Figure 19. 1lTt(p)  distributions of !’U mcasurcinetit on phase U of 
‘TGl a1 

Figure 19 shows thc TT,,(p) distributions of thc measureinelits dis- 
cusscti in Scction 4.1.1 ot the previous Section, with a n  addition of a 
measurement perfnriiicd at f~ = 73.5 MHz. The distributions show 
that, next to thc phase’s owii I’D pattern, a crosstalk pattern is recorded 
at phasc V. Furthermore, the Figure sliows that thc relativc intensity 

: 47,53,66.9 and 73.5 MHz. 
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of the mcasured crosstalk patterns increases with increasing center frc- 
quencp At 73.5 MHz the crosstalk pattern even dominates over the 
phase's own pattem. 

Figure 20. Phase rrsulved pitiems of r ineasutcmenl a t  phase 21 n l  
TGl, at 20 succcssivc center Iruquencies, 

Figure 20 depicts a frequency scan measurcd at pliasc U of TG1, 
in the range from 10 to 18 MHs. To aiialyxc tht influence of the ccn- 
ter frcquency on the ainount of of crosstnlk in the measured patterns, il 
modified SRM WRS calculatcd. Instead of determining the SRi4 based on 
thc highest response of all patterns (sec Section U),  cach SRM-line was 
determined based on thc phase's owti PD resyorise of the correspond- 
ing pattern, By this, the relation between crosstalk pattern and phase's 
own PU pattern can be evaluated per cach cenkr frequency. The proce- 
dure to determine such a modified SKM is as iollows. First, determine 
the maximum phase's own PU responsemcasured at ihc first centel. fre- 

quency of the mngc. Then, determine the perccntagc ratio d maximum 
crosstalk aid disturbance response compared to the maxiinum phase's 
own PV response, and finally rcyeat the procedure fnr the pattcrns at 
all ccntct frequencies. 

10 30 40 50 
2o f(MHz) 

.=. cross talk phase V --c cross talk phase W 

Figure 21, Graphical interprctatiol\ of the SRM data regarding crosstalk. 

Figure 21 dcpicts the modified SRh? for the crosstaik mcmberships 
in graphical form, From the Figure it can be concludcd that the inem- 
bership of crosstalk in the measured patterns strongly depends on the 
ccntcr frequency, and the membership of crosstalk in the mcasured pat- 
terns differs for each phase, <40 MHz the recordcd crosstalk irf phase 
117 is roughly twice as high as the measured crosstalk of phase V,whilc 
r40 MHz little to 110 crosstalk frnm phase W is measured. 

Phase U, 16 MHz Phase U, 62 MHz 

Phase V, 20 MHz Phase V, 62 MHz 
............................ ..I .............................................. 

......... ....... 
d 

11 ,,1 I" ........................... 
......... 
...... 

Figure 22. Phase rasolvcd patterns Of J measuremelit 011 TG2. 

Another case that shows the influclice of the centcc frequency on the 
" w e d  crosstalk pattcrns is shown in Figurc 22. The phase resolved 
distributions arc from a measurcmcnt 011 TG2. The characteristics of the 
distributions are sumiiiarizcd in Table 2. From this table i t  can be seen 
that depending on the used ccntcr frequency, all sorts of combinations 
of signal SmIrces ate revealed in thc recorded pattcms. 
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Figure 23. 3-dimctisional distributimi wliich shuws thc sinusoidal 
sliapcs, chmctcrisiic for II guud insulation, n~oas!iird 011 TG2. 

111 Figure 2.3 thc 11.,,(~, q)  distributions are depicted of the nieasure- 
mcnt on phasc li at f n  - 62 MHz and the nieasureinent 011 phasc 17 
at  .fil : - :  20 MHz. Not only do the patterns show the charactcristic si- 
nusoidal shape with inucr cnvclopc (markcd by the ciirved lines) of the 
phasc's o w  PD pattern, this shape is also p u n t  in thu crosstalk pat- 
terns. This event shows that thc center hrqucncy can bc a uscful meniis 
to measiirc crosstalk patterns that show thu  typical sliapcs known from 
the cxpcricncc with off-linc PD analysis. 

The abovc discussion rcsiilts in the following conclusions. The ccn- 
tru frcqucncy can influence considerably the measurcmt'nt of crosstalk 
patterns. This influence depends on the geiicrator whew is iiicasurtd, 
as well as the particular phasc. 

Thc presence of crosstalk patterns can be unfnvorablc for gciieral 
pattern analysis of a particular measnrcmcnt. Hnwcvcr, in some cases 
the crosstalk pattci'ris givc cnnclusive information about the iiisulation 
state of the phase Irom which thc crosstalk is measnred. 

4.3 INFLUENCE OF j n  ON 
DISTURBANCES 

Thc following discussitin of two typical examples shows thr cffpct 
of disturbances on thc measured I'D patterns in rclntioii to the cuntcr 
frcqucncy, 

The mmsurcd .II,c(y: q)  distributions of the PI) incasurciiicnt prc- 
vioiisly discusscd at Swtions 4.1.1 and 1.2.1 are re-shown in Figure 24. 
The rdativc high level activity in the encircled groups origiuntcs from 
disturbances. The origin of the disturbnnccs was not known, but frorn 
Figure 25, the flo2~~~cL:r(p) distributions of the sainc mcnsurcment, i t  

can be concluded tha t  thcir mcmbcrship in thcsc pattcms increases 
with increasing frequency, Their intensity, i,r: thcir number, does not 
increase, as can be seen from F i p ~  24. 

PD riicasurcmcnts were performed at  scvcral ccntcr frcqucncics on 
phasc I.\' of TG1. At one particular center Irequency, 1: G O  MHz, 
sigiials from a disturbance source were measured, SCC Figurc 26. This 

to = 47 MHz h 
..c 
.n 

, .F .,. 

..C .... 

Figure 24. iIIL(p, (I) distributions of II ineasiircnicnt at phase 71 of 
1C1, mcasitrcd at Jo : : 47, 53 and 663, 73.5 MI Iz. The encircled groups 
arc disturbances. 

disturbancc pattern was not iiwasurcd at othcr hl. Closer cxamiiiation 
of the measured pattern sliows that tlic disturbances occur with a re- 
peat rate of -1200 € 1 ~ .  A plausible explanation for this occurrence is 
that there is some equipment ( i t ? .  a pump) iicarby the geiierator that 
emits pulses at a frequency of 1200 1Iz. 'Ihe spectral energy of thcsc 
high frequency pulses should then bc concciitrated ilroimd the hO MI Iz 
signal, 

From the above it is conchided that the nieasurement of present dis- 
turbances is dcpcndent on thc center frequency. Depending on the spec- 
tral properties of the distiirbancc signal, they c m  bc ccvcalcd either at 
just oiic 01' at a raiigc of ccntcr frcqucncics. 

4.4 TIME BEHAVIOR OF SPECTRAL 
RESPONSE 

To discuss possible changes of the spectral rcsponscs in the course of 
time, exainples of I'D nieasiirements on TGI art3 examined. Two phases, 
I/ a i d  lii: are considered, see Figtires 27 a i d  28. I n  both Figures pat- 
terns are dcpicted of two measurements that have been perfnrtned in a 
time pcriod of 18 months. 

Visual compnrison of the mcasurcmcn ts pcrfumcd mi phase W 
(Figurc 27) shows that the frcqucncy rcsponsc i s  practically unchanged. 
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Disturbances 

1 r- I r 
14 ......,. ..................... .I.. .................. 

M p ,  tw  

fc 47 MHz 

................ ............ 
,.. nC .. 

Figure 25. HgIHo.:II (p) distributions uf the measurement correspond- 
ing to Figure 24. 

obttlfmmw algnels m 

Figure 26. Thc PD measurement at f(, = 60 MHz 011 phase 12' of TG1 
shows rl yattcrn of disiurbances. 

4 b) 
TOI.CRZ4W ..... 

- ............................................... +&&::::::A ........ ....... lm=3nMHx 

Figure 27, PU patterns at 4 rcsonance frequencies sclectcd from the 
frequency scan, measured at phase 14' of TGI. (a) initial measurement, (b) 
measurement performed 18 months later. 

Although only the patterns of 4 ccntcr frequencies art! depicted here, 
this conclusion is supported over the eiltirc frcqucncy scan, which cov- 
ers the railgo from 10 to 68 MHz. Thus, i t  may be concludcd that no 
effect whatsoever arose in this particirlnr phase in the time period of 18 
months, which would be likely to changc the frequency rcspnse, such 
as PD activity due to defects. 

Figure 28 shows a diffcrcnt pichire. In particular, the patterns at 34 
and 44 MHz arc substantially changcd in the coiirse of timc. This is 
also observed at other resonance frcqueiicics in  the r a n g  from 10 to 
68 MHz besides thc ones depicted hcrc. This example indicatcs the 
care one should take when analyzing on-line'PD iiieasurcnients using 
the rasponscs of a particular phase at one single frcquency. Although 
it has been shown that typical defects in the stator insulation can be 

1 O i . p h . r U  7b-m 

b=iOMm 

V w- - - I ,w-- - --+ 

Figure 28. PD yaitcrns at 4 resnnaiicc frrcqucncics selected from thc 
h p m c y  scan, mcasurcd at phase I J  ofTG1. (a) initial mcasurement, (b) 
measuromcnt pcrforined 'I8 months later. 

identified by the spectral responsm of a phase 1261, variations in thc 
spectral response should nnt be associated automatically with chaiigcs 
in the insulation coiiditioii. 

5 STATISTICAL ANALYSIS 
The discussion in Section 4 results in tlic gcncral conclusion that thc 

image of the measurcd patterns stroiigly dcpcnds on the center fw- 
quency In this Scction statistical analysis of the patterns measurcd at  
TGl i s  cvaluated. The evaluation is concentrated on finding clusters of 
iiieasurcmcnts at  specific center frcqiicncics that separate thcmsclces 
by thcir patterns. 

5.1 PATTERNS OF DIFFERENT 
SIGNAL SOURCES 

The recorded patterns of the firs1 measurement of TG1 ai-c statisti- 
cally proccsscd and analyzed by thc trecniethod, Figurc 29. Thrcc clus- 
ters call be distinguished. A cluster of mcasurcmciits where the pnttcrn 
is dominated by the phase's own PD pattern, clustcrs of measurements 
wherc tbc pattern is dominated by CI'OSS talk PD pattern, and clusters 
of measurcments where the pattcrii is dominated by a disturbance pat- 
tern. 
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Figure 29. Clustcr analysisby the tree mcthud of thc PI )  measuremcnts 
performed UII TG1. 

Figure 30 shows thc rcsults of the fractal analysis. The results are 
similar to the tree method. Threc separateclusters arc formed as seen in 
Figure 29, marked 1,2 and 3. Besides thc distinction in measurenicnts of 
different sigiial sourccs, both the tree and fractal analysis show anuthcr 
important result, Thc mcasurements at phasc U and 1y, where the 
phase's own I'U pattcrn dominates the measurcd pattern, cluster with 
one another (the measurements are i n  Figure 29 denoted by A, R, C 
for pliasc U and F for phase W ,  a i d  in Figurc 30 by U47, U63 and 
li(iG.9 for phase U and IYd5 for phasc W ) .  

The results is t h a t  the phase's own Pn pattcrris arc similar in both 
phases, and that the iiisulation shows similar PD behavior. 
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Figure 30. I'ractnl analysis of thc P n  mcasurcnicnts pcdorincd onTG1. 

With rcspcct to mcasiiremcnt of diffcrcnt signal sourcw, statistical 
analysis of thc VHF 1'1) pattcriis r d t s  in measurcmcnts that arc dom- 
inated by patterns of a specific signal sourcc cluster with onc mothci: 
For each signal mirce a cluster is found. Morcorcr, mcasuremenb of 
thc phastl's own 1'1) pattcrn from phascs U and I.\' clustcr with ont 
anotlicr, and tluis the phascs show similar I'L] behavior. 

5.2 PATTERNS MEASURED AS 
FUNCTION OF TIME 

111 Scctiun 4.4 i t  w a s  concliidcd that the spcctral rcsponsc of phase 
W of TGl was  not changed in a time interval of six months. Statistical 
annlysis as shown in Figure 31 confirms this conclusion. The pnttcm of 
the measurement performed 18 months later (as also discussed in Scc- 
tion 4.1) is added to thc tree that wns discussed in the prcvinus Section. 
This measurement (denoted by H in the tree) clusters with the groilp 
of patterns that were dominated by tlie phase's own PU pattern. 

Figure 31, Tree of Figure 29 , expanded with statistical results of tlic 
measurement pcrformcd 18 months later 011 the same generator. 

Although the spcctral response of phase I J  did change (sec previous 
Section), patterns at some individual center irequeiicies still resemble 
the patterns ineasured 18 months earlier. One mcastirement performed 
at a center frequency 1 0  = 47 MHz (denoted by 1 iii the tree) clusters 
with the group of tlic phasc's own 1'13 activity. 

So far, only measurements of phase II and phase W of TGl have 
been discussed. Diiring the rneasurenient performed 18 months later 
at this generator, VIIF PD measurements were also performed on phase 
I/, where mainly phase's own PD pattern was recnrded, e.g. at Jn = 
44 MI-lz. l'he measured pattern at this center frequency is depicted in 
Figure 32. After statistical analysis of this measurement, it was added 

. . ~  ... . ~~ ~~ 

CY+** ....... f., ... f ._.._.__:_ I..,I ....._........ _ . . I _ _ .  

. ~ _  .. . . ... 
I*+: .. . . . ... . .I.. .... .... ....I ... . .... ........ . 

69 

Figure 32. Phase resolved paftern of phasc IT of TG1, measured a t  
1;) = 44 M1-l~~. 

of phase's o w ~ i  I'U activity. Thus, the PD behavinr phasc If shows, is 
similar to thc other two phascs. 

Statistical analysis condudes that no changc in I'D pnttcrns measurcd 

Mcasurcmciits of phase's mvii PD pattern from all phase of TG1 dus- 
at tlic phases of TGl appeared. 

ter with oiie another, thus the phascs show similar PD behavior. 

6 GENERAL CONCLUSIONS 
With regard to turbogciicrators involved in this investigation the dis- 

cussioii results in the following conclusions. 

1. For the measarcinent bp V l l F  dctcction of the 1'11 processes in the in- 
sulatinn of a particular yhasc of a gcncmtsr, swmal center frequencics 
arc suitdble to tune the S A  

2. To find suitable frequencies to tunc the SA for the ineasurainent of the 
phase's ow11 PD patlcrii, Ihc lolloivilig procedure can be followed, Meaa- 
surement of thc [rcquciicy spcctrum by specific span mode of SA, selec- 
tion of a specific srrics of centcr irequencies, and mcasurcment of IT 
patterns a t  edch of the sclLuCd frcqucncics (frcquehcy scan). Use must 
be made of several tcchniqucs, q. visual comparison, tree analysis, 
fractal analysis, and spectral response matrix, to find and analyze the 
phasc's own P I )  pattern 

3. PU responses at specihc resonancc trcqiici~cics can change in the course 
of tiinc for rz particular phasu uf a turbogcncrator. 111 consequence, XI- 

alyzing the patteriis of the s m u  phasc on just oiie single resonancc 
frt'qiwncy is not sullicient to get insight iii the YD procc'sscs inside tlic 
insulation, 

The authors i ~ ~ l i z e  that tlie analysis of patterns obtaiiicd by thc 
on-line incasuring technique from phases of gcncrators is wry complex 
due to influences of crosstalk and disturbances. Morcovcr, to obtain 
confirmation of general applicability of these results, further systematic 
study is necessary and thc following steps should be considered. More 
systematic online tests oiigcnerators in service ( i f  possible in good and 
bad cnndition), Fundaniental studics of I'D sigiial propagation effects 
in  the stator insulation 011 thc rcsoiiitnce frequency of the SA. Using 
the above-mentioned tools for analysis of PD patterns of well defined 
discharge sources such as slot discharges and end windiiig discharges. 
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