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Abstract

Nowadays, not only must the structures be in good health when they are manufactured and installed, but also their integrity must
be monitored during their life cycle. Nondestructive Test (NDT) techniques are applied in the beginning of the cycle, and Structural
Health Monitoring (SHM) techniques afterwards. There is a wide literature on how to monitor integrity in large civil structures,
where the size of equipment and accessibility for testing are not serious problems. There are studies that deal about the integrity of
airborne vehicles, some focused on the inspection technology or the algorithms used. However, the integrity inspection of an
aircraft also requires the development of reliable low volume lightweight electronic equipment with high technical capability. The
authors are developing electronic prototypes to satisty such requirements. The goal of this research is to build an on-board electronic
system that monitors the integrity of the airborne structures throughout its lifetime. The prototype uses ultrasound technology with
piezoelectric transducers (PZT) and can emit and acquire waveforms on multiple channels simultaneously (pulse-echo or pitch-
catch schedules). It can use many test techniques: simple test, beamforming transmission, fast round-robin (associated with
beamforming reception), multiple delayed signal, etc. The prototype can generate steerable beams as required. It can also operate
in passive mode, i.e. listening to acoustic emissions. The prototype weights 600 g, includes USB 2.0 connectivity, and compresses
the data before uploading them to a computer.
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1. Introduction

To know the state of a structure over its lifespan is a research topic that is attracting more interest from the academia
and industry. This fact is evidenced by the growing number of scientific journals and congresses related to materials
and structures devoted to this subject area that focuses on Structural Health Monitoring (SHM). Capineri and Bulleti
(2021) introduce a complete review of the state of the art in SHM, from the characterization of the signals to the main
monitoring techniques. Among these, those based on piezoelectric transducers (PZT) are gaining increasing
importance. The low cost and mounting simplicity of this type of sensors allow envisaging its generalized deployment
in aeronautics in the near future.

SHM Ultrasound Systems (SHMUS) use PZTs by means of two strategies: passive or Acoustic Emission (AE), and
active or Ultrasound Guided Wave Test (UGWT). In AE, the electronic systems are continuously acquiring and
processing the signals read by the PZTs trying to discover a change in the signal compatible with an impact in the
structure or a fibre breakage in a composite. Conversely, UGWT generates driving signals that are coupled to the
structure through the PZTs producing waves that travel the structure and interact with its elements, bouncing back to
the very same PZTs where they can be read back and processed to determine the state of the structure. Azuara et al.
(2019) introduce a thorough review of the algorithms available to process the signals obtained by UGWT.

Most of the experimental articles related to SHM utilize commercial instrumentation to run the tests: arbitrary signal
generators and oscilloscopes. Mei e al. (2019) publish a detailed compilation of the instruments employed in
Piezoelectric Wafer Active Sensors (PWAS) based applications. Other researchers use generic 10 systems, Lei et al.
(2019). These electronic systems and instruments are very limited in terms of the number of available sensors, the
driving signal generation in UGWT, and the available monitoring techniques. However, there are also some dedicated
equipment. Tang et al. (2016) developed a highly integrated CMOS transceiver capable of transmitting and acquiring
a signal for UGWT. The company Physical Acoustics (2021) has developed a standalone two-channel AE system to
monitor pressure vessels, pipelines, slow-speed bearings and other machinery. The company Acellent (2021) has
introduced a set of devices to actively and passively monitor several types of structures. There are also several
ultrasonic devices available to know the state of a given structure either during its production or for maintenance
purposes, Dattoma et al. (2021). But they cannot be used in monitoring tasks because they need an operator or their
dimensions or cost make them unfeasible to be permanently installed in a structure.

A device that implements AE and UGWT techniques usually must have some well-known features. AE technique
demands a very high number of PZTs, in the range from 10 to 50. UGWT related research usually includes one single
PZT, as the commercial instrumentation can only use one signal generator without changing the connections, which
make them impossible to be used with more complex techniques such as round-robin with multiple PZT or
beamforming transmission, Olson et al. (2007). In UGWT, it would be desirable to be able to excite from 5 to 20 PZTs
driven by signals out of phase by a few nanoseconds. The amplitude of this exciting signals is conditioned by the
maximum peak to peak voltage that the signal generator can handle, usually in the range of 10 to 20 Vpp. Metallic
structures can give good results with this kind of excitation, but composites materials need higher voltages that can
reach even 100 Vpp. Moreover, a monitoring device must operate without human intervention, transmit the
information to a control central autonomously, and be small and lightweight in order to be usable in aeronautics.

The Electronic Design Group of the University of The Basque Country (UPV/EHU) has tightly collaborated with
Aernnova over the last years to develop a SHMUS that implements both AE and UGWT techniques. It is the successor
of PAMELA III (Phased Array Monitoring for Enhanced Life Assessment), introduced in Aranguren et al. (2013),
based on a Virtex 5 FPGA (Field Programmable Gate Array) with a PowerPC processor running Linux as Operating
System. The ever-growing demand for new processors and up to date operating systems motivates the development
of a new version. This paper aims at introducing the last developed SHMUS prototype and it shows its suitability in
SHM applications.

2. Features of the developed prototype
The current prototype, named PAMELA 1V, is a modular system consisting of an USB interface and from one to

eight input/output electronic cards. Many electronic systems become deprecated due to the planned obsolescence of
the operating systems or their embedded firmware. To avoid this issue, the prototype is designed on a FPGA containing
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only logic circuits, with the support of no firmware or embedded processor. The operational control of the system is
located in an external computer. The input/output cards feature an FPGA belonging to the Xilinx Artix 7 family.
Specifically, it is a XC7AS50T containing more than 50,000 logic cells.

Figure 1 shows a prototype fitted with three cards, which allows the generation and acquisition of six channels
each. Therefore, the depicted prototype has the capability to generate and acquire 18 channels simultaneously. Each
channel can drive a PZT to emit an excitation signal and, at the same time, acquire the excitation signal and the
reflected signals after travelling throughout the monitored structure. This prototype, inside its aluminum box, weights
600 gr and its dimensions are 125 x 125 x 50 mm.

Figure 2 shows the main window of the control software. It can be seen that it allows the selection of the generating
and acquiring sensors, which can be different (pitch-catch test) or the same (pitch-echo test). Excitation signal is
synthetized inside the FPGA based on the parameters selected by the user: frequency in the range from 30 kHz to
1 MHz, amplitude as a percentage of the maximum 48 Vpp, number of periods of the signal, and its shape, which can
be sinusoidal or convolved with Hanning, Hamming or Blackman window. It can also generate arbitrary waveforms
such as sine sweep or a combination of signals with different frequencies. This flexibility enables the implementation
of complex excitation strategies like beamforming transmission or time reversal, Fink (1992). A 12-bit resolution and
a sampling frequency in the range from 10 MHz to 60 MHz complete the description of the features of the acquisition
unit.

Output exciting signals are isolated from each other and, therefore, driving channels can be arranged in series so
that the exciting voltage achieves values higher than 100 Vpp. The acquired waveforms can be fully retrieved by the
control software. They can also be processed, while they are acquired, looking for minimum and maximum voltages
that conform a set of characteristic points. This is named the compressed acquisition mode as the time spent in the
transmission of data is dramatically reduced, Castillero et al. (2020).

The system can run the following types of tests:

e Simple. The test consists of the excitation of just one transducer and the sampling of the received echoes
by the sensors mounted on the structure (pitch-catch type of test). As a result, if N sensors are installed in
the monitored structure, N waveforms per test will be obtained.

e | boards
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Figure 1. PAMELA modular system fitted with three input/output cards capable to drive and acquire 18 signals.
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e Round-robin. It consists of running one simple test for each of the N installed sensors. Hence, NxN waveforms
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Figure 2. PAMELA 1V control software main window.

per test will be obtained. This test can be used for beamforming reception techniques.

e Beamforming transmission. In this type of test, the amplitude and delay of the exciting voltage of each
transducers are tuned to boost the creation of constructive interferences in a given direction. Specifically, in
the designed prototype, directions from 0° a 180° in steps of 5° are swept obtaining 37 tests and 37xN

waveforms per test.

e  Multiple delayed signal. In this type of test, the delay of each exciting signal can be arbitrarily configured in

order to be able to concentrate the transducers’ energy on a given area of the structure (see Figure 3).

e Time reversal. Consists of running any of the test mentioned above and, then, utilize the acquired waveforms

again to drive the PZT in a new test.

3. Prototype validation

To check the viability of the prototype, tests on isotropic (aluminum) and anisotropic (composite) specimens were
carried out. Figure 4 shows the setup fora UGWT configured to measure the dispersion of guided waves on composite

material.

The prototype is providing satisfactory results when testing it with different algorithms to detect all kind of damage,
and specimens, including real-world aircraft parts. Namely, this device has been validated using the beamforming
technique on metals, Cantero-Chinchilla et al. (2020), on composite materials, Aranguren et al. (2020), and with
fatigue stress tests on aluminium, Cantero-Chinchilla et al. (2021).
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Figure 3. Signals synthetized by PAMELA 1V prototype and delayed 833 ns. Oscilloscope acquisition in the leads of four PZTs.

Computer

Control software

L Specimen
Configuration | |Signals
parameters data
o PZT
18 signal |
generators
18 signal |4
acquirers
SHM electronic prototype °

Figure 4. Schematic and photography of the setup of the tests.

4. Conclusions

A prototype intended for SHM testing has been introduced. It is based on ultrasonic techniques employing PZTs
and it is capable of implementing both active, or AE, and passive, or UGWT, strategies to monitor structures. It can
drive and acquire up to 18 channels simultaneously (48 channels in systems with 8 Input/Output boards). In standard
configuration, UGWT driving signals can be of 48 Vpp, but it can reach more than 100 Vpp in extended configuration.

The prototype is light, small and can run several types of test according to different requirements: simple pulse-
echo or pitch-catch tests, or test with multiple transducers such as round-robin, beamforming emission, multiple delay
signal, and time reversal. It can also carry out a pre-processing stage of the acquired waveform searching for its
characteristic points so that the time required to transmit the full original acquired signals is reduced.

The prototype has been validated both on metallic and composite structures, showing satisfactory performance on
both materials.
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In the near future, this research will continue performing new test campaigns and improving this prototype, i.c.
reducing its size, weight, and adding new features, in order to improve its suitability for the aeronautical structure
monitoring needs.
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