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The subject matter of this paper refers to the diagnostics of a transformer core, based on measurements
and analysis of vibroacoustic signals registered during their normal operation. The paper presents results of the
research aimed to evaluate the repeatability of vibration measurements for power transformer core. Recording

of vibroacoustic signals was performed under laboratory conditions on dry-insulated transformers.

The study

concerned evaluation of changes in vibroacoustic indicators of the transformer core during operation with a turned
and loosened core. Conclusions from the measurement results were drawn on the basis of the parametric test of
significance derived from the variance analysis for many means of single classification basing on the Fisher—Snedecor

F-distribution.
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PACS: 43.40.—r, 43.40.Vn, 43.58. Wc

1. Introduction

Vibroacoustic methods for testing the technical condi-
tion of devices are more widely used in various sectors
of the economy. This is due to the fact that diagnosis
based on measurement and analysis of mechanical vibra-
tions do not require permanent or temporary damage to
the structure of test unit. Vibroacoustic methods are
currently used in diagnosis of rotating machines, as well
as for devices operating statically [1]. With regard to
transformers, this method is more widely used, particu-
larly in relation to high voltage block and network units.
Linkage results obtained during vibroacoustic measure-
ments to other test results (gas chromatography, mea-
surements of frequency response) provides information
on the condition of the test transformer core [2-4]. Mag-
netostriction and electrodynamic forces influence the core
cause of its vibration. Once metal plate packets of the
magnetic circuit are loosened, then vibroacoustic signals
registered on the core or surface of the tank have signif-
icantly higher amplitude and are characterised by ener-
getic participation of frequency components other than in
the case of transformer without a defect. Tracking RMS
value changes and performing amplitude growth analysis
of particular harmonic vibrations allows then monitoring
and assessment of the core technical condition without
the need of power interruptions in the test transformer.

This paper presents detailed results from the repeata-
bility assessment of measurement results obtained dur-
ing laboratory tests of vibroacoustic signals for a dry-
-type transformer. Assessment of the repeatability for
the results obtained is shown on an example of statisti-
cal analysis of root mean square (RMS) value of vibration
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acceleration within the band of 5-2500 Hz, which has
been designated for transformer operating with turned
and loosened core. Measurement method and methodol-
ogy for modeling damages in magnetic circuit of the test
transformer are presented in [5, 6].

2. Research methodology

Measurements and repeatability analysis of measured
mechanical vibrations in the transformer core were con-
ducted in the Laboratory of Insulation System Diagnos-
tics of the Opole University of Technology. The moni-
tored unit, its general view is presented in Fig. 1, is of
following parameters: ET3S-15 type, power — 15 kVA,
primary voltage — 400 V, secondary voltage — 24 V,
group of connections — Yy, type of insulation — dry,
production year — 2006.

Fig. 1. General view of the test transformer with indi-
cated measurement points.

Selecting dry-type transformer for the experiment al-
lowed for “relatively” simple modeling of the damage
occurring in its magnetic circuit. This modeling was
implemented by changing the torsional torque of press
cramps between upper and lower yoke beams. At the
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same time, by using four measuring transducers, simul-
taneous assessment of the technical condition of the mag-
netic circuit of the transformer was possible to be per-
formed simultaneously in several areas. Measurements
were performed by using measuring apparatus character-
ized in [5, 7].

Since the vibrations generated by the transformer were
registered repeatedly, new repeatability analysis of the
measured data was performed. The analysis was per-
formed on the basis of RMS values of vibration accelera-
tion within the band of 5-2500 Hz, which was designated
for operation of the transformer with turned and loos-
ened core. The paper presents only selected results of
statistical analysis, which was performed for vibroacous-
tic signals measured at P1 point.

In order to perform analyses of statistical repeatabil-
ity assessments of measurement results for each popula-
tion contain the obtained results for operating the trans-
former without any defect and with modeled damage.
There were obtained populations comprising on average
of approximately 100 samples. Statistical analysis was
performed using numerical procedures of Statistica, Stat-
graphics Plus and MS Excel software.

Findings from the obtained measurement results were
derived from parametric significance test based on
analysis of variance (ANOVA) on the basis of the
F-distribution [8, 9], which on the initial stage required
checking if results in the tested populations are of nor-
mal distribution and if their variations are equal, wherein
they do not have to become known. For this purpose,
nonparametric Hy null hypothesis was adopted, that
is the designated RMS values of vibration acceleration
have distribution which can be described using F'(z) dis-
tribution function, corresponding to the density func-
tion of normal distribution formulated by Gauss—Laplace.
While, in the H; alternative hypothesis, it was assumed
that the obtained measurements are not part of the set of
normal distribution functions. Adopted hypothesis can
be formed as

Hy: F(z) € 2, H;: F(x) ¢ 0, (1)
where (2 is the class of all normal distribution functions.

Verification of the assumed null hypothesis was per-
formed using the non-parametric for testing compli-
ance — x? (Pearson’s chi-squared test), which is most
frequently used for equivalence hypothesis testing of
measurement probability density at assumed theoreti-
cal probability density [10-12]. Assessment of the dis-
tance between distribution functions was conducted us-

ing statistic measures
T

2 (ni — np;)® 5

X ; o (2)
where  — number of class ranges, n = Z:Zl n; — Ppop-
ulation size, p; — probability that the future takes a
value within the i-th class range, for distribution consis-
tent with Hy, np; = f; — (expected) number of theo-
retical units, which should be included in the i-th class
range by assuming that the feature has distribution con-
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sistent with the hypothetical one, while theoretical num-
bers shall not be low and should satisfy the condition
np; = n; > 5; n; — empirical population of the i-th class
range.

Subsequently, the y? statistics, calculated according to
the formula (2) were compared with the x?2 critical value,
which was read from chi-square distribution table, at a
set level of significance a and computed number of de-
grees of freedom. Critical region for this test was built
upward to satisfy the relation

P(x* 2 x3) = a, (3)
where X2 is critical value, being read from the x? distri-
bution for r — s — 1 degrees of freedom and P = « [12].

If x2 > x2, then the Hy hypothesis should be rejected,
because the difference between the empirical and hypo-
thetical distribution was statistically weak. Otherwise,
there was reason for its rejection. Calculations were
conducted for a significance level of o = 0.05, usually
adopted for this type of analyses [12].

Assuming equality of variances, parametric multivari-
ate analysis of variance (MANOVA) was performed,
which assumes the following hypotheses: Hgy : m; =
mo = ... = m; = my, where m; is the mean value of i-th
population, Hy: not all mean values are equal.

To verify such formulated Hy hypothesis, significance
test based on F' statistics was used, expressed by the
formula (4):

F== (4)

2 — SE S (i)
2 =

n—k ’

A | ng A
xi—nﬁzg':lxij fori=1,2,...,k,

=_ 1 k n; - o k ‘
T=2 ijl xi;  where n =3} n,

where T — total arithmetic mean, Z; — group means,
S?, S2 — variances [12].

Assuming that the Hy hypothesis is true, the F' statis-
tics has an F distribution (Fisher—Snedecor distribution)
with £k — 1 and n — k degrees of freedom. Subsequently,
the derived F' value was compared with the F, critical
value read from the Fisher—Snedecor distribution table,
for the adopted significance level of o and an adequate
value of kK — 1 and n — k degrees of freedom, while the
equation shall be satisfied: P{F > F,} =a. If I > F,
inequality is obtained as a result of comparison, then the
Hy hypothesis on equality of means in the analysed pop-
ulations should be rejected. Whereas, if F' < F,, then
there is no reason to reject the Hy hypothesis stating
that all means are equal. If F' < 1, then there is no rea-
son to reject the null hypothesis without comparing it
with F,. Rejecting the Hy hypothesis means proving the
significance of the distribution on this population. Oth-
erwise, it can be concluded that all groups are equivalent
in terms of the examined attribute [12].
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3. Test result analysis

This section provides selected analysis results of the
RMS value of vibration acceleration for turned and loos-
ened transformer core. In an analogous manner, the re-
peatability of results obtained for the other vibroacoustic
parameters designated for various operating states of the
magnetic circuit in the tested unit were checked.

Numerical values used to verify the Hj hypothesis,
which assumes normal distribution of vibroacoustic sig-
nals, determined at P1 point for turned and loosened core
were presented in Tables I and II. Columns of the table
include, respectively: number of class ranges, RMS value
ranges of vibration acceleration corresponding to a given
class, population size and their x? type distributions.

TABLE I

Distribution board of x? type, designated for RMS
value of vibration acceleration for transformer core —
turned core.

2 Number of 2

Class range A [cm/s?] observations X

1 < 1.10 0 0
2 1.20 13 0.69
3 1.30 26 0.52
4 1.40 32 0.39
5 1.50 11 1.05
6 1.60 10 1.42
7 1.70 5 1.12
8 1.80 2 1.90
9 1.90 1 0.98

10 unlimited 0 0
total 100 8.07

Results from the performed verifications are shown in
Table III that contain comparison between the total value
of x? type distribution, calculated for the designated vi-
bration indicators and the critical value of 2, read from
the distribution table for the degrees of freedom correc-
tion and the given value of significance level of ov = 0.05.

Population

EERETY a0 azs = 35 440 ass 4s0
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Fig. 2. Probability density function designated for the
RMS value of vibration acceleration for the transformer
core: (a) with a turned core, (b) with a loosened core.

For general population representing the examined
RMS values of vibration acceleration there were pre-
sented waveforms of the probability density function cor-
responding to the Gaussian and Laplace normal distri-
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TABLE II

Distribution board of x* type, designated for RMS
value of vibration acceleration for transformer core —
loosened core.

2 Number of 2

Class range | A [cm/s?] observations X
1 < 4.16 0 0.05

2 4.18 1 0
3 4.20 1 0.04
4 4.23 1 0.22
5 4.25 3 0.19
6 4.27 3 0.06
7 4.29 6 0.34
8 4.31 11 0.25
9 4.33 18 0.20
10 4.35 19 0.01
11 4.37 15 0.01
12 4.39 9 0.01
13 4.42 6 0.11
14 4.44 3 0.20
15 4.46 4 0.31
16 unlimited 0 0.32
total 100 2.27

TABLE III

Comparative tabulation of index values designated for the
results obtained and read from the test table of x? and F for
RMS value of vibration acceleration for transformer core.

Root mean square value of vibration

Transformer acceleration [cm/s?|
core Mean | Standard 2 2
value | deviation | X Xa F Fa

turned core 1.35 0.15 8.07
loosened core | 4.43 0.05 2.27

15.51 | 1.55 | 2.53
15.51 1 0.18 | 2.53

bution (Fig. 2), being matched with histograms showing
empirical distribution of the measured signals.

Since the inequalities x? = 8.07 < 15.51 = x? and
x? = 2.27 < 15.51 = x? are satisfied, there is no reason
to reject the Hy hypothesis stating that distribution of
RMS values of vibration acceleration for the (turned and
loosened) power transformer is normal, with 5% fault
tolerance.

4. Summing-up

Since the inequality was satisfied: y? < x2, there
would be no reason to reject the Hy hypothesis, which
states that all variances of the vibration measurements
for the turned and loosened transformer core while main-
taining fault tolerance of 5-percent. For each of the anal-
ysed cases, the inequality F' < F, was also satisfied,
which suggests that there was no reason to reject the
Hy hypothesis claiming that all RMS values of vibra-
tion acceleration are equal. The assumed null hypothe-
sis is true, which proves that for two extremely different
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conditions of the test transformer core, the repeatability
of measurements of RMS value of vibration acceleration
occurs with 5 percent fault tolerance. Tests conducted
for the other vibroacoustic parameters designated in the
time-frequency domain had the same test result.
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