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Abstract

The article deals with the analysis of ultrasonic signal amplitudes when the reflecting surface changes
from the planar case to the sharp corner case. The distance between the transmitter and the reflecting
surface was varied in steps in the interval 100 mm + 215 mm. Statistically significant differences be-
tween the planar reflection and the reflection from the corner surface were demonstrated in the case of
the ultrasound signal amplitudes at each distance as well as in the cases of the maximum components
of the frequency analysis of the ultrasound signal. The statistically non-significant difference between
the amplitude of the ultrasound signal and the amplitude of the simulated transfer function gives an
indication of the universal description of the ultrasound signal on complex variable modelling in the
case of reflection from a planar and corner surface.
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INTRODUCTION

The measurement of position has fundamental place in the industry. Not only accuracy and scale but
also the economics of the measurement system are addressed. Ultrasonic waves are widely used for
object distance measurement, distance measurement in robots, robot (vehicle) navigation and so on in
industrial applications (Naba et al., 2015). A typical system for distance measurement using ultrasound
includes ultrasonic transducers for generating and sensing ultrasonic pulses, a microcontroller for con-
trolling the measurement system, a temperature compensation for the accuracy of the measured distance,
and a unit for processing the measured data (Qiu et al., 2022). The basic distance measurement method
is the impulse method. Measurement systems using correlation for distance measurement, the generated
ultrasonic signal is compared with the reflected ultrasonic signal from the object. The maximum of the
correlation function over time gives a more accurate time indication for distance measurements relative
to the impulse method. Compared to the impulse method, the correlation method requires a higher num-
ber of iterations of cross-correlations by convolution (Hirata et al., 2008). The authors (Vogt et al.,
2014) report the application of ultrasonic water flow measurement. They note that the use of the corre-
lation method improves the accuracy of flow measurement in turbulent flow media. In (Blasina et al.,
2017), the authors subjected ultrasonic reflections from steel rods to correlation at specific times to
which it was exposed to external heat. The method is used in monitoring temperature characteristics in
food production. The measurement of the position of an object can also be obtained by integrating two
ultrasonic sensors and identifying the position vector by triangulation. In applying the triangulation
method, the authors (Moreira et al., 2019) used the standard deviation to quantify the deviations between
the actual and the measured position vector. The authors (Martinez et al., 2004) used a nonlinear regres-
sion method to estimate the shape of the reflection surface between the planar case and the sharp edge.
The aim of this article is the frequency analysis of an ultrasonic signal reflected from a sharp corner,
representing a simulated edge in space. The results are compared with the reflection of the ultrasonic
signal from a planar surface with unchanged characteristics.

MATERIALS AND METHODS

Measurement system

The animal positional identification logging system (Lendelova et al., 2017) was used as the measure-
ment system. The block diagram of the measurement system is shown in Fig. 1. A 400ST160 piezoe-
lectric transmitter was used as the source of ultrasonic impulses. The transmitter had a resonant fre-
quency of 40 kHz + 1 kHz according to (Pro-Wave, 2005). A 400SR160 piezoelectric sensor was used
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for ultrasonic reflection sensing. The electrical signal from the ultrasonic transducer was amplified with
an operational amplifier with an input impedance of 1 kQ and a gain of 25 dB. One transmitter and one
ultrasonic impulse sensor were used.
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Fig. 1 Block diagram of measurement system

The electrical signal was measured with an Agilent U2353A data logger in differential mode of the
analog inputs. The sampling frequency was determined 200 kHz heuristically. Selected characteristics
of the datalogger used are shown in Tab. 1.

Tab. 1 Selected characteristics of U2353A dataloger (Keysight, 2021)

Parameter Value
Resolution, bit 16
Number of analog channels, - 16
Input impedance, GQ / pF 1/100
B)

Uncertainty of measure, pV i iggé b)
(at selected range: ¥ £ 10V, D £ 5V, )
9425V, 9% 125V) = 76.3

+38.29
Sampling, MSa - s max. 1
Offset error, mV +1
Gain error, mV +2
System noise, mV 1
Slew rate, V - (us)™ 19

Agilent Measurement manager 1.2 software was used to acquire the measured signals. An electrical
signal with an effective value of 3 mV was interpreted as noise. We cleaned the measured sample from
the noise defined in this way, taking into respect the amplitude of the acquired signal in the Matlab
environment.

Conditions of experiment

As a reflective surface we used a metal profile of ‘L’ shape with a thickness of 1.5 mm. The surfaces
which were perpendicular to each other have the dimensions 230 mm x 110 mm. The reflecting normal
was exposed to ultrasonic impulses in the planar case (Fig. 2, a) and in the corner case (Fig. 2, b).
During the experiment, we changed the geometrical conditions of the measurement, namely: the distance
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between the transmitter and the reflecting surface was changed stepwise in the interval 100 mm to 215
mm. For the corner case, the transmit vector guide made a mid-angle with the reflection corner (45°).
The ultrasound transducer and receiver were positioned at the geometric centre in the X-axis direction

(Fig. 2).
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Fig. 2 Measurement geometric conditions (all length dimensions are in millimetres)

Data processing and used software

For statistical processing of observed data, STATISTICA 10 software was used. Results are presented
as mean =+ standard deviation. Statistically significant differences (p < 0.05) were obtained by Sidak's
test in one-factor analysis of variance at the significance level of a = 0.05. The normality of the measured
data was verified by the Shapiro-Wilk test at a significance level of « = 0.05. The experimental meas-
urement was performed 4 times at a given distance L. Frequency analysis of the measured samples from
the ultrasound sensor and modelling in the complex variable were performed by Discrete Fourier Trans-
form in Matlab R2015b environment. The maximum frequency component was chosen as the quantifier
of the frequency analysis result. We determined the correlation between the selected parameters by
Pearson's correlation coefficient r.

RESULTS AND DISCUSSION

Analysis of ultrasound signal amplitudes

The statistical evaluation of the mean amplitudes of the ultrasonic signals at given distances L is pre-
sented in Fig. 3. The correlation between the average amplitudes and the distance L shows a nonlinear
characteristic in the planar case with a coefficient of r = - 0.595. The normality of the measured ampli-
tudes was verified in favour of the Normal probability distribution with a maximum coefficient of vari-
ation which equal to 2.239 % for the condition L = 200 mm. In the corner case, the measured data
showed statistically significant similarity to the Normal probability distribution with a maximum coef-
ficient of variation of 2.393 % at the L = 215 mm condition. The correlation between the average ultra-
sound signal amplitudes and the distance L shows a non-linear characteristic in the corner case with a
coefficient of correlation r = - 0.640. By Sidak's test of statistically significant difference, we obtained
statistically significant differences between the amplitudes of similar dimensions (p < 0.05). The non-
linearity of the signal amplitude with distance is consistent with the authors (Martinez et al., 2004), who
modelled the amplitude function of ultrasound on distance with the exponential regression equation.
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Fig. 3 Statistical evaluation of ultrasound signal amplitudes

Analysis of ultrasound signal frequency spectra

A statistical evaluation of the mean amplitudes of the ultrasound signal spectra at given distances L is
shown on Fig. 4. By identifying the maximum amplitude component of the signal spectra at the ultra-
sound sensor, we determined the maximum frequency component, which was in the interval
40.039 kHz + 40.625 kHz for both planar and corner cases. The normality of the identified spectra
amplitudes was verified in favour of the Normal Probability Distribution for all measured samples with
a maximum coefficient of variation of 2.746 % for the L = 200 mm condition. The correlation between
the average spectral amplitudes of the ultrasound signal and the distance L shows a nonlinear character-
istic with a coefficient r = - 0.635 on the planar case and a nonlinear characteristic with a coefficient
r =-0.195 on the corner case. By Sidak's test of statistically significant difference, we obtained statisti-
cally significant differences between the amplitudes of the spectra of similar dimensions (p < 0.05).
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Fig. 4 Statistical evaluation of ultrasound frequency component amplitudes from signal spectra
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Analysis of ultrasound signal by modelling on complex variable

By modelling the transfer functions of the measured ultrasound signals with maximum amplitudes of
voltage on ultrasound sensor, we obtained third-order dynamic systems. The coefficient of determina-
tion was up to 85.86 % for the planar case and up to 83.99 % for the corner case.

Tab. 2 Poles and zeros of modelled dynamic systems

Parameter Value
Planar case - 1564
-2249 +1i3721
Poles, -
Corner case - 1196
-1395 +1i3885
Zer0s. - Planar case 8943 +1 8997
' Corner case 6383 +£16368

The settlement time of the complex function shows an increase of 25.40 % in the corner case compared
to the planar case. The increase indicates longer duration transient phenomenon in the case of reflection
from a non-planar surface. The statistically significant difference between the transfer function ampli-
tude and the experimental amplitudes was statistically significant (p < 0.05) in the planar case and sta-
tistically insignificant (p > 0.05) in the corner case. By comparing the chosen level of statistical signif-
icance and identified statistically significant differences, we can obtain similar distance measurement
deviations, as the authors (Moreira et al., 2019) when interpreting the ultrasound signal amplitude at the
level of threshold by voltage. Based on the amplitude of the ultrasound signal, we can correlate the
dependence between the shape of the reflecting surface and the distance between the transmitter and the
reflecting surface, which is nonlinear (Yata et al., 2000). The increase in transient phenomena for the
corner case correlates with the multiple reflection from sharp edges as has been the result of the authors
(Martinez et al., 2004). The authors (Chen & Chou, 2008) used the triangulation method to identify the
corner reflective surface. Evaluating the influence of additional reflections on the frequency domain of
the signal gives a direction to classify the acquired signal as time-varying, which will be reflected in
guantifying the impulse duration over time as an n-th order dynamic system. It can be stated that ac-
cording to the authors (Qiu et al., 2022), when cross-correlation is used to increase the accuracy of the
distance measurement, at the same time, the computation duration requirements increase significantly
due to the possibility of the presence of higher frequency significantly. The decrease in ultrasound signal
amplitude in the corner case can be compared with the article (Yata et al., 2000), where the authors
present a power function for the ultrasound amplitude as a function of the characteristics and distance
from the reflecting surface.

CONCLUSIONS

The evaluation of correlation between the distance between object and the amplitude of ultrasonic signal
is indicating a strong nonlinear dependence. The statistically significant difference between the planar
reflection case of the ultrasound pulse versus the corner case suggest a possible correlation between the
reflection case and the signal amplitude. Frequency analysis of the ultrasound signal showed identically
statistically significant differences between the planar case and the corner case. The correlation between
the amplitudes of the ultrasound signal spectra showed a poor nonlinear dependence to distance vector.
In terms of transient effects, modelling the ultrasonic pulse is more guided by a complex model versus
regression model.
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