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Instrumentation System for Location of Partial
Discharges Using Acoustic Detection With
Piezoelectric Transducers and Optical
Fiber Sensors

lago Bua-Nuiez, Julio E. Posada-Roman, Jesis Rubio-Serrano, and José A. Garcia-Souto, Member, IEEE

Abstract—In this paper, a multichannel instrumentation sys-
tem for the location of partial discharges (PDs) in power
transformers is presented. It is based on the detection of the
acoustic emissions from PDs in oil with several piezoelectric
(PZT) and fib r optic sensors. An acoustic detection and location
approach is proposed based on a time reference given by one f ber
optic sensor installed inside the tank and the times of arrival to
several PZT sensors installed outside the tank (two in front of
each phase windings of a three phase transformer for a typical
application). The signal processing includes digital denoising
techniques and time-difference lookup table-based 3-D location
algorithms; these algorithms have been implemented with virtual
instrumentation. The system is tested in an acoustic experimental
setup and the location accuracy is evaluated. Finally, the error
propagation from the times of arrival and the influ nce of the
number of sensors and their sites in the 3-D location algorithm
were analyzed.

Index Terms—3-D location algorithms, acoustic emission (AE),
denoising, fib r optic sensor, LabVIEW, lookup table (LUT),
multichannel instrumentation system, partial discharge (PD),
Peripheral Component Interconnect eXtensions for Instrumena-
tion (PXI).

I. INTRODUCTION

HE interest in the measurement of partial discharges

(PDs) has been increased in recent years because they
represent a very reliable indicator of the degradation of elec-
trical insulation. For this reason, the monitoring of that activity
is very interesting with the aim of analyzing high-voltage
electrical equipment such as transformers and studying the
probability of failure.

Within the methods of PD detection in transformers (elec-
trical, Ultra High Frequency, acoustic, chemical, optical, etc.),
acoustic detection has major advantages regarding electro-
magnetic interference immunity, it provides information for
locating the source of acoustic emission (AE) and it is easy
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to install in feld [1]-[3]. Most acoustic detection systems
are focused on corona PD [4], [5]; these discharges are of
higher intensity and they have a high signal to noise ratio.
However, the internal PD and surface PD are less intense and
their detection is greatly affected by the noise level. Fig. 1
shows the acoustic signals generated by different types of PD
obtained in the laboratory.

There are several digital techniques of signal processing
(digital fltering, wavelet, etc.) applied to the detection of PD,
but they are focused on the electrical method of PD measure-
ment [6]. There are scarcely a few techniques demonstrated in
acoustic measurements and deployed in real applications [7].
To address the problem of internal and surface PD acoustic
detection, some of these denoising techniques used in electrical
PD measurements will be considered for acoustic measure-
ments, as well as the optimal sequence of processing.

The piezoelectric (PZT) ultrasonic sensors are typically used
for acoustic detection; these sensors are located externally on
the walls of thetransformer tank. Currently, other techniques
using sensors of optical fber (OF) are being developed. These
sensors are suitable for noisy environments with weak signals
because they are embedded in the insulating medium. They can
detect the acoustic signal without the infuence of the walls
acoustic interface, that causes undesirable effects like signal
distortion and strong attenuation (only 10% of the acoustic
signal is detected outside the tank). They are immune to
electromagnetic interference. It is possible to undertake the
installation of one OF sensor in each transformer in use,
although it would be interesting to have a multiple installation
that is possible in the fabrication process of a new transformer.
The OF sensor is used for monitoring the AE of PD activity
as well as it is the reference for the location process assisted
by external PZT sensors. The location is done when the PD
activity exceeds a threshold. The PD activity is acoustically
characterized in terms of the amplitude and the number of
pulses (repetition rate) and the threshold is a combination of
both and their evolution with time that is determined by expert
observation. Typical procedures with transformers include sev-
eral PD detection methods for the assessment of the insulation;
they use to compare the measurements with those obtained in
laboratory tests and in the startup of the transformer onsite.

Until present different instrumentation systems and mea-
surement methods were reported related to the detection of
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PDs. They were as follows: electrical measurements and
calibration of the charge [8]-[10], very high frequency [11],
[12], and ultra high frequency [13]. However, the problem of
defect location is still actual in power transformers because it
is a complex and difficult issue. Therefore, new instrumenta-
tion systems that can improve the process of defect location
and make it more reliable are important. Few results are
reported on location and they are based on a highly persistent
and repetitive AE from the damaged region [14]. This even
allows auscultation of the apparatus with only one sensor [15].
However, simultaneous detection of the AE in several sensors
and the possibility of online location is a new concept to face
a predictive maintenance. In addition, AEs from sporadic PD
activity and from incipient defects should be considered before
a serious damage occurs.

Based on a first design of the multichannel acquisition
system and denoising for the detection and location of PD

Acoustic signals generated by (a) corona PD, (b) surface PD, and (c) internal PD.

using AE, which integrates OF and PZT sensors and evaluate
the performance of the denoising on the location problem [16].
This paper improves the data acquisition and signal processing
with the aim of monitoring PD in HV three phase equipment
and locating the AE source (AES). At least six PZT sensors
and one OF sensor reference are integrated with a Peripheral
Component Interconnect eXtensions for Instrumenation (PXI)
Platform and virtual instrumentation in LabVIEW is used for
this purpose.

In addition, the inclusion of a location stage in the process-
ing is proposed. This stage integrates algorithms that allow
finding out the position of the AES [17]-[21]. They are based
on the time of arrival (TOA) from the AE to each sensor. There
are different techniques for determining the TOA applied
to the signals from PD, but it is common to use threshold
or envelope threshold [4]. Other techniques are based on
energy criterion or Akaike information criterion (AIC) [17],



Optoelectronic System

ote | Vs
OF a¢ Tank Wall
AE Sensor | APp
\ |

) i oo

| , \h_ _’f_)'

Qil
Fig. 2. Instrumentation system based on OF sensing.

universal wavelet filtering (UWF) [7], and cross correlation
with a pattern waveform that can be determined from wavelet
components [22]. In this paper, the algorithm is based on an
automatic peak detector in which the time instant is registered
when 80% of the maximum peak is reached [23].

Former work in this area undertakes global positioning
system (GPS) algorithms for transformer PD source location
[17]. Other studies present adaptive methods [18], iterative
methods [19], and noniterative methods [20]. In this paper,
the algorithm used is based on time-differences patterns. The
time-differences patterns are formed for each position in the
transformer by knowing the transformer internal dimensions
and they are saved as lookup tables (LUTs) [21]. The source
is located by comparing the measured time-differences vector
with a time-difference LUT. This method always gets a single
solution versus the adaptive and iterative algorithms which
may not converge and versus the GPS algorithms that may
obtain more than one solution. In addition, in this approach
a direct mapping between the times difference of arrival and
the 3-D coordinates is the only information in the LUT and
therefore, the comparison with the measured ones is easier
and faster. Additionally, the structure of this algorithm allows
adding new sensors without additional complexity.

This paper is organized as follows. The instrumentation
system used for detection and location of PD based on PZT
transducers and OF sensors is described in Section II. The
algorithm for the 3-D location of the AES is explained
in Section III. The characterization of the instrumentation
system with different analysis of location accuracy and error
propagation is presented in Section IV. Finally, the conclusions
are included in Section V.

II. DETECTION OF AE FROM PDs
A. Optical Fiber Sensors

OF sensors can be embedded in the insulating medium of
the transformer closer to the emission source, which allow
to detect a stronger acoustic signal, and due to their wide
directivity they are able to cover the entire tank. In this
approach, one sensor monitors the PD activity and it generates
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Fig. 3. Instrumentation system based on PZT sensors (R15I).

an alarm when the amplitude and the repetition rate increase
above a certain level or their evolution with time get a certain
slope. For example, three times the activity of the startup
installation activates a warning and five times activates an
alarm. It is similar in the case of considering the averaging
slope. The OF sensor also provides the time reference in the
location process when using external PZT acoustic sensors
after a warning.

The instrumentation scheme for the OF sensor was previ-
ously designed [24] and it is shown in Fig. 2. This scheme
consists of a sensor head of single-mode OF illuminated by a
He—Ne laser (633 nm) and an optoelectronic conditioner. It is
sensitive to AE of 150 kHz.

The conditioning system is an interferometer, which detects
the optical phase change (A@®) that is linearly proportional to
the acoustic pressure change (AP;)

A = %AP,.
where Py is a factor that depends on the strain-optic coef-
ficients, the Young modulus and the Poisson ratio. &g is
obtained

(1
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where L is the length of the fiber exposed to the AE, nqf is
the effective refractive index of the OF, and 4 is the optical
wavelength.

This device provides a voltage output (Vs) proportional to
the optical phase change (A®) given by

Vi =21o ¢ RnGrGr 3)

where Iy is the mean optical power at each photodetector,
R is the responsivity of the photodetectors, and # is a
factor between O and 1 that is determined by the contrast
of the interference (in this case 0.6). Gr and GF are the
transimpedance gain and the bandpass filter (BPF) gain,
respectively.

If (1) is substituted in (3), the result is a voltage output
proportional to the acoustic pressure change as follows:

Ve = 210% AP, RyGrGr. (C)
0
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Multichannel acquisition system (PXI).

B. Detection With PZT Sensors

The PZT ultrasonic sensors are typically used for acoustic
detection. These sensors work with ultrasonic frequencies and
are mounted externally on the walls of the transformer tank.

When the internal OF sensor detects high-PD activity the
external PZT sensors help to locate the AES. However, the
acoustic signal received outside the tank is much attenuated,
thus the denoising is so important. The use of several sensors
allows locating the source based on the TOA.

The instrumentation system based on PZT sensors is
described in Fig. 3. The model of the PZT sensor is a
R15I-AST (Physical Acoustic Corporation), with the follow-
ing characteristics: operating range 80-200 kHz, resonant at
150 kHz, and low-noise preamplifier integrated of 40 dB. The
sensitivity of these sensors is about 1 V/Pa. Because the sensor
R15I has integrated electronics but it has not separate ports for
power and output, a Bias-T circuit is necessary.

C. Multichannel Acquisition System and Denoising

An industrial PXTI has been used to integrate into the same
system different types of sensors (PZT, OF, etc.) and signal
processing units. The PXI system (National Instruments) is a
PC-based open platform for test, measurement, and control.
It includes a data acquisition module (NI PXI-5105) with
eight channels of simultaneous acquisition of 12 bit resolution,
60 MS/s acquisition rate in real time, 60 MHz bandwidth, and
128 MB onboard memory (Fig. 4). The graphical program-
ming tool used is LabVIEW.

Different techniques from electrical PD denoising [6] were
used for acoustic measurements; the most useful were wavelet
techniques and digital filtering. Wavelet filtering (WT) is
useful for eliminating Gaussian and white noise, improving the
resolution in the detection of transient signals due to the bursts
of ultrasounds as those generated by PDs. However, using only
this technique, it is not possible to eliminate monochromatic
and interfering noise. This is solved by a post-processing with

a digital BPF in the frequency range of interest. This BPF is
compliant with the IEEE standard [4] that proposes a filter
with cutoff frequency of 100-300 kHz to remove vibrations
caused by pumps and fans (<30 kHz), the Barkhausen noise
(=50 kHz), etc.

After comparing different techniques applied to acoustic
detection, the most suitable system for detecting PDs is a
combination in sequence of both methods (WT + BPF). This
sequence is illustrated in Fig. 5.

II1. LocATiON BASED ON AE

The common technique for 3-D spatial location of PD is the
triangulation or trilateralization. This technique determines the
position of the AES measuring the TOA.

Fig. 6 shows a schematic of a transformer tank with k 4 1
acoustic sensors (an internal OF sensor and &k = 6 external
PZT sensors), AES (PD origin) inside and the resulting times
of arrival T from the OF sensor to the AES and T} from the
PZT sensors to the AES.

There are several approaches to triangulation but due to
all-acoustic instrumental scheme employed in this paper the
time-differences approach/time difference of arrival - TDOA
has been chosen.

In this approach the acoustic wave reaches the closest sensor
first (assuming straight propagation) and triggers a recording
process on all sensors simultaneously. Having seven sensors
gives six time differences (zgk), taking as reference the first hit
sensor (7). In this implementation, the OF sensor is the time
reference because it i1s forced to be the closest sensor to the
source. Its position is selected to satisfy both of the following
targets: 1) to cover the widest area that 1s possible and 2) to
remain the closest to the source. This is feasible because of
the internal installation of the OF sensor. In the case that the
region is too large to be monitored by one OF sensor, more
OF sensors could be included [25]. Fig. 7 shows the time
differences of acoustic signals with unknown timing reference.
The maximum duration of the time window 1s determined
as the distance between the source and any AE sensor; for
example, in the used tank the maximum duration would be
1 ms for the distance between two opposite corners.

The system of nonlinear equations of 3-D location with a
time-differences approach is as follows:

(x —xor)* + (y — yor)* + (z — zor)* = (vs - T)* (5)
(x — xpzk)* + (v — yezmk) + (z — zpzTH)”
= (T’ =146 (B)

where v, is the speed of sound in the medium, xoF, yor, and
zor are the coordinates of the OF sensor, and xpzTk, YpzTH, a0d
zpzTk are the coordinates of the kth PZT sensor. The minimum
number of PZT sensors must be three.

rl!l_‘k_m(xl ¥, z) =

|\/(~¥ — xpz1k)? + (v — yezmk)? + (@ — zpz7k)? — v/ (x — x0F)* + (y — yor)? + (z — ZOF)Z‘
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Fig. 5. Denoising sequence: wavelet and BPF. Example of operation.
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The 3-D location algorithm has been implemented entirely
in LabVIEW and the method is based on time-differences pat-
terns (r(]}j(UT) [21]. The time-differences patterns are formed for
each position in the transformer by knowing the transformer
internal dimensions and they are saved as LUTs (k=1,...,6
LUTs as shown in Fig. 8). The source is located by comparing
the measured time-differences vector with the time-differences

LUTs.

X=90cm

Z=37cm

Fig. 8. Model of the transformer tank (LUT 3-D).

The time-differences LUTs are calculated by subtracting (6)
and (5) and solving for the time differences (zgi), as shown
in (7) at the bottom of the previous page.

The most suitable solution is one that fulfills

6
(x,y,z) / min (Z ‘T{%icm(-‘-':y,z) - f0k|) 3
k=1
x€[0,90) y € [0,55) z €[0,37) (8)

where (x,y,z) is the AES site, gy are the measured time
differences, ré}m(x, y, z) are the time-differences LUTs.
The flowchart of the location process is explained in Fig. 9
and it consists of four stages. A first stage of initialization, the
LUTs 3-D [rj;" " (x, y, 2)] are built through (7) considering the
speed of sound in the medium, the tank dimensions and the
coordinates of the sensors. The second stage of measurement
and reading, on the one hand the LUTs 3-D [réi{m (x, v,z)] are
read and on the other hand the time differences (7gk) are mea-
sured. A third stage of operation and searching, first the time
deviation is calculated by subtracting the times measured to the

5
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time-differences LUTs for each PZT sensor (| ra“km(x, ¥,2) —
Tok|), second these matrices (tables) of time deviation are
added (ZE=1 |r{}jim(x, ¥, 27) — 7ok|) and finally the minimum
time deviation is searched in the sum matrix (8). In the last
stage the results of the location process are displayed and
stored.

Two alternatives are also proposed in Fig. 10. The first one
uses search by sections, that is to say the tank is divided
in sections associated with each PZT sensor (Fig. 11), and
the solution is only searched in the closest PZT section [min
(7ok)]. This method reduces the time of searching and it is
directly connected with the real application in a three phase
transformers. In a system with six sensors (six sections), the
time of searching would be reduced in a factor 6.

The second alternative is divided into two parts of progres-
sive refinement. A first part performs a coarse 3-D location
in dm (9 x 6 x 4 dm) and a second part performs a finer
3-D location in cm (1 x 1 x 1 dm = 10 x 10 x 10 cm)
within the solution of the first part. This method reduces

STAGE 2

- STAGE 3

- STAGE 4

the computation time. In this case, the dimensions of
the LUTs will be (9 x 6 x 4) + (10 x 10 x 10) =
1216 versus 90 x 55 x 37 = 183150 of the standard
method.

IV. CHARACTERIZATION OF THE
INSTRUMENTATION SYSTEM

A. Experimental Setup

With the aim of producing a real acoustic environment
that emulates the AE from PDs in a transformer, an exper-
imental platform has been built. It consists mainly of a
tank with a cubic shape, with dimensions of 103 cm x
63 cm x 63 cm. The walls of the tank are made of poly-
methylmethacrylate (PMMA) and have a thickness of 1.5 cm.
One advantage of using this material is that it allows greater
coupling between the acoustic signal and the external sensors.
To avoid reflections which interfere with the correct mea-
surement of some parameters of the experiment, an acoustic

6
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absorbing material of polyurethane rubber (Apltile SF5048
of Precision Acoustics—U.K.) with 5 cm thick fixed to the
inner face of some of the tank walls has been used. The tank
is filled with water up to 37 cm. As a result, the internal
dimensions are 90 cm x 55 em x 37 cm, like the model
in Fig. 8.

The PMMA is optimized for the acoustic testing and
the characterization of the instrumentation system. However,
some differences are anticipated when comparing with a real
transformer metallic tank: 1) the attenuation of the acoustic
signal coming through the wall and 2) the road to the sensor
of the acoustic signal propagating inside the wall. Regarding
the attenuation, the OF sensor is not affected because it is
located inside. In addition, the PMMA reduces the acoustic
impedance mismatch with the internal medium and therefore,
the attenuation in the PMMA is much lower. To account for
the additional attenuation in real conditions, tests of detection
at the limit of three times the amplitude of the noise have
been made. If the signal is three times the amplitude of the
noise or larger, the dispersion of the TOA to each PZT is
less than 1% in all sensors. If the signal 1s even lower but
distinguishable from noise after processing, the dispersion of
the TOA is less than 10%. This has been experimentally
evaluated. In regard to the different paths to the sensor, again
the OF sensor is not affected because it is immersed. In the
case of the PZT sensors, the PMMA eliminates the alternative
path through the walls because the sound propagation velocity

(transversal) for PMMA (1378 m/s) is lower than the sound
propagation velocity for oil (1410 m/s). This is different in a
metallic tank, but in that case the filtering of low frequencies
is able to attenuate the observation of paths through the
walls. Additional work is to analyze the effect of multiple
paths [2].

To emulate the PDs a wave generator applied to a PZT
ultrasonic transducer hydrophone (B&K 8103) working as
emitter has been employed. The characteristics of the ultra-
sonic signals that are generated by the hydrophone are similar
to those of the AEs from PDs [22].

In this case, six PZT ultrasonic sensors (R15]) fixed to the
outer face of one wall of the tank and an OF sensor immersed
in the insulating medium have been used. The minimum
number of sensors must be three PZT sensors outside and the
OF sensor inside. However, a set of two sensors per phase
(six sensors) and the OF sensor is chosen considering a
three phase scheme (Fig. 11). Fig. 12 shows the experimental
scheme implemented. It is composed mainly by the tank
instrumented with PZT sensors on the walls, the OF sensor
inside and a multichannel measurement system. The latter has
hardware of conditioning and acoustic signal acquisition, and
software that provides the denoising of the acoustic signals and
the location of the AES. The positions of the sensors are shown
in Table L.

Fig. 13 shows the experimental platform for acoustic mea-
surements. To analyze the performance of the instrumentation

7
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system to detect simultaneously the AE in all sensors and
locate the AES, two types of experiments were carried out on
this platform, which are described in the following sections.

B. Analysis of the Location Accuracy

The objective is to test a schematic of multiple sensors
to analyze the location accuracy of AEs. With that aim
the 3-D location algorithm, described in Fig. 9, is applied
to the measured TOA of 41 AEs to each and every sen-
sor. The installation (as it is shown in Figs. 12 and 13)
was used to carry out this experiment, using an OF sensor
immersed in the tank and six PZT sensors installed on
the walls.

The emitter was placed at (X ags, Yags, Zags) and a volt-
age burst (150 kHz and 6 Vpk-pk) was applied to it. The
3-D location algorithm was applied to the TOA from
the 41 acoustic measures that are obtained for each
Sensor.

Fig. 14 shows the 3-D representation of the resolved posi-
tion of the AES that is displayed in the instrumentation system.
The circles represent solutions from minimum number of

SECTION 5

PZT5 | |

SECTION 5

PZT2 |
SECTION 2

SECTION 6

/

/ ' g

PZT1 fiui
SECTION 1

Experimental platform for the location of the emission source. (a) Top view. (b) Front view.

events in green to maximum number of events in blue, the
orange-cubes represent the sensors and the red-x represents
the real position of the AES (calibrated position). As can
be seen, 39 of 41 solutions resolve the same point for the
location of the AES with a resolution of 1 cm. In addition,
these 39 solutions match the calibrated position (X sgs, Yags,
Zags) = (66,43, 26).

For a better understanding of the execution of the
3-D location algorithm, a 2-D representation (XZ) of the matrix
of time deviation [M(x,y = 43,z) = X §_, [tEUT(x,y =
43, 7) — tok|)] was done by fixing the coordinate y to the real
value of the AES (y = 43). It is shown in Fig. 15, where
the representation of the gradient to the solution is done as
follows:

max (M(x,y =43,z2))

M’ =d3. )=
Cry=89="yey=5.0

)]

In Fig. 15 x-axis is the x-coordinate, y-axis is the
z-coordinate and z-axis is the value of the matrix. It shows
how the values grow when they are closer to the solution
(maximum).
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TABLE 1
POSITION OF THE SENSORS

pzT1 | PzT2 | PZT3 | PZT4 | PZTS |

22,0,13 | 44,0,13 | 67,0,13 | 67.0,24 | 44,024 | 220,24

OF
66,5026

C. Error Propagation From the Times of Arrival to the
Location Algorithm

The algorithm sensitivity to errors in the TOA was evalu-
ated. A delay of 1% of the full scale (3 gs) and 10% of the
full scale (30 us) is introduced in the TOA. The limiting error
is calculated as follows:

Error = |Ex| 4+ |Ey| 4 |E;| = | XagEs — Xsol
+|Yags — Ysor| + | Zags — Zsor| ,

(10)

where Xags, Yags, and Zags are the coordinates of the real
position of the AES and Xsor, YsoL, and Zsor are the
coordinates of the solution of the algorithm.

Fig. 16 is a representation of the maximum limiting error
for a delay of 1% and 10% in one or more sensors. When the
delay of 1% or 10% 1is introduced in the TOA of each sensor
except the closest ones to the AES, the limiting error was less

[cm]

Fig. 13. Experimental platform for acoustic tests.

than 1 cm. When the sensors affected by the delay are the
closest ones to AES, the limiting error increases in function
of the number of sensors involved in the analyzed cause
that the delay is 10%. In the particular case of a systematic
error in all sensors (time zero deviation), the influence in the
solution of the algorithm is smaller.

D. Influence of the Number of Sensors and Their Sites

The sensitivity of location algorithm to the number of
sensors and their sites was evaluated. For that purpose, the

9



Fig. 14. Location of the emission source.
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Fig. 15. Location of AE based on time deviation matrix. Representation of the gradient to the solution. (a) 2-D plot at constant value of y coordinate.

(b) XZ projection. (c) YZ projection.

answer of the algorithm is analyzed when one or more sensors  to the AES are not removed the result of the location algorithm

are removed. is not affected. If the closest sensors to the source are removed,
Fig. 17 is a representation of the maximum limiting error the maximum limiting error is the represented one in the

when one or more sensors are removed. If the closest sensors figure. In all cases the limiting error does not exceed 7 cm.
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Fig. 17. Representation of the maximum limiting error when one or more
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V. CONCLUSION

In this paper, a multichannel instrumentation system for the
location of PDs in power transformers has been presented.
It is based on the detection of the AEs from PDs in oil with
several PZT and fiber optic sensors. An all-acoustic detection
and location approach has been proposed based on a time
reference given by one fiber optic sensor installed inside the
tank and the times of arrival to several PZT sensors installed
outside the tank (two in front of each phase windings of a
three phase transformer for a typical application). The signal
processing includes digital denoising techniques and time-
difference LUT-based location algorithms implemented with
virtual instrumentation. In short, a complete tool that detects
and locates AEs generated by PDs has been designed and it
is accurate to 1 cm.

Additionally, an analysis of the error propagation from the
times of arrival is done, as well as the influence of the number

of sensors and their sites in the 3-D location algorithm. This
analysis shows that the limiting error is less than 1 cm when
the sensors that are closest to the AES are not removed.
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