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Abstract

This article presents a novel procedure for applying controlled transient signals analysis with the goal of obtaining
the frequency response (FRA) with the transformer in service. For the procedure the method used is IFRA (Impulse
Frequency Response Analysis) complemented with the Wavelet Transform. IFRA, has been implemented in
previous works to transform transient signals from the time domain to the frequency domain by means of Fast
Fourier Transform (FFT); however, Fourier is not the most suitable tool for this type of analysis since by definition,
Fourier is useful for processing stationary signals. Taking that into consideration it was used Wavelet Transforms,
given their variable time/frequency resolution, which improved the repeatability of the frequency response curves,
as observed in experimental results.

The analysis developed was applied in a single-phase distribution transformer of 7620/240 V, 3 kVA, to show
the viability of the proposed method, for obtaining the frequency response curve, which could be used for power
transformers in service.

Keywords: transformer, on-line FRA, transient signals, signal processing.

Resumen

El siguiente articulo presenta un nuevo procedimiento para emplear sefiales transitorias controladas con el cual se
puede obtener la respuesta en frecuencia (FRA) del transformador en servicio. El procedimiento emplea el método
IFRA (analisis de la respuesta en frecuencia ante un impulso) complementado con la Transformada Wavelet. El
método IFRA ha sido implementado en trabajos previos, pasando sefiales temporales al dominio de la frecuencia
usando la Transformada de Fourier, sin embargo, Fourier no se considera la herramienta més eficaz para este tipo de
analisis dado que fue desarrollada para el procesamiento de sefiales estacionarias. Teniendo en cuenta lo anterior, en
este trabajo se empled la Transformada Wavelet dado su variabilidad en resolucion en el dominio tiempo-frecuencia,
con lo cual se mejoro la repetitividad de las curvas de respuesta en frecuencia tal como se observa en los resultados
experimentales.

El analisis desarrollado fue aplicado a un transformador de distribucion monofasico de 7600/240V, 3 kVA, mostrando
la viabilidad del método propuesto, el cual podria también emplearse para la obtencion de la curva de repuesta en
frecuencia en transformadores de potencia en servicio.

Palabras clave: Transformador, FRA on-line, sefiales transitorias, procesamiento de sefnial.
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1. Introduction

Power transformers are the most expensive
equipment in the power system, and for this
reason it is very important to prevent their failure
and to detect problems as early as possible.
Transformer monitoring based on the operating
condition is a tool for early risk situation detection
and can be used to make appropriate decisions
before a failure occurs. Frequency Response
Analysis (FRA) is a technique for assessing the
power transformer condition, currently accepted
worldwide as a complementary support to other
diagnostic techniques, and it is especially valuable
for detecting potential mechanical problems, like
displacements or deformations in the windings
and the core sheets, faults that are very difficult to
locate with other methods (Aponte, 2011).

Currently the FRA test is performed with the
transformer without loading and de-energized,
generating high costs and decreasing supply
reliability. This implies that the test is usually not
scheduled as frequently as desired, but only when
a failure is suspected; for this reason the on-line
performance of the frequency-response technique
offers substantial benefits for scheduled-based
diagnosis in a non-stop service and moreover it
could even lead to condition-based maintenance.
The on-line FRA method has been implemented
through an Impulse Frequency Response Analysis
(IFRA). This type of on-line monitoring can be
carried out by taking advantage of the transients
traveling throughout the system, by measuring them
at the input and output of the transformer. Given
that those transients might have different causes
and characteristics, problems like noise and low
repeatability of results (frequency response curve)
need further investigation to improve the technique
(on-line IFRA) (Gomez-Luna et al, 2013).

Different attempts have been made to carry out
the frequency response test with the transformer
in service (Gomez-Luna et al, 2013), but most
research results still need to ensure measure
repeatability and guard against the influence of
external factors inherent in the operation of the
transformer in the power system.
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Consequently, this study presents the analysis of
transient signals in Wavelet domain (time-scale)
in order to de-noise the signals and compute the
frequency response curve (impedance curve)
that could allow assessment of the transformer
condition. Improved repeatability of the frequency
response curves has been observed in experimental
results with the proposed method; the transient
signals computed by using Continuous Wavelet
Transform (CWT) exhibit better repeatability
than those computed by using Fourier Transform.
Likewise, experiments reveal the convenience of
Wavelet-based de-noising strategies.

1.1 Monitoring of transformers based on
controlled voltage and current transients

Transient analysis is a signal processing task
performed in several power system studies like:
fault detection, system protection, power quality
disturbances detection and modal analysis, among
others. Some non-invasive monitoring techniques
include the analysis of current and voltage
transients, and recently the analysis of transients
has also been proposed as a method for identifying
the frequency response with the transformer in
service (Malewski et al, 1988; Coffeen, 2003;
Wang, 2003). The problem with those proposals
is that they use as input uncontrolled signals
associated with disturbances inherent in the
normal operation of the electrical network:
switching pulse (opening and closing switches)
or atmospheric events (lightning), where high-
frequency components predominate.

Currently the on-line IFRA method uses the
disturbances inherent in the normal operation of
the electrical network, such as switching-type
pulse waves (induced by switches opening and
closing) or pulse waves induced for instance
by atmospheric events (lightning), where high-
frequency components predominate; however,
these signals occur in random occurrences. This
means that the shape of the disturbance is not
controlled; therefore, a sufficient spectral content
is not ensured, and for that reason this work was
focused on developing a procedure to obtain the



Ingenieria y Competitividad, Volumen 15, No. 2, p. 23 -33(2013)

on-line frequency response by applying controlled
transient signals to the on-line transformer.

The controlled signals are injected into the
transformer by means of a generation pulse circuit
that permits trigger timing control and ensures an
adequate pulse wave shape for a wide frequency
content in the input and the output signals (from
Hz to MHz).

This procedure use a controlled transient signal
allowing to change the amplitude, the width, and
the phase of the pulse generated on the 60-Hz
wave, making sure it had a high spectral content

and having a total control over it. Figure 1 shows
an example of uncontrolled and controlled signals
in the power system.

The injection system of controlled pulses used
in this work was proposed in (Gomez-Luna et al,
2013), having a zero crossing detector of the 60-
Hz wave for controlling the injection moment. The
injection system diagram is presented in Figure 2.

The voltage and current signals are sampled
at a rate of 60 Ms/sec and 12 bits of resolution
using the data acquisition recorder PCI-5105
manufactured by National Instruments.
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Figure 1. a) Uncontrolled transient signals and b) controlled transient signals.

25



Ingenieria y Competitividad, Volumen 15, No. 2, p. 23 -33 (2013)

High Voltage
Capacitor
BTC
Transformer
under test
97
Voltage
Source

O>»0r IQJ
}IN2J19 uonoalu| j

Figure 2. Pulse injection setup for the transformer
under test.

1.2 Mathematical tools for transient signals
analysis

Power system transients analysis and signal
processing can be carried out by transforming
the signal from the time domain to the frequency
domain by using, among other tools, the Fourier
Transform (FFT) or the Wavelet Transform (WT)
(Robertson et al, 1996; Gomez-Luna et al, 2013).
One of the tools used for obtaining the on-line
frequency response method from transient signals
is the Fast Fourier Transform (FFT); however,
this tool is more useful for processing stationary
signals (Robertson 1996). Even though the
Fourier Transform has some improved versions
of this application, such as the Short-Time Fourier
Transform (STFT), the results still reveal room
for improvement. This can be explained by the
Heisenberg uncertainty principle which, in terms
of signal processing, indicates that it is not possible
to find the exact frequency and the exact time when
the (sinusoidal) signal components take place.
Taking that into consideration, the analysis of
transient signals could be hypothetically improved
by using Wavelet Transforms, given their variable
time/frequency resolution (Leonowicz et al. 2003).

In this work it was used the Continuous Wavelet
Transform (CWT) instead of the FFT for transient
signals analysis in order to obtain the transformer
frequency response curve (impedance curve). An
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improved repeatability of the frequency response
curves was observed in experimental results,
showing the convenience of Wavelet-based de-
noising and filtering strategies.

1.3 Wavelet transform (WT)

The Wavelet Transform, which has received
considerable interest in the field of electrical
signals, is proposed as a fast and effective means
of analyzing voltage and current transients
recorded during power system disturbances.
Like the familiar Fourier Transform, the Wavelet
Transform decomposes a signal into its frequency
components.

The basis of the Fourier Transform are sine and
cosine functions and, in the case of the Short-Time
Fourier Transform (STFT), a window function is
added to analyze a determined signal. With the
WT the base and window function concepts are
naturally conjugated to overcome the problem of
solving the analysis with the Fourier approach
(Paraskar et al. 2012, Duarte et al, 2012).

Wavelet Transforms have been used for capturing
and analyzing power system transients (Mokhtari
et al, 2002). The objective is to decompose a
signal into different frequency components, so
that the decomposition stems from a family of
functions that are translations and dilations of a
y(t) function, called wavelets or mother wavelets.
These translation and dilation processes are
defined in Eq. (1).

1 [t—rj 0
l/lr,a \/gl/j a

where T conducts the translation and & provides
the dilation (or scaling).The wavelets must have
zero average value, finite energy, and fulfill
an eligibility condition; these three criteria
are formulated in Equations (2), (3) and (4)
respectively.

[ w@a =0 @)



Ingenieria y Competitividad, Volumen 15, No. 2, p. 23 -33 (2013)

J'i\y/(t)\ 2dt <o 3)

(o)) 4)

= ! J.OO| dw < ©
B

Cy

where (o) is the Fourier Transform of y(t).

For transient signal analysis, the procedure uses
the Discrete Wavelet Transform (DWT) and the
Continuous Wavelet Transform (CWT).

1.3.1 Discrete wavelet transform (DWT)

To improve efficiency in terms of computational
calculation, the parameters used in Eq. (1) take
the values a =2 and t,=1, which define a practical
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form of the DWT called Multi-Resolution
Analysis (MRA), which can be seen as a signal
decomposition by using high-pass filters (HP) and
low-pass filters (LP), as shown in Figure 3a.

The low-pass filter output is known as
approximation and the high-pass filter output is
known as detail.

Figure 3b shows how the bandwidth of
the measured signal is divided during the
decomposition process.

The MRA analysis decomposes a transient signal
from the time domain into low and high frequency
information by using high-pass, g[n], and low-pass
filters, h[n], to obtain two types of coefficients:
the detail coefficients Dn (low frequency) and the
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Figure 3. a) MRA decomposition tree b) MRA bandwidth division.
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approximation coefficients An (high frequency) at
decomposition level n, as shown in Figure 3.

Discrete Wavelet Transforms can remove noise
from transient signals by using different de-
noising strategies that allow removal not only of
background noise but also low frequency noise
like harmonic distortion and other frequency-
localized phenomena.

Filtering and de-noising processes which are
possible with the MRA of the Discrete Wavelet
Transform (DWT). The mother wavelet
Daubechies 4 (db4), which is commonly used
for filtering electrical signals (Zheng et al. 2010)
was applied to eliminate the electrical system
background noise (de-noising) (r(t)) affecting the
de-noised voltage and current waveforms.

The power system harmonics were also removed
from the signals by modifying the coefficients
from a MRA using mother wavelet Daubechies
10 (db10). Then, the voltage and current transient
signals were processed to compute the respective
frequency spectrum of the transformer.

The de-noised voltage and current waveforms,
v(t) and i(t), were processed using Continuous
Wavelet Transform (CWT) in order to compute
their spectra, V(o) and I(w) . For comparison
purposes, the spectra based on Fast Fourier
Transform (FFT) were also computed. The
transformer impedance Z(w) was computed as the
ratio of the voltage spectrum V() to the current
spectrum I(®) for every frequency component.

1.3.2 Continuous wavelet transform (CWT)

The Continuous Wavelet Transform (CWT) is
defined in Eq.(5):

CWT, ., (z,a)= \/IEIZ x(;)w*(t ; T)dt
(%)

where a isthe scaling factor, 7 is the time shifting
factor, y(¢)is the mother wavelet function, and
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x() is the signal to be transformed (Robertson et
al, 1996).

In this work it was used the mother wavelet Morlet
because it is frequently employed to study signal
time-frequency properties (Duarte et al, 2012; L4,
2011) and because it provides control over both
central frequency and spectrum bandwidth.

The on-line IFRA  technique requires
transformation of the signal from the time domain
to the frequency domain. Since the Wavelet
Transform maps a signal to the time-scale domain,
itis necessary to integrate the shifting time domain.
(Gomez-Luna et al, 2013) proposed Eq.(6), which
was used to compute the transformer frequency
response from transient signals.

j T,

2
v(t)(r,aj dr

fa:L 6)

Where Z_ is the impedance for a given scale “a”.
CWT, and CWT, are the CWT of voltage and
current signals, respectively.

Ja

Je is the central frequency of the mother wavelet
spectrum.

is the frequency associated with a given scale “a ™.

Three processes are necessary to obtain on-line
FRA: de-noising, filtering and spectrum. With the
Wavelet Transform it is possible to do all three.

2. Methodology

The methodology developed for the experimental
tests is shown in Figure 4, on-line frequency
response measurements from transient signals
were performed on a transformer of 7620/240V, 3
kVA under load and no-load conditions. Figure 5
shows a single-phase transformer under test. The
new procedure for applying controlled transient
signals analysis was used.
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The setup used to measure the transformer voltage
and current transient signals is shown in Figure
5, indicating the main components in the on-line
test that was employed to obtain the frequency
response by injecting controlled pulses.

2.1 On-line FRA tests

The monitoring of the transformer was based on the
continuous tracking of changes in the frequency

response curve. Therefore, the repeatability of the
curve is the relevant feature to be investigated in
a given frequency response analysis technique.
In this regard, Figure 6 and Figure 7 present the
on-line frequency response curves computed from
two and three measurements taken at different
times on the transformer, with no variations in
its physical structure. It can be observed that the
curve computed by using CWT exhibits better
repeatability than that computed by using FFT.
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Figure 6. On-line IFRA curve at low voltage side energized with a high voltage side in open circuit using. a) CWT: (_)Test 1
CWT on-line curve, (- - -)Test 2 CWT on-line curve and, b) FFT: (~—-)Test I CWT on-line curve, (---)Test 2 CWT on-line curve
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3. Results and discussion

Figure 6 and Figure 7 present the frequency
response obtained from applying controlled
signals and using CWT, in which can be seen the
curves repeatability, which is a relevant condition
when using the frequency response analysis
technique. In this regard, the on-line frequency
response curves were computed from two or

uh
T

three measurements (injected pulses called “test
#7) taken at different times on a single-phase
transformer, with no variations in its physical
structure.

Table 1 and Table 2 show the qualitative and
quantitative results of the curves obtained using
Wavelet Transform, according to the results
shown in Figure 6 and Figure 7, respectively, for
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Figure 7. On-line IFRA curve at loaded 100% low voltage side with a high voltage side in short circuit using: a) CWT: (—--)

Test 1 CWT on-line curve, (- - -)Test 2 CWT on-line curve, (—)Test 2 CWT on-line curve and, b) FFT: (-——)Test 1 FFT on-line
curve, (~--)Test 2 FFT on-line curve, (—)Test 2 FFT on-line curve
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two configurations: the transformer energized
(Figure 6) and the transformer loaded (Figure 7).
The test label in the figures refers to the number
of injected pulses.

Table 1. Computation of on-line IFRA curves of Figure
7 based on Continuous Wavelet Transform (CWT) and
Fourier Transform (FFT).

Feature Wavelet Fourier
Transform Transform
Smoothness Good Not Good
Repeatability Good Not Good
Computing Longer Shorter
time (~40.2 s/curve) (~32.1 ms/curve)

Table 2. Computation of on-line IFRA curves of Figure
8 based on Continuous Wavelet Transform (CWT) and
Fourier Transform (FFT).

Feature Wavelet Fourier
Transform Transform
Smoothness Good Not Good
Repeatability Good Not Good
Computing Longer Shorter
time (~39s/curve) (~31 ms/curve)

4. Conclusions

This paper presents a new procedure to obtaining
on-line transformer Frequency Response by
applying controlled pulses and using the Wavelet
Transform as an improved alternative to the
Fourier Transform.

The effectiveness of the Continuous Wavelet
Transform (CWT) applied to transient signals in
the computation of on-line Frequency Response
Analysis curves for transformers has been
evidenced in this study, showing that on-line [IFRA
based on CWT outperformed the correspondent
one based on Fast Fourier Transform (FFT) in
terms of repeatability, smoothness and signal de-

32

noising. The computation time, however, was
longer for the CWT-based approach.

Although the potential of the on-line IFRA using
the Continuous Wavelet Transform has been
experimentally demonstrated in this study, further
investigation is necessary in order to make the
on-line IFRA method as effective and useful as
the standard off-line FRA method, for power
transformers.
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