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ARTICLE INFO ABSTRACT

Signal analysis techniques play an important role in detection and classification of faults in a
transformer. Fourier analysis based frequency domain transformation is the most widely
applied procedure for the detection of impulse and short circuit faults in power transformers.
In this method the neutral current has typical signatures that represent fault conditions and
are reflected as changes in natural resonant frequencies in the frequency domain. However
these currents are non stationary in nature and hence require a time frequency transformation
based signal analysis technique. This paper presents a new approach for the analysis of
transformer winding deformation due to short circuit condition using S transform. The
proposed method is validated through experimentation on a specially designed 6.6 kV
voltage transformer that has facility to introduce winding deformation in a reproducible
manner.

INTRODUCTION
In a power network the transformers are probably the most
expensive equipment, failure due to reasons such as short circuit
may lead to interrupted power delivery and major economic loss.
As windings are considered to be the heart of the transformer,
assessing the dielectric and structural integrity of the winding
becomes an essential task. While impulse test a routine test
demonstrates the dielectric strength, short circuit test on the other
hand is a special test conducted as per the guidelines specified in
standards such as IEC-60076, Part V, 2000 to validate the
mechanical integrity [IEC 60076-Part v, 2000]. There is a
possibility that a transformer may fail during the test. Hence the
windings need be untanked and visual inspection is carried out to
verify the condition of the windings [S.Kulkarni et al., 2004].
Reactance measurement before and after the short circuit enabled
winding deformation but is an offline procedure and hence later
high frequency excitation in concurrence with power frequency
was proved for online reactance measurement [S.Santhi et al.,
2006]. Transfer function measurement and frequency response
analysis (FRA) methods exists but could not retain the time
information [K. Ludwikowski et al., 2012, E. Rahimpour et
al.,2003, M. Florkowski et al., 2003].   With advancements in
high resolution based measuring systems and high speed
computing facilities researchers are motivated to develop signal
analysis techniques for the detection of winding deformation with
improvement in detection sensitivity. Time scale analysis using
wavelet transform (WT) for detecting the transformer winding
deformation is attempted but the method does not provide direct
time frequency representation [S. Santhi et al., 2008]. Time
frequency analysis using Wigner Ville distribution for detection of
winding deformation in transformer is shown to provide better
detection sensitivity but the method has the limitation of cross
term interference [S. Santhi et al., 2005].

In this paper we propose time frequency analysis method using
Stockwell (S) transform for the detection of winding deformation
in transformers. The method is validated through experimental
work on a specially designed transformer winding considered as
device under test (DUT).

Problem Formulation

Winding deformation, a structural fault needs attention to a greater
extent. Detection of winding deformation as a result of short
circuit is highly essential to prevent catastrophic events. In
principle the winding current waveforms are subjected to
investigation to identify a fault condition. Time domain analysis
of winding deformation is not always possible since it necessitates
that the comparison of no fault and faulty current waveforms
requires that the two waveforms need be identical in shape.
However, the FRA method can cater the need but it does not
retain the time information. Hence the need for time frequency
analysis emerges and the problem is formulated with the objective
to develop S transform based winding deformation identification
system which further aids automated analysis of structural faults.

Short Circuit Forces in Transformer

When transformer windings experience a short circuit it deforms.
A current more than twenty times the rated current flows through
the windings when short circuit occurs in transformer. The
interaction of short circuit current with the axial flux in the air gap
between windings produce radial short circuit force and the
interaction of short circuit current with radial flux produce axial
short circuit force. The short circuit forces thus created tends to
deform the windings and cause radial and axial deformation in the
windings. Short circuit forces are potentially very destructive and
cause substantial permanent winding deformation and collapse
can occur almost instantaneously. Fig. 1 shows the schematic of
short circuit forces in winding as a result of short circuit [K.
Karsai, D et al., 1987]. The winding electrical parameters such as
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self inductance, mutual inductance, series, and shunt capacitance
change due to winding deformation. The natural frequencies of
the winding depend on these parameters, and during a short circuit
condition the winding current exhibit change that is observable as
frequency shift in the frequency domain. The winding
deformation detection can be achieved by the determination of
changes in natural frequencies of the windings.

Theory of S Transform

This section provides a brief overview of underlying theory of S
transform. Most of the real time signals are nonstationary in
nature for which a time frequency signal analysis is essential. The
importance of this type of analysis is to have good representation
of signal and to observe the distribution of the signal energy both
in time and frequency [Ronald L.Allen et al., 2004]. The STFT
initially developed for time frequency signal analysis cannot track
the dynamics because of its fixed window width capability. To
overcome this limitation S transform has been developed. The S
transform proposed by Stockwell employs a variable window
length and can be visualized as the combination of short-time
Fourier (STFT) and wavelet transforms. Further it can be viewed
as an extension of Gabor transform and is a linear transform that
can be used as both an analysis and a synthesis tool which is not
in the case of some of the bilinear transforms such as WVD [
Sitanshu Sekhar Sahu et al., 2009].
The STFT of signal h(t) is defined as

dteTgthfSTFT ftj  2)()(),( 
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where τ is the time spectral localization and f is Fourier frequency
and g (t) is the window function. The expression for S transform
can be derived from equation (3) by replacing the window
function g (t) with frequency dependant Gaussian function as
mentioned below.
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The salient feature of S transform is that it uniquely combines
progressive resolution and absolutely referenced phase.

Validation of S Transform Algorithm with Synthetic Signal

The algorithm to implement the S transform is developed through
Matlab coding. In order to verify the coding a non stationary
distinct sinusoidal signal is simulated as per the detail given
below.

Low frequency: 5Hz
Middle frequency: 20Hz
High frequency: 45Hz
Total time: 1s

The simulated distinct sinusoidal signal in time domain is shown
in Fig. 2. The frequency spectrum of the distinct sinusoidal signal
is computed and is shown in Fig. 3. The frequency components 5
Hz, 20 Hz and 45 Hz are evident but their time of occurrence is
not observable. Fig. 4 shows the S transformed signal in time
frequency domain. It is observed that S transform presents a better
representation of the signal since it retains the time information.
The low frequency component 5 Hz lies in the time range from
0.1 sec to 0.5 sec  the mid frequency 20 Hz in the range 0.5 sec to
1 sec and the high frequency 45 Hz in the range 0.09 sec to 0.099
sec. The colour bar indicates the energy concentration of the
signal in terms of S coefficients.

Experimentation for Winding Deformation Analysis

In order to study the effectiveness of S transform for winding
deformation analysis short circuit test is conducted on DUT. The
schematic diagram of short circuit test principle is shown in Fig. 5
and the experimental arrangement is shown in Fig. 6. Since
concurrent high frequency excitation has been demonstrated as
valid excitation for deformation detection [S.Gopalakrishna et al..,
2009], a chirp excitation consisting of 5 chirps with a total time of
5 ms is generated using Agilent arbitrary function generator
HP33220A. The chirp sweep frequency range is selected as 20
kHz to 80 kHz since it includes the dominant resonant frequency
of the DUT that is observed to be 53 kHz through a low voltage
impulse test. Each chirp is of 1 V magnitude and has a sweep time
of 1 ms.  This chirp excitation is applied to the HV winding of the
DUT under shorted secondary (LV) winding condition.

Fig. 1 Schematic diagram of radial and axial forces [2]

Fig. 2 Simulated non stationary distinct sinusoidal signal in time
domain
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Fig. 3 Simulated non stationary distinct sinusoidal signal in
frequency domain
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In order to assess the dynamic sensitivity of winding deformation
detection, experiment is conducted in the manner as described
below. The secondary is kept in the reference plane under normal
condition. To simulate instantaneous axial displacement of
secondary it is raised from the reference plane to the top level of
HV winding and dropped suddenly while a series of chirp
excitation is applied to the HV winding. During the course of the
movement of secondary it causes variation in mutual inductances
that reflects as change in the current through the HV winding.
This winding current is measured and analysed chirp by chirp
basis to enable analysis of winding axial deformation.

The winding current response for individual chirp as shown in
Fig. 7 clearly indicates that it is a non stationary signal.  The
winding current response of each chirp is transformed to
frequency domain using FFT computation as shown in Fig. 8 and
the dominant resonant frequency is observed to be 53 kHz. The
figure shows other resonant frequencies but the times of
occurrences of these frequencies are not indicated.

From the frequency response of the DUT natural resonant
frequencies of the winding are identified as 27 kHz, 33 kHz, 37
kHz, 40 kHz, 43 kHz, 53 kHz, 63 kHz, 64 kHz and 74 kHz. In
order to observe the variations in these frequencies in each chirp
responses, a time frequency analysis is required and hence S
transform is applied to each winding current chirp responses. Fig.

9 and Fig. 10 show the time frequency distribution of winding
current with first chirp and fourth chirp respectively. One can
appreciate that the winding current signal energy concentration is
maximum in the time range 0.4 ms to 0.7 ms the phenomenon that
is observable in the time domain response of the winding current
also.

To study the sensitivities of various resonant frequencies to
winding axial deformation the instantaneous changes of each
frequency is determined from the time frequency distribution of
the winding current for all the five chirp responses. Fig. 11 and
Fig. 12 show the instantaneous changes in some of the resonant
frequencies in chirp 1 and chirp 4 responses.

The instantaneous variation of various frequency modes in each
chirp is determined to study the effect of winding axial
deformation in winding current response. Fig. 13, Fig. 14 and Fig.
15 show respectively the instantaneous variation of resonant
frequencies 27 kHz, 33 kHz and the winding current dominant
resonant frequency 53 kHz.

Fig. 4 S transformed non stationary distinct sinusoidal signal
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Fig. 5 Experimental arrangement

Fig. 6 Photograph of the DUT

Fig. 7 Winding current response of individual chirp excitation

Fig. 8 Winding current response of individual chirp excitation in
frequency domain

Fig. 9 S transformed chirp 1 winding current
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It is evident that observation of instantaneous changes in resonant
frequencies would certainly provide better information for the
detection of winding deformation than the existing Fourier based
analysis. Table 1 reveals the sensitivity of resonant frequencies to
winding axial deformation. Further it is observed from the Table 1
that the resonant frequency 27 kHz responds better than the
dominant resonant frequency 53 kHz.

To consolidate the observations made so far, it is evident that the
method can be extended to achieve online analysis. This would be
possible provided a high resolution based measurement and high
speed computational facilities are available. During the procedure
of short circuit test three shots of excitation are applied for a total
time of 1.5s in which one shot time is 0.5s.

On acquiring the winding current samples if S transform is
computed for an ensemble of records the instantaneous changes in
natural frequencies of the winding can provide information to
identify winding deformations. Thus the study encourages
applying time frequency analysis through S transformation.

In addition it provides also a means to extract statistical features
such as mean, standard deviation and mode in order to devise an
automated analysis system.

CONCLUSION
This paper has explained the application of S transform for
transformer winding deformation analysis. The method of
analysis has been demonstrated through experimentation on a
specially designed 6.6 kV voltage transformer winding. Axial

Fig. 10 S transformed chirp 3 winding current
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Fig. 11 Instantaneous variation resonant frequencies in chirp1
response
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Fig. 12 Instantaneous variation resonant frequencies in chirp4
response
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Fig. 13 Instantaneous variation of 27 kHz frequency mode in five
chirps
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Fig. 14 Instantaneous variation of 33 kHz frequency mode in five
chirps
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Fig. 15 Instantaneous variation of 53 kHz frequency mode in five
chirps
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Table 1 Effect of winding deformation on resonant
frequencies

Resonant frequency
(kHz)

% Change in energy of five chirp
responses with respect to chirp1

27 1.23
33 0.94
37 0.76
40 0.63
43 0.42
53 0.16
74 0.32
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winding deformation simulated in the DUT under short circuit
condition. The study on the effect of winding deformation on
resonant frequencies is encouraging. Further it is evident that time
frequency distribution obtained through s transformation of
winding current provides feasibility to identify winding
deformation. The dynamic sensitivity is treated in this work to
validate the approach that the work may be extended to perform
online analysis of winding deformation.
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