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ABSTRACT

The partial discharge ('D} measurements on power transformers are studied with a view to-
ward discrimination and classification of different discharge sources, For this purpose digital
analysis is applied to power transformers and reactors going through acceptance testing, Fur-
thermore, based on these measurements, PD databases have been developed to support the
discharge evaluation during induced voltage tests of transformers. Using this technique, a
clear distinction is possible between transformets showing diffesent discharge behavior.

1 INTRODUCTION

T is known that based on 1 h induced voltage fest of a power trans-

former, important conclusions are made regarding insulation condi-
tions of the test object. It is also known that such HV apparatus is not
discharge free. On the contrary, a certain lovel of discharges <500 pCis
allowed, and most interpretation of the measuring results depends on
the subjective opinion of test engineers. Basically, during an induced
test two types of discharges may occur: discharges related to the setup
{floating 1Y electrodes or connections, ungrounded parts, efc.) and PD
related to internal sources in the insulation of a test object.

Due Lo the fact that testing power transtormers with rated power of
>200 MVA requests quite large tost aveas with fest facilities to 1 MY,
even very careful laboratory handling cannot exclude the first type of
discharges. Searching for discharge sources and their location within
the setup before starting induced voltage test in such laboratortes may
be me-consuming. Moreover during enhanced voltage level some dis-
charges may be incited first at the higher voltage level. Itis therefore of
impartance to compare the PD pattern before, during and after this pe-
riod (see Figure 1), With the advent of digital processing (see Figure 2),
the task of data acquisition and evaluation now can be performed effi-
ciently [1-4]. In particular the time behavior of #p patierns, as well D
pattern discrimination and classification with regard to the location of
the internal and external discharge sources can be supported. The main
goal of this study was to investigate the possibilities of digital process-
ing to support PD pattern recognition during induced voltage tests of
large power lransformers,
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Figure 1. The time curve of test voltage during induced voltage test.

2 PD PATTERNS OF TEST
SETUP

Several realistic problems were created artificially in the sctup and
the patterns were studied using a digital ¥ analyzer (TEAS-D) [2].
Here two examples will be discussed in defail, and compared o ather
problems. In Figure 3 two PD patterns are shown. One obtained from an
aluminum rod extending from a Hv sphere on an autotransformer and
the other one obtained of discharges cccurring on a metal ring from
a cotton strap extending from a HV sphere. Tt follows [rom this Tig-
ure that both sources are characterized by similar shape of PI patterns
unless there are enormous difference in the PD amplitude, which are
located at different phase positions of the power frequency. To discrim-
inate between these two setup faults and other similar problems which
are quite realistic for large laboratorics, fractal analysis can be applied
{3]. n Figure 4 an example is shown of this analysis, It follows from
this Figure thai such a discvimination tool provides distinction between
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different groups of defects

1. defect 3 s, defect 4,

2. defects 1 and 5 vs. defoct 4,
3. defect 1 and 5 vs, defect 3,
4 e
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Figure 2. Off-line fu analysis of powoer transformers: {lcft) photograph
of a 370 MVA auto transformer wnder test, (right) schematic diagram of
conventional PO measuring system composed of 2 multi-channel ro an-
alyzer and coupling devices each connected to Hy bushing measuring
screens of the test object.

Figure 3. Example of H,, (¢, ¢) ID pattern as observed {top) at 100 kY
test voltage on an aluminum rod extending from the BV sphere of a
370 MVA Auto-Transformer, (bottom) at 600 kY on a metal ring form a
cotton strap which was left in the sphere and extending from it on the top
of a 535 MVA reactor,
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Figure 4. Result of fractal analysis as applied to six different arfificially
made in a setup discharge sources, 1: metal ring with a cotton strap ox-
tending from the HY sphere, 2: floating object near the test sample, 3 float-
ing shielding electrade, 4: no shielding electrodes on the test object, and 5
an aluminum rod extending from the LIV sphere,

The fact that na distinction is possible between defect T {metal ring
extencing form the Hv sphere) and defect 5 (metal rod extending from
HV sphere) can be explain by the fact that unloss different sources in
both cases the same type of defect was mentioned: shatp point on the
HV electrode,

3 REGULAR PD PATTERNS IN
LARGE POWER
TRANSFORMERS

It is known from transformer tests that during an induced test a cer-
tain PD level is permitted. Tn particular the Po patterns which may
occur during this test ara analyzed as a function of time and the behav-
ior of the magnitude is observed carefully with regard to their origin
(sce Figure 5), In addition, different Pv distribution can alse be pro-
cessed to describe the PD patterns, In the following a few typical PD
patterns arc shown, which were obscrved on objects without any insu-
lation problems (see Figures 6 to 8). A single PL pattern, as represented
by different statistical distributions, can be processed by special tools to
extract the characteristic properties [2]. To discriminate between serics
of such fingerprints statistical processing can be applied.
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Figure 5. Typical example of 0 quantities gma. (1) and N, {t) as eb-
served at 1707, during 40 min induced test of a 47 MVA 3-phase trans-
former:
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Figure 8. Typical example of phase-resolved distribulions as observed
during 2 min induced test of a 47 MYA 3-phase transformer.

In Figure ¢ an example of comparison to other samples of power
transformets is shown. Most of the samples with 90% recognition were
characterized by the fact that no problems or irregularitics were ob-
served during induced voltage level {exception has to be made in the
casc of 55 MVA reactor and 203 MVA transformer, sec next Section). Tt
follows from this elassification diagram that the discharges observed iu
this particular 47 MVA 3-phase transformers are similar with probabil-
ity of >90% te other test objects which were in good condition. This
result is reasonable, since all these transformers were accepted after
induced voltage test.
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Figure 7. Typical example of 10 intensity distribution ££ {g) as ob-
setved during 2 min lest of objects in good condition; 47 MVA 3 phase
transforiner,
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evaluation of measuring results,
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Figure 8. Typical example of Hy (e, g} PL pattern as observed for a
{ransformer in good condition; a 370 MVA autotransformer. This pattern
was also observed during the enhanced voltage level test as well as after
1hvoltage testat 17075,

Salecied Fiald:
POWER TRAMSFURMECRS v.1.0

Descriptions: %

776 MVA 3-phase transframor 100
109 MVA 3-phasa reactur

A7 MVA 3-phase transformer
a7m MVA aulo-trangformer no.! 99
370 MVA aulo-transformer no.2 91
1200 MYA Iransformer 76

68 MVA reaclar no. 2

55 MVA roaclwr no. |

203 MVA transfarmor

Figure 9. Recognition by a computer-aided data bank ‘Power Trans-
formers v 10" of 113 patterns as observed for a 47 MYA 3-phase transformer
in a good shape. Typical is the overlap in the recognition with other test
samples also showing regular PD patterns.

4 JRREGULAR PD PATTERNS IN
LARGE POWER
TRANSFORMERS

In the following, two examples will be discussed where additional
discharges were observed {1) after enhanced voltage level of discharges
in the connectors of @ 370 autotransformer, (2] internal discharges on a
damaged screen inside a 35 MYA reactor. It follows from Figure 10 that
in contrast to Figure § the PD pattern has been changed pevmancatly
due to increased voltage stress. [n Figure 11 an interesting example is
shown, where the presence {cases 3 and 4) and the absence (eases 1,
2 and 5) of a particutar defect are visible by fractal analysis plotting.
In particular the fractal analysis showws that the inception of setup dis-
charges as well as the effect of remaving the discharges source (see
Figure 12} can be observed in the behavior of fractal parameters, As
shown in this example, the additional information as obtained from
fractal analysis can support the decision process during b testing end
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Figure 10. H..(e, ¢) P pattern as observed before (a), during (b} and
after (¢} enhanced voltage level of a 370 MVA autotransformer,
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Figure 11. Result of {ractal analysis as applied to six PD tests of a
370 MVA aatotransformer. 1 and 2: regular PD pattern before enhanced
voltage level, 3: irregular PD pattern ditring enhanced voltage level (igni-
tion of discharges in the setup), 4 PD test after enhanced voltage level (clis-
charges in the setup), 5 and 6: 2D lest aftor removing of discharge souree,

[n Figure 13 the PD intensity is shown from an induced test of 2
55 MVA reactor containing internal discharges on a damaged sereen, In
Tigure 14 the phase-resolved 3D distribution is shown. As compared

to PI) patterns from Section 3 it is evident that discharges, caused by
speeific faults like a damaged screen, are characterized by specific pat-
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Figure 12. H, (¢, q) PD pattern of a 370 MVA antotransformer ob-
served after enhanced voltage level, and aflter vemoving the P12 source in
the setup which was ignited during enhanced voltage level, see Figures 10
and 11,
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Figura 13. 1 intensily disttibution IF(g) as obscrved within 2 min
for a 55 MVA reactor containing discharges on a damaged sereon nside
the test objects,

terns. To describe these differences visual comparison of PO patterns or
numeric classification tools can be used {see Figure 15). Experience has
been obtained during application of the fellowing discrimination tech-
niques: fractal analysis which is applied to evaluate the 3 dimensional
phase resolved PD patterns; and tree structure which is based on group
average analysis,

Figure 14. H,{(¢, g} '» pattorn as observed after enhanced voltage
level of 2 55 MVA reactor containing rp on a damaged screent inside the
test olbject,

To evaluate a largo number of fingerprints abtained for several diffor-
ent PD sources or different types of transformers, or to investigate the
clustering of the measuring results in order to discriminate betweon
different discharges the 2nd method (tree structure) is suitable,

To investigate the differences between different PD measurements or
discharge sources as obtained for the same type of transformes, the first
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Salectad Flald:
POWER TRAMSFORMERS v.1.0

Bascriptions: %

203 MVA lransiemer 100

55 MVA reacter no. 2

160 MVA 3-phase reacior

a9 MVA reactor no. 1

779 MVYA 3-phasa transfromer
1200 MV transformer

A7 MVA 3-phase transformeor
370 MVA auto-lranaformer no. L
370 MVA auto-transfarmer no.2

Figure 15, Recognition by a computer-aided data bank ‘Power Trans-
formers v.1.0' of v patterns as observed for a 55 MVA reactor containing
I on a damaged screen inside the test object. In conirast to Figure 10
no resemblance was observed to other tests abjects showing regular PD
patterns,

method (fractal analysis) scems to be promising,

5 PD DATABASE FOR
DIAGNOSIS SUPPORT

When a measnrement is made ona power transformer, it can be com-
pared to the P> measurements obtained from such ohjects in the past
(see Figure 16) which have been callected in a database, The previous
Scctions have investigated the possibilitics of digital processing to sup-
pert L pattern recognition during induced voltage tests of large power
transformers {4]. Tn the foltowing, the importance of developing a P
database to support 'L cvaluation is discussed on the basis of 80 vb
measurements made on power transformers and reactors in the period
of four years. These measurements were analyzed using statistical tools
as discussed in [2, 5].
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Figure 16, Moasuring data example of a 1 h induced voltage test of
a power transformer. The marks are between 3 and 33 rum and represent
the time sequence of F1y measuring data which were used in this particular
case for further P1 data base processing,

Tor rcasons of clarity, the entire PD database has been divided into
two separate parts. The first part hag been made on the basis of mea-
surements made on reactors, whereas the second part concerns auto-
transformers and three-phase transformers only. The main goal of this
I'D database was to answer the question about general trends in 1D pat-
terns in the case of regular or irregular 1 patterns which occur daring
induced voltage test of power transformers and reactors,

A data bank is well designed for classification purposes if it produces
a high similarity for one defect and a low one for all the others, If no
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classification can be made, it should produce a low similarity for all
defeets, Due to the fact that the user of a digital D detecter type TR571
also can create his own data bank, it was important to know how a
well-designed data bank can be made.

For this purpose, several discrimination techniques can be used [5].
The main goal of all these methods is the recognition of clusters without
a priori knowledge. This means that no labels indicating the member-
ship of an individual measurement to a particular cluster are present
beforehand.

To analyze the measurements discussed in this report group aver-
age analysis technique was used [2]. Using this method discrimination
between possible clusters can be made. In the case of several mea-
surements cach represented by a fingerprint this method examines the
distances between all fingerprints. The results of the analysis is a tree
structure, which illustrates the relationships between individual fio-
gerprints, sce Figure 18. The percentage scale in the lower part of this
graphic shows the dissimilarity between fingerprints that were fused
topether,

Ha[¥, A0

Figure 17. v pattern as ebsorved for a transtormer showing (top) regu-
lar D evaluation regular (middle) irregular M) evalvation irregulaz, (bot-
tor) unknown PN evaluation unknown,

6 EVALUATION CRITERIA FOR
PD MEASUREMENTS

When discharge data as measured during 1 h voltage application,
using a multichannel systom, is evaluated, the following two important
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Figure 18. Result of cluster analysis as applied to PL patterns measured
on 40 different power reactors,

points have to be considered.

6.1 THE TIME SPAN OF A
MEASUREMENT

Comparing all measuring data no uniform measuring time was used.
A 1D measurement used in this evaluation may represent measuring
data measured only for a certain period in time on a certain channel of
the test object. The duratien of this time period may be different for
cach tost object. As a result this diversity in the acquisition fime may
influence the interpretation of particular 1) patterns.

For example when during an induced voltage test only a few rD
pulscs occur this can lead to a different conclusion by analyzing the
D pattern {rom only one minute period and by analyzing PL patterns
from the 1 h test period.

6.2 THE MEASURING CHANNEL

As mentioned above, for one test object, measurements can be taken
on a number of channels. If is known that in such a large test object
as a power transformer cross-talk effects may oceur between different
channels and that also mulfiple discharge phenomena in the fest object
are possible.
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Table 1. Four possible combinations of the two criteria and their evalu-
ation,

e | Int, Eval.
oy
1 | low |regulat, +
=1 | high |unknown
=1 | low |unknown

=1 |high [irregular, -

As a resulf separate evaluation of FD signals of a respective chamels
would be necessary. In this study no distinction was wade between
test objects with one and more measuring channels. Cach PR pattern
showing mcasured data was evaluated with equal importance.

6.3 DISCRIMINATION CRITERIA

Sulacled Fleld:
REQ Reactor Dalabase v1.@

Degcripllons:

+ 19Q MVA reactor no.1 3ph 1
55 MVA reactor no.7

55 MVA roactor no.6

60 MYA reactar no.1 3ph
100 MVA reactor no.3
110 M¥A reaclor no.B

+ reacior no.3

+ |10 MVA reacier na.7
+ 110 MVA reactar no.6
+ 110 MVA reactor o5
+ 110 MVA reacipr no.d 1
61 MVA reactor no.2

40 WMYA reactor no.1

+ 61 MVA reactor no.4
61 MYA reaclor no.3

Salecled Flakl:
{REQ Roacloe Dalabaso v1.0

Descriptions: % i3] [c]
= 118 MVA reactor no.3 9

- 165 MVA reactor no.1

106 MVA reactor no.3

- 55 MVA reaclor na. 1@

= 1AH MVYA roactor no.2

- 110 MVA reactor nn.l

75 MVA reactar no.]

a¢ MVA reactor no.1

05 MVA reacior anD

110 MVA reaclor an.2

roaclar no.l

« 100 MVA reaclor no.1 3ph

- 55 MVA reaclor no. 2

- 55 MVA reacter no, 1

60 MVA reactor no.1 3ph

ccoge—-nERRaSHE

Figure 19. Examples of recognition to the reactor database (iop) in case

of an acceptable rD pattern, {bottom) in case of a PD defect causing dis-
charge. {+}, (—), () represents a test object in the database characterized by
a (regular), {irregular} (unknown} pattern,

No a priori knowledge was avaitable about the used IREQ D fest-
data, of which the database is built, Therefore the data has been eval-
vated using the following two criteria; discharge magnitude, and dis-
charge intensity.

In Figure 17(a) typical examples of 3-dimensional phase resolved PD
patterns are shown, In particular the differences in pp magnitude as
well as in the PD intensity ate shown here. Based on this experience,
the abave mentioned eriteria have been defined. For the fitst a level
of 1 nC has been used, for the second criterion no quantitative level
could be defined. As discussed in previous Sections, the PD patterns of
power transformers have to be evaluated on the base of experience. In

Gulski ct al.: PD Pattern Analysis During Tests of Large Power Transformers

Tabla 2. Listof power reactors (MVA and number) used for cluster anal-
vsis in Figure 18,

Code| [ Mva ‘@
Al | s |4
B A4 1
C 55 5
D [+f100 2
E 100 3
Fo[~f100 4
G [+] & |
It [+] # 2
I [+ 5 ]
] 38.5| 1
K 25 1
[ [-]1a3 1
M -|165 2
N Gl 2
0 f-|110 1
I i a
Q 5Aa 7
R i ]
5 110 2
T Th 1
U 1
¥ - 2
W 200 1
X |-| 53 0
Y |- 55 |10
7 Gl 3
©o[+ Bl d
/ 40 L
; 110 i]
T (110 4
- |+ L1 h
P RS ] G
a +| L0 T
b [+ 3
¢ 110 8
d 110 a
o 5] 1
f a5 1
g % 2
h |+]100 1

the following, four examples will be given, showing the four possible
combinations, as listed in Table 1,

In the example shown in Table 2 and Figure 18 two main groups
can be observed. It follows that similar fingerprints will be connecled
at retatively low dissimilavity levels, while differing fingerprints will
be connected at relatively high dissimilarity tevels. By cutting such a
tree structure at a certain level, the data can he divided into different
clusters.

Based on such clusters, veference data for a particular PD problem
can defined in the P1» database [2]. The D database made for power
reactors shows a clear separation between two clusters. The first eluster
{—) contains measurements marked as ‘bad’ or ‘unknown’,

The second cluster (+) contains measurements cvaluated as ‘good’
or ‘unknown’. Both clusters also contain ‘unknewn’ measurements.
This category represents measurements which are characterized by low
intensity discharges »1nC.

To draw any conclusion about these measurements more background
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Selacied Fiald:
IREQ Transforner Databaso v1.¢

Dogerlptlons:

+ F4 MVA transformer na-1
+ f7 MVA transformer no.1 3ph
370 MVA aulo-trans no. 3
37@ MVA auto-trane na, 2
370 MVA auto-trans no. 1
770 MVA avto-trans no. 1

- fransformer A0.5

A50 MVA aulo-frans no.2
a7 MVA trapsformer no./

+ &7 MVA iransformer an.B
iransfarmer no. ¥

- auta~{ransfarmer an.2
{ransformer no.d

A7 MM avin-lrans na.d

47 MVA auto=trans no.3

Selecled Field:
|REQ Transformar Database v1.0

Dascriptlons:

- 1449 MVA transformer no.l
- aulo-{ransformer no.2

- 370 M¥A auvlo-irans no.?
= {ransformer no.5

- 33 MVA iransformer no. 1
-~ 17 MVA lransforner no.d
379 MYA autp-lrans no. 1
- bag MVA auto-trans no.2
15 MVYA ransfarmer nn. ]
379 MVA auto-trans no. 2
a70 MVA auto-trans no. 3
370 MVA auio-trans no.g
- 370 MVA avio-irans no.5
transformer no. ]

+ 370 MVA avlo-Trans noub

Figure 20. Examptes of recognition to the transformer reactor database
(top) in case of an acceptable PT2 pallern. (boltom}) in case of an unaccept-
able PD pattern. (+}, {--), {} represents a lest object in the database char-
acterized by a (regular), {irvegular} {unknown] pattern, (+), {—), (} repre-
sents a test object in the databage characterized by a (regular), (irregular)
{unknown) pattern,

information would be necessary, Anyway due to the fact that ‘irregular’
and ‘regular’ measurements are clearly separated the presence of ‘un-
known' data in both clusters is interesting and shall be investigated in
more detail. [n similar way PD measurements on power transformers
have been evaluated. Using clustering by means of tree analysis sim-
ilar distinction has been observed between the first group (+) and the
second (—).

7 USE OF THE PD DATABASE

When a measurement has been made on a test object, it can be com-
pared to the databasc, using the centour score method, available on the
TE-571 o analyzer. Tn the following four examples are given showing
an application of both databases during classification of an unknown
measurement. As observed in previous Scctions, the recognition of an
acceptable P pattern by a database (Figure 19) gives a multiple recog-
nition for many cases. [n most of these cases a low discharge magnitude
as well as a low discharge intensity was observed (+}), No recognition of
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unacceptable PD problems is found, When a typleal defect is classified,
recognition of only a few problems is found (Figure 20), most of which
are unacceptable PD patterns.

8 CONCLUSIONS

HE digital classification of PD patterns during induced voltage test
of power transformers can be useful for the following purposes:

1. identification of discharges in the fest setup,

2. analysis of changes in P> behavior before, during and after the period
of enhanced voltage level,

3. comparison of PD patterns of different transformers to identify the dif-
ferent discharge sources

4. to develop further 4 P databasz for pewer transformers the following
has to be considered that a database should contain two types of infor-
mation: PD patterns characteristic for this type of transformers, and rd
pattetns representing cectain un-pormitted discharge sources,

Using digital processing of P patterns distinction between different
discharging test objects like power transformers and reactors is possi-
ble. Using this technique a discharge based decision supporting tool
can be developed for induced voltage tests of power transformers and
reactors.
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