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Abstract—Lift-off has a significant impact on defect
discrimination and qualification. Estimating lift-off and
evaluating defects is a critical issue for eddy current testing
(ECT). In this article, a novel sensor that separates lift-
off and defects is proposed. This uses common- and
differential-mode coils with a dual signal conditioning circuit.
Specifically, it comprises two hollow rectangular excitation
coils located on the first and third layers of the printed circuit

,
Lift-off "o,
estimation :

Defect
evaluation

receiver

Tested sample

board (PCB), serving as the two arms of an ac bridge circuit.

The output from the bridge signal is used for lift-off estimation since the coaxial configuration and small coil fill ratio
make it specifically sensitive to lift-off variation. The other pair of rectangular receiver coils are situated on the second
and third layers and placed in the middle of the hollow transmitter. This forms a transformer with excitation coils and
is only sensitive to defects. The signals from these two complementary outputs allow lift-off to be used as auxiliary
information for defect discrimination. Simulations and experiments were carried out to validate the method. This proves
that a combination of coil configurations with different signal conditioning techniques can be employed for separating

multiple parameters.

Index Terms— Bridge, defect detection, differential transformer, eddy current testing (ECT), lift-off.

[. INTRODUCTION

DDY current testing (ECT) is an attractive technique

for ensuring the safety and maintenance of energy
production, transportation, or other infrastructures. It is
noncontact and sensitivity to multiple parameters such
as conductivity and magnetic permeability [1]. Compared
to ultrasonic testing (UT) and electromagnetic acoustic
transducer (EMAT) methods, it has the advantages of not
requiring coupling and requiring conversion efficiency [2],
[3]. It is preferred over magnetic flux leakage (MFL) as it
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does not require a strong magnetization device [4]. However,
the challenging issue for ECT is that it is easily perturbed
by disturbances such as lift-off, vibration, and inclusion
[5]. Under these circumstances, useful information associated
with the specimen can be masked and lead to sensitivity or
recognition accuracy reduction [6]. To address these issues,
ECT probes are a possible solution to assess the reliability
and accuracy of detection [7]. Thus, research on lift-off
measurement and estimation and defect detection has attracted
extensive attention.

Currently, studies related to lift-off and defect detection can
be summarized [8] into the following:

1) response characteristics and theoretical
modeling;
2) probes’ design and optimization;

3) features with frequencies and signal processing methods.

analytical

Among these, the design and realization of the probes’
structure are crucial for improving the performance of
detection as their optimization directly depends on the
principle of the physical field and significantly affects the
quality of the signal to be processed. The shape of coils,
probe configuration, and operation mode have a significant
influence [9]. For instance, rectangular or square-shaped coils
have a better ability to minimize the impact of lift-off [10].
Probe configurations generally refer to the way one coil or
more coils are arranged to achieve the best coupling with the
region of interest for detection [11]. The mode of operation
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relates to how coils are wired and interface with the subsequent
measuring equipment. They are generally classified into four
categories: absolute, differential, reflection, and hybrid [12].
Absolute-type probes generally consist of a single coil that
generates eddy currents and senses changes in the eddy
current field [13]. This common-mode probe is sensitive to
common-mode factors such as lift-off and temperature. Thus,
it is usually used for displacement measurement, but it needs
to minimize these effects for defect detection. A differential
probe typically utilizes two coils wound in opposite directions
[14]. The output signal in differential mode directly reveals
the different components of the background signal [15]. The
reflection probe typically consists of two coils, with one
serving as a transmitter to generate eddy currents and the
other one serving as a receiver coil to detect changes in
the material [16]. The individual optimization of these two
coils for specific purposes is a characteristic advantage of this
type of probe. A hybrid configuration of the probe can be
any combination of the previously described designs, tailored
for sensitivity enhancement or multiparameter measurement.
Based on the characteristics of these different types of
configurations, numerous structures have been proposed
for lift-off suppression and defect detection. For example,
a circular exciting coil with a rectangular tangential pickup
coil placed at the center of the former one was presented in
[17], and in this design, the output signal only reflects the
disturbed eddy current flows along the pickup coil because
the axis-symmetrical lift-off noise has no influence on the
pickup one. A similar concept, with an orthogonal axial eddy
current probe, was introduced to detect the uneven surface
of weld defects on carbon-steel plate [18]. A double-layer
differential probe was designed for producing a symmetrical
primary magnetic field that reduces lift-off interference and
can achieve higher lift-off detection [19]. A U-shape magnetic
core and magnetic field signal were used to study the effect
of the lift-off invariant point [20]. A differential eight-shaped
transformer fabricated through flexible printed circuit board
(PCB) technology was employed for rolling contact fatigue
cracks with different orientations. It showed that this type of
probe can suppress lift-off effects during detection [21].
Although there are many approaches to mitigate lift-off
interference, accurately qualifying and distinguishing them
from multiple interferences remains challenging. Many studies
consider lift-off in combination with multiple features and
multimode measurement and this is likely to be a trend in
future research. For example, differential changes in magnetic
flux were utilized to obtain lift-off information in a pulsed
eddy current (PEC), using the features acquired from the
detection and reference signals [22]. A triple-coil sensor,
which operates as two coil pairs and works simultaneously
in a multifrequency mode, was investigated [23]. Through
analyzing the differences in peak frequencies, the impact
of lift-off effects can be reduced. A noncoaxial transmitter-
receiver sensor with the feature of conductivity point of
intersection was investigated in PEC testing . With this feature,
the lift-off and thickness of the specimen can be determined
[24]. To enable a broader range of lift-off detection, dual
frequencies were applied in a high working frequency system.
The lift-off was reconstructed from the linear relationship

TABLE |
COMPARISON WITH PREVIOUS WORK

Parameters Previous work This paper

Signal conditionings circuit AC bridge +transformer AC bridge +ttransformer

Coil configuration Side by Side Vertical placement

Method

Multiple parameters fusion Multiple parameters separation

Application stage . - P
Defect detection process Assisted de}::;zg;anuhcauon

Purpose Lift-off suppression for

o Lift-off and defects separation
sensitivity improvement

between lift-off and ratio of eddy current signals [25].
A probe based on an LC resonator was employed, and a
resistance—frequency plane was established to eliminate lift-
off effects and to demonstrate electrical conductivity [26].
Different sensors’ signal conditioning and digital interfaces
were reviewed () [27]. Subsequently, a method for measuring
lift-off distance and determining defects using an inductance to
digital converter (LDC) chip was presented. This demonstrates
that different signal conditioning circuits can yield varying
measurement parameters. Another solution for lift-off and
defect measurement involves realizing distributed capacitance
variation as a function of lift-off in PEC. In this way, lift-off
was determined through leakage current measurement while
simultaneously achieving defect detection [28]. Subsequently,
a configuration comprising one transmitter and two different
receiver coils was provided in [29]. In this configuration,
the larger coil was used for lift-off measurement and the
smaller one was used for defect detection. In addition,
the relationship between signal conditioning and various
parameter measurements has garnered attention in recent
years. A composite structure combining both induction and
capacitance was constructed, allowing for dual-mode simulta-
neous detection and qualification of defects [30]. However, the
modulation/demodulation process with pulse/multifrequency
and coil configuration designs with multimode is complex.
This article is based on our previous research to solve problems
using dual signal conditioning during pipeline inspection to
provide multiparameter measurement. Simple systems and
designs are targeted.

Comparing our previous work and our current study [31],
they differ in terms of coil structure and applications (as
shown in Table I). In our previous work, the focus was
on reduced detection sensitivity due to lift-off during defect
detection. It employed a dual-differential probe design and
utilized a multiparameter fusion approach to suppress the lift-
off effect and enhance detection sensitivity. In contrast, the
current study aims at the quantification of defects. It utilizes
a common-mode excitation coil structure to separate lift-off,
aiding defect discrimination and quantification. It indicates
that multiparameter measurement and separation for different
applications can be achieved through different configurations
and signal conditions.

This article is organized as follows. Section II presents a
theoretical derivation based on the equivalent circuit model for
the relationship between the output voltage from two signal
conditions with lift-off as well as defects. Section III presents
the simulation results that validate the proposed method. The

Authorized licensed use limited to: University of Electronic Science and Tech of China. Downloaded on January 17,2024 at 02:19:17 UTC from IEEE Xplore. Restrictions apply.



MA et al.: NOVEL COMMON-DIFFERENTIAL INDUCTANCE COILS WITH DUAL SIGNAL CONDITIONINGS

2057

&
itter QQQ
L
S

>

T ransm

transformer

Coil configuration

Signal conditionings

Fig. 1. Proposed system diagram.

experiments conducted with different types of defects on #45
steel and X80 carbon steel for lift-off and defect separation
are discussed in Section IV. The conclusion and future work
are demonstrated in Section V.

II. PRINCIPLE OF THE PROPOSED METHOD

Based on the platform with two signal conditions proposed
in the previous study [32], a diagram for a new method
with a novel coil configuration design is shown in Fig. 1.
The red spiral rectangular coils serve as the common-mode
coil in the system. They are positioned on the first and third
layers of the PCB and have a unique design with a small
coil fill ratio, as the center of the coil hollow. These coils
are connected in series with capacitances, effectively forming
the arms of the bridge circuit [33]. Their main function
is to act as transmitters, generating the primary magnetic
field during the ECT process. After the interaction of the
transmitter, eddy currents are generated on the sample, and
the eddy currents produce a secondary magnetic field, which
is captured by the differential receiver represented by the
yellow line coils. The arrangement of the receiver coils and the
transmitter coils effectively forms a differential transformer.
The differential transformer setup helps significantly in
enhancing the sensitivity and accuracy of the ECT system. The
output signals from both the bridge circuit and the differential
transformer are sent to the differential amplifier and then
provide crucial data for further analysis and evaluation. The
details of the technique and the relationship between lift-off
and defect detection based on the equivalent circuit model
are further elaborated in this article. This approach aids in
accurately assessing lift-off and detecting defects during ECT,
making it valuable for nondestructive evaluation applications.

A. Common-Mode Transmitter and Bridge Circuit for
Lift-Off Measurement

The equivalent circuit based on common-mode transmitter
and bridge circuit signal conditioning circuit is shown in
Fig. 2. A constant frequency and voltage sine wave is
produced by the signal generator, and this is fed into a
power amplifier to enhance the current-driving ability of the
transmitter. The ac excitation source U; is amplified by the
power amplifier and is injected into the two coils. The direction
of current in the two coils is the same. The primary magnetic

Signal excitation ‘

U; ; T, - S———
! i 2 2
1 ° ; 1 !CZ U
M1z< v ol
b 5 L+AL R+AR .....................................

Fig. 2. Equivalent circuit model for bridge.

field produced under the excitation interacts with the test
sample. The magnetic field produced by these two coils is
superimposed on each other, creating a coil-like configuration
with two layers. An eddy current is then induced on the
sample, generating a secondary magnetic field that influences
the impedance of the transmitter coils. The coils L and
L, can be regarded as the arms of a bridge circuit. The
difference in output amplitude between two capacitances’
signal is connected to a differential amplifier to amplify the
strength. L1 and L, have the same dimensions and linewidth,
resulting in similar inductance and resistance, i.e., L1 =~ Ly
and R; & R;. The arm capacitance has a constant value, which
is approximately C; =~ C, =~ Cy. The equivalent inductance
and resistance of the induced eddy current are represented
as L; and R;, respectively. The mutual inductance between
the sample and two coils as well as the mutual inductance
between two coils are denoted as My;, My;, and Mi,. The
current flowing through coils L; and L, is represented as
i1 and ip respectively. The short current induced on the
sample is denoted as i;. Under this configuration, the system
behaves similar to a displacement sensor [34]. We explore the
relationship between output amplitude and lift-off employing
an equivalent circuit model based on Kirchhoff laws. The
common component (M2 = M31) when passing through the
differential amplifier was canceled out. Therefore, we choose
to ignore the mutual inductance between L; and L in this
model

Rii; + joL;i; + ja)le ij — joMyi, = Uy 0
Rii; + joLii; — joMi; =0

where i = 1, 2, w is the angular frequency of the excitation
signal, which is w = 27 f, and R; presents the series resistance
of the transmitters. The mutual inductance M;; between coils
and the tested sample can be expressed using the coupling
coefficient k;;, which solely depends on the lift-off x. This is
because the geometric parameters of coils remain constant

My = kit (x)/L;L; (0 <k <1). 2)
From (1), we can derive
Ui

. M) L LY’
T (Li - I(;;+(;))L,)t2 + C_s)

3)

ij =
(©Mi)*R;

Ri+ o,
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Hence, the equivalent impedance becomes

. (@M;i)’L, 1

+ Jw L,’ —_ ﬁ + — .
R + (wLy)=  Cs

€]

Then, the equivalent inductance R; and resistance L; are
given by

(CUMit)2Rt

Zi=R + ——"~
TN R4+ (wLy)?

M;)* R
R =R; %ZRZ._FARZ.
Rt +(a)2Lt) (5)
M;)* L
L =L (wM;r)* Ly — AL;.

= Ry L

Lift-off directly impacts the intensity of eddy current
induced on the sample, subsequently causing a change in
impedance and leading to a variation in the current. The
measured voltage is obtained as the voltage difference across
the capacitance, and it can be described as follows:

AU, = Ais. (6)

JjwCy

Due to the parallel connection of the branch containing
i1 and the branch containing i, we have the following

equations:
AiiAZ; = Uy — - Aiy. 7
JjoCs
Therefore, Ai; is inversely proportional to AZ;
U 1
Ai; = X 8)
AZ; + ToCs i

When the lift-off is increased, the current A7 will decrease
because L; is closer to the surface of the specimen and
generates a stronger eddy current, leading to a greater change
in impedance AZ;. Due to the parallel connection of L
and L,, the increase in Ai; will cause a decrease in Ais.
Consequently, the change of output AU, can be simplified

as follows:
Aiq 1 1
AU, o — [0 0% 9
JjwCy AZy F (x)
AZy =F((x)=ARx,o,u, f)+AL(x,0,u, f) (10)

where F(x) is a function related to the lift-off, implying that
lift-off value can be determined from the measured voltage.
This approach allows for the reduction of other common
influences, such as temperature variation [33].

B. Differential Transformer for Defect Measurement

A pair of differential rectangular PCB coils L3 and L4
are in the middle hollow of transmitter coils. The coils are
wound in opposite direction and pick up defect information
from the eddy current. Since the two coils of the transmitter
have the same direction of current, they generate a total
magnetic field. We simplified these coils as a whole self-
inductance coil L. and internal resistance R.. Suppose that the
total self-inductance and internal resistance of the differential
receiver are Ly and Ry, respectively. Under this configuration,
the transmitter and receiver coil form the transformer signal
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Fig. 3. Equivalent circuit model for the differential transformer.

condition. The magnetic field generated by the transmitter and
eddy current was induced on the sample. From Lenz’s law,
the direction of the secondary magnetic field produced by
eddy current is opposite to the primary magnetic field. Defects
perturb the eddy current, causing changes in the magnetic
flux density and the inductive electromotive force (EMF) in
the receiver. The equivalent transformer model is shown in
Fig. 3. The time-varying primary magnetic flux couples with
the receiver directly and indirectly via the sample. Assume
that the current flowing into the transmitter and receiver is i
and i3. R; is the load resistance. Based on the transformer
circuit model, the following equations can be deduced (11),
as shown at the bottom of the next page, where U; is
the excitation voltage. £1 and E; are the mutually induced
EMF between transmitter and receiver. Mcq is the direct
mutual inductance between transmitter and receiver. Mc; is
the mutual inductance of transmitter and receiver through
the sample. s; and s» can be regarded as self-coupling of
transmitter and receiver through the sample. Ar, and Ar; are
the changes of internal resistance affected by the sample. Then,
we can obtain the output voltage of receiver Uy,

Up=jw (Lg+ Mcy1+s32)i3+ (Rg + Arg) iz — Mco) i1.
(12)

If there is a defect, then the coupling between the specimen
and the probe would be changed, causing the impedance
on receiver (Mcy + s» + Arg) to change as well. The
indirect mutual inductance Mc¢; contains information for the
sample. Thereby, this configuration can be used for defect
measurement.

In addition, the main sources of background noise from
the self-inductance of the receiver coil and mutual inductance
(Mcq) between the transmitter and receiver coils limit the SNR
of the response of detection signal. The background noise and
lift-off caused by the self-inductance of the pickup coil can be
eliminated by differential structure.

[1l. SIMULATION SETUP AND
MULTIPARAMETERS ESTIMATION
To validate the proposed method, a finite element model
(FEM) simulation was set up with an ac/dc module and circuit
module to analyze the electromagnetic field in COMSOL
Multiphysics version 6.0. In this section, the influence of the



MA et al.: NOVEL COMMON-DIFFERENTIAL INDUCTANCE COILS WITH DUAL SIGNAL CONDITIONINGS

2059

e Air domain

Fig. 4. Simulation configuration. (a) 3-D model set-up. (b) FEM mesh
diagram. (c) Probe geometry. (d) Circuit interface.

coil configuration was first investigated. Then, the comparison
of results for bridge and transformer for lift-off and defect was
explored.

Fig. 4(a) shows a 3-D model of the coils and sample in a
big air domain and Fig. 4(b) shows the finer mesh generation.
Due to the double signal conditions, the circuit interface is
used to couple coils and use a voltage meter to measure the
voltage between the capacitances. The geometry of the coils is
shown in Fig. 4(c). At the circuit interface, all the components
link with others through nodes, as shown in Fig. 4(d). The
excitation method of the transmitter is a circuit current. Thus,
a constant current source, a voltage meter, and two external I
versus U as well as two capacitances are used. The output of
the voltage is the bridge output. As for differential receiver,
we can make the current in the coil setting 0 A, and then, the
software can couple the magnetic field with the transmitter.
The output of the voltage can be determined directly
through the derived value using the function of mf.Vcoil_x.
To save time and reduce freedom of the calculation,
a frequency-domain analysis was adopted for the ac/dc
module. Parametric sweep is employed as well to investigate
the different values of lift-off and response of scanned
defects. The parameters of the simulation setting are shown
in Table II.

A. Influence of the Coil Configuration

This article proposes a novel configuration with a hollow
common-mode transmitter with bridge signal conditioning.
The influence of two different coil fill ratios with hollow
(small coil fill ratio) and solid (large coil fill ratio) shape
on lift-off and defects detection are studied, as shown in
Fig. 5. These two coils have the same dimensions and the

(a) (b)
Fig. 5. Comparison of coll fill ratio. (a) Hollow. (b) Solid.
TABLE Il
SIMULATION PARAMETERS

Electrical Relative Size/mm

conductivity permeability
transmitter 5.998e7[S/m] 1 80x60x0.5
Receiver/each 5.998e7[S/m] 1 28%20x0.5
Tested sample 5.5e6[S/m] 190 400x400%10
Air domain 1 1 r=400mm
Capacitance 0.87uF

same linewidth. According to the system described above,
these two coils are analogous to a bridge circuit. We can
determine the relationship between these two configurations
and lift-off by moving the probe in a direction perpendicular to
the surface of the specimen from O to 10 mm. After comparing
the bridge output under these two configurations, we can see
that the hollow coil and solid coil exhibit similar trends in
lift-off shown in Fig. 6(a). Although the output voltage of
a solid coil is slightly higher than that of a hollow coil,
both types of coil configuration with bridge output amplitudes
decrease with increasing lift-off. This is because as the lift-off
increases, the coupling between the coil and the eddy current
decreases, which is also consistent with (8) of theoretical
analysis.

Subsequently, we investigated the influence of the config-
urations on defect detection. A 20 x 20 x 4 mm defect
was made and Ampere’s law was used to set the conductivity
of the defect region as 0. Similarly, the amplitude output of
voltage was obtained when the probe passed through the defect
region. Fig. 6(b) shows the impact of the bridge circuit on
defects in the context of a hollow coil design. The observed
amplitude variations can be explained as follows. When there
are no defects, the output voltage of the bridge corresponds
to the difference in distance between the upper and lower
hollow coils to the test specimen. However, when a defect is
present, the change in amplitude reflects alterations in defect
information. Amplitude variation is related to defect size, and
larger defects cause greater disturbances. This shows that the
solid configuration increases the output voltage and has better
sensitivity to the defect. This is because a higher fill ratio

joMcy joMc Eq
joMco joMc [il] _ E> (11
jo(Le+s1) 4+ (Ry + Are + Ry) 0 i3 jo(Mco+ Mcy)iz + U;
0 Jjo(La+52) + (Ra + Ara + Ry) Jjo(Mco+ Mcy) iy
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q ==~ small coil fill ratio
0.4 b —O— large coil fill ratio | |

Amplitude of voltage (V)

—©— small coil fill ratio
—O— large coil fill ratio

Amplitude of voltage (V)
g
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Fig. 6. (a) Lift-off response comparison of two coils fill ratio. (b) Defects
measurement comparison of two coils fill ratio.

helps to maximize the interturn magnetic coupling in the coil
winding and it increases magnetic field strength to coupling
with defect. For our purpose, this coil is intended for lift-off
measurement. It is expected to be sensitive only to lift-off.
Therefore, we have employed a coil structure with a smaller
fill factor, which is less sensitive to defect detection.

B. Bridge Signal Conditioning for Lift-Off Measurement
and Transformer for Defects Measurement

Once the coil configuration is determined, the signal
conditioning can be further investigated. We selected the
hollow coil configuration and picked up the voltage from
two signal conditioning circuits simultaneously and compared
the performance of these two conditioning circuits under
different lift-offs while scanning the same defect. The results
are shown in Fig. 7(a). This shows that the output of the
bridge significantly decays exponentially, while the output
of the differential transformer changes slightly as the lift-
off increases. This verifies that the bridge output is sensitive
to lift-off variation. Fig. 7(b) shows the amplitude of dual
signal conditioning circuits with the probe passing through the
defect. It indicates that the differential transformer has higher
sensitivity for defect detection, which verified the theoretical
derivation in Section II.

In summary, the bridge output is more sensitive to lift-
off and the differential transformer is more sensitive to
defects. Therefore, these two complementary characteristics
are achieved through using the relationship between coil
structure and signal conditioning circuits. This design not only
demonstrates the importance of considering both coil structure
and the chosen conditioning circuit when designing sensors but

0.4

=—©— bridge
o 35‘ =——©— transformer| |

Amplitude of voltage (V)

0 ——— ©—O © © ©0—6 P
0 2 4 6 8 10
o itoff(mm)
-1+
=—©— bridge
= ==& transformer
2-2f 1
(o)
)
8
R
k)
% 4 (b)
=
£
<
k=3
o

0 20 40 60 80 100 120 140 160 180
Movement (mm)

Fig. 7. (a) Comparison of the output of dual signal conditionings under
lift-off variation. (b) Comparison of the output of dual signal conditionings
for defects detection.

also highlights the value of this research for future engineering
applications in ECT. It can be used to separate lift-off, assisting
in defect discrimination and quantification.

[V. EXPERIMENTAL SETUP AND
MULTIPARAMETER ESTIMATION
Based on the simulation findings several experimental
designs were investigated to validate the common-differential
mode with dual signal conditioning that has the comple-
mentary characteristics to detect lift-off and defects. Now,
a combined solution method based on bridge and transformer
method is proposed and employed for the separation of lift-
off and defects. Finally, quantitative analysis and comparative
analysis will be provided to demonstrate the advantages of the
proposed method.

A. Experimental Setup and Sample Preparation

In this section, a prototype probe with the dual signal
conditioning system was fabricated and used to validate the
feasibility of the method. The diagram of the experimental
setup is shown in Fig. 8(a). The integrated device includes a
signal generator, power amplifier that was digitalized using an
ADC chip, based on the system previously devised [31]. A 6-V
sinusoidal waveform with a frequency of 400 kHz was injected
into the power amplifier, and then, the signal was connected
to the proposed multilayer PCB coil [as shown in Fig. 8(b)].
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Fig. 8. (a) Experimental setup. (b) Detailed diagram of PCB coil.
TABLE llI
SAMPLE PREPARATION
Sample Material Defects Physical test picce |
600mm
#1 #45 steel G R [ 1
2mm___ 2mm 2mm_|,

10mm mm 77 6mm {8
tl

X80 carbon steel

R
)
: B
—-
E]
100¢

The first layer and the third layer are hollow transmitters. The
second layer and the fourth layer are differential receivers.
The transmitter inductance bridge comprises two rectangular
coils (L and L;), which were placed on the surface of the
ferromagnetic sample sheet. The output of the inductance
bridge circuit and the output of differential receiver were
amplified using an instrument amplifier (AD8253). Finally, the
amplitude and phase of the two channels were simultaneously
acquired using an FPGA system in the integrated device.
During the scanning operation, the signal could be seen in
real time.

Table III shows the samples with two different materials
and different kinds of defects. #1 is a 45-steel sample with
a 10 mm thickness and defects at different depths (4, 6,
and 8 mm). #2 is a carbon-steel sample with a composite
defect comprising rectangular defects, and one of them is
smaller and located inside the other. During the experimental
process, the probe was fixed on an XYZ workbench, and all the

defects were scanned at a consistent lift-off. Subsequently, the
tests were repeated with varying lift-off ranges (0—10 mm).
These materials were selected because they are commonly
used in pipelines. Two different types of defect settings are
used to simulate challenging scenarios in pipeline inspection,
specifically addressing issues related to lift-off variation during
depth changes and the presence of complex defects. In the case
of the first type, both lift-off and depth variation can alter the
amplitude of the voltage. It becomes challenging to confirm
whether the signal is due to lift-off or a larger/smaller defect.
Furthermore, distinguishing between multiple defects that are
closely located, as in the case of #2, is also problematic.

B. Experimental Results of Two Samples

To address the challenges mentioned above, the proposed
method for separating lift-off and defects is verified through
experiments. Fig. 9(a) and (b) shows the results of the
amplitude bridge output and transformer output when scanning
three defects on the sample with varying lift-offs, respectively.
Region I exhibits an edge effect due to the distance between
defect and the edge being small. The probe passes through
regions II-IV while detecting defects. The scale of output of
bridge and transformer differs because the output of the bridge
is the change in self-inductance under the primary magnetic
field. The transformer captures the mutual inductance between
the sample and the transmitter. As a result, the scale of output
of the bridge is larger than the output of the transformer. The
bridge output is more sensitive to the lift-off variation as the
baseline of each output at different lift-off levels produces
significant changes. In contrast, the voltage baseline of the
transformer experiences little change but exhibits distinct
variations when encountering defects. For comparison, the
output of the bridge remains almost unchanged when passing
over the defects. This observation importantly verifies that
the proposed coil configuration with dual signal conditionings
indeed possesses complementary characteristics for both lift-
off and defect detection. Fig. 9(c) and (d) shows the results of
amplitude bridge output and transformer output when scanning
the composite defects on X80 carbon steel. Fig. 9(c) shows
the output of the bridge, and it demonstrates that the baseline
decreases as the lift-off distance increases. This pattern is
similar to the results on #45 steel. However, there are two
regions of slow change, labeled as regions I and II, which
suggests that the bridge detected the edges of these composite
defects. This indicates the number of defects, and their sizes
can be preliminarily determined by combining both the bridge
and transformer output. In addition, the baseline value of the
bridge output serves as a characteristic feature to characterize
lift-off.

Fig. 10 shows the comparison results between simulation
results and the experiment for lift-off variation and defect
detection. After fitting them to the same scale, both simulation
and experimental results are consistent with each other.

C. Method for Lift-Off Estimation and Defect Evaluation
Considering the analysis above, the method for separating
lift-off and defects is presented in Fig. 11. For lift-off distance,
the baseline value is used to perform binomial fitting. Through
solving the equation of the lift-off function, the lift-off can
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Fig. 9.  Amplitude bridge output and transformer output. (a) Bridge
output when scanning defects on sample #1 with varying lift-offs.
(b) Transformer output when scanning defects on sample #1 with
varying lift-offs. (c) Bridge output when scanning defects on sample #2
with varying lift-offs. (d) Transformer output when scanning defects on
sample #2 with varying lift-offs.

be determined. Fig. 12 shows the lift-off functions on two
samples, displaying the values at different lift-offs, as well
as the absolute error and relative error acquired (presented in
Table IV). The results demonstrate that the maximum relative
error of the estimated value on these two samples is only,
+4%, with the minimum error £0.3%. The possible sources
of these small errors are primarily due to the challenge of
accurately determining the zero position for the lift-off point.
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Fig. 11. Method for lift-off and defect separation.

In addition, it is difficult to guarantee that the probe and
the surface of the test specimen are in a critical state under
mechanical fixing. As a result, errors become more significant
within a narrow range of lift-off distances (0-3 mm). For
defect evaluation, two channels of output were combined. Due
to their complementary characteristics, only the transformer
output has distinct defect information, indicating that the
defect is small compared with the size of the probe. If both
channels of output have defect information, it means that
the defect is larger than the size of the probe as the bridge
shows two edges of defect. The experimental platform in
[28] can also acquire the phase information. Then, the in-
phase component / and quadrature component Q can be
decomposed, namely

I= Amplitude x cos (phase) (13)
Q0= Amplitude x sin (phase).

Subsequently, the 2-D Lissajous trajectory, typically used
for defect identification, can be employed to determine the
number of defects as shown in Fig. 13. In the figure, two “8”
shape trajectories are presented to characterize this composite
defect on carbon steel. Therefore, two defects can be easily
distinguished.

The comparative analysis regarding the advantages of the
multiparameters is presented in Table V. From the #45 steel
results, we only get information about lift-off as the response
of defects is too small to determine their presence. If we only
consider the results of the transformer, it clearly indicates
the existence of three defects, and it is difficult to evaluate
whether the signal variation is affected by lift-off. With the
proposed multiparameter method, both lift-off information
and defect information can be easily obtained. Based on the
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Fig. 12. Lift-off function on two tested samples.

TABLE IV
LIFT-OFF ESTIMATION

#45 steel lift-off estimation
Lift-off Estimation

absolute error relative error

(mm)  (mm)
2 2.0590 0.0590 2.95%
3 2.8737 -0.1261 4.20%
4 4.0125 0.0125 0.30%
5 5.1090 0.1090 0.22%
6 6.0424 0.0424 0.07%
7 7.0268 0.0680 0.09%
8 7.8510 -0.1490 1.86%
9 8.8811 -0.1189 1.3%
10 10.3395 0.3395 3.40%

X80 carbon steel lift-off estimation
Lift-off  Estimation

absolute error  relative error

(mm) __ (mm)
2 2.1374 0.0910 4.50%
3 2.8617 -0.1383 4.61%
4 3.8723 -0.1277 3.19%
5 5.0488 0.0488 0.98%
6 6.1610 0.1610 2.68%
7 7.0954 0.0954 1.36%
8 8.0208 0.0208 0.26%
9 8.8854 -0.1146 1.27%
10 9.9898 -0.0102 0.10%

analysis above, it is possible to preliminarily classify the
size of defects. Similarly, from the X80 carbon-steel results,
we can evaluate both lift-off and defect information since the
defects are large enough. For the results of the transformer,
we can only speculate, based on the signal, that it is a
large defect, whereas we cannot determine the information
about lift-off or number of defects. In this scenario, we can
gather information from the dual signal conditioning. These
two complementary detection modes enhance the ability to
consider multifactors in complex measurement environments
and improve quantitative reliability, particularly in pipeline
inspection. In fact, during pipeline inspection, defects are
affected by multiple factors, making it difficult to determine

400
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g 200 - X /
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S 100} \
15 \
(@] <
g -100
g
-200 -
-300 : L 1 . A
-400 -200 0 200 400 600 800
in-phase component(mV)
Fig. 183. Two-dimensional trajectory of in-phase and quadrature
component.
TABLE V
COMPARATIVE ANALYSIS
#45 steel
. o . Defect
Signal conditionings | Lift-off -
size | number
Only Bridge 4 x x
Only Transformer N N x
Both v v v
X80 carbon steel
. o . Defect
Signal conditionings Lift-off -
size number
Only Bridge v 4 4
Only Transformer N 4 X
Both v v v

x indicates can be determined or not, N indicates uncertain

whether the signal size is caused by lift-off or changes
in the size of defects during the quantification process.
In addition, defects in real environment have complex causes,
with a wide range of defect types. Therefore, the proposed
method can effectively assist in determining whether it is a
single large defect or a corrosion group formed by multiple
defects.

V. CONCLUSION AND FUTURE WORK

This article for the first time proposed a common-differential
coils design with a dual signal conditioning platform to
achieve lift-off estimation and defect separation. Specifically,
a common-mode coil with a bridge circuit is designed
for lift-off measurement and a differential transformer is
used for defect detection. Through extracting the baseline
value of the bridge output with binomial regression analysis,
a functional relationship with lift-off can be established for lift-
off inversion. Through combining the comprehensive analysis
of the bridge and transformer output, the size of defects can
be preliminarily estimated. In addition, the 2-D trajectory of
in-phase and quadrature component was decomposed from
the amplitude and phase. It can be used to preliminarily
distinguish the number of defects. The lift-off distance
estimation was achieved with £4% maximum relative error
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in the 10-mm lift-off range and the minimum defect detected
is 20 x 2 x 4 mm. In this way, multifactor judgment was
increased and the quantitative reliability was improved due to
two complementary detection modes in complex measurement
environments such as pipeline inspection.

Future work will now concentrate on multiparameters
for lift-off compensation and defect qualification based on
these dual signal conditionings. In addition, a generalized
lift-off model without influences on material for lift-off
estimation is necessary. In addition, the speed effect and the
possibility of industrial applications will be considered further.
In addition to an ac bridge and transformer, the potential of
other combination of signal conditioning with mutiparameters
measurement will be studied as well, such as LC resonator,
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