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Transformer Tank Vibration Modeling as a Method
of Detecting Winding Deformations—Part II:
Experimental Verification

Belén Garcia, Member, IEEE, Juan Carlos Burgos, Member, IEEE, and Angel Matias Alonso, Member, IEEE

Abstract—In Part I of the paper, a tank vibration model was
proposed as a method to detect the winding deformations in
power transformers. This model is incorporated in a model-based
monitoring system for power transformers. In this paper, the
experimental verification of the proposed model that calculates
vibration on the transformer tank is reported. The model was val-
idated in a 1500-kVA experimental transformer constructed as a
reduced scale model of a 60-MVA 220-kV unit. In order to load the
test transformer, the opposition method described in IEC 60076-2
Standard was used allowing to vary the load and power factor over
a wide range. Sensors to measure vibrations and temperature were
installed in the test transformer. The model was validated under
different test transformer operating conditions. In order to verify
the model’s ability to detect failures, a deformation was provoked
in the test transformer winding. Model predictions were compared
with the measured vibration in that situation. The model has also
been applied to four (30—40 MVA) grid transformers. Some results
of this field validation are presented in this paper.

Index Terms—Condition monitoring, failure early detection,
power transformer, tank vibration, winding deformation.

I. INTRODUCTION

N the companion paper [1], online tank vibration monitoring
was proposed as a method to detect winding deformations in
power transformers. The proposed method makes use of a vibra-
tion model that calculates transformer tank vibrations in healthy
conditions. Any significant difference between calculated and
measured vibrations is an indicator of a change in transformer
geometry. Vibration monitoring can be applied online so it can
be used as a complement to other offline techniques, such as
frequency-response analysis. There is no need to install internal
probes to use the proposed vibration model, so the method is
easily applicable to both new and inservice transformers. In the
companion paper, the theoretical foundations of the model are
reported.
The model’s ability to calculate transformer tank vibrations
when the transformer is healthy and also to detect winding de-
formations was tested in a test transformer. The test transformer
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was a 1500-kVA, 15000/400-V unit constructed as a reduced
scale model of a 60-MVA 220-kV transformer. The transformer
was installed into a test facility in which the load was applied
following the opposition method described in the IEC 60 076-2
standard, allowing load and power factor variation over a wide
range. Vibrations were measured and calculated over a great va-
riety of loads, power factors, and temperatures.

In a first set of tests, calculated vibrations were compared
with measured ones to verify the model accuracy when the trans-
former works in normal condition. After these tests, a winding
deformation was provoked in the test transformer to verify the
capability of the model to detect this deformation.

Finally, the model was used to predict tank vibrations on four
30—40MVA (one of 45/16 kV, another one of 132/16kV, and two
that were 132/66 kV) inservice grid transformers during several
months. A very good agreement between the predicted and the
measured vibrations was observed in these real transformers.

II. MODEL VALIDATION OVER THE
EXPERIMENTAL TRANSFORMER

Using a test transformer to evaluate the developed model has
many advantages. First of all, it allows to do in-depth testing of
the model in a wide range of working conditions, as transformer
load and power factor can be varied at will which is not possible
to do in an on-service transformer. A second advantage is the
possibility of fitting the transformer with internal and external
accelerometers allowing to gain knowledge about internal vibra-
tions and how they are transmitted to the transformer tank. This
information has been useful in the development of the model.
Finally, having a test transformer allows provoking controlled
winding deformations to evaluate the model’s ability to detect
failures.

Nevertheless, a test transformer cannot reproduce all of the
response characteristics of the real units as the relative dimen-
sions are very different. So model validation over real trans-
formers is also necessary.

A. Test Transformer

The test transformer is a 1500-kVA, 15000/400-V unit so
as constructed to be a real reduced scale model of a 60-MVA,
220-kV one in the main winding aspects (disk-type winding, oil-
paper insulation, voltage gradients between disks). It includes
an oil circulation pump that can be switched on or off to get
oil natural/air natural (ONAN) or oil forced/air forced (OFAN)
cooling.
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Fig. 1. Winding vibration measurement.

During the experimental stage, a great number of sensors,
both external and internal, were fitted into the transformer. Vi-
bration sensors were placed on the windings, on the core and on
several points of the tank. As the companion paper reports, the
comparison of internal and external measurements allows to find
those points of the tank where the best correspondence between
internal and external vibrations appears. This information, be-
sides assessing the most suitable point of the tank to measure
vibrations, also gives good insight into how the transformer vi-
brations are generated, the factors influencing them, and how
the vibrations coming from different sources are superposed.

Piezoelectric charge accelerometers were used for the mea-
surement of vibrations. The results obtained in [2] were taken
into account for this choice. Ten Briiel and Kjaer 4371-V ac-
celerometers were fitted inside the test transformer and four
were installed on the transformer tank. The accelerometers had
a grounded metallic chassis, so to avoid high potential gradients,
they were placed on the bottom of the windings (grounded neu-
tral side). Moreover, all of the accelerometers were mounted on
pressboard insulating plates.

Sensors were installed to measure winding vibrations on axial
and radial directions (Fig. 1), on the central phase, and on one of
the side phases, and to measure vibrations in the three directions
of the core (Fig. 2). Also, four accelerometers were installed at
four different points of the tank to measure external vibrations.

During the test temperatures, voltages and currents were also
measured on the transformer. For temperature measurement,
PT100 probes were fitted on different internal and external
points of the transformer. To measure voltages and currents,
instrument transformers and Hall probes were used.

B. Test Facility

The test transformer was installed in a test facility incor-
porating two auxiliary units: a phase-shift transformer and a
load recovery transformer according to section 5.2 of the IEC
60076-2 Standard (Fig. 3). These transformers are provided
with a tap changer that allows the test transformer to be loaded
with varying loads and power factors.

The phase-shift transformer is a 2000-kVA, 15 000/15 081-V
transformer with a variable phase angle between the primary

Fig. 2. Core vibration measurement in the radial direction in a plane parallel
to the sheets.

Fig. 3. Test facility electrical scheme.

and secondary voltages. The shift can be varied by selecting
the proper tap. The load recovery transformer is a 2000 kVA
13980/400 V with a variable primary voltage between 12 975
and 15000 V. By changing the load recovery and phase-shift
transformers taps, the active and reactive power through the test
transformer can be changed. These auxiliary transformers return
the power being conveyed by the test transformer to the grid,
so the test facility only consumes the power losses of the three
transformers.

C. Experimental Tests

Vibrations were measured on the healthy test transformer
(i.e., without winding deformation) in different working
conditions.

» Different loads: Twenty-five different loads were achieved
by selecting different taps of the auxiliary transformers.

» Different voltages: The test transformer was supplied with
variable voltage.

» Different power factor: Measurements were performed
with the transformer operating at the constant load and
different power factors.

» Different temperatures: Vibration variation while the
transformer was heating up with constant load was ana-
lyzed to study how vibration is affected by temperature.

» Different refrigeration modes: Vibrations were measured
with the transformer operating at the same load and the
pump switched on and switched off, respectively, to study
vibrations changes.
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In addition, to analyze if tank vibrations are sensitive to
winding deformations, this condition was provoked on the test
transformer. Vibrations before and after the deformation under
the same transformer operating condition were compared.

Simultaneously with internal and external vibrations, cur-
rents and voltages were also measured. Fourier transform of all
these variables was performed, and real and imaginary parts
of vibrations up to 800-Hz frequency were obtained. Zero
crossing of the 50-Hz fundamental voltage in the high-voltage
side was taken as the phase origin. For accurate computation of
fast Fourier transform (FFT), the signals were sampled during
1 s with a sampling rate of 4 ksamples/s. The signals coming
from the accelerometers were filtered with a hardware 10-Hz
high-pass filter and a 10-kHz low-pass filter. To avoid phase
shifts between harmonics due to a data-acquisition process, a
simultaneous data-acquisition board was used.

III. EXPERIMENTAL RESULTS

As was reported in the companion paper, the model algorithm
is

Vtank,100 Hz = (@ + Bbto)ito0 1y + (7 + 60t0)uioo (1

where Vtank,100Hz 1S the 100-Hz frequency tank vibration,
1200 11, and u? 1, are the 100-Hz harmonic of the current and
voltage squared, respectively, and 6y, is the oil temperature
measured at the top of the tank. As was explained, all of these
quantities (except temperature) are complex numbers. Besides
these input variables, the model equation has some parameters
a, 3,7, and ¢ that are also complex and shall be estimated
before using the model to monitor vibrations of a transformer.
To adjust these parameters, a least-squares algorithm shall be
applied to the model equation using a set of input and output
data measured in the transformer that is going to be monitored.

The model has been adjusted and validated using vibration
data measured on the test transformer during the healthy-con-
dition tests described in the previous section. To take into ac-
count the oil circulation pump influence on vibrations, the model
was tested separately for both ONAN and OFAN refrigeration
modes.

A. Natural Oil Circulation

1) Model Adjustment: To make the model adjustment, the
Matlab System Identification Toolbox was used. A set of input
and output data was used, corresponding to a period where the
transformer worked with the oil circulation pump switched off
with variable load, supply voltage, power factor, and tempera-
ture. It is important that the data set used to make the parameter
adjustment includes data corresponding to different operating
conditions in order to accurately characterize the dependence
of the vibrations on the different input variables.

Fig. 4 shows the results of the model in the adjustment pe-
riod in real (top graphic) and imaginary part (bottom graphic).
In both figures, 100-Hz-measured vibration is plotted in a solid
line and the estimated vibration is plotted in the dotted line. In
the bottom of every graphic, the difference between the model
outputs and the measured values' is shown. The parameters re-

IThis difference is denominated as error in the following.
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Fig. 4. A 100-Hz vibration in real and imaginary parts measured and
calculated in the adjustment period for ONAN cooling.

TABLE 1
MODEL PARAMETERS FOR ONAN COOLING

an 1.9782 x 10~% — 8.4195 x 10~ °3
Bn 8.9184 x 107 4 3.3062 x 10~ 4
Yn —1.2924 x 109 — 3.7829 x 10~ %
5n | —2.7914 x 10~ 1T 4+ 3.8659 x 10~ 115

TABLE 1I
VIBRATION MODEL AVERAGE AND MAXIMUM ERROR IN THE
ADJUSTMENT PERIOD FOR ONAN COOLING

Maximum error (ms~?)
0.2540.19:

Average error (ms~2)
0.07 4+ 0.06%

sulting from the model adjustment are shown in Table I and the
maximum and medium error obtained in Table II.

2) Model Validation: Once the parameters were calculated,
the model was applied to calculate tank vibrations on the trans-
former when operating in conditions different from those con-
sidered in the adjustment and after the calculated vibrations and
the measured ones were compared. Fig. 5 shows some results
corresponding to a period in which the test transformer load and
power factor were suddenly changed, maintaining every oper-
ating condition for a few minutes. A good agreement can be
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Fig. 5. A 100-Hz vibration in the real and imaginary part measured and
estimated in the validation period for ONAN cooling.

TABLE III
MODEL VALIDATION AVERAGE AND MAXIMUM ERROR FOR ONAN COOLING

Maximum error (ms~?)
0.30 + 0.02:

Average error (ms—2)
0.09 4+ 0.07¢

observed between the measured vibration (plotted in the solid
line) and the calculated one (plotted in the dotted line), being
the maximum and average error obtained (Table III) below ac-
ceptable limits.

B. Forced Oil Circulation

The same process described in the previous section was re-
peated for the case of the transformer working with forced oil
circulation (OFAN) using for the model adjustment and valida-
tion data corresponding to periods in which the transformer op-
erated with the oil circulation pump switched on, also obtaining
good results [3].

IV. MODEL VALIDATION IN FAILURE CONDITION

As has been pointed out, the model’s main objective is to de-
tect changes in the transformer windings geometry. To test if the
model is able to detect this kind of failure, an axial deformation
was provoked in one of the test transformer high-voltage (HV)

Fig. 6. Test transformer winding after (top) and before (bottom) the
deformation.

windings. Fig. 6 shows the transformer winding before (bottom)
and after (top) the deformation.

Fig. 7 compares the spectrum of the vibrations measured on
the bottom of the tank before and after the deformation for the
same operating conditions. As can be seen, the 100-Hz vibration
amplitude increases significantly, but small variations appear on
higher order harmonics. This result proves the feasibility of de-
tecting winding deformations by measuring tank vibrations and,
on the other hand, confirms that the 100-Hz vibration is the best
choice as model input.

Fig. 8 shows the vibration measured and calculated by the
model when the transformer was submitted to variable load after
provoking the deformation. Table IV compares the average and
maximum error of the model in this condition versus those ob-
tained when the transformer was healthy and submitted to sim-
ilar operating conditions. As can be seen in Table IV, the error
of the model in this case is much higher that in the cases without
deformation.

V. VALIDATION OVER A GRID TRANSFORMER

The model is being applied to monitor four grid in-service
transformers (30—40 MVA) owned by a Spanish utility since Oc-
tober 2003. Industrial accelerometers were placed in the bottom



168

N [] healthy transformer
T 257 [ deformed transformer
£
5 2r
3
2 L
g 1.5
£}
8
= 05}
=
0 = | rﬂ O Al [l D f="sl
0 100 200 300 400 500 600 700 800
Frequency (Hz)
1 T T T T T I
= [_] healthy transformer
Né. [ deformed transformer
= 05 E
g
3
S (1 om DU om
]
5
-
-05 . L . . . . L )
0 100 200 300 400 500 600 700 800
Frequency (Hz)
N_«Z 2k [ healthy transformer
£ [ deformed transformer
£
= 1F
[~
H
B oF - — g — o= == =— — & __ O= (- On —— ==
=
E
g
£ : . \ : ; ‘ . :
> 0 100 200 300 400 500 600 700 800
Frequency (Hz)
Fig. 7. Vibrations at the bottom of the tank before and after simulate the
deformation.

of the tank to measure tank vibrations. Also, electrical quantities
(currents and voltages) and temperature are measured simulta-
neously to vibrations.

In Fig. 9, some results are shown corresponding to one week
of the model working over one of these monitored transformers
(40 MVA, 132/66 kV). In this transformer, three accelerometers
were placed to monitor tank vibration, one under every core leg.
The results shown correspond to the model fed with data taken
over the central leg. It should be noted that to apply the model
to monitor the vibrations of the different columns, parameter
adjustment must be done with the data coming from the corre-
sponding accelerometer.

As before, at the top of the figure, real 100-Hz vibrations are
plotted and, in the bottom, 100-Hz imaginary vibrations. In both
figures, calculated vibrations are plotted in the dotted line. A
good agreement can be seen between measured and calculated
vibrations. As can be noticed, vibrations in the power trans-
former connected to the network present daily cycles which re-
sult from a vibration dependence on the load.

VI. CONCLUSION

In this work, a model has been proposed to monitor trans-
former tank vibrations. In the companion paper, the theoretical
foundation of the method was shown and the model algorithm
was obtained. In this paper, the experimental validation of the
model was reported. The main goal of the model is to allow the
early detection of deformations in transformer windings.
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Fig. 8. A 100-Hz real vibration measured versus estimated with deformation
for ONAN cooling.

TABLE IV
ERROR WITH THE DEFORMATION VERSUS ERROR WITHOUT
THE DEFORMATION. ONAN COOLING

Deformed transformer
Eav (ms—?) Emax (ms—?)
0.56 + 0.601 1.30 4+ 1.22;

Healthy transformer
Eav(ms—2) | Emax(ms™—2)
0.0940.07¢ | 0.30 + 0.02¢

The model calculates how the transformer tank should vibrate
if it was healthy and by comparing the calculated and measured
vibrations it determines if something abnormal happens inside
the transformer. The main advantage of the model is that it can
be applied for online monitoring without installing any internal
sensor in the transformer.

Model experimental validation was first made over a
1500-k VA test transformer constructed as a real reduced scale
of a 60-MVA unit. This transformer was fitted with internal
and external accelerometers to compare internal and external
vibrations; the comparison of these data was very useful during
the model development. Test transformer load and power factor
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Fig. 9. A 100-Hz real vibration measured versus calculated in a grid
transformer.

can be varied easily at will by means of two auxiliary trans-
formers which allows validating the model over very different
operating conditions. Once the model is validated in normal
conditions, its ability to detect winding deformations was
tested. For this purpose, an axial deformation was provoked on
the test transformer winding and the response of the model and
the measured vibrations with that deformation were compared.

Finally, in addition to the model validation over the test trans-
former, some results obtained with the model applied to a real
in-service grid transformer are shown.
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