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Abstract: This work refers to the criterion values used to assess the state of the active part of the
transformer based on the analysis of the effective value of the total vibration acceleration and the
frequency spectrum. It was proved in the work that the criteria values should be differentiated for
transformers of different rated power. Transformers with lower rated power are characterized by
lower RMS values of vibration acceleration than units with higher rated power, which cannot remain
without impact on the criteria values. Trend analysis of the total aRMS values may reveal increasing
defects before the currently applicable criteria values are exceeded. In addition, the influence of the
position of the sensor on the frequency spectrum of the obtained signals was analyzed. It was proved
that the sensors should be mounted in the middle of the transformer tank, between its lower part
and the cover. The dependence of RMS value of vibration acceleration on no-load losses was also
determined for transformers of different types but the same rated power. This relationship will not
have a large share in the total vibrations of the transformer, due to slight changes in the value of aRMS

occurring for all analyzed units.

Keywords: power transformer; transformer diagnostics; vibroacoustic method

1. Introduction

One of the most important and dynamically developing areas of activity of research
centers is diagnostics of energy devices. Detailed diagnostics makes it possible to maintain
the proper technical condition of these facilities, which is necessary for the proper func-
tioning of the power system and for maintaining the highest standards of customer service.
The vibroacoustic method of transformer diagnostics discussed in this article has several
undeniable advantages, which are non-invasive (the method can be used without turning
off the transformer) and a relatively short time to perform the tests.

Vibroacoustics is a field of knowledge dealing with acoustic, vibration and pulsation
processes occurring in the environment and in technology [1,2]. Vibroacoustic processes
reflect the most important physical phenomena in machines. The opportunity to assess
the technical condition of machines through the observation of vibroacoustic processes
was first noticed in aviation technology [3] and later in power engineering. Thanks to the
electronics that created the possibility of measuring and analyzing vibroacoustic signals,
we now have the ability to separate individual signal components and analyze them in
terms of the technical condition of a given machine [4–6]. From the vibration signal, we can
also obtain information on the advancement of wear of individual elements of the tested
object (by analyzing the signal components related to a specific defect) [7–9].

The main causes of vibrations inside transformers are electrodynamic forces and the
phenomenon of magnetostriction occurring in the core [10]. However, additional sources
of vibration include cooling devices (oil pumps, fans).

The electrodynamic forces acting on the transformer windings are generated during
the flow of short-circuit currents and are directed along the radius of the winding, causing
distortions (through compression/stretching) or winding displacement, and inter-turn
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spacing also increases. The consequence of deformation is vibration increase, insulation
fatigue and finally its degradation, which causes inter-turn short circuits, partial discharges
and gas formation. The vibrations measured on the surface of the transformer tank can
provide information about the operating conditions of the core and the windings of the
unit [11–13].

The magnetic flux in the core is practically independent of the load, while in the no-
load state, the electrodynamic forces are practically negligible [14]. The magnetic induction
of a conductor carrying a current is directly proportional to this current. In turn, the
electrodynamic force F depends on the induction and the current:

F = B · I · l · sinα (1)

where:

- B—magnetic induction of the conductor
- I—current flowing through the conductor,
- l—conductor length,
- α—angle between the direction of current flow and the direction of the field force lines.

Hence, it can be concluded that the electrodynamic force is proportional to the square
of the current flowing through the transformer windings. The acceleration is directly
proportional to the force acting on the object, so it will also depend on I2. Assuming that
I = Imax·cosωt we get the formula:

az(t) ∼ i(t)2= I2
max · cos2ωt = 0.5 · I2

max(cos 2ωt + 1), (2)

where:

- az—winding vibration acceleration,
- Imax—current amplitude,
- ω—vibration pulsation.

The phenomenon of magnetostriction consists in changing the properties of ferromag-
netic elements under the influence of a magnetic field. Its effect is to change the geometrical
dimensions of the magnetic material placed in the field—in transformers it causes a change
of the core geometry. The magnetic field in the core depends on the flux Φ, which in turn is
related to the supply voltage via Faraday’s law:

ε =
dΦ
dt

, (3)

where: ε—electromotive force.
The change in the length of the core ∆L inside the coil can be described by the for-

mula [14,15]:

∆L(t) =
λs · U2

max · L

(z · S · ω · Bs)
2 · cos2ωt, (4)

where:

- λs—magnetostriction saturation coefficient,
- Umax—supply voltage amplitude,
- L—length of sheets in the core,
- z—number of turns in the winding,
- S—core cross-section area,
- Bs—saturation magnetic induction,
- ω—pulsation.
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Calculating the second derivative of the core length change over time, we obtain the
instantaneous value of the vibration acceleration ar:

ar =
d2 ∆L

dt2 = −2 · λs · U2
max · L

(z · S · Bs)
2 · cos 2ωt, (5)

The core vibrations in the transformer caused by magnetostriction will therefore
depend mainly on the applied voltage and are practically independent of the load (steady
no-load state). On the other hand, in the case of windings, the vibrations are proportional
to the square of the load current. Thus, the vibrations recorded on the transformer tank will
be a superposition of vibrations caused by the core and the windings. The results of tests
confirming the above statements were presented in publications [14,16]. In the article [16] it
was stated that in order to effectively assess the condition of the transformer, measurements
should be performed with the highest possible load—then the highest effective values of
vibration acceleration are recorded.

This article presents the results of vibration tests of power transformers with rated
power of 16 and 25 MVA. These tests were carried out to check whether the criterion
values presented in [17–21] (which refer to units with a rated power approximately ten
times higher than the power of the transformers tested in this paper) would be useful in
assessing the technical condition of the transformers we tested. The research began with
the determination of the most favorable, in terms of the highest value of the recorded
signals amplitude, places for the installation of vibroacoustic sensors. In further tests,
accelerometers were installed in previously designated locations. Measurements of the
root mean squared value of vibrations were carried out and the frequency spectra of new
transformers and those in operation were determined. Then, analyzes of the aRMS value
of transformers depending on their rated power and operating time were carried out. On
their basis, the average values of RMS of vibration acceleration characteristic for each of the
transformers were calculated. Analyzing these values for transformers of different rated
power, typical for them increases in vibration acceleration occurring during operation were
determined. The last stage of the research was the analysis of the dependence of the mean
aRMS value on no-load losses for transformers with different power ratings.

2. Related Works

In the works [17–20] we can find information about the transformer vibrations sources
that has been assigned appropriate frequency ranges in the vibration spectrum:

• up to 500 Hz—vibrations caused by the magnetostriction of the core and electromag-
netic forces resulting from the flow of the load current through the windings, as well
as the leakage flux that is closed by other elements of the transformer;

• from 500 to 1500 Hz—vibrations from cooling devices (oil pumps, fans, and air flow
through coolers);

• above 1500 Hz—vibrations generated and characterizing the work of the core, indicat-
ing progressive damage.

These works also presented two criteria for assessing the condition of transformers
based on the results of vibroacoustic tests. The first criterion is based on the RMS value of
the total vibration acceleration, the second on the RMS value of the vibration components
occurring in the vibration spectrum in the range from 1.5 to 2.5 kHz, the RMS values of
vibration acceleration were assigned to the technical condition of the transformer (Table 1).
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Table 1. Assessment of the technical condition of a transformer based on the RMS value (total and
components) of vibration accelerations [17–20].

Transformer Condition
Total RMS Value of the
Vibration Acceleration

RMS Value of Vibration Acceleration Components
in the Band from 1.5 to 2.5 kHz

Transformers
≤ 200 MVA

Transformers
> 200 MVA

Normal ≤400 cm/s2 <3 cm/s2 <10 cm/s2

Warning 400 cm/s2–1000 cm/s2 3 cm/s2–30 cm/s2 10 cm/s2–30 cm/s2

Alarm 1000 cm/s2–2500 cm/s2 - -
Emergency >2500 cm/s2 >30 cm/s2 >30 cm/s2

Similar criteria values can be found in the Polish instruction on the principles of
operation of transformers. This document is known as the Framework Instruction for
Operation of Transformers (RIET). It presents three frequency ranges for which limit values
are given (Table 2). Exceeding the limit values indicates a high probability of damage to the
transformer core [21].

Table 2. Limit values of the components of the vibration spectrum for different frequency ranges.
Reproduced from [21], the name of the publisher: ZPBE ENERGOPOMIAR—ELEKTRYKA Sp. z o. o.

Frequency Range
RMS Value of Vibration Acceleration

Components for Transformers with Rated
Power ≤ 200 MVA

RMS Value of Vibration Acceleration
Components for Transformers with Rated

Power > 200 MVA

0–700 Hz 400 cm/s2 400 cm/s2

700–1500 Hz 100 cm/s2 100 cm/s2

1500–2600 Hz 3 cm/s2 10 cm/s2

There is no information in the literature on the places where the accelerometer should
be installed. The article [22] describes only the problem of repeatability of measurements
for one type of transformer. The authors recommend determining the position of the sensor
with a tolerance of 5 cm in order to be able to compare the measurements made for the
same transformer at different time intervals. The sensors should be attached in such a way
as to obtain the best representation of the condition of the transformer core and windings.
Therefore, they should not be mounted near inspection hatches, elements strengthening
the transformer tank, or the cooling system pipelines. Please note that some places may be
difficult to access due to the presence of elements such as coolers, control cabinets, etc.

Another kind of approach to the analysis of vibroacoustic signals in terms of the
technical condition of the active part of the transformer is presented in the works [23–26].
The research with the use of the mathematical model presented in [23–25] showed that the
vibrations of the core and the vibrations of the windings are transferred to the tank—this
enables their detection on the surface of the transformer tank. These works present a
mathematical model that enables the calculation of the 100 Hz component of vibrations
for a correctly operating transformer. The authors compare the values of the calculated
and measured components and, on the basis of the obtained differences, conclude about
the condition of the winding. A significant difficulty in using this method is the need
to determine the characteristic parameters of the equation, which must be determined
for each transformer separately. The authors of [26] showed that it is possible to detect
winding deformation using the vibroacoustic method, verifying the results using the SFRA
method. They present as example the pressure pad failure in one of phases, which caused
an increase in the measured vibrations, this defect was also detected by the SFRA method.
The authors conclude that the vibroacoustic method has similar sensitivity and precision to
the traditional winding deformation detection.
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3. Materials and Methods

The subject of the research were 110/15 kV/kV transformers with a different rated
power—16 and 25 MVA. These were both new transformer units, from one manufacturer,
which test were carried out at the factory—Table 3, and those that had been in use for
years—Table 4. The research of a new transformers were conduct during their no-load
work, while in the case of units, which were in use—under a load (with the exception of
transformer number 10, which was tested in a no-load state due to the established plan of
use). Table 4 contains information of the years in use and the percentage of transformer
loading (it was no possible to obtain such information for all units).

Table 3. List of tested transformers—new units.

Number of Transformer Type Rated Power
[MVA]

No-Load Losses
[kW]

1 25/A 25 9.665
2 25/B 25 9.726
3 25/C 25 9.935
4 25/D 25 9.795
5 25/E 25 9.900
6 25/F 25 9.974
7 25/G 25 9.719
8 25/H 25 9.790
9 16/A 16 7.365

10 16/B 16 7.448
11 16/C 16 7.436
12 16/D 16 7.651
13 16/E 16 7.970
14 16/F 16 7.960
15 16/G 16 7.668
16 16/H 16 7.877
17 16/I 16 8.986

Table 4. List of tested transformers—units in use.

Number of
Transformer Type Rated Power

[MVA]
Year of

Production
Years in Use

[years]
Load Percentage

[%]
No-Load Losses

[kW]

1 25/A 25 2001 18 nd 2 10.905
2 25/B 25 1999 21 30.30 17.535
3 25/C 25 1993 28 21.75 17.040
4 25/C 25 1991 29 48.26 18.930
5 25/C 25 1990 29 nd 2 18.574
6 25/D 25 1988 33 42.42 20.640
7 16/A 16 2006 15 30.64 10.030
8 16/A 16 2005 16 49.15 10.220
9 16/B 16 1997 23 38.58 10.517

10 1 16/B 16 1996 24 0 10.465
11 16/C 16 1981 38 nd 2 17.140
12 16/C 16 1978 41 nd 2 15.960
13 16/D 16 1976 43 nd 2 14.720
14 16/E 16 1974 45 nd 2 15.750
15 16/F 16 1970 49 nd 2 20.660

1 transformer during the tests was in a no-load state. nd 2—no data.

Vibroacoustic diagnostics of the transformer condition is based on the measurement
and analysis of the RMS value of the total vibration acceleration, as well as the RMS values
of the vibration acceleration in specific frequency bands [27]. Measurements are carried
out via a sensor (piezoelectric accelerometer), which is attached to the transformer tank
with magnets.
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After measuring the time waveform of vibration acceleration (most often the waveform
is recorded at a frequency of tens of thousands of samples per second) the vibration
spectrum can be determined. The spectrum is determined using the Fourier transform (FFT
or STFT), however all results presented in this paper were based on the FTT transform. The
time waveform of vibration acceleration and vibration spectrum examples are shown on
Figure 1b.
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Figure 1. (a) Typical time waveform of vibration acceleration recorded on the tank of the power
transformer; (b) Vibration spectrum calculated using Fourier transform.

The measuring system consisted of a vibroacoustic sensor and the data acquisition
system, which was connected to a computer with installed DEWESoft X3 software (or its
newer version—DEWESoft X).

For the measurements was used the Hansford Sensors piezoelectric accelerometer
model 1735005406. This sensor is a compact industrial accelerometer with an M12 connector,
which has been equipped with a magnetic base from the same manufacturer, used to its
mounting [28]. The sensor with an attached magnet is shown in Figure 2. For the proper
work of an accelerometer necessary is its appropriate calibration. The sensor producer
provides a calibration certificate in which the most important parameter is the sensitivity of
the sensor in each of x, y, z axes (Figure 2). The sensitivity is defined as the voltage through
the unit of gravitational acceleration [mV/g]. The values of sensitivity from the calibration
certificate are:

• x-axis sensitivity—541.3 mV/g;
• y-axis sensitivity—530.3 mV/g;
• z-axis sensitivity—505.2 mV/g.
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Figure 2. The Hansford Sensors piezoelectric accelerometer (model 1735005406) which was used
during the measurements.

The data acquisition system DEWESoft SIRIUS Mini is the four-channel data recorder,
thanks to which it was possible to read data simultaneously for each accelerometer axis
(respectively: channel 1—x axis, channel 2—y axis, channel 3—z axis). All technical data of
the acquisition system are available on the producer’s website [29]. The obtained results
were saved to the DEWESoft program, which also enables the analysis of time waveform
of vibration acceleration, their root mean square values and the frequency spectrum (fast
Fourier transform FFT obtained from the time waveform of the signal).

To carried out repeatable measurements, a measurement grid consisted of 18 points
was determined, shown in Figure 3a. To determine the location of the sensor around the
transformer, the letter designations were used, in accordance with the alphabet, while
its position in the vertical axis was marked with a number (number 1 stands for the
top point, number 2 stands for the middle point, and a number 3 stands for the bottom
point). For example, placing the sensor at the top point in location B in was marked
as B1. These points during the measurements were adapted to the structure of a given
transformer—some sensor locations were omitted because they were difficult to access
(due to reinforcements, fasteners, fans, inspection hatches, etc.). Mounting the sensor on
rounded parts was avoided and care was taken to ensure that the entire surface of the
magnetic base was evenly adhered to the transformer tank. In the case of new transformers
(Table 3), measurements were made only in the middle points, so in A2, B2, C2, D2, E2
and F2 point. Figure 3b shows the view of the sensor mounted in one of the measurement
points (F1).
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No. 4 with the sensor attached in F1 point.

4. Results
4.1. Dominant Components of the Frequency Spectrum of the Tested Transformers with the
Location of the Sensor at 3 Points in One Vertical Measurement Axis

The measurements were carried out on 8 working transformers with a rated power of
16 and 25 MVA belonging to the one of the distribution network operators in
Poland—according to the Table 4 these were transformers no. 2–5 and 7–10. Recorded time
waveforms of vibration acceleration were subjected to FFT analysis. A typical transformer
frequency spectrum contains dominant components that are multiples of the fundamental
frequency (Figure 1). For this reason, in the analysis presented in Figures 4 and 5, only
the values of the spectral components for frequencies that are multiples of 50 Hz were
taken into account. Figure 4 shows the obtained components of the frequency spectrum
in the range of 0–3000 Hz for location D of the sensor for an example transformer with
rated power od 25 MVA, while Figure 5—location C for a transformer with rated power of
16 MVA.
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Figure 5. Comparison of the values of the dominant components of the frequency spectrum of
transformer No. 8 (16 MVA) in the range from 0 Hz to 3 kHz for different sensor locations (according
to Figure 3a).

The comparisons presented in Figures 4 and 5 were performed for a total of 27 sensor
locations (marked as a letters in Figure 3a). The factor that made it difficult to carry
out the measurements for all locations was the construction of the transformers—due to
reinforcements, inspection hatches and additional equipment of units, it was not possible to
locate the sensor in a some of the locations. In order to check whether the measurement at
the midpoints is the most appropriate, the percentage share of the number of characteristic
frequencies in the frequency spectrum in the range from 0 to 3000 Hz was calculated, for
which the value of the signal component at this point is greater than for the value recorded
above and below the this point. For example for the comparison shown in Figure 5—49 of
the 61 frequency components in the range 0–3000 Hz for the midpoint have the greater than
or equal values to the values obtained at the bottom point, which gives a percentage share
of 82%. Figure 6a,b shows graphically the obtained results for two exemplary transformers
with a rated power of 25 and 16 MVA. The share Pi is expressed as percentage and location
of the sensor around the transformer as Li.
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50 Hz in the range from 0 Hz to 3 kHz, for which the value of the given signal component in the
middle point is greater than the value obtained above (blue bars) and bellow (orange bars) this point
depending on the sensor location Li (according to Figure 3a): (a) For transformer No. 4 (25 MVA);
(b) For transformer No. 8 (16 MVA).

After performing the above analysis for all sensor locations, it turned out that in 23
out of 27 sensor locations, both for values recorded above and below the midpoint, the
percentage Pi was greater than or equal to 50%. This means that in 85% of the cases at
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the midpoint, the highest root mean square values of vibration acceleration for individual
frequencies in the range 0–3000 Hz were recorded. So at the midpoint we will get the best
signal-to-noise ratio.

4.2. Frequency Spectra of Transformers with Different Operating Times

In the next part of the research, the obtained frequency spectra of transformers in use,
as well as new transformers were analyzed. The range 0–3000 Hz and the location of the
sensor were taken into account—the results for the same measurement points on each of
the units were compared. Figure 7 shows the example of the FFT analysis for four chosen
transformers with a rated power of 16 MVA with different usage times at the time of taking
measurements. The presented graphs were obtained from time waveforms of vibration
acceleration when the sensor was located at A2 point (Figure 3a). At the Figure 7 the
criteria values, described in the Framework Instruction for Operation of Transformers [21],
in accordance with Table 2, were marked by blue lines. This instruction does not specify
whether the tank vibration measurement are to be carried out at no-load work or during
normal load work. It should be noted that the new transformer, which frequency spectrum
is shown in Figure 7a, was tested in no-load state.
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Figure 7. Comparison of frequency spectra (in the range 0–3000 Hz) of four transformers with rated
power of 16 MVA for the same measuring point (A2): (a) new transformer; (b) transformer which has
been in use for 23 years; (c) transformer which has been in use for 41 years; (d) transformer which
has been in use for 49 years. The criteria values (Table 2) are marked by blue lines.
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The limit values were not exceeded in the spectra presented in Figure 7. However, it
can be noticed that the oldest transformer (the longest in use) is characterized by much
higher root mean square values of vibration acceleration for individual frequencies. Both
the comparison shown in Figure 7 and the analysis of the frequency spectra of all units listed
in Table 4 show that the older the transformer is, the more frequency components, being
a multiple of the fundamental 50 Hz frequency, begin to reach values above 0.001 m/s2.
During the analysis of vibration spectrum, it was also noticed that units with a rated power
of 16 MVA are characterized by lower root mean square values of vibration acceleration for
particular frequencies than those obtained on transformers with higher power (25 MVA)
being in similar age, what is also clearly shown in Figures 4 and 5.

4.3. Analysis of Root Mean Square Values of Vibration Acceleration of the Transformers in Use

In this part the total root mean square values of vibration acceleration obtained for
transformers 16 and 25 MVA, which in accordance with Table 1 should not exceed the
value of 400 cm/s2 [17–21], were analyzed. Figure 8a,b show the total RMS values of
vibration acceleration measured for ten transformers with a rated power of 16 MVA and
seven transformers with a power of 25 MVA. For each transformer the measurements were
performed at 6 points (from A2 to F2—according Figure 3a). The green lines in these figures
show the approximation by the exponential function. The intersection of the approximating
line with the red line (indicating the criterion value above which the transformer is in the
warning state) determines the time after which the transformer’s state will no longer be
considered normal. Comparing the changes in the RMS value of the vibrations acceleration
with time, we can see that their dynamics is much greater for transformers with higher rated
power (25 MVA). Different dynamics of changes in the RMS value of vibration acceleration
over time for transformers of various rated power suggests that the values of the criteria
should also be another for them. For transformers with the same rated power, the vibration
acceleration values and the dynamics of their changes depending on the operating time
for each location (from A2 to F2) are similar. Therefore, for further analyzes for each of
the transformers, the mean values of the effective vibration accelerations from all 6 points
were calculated.

Figures 9 and 10 show comparison of the average aRMS values depending on the
working time of the units. When the mean value was calculated, the values obtained in
6 measurement points (Figure 3a) considered as standard when testing new units were
taken in the account, these are the locations A2, B2, C2, D2, E2 and F2. To facilitate the
analysis, exponential trend lines were marked on the charts along with their formulas.
Additionally, the transformers, which were in no-load work during the measurements, are
marked in red. Three of the transformers with rated power of 25 MVA were renovated,
therefore they are marked in blue in Figure 10.

The graphs show that the longer the transformer is in use, the higher the root mean
square values of vibration acceleration are achieved. However, the percentage of load of
the tested transformers should be taken into account. Load of the transformers, among
which the power load value is known, ranged from 22 to 49%. The approximation of
the dependence of the effective value of vibration accelerations on the load in the form
of an exponential function is presented in [16], which proves the non-linearity of this
phenomenon. The difference in the obtained values of total RMS vibration acceleration
between 22% and 49% of the rated power was 10 cm/s2 (which constitutes only 2.5% of the
criterion value of 400 cm/s2). However, it was determined during the tests carried out on a
transformer with the rated power of 263 MVA, the power of which is more than 10 times
greater than the units analyzed in this article. Therefore, it is possible that in the case of units
with definitely lower rated powers (than described in [16]), the percentage of transformer
load has an even smaller impact on the obtained RMS value of vibration acceleration.
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for 25 MVA transformers depending on the age of the unit.

According to the Figures 9 and 10, the dynamics of the increase in the recorded
values of effective vibration accelerations with the age of the unit differs depending on
the transformer power. On the basis of the performed measurement, in can be clearly
stated that transformers with a rated power of 25 MVA, are characterized by higher total
root mean square values of the vibration acceleration than 16 MVA transformers at the
same operating time. None of units tested exceeded the mean aRMS value higher than the
criterion value of 400 cm/s2. The transformer number 4 showed the highest root mean
square values of vibration acceleration. This unit in the D2 point reached the value of
419 cm/s2 during the measurements (Figure 8a), however, it is worth noting that in 1996
the C phase of the regulating winding was rewound in this transformer. Transformer
number 2, which clearly deviate from the trend, has also undergone the renovation, in 2017
the A phase windings on the high voltage side were replaced. In turn, in the transformer
number 5, the HV, LV and regulating windings were replaced.

4.4. Root Mean Square Values of Vibration Accelerations in New Transformers Depending on the
No-Load Loses

The last part was the analysis of the impact of no-load losses on the root mean
square value of the vibration acceleration of new transformers. The Figure 11 shows the
dependence of the average effective value of vibration acceleration on the values of no-load
losses. Values obtained from 6 measurement points were averaged (locations: A2, B2, C2,
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D2, E2 and F2). In the diagram, transformers are divided according to the rated power,
because in accordance with the previous studies (Figures 9 and 10), higher root mean
squared values of vibration acceleration are obtained for units with higher rated power.
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of no-load losses (PFe) of 16 and 25 MVA transformers.

The new tested 16 MVA transformers, which were working in the no-load state during
measurements, had lower values of no-load losses than those with a rated power of 25 MVA.
When comparing transformers of the same rated power, it can be noticed that with the
increase of the value of no-load losses possessed by the unit, the recorded average values
of the acceleration of the tank vibration increase. Additionally, it can be noticed that for
the tested units with the rated power of 25 MVA, despite smaller differences in the values
of no-load losses, the increase in the effective value of vibration acceleration occurs more
rapidly than in the case of transformers with lower rated power.

5. Discussion

The analysis of the literature shows that very few scientific publications concern
vibroacoustic diagnostics of transformers. The proposed criteria values, both relating to
the RMS values and the components of the frequency spectrum of vibroacoustic signals,
are very generalized and usually do not take into account, for example, the dependence of
the recorded vibration parameters on the rated power of transformers and their no-load
losses. There are also no clear and documented indications of where to place the sensors.
This article presents the results of experiments partially supplementing these deficiencies.

The analysis of the values of the dominant components of the frequency spectrum
carried out for 8 loaded transformers (with rated powers of 16 and 25 MVA) showed that
the location of the sensors in the middle of the tank gives the statistically highest values
of the recorded signals. In 85% of the cases at the midpoint, the highest root mean square
values of vibration acceleration for individual frequencies in the range 0–3000 Hz were
recorded. At the midpoint we will recorded statistically the highest values, which decreases
risk of omitting the registration of signals that may indicate a possible occurring defect. On
this basis, it can be concluded that carrying out measurements only in the middle points
(between the bottom of tank and its lid), is correct action.

The dynamics of increase in the total RMS value of vibration acceleration (calculated
for six points located around the transformer at the height of the tank center) depending
on the operating time is clearly greater for transformers with a higher rated power. For
transformers with the rated power of 16 MVA the intersection of the trend line with the line
marking the boundary between the normal and warning condition (Table 1) will occur after
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the transformer has been used for more than 72 years. On the other hand, in the case of
25 MVA units, the intersection will occur much earlier—with usage for more than 37 years.

The slight increase of averaged RMS values of vibration acceleration for transformers
after repair was observed. These repairs mainly involved replacing the windings. In each
of these cases, the top core yoke had to be removed during the repair, and the core had to
be reassembled after the repair was performed. These are operations that interfere with the
core structure. There is no guarantee that after replacing the winding, the same value of
pressing forces was maintained and that the sheets in the core were not loosened. In the
event of performing this repair, the contractors reserve the right to increase the idle losses
by several percent. This proves possible changes in the core structure which may lead to
the observed increased vibrations.

During the research, the dependence of average root mean square value of vibration
acceleration on the value of no-load losses was also noticed. The recorded vibration
acceleration is higher for transformers of the same power, but with higher no-load losses.
However, for transformers with higher power (25 MVA), this relationship is more stringent,
i.e., an increase in losses by the same value causes a more dynamic increase in vibration
acceleration compared to transformers with lower power (16 MVA). Generally speaking,
the changes in vibration acceleration, in the analyzed range of losses, are not too large and
constitute a maximum of about 10% of the criterion value.

The most important observation from the research carried out is the fact that both
the RMS value of vibration acceleration recorded at various points and its average value
calculated from all points, increases with the age of the transformer. Similarly, with the
age of the unit, the acceleration values recorded in the frequency spectrum increase in the
range from 1500 to 2600 Hz. Additionally, units with a lower rated power, similar in age to
the transformers with higher power, are characterized by lower root mean square values of
vibration acceleration both for total aRMS values and particular frequencies. On this basics,
it can be concluded that the criteria values firstly adopted almost 40 years ago [30] should
be modified for transformers with a rated power of tens of MVA.

Our experience shows that transformers of a similar design will age in a similar way.
The units analyzed here (excluding repaired transformers) did not show any symptoms of
damage, and the results of their periodic tests always met the requirements. Therefore, we
assume that they are subject to aging processes, which are natural for transformers, and that
their vibrations, which increase with time, correspond to the current technical condition.
With this assumption, a trend of changes in vibrations over time can be determined. Then,
by comparing the vibrations of the tested transformers with the determined trend, it is
possible (for a given population of transformers) to select units with higher vibrations than
those resulting from the trend. This will enable early detection of the arising damage (even
before the criteria values are exceeded), which is undoubtedly the value of the research
results presented in the article.

6. Conclusions

The vibroacoustic method will be applicable in the diagnostics of transformers pro-
vided that more precise criteria values are determined, especially for transformers with a
rated power of several tens of MVA.

Both the total RMS value and the components of the frequency spectrum increase
their values along with the increase of the transformer operation time. Changes of these
parameters over time occur much faster for transformers with a rated power of 25 MVA
than for a 16 MVA transformer.

In the currently used approach to the analysis of vibroacoustic signals coming from
the transformer [17–20], relatively high criteria values are adopted (the normal state is
determined up to the value of 400 cm/s2 of total RMS of vibration acceleration, while
the emergency state is determined after exceeding 2500 cm/s2). The values of vibration
accelerations measured by the authors for the 12 non-repaired transformers in service range
from about 10 to 395 cm/s2, so all these units are in a normal state, even transformers
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over 45 years in use. It is worth noting that repaired transformers (where the structure
of the windings and the core were affected) show vibration accelerations higher than
indicated by the trend line. Therefore, it seems justified to say that the violation of the
active part’s structure will be reflected in the recorded vibrations. In the case of non-
repaired transformers, high differences between the recorded values and those resulting
from the trend line may indicate mechanical defects, even if the criteria values presented
in [17–20] (Table 1) are not exceeded. The obtained results indicate the direction of further
work. We plan to determine the trend of total aRMS for a larger number of transformers of
different types and rated powers. A comparative analysis of the vibrations recorded on the
tested transformer with the trend characteristic for a given population will allow for earlier
detection of defects.

For the best signal-to-noise ratio, piezoelectric accelerometers should be located
halfway up the transformer—between its cover and the bottom of the tank.

For new transformers of different types but the same rated power a correlation can
be noticed between the values of the total effective value of vibration acceleration and the
value of no-load losses. However, this is not a strong correlation. In addition, changes in
the total aRMS value when changing the value of idle losses in the range of 7–10 kW do not
exceed 10% of the criterion value taken as 400 cm/s2.

Like any method, this one also has some limitations. Depending of the construction of
the transformer tank, access to some locations (in which the sensor should be mounted) may
be difficult due to existing radiators, reinforcements, fasteners, fans, inspection hatches, etc.
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Abbreviations

RMS Root Mean Square
FFT Fast Fourier Transform
STFT Short-Time Fourier Transform
RIET Framework Instruction for Operation of Transformers
HV High Voltage (winding)
LV Low Voltage (winding)
SFRA Sweep Frequency Response Analysis

Nomenclature

Variable Symbol Unit
Electrodynamic force F N
Magnetic induction B T
Current I A
Voltage U V
Length l m
Pulsation ω rad/s
Vibration acceleration a m/s2
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Electromotive force ε V
Magnetostriction saturation coefficient λ -
Frequency f Hz
Percentage share Pi %
Sensor location Li -
Age of transformer Yu years
No-load losses PFe kW
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