TOGETHER WE POWER THE WORLD

dl."

e

ON SITE EXPERIENCES WITH MULTI-TERMINAL IEC PD MEAS UREMENTS, UHF PD
MEASUREMENTS AND MIXED UHF AND ACOUSTIC PD LOCALIZA TION

Sebastian Coeneh Maximilian Heindl X, Anne Pfeffert, Stefan Tenbohlen,
S. Markalous?

1. UNIVERSITAT STUTTGART, GERMANY
2. LEMKE DIAGNOSTICS GMBH, GERMANY

ABSTRACT

The reliability of electrical energy networks degdenon the quality and availability of electrical
equipment like power transformers. Local failureside their insulation may lead to catastrophic
breakdowns and can cause high outage and penadtg.cbo prevent these fatal events power
transformers are tested towards partial dischaRi®) @ctivity before commissioning and currently
also during service. This paper introduces the isedinal electric PD measurement set-up of oa-sit
transformer measurements and shows some visualizaith a star diagram. Mainly the current work
deals with the electromagnetic method, also knownU&F-Method. The UHF-Method with a
bandwidth from 300 MHz to 3 GHz bases on the fdwt PDs inside oil filled transformers emit
electromagnetic waves measurable with oil valve bpso inside the transformer tank. The
characteristics of low attenuation of electromagnetaves propagating through different insulating
materials and structures like pressboard, oil aimdliwgs are investigated on power transformersén t
field. An important step for risk estimation in easf PD activity is to locate the geometrical piosit

of PD sources within the transformer. The papesqmes the technique of locating PD sources by
using run times of UHF signals and acoustic measents.

1 INTRODUCTION

Defects in transformer insulation cause partiathibsges (PD), which can progressively degrade the
insulating material and possibly lead to electribedakdown. Therefore, early detection of partial
discharges is important [1]. PD measurements cam@bvide information about the ageing condition
of transformers and thus enable conclusions albeirt lifetime.

The so called UHF PD measuring method (UHF: UltighHFrequency) bases on the fact that PDs
under oil are very fast electrical processes adihta electromagnetic waves with frequencies up to
the ultrahigh range (UHF: 300 — 3000 MHz). The &lmoagnetic waves are sensitively detectable
with UHF probes, see Figure 1. The probes can ertied into the transformer during full operation
using the oil filling valve. As a result of shietdj characteristics of the transformer tank against
external electromagnetic waves, a clear decisianb@mmade concerning the PD activity of the test
object.

FIGURE 1: UHF PD probe for standard oil filling valve

The moderately attenuated propagation of UHF wawside transformer tanks is proofed on
transformers planned for scrapping. This was shiomanlaboratory research in [2] then proofed in [3]
and is investigated continuatively in this papen itnportant step for risk estimation in case of PD
activity is to locate the geometrical position d Bources within the transformer. The paper prasent
the technique of locating PD sources by using imeg of UHF signals and acoustic measurements.
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The basic PD measurement circuit is in common nd@gh voltage labs according to IEC 60270 [1]
and specific phase-related representations (PRRBrppof the electrical measurements can assist to
identify the fault type and a more precise locadlmaof the fault. Due to the existing couplingtbé
three phases inside a transformer, single paitahdrge pulses in one certain phase can be melasure
as voltage signals in all phases. PD cross-talkesa#entification difficult. Evaluation of multi-
terminal PD measurements establishes a straightafdr approach to remove external disturbances
and, furthermore, to clearly distinguish betweenitiple PD sources. The PD pattern of a multi-
terminal measurement is illustrated in a STAR diagrThe STAR diagram is a two-dimensional plot
with a 120° phase shift of the three phase axgur€i 2 (right) shows the impulse signals on allsgisa
E.g. the PD source is located on phasard the PD signals of phasgdnd L occur because of the
cross-talk of the windings. An addition of the agamplitude vectors of a single PD activity (vaine
pC) of the three phases builds a point in the diagrin this example the point is close tpdnd
though the PD source is located in phage L
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FIGURE 2: STAR DIAGRAM EVALUATION OF A THREE PHASE MEASUREMENT

Assuming that each individual PD fault leads ton&que cluster, each cluster represents one specific
fault location within the transformer.

External disturbances, like corona or noise, cambasured with the multi-terminal IEC circuit oh al
three phases. Measured external impulses ofteeg®samilarities of the shape and amplitude.
Consequently the vector addition of those impuleads to clusters located next to the point ofiorig
Therefore internal PD and external impulse souce@sbe differentiated from each other.

2 LOCALIZATION OF PD SOLELY BY UHF SIGNALS

Onsite offline measurements were made on a 120 Ig&ferator step up transformer. The transformer
has two oil filling valves, see Figure 3 and 4.
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FIGURE 3: 120 MVA GENERATOR STEP-UP TRANSFORMER
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The first valve is underneath the tap changer Imgukiwer core brace height. The second valve is on
the opposite side underneath the oil expansionitathie cover of the transformer.

FIGURE 4: UHF PROBES INSTALLED AT 120 MVA GENERATOR TRANSFORMER

The first measurement, the so-called dual portdPerdnce Check [4], demonstrates the sensitivity of
the measuring system. Wide-band signals of a sig@aérator (60 V output at 20) are fed over the
first UHF sensor into the transformer tank and raesd with the second UHF sensor. Figure 5 shows
the received time signal and its FFT. This measargnook place without high voltage.
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FIGURE 5: DUAL PORT PERFORMANCE CHECK

From the illustration it is evident that a wide-basignal (right, frequency portions up to 1 GHz)swa
propagating through the transformer and its aqgtiad. Likewise it can be seen that there is sufiti
signal-to-noise ratio in the time signal. Thereftite sensors are correctly installed and attachehlet
measuring instruments. A sensitive UHF measuremsepussible.

It was possible to measure UHF signals with botibps, see figure 6. The red signals were recorded
with the probe 1 below the tap changer, the blgrads were recorded with the probe 2 on the opposit
side. Both figures show two time signals of diffgr®D sources. In Figure 6 (left), probe 1 measured
the UHF signals first and additionally with higheamplitude than probe 2. Hence it could be stated,
that the PD source is nearer to probe 1. In Figurght) the amplitudes of both probes are netimty
same and the signals have just a small run tinferdifice. According to that it is assumed, thatRBe
source of these signals are in the middle of thesfiormer because of the same distances and raa tim
between the probes. During 30 seconds about 1@ dignals of the UHF PD probes were recorded.
In order to locate the PD, the run times were dated by finding the starting time of the signais b
defining a signal amplitude threshold value. Thefimdtion of the beginning of a signal is quite
inaccurate, but it is sufficient however for afiimpression.
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FIGURE 6: SIGNALS MEASURED WITH UHF PD PROBES AT DI FFERENT LOCATIONS

By multiplying the run times with the speed of Uk#aves in oil [5], the distance between PD source
and probe is calculated. A positive value meanstti®PD defect is nearer to probe 1, a negative
value means nearer to probe 2. With that infornmaitionight be possible to identify the transformer
phase leg, where the PDs occur. A statistic evialuaif the run time differences of about 100 signal
is shown in Figure 7.
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FIGURE 7: SPATIAL DEVIATION FROM MIDDLE POSITION OF PD IN METER

According to the IEC 60270 measurements that wenge dsimultaneously [6], four different PD
sources might be active inside the transformer. @uster (see Figure 6, “0,75") is recognizable, th
most active PD source seems to be in the middibeofransformer. According to the results in [G th
PD source in phase L2 seems to be located 75 ctheofhiddle position.

The measurement tolerance of these data amourt23acm (£2.5 ns). Under ,Other”, those PD
events are summarized, that occurred only once.reTlae few other recognizable clusters.
Nevertheless there’s the possibility of more thae other active PDs. The determination of the run
times bases on the fact that electromagnetic wak@sagate straight through the transformer tank. In
fact, propagation is to some unknown extend infb@ehby the inner mechanical structure — mainly the
active part — of the transformer. Therefore thewdaked run times underlie statistical inaccuracies
Figure 8 shows lines as possible PD origins fores@xemplary clusters of Figure 7. The lines are
calculated on the base of signal run time diffeesnof Sensor 1 and Sensor 2 and determine where
possible PD locations inside the transformer taatk cause the corresponding run time difference. The
line of cluster “0,75” lay nearly in the middle leten both probes and is represented by the red line
Assuming the dimensions of the active part likettplh in Figure 8 and knowing that there must be a
PD source in phase L2, the line of possible PDsicrosses the active part at the bottom of phase
L2. In case, transformers have only one PD souhz¢,source would have been successfully located
and additionally acoustic localization might stegtirching at the corresponding area for furtheofpro
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FIGURE 8: SPATIAL DISTRIBUTION OF PD ACTIVITY PROBA BILITY

Here the transformer posses of more than one PEEes@nd the four most frequently appearing run
time differences are plotted in Figure 8. For @dust2,25” there might be just one localizationdide

at the top of phase L3, where as cluster “+3,28d¢eto the bottom of phase L1. Cluster “+1,25" is a
second PD source somewhere at phase L 1.

Concluding, run time differences are measurablghtF frequency range. For precise localization, at
least four UHF probes are needed, although routiim&tson of PD location is in some cases possible
with only two sensors. Unfortunately, transformeien’t have more than three oil filling valves

normally. Therefore acoustic measurements will £/ needed in future. In the presented case,
acoustic measurements didn’t succeed, because of#rlapping signals of more than one PD source.

The STAR-diagram in Figure 9 shows four differed $ources, one in phasg, lone in phase 4and
two in phase L[6].

FIGURE 9: STAR-DIAGRAM FOR PHASE L1, L2 AND L3 WITH FOUR CLUSTER

Compared to Figure 8, the four clusters can befptbby IEC 60270 measurements.
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3 PD LOCALIZATION WITH COMBINED UHF AND ACOUSTIC ME ASUREMENTS

Because of gas in oil values indicating internal, R(B33 MVA Transformer was PD tested online.
Because of higher noise level in the field, UHF ®Basurements for PD detection were performed in
combination with acoustic measurements for PD Ipatbn.

The transformer has three oil filling valves ancethidentical UHF Sensors were installed. Fig 10
shows the positions of the UHF probes (UHF 1 — IMFTwo probes are opposite each other at the
top of both front ends f the tank and the thirtbsated at the bottom in the middle of the transier
side, see Figure 10.

FIGURE 10: POSITIONS OF UHF PROBES AT 333 MVA TRANSFORMER

First, the so called dual port Performance Check d@ne, compare to paragraph 2. Artificial UHF
impulses were injected at each probe with a sigealerator (60 V at 5Q). It was not possible to
detect the artificial impulses at any combinatidremitting and receiving probe. The explanation of
the transformer manufacturer was that there arestblehind the oil filling valves directing the idw
around the winding. According to the unsuccesshidl port Performance Check it could be stated,
that the probes are electro magnetically decoufstet each other. Furthermore they might be also
shielded against UHF pulses from internal PD.

But nevertheless, at nominal voltage, UHF signasfinternal sources were detectable with all three
probes without any amplification and the use ofcmcilloscope with the analogue bandwidth of
3 MHz. l.e. the internal PD cause UHF signals witther energy than the artificial impulses. Theldua
port Performance Check is than just a worst-caienaon of the sensitivity. But in case it's not
sufficient sensitive UHF measurements are stillsgis. In Figure 11 the measurable signals of the
UHF probes are shown.

Recognizable are run time differences in the rasfgeano seconds (ns). Taking run time differences
caused by different lengths of measuring lines itoount, a first estimation of the geometric PD
location led to the tap changer. That is suppobtethe measured UHF amplitudes of the three UHF
probes. The probe nearest to the tap changer (fbthe2) has the highest reading output with over
40 mV, whereas the other probes didn't reach muaa L0 mV. According to that, probe UHF 2 was
used for triggering and determining the startimgetifor measuring run time differences.
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FIGURE 11: MEASURED RUN TIME DIFFERENCES BETWEEN TH REE UHF PROBES AT
DIFFERENT LOCATIONS

Simultaneous IEC 60270 measurements were hightyrisd by audible corona discharges. By using
frequency analyses and phase related UHF PD pattemever, UHF measurements were confirmed t
not to be affected by the external corona discharge

An exemplary frequency analysis of the measurediasigf probe UHF 2 proofed the shielding
characteristic of the tank, see Figure 12.
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FIGURE 12: FREQUENCY ANALYSIS OF PROBE “UHF 2"

This signal features frequency content up to 2 Gidzmitted by a broad band emitter of UHF waves
like an internal PD in oil. External disturbing soes would have been narrow banded, e.g. at around
500 MHz for digital video broadcasting or around3Hz or 1800MHZ for global communication
systems. For further proof that the signals coteela a PD, PRPD’s of the signals were recorded,

v
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synchronized to the voltage supply of the measwimg(LDS6/UHF) [7]. Similar to the IEC 60270
PD measurements typical pattern are visible, sger€il3.Phase stable UHF pulses show correlation
to internal PD.

0

FIGURE 13: UHF PRPD OF SIGNALS OF PROBE UHF 2
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PD effects produce acoustic waves, which are medswith piezo-electric microphones. Their
measurable frequency range is between 50 and 2@00kke to the ambient noise (corona in air) and
the inherent noises of the transformer, the nasellin field for on line measurements is high and
sensitive acoustic measurement are often not geg8ip Additionally acoustic signals of PD
experienced high attenuation inside transformecsiige of the internal structures. Summarizing,
exclusive acoustic PD measurement or on-line mangds only useful to a limited extend. To
increase the sensitivity of acoustic measureméetsitethod is coupled with the more sensitive UHF
measuring method. UHF signals are used as triggealsto activate the acoustic measurement during
the occurrence of UHF PD signals. By using averagiguls (averaging in time domain), the acoustic
PD pulses remain whereas the white background moeecraged to zero. Figure 14 defines the
positions of the used acoustic sensors (Al — A6).

FIGURE 14: POSITION OF ACOUSTIC SENSORS

UHF measuring method is based on electromagnetiesyavhich spread with almost speed of light in
the transformer. The speed of acoustic waves aradarit400 m/s, i.e. running times within the range
of milliseconds are expected, supposed that UHRadsgare detected almost the same time PDs occur.
Geometrical distances between sensors and theesofireD (calculated from the run times of the
individual acoustic sensors) result in a spherimada inside the transformer. With at least three
acoustic sensors with corresponding run timess ipassible to determine the intersection of the
spheres to determine thus the PD location. Thetimas of the acoustic signals can be computed
objectively with the help of the Hinkley criteridg]. It is based on the signal energy of the meadur
signal and results in an absolute minimum for theting point of the signal.

Like illustrated in Figure 15, the supposed positdd the PD source is in the range of the tap cbang
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FIGURE 15: POSITION OF LOCALISED PD

Geometrical inaccuracy is thereby within the raafjapprox. 40 cm on all space axes. This inaccuracy
is caused by using different combinations of semaod run time differences and different localmati
methods [2].

CONCLUSIONS

The UHF PD measurement method is usable as singgsumement and supporting measurement for
off- and on-line PD detection. Fundamental knowkedof the PD phenomena is needed for
interpretation of measuring results, comparableknowledge of IEC 60270 measurements. UHF
probes are easily installable and useable. Theatsétysof UHF PD measurements is sufficient and is
normally not affected by external disturbances.eSpecially in noisy surrounding it might be a very
helpful method to support other PD measurementmsitques for example acoustic localisation of PD.

UHF oil filling valves are often electro magnetigabhielded from the internal tank by tubes for
directing the oil flow. But sensitive UHF measurertseare still possible and additionally, broadband
amplifiers can be used for measuring UHF signatsiseely.

The multi-terminal PD measurement is illustratedhim STAR diagrams for clear discrimination
between external noise clusters and internal PEcesuDifferent PD sources at different phases were
found and the UHF method confirmed the results oltiple PD sources inside the transformer.

Run times measured in the UHF range can be usedeometrical PD localisation. The accuracy
seems to be good enough to determine the phasesvitverPD is located. Additionally, different
measurable UHF amplitudes allow an estimation ef BD location. With that knowledge, acoustic
sensors can be placed near to the PD source aatiteformer tank. Due to the fact, that normally no
transformer offers more than three UHF oil valvaspustic measurement method is used for
localisation. In case of more than one PD sourceustic localisation becomes impossible because of
interfering signals.
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