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Abstract
One of the most important nondestructive evaluation (NDE ) applied to steam generator tubes inspection is the electromagnetic Eddy-Current
testing (ECT ). The signals generated in this NDE, in general, contain many noises which make difficult the interpretation and analysis of ECT
signals. One of the noises present in the signals is the probe wobble noise, which is caused by the existing slack between the probe and the tube
walls. In this work, Wavelet Transform (WT ) is used in the probe wobble de-noising. WT is a relatively recent mathematical tool, which allows
local analysis of non-stationary signals such as ECT signals. This is a great advantage of WT when compared with other analysis tools such as
Fourier Transform. However, using WT involves wavelets and coefficients’ selection as well as choosing the number of decomposition level
needed.

This work presents a probe wobble de-noising method when used in conjunction with the traditional ECT evaluation. Comparative results
using several WT applied to Eddy-Current signals are presented in a reliable way, in other words, without loss of inherent defect information.

A stainless steel tube, with two artificial defects generated by electro-erosion, was inspected by a ZETEC MIZ-17ET ECT equipment. The
signals were de-noised through several different WT and the results are presented. The method offers good results and is a promising method
because it allows for the removal of Eddy-Current signals’ probe wobble effect without loss of essential signal information.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Steam generators tubes’ bundles can be inspected by
several different types of nondestructive evaluation (NDE ).

The most common NDEs are Visual Inspection, Ultra-Sound
and Eddy-Current testing (ECT ). For in situ inspection, due to
lay out restrictions as well as operational conditions, Eddy-
Current testing (ECT ) is one of the best choices applicable to
steam generators’ defect detection. Classification and localiza-
tion of the defect by the ECT inspection allow for corrective
actions to be taken in due time in order to assure reliable and
safe operation of the steam generator (Stegemann et al., 1997).
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ECT is an electromagnetic test whose signals are presented
in the impedance (Z ) plane as ‘‘8’’ shaped Lissajous figures
(Stegemann, 1986). Those figures are formed when bobin
coil probes passes through the internal side of inspected tubes.
Fig. 1 presents the Lissajous figure formation.

ECT signals have resistive (R) and inductive (XL) compo-
nents in such a way that:

Z
!¼ X

!
Lþ R
! ð1Þ

or,

jZj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X2

LþR2

q
ð2Þ

The Lissajous figure is formed as the impedance values
change in the impedance plane as presented in Fig. 2.
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Fig. 1. Lissajous figure formation.
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Fig. 3 presents a typical standard noise free ECT signal
in the impedance plane and its resistive and inductive
components.

However, when the signal is contaminated by noises, the
interpretation of the ECT signals is done subjectively by the
inspectors which can induce, for the sake of conservatism, to
premature closure of tubes. The unnecessary plugging of tubes
reduces capability of heat transmission and can result in
equipment scrapping. On the other hand, if a damaged tube
is not plugged, it can fail during operation causing leakage
and obvious losses.

The noises present in ECT signals frequently change
strongly the shape of the Lissajous figures. To avoid such
a situation, the lesser amount of noise in the signal, the inter-
pretation of the signal will be more precise, the lesser the
chances of an incorrect decision being taken.

The most common noises are caused by signal acquisition
interference (Lopez et al., 2003), material magnetic character-
istics (Lopez et al., 2005) and probe fluctuation (lift-off effect)
(Lopez and Mazaro, 2003). Fig. 4 shows an extremely noisy
ECT signal.

One of the most common noise, which is always present, is
due to the probe wobble inside the tube caused by the needed
gap between the probe and the inner wall (Stegemann, 1986).
The probe wobble produces a low frequency fluctuation in the
signal, which changes the voltage amplitudes of the reactive
component jeopardizing the correct localization and dimen-
sioning of a defect. In this work, we use the Discreet Wavelet
Transform (DWT ) (Chui, 1992) as an alternative to the tradi-
tional phase discrimination method (Stegemann, 1990). DWT
Fig. 3. Resistive, inductive an
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removes efficiently the noise caused by the probe fluctuation
without loosing original information contained in the signal,
about the defect being sought.

A DWT applied to signal processing is a relatively new
technique and allows for localized time frequency analysis
of non-stationary signals such as the ECT signals. This is
the greatest advantage of DWT when compared to other anal-
ysis tools such as the Fourier Transform, for example, which
relies on the periodicity of the function to obtain an acceptable
result. DWT is sensible to discontinuities in the time domain,
which is an important characteristic of ECT signals. Using
DWT requires, however, the correct choice of the wavelet
functions jj,k(t) and the selection of the transformed coeffi-
cients C( j,k) at a given scale decomposition level.

The objective of this work is to present DWT, as a funda-
mental tool to remove the noise generated by ECT probe
wobble, and to show the effects of using different wavelet
functions.

The signals processed in this present work were generated
by an ZETEC MIZ-17ET ECT inspection equipment, as
presented in Fig. 5, using probes with circumferential
bobin coils in a differential mode arrangement.

The ECT signals were acquired using LABVIEW software
and the signals were processed through an algorithm (Lopez
et al., 2006; Lopez, 2002) specially conceived in MATLAB
software.

Only the inductive voltage components, XL of the inspec-
tion coil circuit, were considered in this work. The voltage
d impedance plan views.
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changes in the signal are caused by discontinuities found by
the probe, which change the material properties, in particular
the electrical conductivity s.

The inspections were carried out on a stainless steel tube
ASTM-A-249-316L, 19.05 mm inside diameter, 1.24 mm wall
thickness (BWG 18), with two artificially implanted defects
produced by electro-erosion, in the form of full through wall
holes with 0.9 mm and 1.1 mm in diameter, properly separated
from each other, as presented in Fig. 6.

2. The Discreet Wavelet Transform (DWT)

The DWT of a given signal s(t) is the family of coefficients
C(a,b), which depends on the two index a and b. Viewed from
a intuitive standpoint, the wavelet decomposition can be
considered as the calculation of ‘‘similarity indices’’ between
the signal and the wavelet function at each time shift b and
scale a. If the index has a high value, the similarity is high
and otherwise, it is weak. These indices are named the
coefficients C(a,b) and are defined by Eq. (3).

Cða;bÞ ¼
Z

R

sðtÞ 1ffiffiffi
a
p j

�
t� b

a

�
dt ð3Þ
CO

MIZ-17ET

TUBE

PROBE

Fig. 5. MIZ-17ET ECT equipm
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where

a¼ 2j; b¼ k2j; ðj; kÞ˛Z2 ð4Þ

Substituting a and b in Eq. (3) results:

Cðj; kÞ ¼
Z

R

sðtÞ2�ðj=2Þj
�
2�jt� k

�
dt ð5Þ

The DWT of s(t) is defined as the signal projection in a set of
wavelet functions jj;kðtÞ,

DWTðj; kÞ ¼
Z

R

sðtÞjj;kðtÞdt ð6Þ

where

jj;kðtÞ ¼ 2�ðj=2Þj
�
2�jt� k

�
ð7Þ

To be efficient and useful, an analysis method should be
capable of performing the signal synthesis and the WT has
this capability.

The analysis starts by decomposing and transforming the
signal at each scale level resulting in the coefficients C( j,k).
The synthesis starts from the coefficients C( j,k) and recon-
structs the original signal s(t) by inverse transforming. For
finite energy signals the wavelet inverse transform is defined
by Eq. (8):

sðtÞ ¼
X
j˛Z

X
k˛Z

Cðj; kÞjj;kðtÞ ð8Þ

From the synthesis equation, one can obtain the approxima-
tions and details of the original signal at each level j by
summing over every time shift k, from Eq. (8), which is shown
in Eq. (9) for the detail part of the decomposed signal:

DjðtÞ ¼
X
k˛Z

Cðj; kÞjj;kðtÞ ð9Þ

Performing now the summing over all levels j, one can recover
the original signal using all the details as shown in Eq. (10):

sðtÞ ¼
X
j˛Z

Dj ð10Þ
PC

NNECTION

BOX

A / D

PLATE

ent and hardware scheme.
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Fig. 6. ASTM-A-249-316L tube.
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All the details are therefore considered. Defining a reference
detail level J, one can separate two classes of details. Those
with level j� J corresponding to scales a¼ 2j� 2J which
can be called refined details. And the others with a¼ j> J
are the coarse details. These details are grouped according to
Eq. (11):

AJ ¼
X
j>J

Dj ð11Þ

and named it as approximations to the signal s(t), which can be
calculated by Eq. (12):

sðtÞ ¼ AJ þ
X
j�J

Dj ð12Þ

Eq. (12) can be written as:

sðtÞ ¼ D1þD2þ/þDj þ/þAJ ð13Þ

where

j ¼ 1;2;.; J ð14Þ

The approximation AJ at a given level j is the high scale com-
ponent at that level containing the low frequency information.
On the other hand, the detail Dj is the low scale component
with the high frequency content. Each approximation AJ is
decomposed in another approximation and detail. For j level
decompositions, there exists jþ 1 possible decompositions
for a given signal. Fig. 7 shows, as an example, the decompo-
sition tree of a signal to j¼ 3:

sðtÞ ¼ A3þD3þD2 þD1 ¼ A2 þD2þD1 ¼ A1þD1 ð15Þ
The decomposition presented by Eq. (15) allows us to

separate the noise from the useful part of the signal. Addition-
ally, the useful part of the signal can be extracted by using the
coefficients already calculated from the decomposition.
s(t)

A
1

A
2

A
3

D
3

D
1

D
2

Fig. 7. Multiple level WT decomposition tree.
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3. Wavelet Transform used to noise removal

The probe wobble noise removal was studied by using four
selected wavelets: Haar, Biorthogonal, Biorthogonal Reverse
and Daubechies (Daubechies, 1992).
3.1. The Haar Wavelet
The Haar Wavelet jHa(x) is the simplest possible wavelet. It
is the first known wavelet and was proposed in 1909 by Alfred
Haar. This wavelet is a step function and therefore is not
differentiable, which represents a disadvantage. The values
assumed by this wavelet are:

jHaðxÞ ¼ 1 to x ˛ ½0;0:5� ð16Þ

jHaðxÞ ¼ 0 to x ˛ ½0;1� ð17Þ

jHaðxÞ ¼ �1 to x ˛ ½0:5;1� ð18Þ
Fig. 8 presents the Haar Wavelet function.
3.2. The Daubechies Wavelets
The Daubechies Wavelets’ family jDbN(x) is composed of
nine members, from Db2 to Db10, as presented in Fig. 9.

The Daubechies Wavelet was invented by Ingrid Daube-
chies, one of the most brilliant researcher in the world of
wavelets. The Daubechies Wavelets jDbN(x), where N is the
order, are compactly supported orthonormal wavelets defining
a DWT. These wavelets are in general not symmetric and some
present a very pronounced asymmetry. They have no explicit
expression, except for N¼ 1, which is the same as Haar
Wavelet:
H
a(
x
)
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Fig. 8. The Haar Wavelet.
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Fig. 9. The Daubechies Wavelet family.
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jDb1ðxÞ ¼ jHaðxÞ ð19Þ

In this work, Daubechies 5 Wavelet was selected after some
testing due to its great compatibility with the resistive and
inductive components of ECT signals.
3.3. Biorthogonal and Biorthogonal Reverse Wavelets
The Biorthogonal Wavelet family uses in fact two wavelets,
one for decomposition and the other for reconstruction, instead
of the same one like Daubechies transform. This characteristic
results in the property of linear phase, which is necessary for
ECT signals reconstruction. The decomposition or analysis
wavelet generates the coefficients of a signal s(x):

~Cðj;kÞ ¼
Z

R

sðxÞ~jj;kðxÞdx ð20Þ

The wavelet jj,k is then used in the reconstruction or synthesis
process:

s¼
X

j;k

~Cj;kjj;k ð21Þ

The wavelets j and ~j, that can have very different regularity
properties, are related by duality as follows:
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Fig. 10. Four wavelets from
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Z
~jj;kðxÞjj0;k0 ðxÞdx ¼ 0 ð22Þ

as long as j s j0 or k s k0 and even,

Z
~fO;kðxÞfO0 ;k0 ðxÞdx ¼ 0 ð23Þ

as long as k s k0

In addition, the functions j, ~j, f and ~f assume zero values
outside of a segment. Fig. 10 shows the decomposition wavelet
function f and the corresponding recomposition wavelet
function j of four Biorthogonal Wavelet functions. In this
work were used the wavelets Biorthogonal 3.5 and Biorthogo-
nal Reverse 3.5.

The Biorthogonal Reverse family is obtained from the
Biorthogonal Wavelet family above described.

The wavelet selection took in to account the visible
differences among some wavelets. The four selected wavelets
are presented in Fig. 11 for comparison.

These wavelets were used to processing signals generated
in the inspection of the stainless steel tube presented in Fig. 6.

The number of decomposition levels affects the signal
processing (Mallat, 1989). In this article is presented the result
of several wavelet application to the signal decomposed in
nine levels, allowing the appropriate selection of Dj and AJ

coefficients.
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the Biorthogonal family.
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Fig. 11. Wavelets selected to process the signal.
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Fig. 13. Processed signal through DWT Daubechies 5.
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4. Experimental results and discussion

The four wavelets presented above were used to process
the original noisy signal presented in Fig. 12. This signal is
the inductive component (XL) of the Lissajous figure obtained
from passing the probe through the inspected tube inner side.
It is a usual procedure the use of the ECT signal inductive
component in the analysis process made by Eddy-Current
inspectors.

Figs. 13e16 present, respectively, the results of DWT appli-
cation through the use of wavelets Daubechies 5, Biorthogonal
Please cite this article in press as: Lopez, L.A.N.M. et al., Removing Eddy-Curren
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3.5, Biorthogonal Reverse 3.5 and Haar to the original signal,
removing AJ approximation which is the low frequency and
high amplitude signal component.

The most important result that can be observed is the
original signal lower frequency components’ removal.

Fig. 12 shows that there is a low frequency component in
the signal with amplitudes which can reach 1 V in a region
where the signal should be around 0 V. The low frequency
component is completely eliminated through all processes.

The criterion that distinguishes the efficiency of a wavelet
application is that it should keep the signal total amplitude
t probe wobble noise from steam generator tubes testing using Wavelet Trans-
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unchanged because this parameter is extensively used by
Eddy-Current inspectors. Fig. 13, which shows the use of
the Daubechies 5 DWT, presents the best result by noting
that the signal amplitude was approximately unchanged.

Figs. 14 and 15 show the results of using Biorthogonal 3.5
and Biorthogonal Reverse 3.5 DWTs. The signal amplitude
limits were reduced from 4.39 V to 4.23 V and 4.15 V in the
first defect and from 6.83 V to 6.50 V and 6.15 V in the second
defect, respectively. This is a reduction which can jeopardize
the inspector decisions with respect to defect characterization.

The results presented in Fig. 16, where it used a Haar
DWT, can be considered unacceptable under Eddy-Current
inspection point of view because it presents big amplitude
reductions. It is important to note that all figures present
a remaining noise due to tube imperfections and that was
not removed because it is not a consequence of probe wobble
inside the tube.

5. Conclusion

From the above comparison, it can be concluded that
Daubechies 5 DWT presents the best results due to the non-
symmetric shape of its wavelet function, which is best adjust-
able to the transient nature of Eddy-Current signal. This wavelet
removes efficiently the noise due to probe wobble without
signal characteristics’ changes, allowing the use of the DWT
as an alternative to the traditional phase discrimination method.

The results presented through Biorthogonal Reverse 3.5
DWT use are worst than those presented through Biorthogonal
3.5 DWT because wavelet function peaks are not compatible
with Eddy-Current signal peaks. The Haar DWT use not
only changed hardly the signal reactance limits as well as its
resolution, because besides being symmetric, it also presents
a discontinuity.
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Manutenç~ao Preditiva Ltd.), for his collaboration.
References

Chui, C.K., 1992. An Introduction to Wavelets. Academic Press, London.

Daubechies, I., 1992. Ten Lectures on Wavelets. CBMS-NSF Regional

Conference Series in Applied Mathematics, Philadelphia, Pennsylvania.

Lopez, L.A.N.M., 2002. Wavelet Transform and Fuzzy Logic in the Eddy-

current Inspection of Nuclear Power Plants Steam Generator Tubes. PhD

thesis, Universidade de S~ao Paulo.

Lopez, L.A.N.M., Ting, D.K.S., Upadhyaya, B.R., 2003. Application of

wavelet transform in de-noising eddy current testing signals of heat

exchanger tubes. In: 17th International Congress of Mechanical Engineer-

ing e COBEM 2003, S~ao Paulo.

Lopez, L.A.N.M., Ting, D.K.S., Upadhyaya, B.R., 2005. Removing material

noise in eddy-current inspections of steam generators tubes using wavelet

transform. In: 18th Internacional Congress of Mechanical Engineering e

COBEM 2005, Ouro Preto.

Lopez, L.A.N.M., Mazaro, C.F., 2003. Remoç~ao do Efeito Lift-Off de Sinais
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