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Abstract

:

Ultrasonic waves generated and received by electromagnetic acoustic transducers (EMATs) are advantageous in non-destructive testing, mainly due to the ability to operate without 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, 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 factors that affect an EMAT’s impedance, apart from the transducer itself; namely, the properties of the specimen material, temperature, and frequency. Therefore, to ensure optimal power transfer, the matching network’s configuration needs to be fine-tuned often. Therefore, the automation of the laborious process of manually adjusting the network is of great benefit to the use of EMAT transducers. In this work, a simplified one-parallel-element automatic matching network is proposed and its theoretical optimal value is derived. Next, an automatic matching network was designed and fabricated. Experiments were performed with two different EMATs at several frequencies obtaining good agreement with theoretical predictions. 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 a standard manual solution and considerably faster.
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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 [3,4,5]. Electromagnetic acoustic transducers (EMATs) present some advantages compared to traditional piezoelectric transducers. They allow more flexibility in generating several types of ultrasonic waves and polarizations and do not require contact to operate on a conductive medium [3,6,7,8]. EMATs generally consist of a coil underneath a permanent magnet, or a permanent magnet array, and can operate over three coupling mechanisms; namely, Lorentz force, magnetization force, and magnetostriction, in order to generate ultrasonic waves within the medium [3].



The main drawback of EMATs is their low efficiency. Consequently, they usually present a lower signal-to-noise ratio (SNR) than piezoelectric transducers, which can hinder the use of EMATs [9,10]. One way to alleviate this shortcoming is to guarantee maximum power transmission from the excitation electronics to the transducer [11,12]. The maximum power transfer theorem states that whenever the electric input impedance of the transducer is equal to the complex conjugate of the output impedance of the pulser, maximum power is transferred to the transducer [13]. Even though the pulser’s output impedance is usually fixed, because of the transducer impedance, matching is usually designed for a specific EMAT and operating frequency [6,14].



One important factor in the EMAT’s design is its electrical impedance, and there are many factors that can affect it. Not only their coil geometry, but also the distance from the coil to the magnet, as explored by Wu et al. [9]. The presence of a backplate between the transducer’s components also affects its impedance, as exposed by Wang et al. [15]. Beyond the EMAT itself, the distance from it to a ferrous material, so-called lift-off, also affects the transducer’s impedance [10], and so does the temperature [12]. Finally, the excitation frequency affects the EMAT’s impedance as well.



One common way to impedance match EMATs is to use the L-network, which is a circuit composed of two reactive lumped elements [16]. 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 [12]. 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-saving reasons but also to ensure optimal operation with respect to these various factors.



Some works aim to improve EMAT performance by studying the effects of physical changes in the transducers. Wu et al. [9] studied the effect of magnet-to-coil distance on the performance characteristics of EMATs, concluding that 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. [15] explored the effects that a copper backplate, positioned between the coil and magnet at various distances from the coil, can have on the EMAT impedance, the received pulse width, and the 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. [10] measured and confirmed the effect of lift-off on EMAT impedance. Zao et al. [12] explored the variation in EMAT impedance with different temperatures and developed an automatic solution, based on L-network impedance matching, to enhance signal amplitude. These works [9,10,12,15] explored the effects that one variable can have on EMAT performance; namely, the magnet-to-coil distance, the backplate distance, lift-off, and temperature. In contrast, Jian et al. [17] explored the effects of various variables on the 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”, including all elements that can affect the equivalent inductance of the transducer. However, this work did not explore any techniques to improve EMAT performance.



Contribution


In this work, a simplified impedance-matching network for EMATs is proposed and its viability for improving EMAT performance is explored. In general, previous work that studied the performance of EMATs has generally focused on optimizing the transducer’s physical design for a specific application [9,10,15], or has studied the effects of different variables in the EMAT impedance, but without proposing a specific method for enhancing its performance [10,17]. Changing the physical structure of the EMAT might not be a feasible approach, especially for commercially available transducers. Zao et al. [12] proposed automatic impedance-matching networks for EMATs to improve efficiency; however, their methodology focused on the effects of specific variables, such as temperature, rather than designing a generic automated impedance-matching system that is capable of taking various factors into account. Unlike Zao et al. [12], this work explores the application of impedance-matching networks for EMATs using different transducers at different excitation frequencies. The proposed network is tested and compared to its manual counterpart with various comparisons between the results for different frequencies and with two different transducers, demonstrating that the use of the proposed automated impedance-matching network can successfully improve the performance of EMAT systems under variable operation conditions.





2. Backgound Theory


2.1. Ultrasonic Waves and Electromagnetic Acoustic Transducer


Ultrasonic waves are mechanical waves that propagate through fluid or solid mediums, at a high frequency and are widely in NDT [1]. Nondestructive testing (NDT) can generally be defined as an examination, test, or evaluation performed on a test object without changing or altering that object [18]. It can be performed to assess the object’s condition, usefulness, or serviceability and conditions that affect service life. NDT may also be used to measure various object characteristics, such as size, dimension, discontinuities, structure, including hardness, and grain size, among others [18]. In solids, there are longitudinal and transversal ultrasonic waves. The former presents particle motion in the same direction as the propagation of the wave, whereas the latter presents perpendicular particle motion. When they propagate across an interface between two media’s, reflection and refraction occur depending on both media properties and the incident angle. To either generate or receive ultrasonic waves, a transducer and its driving electronics are required. A transducer can be broadly defined as “a device that transforms energy from one domain into another” [19]. In this context, the transducer converts energy between mechanical waves, or ultrasound, to electrical signals and vice versa [1,20].



Electromagnetic Acoustic Transducers 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. The interaction between the current density and the magnetic field generates Lorentz forces on the surface of the medium, which is given by the cross-product


  F = J × B  



(1)




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 within the medium [3,21]. Therefore, unlike conventional piezoelectric transducers, EMATs do not need physical contact with the medium under test, which is a significant advantage over traditional transducers [3,15,21]. Furthermore, depending on the magnet and coil arrangement, different types and polarization of ultrasonic waves can be generated [6,7,8]. In this work, spiral-coil EMATs are used.



Spiral-coil EMATs have a single permanent magnet, oriented perpendicular to the medium’s surface so that the magnetic field below the EMAT is mostly perpendicular to the conductive material’s surface. The spiral-coil imposes a current density generated circumferentially. The resulting Lorentz force generates a radial-polarized S-wave beneath the EMAT [3,8]. Figure 1a 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 [8,10], as illustrated in Figure 1b. Other lumped-element models are possible. Notably, the inclusion of a capacitor in parallel provides a better approximation over a wide range of frequencies, as it is used by Zao et al. in [12]. Note, however, that any association between resistors, capacitors, and inductors at a given fixed frequency, can ultimately be simplified to a resistance plus a reactance, which in the case of EMATs is positive [10], hence the model depicted in Figure 1b is consistent and it serves to give insight into the main behaviors of the transducer.



The pulser is responsible for generating the high-voltage signal that drives the EMAT. This pulser can be modeled as a source with an internal output impedance. Usually, the output impedance,   Z i  , is equal to   50  Ω   in most laboratory equipment [22]. A representation of the pulser model is shown in Figure 2. 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].




2.2. Maximum Power Transfer Theorem


A model of a pulser connected to a generic load is shown in Figure 2. The pulser’s output impedance and the load are represented by generic impedances,   Z i   and   Z 0  , respectively. A generic impedance is a complex and ints is  Ω , or Volts per Amps. The complex impedance can also be represented by the association in series of a resistance, R, and a reactance, X, which are the impedance real and imaginary parts, respectively. An association of resistors, capacitors, and/or inductors can ultimately be represented by an impedance (Z), or by its associated resistance (R) plus reactance (X). To analyze the load impedance   Z 0  , following the model in Figure 1,   R 0   is the resistance of the coil and   X 0   its reactance, the part which is capable of storing energy that yields from the inductance (L), and varies with frequency. The power over the load in Figure 2 is given by


   P 0  =   V s 2  2    R 0     (  R i  +  R 0  )  2  +   (  X i  +  X 0  )  2    ,  



(2)




where   Z i   is the voltage source’s output impedance, which can be decomposed of its resistance   R i   and reactance   X i  ,   Z 0   is the load impedance, which can be decomposed of its resistance and reactance, respectively,   R 0   and   X 0  .   V s   is the voltage value of the source. For a given   V s   and   Z i  , maximum power is achieved with [13,16]


   Z o  =  Z i *  ,  



(3)




where the asterisk means the complex conjugate. Therefore, whenever the input impedance of a load equals the complex conjugate of the voltage source output impedance, maximum power is transferred to the load [13,16]. It is worth mentioning that the maximum power transfer theorem is stated for voltage courses, but it holds for different natures of sources provided that there exists an equivalent voltage source [23].



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.



Here, 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 [12].





3. Impedance-Matching Networks


3.1. L-Networks


One of the simplest and most commonly used circuits for impedance matching is the L-network, which uses two lumped elements [16] 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 Figure 3. If the load resistance is greater than the source impedance, then the circuit in Figure 3a should be used as the matching network. Otherwise, one should use the circuit in Figure 3b [16].



Considering that the EMAT impedance generally has lower resistances than the usual   50  Ω   of the source, the circuit shown in Figure 3b is adopted from here on. Further details on the EMAT impedance are provided in Section 4. The theoretical values for the reactances   X a   and   X b   of the L-network matching layer in Figure 1b, which ensure impedance matching and therefore maximum power transfer to the load, are


   X a  =   − (  R  i  2  +  X  i  2  )   Q  R i  +  X i    ,  



(4)






   X b  = Q  R 0  −  X 0  ,  



(5)




where


  Q = ±      R i   ( 1 +    X i   R i   2  )    R 0   − 1   .  



(6)




Simplifying the assumed source output impedances, namely    R i  = 50  Ω   and    X i  = 0  Ω  , leads to


   X a  =   ∓ 50     50  R 0   − 1    ,  



(7)






   X b  = ±  R 0     50  R 0   − 1   −  X 0  .  



(8)




where the symbol ± refers to the sign of Q in (6).



Since the transducer impedance is not usually known a priori, and can change with a wide variety of factors, the practical approach for impedance matching consists of changing the network values   X a   and/or   X b   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 through switches. A process of testing configurations until the best one is found can then be employed. The aim of this work is to automate this process.




3.2. Simplified One-Parallel-Element (  X a  )


Here, a simplified one-element matching network is investigated. This network consists of removing the element   X b   from the circuit shown in Figure 3b, keeping only   X a   in parallel with the load. The resulting circuit is shown in Figure 4. 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. However, one still can find the best possible value for   X a  . That is, the value for   X a   that maximizes the power transferred to the load under this condition. The power provided by the source is given by:


  P =    V s 2   Z  i n     2  Z  i n   +  R i 2    ,  



(9)




where   V s 2   is the absolute squared value of source voltage and   Z  i n    is the impedance prior to the matching network, as highlighted in Figure 4, that is


   1  Z  i n    =  1  j  X a    +  1   R 0  + j  X 0    ,  



(10)




where   j =   − 1    . 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


    ∂ P   ∂  X a    = 0  



(11)




one has


   X a  = −    R  0  2  +  X  0  2    X 0   ,  



(12)




which differs from Equation (4). Note that   X a   does not depend on the resistance of the source, as long as   X i   is zero. Following the model in Figure 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 a   should be a capacitor. It is worth mentioning that another simplification of the L-network is also possible, with one-series-element. However, only the one-parallel-element network is explored here, because it is simpler to fabricate.





4. EMAT Impedance-Matching Theoretical Assessment


In order to evaluate and compare the impedance-matching networks, the circuits in Figure 3b and Figure 4 were analyzed. The source output impedance of the Ritec RPDR-1000 OEM pulser-receiver module used is   50  Ω   and the EMAT impedance was measured. With those values for   Z i   and   Z 0  , the network’s component values were theoretically calculated using the equations in Section 3.



Two different spiral-coil EMAT models were analyzed. A built-in EMAT to a Ritec RPDR-1000 OEM module, and a Sonemat EMAT model HWS2225. An impedance analyzer (Agilent model 4294A) was used to measure the impedance of the transducers placed on a 12 mm steel block, the same used in the forthcoming experimental setup. The measurement results are shown in Figure 5. It is worth mentioning the discrepancy of the results when compared to the expected constant resistance of the model presented in Figure 1b. However, precise modeling of the EMAT’s impedance is not paramount in this work since it is based on automatic impedance matching, without prior knowledge of the EMAT’s actual impedance.



For each frequency, the respective measured EMAT impedances were used to calculate the matching network values. Then, the voltages and currents of the aforementioned circuits can also be calculated. As previously performed [24], it is possible to calculate the power across the load or transducer, which has a similar behavior to the voltage across the transducer. Therefore, for the sake of brevity, only the voltage across the EMAT is reported hereinafter.



Figure 6a,c shows the transducer’s theoretical normalized voltage as a function of frequency, (a) for the RPDR’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. The optimal one-parallel-element (orange line) falls between the full network and no network, as expected. Furthermore, HWS2225 generally has a higher response and is more efficient than RPDR’s EMAT. This is in accordance with the measurements, 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  Ω ). At this point, the solution for the full network in Figure 3b in Equations (7) and (8) is no longer possible, and above this frequency, the curve for the full network (blue line) is not plotted. This point occurs at a lower frequency for the RPDR’s EMAT because of its higher resistance, namely at 4.84 MHz compared to at 8.12 MHz, for the HWS2225.



Figure 6b,d represents the matching networks component values for the calculated voltages in (a) and (c), respectively. Dashed lines represent the reactance values of components   X a   and   X b  , 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 Figure 3b is no longer possible is also reflected in Figure 6b,d, where the reactance for the elements of the full network (blue dashed lines) is discontinuous at 4.84 MHz or 8.12 MHz. At these points the solution for Equations (4) and (5) are discontinuous and yield purely imaginary values.




5. Experimental Validation


5.1. Experimental Setup


As shown above, 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 a  ) network was chosen to be experimentally assessed, using only capacitors in the   X a   position, since no inductors are needed for the one-element matching network. Capacitors are also less expensive and more readily available when compared to inductors. In order to change the capacitance value of the   X a   element, a bank of eight capacitors was used with approximately binary weights. Each capacitor in the bank was connected or disconnected to the circuit so that the equivalent element   X a   has a value equal to the sum of all the capacitors in the bank that are connected. It is worth mentioning that, due to the EMAT’s low efficiency, high energy is required. 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.



The automatic network was assembled in a custom-made printed circuit board (PCB), and has a bank of eight film capacitors with a voltage rating of 1600 V [25] and nominal values of   0.11   nF,   0.235   nF,   0.5   nF, 1 nF,   1.95   nF,   3.4   nF,   6.0   nF, and   11.0   nF. The capacitors are switched by Metaltex AX1RC-5v relays [26]. The relays, in turn, are operated by an ESP32 microcontroller [27], which meets 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. Therefore, a circuit with a transducer was used to drive each relay. Apart from the capacitor bank, the network also has a 40 db attenuator, which is used to monitor the high-voltage excitation signal with an oscilloscope. The attenuator was constructed with a 2475  Ω  5 W resistor from the input and another 49.9  Ω  pulldown resistor. The schematic of the circuit is shown in Figure 7. The board design can be seen in Figure 8a, and a photograph of the finished board is shown in Figure 8b.



A similar matching network, with manual toggle switches, was also fabricated, so it can be compared to the automatic network. These networks were employed in a pulse-echo setup which is one of the main types of setups used in NDT [1]. It utilizes only one transducer, acting as both transmitter and receiver of ultrasound waves; here, both EMAT models, RPDR and HWS2225, were used positioned against a 12 mm steel block, one at a time. The analysis of the wave propagation through the medium yields its measured characteristics. For example, thickness can be calculated from the time and the corresponding wave speed, and 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].



A simplified schematic of this experimental setup, which highlights the matching circuit, is shown in Figure 9. A detailed schematic containing all the connections between the different equipment used on the experimental setup is shown in Figure 10. It is worth mentioning that the same RPDR-100 pulser–receiver module was used for measures with both transducers. A full sweep of all the possible network values was executed, saving the waveforms of the attenuator and receiver amplifier for each configuration. A computational script running on a Linux computer was used to control the sweep. This script can send commands to the microcontroller via WiFi and request the network to change to any of the 256 (=  2 8  ) possible values of the capacitor bank. The scope’s data is also acquired via LAN by the PC. Data were saved and later analyzed and interpreted. A function generator Tektronix model AFG3251 is used to output a 5-cycle sine tone-bust into the transmission RPDR’s input port. This signal is amplified by the RPDR pulser and passes through the matching network before reaching the EMAT. At this point, the transducer generates radially polarized bulk shear ultrasonic waves which propagate within the steel block. The wave reflects at the opposite boundary of the material and the echo is received by the EMAT. The resulting signal passes through the RPDR receiver, which consists mainly of an amplifier. The scope then measures the output signal of the RPDR receiver, and also the signal at the matching network’s attenuator. That is, the scope monitors the signal that goes into and out of the EMAT.



Hardware Peak Detector


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



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 [28], as the microcontroller’s internal analog readers were experimentally deemed inconsistent for this application and the ADS1015 was readily available. The peak detector circuit is shown in Figure 11, and was based on [29]. The circuit works by storing the highest input value in the capacitor (C1). A diode (D1) is used to remove the negative parts of the input which then passes through an operational amplifier (opamp, U1) which acts mainly as a buffer, and then, through another diode (D2), the capacitor is charged. This second diode guarantees the capacitor does not discharge when the signal falls since it becomes reverse-biased. The second opamp (U2) is configured as a voltage follower, providing 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, an NPN transistor was used in series with R4 so that the signal label ‘Control’ can determine whether and when the peak detector is discharged.



The timing of the peak detector’s reading needs to be considered. In this case, the sine tone burst excitation signal can last from 1.25 to 5 μs and causes interference. If the peak detector’s output was built to discharge over time, the ADC reading 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 I2C protocol [30], 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 control when it is discharged, doing so quickly, before the next tone burst excitation signal is triggered. To be able to do this, 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.



Figure 12 shows the signals for the attenuator’s output, which is the peak detector’s input, the peak detector’s output, and the trigger. Figure 12a,b shows these signals at a time scale where the bang’s interference can be seen. Figure 12c 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 Figure 12c due to its short duration and the long time between samples in this wider time scale. The detailed schematic of this setup including the peak detector is shown in Figure 13.





5.2. Experimental Results


Here, the results were captured in the first experimental setup, which does not use the hardware peak detector. Figure 14 shows the peak-to-peak amplitude of the transmitted signal at the RPDR’s EMAT as a function of the equivalent capacitance for each capacitor bank configuration evaluated. This amplitude is shown for the three excitation frequencies; namely, 2 MHz, 3 MHz, and 4 MHz, comparing the manual experimental results, automatic experimental results, and the theoretical values. The experimental capacitance for optimal matching is slightly higher than the theoretical one. Good agreement was obtained between the manual experimental method results, the automatic experimental method results, and the theoretical values. It is worth mentioning that the theoretical calculation is assumed as a CW sinusoidal excitation, whereas the experimental setup uses a 5-cycle tone burst operation, which therefore presents a finite bandwidth, and then differences between them can be expected. There are also a variety of common non-ideal effects that affect the experimental results, such as impedance of the cables or electromagnetic interference.



Figure 15 shows the waveforms for the no-network and optimum network for the 2 MHz excitation frequency at the RPDR EMAT. Each point of Figure 14 was derived from a similar waveform. Finally, for each frequency and matching network used, the values for optimal capacitance, peak-to-peak voltage, gain, and time taken to do the full sweep can be found in Table 1. We can see that both manual and automatic methods have similar optimal capacitances for each frequency. The manual results are slightly higher than the automatic ones. The automatic network takes considerably less time to complete the full sweep.



Figure 16 shows the peak-to-peak amplitude of the transmitted signal at the HWS2225 EMAT as a function of the equivalent capacitance for each capacitor bank configuration evaluated and a comparison between the experimental results and the theoretical calculations. Similar to the RPDR EMAT’s results, shown in Figure 14, here one is also affected by those same experimental factors that render experimental measures slightly different from the theoretical one. Nonetheless, due to the HWS2225’s higher efficiency, the capacitance at which both methods’ maxima occur has a high degree of agreement. Summarized results can be found in Table 2.



Hardware Peak Detector


Figure 17 shows the peak-to-peak amplitude of the transmitted signal as a function of the equivalent capacitance for each capacitor bank configuration evaluated. Unlike in Figure 14 and Figure 16, these values were not generated from a waveform 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 3. The table is divided for each of the two transducers used. At 2 MHz using the HWS2225 due to the transducer’s higher efficiency, the peak detector was saturated. 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 Figure 17b, in the darker green line, labeled as ‘2 MHz LP’.



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 ((256 × 4) + 1) × 0.2 = 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.






6. Conclusions


Electromagnetic acoustic transducers are essential devices in several ultrasonic applications, but they have low efficiency. Therefore, it is vital to use an impedance-matching network in order to increase its signal-to-noise ratio. Impedance matching can be time-consuming and depends on various factors that often change during laboratory testing or field applications, such as the transducers, the excitation frequency, and the lift-off, among others. Therefore, automation of the impedance-matching process can be of great benefit to the use of EMATs. In this paper, a simplified one-element impedance-matching network was proposed and its optimal values were theoretically derived. Two models of spiral-coil EMAT were evaluated and their full bandwidth was determined, comparing the performance of the simplified network to a full L-network. Depending on the intended excitation frequency, the one-element network can provide a large part of the performance of the full L-network. The one-element network also works better in a wide range of frequencies because it is not necessary to change its layout or the type of component, requiring only capacitors and no inductors. An automatic matching network was designed and fabricated. The resulting experimental curves of voltage across the EMAT as a function of the network’s capacitance were compared to the theoretical ones for three distinct excitation frequencies with two transducers. The automatic matching process proved to be effective. 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 and from   3.0   to   3.9   dB in the HWS2225 EMAT’s signal, which is naturally more efficient. The main advantage of the automatic network is the confidence that the best configuration for each setup can be used.
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Figure 1. 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. Lorentz forces generated are indicated by arrows inside the medium. (b) Simplified model consisting of a resistor in series with an inductor. 
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Figure 2. Simplified pulser model circuit where AC power is transferred from the voltage source, with voltage   V s   and internal impedance   Z i  , to a load of impedance   Z 0  . The voltage and current across the load are   V 0   and I, respectively. 
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Figure 3. L-section matching networks. (a) Recommended network for    R 0  >  Z i   . (b) Recommended network for    R 0  <  Z i   . Where   R i   and   X i   are the resistance and reactance of the source, respectively, and   R 0   and   X 0   are the resistance and reactance of the load, respectively. The reactances   X a   and   X b   are the elements of the L-network. Here, the load represents the EMAT.   Z  i n    indicates the impedance association of the L-network and the load, as seen by the source. 
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Figure 4. Simplified, one-parallel-element matching network, where the impedance of the source is assumed real and composed only by a resistance   R i  . The load impedance is    R 0  + j  X 0   , where   R 0   and   X 0   are the resistance and reactance of the load. The reactance   X a   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   Z  i n   . 
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Figure 5. (a) Real and (b) imaginary parts of the impedance of the EMATs as a function of frequency. Blue lines are the measurements for the RPDR’s included EMAT, and green lines are for the HWS2225 EMAT. 
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Figure 6. Theoretical calculations for (a) voltage across RPDR’s EMAT, (b) values of the components of the matching networks of the RPDR’s EMAT, (c) voltage across HWS2225’s EMAT, (d) values of the components of the matching networks of the HWS2225’s EMAT. For (a,c), the blue lines represents the full L-matching network, orange lines the optimum one-parallel-element (  X a  ) network, and purple lines for no matching network. For (b,d), dashed lines represent the reactance values of the network’s elements used in the calculations to the left, solid lines represent the respective capacitance at each given frequency. Blue lines indicate the values used in the full network evaluation, lighter shades for elements in the   X a   position and darker shades for elements in the   X b   position, orange lines for optimum one-parallel-element (  X a  ) network. 
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Figure 7. Schematic for the automatic one-parallel-element matching network board. 
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Figure 8. Automatic one-parallel-element matching network board. (a) PCB design made on Eagle. (b) Photograph of the finished board with all components soldered. 
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Figure 9. A simplified schematic of the experimental setup, which highlights the circuit composed of the pulser, matching networks, and load; in this case, the EMAT. 
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Figure 10. Pulse-echo setup schematic with the equipment and connections used in the experimental bench. 
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Figure 11. Peak detector circuit based on the ‘Improved Peak Detector’ [29]. 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. 
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Figure 12. 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 through the low-pass filter in black. Both (a,b) have the same time-scale; (c) shows the three signals mentioned previously using the same colors, at a wider time scale. 
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Figure 13. Schematic of the experimental setup for the pulse-echo with peak detector. The main differences from the schematic in Figure 10 are highlighted in red. 
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Figure 14. Peak-to-peak amplitude at the RPDR’s EMAT as a function of the resultant capacitance of the capacitor bank. Experimental results obtained with manual impedance matching are in dashed darker lines, and the results obtained with the automatic method are in solid brighter lines, both marked with asterisks that have their vertical axis on the left. Theoretical amplitudes for the voltage across the transducer are shown in wider, unmarked, solid lines with the vertical axis on the right. Three excitation frequencies were evaluated—2, 3, and 4 MHz—represented by green, blue, and magenta lines, respectively. 
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Figure 15. 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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Figure 16. Peak-to-peak amplitude at the Sonemat’s HWS2225 EMAT as a function of the resultant capacitance of the capacitor bank. Experimental results with the automatic method are brighter lines marked with asterisks that have their vertical axis on the left. Theoretical amplitudes for the voltage across the transducer are shown in wider, darker, unmarked lines with the vertical axis on the right. Three excitation frequencies were evaluated—2, 3, and 4 MHz—represented by green, blue, and magenta lines, respectively. 
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Figure 17. Peak-to-peak voltage, measured by the hardware peak detector across (a) RPDR’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. 
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Table 1. Results for the pulse-echo experimental setup using RPDR’s EMAT.
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	Optimal Capacitance Found [nF]
	No Network pk-pk [V]
	Optimal Network pk-pk [V]
	Gain [db]
	Time for Full Sweep [s]





	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










 





Table 2. Results for the pulse-echo experimental setup using HWS2225.
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	Optimal Capacitance Found [nF]
	No Network pk-pk [V]
	Optimal Network pk-pk [V]
	Gain [db]





	2 MHz Aut.
	3.06
	1045.1
	1488.1
	3.0698



	3 MHz Aut.
	1.235
	1002.5
	1515.9
	3.5917



	4 MHz Aut.
	0.61
	852.2
	1338.1
	3.9191










 





Table 3. 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 further from the source’s impedance require 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.
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RPDR’s EMAT

	
HWS2225




	
Optimun

Capacitance

Found [nF]

	
No

Network

pk-pk [V]

	
Optimal

Network

pk-pk [V]

	
Gain

[db]

	
Optimun

Capacitance

Found [nF]

	
No

Network

pk-pk [V]

	
Optimal

Network

pk-pk [V]

	
Gain

[db]






	
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
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