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Abstract

This article presents a practical assessment and validation of the new proposed approach based on the continuous wavelet transform (CWT)
to obtain the electrical impedance phase from online transient signals for a real transformer. Besides the mathematical procedure presented
in a previous paper, an electronic system was also designed and implemented, in order to inject superimposed controlled pulses to the
power system (50/60 Hz) wave. The results show improved performance of the wavelet transform compared to that of the Fourier
Transform, for transient signal analysis to be applied on a nonintrusive transformer monitoring approach. Particularly, this new approach
proves useful in overcoming problems related to signal filtering and signal processing in an online frequency-response analysis of a
transformer diagnosis.

Keywords: continuous wavelet transform (CWT); frequency response; online supervision and control; power system transients and
transformers.

Obtencidn de la fase de la impedancia eléctrica usando transformada
Wavelet y transformada de Fourier de sefales transitorias.
Parte 2: evaluacion practica y validacion

Resumen

Este articulo presenta la validacion y evaluacion practica para la nueva propuesta presentada, basada en la Transformada Wavelet Continua
(CWT) para obtener la fase de la impedancia eléctrica de sefiales transitorias en linea de un transformador real. A parte del procedimiento
matematico presentado en la parte 1, también se disefio e implementd un sistema electrénico para inyectar pulsos controlados en la onda
del sistema de potencia (50/60 Hz). Los resultados muestran un mejor rendimiento de la Transformada Wavelet en comparacién con la
transformada de Fourier, para el analisis de sefiales transitorias para ser aplicado en un enfoque de monitoreo de transformadores no
intrusivo. En particular, este nuevo enfoque permite superar algunos problemas de filtrado y procesamiento de sefiales en el analisis de
respuesta en frecuencia de un transformador en servicio.

Palabras clave: transformada Wavelet continua (CWT); respuesta en frecuencia; supervision y control en linea; transitorios del sistema
eléctrico y transformadores.

1. Introduction transformer in service) was presented in a previous paper [1-6].
This new method is based on the continuous wavelet

A new theoretical method to obtain the frequency response transform (CWT), which enables improved performance
from the online transient signals measurement (with the compared to the traditional Fourier transform. The transient
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Figure 1. Schema of the proposed method for the measurement of the online
FRA in transformers.
Source: [5].

signals presented as examples in that paper came from
simulations within the Alternative Transients Program
(ATP). In recent years, there has been a growing interest in
frequency-response analysis (FRA) with the transformer in
service, since no transformer disconnection is required to
conduct the test.

Testing under these conditions allows for the monitoring
of the transformer and the detection of any abnormalities
before they cause catastrophic failures in power grids [2,3].
Although there have been efforts and contributions to carry
out the frequency response test with the transformer in
service, state of the art is not mature and there is still much
research to be done [4].

This paper presents the assessment and validation of the
proposed method in real transformers, using the continuous
wavelet transform (CWT) [1] as a powerful tool for the
filtering, denoising, and processing of transient signals. As
will be shown, improvement is achieved when using this new
method, including non-repeatability effects and noise content
in the measurements, as well as in non-periodical waveforms
processing constraints.

2. Experimental set in the pilot transformer
Fig. 2 shows the experimental set in the pilot transformer

carried out in the high-voltage laboratory of the Universidad
del Valle [6] and Fig. 3 shows the pilot transformer. An OFF-
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Figure 2. Experimental set in the pilot transformer.
Source: [6].
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Figure 3. Pilot transformer.

Source: [6].
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Figure 4. Time domain voltage signal, with a 2ms window of 20.000 samples
at 10M samplesf/s.
Source: The authors.
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Figure 5. Time domain current signal, with a 2ms window of 20.000 samples
at 10M samplesf/s.
Source: The authors.

LINE test was performed in a transformer, with high voltage
winding short circuited and low winding open to obtain the
transient signals. Results of voltage and current signal
measurements are shown in Fig. 4 and Fig. 5, respectively

3. Practical proposed method for carrying out the
online FRA test

The proposed method to obtain the frequency response
with the transformer in service (online) involves the three
stages presented in the block diagram shown in Fig. 1.
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3.1. Stage 1. Injection and signal measurements

An electronic circuit was designed and implemented for
the injection system to inject microsecond-width controlled
voltage pulses on the power wave of 60 Hz [4]. The injection
system enables setting the amplitude, width, and phase of the
generated pulses, by means of the circuit shown in Fig. 6,
with Fig. 7 showing an example of controlled pulses on the
(60 Hz) voltage signal.

Ferrite
Transformer

Main Supply
Voltage

Supply Circuit Capacitor

Rectifier

Figure 6. Actual assembly of the injection system for online IFRA.
Source: [3].
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Figure 7. Controlled pulses on the (60 Hz) voltage signal used for the online
IFRA method.
Source: The authors.
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3.2. Stage 2. Filtering, denoising, signal acquisition, and
processing

The voltage and current signals were modeled according
to S(t) presented in Eqg. (1), which is composed of three
terms. The first one represents the nature of the transformer’s
condition itself and constitutes the main information we want
to extract from the measurement. It is mathematically defined
as a summation of N terms, where By, are the residues and P,
the modes or poles determining the shape of the transient
signal. This main information is contaminated by the
background noise n(t), and the harmonic distortion h(t)
coming from the fundamental power 50/60-Hz frequency
component.

A, 85(205), pp. 105-110, June, 2018.
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Figure 8. Block diagram of the filtering and signal processing of S(t).
Source: [3].

Once made filtering applies the CWT, it is defined as Eq. (2) [5].

1 r® t—1
wr= = | O e @)

Where the asterisk represents the conjugate of the
complex function, f(t) is the transient signal itself, y(t) is
the wavelet function which defines the mother wavelet in use,
in which “z” conducts the translation and factor, and “a”
provides the dilation (or scaling) factor.

In part 1, it was demonstrated that using the mother
wavelet Complex Morlet yields excellent results [1]. The
complex Morlet wavelet transform is defined in Eq. (3) [5-
16].

W(t) = n.—%(ejwot _ e—%W§)e—o.02r2 (3)

Applying the wavelet transform to the transient signals of
both current and voltage [10-15] in its discrete form. Eq. (4)
and Eq. (5), since a measured transient is not a continuous
function but a matrix of points [16-20].

1 n—rt

C(z,a) = ﬁ; Ve (—) @
1 —

Ci(r,) = ﬁ; 10— ®
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With the information of the data we can get the ratio
between the coefficients Cy, y C; as shown in Eq. (6) obtaining
the coefficients C,.

Cy(t,a)

Ci(7,a) ©

Cy(t,a) =

The impedance phase at the scale defined by “a” can be
obtained from the integration of Eq. (6) along the whole
window time of the transient. Due to its complex nature, the
integration is performed under a vector approach. The phase
can be obtained by means of Eq. (7).

Yo Im[C; (7, a)]

S, Re[C, (1, )] @

f(a) = tan™1{

Where the operators “Re” and “Im” are the real part and
imaginary part of the complex coefficients, respectively.

3.2. Stage 3. Assessment and validation approach

The transformer impedance, computed from online time-
domain records was measured while the transformer was
energized and compared with the corresponding sweep
frequency- response analysis (SFRA) offline response,
obtained by using frequency-response analysis equipment.

4. Experimental results

With a commercial instrument (MEGGER FRAX-101),
the transformer SFRA was obtained and taken as reference,
as shown in Fig. 9.
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Figure 9. Transformer frequency response SFRA (reference signal).

Source: The authors.

The result with Fourier transform was obtained as shown
in Fig. 10 and with Wavelet transform as shown in Fig. 11.
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Figure 10. FFT assessments using a 2ms time window: phase frequency

response.
Source: The authors.

Phase impedance
150

=
o
[s]

3
S
T

..... Curve using WT

—Bode response

Phase (Degrees)
o
T

&
<]
T

1

-100 I L
104
Figure 11. WT assessments using a 2ms time window: phase frequency
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Source: The authors.
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Figure 12. WT assessments using a 2ms time window: phase frequency

response for three pulses.
Source: The authors.
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Figure 13. FFT assessments using a 2ms time window: phase frequency
response for three pulses.
Source: The authors.

Table 1.
Quantitative analysis of the curves.
Frequency
ranges
Analyzed Analysis based  Analysis based [kHz]-
parameter on CWT on FFT Figure 12
and Figure
13.
17.29% 64.89%
3 38.61% 141.87% 410300
Repeatablllt){: 10.14% 2053% o
Average Relative 14.67% 49.36% 0
error (ERM) 23.36% 7.07%
between the 50 84% 22 95% 40 to 100
answers obtained. 29'10% 89'94%
73.00% 193.75% 100 to 300

Source: The authors.
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Source: The authors.

As observed in Fig. 11, WT offers a better approximation
to reference, in a frequency range 4kHz to 40kHz, compared
to FFT; After this, a repeatability analysis was performed,
obtaining the response for the first three pulses of the time
signal for WT and FFT methods, as shown in Fig. 13 and Fig.
14, respectively.

Table 1 shows the quantitative analysis, of the results
obtained when using-both methods.

A qualitative analysis, using the average Relative error
(TERM), was made to compare the two methods, in which
best results were obtained for the CWT method [19-22].

To confirm the advantage in using WT, the same
experimental example was used with a time window of 1,5ms
and 15.000 samples, but with a sampling frequency of 2,5M
samples / s.

Unlike the FFT, the WT is not altered by the changes
generated shown in the part enclosed in Fig. 14, which
demonstrates that the proposed method is a suitable one.

5. Conclusions

This article proposes an improved method for processing
signals from time to frequency for the impedance phase. It
allows overcoming the traditional Fourier Transform
performance, since no periodical signals are required at all.
This feature can be much more useful for engineering design
and analysis because it allows working with non-periodical
transient responses.

A simple example showed that, when the measurement
conditions are tightened, the proposed WT based procedure
performs better than the FT.

The key points in the procedure are a suitable election of
the mother wavelet (Complex Morlet, in this case) and of the
proposed frequency response values calculation (frequency
domain) from the wavelets coefficients (time-scale domain).
Thus, a correct analysis of the phase of the impedance, leads
to better results for the wavelet transform, in comparison with
those of the Fourier transform under both simulated and
experimental conditions, which adds to the potential of WT
as a suitable for the processing of transient signals.
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