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Abstract

:

The increase in the number of space debris is a serious threat to the safe operation of in-orbit spacecraft. The propagation law of the impact signal in the stiffened panel of the spacecraft’s sealed bulkhead is very complicated, and there is less research on the impact source location in the high-stiffened panel. In this paper, an adaptive energy compensation threshold filtering (AECTF) method based on acoustic emission is proposed, which can realize large-scale, fast and accurate locating of the impact source on the stiffened panel with less resource consumption. The influence law of the stiffeners on the lamb wave is analyzed by finite element simulation, and the Lamb wave energy factor curve is obtained. The correctness of the simulation is verified by the locating experiment on the impact point. The results show that the proposed AECTF method has better adaptability and can correctly locate the impact points in complicated locations. By selecting the appropriate frequency band to filter the signal, the locating accuracy and stability can be improved. When the frequency band is 100–200 kHz, the locating result is optimal, the average absolute error is 7.0 mm, the average relative error is 0.86%, and the error standard deviation is 3.5 mm. This study will generate fresh insight into the impact location technology of high-stiffened panel and provide a reference for the in-orbit spacecraft health monitoring system.
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1. Introduction


With the development of aerospace industry in various countries, the number of space debris is increasing, and the safe operation of orbiting spacecraft is seriously threatened [1,2,3,4,5,6]. Although a honeycomb panel is provided on the outer surface of the manned spacecraft capsule, the high-speed space debris can pass through the protective layer and strike the outer surface of the spacecraft’s sealed cabin [7,8,9]. In order to ensure the air pressure balance and operational safety of the spacecraft, it is especially important to sense and locate the debris impact at the earliest possible moment [10,11,12,13].



The impact signal exists in the form of a Lamb wave in the plate. At present, the research on the propagation law and impact location technology of the Lamb wave in the flat structure is relatively mature. However, periodic stiffeners are usually provided on the outer surface of the spacecraft capsule, to ensure the sufficient mechanical strength of the spacecraft, especially the large manned spacecraft. The Lamb wave will attenuate, transmit, reflect, scatter and modal change when passing through structures such as stiffeners or defects, which increases the difficulty of locating the impact source. The traditional methods for impact source localization in flat panels are difficult to apply to stiffened panels directly.



In recent years, some researchers have conducted in-depth research on Lamb waves in such structures. Golub et al. [14] utilized the frequency domain spectral element method to discretize the finite-sized surface mounted piezoelectric structure, and used the semi-analytical boundary integral method to evaluate the wave phenomenon in the host laminate structure. The dynamic interaction of perfectly bonded or damaged piezoelectric structures with layered elastic waveguides was simulated. Reusser et al. [15,16] studied the propagation law of Lamb waves in two kinds of aspect ratio stiffened plates. The transmission energy of different frequencies of Lamb waves is different when passing through the stiffeners. This phenomenon is more obvious in the stiffened plate with a large aspect ratio. The accuracy of the leak location was improved by selecting the A0 mode Lamb wave of a specific frequency band. By simplifying the model, the conclusion that the signal attenuation is severe when the S0 mode Lamb wave frequency is near the resonant frequency of the stiffened plate was obtained. However, the research was mainly on the influence of single stiffeners on the Lamb wave signal, and there was no relevant research on the impact signal. Ghandourah et al. [17] studied the reflection characteristics of stiffeners on Lamb waves with different angles of incidence, Santhanam et al. [18] studied the relationship between reflection coefficients of different modes Lamb waves at the end of the plate with incident angles and frequencies. In addition, the characteristics of the Lamb wave signal in the stiffened aluminum plate with cracks [19], the interaction between the Lamb wave and different types of notches [20], and the modal transformation phenomenon of Lamb wave when it passes through notches [21], there are also scholars to carry out related research.



For the locating of the impact source in the panel, some scholars have carried out research based on a variety of methods [22,23,24,25,26,27,28,29,30,31], such as the polyvinylidene fluoride (PVDF) thin film method, fiber grating method, acoustic emission method and so on.



Some scholars have studied based on the PVDF film method. NASA [22,23] has developed a two-dimensional PVDF film position sensing detector for detecting cosmic dust. Liu et al. [32] improved on this basis and designed a detector that can detect space debris larger than 1 mm. The impact events in cement-based composites were identified by PVDF film, and the impact-induced crack evolution was studied by active sensing method [33]. By doping different amounts of Nano-ZnO on PVDF-TrFE film, the piezoelectric strain constant and dielectric constant are improved, and the piezoelectric performance is improved [34].



Some scholars have studied using the fiber grating method. NASA [25] used a 38 cm × 38 cm panel as the research object, and used 36 Bragg grating sensors to sense and locate the orbital debris impact. Using the embedded fiber Bragg grating sensor array, the health state of the composite structure was evaluated by extracting the eigenvalues [26]. Multi-channel fiber Bragg grating sensors were installed on composite materials. The proposed error-based singular value impact localization method is better than root mean square (RMS) and correlation-based positioning results, with an average error of 10.7 mm [35].



Systems based on PVDF film methods and fiber Bragg grating sensors are often complex. In aerospace applications, it is required to use as few sensors as possible for accurate impact locating. At the same time, it is required to minimize system size, quality, cost and energy consumption, and reduce unnecessary wiring. Acoustic emission has the characteristics of real-time, online, mature technology, low resource occupancy, relatively simple system and strong environmental adaptability, which is a very effective impact sensing and localization method. In this regard, some scholars have also conducted related research [36,37,38,39,40]. Through the maximum entropy linear approximation method, the four sensors were used to sense and locate the hammer impact on the aluminum plate, and compared with the artificial neural network and the support vector machine, it is found that it has better locating results and requires fewer parameters to be determined [37]. An impact recognition algorithm-based on principal component analysis and maximum entropy linear approximation was proposed to locate and quantify impact in aluminum and aluminum sandwich panels [39].



However, these methods of machine learning require the preparation of sample data for training in advance, and the workload is large. A total of six specimens of an aluminum panel, a quasi-isotropic carbon fiber reinforced polymer (CFRP) composite panel, a highly anisotropic CFRP composite panel, a stiffened aluminum panel, a stiffened quasi-isotropic CFRP composite panel, and a stiffened anisotropic CFRP composite panel were studied. The impact force was studied based on ultrasound [28], and the impact location was determined based on strain [30]. However, there are only two parallel stiffeners of smaller size in stiffened panels. The time-reversal method was used to locate the impact in the isotropic aluminum plate. It is found that the locating error gradually increased with the increase of the calibration position [41]. Array sensors were used to locate cracks in aluminum and stiffened aluminum panel based on time of flight, and the locating results were improved by optimizing the sensor network layout [42]. Taking anisotropic composite materials as the research object, the sound source localization method based on elliptic wavefront and non-elliptic wavefront of parametric curve is proposed. The sound source location is obtained respectively by calculating the wavefront direction vector based on the arrival time difference of the three sensors method [43] and by minimizing the objective function method [44]. The straight propagation path is not used, and the sound source position can be predicted without understanding the material elasticity, but the research object is a flat panel and does not have stiffener structure.



The locating algorithm based on arrival time has the advantages of simple principle, easy implementation and fast locating speed. At the same time, the triangular method requires only a small number of sensors, which can further reduce resource occupation, but there are also some problems. Taking the flat panel as the research object, the effect of the signal arrival time difference and the Lamb wave velocity on the locating error was analyzed in the triangle method [45]. It is found that the location error of the threshold method is large and unstable. Moreover, according to the previous study, the Lamb wave signal is very complicated in the stiffened panel in which the stiffener is high, and the signals received by different sensors differ greatly, which further increases the difficulty of locating, especially the impact point location near the apex of the triangle formed by the sensors.



The above research has the following problems: the lack of research on the propagation law of the Lamb wave signal in the stiffened panel; the test piece is the aluminum or composite panel or with small stiffeners panel, the influence of the stiffeners is not obvious; there is no large-scale impact locating; locating accuracy and stability need to be improved.



In order to solve the above problems, this paper proposes an adaptive energy compensation threshold filtering (AECTF) method, which can realize large-scale, fast and accurate locating of the impact source on a high-stiffened panel. The AECTF method is based on three-dimensional finite element simulation to analyze the influence of high stiffeners on Lamb waves. The filter frequency band is selected according to the simulation results. The energy compensation algorithm is used to determine the threshold. In the polar coordinate system, the hyperbolic method is used to locate the impact source on a 22 mm fan-ring shaped high-stiffened panel of the spacecraft’s sealed bulkhead (the height of the stiffeners is 4.8 mm and the thickness is 4.8 mm in the bulkhead of the International Space Station). After experimental verification, it can effectively locate impact points.




2. Theory


2.1. Principle and Theory of AECTF Method


The AECTF method firstly analyzes the influence law of high stiffeners on Lamb waves based on three-dimensional finite element simulation. According to the simulation result, the energy factor can be obtained to select the filter frequency band. The impact signal is digitally filtered, and the threshold benchmark and threshold amplification factor are calculated according to the filtered signal to obtain the threshold. After obtaining the signal arrival time that meets the threshold condition, the impact source can be located by the hyperbolic method in the polar coordinate system. The flow chart of the AECTF method is summarized in Figure 1.




2.2. The Lamb Wave Characteristics of Impact Signal in Stiffened Panel


In the plate, ultrasonic waves are constantly reflected at the boundary and propagate in the form of Lamb waves. According to the movement type of the particle relative to the plate, it can be divided into a symmetrical (S) mode and an antisymmetrical (A) mode Lamb wave. Since the Lamb waves have dispersion characteristics, each mode of Lamb waves is further divided into multiple modes having different phase velocities and group velocities as the frequency changes. The equation of the dispersion is shown in Equation (1) [46].


tanqd/2tanpd/2=−(4k2pq(q2−k2)2)±1,



(1)




where p=kl2−k2, q=kt2−k2, kl=ω/cl, kt=ω/ct, k=ω/cp, the indices 1 and −1 represent the symmetrical and antisymmetrical modes, d represents the plate thickness, ω is the angular frequency, cl, ct and cp are the longitudinal wave velocity, transverse wave velocity and phase velocity, respectively, kl and kt are the wave numbers of the longitudinal wave and transverse wave, respectively, k represents the wave number along the horizontal direction of the panel, and f is the frequency. The group velocity cg is shown in Equation (2).


cg=cp⋅[1−11−cp(fd)dcpd(fd)]



(2)







Figure 2 shows the phase and group velocity dispersion curves for a 3 mm thick 5A06 aluminum plate obtained by numerical calculation.



The sound waves generated by impact propagate from the impact point in the form of Lamb waves in the plate, and are received by the sensors as the impact signals. When an impact occurs, there are mainly three modes of Lamb waves of S0, A0 and S2 [5], and the wave velocity for impact locating is the group velocity. The S2 mode is relatively high in the frequency band. As the propagation distance increases, the signal energy is attenuated severely, so it is not suitable for large-scale impact source locating. For the S0 and A0 modes, the A0 mode has higher energy and larger amplitude, which is widely used in the leak location field. However, for the impact source location, the A0 mode wave velocity is slower than the S0 mode, and it overlaps with the S0 mode frequency in the frequency domain. When it passes through the stiffeners, reflection and modal transformation occur, it is difficult to obtain the accurate arrival time of the A0 mode in the time domain. The S0 mode is in a lower frequency band and has a faster wave velocity, which is less susceptible to interference by other modes. However, the S0 mode’s energy is much smaller than the A0 mode’s, the energy is further attenuated after passing through a plurality of stiffeners. In addition, the effects of factors such as frequency response, coupling, and environmental noise cannot be ignored. Taking into account the above factors, this paper takes the S0 mode Lamb wave in the frequency band of 50 kHz–500 kHz as the research object.




2.3. Energy Factor


Some scholars have proposed the ratio of the Lamb wave energy after and before the stiffener as the transmission coefficient to characterize the effect of the stiffener on the Lamb wave energy, but they ignored the influence of the propagation distance [15]. This paper proposes a new factor—energy factor—which represents the ratio of the Lamb wave energy at the same distance after propagation in the stiffened panel and the flat panel. The energy factor can be expressed as Equation (3).


R(f)=ES(f)EP(f),



(3)




where R(f) is the energy factor, ES(f) is the energy of the Lamb wave of frequency f after passing through the stiffener in the stiffened panel, EP(f) is the energy of the Lamb wave of frequency f after propagating the same distance in the flat panel.



The total energy of the discrete signal in the frequency domain is equal to the sum of the squares of the spectra at each frequency. The energy of the discrete signal at frequency f is the square of the spectrum at frequency f, which is calculated by Equation (4).


E(f)=|A(f)|2,



(4)




where E(f) is the energy of the Lamb wave of frequency f, A(f) is the spectrum of the signal at frequency f.



Since the effect of the stiffeners on different frequency Lamb waves is different, the energy factor curve fluctuates in the frequency domain. Selecting the appropriate frequency band for positioning can improve the accuracy and stability of the algorithm.




2.4. Impact Signal Arrival Time Algorithm


In addition to the influence of the energy factor, the degree of coupling between the sensor and the panel, the distance difference between the impact source to the sensors, the frequency response of the sensors, and the electromagnetic noise interference will also cause the same impact source signal received by different sensors to respond quietly differently in the time domain and frequency domain, which increases the difficulty of locating, especially for impact points close to one sensor. In order to ensure that the S0 mode Lamb waves used for locating are all in the same frequency band and in phase, the threshold selection should be adaptively determined according to the signal characteristics.



In this paper, an energy compensation threshold method is proposed to obtain the arrival time of the S0 mode Lamb wave. The principle is as follows:



Assuming that the number of sensors used in the experiment is n and the impact signal is S0, the expression of the signal received by the i-th sensor S(i) is expressed as:


S(i)=Gr(i)Gs(i)S0,



(5)




where Gr(i) represents the transfer function of the propagation path to the signal during the impact signal to the i-th sensor, Gs(i) is the transfer function of the sensor of the i-th to the signal.



Filter. According to the energy factor curve, the appropriate frequency band is selected, and the signal received by the sensor is band-pass filtered by the infinite impulse response (IIR) digital filter to ensure that the signal is the Lamb wave in the same frequency band and the interference is removed. The filtered signal expression is expressed as:


Sf(i)=S(i)Gf,



(6)




where Gf is the transfer function of the filter.



The threshold benchmark is determined based on noise. In the noise segment of the filtered signal, a noise signal of 0.33 ms duration is taken every 1 ms, and a total of 10 segments are taken. The absolute value of the envelope extreme value of each segment of the noise signal is arranged in descending order, and the partial points of the sequence header are removed to prevent burst type electromagnetic interference. The average value of the amplitude of the sequence 1/7–3/7 segment is the benchmark for this segment noise. The average of the 10-segment noise benchmarks is calculated as the threshold benchmark for this channel. The equation can be expressed as:


T¯c(i)=∑j=110Tp¯(j)/10,



(7)






Tp¯(j)=∑k=m/73m/7Nj(k)/(2m/7),



(8)




where T¯c(i) is the threshold benchmark of the i-th channel, TP¯(j) is the benchmark of the j-th segment noise, Nj is the descending order of the absolute value of the extremum of the noise signal envelope, k is the serial number of the point used to calculate the noise benchmark, m is the number of points of Nj.



Determine the threshold amplification factor. By using the average value of the 11–20 points in the descending order of the absolute value of the signal as the energy benchmark, the proportional relationship of the energy benchmark of each channel can be obtained. The threshold amplification factor of the channel with the smallest energy benchmark is set to 25, and the threshold amplification factors of the remaining channels are calculated based on the energy benchmark ratio relationship. The equation can be expressed as:


T(i)=K(i)Tc¯(i),



(9)






K(i)=25E(i)min(E),



(10)






E(i)=∑l=1120Sf⋅i(l),



(11)




where T(i) is the threshold of the i-th channel, K(i) is the threshold amplification factor of the i-th channel, E(i) is the energy benchmark of the i-th channel, Sf·i is the descending order of the absolute value of the filtered signal of the i-th channel, and l is the serial number of the point used to calculate the energy benchmark.



Determine the arrival time of the signal. The product of the threshold benchmark and the threshold amplification factor is used as the threshold. When the average value of the continuous 300-point absolute value exceeds the threshold from a certain time, it is considered as the current i-th sensor’s signal arrival time.




2.5. Location Algorithm


The impact locating system applied to the spacecraft needs to reduce the system volume, cost, energy consumption and unnecessary wiring as much as possible under ensuring correct locating. In this paper, three distributed sensors are used to obtain the impact signal, the hyperbolic method is used for rapid locating in the polar coordinate system after getting signal arrival time. The locating principle diagram is shown in Figure 3.



In the figure, the sensor coordinates are (ρ1, θ1), (ρ2, θ2), (ρ3, θ3), and li is the distance from the i-th sensor to the impact source. According to the geometric relationship, it can be known that:


li=(ρi⋅cosθi−ρx⋅cosθx)2+(ρi⋅sinθi−ρx⋅sinθx)2.



(12)







Then the distance difference between the impact source and the i-th and j-th sensors is expressed as:


Δli,j=li−lj=c⋅(ti−tj),



(13)




where ti and tj are the arrival times of the i and j channel signals obtained by the energy compensation threshold method, and c is the S0 mode Lamb wave group velocity.



The simultaneous of Equations (12) and (13) is show as:


(ρi⋅cosθi−ρx⋅cosθx)2+(ρi⋅sinθi−ρx⋅sinθx)2−(ρj⋅cosθj−ρx⋅cosθx)2+(ρj⋅sinθj−ρx⋅sinθx)2=c⋅(ti−tj)



(14)







Equation (14) is a hyperbolic implicit function equation for the polar coordinates of ρx and θx. According to the magnitude of ti and tj, the branch of the hyperbola can be determined. After calculating the signals received by each of the two sensors, a hyperbola can be drawn. Due to the error, the three hyperbolas intersect at three points, and the triangle center of gravity composed of three points is used as the impact locating point.



The advantages of the AECTF method proposed in this paper are:

	(1)

	
Reasonably select the filter band according to the simulation result, which can improve the locating accuracy and stability.




	(2)

	
The threshold amplification factor of each channel is not fixed, and it is scaled and compensated according to energy, which has strong adaptability.




	(3)

	
It can ensure that the signals used for locating by each channel are S0 mode Lamb waves in the same frequency band, reducing the error.




	(4)

	
The threshold benchmark based on multi-segment noise calculation is general, which can truly reflect the sensor response under the combined action of multiple influencing factors. At the same time, it is not easily affected by the selection of the noise start time.




	(5)

	
Conditional recognition of signals exceeding the threshold is carried out to eliminate the effects of sudden interference.











3. Influence Analysis of Stiffeners on Lamb Wave Propagation Law


3.1. Finite Element Simulation Model


The ABAQUS finite element simulation software has obvious advantages in solving non-stationary nonlinear problems. This paper uses ABAQUS software to study the influence of stiffeners on the propagation law of Lamb wave. In the actual situation, when the impact source signal arrives at the receiving sensor, the signal propagation paths through the stiffeners are diverse. The two-dimensional finite element model cannot reflect this feature. According to the parameters of fan-ring shaped high-stiffened panel of sealed bulkhead of manned spacecraft, this paper establishes a three-dimensional model. The schematic diagram of model is shown in Figure 4, recorded in a Cartesian coordinate system, and the origin is the geometric center of the flat side.



The model is an aluminum panel measuring 500 mm × 500 mm × 3 mm, and has three stiffeners in the radial direction and the circumferential direction respectively. The stiffener’s height and thickness are 22 mm and 4 mm, respectively. The radial spacing is 108 mm, the circumferential spacing is 3.2°, the inner arc radius is 1955 mm and the outer arc radius is 2295 mm. The mesh cell shape is set to a hexahedron with the mesh size of 1 mm. The material parameters of the stiffened panel are shown in Table 1.



The interference of boundary reflection waves increases the difficulty of analysis. Establishing a large model can solve this problem, but it will cause too much simulation calculation. Some scholars have found that adding several layers of Rayleigh damping coefficient increasing material to the outer edge of the structure constitutes the absorbing layer, which can effectively suppress the reflected waves of the ultrasonic guided waves at the edge of the structure. This method has been verified to be suitable for finite element simulation of ultrasonic guided waves [47]. In this paper, Equation (15) is used to calculate the Rayleigh damping coefficient of each layer of material:


Cn=Cmaxn⋅lL,



(15)




where n is the serial number of the absorbing layer, Cn is the Rayleigh damping coefficient of the n-th layer material, Cmax is the maximum Rayleigh damping coefficient, l is the length of each absorbing layer, and L is the total length of the absorbing layer. Therefore, L/l is the number of layers of the absorbing layer.



In this paper, Cmax is taken as 5 × 106, L is taken as 40 mm, and l is taken as 2 mm, and a total of 20 layers of absorption layer. The Rayleigh damping coefficient of each layer of material is calculated by Equation (15), and the remaining material parameters are the same as those of the stiffened panel.



The load is a 20 μs superimposed sine wave with a frequency of 50 kHz to 500 kHz spaced 1 kHz, acting on the stiffened side point (0,0,3) in the negative direction of the Z-axis in the form of concentrated force. The load expression is shown in Equation (16).


y(t)={∑f1=50k500kAsin(2πf1t)0≤t<t00t≥t0,



(16)




where t0 is 20 μs.



The time domain and frequency domain characteristics of the load are shown in Figure 5.



On the flat side of the stiffened panel, the origin is centered, the x-axis is the positive direction, and the counterclockwise is the positive direction. With a radius of 230 mm, a receiving point is set every 30° in the range of −90° to 90°. There are 7 receiving points. The serial number is shown in Figure 4. The straight paths from point 1, point 4 and point 7 to the origin pass through two stiffeners. The straight paths from point 2, point 3, point 5 and point 6 to the origin pass through three stiffeners.



At the same time, in order to eliminate the influence of the propagation distance on the energy attenuation of the Lamb wave, a three-dimensional model of the flat panel with a size of 500 mm × 500 mm × 3 mm is established as a control group, and the parameters and receiving points are set exactly the same as the stiffened panel. Based on the above settings, the established three-dimensional finite element simulation model is shown in Figure 6.




3.2. Effect of Stiffeners on Lamb Wave Velocity and Signal Head


The time-domain waveform of the z-axis displacement obtained at each receiving point of 230 mm from the origin is shown in Figure 7. As can be seen from the figure, the arrival time of the first trough of point 1 to 7 is about 42.2 μs, and the calculated wave velocity is 5.45 km/s. The first wave trough of the Lamb wave after the same number of stiffeners is roughly equal. The first wave trough of the Lamb wave passing through the two stiffeners is significantly higher than passing three stiffeners, which is also applicable to the first wave crest. It can be seen that the number of stiffeners has almost no effect on the Lamb wave velocity. The more stiffeners the signal passes through, the lower the first crest and trough of the signal is.




3.3. Effect of Stiffeners on S0 Mode Lamb Wave


According to the simulation results, the time when the A0 mode Lamb wave reaches the receiving points at 230 mm from the origin is about 70.3 μs, and the S0 mode Lamb wave before 70.3 μs is selected as the research object.



The energy factor curves from point 1 to point 7 at 230 mm from the origin are shown in Figure 8. It can be seen from the figure that the stiffeners have a comb filter effect on the Lamb wave, that is, the Lamb wave energy fluctuates with the change of the frequency. When the number of stiffeners is 2, the comb filter has a clear pass band in the 70 kHz–170 kHz, and the pass band bandwidth is narrow in the 50–100 kHz. The maximum energy factors are in the range of 40–55. As the frequency increases below 300 kHz, the energy factor changes sharply. When the frequency is more than 350 kHz, the energy factors fluctuate only within 0–3. The Lamb wave energy is generally attenuated after passing through the stiffener, but the energy of S0 mode is very small relative to that of A0 mode. When passing through the stiffener, part of A0 mode energy will transfer to S0 mode, which results in that the energy of S0 mode in stiffened panel is much higher than that of S0 mode in panel, so there will be a large energy factor in some frequency bands. When the number of stiffeners is 3, the overall change of the energy factor is gentle. In the 50–250 kHz band, the comb filter has smaller passband and wider bandwidth. The energy factor is also extremely small when the frequency is more than 350 kHz.



Combining the energy factor curves, it can be seen that the energy of S0 mode varies greatly in the frequency band of 50–100 kHz after different number of stiffeners, there is instability. At the same time, the frequency of this band is relatively low and the resolution is not high in the time domain. In practice, the impact signal is a broadband Lamb wave, and the path from the impact source to each sensor is uncertain. The frequency components of Lamb wave received by different sensors are usually quite different. There is a risk of intercepting signals of different frequency bands and different phases at the arrival time of signals obtained by threshold method. At this time, a large error may occur when the locating calculation is performed using the same wave velocity. Based on the above factors, the S0 mode signal characteristics in the 100–200 kHz band meet the locating requirements.





4. Experiments of Impact Source Localization in Stiffened Panel


4.1. Impact Signal Generation and Wave Velocity Measurement


In the impact source locating experiment, the impact source needed to meet the following requirements: the impact source energy must be stable with good repeatability; the impact point position must be precisely controllable; the personnel safety must be ensured. In this paper, a steel projectile is launched by a launcher. The diameter of the projectile was 7.5 mm and the weight was 1.73 g. The initial velocity of the projectile is shown in Table 2. The average velocity was 21.0 m/s.



The wave velocities in 10 directions are measured at intervals of 10° in the range of 0 to 90°. On the flat side of the panel, four sensors were placed at intervals of 100 mm in each direction, with vacuum silicone grease as the couplant. The steel projectile hit the flat side to generate an impact signal, and five experiments were performed in each direction. The Softland Times company’s acoustic emission instrument (DS2-16B) was used to collect data at a sampling rate of 3 MHz, and the receiving sensor was nano 30 produced by the PAC company. The diagram of the experiment is shown in Figure 9.



When calculating the velocity in a certain direction, the signal arrival time of each sensor was obtained by artificially setting the threshold interception waveform, and the velocity was obtained by dividing the distance between two adjacent sensors by the arrival time difference of the received corresponding signal. The two sets of velocities can be calculated in each direction, and the average of the 10 sets of velocities of the five experiments was taken as the wave velocity in that direction. The average value of the wave velocity in each direction is calculated as shown in Table 3.



It can be seen from the table that the measured wave velocities in each direction was basically the same. The overall average velocity was 5.43 km/s, which coincides with the simulation. The experimental results were slightly slower than the simulation results due to the delay effect of the switching device. Therefore, the wave velocity used for impact source localization was 5.43 km/s.



The impact signal received by the sensor was a broadband signal. For the part whose frequency did not exceed 500 kHz, the sampling rate of 3 MHz was sufficient. But the sampling resolution for the part with higher frequency was low, thereby generating errors such that the calculated wave velocity in each direction was not exactly equal. However, the high-frequency portion of the impact signal had a low energy content, and as the propagation distance increased, the attenuation was severe and the energy was further reduced. At the same time, whether the sampling rate matched the spacing of the sensor directly affected the accuracy of the measurement result. The closer the sensors were, the higher the sampling rate was required [48]. The setting in this paper is reasonable. The distance between the adjacent receiving sensors in the same direction was 100 mm, and the distance was large enough. At this time, the sampling rate was 3 MHz, the difference in arrival time of the received signals of any two sensors in the time domain was sufficiently large and can be clearly identified. For the above two reasons, the wave velocity measurement error was small, and the influence on the locating result can be neglected.




4.2. Experimental System


In this paper, the fan-ring shaped high-stiffened panel of sealed bulkhead of manned spacecraft was taken as the research object. The stiffened panel had fan-shaped stiffeners and a rectangular mounting frame. The specific parameters of the panel and stiffener are shown in Table 4. The actual structure of the stiffened panel is shown as Figure 10.



The schematic diagram of the experimental system is shown in Figure 11, which consists of the acoustic emission instrument (Softland Times-DS2-16B), amplifiers (Softland Times-AE Amplifier), sensors (PAC-nano 30), a projectile launcher and the fan-ring shaped stiffened panel.



The inner diameter was zero in the radial direction, the direction away from the center of the circle was the positive direction, the unit length was 50 mm, the right side of the flat plane side was the circumferential direction 0°, counterclockwise was the positive direction, the unit angle was 1°. The polar coordinate system was established. The three sensors were arranged on the flat side with coordinates S1 (450,29), S2 (100,19) and S3 (450,9) with a maximum distance of 819.6 mm between the sensors. Inside the isosceles triangle formed by the sensors, an impact point was set with the intervals of 50 mm and 2°, for a total of 32 impact points. The distribution of impact points is shown in Figure 12.



The experimental system is shown in Figure 13. During the experiment, the steel projectile was launched at the impact point using the launching device to generate the impact signal in turn, and the experiment was repeated three times per point.





5. Results


5.1. Locating Results without Filtering


The impact experiment was performed in each of the impact points in Figure 12 in sequence, and the locating was performed by the AECTF method. The coordinates of the impact points were recorded as actual coordinates, and the coordinates calculated by the AECTF method were recorded as calculated coordinates. The linear distance between the real coordinate and the calculated coordinate was taken as absolute error, and the ratio of absolute error to the maximum side length of the triangle formed by the sensor was taken as relative error. The error average of the three experiments was taken as the final result.



The distribution of absolute errors using the signals without filtering is shown in Figure 14. The color of each point represents the magnitude of absolute error in mm. The results show that among the 32 impact points locating results, except the errors of the impact points near the distance sensor are larger, 27 points errors were less than 30 mm. The proposed algorithm had better locating accuracy and stability.




5.2. Locating Results with Filtering


In order to analyze the influence of the filter bands on the locating results, the impact signals filtered by different frequency bands were used for locating. After the wave velocity measurement signals of Section 3.1 were filtered by different frequency bands, the signal wave velocity of this frequency band was calculated.



The distributions of absolute errors using the signals with 0–100 kHz, 100–200 kHz and 200–300 kHz filtering respectively are shown in Figure 15.



It can be seen from Figure 15 that the locating results after 0–100 kHz filtering fluctuated greatly. Errors of five points were greater than 50 mm, errors of 23 points were less than 30 mm, and the locating stability was not high. For 200–300 kHz filtering, there were three points with errors greater than 50 mm and 27 points with errors less than 30 mm, similar to the unfiltered results. For 100–200 kHz filtering, the maximum error of 32 impact points locating results was only 16.3 mm, the average absolute error of 96 groups of data was 7.0 mm, the average relative error was 0.86%, the error standard deviation was 3.5 mm, the locating accuracy was high and the stability was good, which verifies the correctness of the simulation.



For the impact points near the center of the sensor triangle, various methods can obtain better locating results. However, it was relatively difficult to locate the impact points near the triangle boundary, especially the points near the vertex. In order to further analyze the cause of the locating error, the time domain waveform of a group of experimental signals in the impact experiment at point D1 (in Figure 12) was taken as the research object, and the arrival time of the signal calculated by each method was compared with the actual arrival time.



The comparison of the calculated arrival time and the actual arrival time of the signals with different frequency bands filtering is shown in Figure 16. It can be seen from the figure that the error was mainly caused by two reasons: (1) the noise was complicated before the S0 mode arrived, and the threshold intercepted the noise signal; (2) The threshold was so large that it skipped the head of S0 mode.



This is mainly because the situations of passing through the stiffeners greatly differed in which impact signal at the point D1 propagated to sensors, which made the signals received by the sensors greatly different in the time domain and the frequency domain. The S0 mode filtered in the 100–200 kHz band had the relatively clearer head, which was easier to distinguish from noise. The threshold obtained by the AECTF method based on the energy compensation can truly reflect the signal characteristics, and adaptively intercepts the arrival time of the S0 mode, thereby achieving correct locating.




5.3. Locating Results with Fixed Parameter


In order to verify the self-adaptability of the AECTF method, the impact signal was filtered by a 100–200 kHz band. Then the signal arrival time was obtained by using the fixed threshold amplification factor and the fixed threshold respectively. The distribution of absolute errors using the fixed parameters is shown in Figure 17. It can be seen from the figure that the locating results had large error points, whether based on fixed threshold amplification factor or fixed threshold.



The comparison of locating errors with different processing methods is shown in Table 5. It can be seen that the locating results have higher accuracy and stability when located by AECTF method.





6. Conclusions


This paper proposes an AECTF method that solves the problem of large-scale accurate and fast localization of impact sources in a high-stiffened panel. The influence of the stiffeners on the Lamb wave is studied. The impact location test is carried out in a fan-ring shaped stiffened panel of sealed bulkhead of manned spacecraft with stiffeners height of 22 mm and the locating was carried out. The results show:

	(1)

	
The stiffener has almost no influence on the Lamb wave velocity, and the average wave velocity in each direction can be used as the impact locating wave velocity. When the Lamb wave passes through the same number of stiffeners, the amplitude of the first wave trough is basically the same. The more stiffeners the signal passes through, the more obvious the attenuation of the first wave trough is, and the same applies to the first wave crest.




	(2)

	
The stiffener has a comb-filter effect on the S0 mode Lamb wave, and the number of passbands, the bandwidth and fluctuation of filter are related to the through-stiffener condition. When the number of stiffeners is two, there is a clear pass band in the 70–170 kHz band, the pass band bandwidth is narrow, below 100 kHz. When the number of stiffeners is 3, the energy factor changes gently, and a wide pass band exists when the frequency is lower than 250 kHz. Comprehensive energy factor and frequency characteristics, the energy of the 100–200 kHz band signal is relatively high, and the time domain resolution is high, which is suitable for locating.




	(3)

	
The AECTF method proposed in this paper has high locating accuracy and stability. When the signal is not filtered, the average locating errors of 84.4% impact points are less than 30 mm. Selecting the appropriate frequency band to filter the impact signals can further improve the locating results. The locating result is optimal when using 100–200 kHz band filtering. The maximum absolute error of 32 points is 16.3 mm, the average absolute error is 7.0 mm, the average relative error is 0.86% and the error standard deviation is 3.5 mm. There are large error points in the locating results of fixed threshold amplification factor and fixed threshold. By comparing the calculated arrival time and the actual arrival time of the signals, it is known that if the threshold is too small, it will be intercepted by noise. If the threshold is too large, the threshold will skip the S0 mode head. The AECTF method can adaptively acquire the arrival time of the S0 mode.
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Figure 1. Flow chart of the adaptive energy compensation threshold filtering (AECTF) method. 
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Figure 2. Dispersion curves for 3 mm-thick 5A06 aluminum plate: (a) phase velocity; (b) group velocity. 
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Figure 3. Locating principle diagram. 
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Figure 4. The schematic diagram of model (absorbing layers are not shown). 
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Figure 5. Load characteristics: (a) time domain; (b) frequency domain. 
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Figure 6. Three-dimensional finite element simulation model: (a) stiffened panel; (b) flat panel. 
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Figure 7. Displacement in the z-axis of each receiving point. 
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Figure 8. Energy factor curves: (a) point 1; (b) point 2; (c) point 3; (d) point 4; (e) point 5; (f) point 6; (g) point 7. 
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Figure 9. The schematic diagram of wave velocity measurement experiment. 
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Figure 10. The fan-ring shaped high-stiffened panel actual structure diagram: (a) flat side; (b) stiffened side. 
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Figure 11. The schematic diagram of the experimental system. 
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Figure 12. The distribution of impact points. 
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Figure 13. Experimental system. 
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Figure 14. The distribution of absolute errors using the signals without filtering. 
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Figure 15. The distributions of absolute errors using the signals with different frequency bands filtering: (a) 0–100 kHz; (b) 100–200 kHz; (c) 200–300 kHz. 
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Figure 16. The comparison of the calculated arrival time and the actual arrival time of the signals with different frequency bands filtering: (a) signals of sensors 1–3 without filtering; (b) signals of sensors 1–3 with 0–100 kHz filtering; (c) signals of sensors 1–3 with 100–200 kHz filtering; (d) signals of sensors 1–3 with 200–300 kHz filtering. 
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Figure 17. The distribution of absolute errors using the fixed parameters: (a) fixed threshold amplification factor; (b) fixed threshold. 
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Table 1. The material parameters of the stiffened panel.
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	Aluminum Designation
	ρ (g/cm3)
	E (MPa)
	μ





	5A06
	2.64
	71,000
	0.32
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Table 2. Steel projectile initial velocity.
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	Number of experiments
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10



	Velocity (m/s)
	21.3
	21.4
	21.4
	20.9
	21.2
	21.3
	19.4
	21.1
	21.3
	20.9
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Table 3. Average wave velocity in each direction.
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	Angle (°)
	0
	10
	20
	30
	40
	50
	60
	70
	80
	90



	Wave velocity (km/s)
	5.43
	5.46
	5.47
	5.42
	5.40
	5.45
	5.41
	5.43
	5.46
	5.40
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Table 4. The parameters of the fan-ring shaped high-stiffened panel.
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	Dimension Parameter
	Value
	Dimension Parameter
	Value





	Outer diameter (mm)
	2378.8
	Height of stiffener (mm)
	22.0



	Inner diameter (mm)
	1910.0
	Thickness of stiffener (mm)
	4.0



	Central angle (°)
	37.8
	Circumferential spacing (°)
	3.2



	Width (mm)
	468.8
	Radial spacing (mm)
	112.0



	Thickness (mm)
	3.0
	Material
	Aluminum 5A06
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Table 5. The comparison of locating errors under different processing methods.
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	Different Processing Methods
	Average Absolute Error (mm)
	Average Relative Error
	Error Standard Deviation (mm)





	Without filtering
	25.4
	3.10%
	38.2



	With 0–100 kHz filtering
	28.6
	3.49%
	29.7



	With 100–200 kHz filtering
	7.0
	0.86%
	3.5



	With 200–300 kHz filtering
	19.9
	2.43%
	18.8



	Fixed threshold amplification factor with 100–200 kHz filtering
	17.5
	2.13%
	23.1



	Fixed threshold with 100–200 kHz filtering
	27.8
	3.39%
	41.0











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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