Taylor & Francis
Taylor & Francis Group

Nondestructive

Tesingand — Nondestructive Testing and Evaluation

Evaluation

&
Gui Yun Tin

Tayios KFTin

®

ISSN: 1058-9759 (Print) 1477-2671 (Online) Journal homepage: www.tandfonline.com/journals/gnte20

Splitting frequency behavior of wireless power
transfer for eddy current testing applications

Lawal Umar Daura, Monika Roopak, Gui Yun Tian, Simon Parkinson, Xiaotian
Chen & Emmanuel Tashiwa Ibrahim

To cite this article: Lawal Umar Daura, Monika Roopak, Gui Yun Tian, Simon Parkinson,
Xiaotian Chen & Emmanuel Tashiwa Ibrahim (31 Mar 2025): Splitting frequency behavior of
wireless power transfer for eddy current testing applications, Nondestructive Testing and
Evaluation, DOI: 10.1080/10589759.2025.2477682

To link to this article: https://doi.org/10.1080/10589759.2025.2477682

© 2025 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group.

@ Published online: 31 Mar 2025.

N
Cl/ Submit your article to this journal &

||I| Article views: 278

A
& View related articles &'

oy

(&) View Crossmark data &

CrossMark

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=gnte20


https://www.tandfonline.com/journals/gnte20?src=pdf
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/10589759.2025.2477682
https://doi.org/10.1080/10589759.2025.2477682
https://www.tandfonline.com/action/authorSubmission?journalCode=gnte20&show=instructions&src=pdf
https://www.tandfonline.com/action/authorSubmission?journalCode=gnte20&show=instructions&src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/10589759.2025.2477682?src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/10589759.2025.2477682?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.1080/10589759.2025.2477682&domain=pdf&date_stamp=31%20Mar%202025
http://crossmark.crossref.org/dialog/?doi=10.1080/10589759.2025.2477682&domain=pdf&date_stamp=31%20Mar%202025
https://www.tandfonline.com/action/journalInformation?journalCode=gnte20

NONDESTRUCTIVE TESTING AND EVALUATION Ialy I&(zr &GFranC'S
https://doi.org/10.1080/10589759.2025.2477682 aylor&rancis broup
a OPEN ACCESS W) Check for updates

Splitting frequency behavior of wireless power transfer for
eddy current testing applications

Lawal Umar Daura(®? Monika Roopak®, Gui Yun Tian @<, Simon Parkinson?,
Xiaotian Chen® and Emmanuel Tashiwa Ibrahim®

aSchool of Physics, Engineering and Computer Science, University of Hertfordshire, Hatfield, UK; PComputer
Science and Technology, University of Bedfordshire, Luton, UK; <School of Engineering, Newcastle
University, Newcastle Upon Tyne, UK; 4School of Computing & Engineering, University of Huddersfield,
Huddersfield, UK; ¢School of Mechanical Engineering, Sichuan University, Zigong City, China

ABSTRACT ARTICLE HISTORY

This paper presents a novel approach for Non-destructive Testing Received 21 February 2024
and Evaluation (NDT&E) of cracks in metallic structures using Eddy Accepted 5 March 2025
Current Testing (ECT) integrated with the resonance Wireless Power KEYWORDS

Transfer (WPT) concept. The proposed method enhances ECT for Coils; Eddy current testing;
efficient power transfer between transmitter-receiver (Tx-Rx) coils feature extraction; magnetic
and employs Gaussian Random Projection (GRP) for feature reduc- resonance; gaussian random
tion, enabling real-time data processing. Experimental results on projection; wireless power
two aluminium material samples demonstrate the effectiveness of transfer

the proposed approach in localising and characterising slots, with

an R%-value/RMSE of 99.86%/0.06 mm for width and 99.38%/

0.25 mm for depth slot parameters. The findings highlight the

potential of this method for improving NDT&E of metallic

structures.

1. Introduction

Metals have remained a fundamental component in various crucial industrial structures
despite the development of multiple metal-like structures due to their unique properties
that make them irreplaceable in different applications, making them an essential work-
horse in our society’s development [1]. However, exposure of metallic structure to
external and internal causative factors while in service or due to ageing causes the
formation of defects (cracks and corrosion), which weakens its microstructures. Such
defects account for more than 90% of frequently occurring failures in engineering
structures and aeroplanes [2], leading to loss of life and properties with huge financial
losses. Non-Destructive Testing (NDT) quantitatively assesses such defects in metallic
structures; effectively, safely, cheaply and reliably whilst the structure is in operation
without negatively disturbing its serviceable functions, which simplifies preventive main-
tenance, among others.

Among the NDT sensors, this study employed an Eddy Current Testing (ECT) sensor
[3] based on two separate transmission (Tx) and reception (Rx) coils, which operate by
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measuring changes in electromagnetic fields passing through metallic objects. This
sensor is chosen for its high sensitivity and non-invasive nature, making it ideal for non-
destructive testing applications. However, the ECT has been developing, for decades,
from single frequency to multiple frequencies, pulsed, and sweep frequency excitation.
The response of sweeping frequencies ECT excitation can provide optimal resonance
frequencies for maximum energy transfer at an improved signal-to-noise ratio, as well as
multiple-layer information. The Tx-Rx coils probe used in sweep frequency ECT has
weak induction at very low frequencies, resulting in low eddy current density transfer to
the Rx coil; a weaker detection signal. This leads to lower detection sensitivity and fewer
feature points, posing a challenge to conventional sweep frequency ECT. Therefore, this
paper integrates magnetically coupled resonant Wireless Power Transfer (WPT) con-
cepts of charging electric vehicles and the ECT technique to modify the Tx-Rx probe for
multiple resonances response when operating in an over-coupled region of operation [4].
The WPT concept operates at maximum energy to overcome low energy transfer issues,
provides splitting frequency from the multiple resonance response for multiple feature
points [4], and has the availability of integrated circuit (IC) chips for signal processing
[5]. The magnetically coupled resonant WPT-based ECT (WPTECT) technique uses
a magnetically coupled resonant behaviour of Tx-Rx coils to efficiently transfer energy
similar to the resonant non-radiative WPT of charging electric vehicles [6].

Compared to other ECT techniques, the novel Tx-Rx WPTECT provides multiple
resonance frequency responses for various feature points [7]. It combines the advantages
of different WPT topologies and other inductively coupled Tx-Rx ECT methods.
Additionally, the use of sweep frequency excitation allows for the collection of informa-
tion on different penetration depths and defect parameters, which cannot be achieved
using the traditional single-frequency ECT method [8]. Similarly, it overcomes the issue
of shorter testing time with less power in each frequency component, as exhibited by
multiple-frequency ECT [3]. In comparison to pulsed ECT [9], which reduces measuring
time and covers a broad spectrum of frequency components [10], it still has issues with
coupling variation and response distortion caused by non-resonance harmonic fre-
quency contents. The broad frequency spectrum of pulse excitation causes some attenua-
tion of the inductively coupled Tx-Rx coils due to the presence of fundamental and other
non-resonance frequency harmonic currents, altering the influence of opposing induced-
eddy-current field from the sample. The recent EC testing explored sweep frequency
excitation and natural resonance features for crack quantification [11], detection of
thickness, measurement of permeability and conductivity of materials coating [12-14],
and more complex information about metallic object detection [13,15]. The advantage of
sweep frequency excitation ECT using a fixed probe position enables testing of compli-
cated areas where scanning is impossible. However, it is blind to defect location [16] and
operates at a decreasing (single resonance) frequency with increasing response magni-
tude for higher crack depth [11,12].

The previous magnetic resonance Tx-Rx WPTECT provided multiple feature extrac-
tion points, including response shape feature reduction techniques like principal com-
ponent analysis (PCA) and Deep Learning feature fusion from the response of series-
series, parallel-parallel or a combination of series and parallel circuit topologies of WPT
[17-19]. However, the performance of multiple feature points for slot characterisation is
not as effective as that of PCA and Deep Learning feature fusion [18]. Furthermore, the
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PCA feature reduction is computationally expensive and slow compared to other unsu-
pervised Machine Learning methods. Therefore, this paper proposes the Machine
Learning-based Gaussian Random Projection (GRP) as a feature reduction technique
due to its computational efficiency, data independence ideal for real-time data proces-
sing, and its ability to resonance point features.

In this paper, we propose design and development of an advanced circuit topology of
WPTECT to study the impact of cracks on aluminium material. This advanced circuit
combines the advantages of parallel and series basic compensation topologies in each
primary and secondary unit of the WPTECT for efficient response and multiple feature
points. We also use Machine Learning-based GRP feature extraction to dimensionally
reduce the signal response of the advanced circuit topology, along with multiple reso-
nance point feature extraction. In this paper, we compare the performance of the
extracted GRP features with those of the resonance point features and PCA feature
reduction techniques.

The paper is organised as follows: section 2 describes the concept of WPTECT
consideration for slot characterisation and feature reduction by the GRP technique
while section 3 describes the methods and experimental study employed. Section 4 is
the analysis of the GRP technique feature extraction along with the resonance points and
PCA features, while section 5 discusses the GRP features in comparison with other
extracted features and the proposed study with other state-of-the-art literature for slot
characterisation.

2. Review of WPTECT concept

The Massachusetts Institute of Technology (MIT) is credited with developing modern
wireless power transfer (WPT) technologies, known as resonance inductive power
transfer (RIPT), that revolutionised the way electric vehicles are charged in 2007 [6]. It
is an improvement of the inductive coupling of the Tx-Rx WPT system which operates at
maximum efficiency. The RIPT circuit eliminates the reactive power components by
operating without leading or lagging between the current and voltage in each coil for
optimal real power transfer [20,21]. The optimal real power is achieved by connecting
multiple reactive elements, like capacitors and inductors, together in series and/or
parallel, named the topology configuration of WPT [20]. The optimal real power max-
imises the magnetic field linking the Rx coil, which offers the advantage of not exposing
the human body to ionising radiation because of its non-electric wave nature.

There are four basic compensating (reactance) topologies of magnetically coupled
resonant WPT [22]. In each of the Tx and Rx coils of the WPTECT probe,
a compensating reactance is connected to control their resonance frequency by modify-
ing their quality factors to lower the Tx reactive power rating and cancel out the Rx
inductance effect [20]. They include Series (S) or Parallel (P) resonant capacitor connec-
tion to Tx and Rx coils in the form of primary - secondary; SS, SP, PS or PP networks
[20,23]. As discussed in [20,23,24], different topologies have different impedance match-
ing and quality factor equations, leading to different WPTECT systems’ measurement
performances. The SS topology was applied for WPTECT to prove the concept by
characterising the width and depths of slots [19] while the PP topology was applied for
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dent area evaluation to compare different feature extraction including deep learning
features [18]. Each topology has its qualities and limitations for application to NDT&E.

The SS topology provides low input and output impedance for a maximum current at
resonance, leading to maximum field generation. In contrast, the PP topology compen-
sation provides a higher efficiency transfer response to metal and defects with less
sensitivity to noise influence due to its current source nature and higher input and out
impedance at the resonance point [25]. However, with the potential of multiple reso-
nances at lower Tx-Rx and sample coupling, the Tx coil spends a high reactive power for
any of the basic WPT topologies due to reduced Tx-Rx and sample coupling. Thus, the
Tx parallel capacitor suffers a higher voltage effect, while the series capacitor suffers
a higher current effect while delivering the required reactive power [26]. Additionally, the
Rx parallel capacitor requires a small Tx current to generate a high current in the
resonant coil, leading to high-performance switches’ requirements due to higher reso-
nant voltage than Tx. In contrast, the Rx series capacitor requires a larger Tx current,
which leads to low efficiency due to high Tx coil loss. Therefore, the load and source
impedances to the Tx and Rx coils control the current utilisation in the Tx and Rx coils,
respectively, including resonance behaviour and splitting frequency characteristics.
Therefore, it is not practically wise to dependably implement series or parallel topology
for the Tx coil, as each depends on the behaviour of specific application require-
ments [21].

Therefore, this study applies an advanced topology based on a combination of series
and parallel capacitors compensation to each Tx and Rx network, as presented in Figure 1
PS-PS WPTECT hybrid circuit diagram. The circuit behaves as an S-S topology if Ca is
zero and Cb is greater than zero. Otherwise, it behaves as a P-P topology if Ca is greater
than zero and Cb is a very high value (infinity). The proposed PS-PS WPTECT harnesses
the advantage of both S-S and P-P topologies for sensing applications. The benefit of PS-
PS topology over basic topologies is reducing the effective reactance of the Tx coil by the
series reactance (Xb) and reducing the stress on parallel reactance (Xa) as it only supplies
a section of total reactive power to maintain the oscillation [26]. It also acts as a resonance
compensation and impedance matching network at the same time.

The two coils, Tx and Rx inductors in Figure 1, coupled inductively with the
inductance Ls of the metallic sample equivalent circuit, including its resistance

Rs

Sample

Figure 1. PS-PS (combination of S-S and P-p) topology of WPTECT circuit diagram.
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(Rs) and the eddy current (Is). The impedances of the transmitter (Z1) and
receiver (Z2) are, respectively, given by Equations (2.1) and (2.2). The three
current loops in the circuit (Figure 1): Tx excitation current (I1), Rx induced-
current (I2), and the sample induced-eddy-current (Is) are represented by
Equations (2.4) by applying Kirchhoff’s laws to the circuits. The inductance (Ls)
of the metallic sample forms the eddy current (Is) loop with resistance Rs and
couples inductively to the Tx and Rx inductors. Equation (2.4) is used to deter-
mine the dominant coil’s parameters (self-inductance and -resistance) which vary
according to the sample permeability, conductivity and geometric nature due to
eddy-current interruption. The sample acts as an inductor through which the eddy
current circulates. In Equation (2.4), M12, M1s, and M2s represent the mutual
inductances for the Tx-Rx coils, Tx-sample and Rx-sample, respectively. These
values depend on their appropriate coupling coefficients (K;,, K;s and Ks,) and
inductances (L1, L2 and Ls).

Additionally, Zs stands for the impedance of the metallic sample equivalent circuit.
Equations (2.5) is derived from equation (2.4) by eliminating the last row to modify the
Tx and Rx models’ behaviour by including the influence of sample parameters, Rs, Ls,
and mutual couplings, M1s and M2s. However, the Rs and Ls of the sample depend on
defect parameters and sample geometry in addition to material type. Their influence
affects the Tx and Rx impedances, hence the resonance frequency, which manifests in the
voltage and current frequency responses. Moreover, at the point of defect, there is
a change in permeability, conductivity and geometrical nature of the metallic sample
which causes variation of the voltage and current, leading to a change in eddy current
density before and after the defect. By evaluating Equations (2.5) in the absence of the
metal sample, that is My, = My, = 0, the ratio of voltage across the load resistance, RL
(Vre) to that of the source voltage (V) is derived and given by equation (2.6). The ratio of
the output to input excitation voltages is proportional to the scattering parameter, S21,
given by Equations (2.7) [27] and has been evaluated for NDT&E in the previous
WPTECT [18,19]. The scattering parameter (S21) has a better perception of measuring
signal integrity at high frequency because of the skin depth problem. The S21 represents
the forward voltage gain and is sometimes referred as the transmission coefficient [28].
The potential of multiple peaks of S,; response at a given range of frequency occurs at
a higher Tx-Rx coupling above critical coupling in addition to the dependency on the
WPT topology’s input and output matching requirement.

Z‘:r“L(jw )//((jﬁ)ﬂzl +ij1> (2.1)
Z, = (R2 + jwL, + (;ﬁ» + (/_wlCa> //Ry (2.2)

Z, = R, + jwL, (2.3)

1
Ca
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Interchanging portl to port2 and vice-versa of the proposed applied topology (Figure 1)
shows that the PS-PS topology is a symmetrical (Z;; = Z3,.) and reciprocal network
(Z21 = Z13), The impedance parameters are derived in ref [18] using PP topology. Using
the same matrix reduction from Equations (2.5).

Vo) _ M- ( () /1R)

= 2.6

V((U) (Z122 + (lez)Z) ( )
. VRL(CU) Ts

S =2 ORA 2.7)

The application of WPT to ECT is based on the influence of the eddy current field on the
power transfer between Tx and Rx according to Faraday’s law of electromagnetic induc-
tion and Lenz’s law. The primary magnetic field linking Rx passes through the metallic
sample, modified by the EC-generated field, which carries information related to the
permeability, conductivity, and geometrical nature of the metallic sample, and manifests
in the features of the WPTECT response. To evaluate the extent to which these variables
influence the PS-PS WPTECT topology response and feature extraction and selection, we
simulated Figure 1 PS-PS WPTECT circuit topology using LTspice, and finally verified
by experimental simulation for slot parameter estimation.

The response from LTSpice simulation of the PS-PS circuit topology of WPTECT is
achieved by varying the sample inductance (Ls) and resistance (Rs) and mutual coupling
between Tx-Rx coils and sample based on AC analysis for a frequency ranging from 1
MHz to 7 MHz. The Ls and Rs mimic the sample permeability and conductivity respec-
tively and manifest in the S;; parameters for facilitating comparison with the experi-
mental system.

Figure 2 depicts the S21 response for varying Ls, which is a function of the sample
geometry and magnetic behaviour and Rs, which depends on the sample geometry
and conductivity. The response of the dual peaks is affected by the change in mutual
coupling, K12 from 0.9 to 0.94, as shown in Figure 2(a). The higher values of K12 are
chosen because of the condition for splitting frequency achievement, which is at
higher coupling between Tx and Rx coils [29]. It has also shown that the first peek
(m1) of the dual response is more affected by the variation of Ls (4puH to 20pH) and
Rs (10 mQ to 90 mQ), as seen in Figure 2(b,c), which is due to the extra power supply
by the Tx coil to compensate for the eddy current losses [25]. The inset Figure 2(b)
shows the variation of S21 for varying Ls and Figure 2(c) shows that of the variation
of Rs. They are described by the decreasing and increasing behaviour of the S21 first
peak due to the conductivity and permeability changes around the defects which
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S$21 for varying K12 at Ls = 4uH and Rs =10mQ2
T T T T T T T

K12=0.90

K12=0.91

K12=0.92

K12=0.93

K12=0.94

1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5
Freq (MHz)

821 ()

(a) Variation of mutual coupling

8611fgr varying Ls (Rs =10mQ and K12 =0.9) i 15821 for varying Rs (Ls =4pH and K12 =0.9)

e e ! 0.14]
‘ i 013 / i i _
i P02 i 0.12i
i 0.11 4 i i —
oo/ ‘ 0L .
~ 011 7 omllo N o1} 1k T23 23
;. — A
& | ‘ LS:4“H S ) Rs=10mQ
0.05 | Ls=8uH 005} ‘1'.‘ Rs=30mQ |
. JII i Ls=12;H I I Rs=50m
1 Ls=16H AA Rs=70mo
\ Rs=90mQ
) N \_— Ls=204H . ) B e
2 4 6 8 1 2 3 4 5 6 7
Freq (MHz
Freq (MHz) 904z)
(b) Variation of sample inductance (c) Variation of sample resistance

Figure 2. 521 response of the WPTECT probe for varying sample parameters. (a) variation of mutual
coupling with the sample, (b) variation of sample inductance (Is) and (c) variation of sample resistance

(rs).

manifest in the extracted features. However, the lift-off effect contributes to the
variation of K12, which shifts the magnitudes and frequencies of the dual peak
response (Figure 2(a)).

To confirm the simulated results in Figure 2, the next sections provide the experi-
mental procedures for our proposed PS-PS WPTECT system design, implementation
and evaluation, including the comparison of the extracted feature performance for the
characterisation of slot parameters on two aluminium materials.

3. Methodology

This section covers the details of the methods used for scanning two aluminium samples.
It includes the design and configuration of the advanced PS-PS WPTECT probe, along
with its simulation and experimental verification. The discussion also includes feature
comparison for slot characterisation and comparison to state-of-the-art literature on slot
characterisation with our proposed PS-PS WPTECT probe model.
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analyzer Scanner
(VNA E5071B) controller

8 *”
= ‘/

- = 2 \ — _(r.:—-;—"“fc(

,,7174‘”7 —
Aluminj llu":!u' L

Rx col —» g
Scan direction Tx.cml ETE

Aluminium block
below the Tx-Rx coils

(b) i Rl 57N (c)

Figure 3. Experimental set-up (a) photograph of the instruments and peripheral components, (b) two
aluminium block samples with eight slots, ST — S8 (c) arrangement of tx-rx coils and scan direction on
aluminium block sample.

Table 1. Slot parameters of different widths and depths data set.

Crack/Slot S1 S2 S3 S4 S5 S6 S7 S8
Width (mm) 1.00 2.00 3.00 4.00 330 330 330 330
Depth (mm) 4.00 4.00 4.00 4.00 2.00 4.00 6.00 8.00

3.1. Sample preparation

In this experiment, two aluminium blocks are used. Each block contains four slots,
making a total of eight slots labelled S1-S8, which were designed to resemble idealised
cracks. The layout of these slots can be seen in Figure 3(b), while their specific parameters
are listed in Table 1. The first block, called ‘sampll’ measures 76.2 mm x 300 mm
x 12.7 mm (width x length x thickness), and S1-S4 slots with widths of 1 mm, 2 mm,
3 mm, and 4 mm, respectively. These slots are evenly spaced 60 mm apart and have
a depth of 4 mm each. The second block, called ‘sample2’, measures 50 mm x 300 mm
x 10 mm and contains S5-S8 slots with depths of 2 mm, 4 mm, 6 mm and 8 mm,
respectively. These slots are also evenly spaced 60 mm apart and have a width of
3.3 mm along the scan side.
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3.2. Probe design and circuit configuration

The circuit design for the sensor probe involves a Tx-Rx coil configuration. The Tx coil
generates an alternating magnetic field, which induces eddy currents in the metallic
sample. The Rx coil detects changes in the magnetic field caused by the presence of
cracks. The Tx and Rx coils are connected to the advanced WPT circuit, PS-PS topology
to form the WPTECT probe. The WPT circuit topology acts as a signal-conditioning
circuit to the probe excitation and response to enhance detection accuracy at efficient
energy transfer and multiple resonance capability.

In the circuit diagrams of WPTECT, the PS-PS topology is utilised as shown in
Figure 1. This involves the connection of Ca and Cb capacitors in series and parallel,
respectively, to the Tx and Rx coils (L1 and L2) to control the resonance point. The values
of Ca and Cb in the primary circuit are the same as those in the secondary circuit. These
values are found appropriately from Equations (3.1) and (3.2) to achieve a resonance
frequency of 1 MHz, taking into account the natural resonance of the Tx/Rx, the nature
of the surface defect, and the limitations of the experimental measuring instrument (a
network analyser). Table 2 provides the parameters for the Tx and Rx coils, including the
values for the compensating reactance capacitors, Ca and Cb of the probe.

To find the compensating reactance, Xa and Xb, for maximum power transfer, we use
the input (rs) and output (RL) characteristic impedances of the VNA, as well as the Tx -
Rx DC resistances (R1 and R2). The source, rs, and load, RL, and resistances are constant
and equal in our measuring instrument, VNA E5071B. The VNA’s characteristic impe-
dance, the real part (Rc) is 50Q2 and the imaginary part (Xc) is 0Q2 at portl and port2. The
two compensating reactances, jXa and jXb, (see Figure 1) at the resonance frequency,
determine the values of the two capacitors, Ca and Cb, respectively. We use expressions
(3.1) and (3.2) and the principles of the L-matching network to calculate Xa and Xb
reactance values for the PS-PS topology [30]. The PS-PS WPTECT topology probe
provides a unique attribute when jXb < jXa; more current passes through the Tx coil
for optimal flux linkage, leading to a higher voltage induced in the Rx coil.

R+ X? 3.1)
a — = ~ . ~ .
X+ QR
Xp=Qn — X, (3.2)
Table 2. Tx-rx probe configured parameters and experimental variables.
Item Description Value
Tx & Rx coils Inductance, L1 = L2 12.90pH
(Manufacturer Part No.: Equivalent resistance, R1 = R2 0.70Q
IWAS3010AZEB130KF1)
PS-PS topology Ca 26.71nf
Matching capacitors Cb 1.96nf
fo Design resonance frequency (air) 1.00MHz
Measuring instrument E5071B, VNA with port1 and port2 having equal characteristics (Xc =0,
Rc=500Q)
Sweeping frequency Swept-frequency excitation (1601 frequency 1.00MHz

points) —7.00MHz
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2
Q==+ f—:<1+<%>>—1 (3.3)

The probe’s ability to identify and measure slots relies on the recorded values of incident
and reflected voltages, as well as the frequency characteristics of the scattering transmis-
sion (S21) parameters response. This response provides insight into how well the PS-PS
WPTECT performs at different experimental frequencies of concern.

3.3. Experimental study

The experimental setup shown in Figure 3(a) consists of WPT-based ECT equipment
that uses the VNA (E5071B). It includes an advanced PS-PS topology of the Tx-Rx
WPTECT probe, an XYZ scanner and its controller, a fabricated sample for investigation,
and a personal computer (PC) for synchronising the XYZ scanner and for data capturing
and processing. Meanwhile, Figure 3 (b) and (c) display the photo of the fabricated
sample and the Tx-Rx probe arrangement used throughout the study. The Rx coil is
placed above the Tx coils coaxially, at a constant axial separation of 0.2 mm, as shown in
Figure 3(c). The experimental setup is designed to include connected probes to the VNA,
with the Tx unit always being connected to portl and the Rx unit to port2 for each
response measurement in every specific investigation.

This experiment used WPTECT’s advanced topology probe to scan two aluminium
samples, covering slots S1 to S8. The probe was attached to an XYZ scanner, which
moved it axially to scan the four slots in the sample2, with a scan step of 0.2 mm and
1 mm lift-off for each sample. The Tx coil was excited using the Vector Network Analyzer
(VNA) E5071B, which provided precise control over the frequency and amplitude of the
excitation signal, ensuring accurate and reproducible measurements. After scanning
sample2, samplel was also scanned at the same lift-off distance and scan step for each
slot area, starting before the slot edge to a point after the slot. At each scan point, an
Agilent RF Network Analyzer was used to measure the S21 response of the PS-PS
topology for 1601 frequency points ranging from 1 MHz to 7 MHz. The VNA was set
up to provide constant and equal characteristic impedance, allowing only the sample
influence to affect the coupling between Tx and Rx coils. The measured S21 responses
were collected for further analysis, with the S21 carrying information related to the
sample parameters due to the coupling effect between Tx-Rx and the sample. The next
section presents an analysis and comparison of feature extraction using resonance points
and Machine Learning Gaussian Random Projection (GRP) for mapping to the slot
parameters (widths and depths).

4. Results and feature extractions

This section focuses on selecting and extracting features from the results of the WPTECT
system response. It uses the Gaussian Random Projection technique to reduce data
dimensionally and evaluate and map to surface points for width and depth information.
Furthermore, the section analyses and assesses the two highest points from the multiple
resonance points characteristics. This includes identifying the lowest point between the
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Table 3. Feature comparison information.

DEPTH FITTINGS, LLSP WIDTH FITTINGS, LLSW
RZ- R%-

value RMSE value RMSE

Extracted feature source Feature (%) (mm) Feature (%) (mm)
Gaussian Random Projection (GRP) €=0.30 99.26 0.27 € =0.40 99.60 0.10
at three different parameters € =0.65 95.89 0.64 € =045 99.86 0.06
€=0.99 99.38 0.25 € =0.95 99.64 0.09
PCA features PC1 98.65 0.11 PC1 98.91 0.61
Resonance point features m1 97.27 0.52 m1 95.91 0.32
f1 97.71 0.48 f1 99.14 0.15
fo 91.44 0.93 fo 96.10 0.31
m2 98.29 0.21
2 93.73 0.65 2 99.56 0.10

two peaks of the response signal to map out additional features to crack parameters and
comparing their performance to the GRP features. In addition to the feature extraction
using the resonance points and the GRP. A PCA feature extraction is also considered for
more feature comparison and selection. The procedure for PCA features computation
and extraction are discussed in [19]. The computed PCA results in this paper are
presented in Table 3, results and discussion section.

4.1. Machine learning-based Gaussian Random Projection (GRP) feature

The GRP is a highly effective method for reducing the dimensions of data by utilising
a random matrix to project high-dimensional data into a lower-dimensional space.
Compared to other techniques like principal component analysis (PCA) that rely on
data-dependent approaches, GRP is both computationally efficient and data-
independent, making it an ideal choice for real-time data processing. The foundation
of GRP lies in the Johnson-Lindenstrauss Lemma [31], according to this keeping the
Euclidean distance preserved between two data points within an arbitrarily small
factor eps (g), it is possible to project n points with samples X =[x;, x5 ... ,x,]
from R® — R“ where o is original dimensionality of datasets and d is the reduced
dimension of datasets.

(1—e)x; — x7 < f(x) —f(xj)2 <(1+e)x —x (4.1)

where x; and x; are original features of datasets and f (x;) and f (x;) are from transformed
feature space. The reduced dimensionality space should satisfy d > lne(—zn) The GRP reduce

the R°dataset dimension to matrix R? = 'RT(X). Where R" is the Gaussian random
matrix produced by GRP employed in the presented work.

GRP has been utilised in this paper to select features and reduce dimensionality in the
experimental data acquired from scanning samplel and sample2. It is vital to note that
GRP has been widely utilised in published works for feature reduction in various
applications. An effective approach involves using an ensemble of GRP and fuzzy-
c-means [32] for the outlier detection in the data. In [33], an ensemble model is
introduced which combines the use of GRP and nearest neighbours classifier to analyse
high-dimensional feature space. In a ref [34], a method for gearbox fault diagnosis using
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a hyperdisk classifier and GRP is presented. According to [35], a biometric template
protection technique using GRP has been proposed for user authentication, which boasts
high accuracy and requires less training time. Although GRP is a computationally
efficient and data-independent unsupervised learning technique, it is known to be highly
unstable due to the potential for vastly different clustering results from varied Gaussian
Random Projection technique results. The Eps parameter controls the quality of the
embedding according to the Equations (4.1). In this paper, we did an extensive evaluation
of hyperparameters (eps) for slot parameter characterisation.

The GRP algorithm is tested with various values of hypermeter (eps) to identify the
three most stable reduced data for maximum R-square value and minimum RMSE. The
linear fitting curves of the eps parameter extracted features are given in Figures 5(c) and
7(c) for the depth and width reconstruction and discussed in detail in section 4.2. The top
three results, with the best R-square values, for depth and width characterisation are also
discussed and presented in Table 3.

4.2. Resonance point features

The magnitudes and frequencies of the resonance points and minima points are extracted
in this section and presented based on the slot’s depth and width parameters
characterisation.

S21 response b) 1st peak, m1 c) 2nd peak, m2
0.8 ,(a'-)\ -p : ] 0.85( ) peax, 0.55( ) P
4
\‘ m1, f1 LLS:
= ‘ m2, f2 o5 il 0545
_S 0.6 N 5)
c & LLSP
5 N ~ 0.54
=04} 0.75TU
N 0.535
@ \
0.7
0.2 : : ; 0.53
0 2 4 6 0 500 1000 0 500 1000
frequency (MHz) scan axis *0.2mm scan axis *0.2mm

d) Minima, m0 e) Minima, f0 f) 1st peak, f1 2nd peak, f2
5( ) a4 (e) 06 (f)1stp 5_6(9) p

0.495 m P 2.4 5.55
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4
0.485 1.8 5.4
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Figure 4. WPTECT System response and extracted features for depth information.
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(b) minima and second peak frequencies, f0 and f2 features, and (c) GRP features for control
parameters (eps, € = 0.3).

4.2.1. Slot depth information

In this section, we first extracted resonance point features and then GRP to gather the
slot depth information. Six sets of features (m1, fl, mo0, f0, m2, and f2) were extracted
from the response of scanning sample2, each of which had a peak value at the crack
centre, as shown in Figure 4(b-g). The background noise on the extracted features is
within the threshold level and does not affect the depth reconstruction because the
depth of the crack depends on the peak amplitude of each extracted feature, which is
a standard method in ECT quantification [11,19,36,37]. The peak magnitude of each
extracted feature along the scan axis is evaluated and defined as the length of the line
scan peak (LLSP). The LLSP is a point where the eddy current density has the highest
deviation, which is a point at slot position with the highest eddy current density
deviation and depends on the magnitude of crack depth and orientation/inclination
parameters.

While LLSP has shown potential as a feature parameter for depth evaluation,
we observed inconsistencies in the baseline values and instability in the absence of
defects. These issues may be attributed to a combination of factors, including
defect depth, instrument non-uniformity, and slight uncontrolled movement or
shaking of the XYZ scanner. To mitigate these effects and improve accuracy, we
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propose enhanced calibration procedures, a multi-parameter approach, and the
application of advanced filtering techniques, in future work. These improvements
aim to stabilise the measurements and enhance the reliability of LLSP for depth
evaluation.

The LLSPs of the four extracted features, m1, {1, f0 and f2 (Figure 4(b,e,f,g)) were used
for the evaluation of the depth because they are monotonically related to the increasing
depths and were evaluated to quantify the cracks’ depths. The depth of the slots decreases
from 8 to 2 mm for S5 to S8 slots, respectively, as indicated in Figure 3(b). The LLSPs of
the m1, f1, f0 and 2 formed a linear relationship with the actual depths of the slots.
Therefore, we created a linear regression model to predict feature depth and determine
how well each feature reconstructs the actual slot depth. MATLAB® software was used to
compute the model’s fitting parameters, R*-value, and RMSE for the S5 to S8 slots
reconstruction.

Figure 5 depicts the linear regression model fitting curves of the m1, f1, f0, and f2
features, including three selected GRP features. The fitting values (R*-value and RMSE)
of the LLSP of the extracted features versus actual depths analysis differentiate the
extracted feature capability for slot characterisation compared to the other features.
The computed R*-value and RMSE for the features are presented in Table 3. The LLSP
from the GRP feature has the highest goodness of fitting, R*-value = 99.38%, and mini-
mum RMSE = 0.25 mm at eps = 0.99. The highest reconstruction fitting parameter from
the features by the GRP technique is due to its data independence and does not require
initial covariance matrix calculation and similarity among data points. Moreover, among
the resonance points features, m1 and f1, has a better-predicted depth as indicated by the
R*-value and RMSE because it is more sensitive to sample parameter variation as
depicted by Figure 2(a-c), simulated results.

4.2.2. Slot width information

The slot’s width depends on the extracted width spatial features along the scan-axis while
its angle orientation depends on the spatial feature skewness [36]. In this paper, the slot
width parameter quantification is achieved by extracting features along the scan axis
from the resonance points of the dual peak response shape of scanning four surface slots
(S1 to S4) on samplel, individually at an interval of 0.2 mm scan step and 1 mm lift-off
distance. Therefore, the extracted features from scanning four slots were normalised
using min-max normalisation, [0 1] scale for same scale comparison and to remove the
influence of the maximum (or minimum) amplitude variation which contains slot depth
information. Figure 6 shows the normalised first peak features of the four slots (a) ml
(magnitude) features with a maximum value at the centre of the slot, and (b) f1
(frequency) features of the four slots’ response with a minimum value at the centre of
the slot. The second response peak extracted features, including GRP, are either ascend or
descend to the centre of the slot similar to the first peak features in Figure 6. For optimal
width parameter extraction, 70% of its maximum/minimum value along the spatial
(scan) axis is considered, as presented in ref [17]. The 70% position of the normalised
m1 and f1 width features are indicated in Figure. 6(a,b), respectively which is described as
LLSW (Length of Line Scan Width) as the length between the two spatial (scan axis)
points.
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Figure 7. Extracted LLSW features (m1, m2, f1, f0, f2 and eps = 0.45) versus widths.

Figure 7 shows the six extracted LLSW features against the actual slot widths. The
LLSW are obtained from both the resonance point features (m1, m2, f1, f0 and f2) with
a monotonic relationship with the width parameter and the GRP features for width
quantification at eps =0.45. The combined plot of the six sets of features in Figure 7
allows for a direct comparison of the impact of resonance points and GRP extracted
LLSW features on the slot width.

The LLSW characteristics increase with the widening of the slot because it represents
the intervals between points where the eddy current density has the highest deviation.
Therefore, the width of the slot depends on the length between two points where eddy
current density is highest, while the depth of the slot impacts the amplitude of the
resonance point features and that of some GRP extracted features. The two points with
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the highest eddy current density depend on the crack opening inclination/orientation
[36,38].

To determine the width of the slot, a linear regression model is utilised to calculate the
regression model parameters, R2-value, and RMSE for correlating LLSW to the actual slot
width parameter. The results of the R*-values and RMSE are provided and discussed in
the next section.

5. Results and discussion

In this section, we present and discuss the results obtained from the experimental study.
Also, the section compares the extracted resonance point features from the response of
scanning the two aluminium samples for performance analysis of the methods on slot
characterisation, including GRP extracted features. Additionally, the proposed method is
compared with the state-of-the-art literature on slot/crack quantitative evaluation.

5.1. GRP features comparison with other features

A dimensionality reduction method called the Gaussian Random Projection (GRP)
algorithm works by randomly projecting high-dimensional data onto a lower-
dimensional environment using a random matrix considered for feature projection to
the spatial domain. The eps parameter (0 < € < 1) controls the distortion in the pairwise
distances between the original and projected data points. The GRP focuses on maintain-
ing pairwise distances between data points in the reduced space. In contrast, techniques
like PCA or autoencoders directly strive at data reconstruction. Although not specifically
aimed at reconstruction fitting, GRP’s capacity to preserve structural information by
preserving point-to-point distances can help improve reconstruction quality indirectly by
lowering noise or superfluous features, possibly boosting the performance of succeeding
models. However, depending on variables like data dimensionality, noise levels, and
particular problem situations, its effect on reconstruction fitting differs. As a result, its
usefulness needs to be evaluated in the context of the overall data analysis.

However, the use of lesser € values could result in higher processing demands and the
conservative preservation of superfluous information, which could lead to inefficiency or
overfitting. It is important to strike a balance between minimising distortion and
computational feasibility; the choice of &€ depends on the particular application and the
intended trade-off between computational efficiency and accuracy. To find the ideal € for
reaching the necessary balance in the setting, experimentation and validation are still
essential. A lower € means less distortion and more accuracy, but also more computa-
tional cost. The three best different values (lower, middle, and upper) of € are chosen with
the best R*-value for presentation.

Table 3 shows the comparison of the slots’ width and depth fitting results of the
extracted features. The GRP at three selected different eps (€) parameters are compared
with the extracted resonance point features. The resonance point features, which extract
features based on the resonance frequency and amplitude of the response signal are
extracted. The features are m1, f1, m0, f0, m2 and 2, as shown in Figure 4 where m stands
for amplitude and f stands for frequency. The subscript shows the order of the resonance
peak, with 0 being the fundamental frequency and 1 and 2 being the first and second
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harmonics. Additionally, principal component analysis (PCA) features from the response
shape are considered in this comparison. The application of PCA for feature reduction to
the spatial domain was demonstrated in our previous paper [17], including its computa-
tion algorithm flow chart [19]. The computed PCA feature relies on the response shape,
and it is included in Table 3 for more feature comparison. In this comparison, the first
principal component (PC1) is selected because it has the highest percentage deviation
around the slot area compared to other PCs.

The table also shows the R*-value and RMSE for each feature, which are measures of
how well the feature predicts the shape of the fittings. The R*-value is the coefficient of
determination, which ranges from 0 to 100% and indicates how much of the variation in
the shape is explained by the feature. The RMSE is the root mean squared error, which
measures the average difference between the predicted and actual shape. A higher R?
value and a lower RMSE mean better performance.

The slot characterisation using GRP feature reduction provides the best reconstruc-
tion fitting compared to PCA and resonance point features with an R*-value of 99.38%
for the depth and 99.86% for the width at 0.25 mm and 0.06 mm, respectively. The
Resonance point feature performance for the depth characterisation is less than that of
the PCA feature. However, the first frequency feature from the Resonance point features
is far better than the PCA feature for width characterisation.

5.2. Comparison with state-of-the-art defect characterisation

The proposed WPT-based ECT method is further compared with the current state-of-the
-art defect characterisation in terms of R*-value and RMSE for slot/crack parameter
reconstruction. The proposed technique is applied to the evaluation of slot parameters on
aluminium material. The performance comparison of this technique with other techni-
ques for different materials with slot/crack defects is summarised in Table 4.

As presented in Table 4, most of the published NDT&E for crack quantification
articles varied the crack parameter to be quantified, while other parameters were

Table 4. Comparison for crack parameters reconstruction.

Year, Maximum Quantified
Sample Reference Note R? (min RMSE)  Methods parameter
2019 N. Faris Quantified depths at constant width Depth, Angle: Pulse ECT  Depth and
Aluminium [36] (0.3mm) and angles. 99.20%, Angle
block Quantified angle at constant width 99.70%
(0.3mm) and depths. (0.20mm,
Features: skewness, length of line scan 2.9%
(LLS), and the maximum length of line  respectively.
scan (LSmax).
2021 Thickness evaluation due to corrosion. 94.20% Pulsed-ECT Thickness

Aluminium Features: Response decay coefficient & (0.27mm) (Corrosion)
cladding Machine Learning based Gaussian

process regression (GPR) algorithm

2023 Quantified depths, and widths Depth & WPT-based Depth and

Aluminium parameters. width: ECT width

Features: GRP 99.38%

(0.25mm) &
99.86%

(0.06mm)
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considered as constant as described in [36,40-42]. In real applications, the peak value of
the system response is affected by the crack parameters. The obtained R*-values in our
manuscript are comparable to other NDT&E studies, as shown in Table 4. The improved
performance of quantitative results from refs [40,42] may be attributed to the high spatial
resolution of modern thermographic cameras, which allows for the detection of micro-
surface temperature variation. Additionally, the samples used in these references might
have had cracks with a single variable parameter.

However, their R* values are as good as those obtained in this proposed work.
Similarly, the better performance results from the Pulsed- -ECT in ref [36] were due to
the broad frequency potential of the pulse excitation, which covers from the zero
frequency to above the fundamental frequency of the harmonics. However, the Pulsed
ECT suffer sensitivity to lift-off distance and reduced resolution, which necessitates the
requirement for optimising the gap between Tx and Rx and inspection lift-off [43].

Our proposed advanced PS-PS topology of WPTECT quantified the width and depth
parameters from the extracted resonance point features and feature extraction using
Gaussian Random Projection (GRP). The peak of the extracted features around the crack
and the width of the feature taken from the 70% peak point defined the depth and width
of the crack, respectively. The proposed PS-PS topology of WPTECT shows exclusively
good application attributes to quantitative NDT&E of depth parameter with R2-value of
99.38% at 0.25 mm RMSE and width with 99.86% and 0.06 mm. Furthermore, it can
operate in scanning and non-scanning mode due to its simplicity in structure and
sweeping excitation signal and it has the availability of a cheap WPT IC chip for signal
processing to replace VNA in real-life applications with its inexpensive probe.

The proposed topology of WPTECT provides various features for multiple slot
parameters. The extracted features’ shape along the scan axis indicates the LLSW,
which only contains data about the width parameter. Conversely, the peak position of
the feature determines the actual location of the slot, while the magnitude of the feature at
the peak position indicates the depth of the slot. The peak of the extracted feature occurs
due to a decrease in sample conductivity around the slot, which results in higher eddy
current density. The shape of the feature depends on the gap between the two points
where the eddy current density concentration is higher.

The current results for slot depth and width detection show promise, but further
improvements are needed to reach the precision of commercial instruments. The pro-
posed advanced circuit topology of the WPTECT system is limited to metallic materials
and their defect detection and characterisation. Future research will focus on miniaturis-
ing the system into a portable form and integrating it into an IoT platform for real-time
structural integrity monitoring. Additionally, we plan to optimise sensor design and
incorporate advanced machine-learning techniques for better signal processing. The
proposed system offers unique advantages, such as efficient power transfer and flexibility
in real-time applications, making it a promising technology for various industrial
NDT&E applications.

6. Conclusion

The paper proposes a method for multiple feature extraction at efficient energy transfer
response from the splitting resonance response of the WPT-based ECT including
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features from the GRP of the system response. The WPT provides multiple feature points
at maximum energy transfer, leading to better evaluation performance of the slot
parameters.

In comparison with other ECT techniques, there are more diverse Integrated Circuit
chips for WPT signal processing, making it a better choice for real-life applications. The
depth and width of the slot on aluminium material have been characterised from the
experimental study, achieving higher R*-value and lower RMSE using the GRP features
from the response of the proposed inexpensive Tx-Rx WPTECT probe. This has been
compared to other ECT of NDT&E techniques.

The proposed WPT-based ECT overcome the challenges of the ECT probe in achiev-
ing maximum energy transfer response with multiple parameter information due to
splitting resonance frequency behaviour and swept frequency excitation. Additionally,
the novel GRP feature extraction techniques employed in WPTECT have achieved higher
R*-values for the slot parameters.

In future work, the proposed system will be applied for a higher spacing (lift-off)
inspection [44] with a time series and other signal compression analysis for higher SNR
values [45], including lift-off compensation for real-time inspection.
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