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Abstract

Torres de Sousa Andrade, Joao Pedro; Conci Kubrusly, Alan (Advi-
sor); Suzano Medeiros, Vivian (Co-Advisor). Development and
assessment of a simplified automatic impedance matching
network for electromagnetic acoustic transducers.. Rio de
Janeiro, 2023. 68p. Dissertacao de Mestrado — Departamento de
Engenharia Elétrica, Pontificia Universidade Catolica do Rio de
Janeiro.

Ultrasonic waves can be used for nondestructive testing. They are
generated and acquired by transducers. Electromagnetic acoustic transducers
(EMATS) have some advantages over traditional piezoelectric transducers.
Mainly, the ability to generate ultrasonic waves without requiring physical
contact with the medium under test. Nevertheless, they present a main drawback
of less efficiency, which leads to a lower signal-to-noise ratio. To overcome
this, impedance matching techniques can be used. The L-network impedance
matching network is often used in order to ensure maximum power transfer to
the EMAT from the excitation electronics. There is a wide range of variables
that can affect an EMAT’s impedance besides the transducer itself, namely,
the properties and distance to the specimen material, the temperature, and
the excitation frequency. Therefore, to ensure optimal power transfer, the L-
network’s configuration needs to be tuned whenever one of the factors that affect
impedance changes. The process of manually adjusting the impedance matching
network is a laborious and time-consuming task, therefore, its automation can
be of great benefit to the use of EMAT transducers. In this work, a simplified
one-element automatic matching network is proposed. The theoretical optimal
values for the one-element matching networks are derived. Simulations confirmed
their effectiveness to increase EMAT efficiency. Manual and automatic networks
were designed and built. Experiments were performed with two different EMATSs
at several frequencies. The automatic system was able to determine the best
configuration for the one-element matching network and provided up to 5.6
dB gain, similar to the manual solution. The automatic setup was more than

two-fold faster than the manual one.

Keywords
Electromagnetic Acoustic Transducers; Nondestructive testing; Impedance

Matching; Automation.



Resumo

Torres de Sousa Andrade, Joao Pedro; Conci Kubrusly, Alan; Suzano
Medeiros, Vivian. Desenvolvimento e avaliacao de uma rede
de casamento de impedancia simplificada automatica para
transdutores acusticos eletromagnéticos.. Rio de Janeiro,
2023. 68p. Dissertacao de Mestrado — Departamento de Engenharia
Elétrica, Pontificia Universidade Catolica do Rio de Janeiro.

Ondas ultrassonicas podem ser usadas para ensaios nao destrutivos. Elas
sao geradas e adquiridas por transdutores. Transdutores actisticos eletromagnéti-
cos (EMATS) possuem algumas vantagens em relagao a transdutores tradicionais
piezoelétricos, principalmente a capacidade de gerar ondas ultrassonicas sem
necessidade de contato fisico com o meio em teste. No entanto, sua principal
desvantagem ¢ a menor eficiéncia, que resulta em uma relagao sinal-ruido mais
baixa. Técnicas de casamento de impedancia podem ser utilizadas para com-
bater isso. A rede de casamento de impedancia do tipo circuito L é comumente
utilizada para garantir a transferéncia maxima de poténcia da eletronica de exci-
tacao para o EMAT. Existem diversas variaveis que podem afetar a impedancia
de um EMAT além do préprio transdutor, como as propriedades e distancia do
material, a temperatura e a frequéncia de excitagdo. Portanto, para garantir
a transferéncia maxima de poténcia, o circuito de casamento de impedéncia
precisa ser reconfigurado e ter seus valores ajustados sempre que um dos fatores
mencionados acima sofrer alteracao. O processo de ajuste manual desta rede é
trabalhoso e demorado, portanto, sua automagao pode trazer grandes beneficios
para o uso de transdutores EMAT. Esta dissertacao propoe um circuito simpli-
ficado, com um unico elemento, para casamento de impedancia de EMATs. Os
valores tedricos ideais para circuitos mono-elemento foram obtidos. Simulagoes
confirmaram sua viabilidade em aumentar a eficiéncia do EMAT. Circuitos de
casamento manual e automéaticos foram projetados e construidas. Configuragoes
experimentais foram elaboradas e postas em pratica. Experimentos com dois
transdutores EMATSs distintos foram conduzidos utilizando varias frequéncias.
O sistema automatico foi capaz de determinar a melhor configuragdo para o
circuito mono-elemento de casamento de impedancia e forneceu um ganho de
até 5,6 dB, similar a solu¢gdo manual. A configuracao automatica foi mais de

duas vezes mais rapida do que a manual.

Palavras-chave
Transdutores Acusticos Eletromagnéticos; Ensaios Nao destrutivos; Casa-

mento de impedancia; Automacao.
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Figure 3.2 Simplified, one-parallel-element matching network, where
the impedance of the source is assumed real and composed only
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Xy are the resistance and reactance of the load. The reactance

X, is the single element within the simplified matching network.

Here, the load represents the EMAT. The parallel association
between the simplified network and the load has total impedance
Zin-

Figure 4.1 (a) real and (b) imaginary parts of the impedance of
the EMATS as a function of frequency. Brighter solid lines were
measured with the transducers close to a ferrous object and
darker dashed lines with them in the air, far from any ferrous
object. Blue lines are the measurements for the first RPDR’s
included EMAT, and magenta for the second one. Green lines
are the measurements for the HWS2225 EMAT.

Figure 5.1 Modeled circuits in LTspice. (a) Full L-network, following
Fig. 3.1(b); (b) One-parallel-element network with X, with the
same value as the full L-network; (c) one-parallel-element optimal
network; and (d) without any network.
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Figure 5.3 Simulations in LTspice are represented by solid, colored

lines, while the simulation done in Matlab are the black dashed

lines plotted on top. (a) and (b) represent the module and phase

of the voltage input of the EMAT respectively. (¢) and (d) the
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Figure 5.6 Simulations made with the correct impedance, and best
matching network’s values for each frequency. (a) Voltage across
RPDR#2’s EMAT. (b) Values of the components of the matching
networks for the simulation of the RPDR#2’s EMAT. (c) Voltage
across HWS2225’s EMAT. (d) Values of the components of
the matching networks for the simulation of the HWS2225’s
EMAT. For (a) and (c): the blue lines represents the full L-
matching network, orange lines the optimum one-parallel-element
(X,) network, yellow lines the optimum one-series-element (X})
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Figure 6.8 A simplified schematic of the pulse-echo experimental
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matching networks, and load, in this case, the EMAT. The
differences from Fig. 6.6 are highlighted in red. They are the
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Figure 6.9 Pulse-echo experimental setup schematic. The differences
from the schematic in Fig. 6.6 are highlighted in red. The
elements from Fig. 6.6 that are not present here are not
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RPDR module, but there were tests, with the external HWS2225
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Figure 6.10 Peak detector circuit based on the 'Improved Peak
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detector’s input (attenuator’s output) in blue, and its output
in red. (b) shows the trigger signal from the function generator
after passing throw the low-pass filter in black. Both (a) and (b)
have the same time-scale. (c¢) shows the three signals mentioned
previously using the same colors, at a wider time scale.

Figure 6.12 Schematic of the experimental setup for the pulse-echo
with peak detector. The differences from the schematic in Fig.
6.9 are highlighted in red. The elements from Fig. 6.9 that are
not present here are not highlighted but simply absent.
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and (b) receiver EMAT as a function of the equivalent capaci-
tance of the capacitor bank, obtained with the manual impedance
matching in dashed darker lines, and with the automatic method
in solid brighter lines. Three excitation frequencies were evalu-
ated, 2, 3, and 4 MHz, represented by green, blue, and magenta
lines, respectively.

Figure 7.3 Optimal matching network (blue line) effect at 2 MHz
on (a) Excitation signal, (b) Received signal, compared to no
network used (red line). (c) presents the zoomed-in received
signal, discarding the bang’s interference and focusing on the
received ultrasonic wave between 12 and 14 us.
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Figure 7.4 Peak-to-peak amplitude at the transmitting EMAT as
a function of the resultant capacitance of the capacitor bank.
The results obtained with manual impedance matching are in
dashed darker lines, and the results obtained with the automatic
method are in solid brighter lines. Three excitation frequencies
were evaluated, 2, 3, and 4 MHz, represented by green, blue, and
magenta lines, respectively.

Figure 7.5 Comparison between the experimental and normalized
simulation results for each capacitance. Brighter solid lines
are the simulation results, whose vertical axis is on the right.
The darker dashed lines with star markers are for the manual
experiment results, whose vertical axis is on the left. Excitation
frequencies of 2, 3, and 4 MHz, represented by green, blue, and
magenta lines, respectively.

Figure 7.6 Optimal matching network (blue line) effect at 2 MHz on
Excitation signal, compared to the signal without any matching
network (red line). Resulting voltage at the RPDR’s transducer

Figure 7.7 Peak-to-peak amplitude at the transmitting EMAT as
a function of the resultant capacitance of the capacitor bank
obtained with the final automatic matching network. Three
excitation frequencies were evaluated, namely, 2, 3, and 4 MHz,
represented by green, blue, and magenta lines, respectively.

Figure 7.8 Comparison between the experimental and normalized
simulation results using the HWS2225 transducer for each
capacitance. Solid lines are the simulation results, whose vertical
axis is on the right. The lines with star markers are for the
automatic experiment results, whose vertical axis is on the left.
Excitation frequencies of 2, 3, and 4 MHz, represented by green,
blue, and magenta lines, respectively.

Figure 7.9  Optimal matching network (blue line) effect at 2 MHz on
Excitation signal, compared to the signal without any matching

network (red line). Resulting voltage at the HWS2225 transducer.

Figure 7.10 Peak-to-peak voltage, measured by the hardware peak
detector across (a) RPDR#2’s transducer, (b) HWS2225. Three
excitation frequencies were evaluated, 2, 3, and 4 MHz, repre-
sented by green, blue, and magenta lines, respectively. The darker
green line in the bottom graph labeled '2MHz LP’ was obtained
with lower power to avoid saturation in the peak detector, the
normal 10 V excitation from the function generator was switched
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1
Introduction

Ultrasonic waves are widely used in nondestructive testing [1,2]. In order
to generate ultrasonic waves, different types of transducers can be used, the
most common one being the piezoelectric [3]. These transducers require direct
contact with the medium under test, either bonded or through a coupling
medium, to operate [3-5]. They can easily generate P waves, however, their
use to generate S waves is not straightforward [6,7].

Electromagnetic acoustic transducers (EMATS) have some advantages
when compared to traditional piezoelectric transducers. They are capable of
generating various types of ultrasonic waves and polarizations in conductive
materials without contact [3,8-10]. These advantages yield from the transducer’s
working principle. EMATSs can have three coupling mechanisms, namely, Lorentz
force, magnetization force, and magnetostriction. They generally consist of a
coil underneath a permanent magnet or a permanent magnet array, although
an electromagnet can also be used. The current applied to the coil induces a
current density in a conductive medium skin-depth [3]. The interaction between
the induced current density and the magnetic field produced by the permanent
magnet generates a Lorentz force field within the object. Due to the external
magnetic field, a magnetization force can also be generated in ferrous objects.
The magnetic field can also cause a dimensional change or magnetostriction.
These forces contribute to generating ultrasonic waves inside the medium [3].

Many of the factors which affect the EMATs impedance also yield from
the EMATS construction. Not only the coil geometry affects its impedance, but
also the distance from the coil to the magnet as explored by Wu et al. [11].
The transducer can also possess a backplate between these components that
also affects its impedance, as exposed by Wang. et al [12]. Beyond the EMAT
itself, the distance from it to a ferrous material, so-called ‘lift-off’, also affects
the transducer’s impedance [13], and so does the temperature [14]. Finally, the
excitation frequency affects the EMAT’s impedance as well.

The main drawback of EMATS is their low efficiency. Consequently, they
have a lower signal-to-noise ratio (SNR) than piezoelectric transducers, which
can hinder the use of EMATSs [11,13]. One way to alleviate this shortcoming is

to guarantee the maximum power transmission from the excitation electronics
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to the transducer [14,15]. The maximum power transference theorem states that
whenever the electric input impedance of the transducer equals the complex
conjugate of the output impedance of the pulser, maximum power is transferred
to the transducer [16]. The pulser’s output impedance is usually fixed. The
transducer impedance, however, depends on a wide variety of factors. Therefore,
impedance matching is usually designed for a specific EMAT and operating
frequency [8,17].

One common way to impedance-match EMATS is to use the L-network,
which is a circuit composed of two reactive lumped elements, each one can be
either an inductor or a capacitor [18]. However, to be able to impedance-match,
the inductance or capacitance values of the network’s components depend on the
pulser and transducer impedances. Because the EMAT impedance is generally
not previously known, as it depends on various factors, the impedance matching
process usually consists of sweeping for the network’s configurations that provide
the maximum signal amplitude [14]. Manually adjusting these configurations
is a time-consuming process and subject to human interpretability and errors.
Therefore, automation of this process can be of great benefit to EMAT-based
inspection systems, not only for time savings reasons but also to ensure optimal
operation.

Some works which aim to improve EMAT performance study the effects of
physical changes in the transducers. Wu et al. [11] studied the effect of magnet-
to-Coil distance on the performance characteristics of EMATS, concluding the
magnet-to-coil distance affects the magnetic flux density and eddy current
density at the medium’s surface and that, for a specific EMAT, there is an
optimal magnet-to-coil distance that maximized its conversion efficiency over
a range of lift-off distances. Wang et al. [12] explored the effects a copper
backplate, positioned between the coil and magnet at various distances from
the coil, can have on the EMAT impedance and the received pulse width and
amplitude of thickness-measurement signals. An equivalent circuit model of the
receiving coil-backplate structure was established and used to predict these
effects. Ding et al. [13] measured and confirmed the effect of lift-off on EMAT
impedance. Although the term ‘impedance matching’ was not mentioned, a
resonant capacitor was proposed to enhance the lift-off performance of the
receiving EMAT. This resonant capacitor proved effective and is very similar to
the one-parallel-element matching network explored in this thesis. Zao et al. [14]
explored the variation of EMAT impedance with different temperatures. An
automatic solution, based on L-network impedance matching, was developed
to enhance signal amplitude.

These four works [11-14], each explore the effects that one variable can



Chapter 1. Introduction 17

have on EMAT performance, namely, the magnet-to-coil distance, the backplate
distance, lift-off, and temperature. In contrast, Jian et al [19] explored the
effects of various variables on EMAT impedance, namely, coil geometry and
size, different materials samples, and various lift-off distances. It was concluded
that "an EMAT must be considered as a system, including a pulse generator, a
transmitting coil, and a metal sample', elements that can affect the equivalent
inductance of the transducer. Jian et al. [19] however, did not explore any
techniques to improve EMAT performance.

Kuang et al. [17] explored an automated system, that measures the
impedance of high power piezoelectric transducers in real time, relying on
the analysis of amplitude and phase of both voltage and current across the
transducer. The system achieved resonance tracking with a phase-locked loop
by modulation of the excitation frequency. This method, however, is much more
elaborate, requiring higher-cost electronics and more complex software than
impedance matching using an L-network. Furthermore, an arbitrary excitation

frequency cannot be chosen when using this system.

1.1
Thesis Contributions

The automated impedance matching process, which searches for the max-
imum signal amplitude, is capable of taking various factors into consideration
at once, optimizing the EMAT system.

In this thesis, simplified impedance matching networks are proposed,
their theoretical values are derived, and their viability for improving EMAT
performance is explored. A method for measuring EMAT impedance by using
such networks is also proposed.

Automatic one-parallel-element networks are built, tested, and compared
to their manual counterpart. Unlike Zao et al. [14], their application by using
different transducers at different excitation frequencies is explored, confirming
the use of automated impedance matching networks as a means to improve

EMAT performance with respect to the change of more than one variable.

1.2
Dissertation Structure

The remainder of this dissertation is organized as follows:

Chapter 2 presents the background theory employed in the subsequent
sections. The types of ultrasonic wave polarization are defined and their use in
nondestructive testing are described. Conventional piezoelectric transducers

are mentioned and compared to EMATSs. Spiral coil EMATSs are thoroughly
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discussed. The electronics needed for an ultrasonic inspection system are also
presented. Finally, the maximum power transfer theorem is stated.

Chapter 3 presents the impedance matching networks analyzed. The
L-matching network is discussed, and its theoretical values are shown. Two
simplified one-element networks are proposed. Its optimal values are derived.
Finally, some comments are made on how to find the network values in practice,
without prior knowledge of the load’s impedance.

Chapter 4 presents an analysis of EMAT impedance. Experimental data
on different transducers is reported. For some transducers, the evaluation was
also performed in varied proximity to ferrous objects.

Chapter 5 presents numerical simulation methods for the circuit which
includes source, matching network, and load. LTSpice and Matlab models were
developed and compared.

Chapter 6 presents the matching networks that were built and the different
experimental setups which used them. Three networks are described, a manual
one, a preliminary automatic, and a final automatic network built on a custom-
made PCB. The experimental setups are explained concerning all the equipment
used.

Chapter 7 presents the experimental results for each of the experimental
setups with various comparisons between results for different frequencies,
transducers, and the simulations performed previously.

Chapter 8 concludes this thesis and presents plans for future work.

1.3
Publication

From part of the work presented in this dissertation, a paper was published
in the International Symposium on Instrumentation Systems Circuits and
Transducers, INSCIT 2023, namely,

J. P. Andrade, V. S. Medeiros, and A. C. Kubrusly, "A simplified automatic
impedance matching network for electromagnetic acoustic transducers", 2023

International Symposium on Instrumentation Systems Circuits and Transducers

(INSCIT), 2023.



2
Background Theory

In this chapter, the background theory that is needed for further chapters is
exposed. Ultrasonic waves are presented and their use in nondestructive testing
is described. EMATSs are described and compared to traditional piezoelectric
transducers. EMATSs of the spiral-coil type, used in this work, are modeled.
The excitation electronics needed for an ultrasonic inspection system are also

described. Finally, the maximum power transfer theorem is stated.

2.1
Ultrasonic waves and transducers

Ultrasonic waves are mechanical waves that propagate through fluid or
solid mediums, with a higher frequency than humans can hear [5]. In solids,
ultrasonic waves can be split into two categories with respect to their particle
motion direction. Primary (P) or longitudinal waves have the particles of
the medium move in the same direction as the propagation of the wave. In
Secondary (S) or transversal waves, the particles move perpendicular to the
wave’s propagation, they can also be further divided into shear horizontal
(SH) and shear vertical (SV) waves [20]. Because fluids cannot withstand shear
motion, S waves can only propagate across solid mediums. It is also worth
mentioning that it is possible to have ultrasound propagating in both modes
simultaneously, though this is generally avoided in inspection systems. P and S
waves propagate through the medium at different speeds [20,21], namely ¢,

and cr respectively, which are given by:

o = IA+2u (2-1)

(2-2)

and
Cr =

S -

where p is the medium’s density, A is the first Lamé parameter, and p is the
second Lamé parameter [21,22].

When propagating through non-ideal media, ultrasonic waves are attenu-
ated, not only because of intrinsic thermal and viscous effects but also because
of any impurities and imperfections in the medium [1]. When propagating across

an interface between two media reflection and refraction occur depending on
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both medium’s properties and the incident angle. It is also possible for a wave
to change modes when reflecting or refracting [5]. To both generate and capture
an ultrasonic wave, a transducer and its accompanying electronics are required.
A transducer can be broadly defined as "a device that transforms energy from
one domain into another"' [23]. Here, the transducer converts energy between

mechanical waves, or sound, to electrical signals and vice-versa [1,24].

2.2
Nondestructive testing

Nondestructive testing (NDT) can generally be defined as an examination,
test, or evaluation performed on a test object without changing or altering that
object [25]. It can be performed to assess the object’s condition, usefulness, or
serviceability and conditions that affect service life. NDT or nondestructive
evaluation (NDE) may also be used to measure various object characteristics,
such as size, dimension, discontinuities, structure, including hardness, and grain
size, among others [25].

Ultrasonic waves can be used in NDT and inspection systems [1]. There are
three main types of setups used in NDT, namely, Pulse-Echo, Pitch-Catch, and
Through-Transmission [1]. These three setup types are represented in Fig. 2.1.
A Pulse-Echo Setup uses only one transducer, acting as both transmitter and
receiver of ultrasound waves. Both Pitch-Catch and Through-Transmission
setups use two transducers, one acting as a transmitter and the other acting as
a receiver. The difference lies in their positioning relative to one another. In the
Pitch-Catch setup, the transducers are not aligned, meaning the ultrasonic waves
need to scatter or reflect in order to reach the receiver from the transmitter. In
a through-transmission setup, both transducers are aligned at opposite ends of
the medium. The analysis of the wave propagation through the medium yields
its the measured characteristics. For example, the time between the emission
and reception of corresponding signals in the trough transmission setups is the
time the ultrasound takes to propagate across the thickness of the medium.
This thickness can be calculated from the time and the corresponding wave
speed. A flaw can be detected as it generates an echo that is received in a

different time interval than the medium boundary’s echo [1].
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Figure 2.1: Representation of the three main types of ultrasonic system setups,
namely, Pulse-Echo, Through-Transmission, and Pitch-Catch, respectively from
left to right.

2.3
Traditional Piezoelectric transducers

Traditional Piezoelectric transducers work based on the principle that,
when certain materials, such as some crystals or ceramics, for example, are
deformed, a voltage across the material is created due to the material’s
crystalline structure [22]. The reverse is also true, when a voltage or electric field
is applied to piezoelectric materials, the materials internal forces change, causing
a deformation. This principle fits the definition of a transducer, converting
electric into mechanical energy and vice-versa. The word piezoelectric, derived
from ancient Greek, means electricity resulting from pressure [22,26].

This type of transducer can be efficient in this energy conversion [27].
However, the electric signal is converted into a deformation in the material of
the transducer itself. Therefore, for this mechanical energy to be transferred to
the test object, contact between the transducer and the medium is needed [1].
Water or gel is commonly used as a couplant for this transmission. However,
as has been established, fluids do not propagate shear waves. Therefore, to
generate S waves, the transducer needs to be bonded to the medium, or a

conversion of mode in refraction is used [1].

2.4
EMAT transducers

Electromagnetic Acoustic Transducers work by a completely different
principle. EMATS consist of a coil underneath a permanent magnet, permanent
magnet array, or electromagnet. When a current is injected into the coil, it
induces a current density in the skin-depth of a conductive medium [3]. The

permanent magnet generates a magnetic field that penetrates into the medium.
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The interaction between the current density and the magnetic field generates
a Lorentz force field on the surface of the medium that is given by the cross

product
F=JxB (2-3)

where J is the current density, B is the magnetic field, and F' is the resulting
Lorentz force field, which, in turn, can generate ultrasonic waves directly inside
the medium [3,28]. Therefore, EMATSs do not need physical contact with the
medium, which is a significant advantage over traditional transducers [3,12,28].
Furthermore, depending on the magnet and coil arrangement, different types
and polarization of ultrasonic waves can be generated [8-10].

There are many types of EMATSs that use varied arrangements of coils

and permanent magnets [3]. In this work, only spiral-coil EMATs are used.

24.1
Spiral Coil EMAT and circuit modeling

Spiral-coil EMATSs are one of the most basic types of EMATSs and are
often used [3]. They have a single permanent magnet, oriented perpendicular to
the medium’s boundary, meaning the magnetic field below the EMAT is mostly
perpendicular to the conductive material’s surface. They also use a spiral-coil,
which means that the current density generated is oriented circumferentially.
The resulting Lorentz force generates a radial-polarized S wave beneath the
EMAT [3,10]. Fig. 2.2(a) shows a schematic representation of a spiral-coil
of EMAT. Since the main electric element of an EMAT is a coil, a simplified
lumped-element model for an EMAT consists of an inductor in series with a
resistor [10,13]. Fig. 2.2(b) shows this model.
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Figure 2.2: Spiral-coil EMAT. (a) Physical representation of an EMAT consisting
of a spiral-coil underneath a cylindrical permanent magnet. The red section of
the magnet indicates the north pole, and the blue section indicates the magnet’s
south pole. Both components are usually enclosed in a casing. The Lorentz
forces generated are indicated by arrows inside the medium. (b) Simplified
model consisting of a resistor in series with an inductor.

2.5
Excitation Electronics

Besides the transducer, the electronics are also very important in an
ultrasonic-based inspection system, these can be referred to as ‘pulse-receiver’
[1]. The pulser which drives the system, is responsible for generating the high-
voltage signal that goes into the EMAT. This pulser can be modeled as a
source, with an internal output impedance. Usually, the output impedance, Z;,
is equal to 50 €2 in most laboratory equipment [29]. A representation of the
pulser model is shown in Fig. 2.3. The receiver is responsible for amplifying the
electric signal generated by the transducer when an ultrasonic wave is captured

so it can be acquired by an oscilloscope [1].

2.6
Maximum power transfer theorem

A model of a pulser connected to a generic load is shown in Fig. 2.3. The

power over the load is given by

V|2 Ry
Py=1,R _ :
0= Srms=70 2 (R; + Ro)? + (X; + X)?

where I,,,s is the root mean square current over the load. Z; is the source’s

(2-4)

output impedance, that can be decomposed by its resistance R; and reactance
X;. Zy is the load impedance, that can be decomposed by its resistance and

reactance, respectively Ry and Xg. V; is the voltage value of the source. For
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Figure 2.3: Circuit where AC power is transferred from the source with
magnitude V, and internal impedance Z; to a load of impedance Z,. The
voltage and current across the load are V) and I respectively.

a given V; and Z;, to maximize power Py, Zy needs to maximize the fraction

Ro
(Ri+Ro)?+(X;+Xo)?

when (X; + Xo) = 0, therefore we have:

. For each value of Ry, there is a minimum in the denominator

Xo=—Xi. (2-5)

Considering Eq. (2-5), Eq. (2-4) becomes
_ WP Ro

F . 2-6
"7 2 RI+2RiRy+ R} (26)
To find its maximum one has:
0P, Vi|* —Ro + R;
b e Rt (2-7)
ORy 2 (Ry+R)3
which yields
Ry =R;. (2-8)
From Eq. (2-5) and Eq. (2-8) one has:
Zo = 4, (2-9)

where the asterisk means the complex conjugate. Therefore, the maximum
power transfer theorem states that whenever the input impedance of a load
equals the complex conjugate of the source output impedance maximum power
is transferred to the load [16, 18]. Assuming the source impedance as purely
real, that is, a resistance, the maximum power transfer occurs when the load
impedance and the source resistance are equal.

In this thesis, the load is the EMAT, whose impedance value generally
differs from the source output impedance. For this reason, one has to use some

matching technique to achieve maximum power transfer [14].



3
Impedance Matching Techniques

As stated in Section 2.6, to achieve maximum transferred power, one has
to use some impedance matching technique. In this chapter, the most common

and simplified ones are presented.

3.1
L-Networks

One of the simplest and most commonly used topologies for impedance
matching is the L-network, which uses two lumped elements [18] that are
associated with the load, changing the equivalent impedance seen by the source.
To introduce a lossless network, reactive elements are required. Thus, each
element can be either a capacitor or an inductor. There are two possible layouts,
as shown in Fig. 3.1. Hence, considering all possible combinations of elements,
there are eight distinct possibilities for the matching L-network circuit, not
all of them are capable of perfectly matching any load to any source [18]. If
the load resistance is greater than the source impedance, then the circuit in
Fig.3.1(a) should be used as the matching network. Otherwise, one should use
the circuit in Fig.3.1(b) [18].

Figure 3.1: L-section matching networks. (a) Recommended network for Ry > Z;,
(b) Recommended network for Ry < Z;. Where R; and X; are the resistance
and reactance of the source, respectively, and Ry and X are the resistance
and reactance of the load, respectively. The reactances X, and X, are the
elements of the L-network. Here, the load represents the EMAT. Z;, indicates
the impedance association of the L-network and the load, as seen by the source.
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The EMAT impedance is explored in detail in the next chapter, but for
now, it is worth commenting that, generally, it has lower resistances than the
usual 50 Q) of the source. Therefore, the circuit shown in Fig. 3.1(b) is adopted
from here on.

The theoretical values for the reactances X, and X, of the L-network
matching layer in Fig. 2.2(b) that ensure impedance matching and therefore

maximum power transfer to the load are:

—(R? + X?)
X, = 22 3-1
QR; + X; (-1
Xp = QRy — Xo, (3-2)

where, =
Ri(1+ %
Q= iJ Mg 1. (3-3)
Ry

Simplifying with the assumed source output impedances, namely R; = 50 €2
and X; =0

X,= 2 (3-4)

Xb - :i:RO ;—0 - 1 - Xo. (3-5)
V Lio

where the symbol + refers to the sign that should be taken according to the
two possible values that () can assume, either positive or negative. When @) is
positive, then X, is negative; therefore, it consists of a capacitor. In this case,
X}, can be either positive or negative depending on the EMAT’s impedance Z.
If @ is negative, then X, is positive, that is, it consists of an inductor.

Here, @) will always be chosen positive, yielding the following component

values: _1
Co = m7 (3-6)

and 1
Cy = m; (3-7)

or

I Xb
L, = 2 3-8
b 27Tf’ ( )

where C, is the capacitance of the element X,, Cj is the capacitance of the
element X; when X, < 0, L, is the inductance of the element X, when X, > 0,
and f is the frequency.

The condition for X, < 0 is:

20
X() > RO E —1 (3_9)
0

As such, it is possible to use only capacitors for the L-network when the
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resistance of an EMAT is relatively low compared to its reactance. This condition
is also more easily fulfilled at higher frequencies. Taking into account the EMAT
circuit model presented in Section 2.4.1 the impedance is proportional to the
frequency, but the resistance is constant.

When building the matching network, capacitors are better compared to
inductors because they are easier to source [30], especially for the high power
requirements of an EMAT system. They also associate by addition in parallel
[31], meaning that having a bank with binary weights only needs simpler single
pole single throw (SPST) switches or relays, in comparison with the double
pole single throw (DPST) switches for inductors association in series.

It is also worth mentioning that, considering Ry < Z;, the choice of the
circuit (b) in Fig. 3.1 guarantees that all the equations from (3-1) to (3-9)
result in a purely real value. If the condition is switched, it is possible to
find the matching network values for the circuit in Fig. 3.1 (a) simply by
switching around the load and source’s impedances in equations (3-1) to (3-3)
[32]. Switching the values in the equations would be equivalent to switching the
connections to the matching network in the circuit, it is possible to see in Fig.

3.1 that doing so would change from the circuit in (a) to (b) and vice-versa.

3.2
Simplified One-Parallel-Element (X,)

Here it is investigated a simplified one-element matching network. This
network consists of removing the element X, from the circuit shown in
Fig. 3.1(b), keeping only X, in parallel with the load. The resulting circuit is
shown in Fig. 3.2. With the impedance of only one-element to be adjusted,
it is impossible to achieve the two degrees of freedom required to perfectly
match the source and the load impedance and optimize the power transferred
to the load. However, one still can find the best possible value for X,. That is,
the value for X, that maximizes the power transferred to the load under this
condition.

The power provided by the source is given by

|V|QZin

2 Zu + R &10)

where |V|? is the absolute squared value of source voltage and Z;, is the
impedance prior to the matching network, as highlighted in Fig. 3.2, that is

L1, 1
Z; _an Ro+jXo’

(3-11)

where j = v/—1. Applying Eq. (3-11) into Eq. (3-10), for X; = 0, with some
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Simplified
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Figure 3.2: Simplified, one-parallel-element matching network, where the
impedance of the source is assumed real and composed only by a resistance
R;. The load impedance is Ry + jXo, where Ry and X, are the resistance
and reactance of the load. The reactance X, is the single element within the
simplified matching network. Here, the load represents the EMAT. The parallel
association between the simplified network and the load has total impedance
Zin-

manipulation, leads to

p_ 11 V22X, (Ro + jXo)
=-3 (R + Xaj(Reron))(RiJr Xaj(Ro—jXo) )¢

7R0+jX0+an

(3-12)

where Z indicates the imaginary part of what is inside the brackets, and
§ = Ro+ jXo+ jXa. (3-13)

Because the matching network consists of reactive elements only, it does
not dissipate power. Hence, maximizing the source power also maximizes the
power delivered to the load, that is, the EMAT. Therefore, from

oP
= -14
X, 0 (3-14)
one has 2 | 2
x, = ~fot X0 (3-15)
Xo

Note that X, does not depend on the resistance of the source, as long as
X; is zero. Following the model in section 2.4.1, an EMAT has positive values
for its resistance and reactance; therefore, the optimal value for the simplified
single parallel element is negative, meaning that X, should be a capacitor, no

matter the specific load values.

3.3
Simplified One-Series-Element (X;)

Another possible simplification of the full L-network is to remove X,,
leaving only X, in series with the load. The power provided by the source

follows Eq. (3-10), where Z;, in this configuration is:
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Zin = j X + Ro + j Xo. (3-16)
Applying Eq.(3-16) into Eq.(3-10), for X; = 0, with some manipulation, leads
to

(Ri+Ro)(Xp+Xo0)+Ro(Xp+Xo) , (Xp+X0)2—Ro(Ri+Ro)
P (X + Xo) ) (R; + Ro)( 7 )

2n 2n
(3-17)
where
n= (R + Ro)* + (X, + Xo)*. (3-18)
Following the same logic as in the previous section, from
oP
— =0 3-19
X, (3-19)
one has
X, = —Xp. (3-20)

Note that X} only cancels out the imaginary part of the load’s impedance.

This means that the one-parallel-element network consists of a capacitor.

3.4
How to find the matching network’s values in practice

In practice, the values for the matching network are usually not determined
using the aforementioned equations presented in the previous sections. This
is because the load impedance is not known a priori, and to measure it, it is
necessary to use an impedance analyzer. Furthermore, as mentioned in previous
sections, this value can change with a wide variety of factors.

The practical approach consists of changing the network values X, and/or
X, and observing the effect of the change on the power transmission. In
a laboratory environment, this usually consists of an EMAT system with
a matching network that can be manually adjusted, by flipping switches,
for example. This system is connected to a oscilloscope meaning that if the
configuration of the network is changed, the resultant signal can be observed
to check for improvement or worsening. Therefore, a simple process of testing

configurations, until the best one is found, can be employed.

3.4.1
For one-element networks

For a one-element network, the worst case is to perform the same number
of measurements as there are configurations in the matching network. For
example, consider a bank of eight individually switchable capacitances. This
would result in 256 possible configurations. This is the same for both one-element

networks explored previously.
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It is also worth mentioning that knowing the expected format of the
power output as a function of the matching network’s values can help in this
process, as it is possible to devise a more clever search algorithm than just
sweeping all possibilities. As shown the next sections, this function has only

one local maximum, making many search algorithms feasible.

3.4.2
For full L-networks

The full network has two degrees of freedom, which means a whole plane
of possibilities. Using the same example as before, with two banks of eight
capacitors each, in the worst-case scenario, a full sweep now has 256x256 or
65536 measurements needed. There is, however, a better way to find both values
relying on using the full L-network as two simplified one-element networks.

If X, is set to zero, it is possible to find the optimal empiric X, for a
one-series-element network, that is Xj_ , by switching all the possible values
for Xj. The same is true for the other one-element network, that is, by setting
X to zero and sweeping X, one can find the optimal empirical value X,,, .

In sections 3.3 and 3.2, it has been observed that the optimal values
for simplified one-elements are not the same as the ones for the full network.
However, in possession of the analytical solutions calculated for the optimal
one-element networks in Eq. (3-15) and Eq. (3-20), it is possible to get inverse
relationships and calculate the load impedance. This can be done as follows,
with both the empirical values found for the optimal X, and X, that is X,
and Xj,,.,, Eq. (3-21) and Eq. (3-22) can be used to find X, , and Ry,,,,,
respectively, the empirical reactance and resistance of the transducer. Those

are,

Kooy = —Xp (3-21)

emp

and

Rovry =\ Xty Koy — Kby (3-22)
It is worth mentioning that Ry, is a real number. As we can see comparing the
results from Eq. (3-15) and Eq. (3-20), X, is greater than Xj. The same follows
for the empirical values. Assuming that we find Ry, < 50, then we apply
the resulting values of Eq. (3-21) and Eq. (3-22) in Eq. (3-4) and Eq. (3-5).
Note that this method only requires two one-dimensional sweeps, one for each
reactive element. Therefore, for the example of two banks of eight capacitors,
this method improves the required measurements from 2562 to 256x2, which

means a 128-time improvement.



4
EMAT impedance analyses

In order to evaluate and compare the impedance matching networks
mentioned in Section 3, numerical simulations were performed. First, the
EMAT’s impedance values are needed. In this work, two different spiral-coil
EMAT models are used. The first is incorporated in a Ritec RPDR-1000 OEM
module, the second is a Sonemat EMAT model HWS2225. An impedance
analyzer (Agilent model 4294A) was used to measure the impedance of all
transducers by means of a frequency sweep. As mentioned before in Chapter
1, the proximity to ferrous objects affects the EMAT impedance; therefore,
the measurements were performed in two conditions: far from any ferrous
medium and magnetically attached to a 12 mm steel block, the same used in
the forthcoming experimental setup. Additionally, two transducers of the same
model, from the RPDR module, were evaluated so that construction differences

could be compared. The measurements are shown in Fig. 4.1.

(a) (b)
60 : : 90
———-RPDR#1 air /
80 |—— RPDR#1 steel B
50 | —— RPDR#2 steel /
701~ HWS2225 air ]
— — HWS2225 steel
S 40 S 60
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Figure 4.1: (a) real and (b) imaginary parts of the impedance of the EMATS as
a function of frequency. Brighter solid lines were measured with the transducers
close to a ferrous object and darker dashed lines with them in the air, far from
any ferrous object. Blue lines are the measurements for the first RPDR’s included

EMAT, and magenta for the second one. Green lines are the measurements for
the HWS2225 EMAT.
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Observing Fig.4.1, one can see that both models of transducers generally
have higher resistance and lower reactance when near a ferrous object. For
the RPDR’s EMAT, however, the resistance varies more with frequency. It is
also possible to notice not only the large difference between the two models of
transducers but also the considerable difference between two samples of the
same model, namely the first and second RPDR-EMAT.

Following the simplified EMAT model found in Chapter 2, the transducer
can be modeled as a resistor in series with an inductor. Therefore, the resistance
should be constant with frequency and the reactance should behave linearly
with frequency. However, as per Fig. 4.1 this is not the case; the resistance
varies with frequency in both RPDR EMATS. Because of this, it is convenient
to evaluate the EMATSs impedance around an intended frequency, where it
can be directly translated to resistance and inductance values. The equivalent
values of resistance and inductance at 1, 2, 3, and 4 MHz for the EMATs when
in contact with the steel sample are reported in Table ?7. These values can
be used as input into an electronic simulation program in order to model an

EMAT around a frequency of interest.

Table 4.1: Equivalent values found for R+L EMAT model at given frequencies,
namely 1, 2, 3, and 4 MHz. The measurements were made with the transducers
close to a steel block.

| Frequency || HWS2225 Ry | HWS2225 Ly | RPDR#1 R, | RPDR#1 L, || RPDR#2 Ry | RPDR#2 L |

1MHz 2.2702 Q2 2.008 pH 13.7997 Q 3.658 nH 9.0335 Q2 3.658 pH
2MHz 3.5276 Q 1.953 pH 23.4684 Q 3.088 pH 18.4902 2 3.088 puH
3MHz 4.9263 1.989 puH 33.5095 Q 2.731 uH 28.4681 Q 2.731 pH
4MHz 6.5810 2 2.083 nH 42.8107 2 2.529 nH 38.0720 © 2.529 pH
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Simulations

To evaluate the different matching networks and understand the expected
results, several simulations were performed. Firstly the circuit in Fig. 3.1 (b)
is replicated in the LTspice and the expected results are confirmed. A Matlab
model is then developed, yielding the same results. This model is then expanded
to generalize the EMATSs impedance over frequency. The full bandwidth of the
two models of EMAT is presented for each of the three networks explored in
Chapter 3 and for no matching network. The results are analyzed to inform

the design of the matching networks build and the experimental setup.

51
Simulations using electric circuit simulation software

The first simulations were performed using LTspice, which is a free
electronic circuit simulation software that allows users to design and test
analog circuits [33,34]. The chosen circuit concerns the second RPDR’s EMAT
at an excitation frequency of 2 MHz. The values in Table 4.1 and Eq. (3-
4) and Eq. (3-5) are used to calculate X, and X}, which equal, —38.31
and —14.66 €2, respectively. Further using Eq. (3-6) and Eq. (3-7) we find
C, = 2.077 nF and C}, = 5.425 nF. With these values the circuit shown in Fig.
5.1 (a) was simulated. Three other variations were also simulated, namely, (i) a
one-parallel-element network such that the element X, has the same value as
the full L-network; (ii) an optimal one-parallel-element network such that the
value X, is obtained using Eq. (3-15), which results in X, = —47.70 Q and,
consequently, C, = 1.668 nF; and (iii) with no network at all. These circuits
are shown in Figs. 5.1(b) to (d), respectively. The source voltage was set to 1 V
and its frequency undergoes a sweep around the intended operating frequency
of 2 MHz. Results are shown in Fig. 5.2. It is worth mentioning that the EMAT
equivalent impedance at 2 MHz is not a good approximation throughout this
whole range of frequencies, this issue will be resolved subsequently.

The input impedance of the matching network in association with the load,
which is at node A in Fig.5.1, is shown in Fig. 5.2(a) and (b), for its real and
imaginary parts respectively. Note that the full L-network (blue line) ensures

that the input impedance is equal to R;, that is, its real part is 50 €2 and its
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Figure 5.1: Modeled circuits in LTspice. (a) Full L-network, following Fig.
3.1(b); (b) One-parallel-element network with X, with the same value as the
full L-network; (c) one-parallel-element optimal network; and (d) without any
network.

imaginary part is null at 2 MHz; therefore, the circuit is indeed matched, while
the other networks do not perfectly match the source impedance. Fig. 5.2(c)
and (d) show the absolute value for the voltage and power over the EMAT,
which is at node O in Fig.5.1 (a) and node A in Fig.5.1 (b) to (d). At 2 MHz,
power and voltage are higher with the full L-network (blue line) and lower
without any network (purple line). Both one-parallel-element networks present
intermediate results, such that the optimal one-parallel-element network (yellow
line) presents slightly higher values for both voltage and power compared to the
one-parallel-element network with the same X, as the full L-network (orange
line). Note also that the voltage and power behavior are similar for the matched
circuits, indicating that monitoring the voltage to obtain its peak value would
also lead to the peak value for the power. It is also worth mentioning that
the peak power does not occur at 2 MHz, this is because the transducer is
inherently more efficient at higher frequencies. These are the best configurations

for the 2 MHz excitation frequency.
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Figure 5.2: Simulations in LTspice for a full L-network are represented by the
blue lines, optimal one-parallel-element network are represented by the yellow
lines, non-optimal one-parallel-element network by the red lines, and without
any network by the purple lines. (a) shows the real part of the input impedance
at node A in Fig.5.1, (b) shows the imaginary part of input impedance at node,
(c) shows the absolute value of voltage over the EMAT, at node O in Fig.5.1,
(d) Absolute value of power over the EMAT, at node O in Fig.5.1.

At the intended operating frequency of 2 MHz, the full network provides
a gain of 2.19 dB in voltage across the transducer, compared to the unmatched
circuit. The one-element network with the same X, as the full L-network
provides 1.61 dB and the optimal one-parallel-element network provides 1.74
dB improvement. These gains indicate that a simplified one-parallel-element
network is feasible for increasing the transferred power, and also, the optimal
one-parallel-element network provides a better result than the non-optimal
one-element network provides. Therefore, simply using the same value for X, as
the full L-network is not indicated. In this case, the optimal one-parallel-element
network provided 90.16 % of the power obtained with the full L-network.
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5.2
Theoretical calculations

It is worth mentioning that, using LTspice simulation and data analysis
is cumbersome and time-consuming, limiting the number of possible circuits
that can be tested. Therefore, a model to compute the aforementioned circuit
responses was developed in Matlab aiming to replace the LTspice simulation
while providing the same results. The model was formulated as a Matlab
function and has X,, X, Ry, and Ly as input. It assumes the source impedance
of 50 2 and generates a frequency vector of 201 points from 100 kHz to 10MHz,
the same span used in both the impedance analyzer measurements and LTspice
simulations. It returns the same data as the LTspice simulations, namely, the
voltage and current outputs of the source and inputs of the EMAT, respectively,
Vouts Tout, Vin and I;;,. Those are calculated through the transfer function for the
voltages and currents that are based on the circuit component’s impedance. As
the input voltage is normalized, each output has the same value as its transfer
function. Eq. (5-1) through (5-6) were used in the model.

The voltage across the source, that is at node A in Fig. 5.1 is given by

Z;

Y
Zin + Zsource
where Z e 1S the source’s impedance, which, in this case, is equal to R; or

V;)ut = (5-1)
50 Q. Z;, is the impedance of the network and the load as seen by the source,
and indicated in Fig. 3.1 and Fig. 3.2. The current through the source, or
through R; in Fig. 5.1 is given by

1

=" 5-2
Zin + Zsource ( )
The voltage across the EMAT, that is at node A in Fig. 5.1 (a), and node O in

Fig. 5.1 (b) to (d) is given by

out

Zo

Vin = 5——, 5-3
Zo + 2y ( )
where Z; is the load impedance, calculated by:
ZO = SXO + Ro, (5—4)
such that,
s = j2nf, (5-5)
and f is the frequency vector. Finally, the current at the EMAT, or Ly and R,
in Fig. 5.1 is given by v
Ly = — (5-6)

Zo
In Fig. 5.3 V},,, I;,,, and I,,,; obtained with the data from the Matlab model

is reported as black dashed lines, superposed to the equivalent voltages and
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Figure 5.3: Simulations in LTspice are represented by solid, colored lines, while
the simulation done in Matlab are the black dashed lines plotted on top. (a)
and (b) represent the module and phase of the voltage input of the EMAT
respectively. (c¢) and (d) the current input of the EMAT, and finally (e) and (f)
represent the amplitude and phase of the current output by the source.

currents obtained with LTspice. Results show that they match, which confirms
the validity of the Matlab model. The latter is used hereinafter for subsequent
analysis. To compare the matching network’s effectiveness, the absolute value
of the voltage across the EMAT is used, as its behavior is the same as the
power over the transducer.

A new simulation was performed using the values for the frequency of
2 MHz, this time including both transducers, namely, RPDR#2’s EMAT and
HWS2225. Both parallel and series one-element networks were evaluated. The
results are shown in Fig. 5.4 (a) for the RPDR#2’s EMAT and Fig. 5.4 (b) for
the HWS2225. It is possible to see that at this excitation frequency, X, is more
effective than X, for both transducers. It is worth mentioning that although
for some curves the peak voltage does not coincide with the target frequency,
these are the best configurations for 2 MHz.

One interesting possibility is to alter the Matlab model so it receives the
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Figure 5.4: Simulations done in the Matlab model for voltage across both
EMATS around the intended excitation frequency of 2 MHz indicated by the
vertical black line. (a) for RPDR#2’s EMAT and (b) for HWS2225. In both
graphs, the blue line represents the results for the full network, the orange
dashed line for using only X, with the same value as the full network, the
orange solid line for only X, with optimum value, the yellow dashed line for
X, with the same value as the full network, the yellow line for only X, with
optimum value and finally the purple line represents the results for the circuit
with no matching network.

values of Ry and Lg, or Xj as a function of the frequency (in an array format).
Therefore, more accurate results could be obtained since the EMAT’s impedance
varies with frequency, as shown in Chapter 4. Fig. 5.5 compares simulations
performed with the same load impedance for every frequency, namely the values
presented in table 4.1 and simulations performed by inputting the measured
impedance results obtained with the impedance analyzer into the model. The
darker dashed lines represent the results for the former, the 2 MHz equivalent,
and, brighter solid lines represent the results for the latter, the one with
corrected impedance for every frequency. Note that, both methods yield the
same results at 2 MHz, as expected, but there are significant differences in other
frequencies, highlighting the importance of correcting the EMAT impedance
for every frequency.

Furthermore, it is also possible to vary the matching network’s values
over frequency. This can be done by changing the inputs of Egs. (3-4) and
(3-5) to depend on frequency as numerical arrays. Fig. 5.6 shows the complete
bandwidth for each transistor, where the networks values are calculated for

each frequency. Fig. 5.6 (a) and (c) indicate the transducer’s response as a
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Figure 5.5: Simulation of voltage across RPDR#2’s EMAT considering the
frequency dependence nature of the EMAT impedance. Blue lines stand for full
network, orange lines stand for optimum one-parallel-element (X,) network,
yellow lines stand for optimum one-series-element (X,) network, and purple
lines stand for no matching network. Darker dashed lines were done using
the same load impedance for every frequency, namely, the equivalent elements
around 2 MHz presented in table 4.1 used in previous simulations. Brighter
solid lines were simulated with direct input from the impedance analyzer, using
the correct EMAT’s impedance at each frequency.

function of frequency, (a) for the RPDR#2’s EMAT and (c) for the EMAT
model HWS2225. In both plots, it is possible to see that the natural response,
without any matching network (purple line), is always lower than any other
network, and the full network (blue line) provides the best voltage amplitude
over the transducer, causing resonance in the steady-state sinusoidal regime
which can result in a higher voltage than the normalized source. Both the
optimal one-parallel-element (orange line) and the optimal one-series-element
(yellow line) fall between the full network and no network as expected. Also,
HWS2225 generally has a higher response and is more efficient than RPDR’s
EMAT. This is in accordance with the measurements in Chapter 4, where the
HWS2225 has a lower resistance, and a higher reactance to resistance ratio,
or impedance phase. Intuitively, this means that less energy is wasted on the
transducer’s internal resistance. In both cases, there is a frequency where the
internal resistance is greater than the source’s output impedance (50 €2). At
this point, the solution for the full network in Fig. 3.1(b) is no longer possible
being required the circuit in Fig. 3.1(a). This circuit was not explored here,
meaning that at this frequency the curve for the full network (blue line) is

no longer plotted. Because of its higher resistance, this point arrives at lower
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frequency for the RPDR’s EMAT, namely 4.84 MHz compared to 8.12 MHz,
for the HWS2225.

Fig. 5.6 (b) and (d) represent the matching networks values for the
simulations in (a) and (c) respectively. Dashed lines represent the reactance
values of components X, and X, solid lines represent these values conversion
to capacitances. The former has its vertical axis on the right and the latter on
the left. The point where the network in Fig. 3.1(b) is no longer possible is
also reflected in Fig. 5.6 (b) and (d), where the reactance of elements of the
full network (blue dashed lines) are discontinuous at 4.84 MHz or 8.12 MHz.
At this point, the full network curves in Fig. 5.6 in (a) and (c) intercept the
optimum one-series-element X,.

Another point of interest is where the full network’s results meet the
optimum one-parallel-element’s (X,) result in Fig. 3.1(a) and (c). This,
intuitively, occurs when the full network’s X, is zero. This means that, below
this frequency, the full network requires an inductor, a fact also indicated in
the darker blue lines of graphs (b) and (d). This point is at 653 and 750 kHz
for RPDR’s EMAT and HWS2225 respectively.

This complete simulation can be used to determine, for each transducer,
the excitation frequency that provides the best resulting amplitude. It is worth
mentioning that, the impedance matching network is intended to be used,
with other types of EMATS, at lower frequencies, in the future. This was not
explored in this work due to the RPDR pulser-receiver module bandwidth from
2 MHz to 6 MHz. Considering a specific intended operating frequency, this
simulation also informs the decision of the best configuration and values of

matching network needed.
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Figure 5.6: Simulations made with the correct impedance, and best matching
network’s values for each frequency. (a) Voltage across RPDR#2’s EMAT. (b)
Values of the components of the matching networks for the simulation of the
RPDR#2’s EMAT. (c) Voltage across HWS2225’s EMAT. (d) Values of the
components of the matching networks for the simulation of the HWS2225’s
EMAT. For (a) and (c): the blue lines represents the full L-matching network,
orange lines the optimum one-parallel-element (X, ) network, yellow lines the
optimum one-series-element (X,) network, and purple lines for no matching
network. For (b) and (d) dashed lines represent the reactance values of the
network’s elements used in the simulation to the left, solid lines represent the
respective capacitance at each given frequency. Blue lines indicate the values
used in the full network simulation, lighter shades for elements in the X, position
and darker shades for elements in the X, position, orange lines for optimum

one-parallel-element (X,) network, yellow lines for optimum one-series-element
(Xp) network.
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6
Matching networks built and experimental setup

This chapter is divided into two sections. The first one describes the
networks that are fabricated, namely a manual network, a preliminary automatic
network, and a final automatic network. The second section explores the
experimental setups that use these networks. The equipment and configurations
used are described and schematics are presented for a through transmission
setup, a pulse-echo setup, and a second pulse-echo setup that uses a hardware

peak detector.

6.1
Matching networks built

As explored in Chapters 3 and 5, a simplified one-element network can
provide a large part of the efficiency gain that can be achieved using the
full network. Taking this into account, with other factors such as ease of
construction, and the intended excitation frequency range, a simplified one-
parallel-element (X,) network was chosen to be experimentally built and tested,
using only capacitors in the X, position. As seen in the previous chapters, only
capacitors are needed for the one-element matching networks, and compared to
inductors, they are less expensive and readily available. In order to change the
capacitance value of the X, element, a bank of capacitors in parallel was used
with approximately binary weights. Each capacitor in the bank was connected
or disconnected to node A in Fig. 5.1(b), so that the equivalent element X, has
a value equal to the sum of all the capacitors in the bank that are connected.
If the network was intended to be used at higher excitation frequencies, a
one-series-element (X}) configuration would provide better results.

It is worth mentioning that, due to the EMAT’s low efficiency, a lot of
energy is put into the system by the source (pulser). The pulser used in all the
experiments was a RPDR-100 compact EMAT pulser-receiver OEM module
from Ritec, which is capable of providing up to 1000 V into a transducer.
Considering the explored EMAT’s impedance, the peak power is very high,
even if the average power is much lower considering the burst operation. This
means that the components used to build any matching network should be

dimensioned to withstand the system’s power.
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6.1.1
Manual network

The first network built uses manual switches to make the connection
between the eight capacitors in its bank and node A in Fig. 5.1. In this case, the
switches were C&K model 7101, chosen for their low internal resistance. Film
capacitors with a voltage rating of 1600 V were used [35]. To further divide the
voltage across each capacitor, they were associated in series, meaning that for
each of the nominal values in the capacitor bank, two components with double
the capacitance were used, each one withstanding half the voltage. The nominal
or equivalent capacitor values in the manual network’s bank are 0.11 nF, 0.25
nF, 0.5 nF, 1 nF, 1.875 nF, 3.75 nF, 7.5 nF, and 14.0 nF. Besides the capacitor
bank, the network also has a 40db attenuator, which is used to monitor the
excitation signal with an oscilloscope. The attenuator was constructed with
a 2475 Q 5W resistor from the input and another 49.9 € pulldown resistor.
Fig. 6.1 presents the circuit schematic of the manual network. Fig. 6.2 (a) and
(b) show photographs of the front and back sides of the constructed manual

network respectively.

Input Output

anuali \ K K K & i
Switches: ° ° ° ° o o ° §2475

Atennuator

0.11n| 025n 0.5n 1.0n{ 1.875n| 3.75n 7.5n 140n

Figure 6.1: Circuit schematic of the manual one-parallel-element matching
network.

Figure 6.2: Photograph of the manual one-parallel-element matching network.
(a) front side, (b) back side.
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6.1.2
Preliminary Automatic network

A preliminary automatic network was constructed using a bank of only five
capacitors, which are switched by Metaltex AX1RC-5v relays, chosen because
they were readily available and rated for 10 A at 250 VAC [36]. The relays are
operated by an ESP32 microcontroller [37], which met all the requirements
for the automatic network, namely the number of digital ports and WiFi
communication. The digital ports of the microcontroller, whose output is 3.3 V,
could not reliably actuate the 5 V relays, and the microcontroller was not
capable of supplying enough current to control many relays. Therefore, a simple
circuit with a transducer was used for each relay to be activated. The control
part of the circuit was constructed in a breadboard, the relays, capacitors, and
attenuator were simply soldered using speaker wire, terminating in female BNC
connectors. The values of the capacitors in the bank are 0.5 nF, 1 nF, 1.875
nF, 3.75 nF, and 7.5 nF. This network also possesses a similar attenuator as

used in the manual network. A photograph of the built preliminary automatic

network can be seen in Fig. 6.3.

Figure 6.3: Photograph of the preliminary one-parallel-element matching
network.
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6.1.3
Final Automatic network

Next, a more refined version of the automatic network was built in a
custom-made printed circuit board (PCB), using the same relays, microcon-
troller, and attenuator. This network has a bank of eighth capacitors whose
values are: 0.11 nF, 0.235 nF, 0.5 nF, 1 nF, 1.95 nF, 3.4 nF, 6.0 nF and 11.0
nF. They are not the exact same values as the manual one, but cover the same
range. The schematic of the circuit is shown in Fig. 6.4. The board design
can be seen in Fig. 6.5(a), and a photograph of the finished board is shown in
Fig. 6.5(b).
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Figure 6.4: Schematic for the automatic one-parallel-element matching network
board made in Eagle.
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Figure 6.5: Automatic one-parallel-element matching network board. (a) PCB
design made on Eagle. (b) photograph of the finished board with all components
soldered.

6.2
EMAT based ultrasonic transmission experimental setup

Once the matching networks have been addressed, the whole experimental
setup is reported in this section. It is worth mentioning that the tests described
in this section were performed with three excitation frequencies: 2, 3, and 4
MHz. Lower frequencies were not used due to the 2-6 MHz bandwidth of the
RPDR modules.

6.2.1
Through transmission with preliminary network

The first tests used both the RPDR’s EMATS in a through transmission
setup. This means that both transducers were positioned on opposite ends of
the 12 mm steel block, so that one EMAT operated as a transmitter, generating
ultrasound waves that propagate across the medium, and the other EMAT
receives the ultrasound waves and converts them to electrical signals. These
tests were performed using both the Manual network and the Preliminary
Automatic network. In the former, only the five capacitors in the capacitor
bank that share the same value as the preliminary automatic one were used. A
simplified schematic of this experimental setup, which highlights the matching
circuit exploited in the previous chapters, is shown in Fig. 6.6. A detailed

schematic containing all the connections between the different equipment used
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on the experimental setup can be seen in Fig. 6.7.

[MicrocontrouerH Matlab Script ]—[ Scope - Amplifier
Emission Recepction
EMAT EMAT

Pulser Relays
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Ultrassound

Figure 6.6: A simplified schematic of the through transmission experimental
setup, which highlights the circuit composed of the pulser, matching networks,
and load, in this case, the EMAT. The preliminary one-element matching
network consists of five capacitors in parallel, each of which is added or removed
by a relay. The transmitter voltage over the EMAT passes through an attenuator
prior to being connected to an oscilloscope. The receiver EMAT captures the
propagated ultrasonic wave across a steel medium. The received signal is then
amplified prior to being sent to an oscilloscope. A Matlab script is used to
request the measurements from the scope and request the relay changes from
the microcontroller via WiFi, which in turn activates the relays.

Matlab Script on PC Acquisiton through lan

—> Scope

L—Wifi commands.
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Figure 6.7: Schematic of the through transmission experimental setup,
containing all the connections between the different equipment used in the
experimental bench.

A full sweep of all the possible network values was executed, saving the
waveforms of the attenuator and receiver amplifier for each configuration. A
Matlab script running on a Linux computer was used to control the sweep.

This script can send commands to the microcontroller via WiFi and request
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the network to change to any value in the capacitor bank. The scope’s data
is also acquired via LAN by the Matlab script.The data can then be saved
and later analyzed and interpreted. The function generator, set to an internal
trigger, outputs a 5H-cycle sine tone-burst into the transmission RPDR’s input.
This signal is amplified by the RPDR#1’s pulser and it passes through the
matching network before arriving at the RPDR#1’s EMAT. At this point,
the EMAT generates an ultrasonic wave that propagates through the steel
block and is captured by the RPDR#2’s EMAT. The receiving transducer’s
resulting signal passes through the RPDR#2’s receiver, which consists mainly
of an 80 dB amplifier. The scope then measures this output of the RPDR#2’s
receiver, and also the signal at the matching network’s attenuator. That is, the
scope monitors the signal that goes into the transmission EMAT and out of the
receiver EMAT. This process starts with the function generator and can occur
many times, for each time the Matlab script requests a specific configuration
and acquires the scope’s values. For this test, the Scope was set to average 32
acquisitions. The last connection worth mentioning is the trigger signal from the
function generator that is used by the scope and also in the RPDR#2’s input,
as it needs a signal input to 'wake-up’ and power its components, mainly the
receiver amplifier. Both RPDR modules also have several DC power connections
not represented in the schematics. For the RPDR#2 module, the high voltage

input was disconnected, which means it operates in the receiver mode.

6.2.2
Pulse-Echo with final network

The tests in this subsection were performed with the Automatic network
constructed in the PCB, and with the manual network. The "pulse-echo’ setup
uses only one transducer, which acts as transmitter and receiver. Two tests
with both EMAT models were performed, namely, RPDR#2’s EMAT, and
the HWS2225 transducer. Apart from these main differences, the rest of the
setup is similar to the one used for the through transmission. Fig. 6.8 and
Fig. 6.9 show the schematics of this setup with the differences between the
through-transmission setup highlighted in red. It is worth mentioning that
the same RPDR-100 pulser-receiver module was used for measures with both
transducers. Also, due to the HWS2225’s higher efficiency, the RPDR’s receiver
amplifier was set to a 58 dB gain for the tests involving this transducer. All
tests with the RPDR’s EMATs were done with the usual 80 dB gain.
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Figure 6.8: A simplified schematic of the pulse-echo experimental setup, which
highlights the circuit composed of the pulser, matching networks, and load,
in this case, the EMAT. The differences from Fig. 6.6 are highlighted in red.
They are the addition of three more capacitors to the network, and the diplexer
whose output goes to the amplifier. The ultrasound signal captured here is the
reflection from the boundary of the steel block. It is worth mentioning that the
elements, mainly the reception EMAT, from Fig. 6.6 that are not present here
are not highlighted but simply absent.
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Figure 6.9: Pulse-echo experimental setup schematic. The differences from the
schematic in Fig. 6.6 are highlighted in red. The elements from Fig. 6.6 that are
not present here are not highlighted but simply absent. The EMAT is shown
inside the RPDR module, but there were tests, with the external HWS2225

transducer.
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6.2.3
Pulse-echo with final network and hardware peak detector

In order to speed up the process and make a fully automated network,
a peak detector inside the matching network that feeds information directly
to the microcontroller was used. Therefore, the oscilloscope and Matlab script
are no longer needed. The oscilloscope was used in this experiment exclusively
to save the data for post-analysis. As per the introduction section, the main
goal of this thesis is to build a, convenient to use, matching network that is
placed between the pulser and the transducer and does not require any other
connections in order to provide the optimal matching configuration.

The peak detector is connected to the output of the attenuator and its
value is read by an external analog-to-digital converter (ADC) model ADS1015
[38], as the microcontroller’s internal analog readers were experimentally deemed
inconsistent for this application and the ADS1015 was readily available. The
topology of the peak detector is shown in Fig. 6.10, and was based on [39]. The
circuit works by storing its highest input value in the capacitor (C1). A diode
(D1) is used to remove the negative parts of the input. The input signal then
passes through an operational amplifier (opamp, Ul) which acts mainly as a
buffer, and then, through another diode (D2), the capacitor is charged. This
diode guarantees the capacitor does not discharge when the signal is negative,
since it becomes reversed-biased. The second opamp (U2) is configured as a
voltage follower, it provides the output of the circuit which is the same as the
voltage across the capacitor. To discharge the capacitor, a resistor (R4) is used
in parallel to it. This resistor’s value regulates the rate of discharge. In this
circuit, a NPN transistor was used in series with R4, so that the signal label
"Control” can determine whether and when the peak detector is discharged. It is
also worth mentioning that a third diode (D3) is used in the negative feedback
for U1, so that the voltage drop across it can match the voltage drop across
D2, therefore not affecting the output.

The timing of the peak detector’s reading needs to be considered. In this
case, the sine tone-burst, or bang can last from 1.25 to 5 us, and it causes
interference. If the peak detector’s output was built to discharge over time,
the ADC reading of it would need to be right after the sine tone-burst when
this value is maximum. The ADC’s reading is requested by the microcontroller
via 12C protocol [40], and takes at least 6 ms. This is not fast enough to
guarantee a reading at the right time simply by polling the ADS. Therefore,
the peak detector is not discharged over time, and a transducer is used so
that the microcontroller can choose when it is discharged, doing so quickly,

before the next tone-burst excitation signal is triggered. To be able to do this,
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Figure 6.10: Peak detector circuit based on the 'Improved Peak Detector’ in
[39]. In this setup, the input 'IN’ node connects to the matching network’s

attenuator, the output ’‘OUT’ connects to the ADC, and the '"CONTROL’ node
connects to a digital output in the microcontroller.

the microcontroller was programmed with a digital port interrupt, using the
function generator’s trigger rising edge, as a general synchronization signal.
It is worth mentioning that a low-pass filter was also used to connect the
trigger to the microcontroller’s interrupt to avoid the bang’s interference, which
would result in many rising edges in the trigger signal and various subsequent
interrupts. To eliminate the connection between the function generator and
the microcontroller, it can also be replaced by a comparator activating the
microcontroller’s interruption by using the peak detector’s signal rise. After
the interruption the microcontroller waits 10 ms to request the ADC’s reading.
After the reading is saved, the microcontroller discharges the peak detector.

Fig. 6.11 shows the signals for the attenuator’s output, which is the peak
detector’s input, the peak detector’s output, and the trigger. Fig. 6.11 (a) and
(b) shows these signals at a time scale where the bang’s interference can be seen.
Fig. 6.11 (c) shows the same signals at a wider time scale, where the discharge
of the peak detector can be seen. The bang and its interference, cannot be seen
in Fig. 6.11 (c¢) due to its short duration and the high time between samples
in this wider time scale. The detailed schematic of this setup can be seen in
Fig. 6.12.
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Figure 6.11: Signals measured with an oscilloscope. (a) shows the peak detector’s
input (attenuator’s output) in blue, and its output in red. (b) shows the trigger
signal from the function generator after passing throw the low-pass filter in
black. Both (a) and (b) have the same time-scale. (c¢) shows the three signals
mentioned previously using the same colors, at a wider time scale.

) ——rigger Function Generator
Matching Netw ork

____________________________________________

5 v .

! Ty ( 3 '

: Vi troll ADS E Sine Burst

s I‘ ot | RpoRez oEvMoODULE

Relays ’/Peak Detc. \ } > Pulser = | Diplexer]

FH NS ~ S Ultrassound
v T ' ' | 1 Reflection
Lo : \ : i [Reciever ;

:  |Capacitor Bank —>[ Attenuator ] i | Amplifier EMAT

Figure 6.12: Schematic of the experimental setup for the pulse-echo with peak
detector. The differences from the schematic in Fig. 6.9 are highlighted in red.
The elements from Fig. 6.9 that are not present here are not highlighted but
simply absent.



7
Experimental Results

In this chapter, the experimental results for each of the setups explained in
Sec. 6.2 are presented. Plots and tables are generated to analyze the effectiveness
of the matching networks. Results for different frequencies and transducers are

compared.

7.1
Through transmission

Tests were performed as explained in section 6.2.1. Fig. 7.1(a) shows the
peak-to-peak amplitude of the transmitted signal as a function of the equivalent
capacitance for each capacitor bank configuration. A line is plotted for each of
the three operating frequencies, both the manual and preliminary automatic
matching networks were used. As expected, each frequency requires a different
capacitance value and, consequently, a different configuration of the capacitor
bank. The values obtained for the manual and automatic methods are very
similar. Fig. 7.1(b) shows the peak-to-peak measurements for the acoustic signal
received after it propagates through the steel. Note that, as a consequence
of the higher transmitting power, the received signal also is maximum at the
same capacitance value as the signal in Fig. 7.1(a). The table 7.1 reports the
peak-to-peak voltage over the transmission EMAT for no network and the
optimal one-parallel-element network found. It is worth mentioning that, the
only capacitance values that differ from the manual and automatic experiments
in this table, namely 2.7 and 3.2 nF, have no possible value between them,
because of the limited number of values for the matching network’s capacitance.

It is also possible to compare the experimental results with the theoretical
values, as shown in Fig. 7.1. As can be seen, they show roughly the same
behavior, with two main differences. The experimental capacitance for optimal
matching is higher than the theoretical one. Also, the higher frequencies have a
higher maximum amplitude in the simulations, but the opposite trend is true in
the experiments. Several experimental factors can cause those differences. For
instance, the source impedance can differ from the assumed 50 €2, and, as seen
before, the load impedance can vary due to many factors. Although measures

were taken to eliminate these differences, not all factors can be eliminated,
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Table 7.1: Results for the Through transmission. The first column indicates the
frequency and the network used for the results in each line. 'Man. indicates the
Manual network, and ’Aut.” the Preliminary automatic network. The second
column shows the network’s equivalent capacitance which provided the highest
signal amplitude. The third column shows the peak-to-peak amplitude of
the transmitted signal when the network was set to 0 nF as if there were no
network. The fourth column shows the maximum peak-to-peak value when the
capacitance in column two was used. The fifth column presents the gain in dB
between columns three and four. The sixth and last column shows the time
taken to complete the full sweep of network values.

Emission
Optimun No Optimal . Time for
. Gain
Capacitance | network | network (D] full sweep
Found [nF| | pk-pk [V] | pk-pk [V] [s]
2 MHz Man. 3.2 721.6 1195.1 | 4.382 194.0
3 MHz Man. 1.5 661.4 1150.0 | 4.804 201.1
4 MHz Man. 0.5 676.5 917.1 2.642 209.0
2 MHz Aut. 2.7 714.0 1364.2 | 5.623 89.9
3 MHz Aut. 1.5 653.9 1187.6 | 5.182 90.1
4 MHz Aut. 0.5 638.9 1044.8 | 4.271 90.5
(a)
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Figure 7.1: Peak-to-peak amplitude at the (a) transmitting EMAT and (b)
receiver EMAT as a function of the equivalent capacitance of the capacitor bank,
obtained with the manual impedance matching in dashed darker lines, and
with the automatic method in solid brighter lines. Three excitation frequencies
were evaluated, 2, 3, and 4 MHz, represented by green, blue, and magenta lines,
respectively.
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Figure 7.2: Comparison between the experimental and normalized simulation
results for each capacitance. Brighter solid lines are the simulation results,
whose vertical axis is on the right. The darker dashed lines are for the manual
experiment results, whose vertical axis is on the left. Excitation frequencies of 2,
3, and 4 MHz, represented by green, blue, and magenta lines, respectively. The
simulation was done with a normalized steady-state sinusoidal wave, however,
the pulser used in the experiments provides a much higher voltage sinusoidal
burst.

the transducer’s temperature, for example, cannot be controlled. Also, as seen
in Section 6.2, there are many components connected to the experimental
setup, not all of them were considered in the simulations; an example could
be the attenuator. Other spurious effects can include the impedance of the
cables. In summary, a reasonable agreement was obtained, but some of the
deviations are inconclusive. It is worth mentioning that the process of sweeping
configurations until reaching the optimum measured results takes into account
the whole experimental setup, unlike the theoretical simulations, providing the
best practical results. This is befitting with the higher experimental gain than
in simulation.

Fig. 7.3 shows the transmitted and received signals for the one-element
matching network, set for the best configuration (C, = 2.7 nF) at a 2 MHz
excitation frequency (blue line) or without any matching network (red line).
Fig. 7.3(a) shows the transmitter EMAT signal, where the 5-cycle sinusoidal
excitation pulse, from 0 to around 4 us, is much higher when the network is
used. Fig. 7.3(b) shows the signal at the receiver EMAT, which includes the
interference caused by the transmission. This interference is removed from the

receiver signal for analysis purposes, as it saturates the scope. The acoustic
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Figure 7.3: Optimal matching network (blue line) effect at 2 MHz on (a) Exci-
tation signal, (b) Received signal, compared to no network used (red line). (c)
presents the zoomed-in received signal, discarding the bang’s interference and
focusing on the received ultrasonic wave between 12 and 14 us.

received signal appears between 12 and 14 us, due to the acoustic speed and
wave propagating path, it also shows a slight increase when the matching
network is used. Fig. 7.3(c) shows the received signal cropped in time with

emphasis on the mentioned received signal.

7.2
Pulse-Echo

For pulse-echo tests, the peak-to-peak amplitude of the transmitted signal
was analyzed for all possible capacitance values in the matching network and
compared with the results without any matching network. The experimental
setup was described in Section 6.2.2. This section is divided into two subsections,

one for each transducer used.

7.2.1
RPDR’s EMAT

Fig. 7.4 shows the peak-to-peak amplitude of the transmitted signal as a
function of the equivalent capacitance for each capacitor bank configuration

evaluated. Fig. 7.5 shows the comparison between the manual experimental



Chapter 7. Experimental Results 57

1400

— *—-2MHz Man.
— *—-3MHz Man. | |
— “%—-4MHz Man.
—*— 2MHz Aut.

—*— 3MHz Aut. |
—*— 4MHz Aut.

1200

1000 R |

800 &

600°F ?

pk'pk {VEMAT} [V]

400

200

0 5 10 15 20 25
Capacitance [nF]

Figure 7.4: Peak-to-peak amplitude at the transmitting EMAT as a function
of the resultant capacitance of the capacitor bank. The results obtained
with manual impedance matching are in dashed darker lines, and the results
obtained with the automatic method are in solid brighter lines. Three excitation
frequencies were evaluated, 2, 3, and 4 MHz, represented by green, blue, and
magenta lines, respectively.

results and the theoretical values. This comparison follows the same trends as
the one in the Through transmission, namely, the experimental capacitance
for optimal matching is higher than the theoretical one and the maximum
amplitude is higher at higher frequencies in the simulations, the opposite in
the experiments. Here, a reasonable agreement was also obtained. Fig. 7.6
shows the waveforms for the no-network and optimum network for the 2 MHz
excitation frequency. Finally, for each frequency and matching network used,
the values for optimum capacitance, peak-to-peak voltage, gain, and time taken
to do the full sweep can be found in Table 7.2. Again, we can see that both
manual and automatic methods have similar optimum capacitances for each
frequency. Unlike the tests performed with the preliminary automatic network,
here the manual results are slightly higher than the automatic ones. The results
with the automatic matching network also present more noise, especially with

higher capacitances.
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Figure 7.5: Comparison between the experimental and normalized simulation
results for each capacitance. Brighter solid lines are the simulation results, whose
vertical axis is on the right. The darker dashed lines with star markers are for
the manual experiment results, whose vertical axis is on the left. Excitation
frequencies of 2, 3, and 4 MHz, represented by green, blue, and magenta lines,
respectively.
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Figure 7.6: Optimal matching network (blue line) effect at 2 MHz on Excitation
signal, compared to the signal without any matching network (red line).
Resulting voltage at the RPDR’s transducer
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Table 7.2: Results for the Pulse-Echo using RPDR#2’s EMAT
Optimun No Optimal . Time for
. Gain | full sweep
Capacitance | network | network [db]
Found [nF] | pk-pk [V] | pk-pk [V] ]
2 MHz Man. 3.06 691.5 1307.9 | 5.5352 1481.9
3 MHz Man. 1.235 661.4 1180.1 | 5.0283 1372.7
4 MHz Man. 0.61 608.8 1029.7 | 4.5647 1241.7
2 MHz Aut. 2.56 834.4 1104.9 | 2.4386 754.4
3 MHz Aut. 1.0 732.8 1052.3 | 3.1424 719.3
4 MHz Aut. 0.50 759.1 1022.2 | 2.5843 718.3
7.2.2
HWS2225

Fig. 7.7 shows the peak-to-peak amplitude of the transmitted signal as a
function of the equivalent capacitance for each capacitor bank configuration
evaluated. Fig. 7.8 shows a comparison between the experimental results and
the theoretical simulations, in this case, the capacitance at which both methods
maximum is in agreement. Fig. 7.9 shows the waveforms for the no-network and
optimum network at 2 MHz excitation frequency. The significant values can
be found in Table 7.3. As the final automatic matching network was already
compared to the manual network, the tests in this subsection were done only

with the final automatic network. The results are as expected.

Table 7.3: Results for the Pulse-Echo using HWS2225

Optimun No Optimal . Time for
. Gain | full sweep
Capacitance | network | network [db]
Found [nF| | pk-pk [V] | pk-pk [V] ]
2 MHz Aut. 3.06 1045.1 1488.1 3.0698 1218.4
3 MHz Aut. 1.235 1002.5 1515.9 3.5917 1229.9
4 MHz Aut. 0.61 852.2 1338.1 3.9191 1231.8
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Figure 7.7: Peak-to-peak amplitude at the transmitting EMAT as a function of
the resultant capacitance of the capacitor bank obtained with the final automatic
matching network. Three excitation frequencies were evaluated, namely, 2, 3,
and 4 MHz, represented by green, blue, and magenta lines, respectively.
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Figure 7.8: Comparison between the experimental and normalized simulation
results using the HWS2225 transducer for each capacitance. Solid lines are
the simulation results, whose vertical axis is on the right. The lines with star
markers are for the automatic experiment results, whose vertical axis is on the
left. Excitation frequencies of 2, 3, and 4 MHz, represented by green, blue, and
magenta lines, respectively.
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Figure 7.9: Optimal matching network (blue line) effect at 2 MHz on Excitation
signal, compared to the signal without any matching network (red line).
Resulting voltage at the HWS2225 transducer.

7.3
Pulse-Echo with hardware peak detector

The experimental setup for the tests in pulse-echo with a peak detector is
explained in Section 6.2.3. Fig. 7.10 shows the peak-to-peak amplitude of the
transmitted signal as a function of the equivalent capacitance for each capacitor
bank configuration evaluated. Unlike previous sections, these values were not
generated from a waveform in Matlab captured by the oscilloscope, they were
captured by the ADS from the peak detector, and saved by the microcontroller.
For each frequency, the peak-to-peak voltage with no network, the highest
voltage value found, as well as its corresponding capacitance and gain can
be found in Table 7.4. The table is divided for each of the two transducers
used. It is worth mentioning that the measurements were made 4 times and
averaged. With one exception, the four measures for each configuration were
consistent in choosing the optimal capacitance value. This exception is the
2 MHz measurement using the HWS2225, where, due to the transducer’s higher
efficiency, the peak detector was saturated. Because of this, the optimum
value of the capacitance varied considerably between sweeps. To solve this,
the function generator’s output was lowered from the standard 10 V to 8.3 V.
This measurement with lower power yielded consistent results and can be
seen in Fig. 7.10(b), in the darker green line, labeled as ’2MHz LP’". To solve
this problem within the network, it is possible to build a second variable
attenuator, operated by the microcontroller. It is worth remembering that, for

the automatic network, the absolute values are not necessary, only the relative
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Figure 7.10: Peak-to-peak voltage, measured by the hardware peak detector
across (a) RPDR#2’s transducer, (b) HWS2225. Three excitation frequencies
were evaluated, 2, 3, and 4 MHz, represented by green, blue, and magenta lines,
respectively. The darker green line in the bottom graph labeled 2MHz LP’” was
obtained with lower power to avoid saturation in the peak detector, the normal
10 V excitation from the function generator was switched to 8.3 V just for this
measure.

amplitudes between configurations are needed so that the best capacitance can
be determined.

The time taken to perform the full sweep depends only on the number of
measurements, the average chosen, and the trigger interval set on the function
generator, in this case, the values were 256, 4, and 200 ms, respectively. This
yields the full sweep time of ((256x4)+1)x0.2 = 205 s. After all the measurements
are taken the microcontroller automatically calculates and switches the network
to the optimum capacitance, hence the plus one cycle needed on the full sweep

time.

Table 7.4: Results for the Pulse-Echo using hardware peak detector for both
transducers. It can be observed that the cases in which the unmatched
transducer’s impedance value is more distant from the source’s also necessitate
a higher capacitance to match, and the matching provides a higher gain.
The HWS2225 transducer, at lower frequencies, benefits the most from the
one-parallel-element matching network.

RPDR#2’s EMAT HWS2225

Optimun No Optimal . Optimun No Optimal .
. Gain . Gain

Capacitance | network | network [db] Capacitance | network | network [db]

Found [nF] | pk-pk [V] | pk-pk [V] Found [nF] | pk-pk [V] | pk-pk [V]

2 MHz Aut. 2.45 402.9 897.15 | 6.9533 2.795 360.75 981.75 | 8.6958
3 MHz Aut. 1 352.65 621.15 | 4.9170 1.235 289.5 694.8 7.6042
4 MHz Aut. 0.5 356.7 403.35 | 1.0675 0.61 276 459 4.4180




8

Conclusion

Electromagnetic acoustic transducers are essential devices in several
ultrasonic applications, but intrinsically they have low efficiency. Therefore, it
is vital to use an impedance matching network in order to increase its signal-
to-noise ratio. This process of impedance matching can be time-consuming and
depends on various factors, such as the transducers, the excitation frequency,
and the lift-off, among others. Many of these factors often change during
laboratory testing or field applications. Therefore, automation of the impedance
matching process can be of great benefit to the use of EMATS.

In this thesis, a simplified one-element impedance matching network was
proposed, evaluated, and compared to the traditional full L-matching network.
The one-element network’s optimal values were theoretically derived, and
numerical simulations were carried out in order to confirm their performance
compared to a non-optimal one-element network, with the same values as
the full L-network. The possibility of using one-element networks to calculate
EMAT impedance is also proposed. Two models of spiral-coil EMAT were
evaluated and their full bandwidth was determined for each of the matching
networks. Depending on the intended excitation frequency, the one-element
networks can provide a large part of the performance of the full L-network. The
one-element networks also work better in a wide range of frequencies because
it is not necessary to change their layout or the type of component, only the
component’s value. The one-element networks require only capacitors, which
has some advantages compared to inductors.

Automatic and manual networks were designed and physically built.
Experimental setups were devised and performed. The resulting experimental
curves of voltage across the EMAT as a function of the network’s capacitance
were compared to the theoretical ones. The automatic matching process proved
to be more than twice as fast as the manual one, providing similar matching
results. Compared to the non-matched setup, the automatic impedance
matching network provided from 2.6 to 5.6 dB gain in the RPDR’s EMAT
voltage signal. For this transducer, the matching network provided a higher
improvement at lower frequencies. The HWS2225 is naturally more efficient,

therefore the improvement provided by the matching network only spanned
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from 3.0 to 3.9 dB. The main advantage of the automatic network is the

confidence that the best configuration for each setup can be used.

8.1
Future Work

Future work will aim to build an automatic full L-network so that it can
be experimentally compared to both one-element networks simply by setting
one of the equivalent values to zero. This network should also minimize its
spurious effects, to achieve better results. It is also important to integrate
ease-of-use elements, the peak detector explored here being the first example,
but there are many more that can be incorporated. Reducing the setup time of
the matching network is vital when considering the practicality compared to
manual matching networks. Another avenue that should be explored is better
search algorithms. The bisection search method would be easy to implement
for the theoretical values. However, with the noise observed in the experimental
results, some adaptations would need to be made. The golden search method
could be more appropriate. Still, there are ways to make the search more
efficient, taking fewer measurements than the full sweep. This full L-network
would be experimentally evaluated as a method to measure EMAT impedance,
as mentioned in Section 3.4.2.

As a final plan, it would be possible to make a more comprehensive
network that incorporates both L-network layouts, and both types of elements
in a wide range of values. To determine the values needed, an extensive study
of the different factors that affect impedance matching is warranted. It can
include, for example, the impedance analysis of many transducers in a wide
range of conditions. This network would be capable of matching any EMAT,

under any condition.
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