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Summary

In this paper, partial discharge acoustic emission waveform data collected in high voltage transformer oil are
analysed over certain temperature range. Analytical model and method of thermally stimulated acoustic energy

shift calculation is proposed. It allows to uncover the effect of acoustic emission energy shift over the frequency

spectra due to the change of fluid temperature. The variations in the received acoustic waveform data have been

analyzed. Continuous partial dischage generation was provided by Boning model. The analytical model has been
verified by experimental data analysis. In the field of non-destructive testing of high voltage power devices it
provides a new understanding of the temperature role on interpretation of partial discharges generated acoustic

emission.

PACS no. 43.20.Hq, 43.35.Zc, 43.58.Gn, 43.60.Hj, 43.60.Jn, 52.80.Wq

1. Introduction

The acoustic emission measurement is a powerful tool in
many industrial branches. It is used as a maintanance util-
ity as well as tool for non-destructive testing. The tech-
nique is based on the phenomena when aging of electri-
cal insulating system is accompanied by acoustic effects
[1,2,3,4].

High voltage devices use to have very complicated
shape in terms of the electrode and dielectric barrier sys-
tem configuration. The dielectric barrier system often con-
sists of multi-component insulation and therefore it re-
quires high care during manufacturing process [S5, 6, 7].

The crucial influence on high voltage electric device
lifetime and reliability has its insulating system. There are
various methods for insulating system quality measure-
ment. In a lot of maintanance utilities, complex param-
eters measured on the device and describing partial dis-
charges (PD) are used for its life-time prediction. Partial
discharges are powerful indicator of insulating system pre-
breakdown status [8, 9, 10].

Various direct and indirect methods of PD measure-
ment are well-known and widely used, e.g. in expert sys-
tems [11, 12, 13]. Acoustic emission measurement takes
a special place among them because of its partial dis-
charge allocation capabilities [14, 15]. Not so widely used
and researched way of the partial discharge acoustic emis-
sion data exploitation is its usage in PD type recognition
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based on the waveform shape [16]. It can be useful to un-
cover the real power of this method mainly for the non-
destructive testing purposes, when the similarities in the
acoustic emission signal generated by the same type of
PD or same type of defect in dielectric material can be
detected.

The information on several PD properties are projected
to acoustic waveform shape. However, in the electric
power system, there are a lot of factors related to it. In
general, they cause the loss of the PD information. They
have complex constructions and they use the materials of
different physical properties.

Acoustic method of discharge activity measurement
used in electric power device diagnostics is based on PD
acoustic emission measurement. So far it is used mainly
for the defective dielectric area allocation [17]. Three or
more sensors have to be used for this purpose.

In the loaded high voltage power transformer the tem-
perature of the insulating oil is assumed to be a global pa-
rameter for whole system although there are in this case
negligible thermal gradients. The temperature can be con-
sidered as a global parameter. The following experiment is
coupled with the change of the global temperature.

The environment temperature is the global parameter re-
fining the spatio-temporal model patterns. Therefore it is
important to know how the temperature of the insulating
system changes partial discharge acoustic emission wave-
form [18, 19]. In following sections we propose the ana-
lytical model and experimental verification of this temper-
ature problem.

© S. Hirzel Verlag - EAA
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2. Theoretical analysis

Physical background

When partial discharge appears, a part of the electric en-
ergy changes to mechanical energy and the area in dielec-
tric material with PD becomes consequently a source of
mechanical waves. The frequency range of this wave mo-
tion lies in acoustic or supersonic bandwidth and can be
sensed by acoustic sensors.

Let us suppose that only pressure waves can propa-
gate in a liquid, because the viscosity and shear forces are
small. The velocity of sound in liquids varies from 900 to
2000 m/s. The velocity of sound in most liquids decreases
almost monotonically as the temperature decreases too i.e.
by 2 to 6 m/s per °C with water as an exception [17]. In lig-
uids the absorption of acoustic energy increases with the
square of frequency. The losses are proportional too and
they are dominated by the viscosity.

We can mathematically describe and express a travel-
ling sound by equation (1) [20],

E(x, 1) =& - e ™ - @, W
where the k denotes the wave number which depends on

the frequency for fluids and gasses [21] and

2-
a_w v @

T 6.3

Then (1) can be written as in (3) [20],

2%y

c(x.1)=¢gp-e 3¢

The parameter ¢ denotes the acoustic velocity of wave in
oil and it is measured in m/s. It is approximately 1400 m/s
at temperature 0°C. The parameter &, denotes the static
value or amplitude of wave. v denotes kinematic viscosity
of liquid where sound waves occur, in our case kinematic
viscosity of the transformer oil. It is the ratio of the dy-
namic viscosity u to the density of the fluid p. It strongly
depends on temperature of oil, which can be expressed by
(4), which is an empiric model equation [22, 20],

x . ei(wt—k'x). (3)

Vo
Ve —m8
14+ aT + bT?

In (4) T denotes the temperature of oil in °C and vy de-
notes kinematic viscosity at 0°C. Usual values for v, for
transformer oils are about 66 cSt, which is also our case.
Parameters a and b take values 0.097965 and 0.0014588
respectively and are empirically stated for this kinematic
viscosity temperature model in [22].

Taking this into consideration we can rewrite equation
(3) like in (5) [20],

“)

~2(zf)* vy .
E(x, 1) = & - e ™ . gllerkn, 5)

The dependence on the temperature is not assumed. Equa-
tion (6) describes wave amplitude [20],

2% v

E=¢&- e3-c3(l+aT+bT2).x‘ (6)
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Figure 1. a) The dependence of acoustic wave amplitude on tem-
perature in modelled situation; b) The ratio of frequency ampli-
tude sum in 30kHz bands at temperatures 20°C, 40°, 60° and 80°
respectively.

Feature extraction

In following section, let us assume, for the acoustic veloc-
ity, any variation with temperature has not been taken into
account.

Equation (6) expresses the relationship of acoustic wave
amplitude and temperature. This dependence can be seen
in Figure 1, where relative values E,(f) of this amplitude
are depicted.

E.(f) = E(f)/&. (N

Acoustic waves propagating in liquids follow the laws of
fluid mechanics. The propagation of an acoustic wave is
associated with an acoustic energy [21].

In the following text we propose how to quantify the
acoustic energy shift in the frequency domain due to tem-
perature changes, based on the assumption of kinematic
viscosity thermally initiated changes. Due to intended ap-
plication of the Fourier transform, formally, the frequency
band from 0 MHz upto 1 MHz was divided into 32 sub-
bands of 31.250 kHz bandwidth.

The frequency domain analysis was performed on a sub-
set of 1024 waveforms by means of Fourier transform.
This procedure was repeated for each of examined temper-
atures, i.e. 20°C, 40°C, 60°C and 80°C which represent
several basic thermal modes of high voltage transformer
under operation.
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Because of big amount of measured waveforms per sec-
ond respectively per each measured temperature, we have
created a waveform template. The waveform template cal-
culation method is based on the statistical methods. It been
described in [23]. Again, we applied the Fourier transform
on these template waveforms and we calculated their spec-
tra.

Inspired by [24], the dominant frequencies have been
adapted as frequencies in specific frequency bands with
spectral amplitude coefficient values at least 5 times
greater than the values of other spectral components.

To compare the portion of signal spectrum amplitude
components the coefficient K was calculated as the ratio
of the sum of frequency amplitudes in given sub-bands and
the sum of frequency amplitudes in the whole spectrum,

L2k g
K = glMHz £ ®)
0

where index i =1,2,3,...32.

The proposed analytical model at several temperature
modes yields the result as it is shown in Figure 1b. As
can be seen, the kinematic viscosity model clearly shows
the acoustic energy shift to higher frequencies with rising
temperature.

In this manner, the feature extraction gives a set of dis-
crete values of dominant frequencies or sub-bands values
of parameter K; as defined in equation (8).

3. Experiment

For reference purposes along with acoustic method also
galvanic PD measurement was used.

For this method MTE3 PD detection device was used
which receives signal from measurement impedance and
serves as a referential monitor for PD activity presence.
The experiment was set up according to the block diagram
depicted in Figure 2.

High voltage generated by HV TR high voltage trans-
former was connected to sample under examination and
it was regulated by Uge, to achieve discharge activity on
tested sample upon continuously increasing high voltage
until first PD occur. The signal was looped through to the
digital oscilloscope. The voltage was increased up to the
value when discharge activity appeared to be stable.

Simultaneously acoustic measurement was applied. The
instrumentation and data acquisition software of Physical
Acoustic was used. Three timing parameters have been
used to identify waves in the related environment: the peak
definition time (PDT), the hit definition time (HDT), the
hit lockout time (HLT). In this way the problems related
to reflections, wave-modes in steel plates, etc have been
solved. More information on this topic can be found in
[25].

The transformation of acoustic wave to electric signal
was made in the crystal transducers. We used a pair of res-
onant type crystal transducers R151-AST with built-in pre-
amplifier. This sensor type works with 40 dB gain, which
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Figure 2. Block diagram for partial discharge activity measure-
ment by acoustic and galvanic method. HV TR — High Voltage
Transformer. Uge, — Voltage Regulation. V — Voltmeter. MTE3 —
Partial discharge measuring device. AS — Acoustic Sensor. PAA
— Physical Acoustic PCI-2 recording card and data acquisition
software. Z,, — Measurement impedance. Cy — Coupling capaci-
tance.
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Figure 3. Crystal transducer Physical Acoustics type R15I-AST
— frequency response.

means the setup sensitivity of the order 10 pC. In Figure 3
the frequency response is depicted. The sensors were at-
tached to the walls of steel vessel filled with transformer
oil.

As the acoustic wave energy attenuation has to be min-
imized we attached the sensors to metallic vessel walls by
magnetic holders and the touching surface of sensors were
thoroughly cleaned and smeared with a special contact gel
used in ultrasonic diagnostics.

Figure 4 shows the main experimental configuration (a)
and setup dimensions (b). The vessel serves as a test de-
vice for the measurement with artificial modeled insula-
tion defect and imitates situation in real world high voltage
transformer with simplified conditions as described above.
The walls have acoustic properties of real h.v. transform-
ers vessel. As an PD source the Boning model [26] was
used for continuous and constant PD generation under de-
termined condition see Figure 5. The model has generated
PD pulses in gas-filled cavity in similar way as it occurs in
h.v. insulation. The spark gap GI was immersed in trans-
former oil.

The goal of the experiment is to explore the frequency
energy shift in given range of acoustic media temperatures.
To fulfill it, it is sufficient to apply two acoustic sensors
as defect spatial allocation information is neglected [23].
However PD measurement by acoustic method is usually
interfered with an ambient noise [27]. Described measure-
ments and experiments were made in laboratory condi-
tions. The measurement setup was adapted to eliminate er-
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Figure 5. Electrical diagram of adapted Boning model. R; and Ry
— resistors, C;—Cs — capacitors, GI — spark gap.

rors caused by noisy environment. The timing and thresh-
olding technique was used to cope with the noise problem.

Measurements were made at various temperatures of the
transformer oil from 20°C, 40°C, 60°C and 80°C while
warming the oil and 80°C, 60°C, 40°C and 20°C while
cooling it. This selection corresponds approximately to the
temperatures that occur during high voltage electric power
device industrial operation conditions.

4. Results and discussion

The aim of the signal analysis was to find relevant pa-
rameters for PD characterization which describes changes
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Table I. Dominant frequencies and sub-bands.

T (°C) Dominant Frequency/Sub-band (kHz)

20 125, 160, 240, 280

40 125, 160-175, 225-275, 280, 310-330, 350-360

60 140, 160-180, 230, 266—290, 320, 350, 450

80 75-125, 150-200, 265-285, 300-330, 360, 430-480

Table II. Dominant frequency and sub-band extremes.

Temperature  Dominant Frequency/Sub-band (kHz)
“O) Lowest Highest
20 100 280
40 125 350-360
60 140 450
80 75-125 430-480

caused by temperature change most evidently. Among the
other parameters — e.g. in the time-domain the AE pulse
slew rate and time rise, AE hit duration, etc. — the ampli-
tude frequency spectrum appears to be one of the suitable
parameters for this purpose.

In Figures 6a to 6d amplitude-frequency spectra are
shown for measurements at temperatures of oil in tank be-
ginning from 20°C, 40 °C, 60°C and 80°C with 4.2kV
voltage on electrodes. The input parameter of the analyt-
ical and physical model is the temperature of the trans-
former oil.

For comparison of the frequency shift of amplitude
spectrum components to higher frequencies with increas-
ing temperature we calculated amplitude frequency char-
acteristics of a waveform templates. Signal templates in
the time domain were calculated by method described in
[23] and then Fourier transform was applied on these tem-
plates. The main goal of the method is to increase the cor-
relation of specific source waveforms with interpreted sig-
nal template in comparison with simple statistical averag-
ing. This is achieved by the waveform time-alignment pro-
cedure applied on whole set of recorded signals.

For 20°C dominant frequencies are in the range of
100 kHz, 125 kHz, 160 kHz, 240 kHz and 280 kHz.
For temperature 40°C dominant frequencies are shifted
to higher values: 125 kHz, 160-175 kHz, 225-275 kHz,
280 kHz, 310-330 kHz and 350-360 kHz.

At 60°C the dominant frequencies are shifted to values
140 kHz, 160-180 kHz, 230 kHz, 266-290 kHz, 320 kHz,
350 kHz and 450 kHz.

During experiments, at highest available temperature
of insulating oil the shifts were most obvious. The fol-
lowing dominant frequency sub-bands were calculated:
75-125 kHz, 150-200 kHz, 265-285 kHz, 300-330 kHz,
360 kHz and 430-480 kHz.

The extremes of the dominant frequencies and fre-
quency sub-bands can be deduced from the graphs in Fig-
ures 6. The lowest dominant frequency in the case of 20°C
was 100 kHz and this is shifted to 125 kHz for 80°C.
The highest dominant frequency in the case of 20°C was
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Figure 7. Example of ratio of frequency amplitude sum in
31.25 kHz bands at oil temperatures 20°C, 40°C, 60°C and 80°C.

280 kHz and this is shifted to 480 kHz for 80°C. The
overview of calculated values is in Tables I and II respec-
tively.

The analysis of the amplitude component portions is
carried out by the application of the formula (8), where
the coefficient K was introduced. The graphical presenta-
tion of this ratio can be seen in Figure 7. At lower tem-
peratures i.e. 20°C and 40°C respectively, the K values in-
dicate higher participation of frequency sub-bands which
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begins at 220 kHz and achieve their almost saturated value
at 600 kHz.

At oil temperature of 60°C frequency sub-band partic-
ipation begins at 250-270 kHz and reaches its saturated
values at 470 kHz. Therefore the frequency components
are concentrated in a narrower band than with other tem-
peratures. At the temperature of 80°C the values of K be-
gin to raise at at 500 kHz and reach saturated values at
800 kHz.

From Figure 7 it is obvious that the lowest frequency
sub-bands which significantly participate in the waveform
spectra shift to higher values with rising temperature i.e.
from 220 kHz to 500 kHz. The highest contributing fre-
quency sub-bands shift from 600 kHz to 800 kHz, which is
in both cases a frequency shift of approximately 200 kHz.

5. Conclusion

The Acoustic Emission non-destructive technique (NDT)
based on the detection and conversion elastic waves to
electrical signals and special attention is given to the tem-
perature of physical environment. In the case of proposed
method, it has been shown that the temperature causes the
frequency shift. This relation could be implemented into
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the testing procedure with advantage of temperature in-
fluence correction. The interpretation of PD-source type is
related to several characteristics and it has been shown that
it is influenced by the temperature.

The experiment and the method proposed allow to un-
cover the effect of acoustic emission energy shift over fre-
quency spectra due to the change of fluid temperature.
Higher frequency sub-band participation get more signifi-
cant at higher temperatures. In the field of non-destructive
testing of high voltage power devices it gives new under-
standing of the temperature role on interpretation of PD
generated acoustic emission analysis. As the temperature-
frequency relation is not commonly applied in current
PD measurement systems, their analytical tools and their
decission making procedures can be improved in a way
that they will take into consideration the temperature fac-
tor. The influence of higher temperatures on shifted sig-
nal spectra can help to distinguish between signal markers
that are relevant for partial discharge activity detection and
evaluation and eliminate markers that are caused by insu-
lating system temperature. This way a better prediction of
dangerous PD sources of high voltage power apparatus at
various operational conditions can be reached.

Current AE inspection systems capable of PD detection
can utilize the information extracted from the change of
AE waveform due to temperature. Moreover, presented
feature is relative easy implementable into existing AE
processing procedure. The AE waveforms properties can
be reconsidered more accurate regarding the temperature
changes in the object under test.
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