Conference Proceedings of CMD2010

Localization of PD Sources inside Transformers
by Acoustic Sensor Array and UHF Measurements

Sebastian CoenénStefan TenbohlénFalk-Riidiger Wernér Sacha Markalods
! Institute of Power Transmission and High Voltagefhology (IEH), Universitat Stuttgart, Stuttg&@ermany
2Doble Lemke GmbH, Dresden, Germany

*E-mail: Sebastian.Coenen@ieh.uni-stuttgart.de

Abstract— Healthy power transformers are crucial components
with regard to the reliability of electrical energy networks. Their

insulation system condition is amongst others diagised with

partial discharge (PD) testing. This PD testing needdto be done
increasingly under on-site condition with correspodingly noise

robust measurement technologies.

Beside the strength and type of a PD the geometi®D position is
of major interest concerning risk evaluation of the flaw. As

presented in the paper, PD localization bases up tww mostly on
time of flight differences of acoustic sensors whicare spread
geometrically around the transformer. Acoustic senars can be
sensitive to external disturbances or internal acastic sources as
e.g. core noise might cover PD signatures. Due thi$ acoustic
measurements are beneficially triggered with sensite

measurable PD signals like e.g. UHF signals. For d®ising the

acoustic signals averaging in time domain is perfoned.

Averaging normally limits the localization feasibiity to only one

PD source.

The paper presents a new localization approach witthe use of a
planar uniform linear array of four acoustic sensos. The
localization algorithms are explained and exemplaryocalizations
are presented. Additionally, the presented new appaches of
acoustic signal post-processing allow the localizah of more
than one PD source by statistical analysing.

Furthermore, time of  flight differences between
electromagnetical signals emitted by a PD is measable. First
investigations in laboratory are validated by locakation of PD
sources at transformers in field. The current work pesents an
example of PD localization on a transformer with tle use of
runtime differences measured in UHF range with 3 UIF sensors
combined with time of flight information of 3 acougic sensors.
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. INTRODUCTION

The reliability of electrical power systems deperais the
quality and availability of electrical equipmenkdi power
transformers. Examining existing insulation qualitgf
oil/paper-insulated transformers during full opemator at
least in the field gets more and more importanehee of the
increasing number of transformers reaching theinneal life
expectancy. Local failures inside their insulatimay lead to
catastrophic breakdowns and might cause high outagke
penalty costs. To prevent these destructive eveotiser

transformers are e.g. tested for partial dischafB&y activity
before commissioning and currently also during iserv
Beside the strength and type of a PD the geomdfic
position is of major interest concerning risk ewion of the
flaw. PD localization bases up to now mostly onetiaf flight
differences of acoustic sensors which are spreathgtically
around the transformer. The PD emitted acousticewaare
measured with piezo-electric sensors installechat dutside
tank wall. Their measurable frequency range is betw50
and 200 kHz. Due to comparatively high acousticnaig
attenuation  within  transformers,  sensitive
measurements are sometimes hard to achieve [1]tidwatally
acoustic signals of PD might be covered by extermal
internal (core noise) mechanical noise. To incredse
sensitivity of acoustic measurements it is combingtth the
sensitive UHF measuring method [2]. UHF signalsused as
trigger signals in order to activate the acoustEasurement
during the occurrence of UHF PD signals. By usiugraged
signals (in time domain), the normally amplifiecoastic PD
pulses remain constructively overlapped whereasvihie
background noise is averaged to zero. Averagingnatly
limits the localization feasibility to one PD soarcbut the
achievable accuracy lay with the range of centinsd.
Geometrical distances between sensors and theesofiieD
(calculated from the time of flights of the indivial acoustic
sensors) result in a spherical area inside thesfibamer. With
at least three acoustic sensors and correspondimg of
flights, it is possible to calculate the intersentof the spheres
and thus to determine the PD location. It mustdseimed that
the acoustic waves travel directly in the line ighs from the
PD source through the oil and through the stedt tanthe
sensor without any reflections. The time of flighi$ the
acoustic signals can be computed objectively withhelp of
the Hinkley criterion [3]. It is based on the sigaaergy of the
measured signal and results in an absolute minirffarnthe
starting point of the signal.

Time of flights measured in the UHF range can bedu®r
geometrical PD localization, too. The accuracy véth. two
UHF sensors seems to be adequate to determinehte p
where the PD is located or if the PD source mighabthe tap
changer [4]. However, since transformers rarelyemofinore
than three UHF oil valves, an additional acoust&asurement
method is usually required for localization. Usirthe
knowledge gained from the UHF sensors, acoustis@srcan
be placed near to the PD source at the transfotamde to
speed up the localization process.

acoustic



. PDLOCALIZATION WITH ACOUSTICSENSORARRAY

The localization approach base on an acoustic dkedca
Uniform Linear Array (ULA), i.e. certain sensoreglaced in

a linear geometrical arrangement close togethesirplest

case that are two sensors with the distance d @t .
transformer tank wall detecting internal acoustiaves, see
Figure 1.
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Figure 1. Two sensors measuring the time of flight differencé the same
incident wave front

It shows two sensors positioned in a line and thedent

acoustic wave front. On basis of the time of fliglifferences
of the acoustic signals from the source of PD w®itfividual

sensors the angle of incidence of a wave front msermsor
array can be determined. The andlg » between the normal
vector of the sensor level (orientated to the iasaf the

transformer) and the propagation direction of theident

wave is calculated with the parameters

- Vil speed of acoustic wave in oil
- At time of flight difference
- d distance of sensors.

in accordance with

Dy = arcsin At x vy / d). Q)
Whereas the distance d and the acoustic wave spgeate
well known, the time of flight differences betweti® sensors
have to be measured and determined. Due to thel sm
distance laying in the range of centimeters (hererh) the
time of flight differences lay in the range of hueds of
nanoseconds (ns). The Hinkley criteria, succegsiusled for
geometrically spread acoustic sensors, can’t ba arsg more
due to its inaccuracy in the range of microsecofpds [1].
Due to the necessity to determine the differenéeiseotime of
flights in the range of hundreds of nanoseconds, dtoss-
correlation of two signals is performed. Precomwditis two
similar signals, which is fulfilled due to the sindistance
between the sensors. The cross-correlation of tigorete
signals f(n) and g(n) is defined by

(f Og)(n) = 3" f[m]g[n + ]

m=-co

()
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and results in a folding of the signals. The maximaf the
resulting sequence (f*g)(n) defines the necessarg shift of
signal g(n) to achieve the maximum similarity imé& domain
to signal f(n). By this time shift the time of fhigy difference of
the two acoustic signals is determined. Accuragyhare in
the range of the sampling rate, normally in thegearof
nanoseconds.

An additional advantage of the cross-correlatiothes higher
stability for time of flight determination in casef higher
background noise and worse signal to noise ratios.
combination with a well designed filter of the astia signals,
averaging of signals is not necessary any morenaomg than
one PD source is detectable.

With the time of flight difference determined withe cross-
correlation the angley_, of the incident wave front can be
calculated with equation (1). That angel describes the
explicit direction from where the waves are comiiglefines
a cone like shown in figure 2.

x1

Figure 2. Resulting cone surface of possible origins of editacoustic
waves

The sensors 1 and 2 are represented by the pasikioand x2
on the x axis. The dotted line represents the nbowveetor of
the array in the direction inside the transforntere the z
axis. The angle (90° &, ») defines the opening angle of the
correlating cone with it’s opening in x-directiofhe possible
PD source can be located anywhere on the surfadbadf
cone, except for the half of the cone part whighdatside the
ank.

y arranging two more sensors crosswise to the dines, an

LA according Figure 3 is developed.
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Figure 3. Defintion of sensors and axis with array, heredl=em

y

>

X



Conference Proceedings of CMD2010

Sensors 1 and 2 results in a cone as presentegl thierx axis, were performed with averaged signals triggered Ibgtecal
sensors 3 and 4 results in the same way in a cong ¢he PD signals measured acc. IEC. Localization basmgre of
y axis. The intersection of the cones results straight line  flight measurements with the corresponding locébzra
representing the direction of the incoming acoustiaves algorithms [2] led to a PD position at the bottorh the
from inside the transformer. The missing informatifor  transformer active part near to the tank wall; sgeview of
localization is than the distance r between thayaand the PD transformer in Figure 5.

source. It is calculated with the time of flightfdrences 4 of Al_Ad

the trigger signal (e.g. UHF signal) and the de@cicoustic
waves according }E éE ﬁ EE
r= Voi X . 3) PD Q\

The UHF measuring method is based on electromagnet

waves, which spread with approximately two-thirdsspeed

of light inside the transformer. Thus for localipat UHF

signals are detected almost the same time PDs .occ

Conversely, the speed of acoustic waves is 1400, m/

producing transit times within the range of miliseds.

The distance r in equation (3) results in a spleeoeind the

ULA. Where the sphere is cutting the straight lioke the Active Part
determined direction by the ULA, the PD sourceadsated,
see Figure 4.

Figure 5. Topview - Acoustic set-up with localised PD at 34VA HVDC
transformer

The acoustic sensors were located near the PD esand
averaged acoustic signal was detectable with tleeafisthe
IEC conform trigger impulses. Other positions of ticoustic
sensors didn't lead to measurable acoustic signals.

PO 2 o Due to experience the localization accuracy of timathod
isn’t high, because due to the small distance ltwihe

\.'\ sensors (in the range of 50 cm) the resulting tiéights are
Sl very similar to each other and the intersectiothef resulting

spheres of each sensor become less sharp.

In that case of limited sensor positions with mealsie
Active Part acoustic signals the approach of the presented Wahs
performed by rearranging the Sensors to an arrgyesented
in Figure 3. The measured averaged acoustic sigrfidlse 4
array sensors are presented in Figure 6.

Figure 4. Topview — Principal of Acoustic ULA set-up with silsle multi
source localisation

As mentioned before, the cross-correlation is &blgetermine = - MW*M#WWWMNWWW
the needed time of flight differences also in ca$éigher o a5 s = =5 = =5 4 as
background noise and averaging of acoustic sigfualde- o Fenen 2
noising is not necessary any more. As shown inreiduit is z o0 MWWWWMWWMMMMW
than possible and was successfully performed iorkbry, to - 55— T 5= 5= s
localize more than one PD source within a transésrtank. 02 senders
Results of ongoing research on the right methodstédistical z o T [
analyzing and clustering of different localizatiogsults will o3 S S SV N J
be presented in future. oo Sentr 4
[l.  CASESTUDY ON ACOUSTICLOCALIZATION WITH = WWMWMWW’“
&NSORARRAY - DSD o.s 1 1.5 2 (/m525 3 3.5 4 4.5

During an acceptance test inside a test facility2@ MVA  Figure 6. Measured acoustic signals of 4 sensors arranged &L A close

HVDC transformer was tested on PD. IEC60270 [5]to the estimated PD source

measurements detected PD with an apparent chamagpodx. . N

1500 pC. For localization purposes acoustic measemés 'I_'he S|gna_ls of "’?” sensors are quite similar tchegtber. The
time of flight differences are in the range of hredt of



nanoseconds (ns) due to the small distances betieen
sensors. As presented, the time of flight detertionabases
on cross-correlation At;.,=850ns, At; 4=36,85us, &1,5ms)
and led to a localization result which confirmea tormer
found location with spatial deviation of 30 cm.

A comparison of both methods to determine the amguis
missing because the transformer has to be detainstdor
optical inspection and repair process.

lll.  CASESTUDY UHF & ACOUSTICLOCALIZATION

Because of increasing gas-in-oil values, a 333 Mywd

coupled single-phase autotransformer was testesitensn-
line for PD. The high noise level at site strondigturbed the
conventional PD measurements made according to6lEXZ0
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measuring lines into account, a first estimation tok
geometric PD location led to the tap changer. Duehiat
information six acoustic sensors (A1 — A6) are pthon the
tank as presented in Figure 7.

As also illustrated in Figure 7, the supposed pwsivf the PD
source is in the vicinity of the tap changer. Getital
deviation is thereby within the range of approx.c#0 on all
space axes. This deviation is caused by using rdifte
combinations of time of flight differences and difnt
localization methods [3]. The different time of ghit
differences was measured with six different sensdvish are
the three UHF Sensors (UHF 1 — UHF 3) and the three
acoustic sensors placed near to the PD sourceA#2A6).
After transportation of the transformer to the nfaoturer the

[5] at sub 1 MHz frequencies. Consequently, UHF PDlocalization result was proofed by an IEC triggembustic

measurements for PD detection in combination witbuatic
measurements for PD localization were performedrder to
get reliable results.

In this case the transformer possessed threellaigfivalves
and three identical UHF Sensors were installed.urgigb
shows the positions of the UHF probes (UHF 1 — UBJF
Two probes are opposite each other at the top tf fyont
ends of the tank and the third (UHF 3) is locatetha bottom
in the middle of the transformer side, see Figure 7
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Figure 7. Located PD source with position of UHF Probes (UHB) and
Acoustic Sensors (A1-A6)
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At nominal voltage, UHF signals from internal sasovere
detectable with all three probes. In Figure 8 tkenaplarily

measured signals of the UHF (UHF 1 and 2) probes ar

shown, measured without amplification.
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Figure 8. Measured time of flight differences between UHFsses 1 and 2,
here approx. 45 ns

Recognizable are time of flight differences in ttange of
nano seconds (ns) between the signals, here appgfms.
Taking time of flight differences caused by differéengths of

measurement in the test field and the transformas w
detanked. The optical inspection of the active attthe tap
changer confirmed the localization results.

After repair procedure the transformer passed toemtance
test without any indication of PD activity and wast back
into service.

IV. CONCLUSION

The presented approach of PD localization by array
arrangement of acoustic sensors is feasible. la ocaimited
sensor positions with measurable acoustic sign#he
accuracy due to cross-correlation time of flightedaination
increase compared to time of flight determinatignelmergy-
based Hinkley criteria. Furthermore the presentadistical
signal processing method allows the localizatiomaefe than
one PD source.

UHF signals are workable for basic localization a@eduracy
in the range of half a meter. This information a0 an
optimization of the position of acoustic sensorarnt the
estimated PD source location.
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