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Figure 5. Sequence diagram of system components interactions 

For each indexing table, the position of cells is stored in a CSV file using the UR5 pallet-
izing wizard. This file is loaded by application to be used for robot manipulation tasks. Next, 
according to the results achieved from the computer vision module, a list, containing the posi-
tion of filled cells is created that the robot should pick the part. Then, RP sends movement 
commands to robot regarding the created list. The operation continues until the robot reaches 
all the cells and performs the pick and place task. 
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RESULTS 

The vision system integrated with a robot was examined at Tampere University RobLab. 
In order to ensure the proper functioning of the designed system, several experiments were 
carried out with different arrangements of parts on the indexing table. Also, the tests were ful-
filled in different illumination conditions to test the performance of the system. The test re-
sults were satisfactory and the vision system detected the parts with 100 % accuracy. The per-
formance of the trained classifier was flawless because of having a rich dataset of images for 
the specific part (i.e. 2000 images in total). However, it should be noted that since there are 
many parts with different shapes and sizes, building the image dataset for all the parts would 
be a tedious and time-consuming process. Accordingly, an automated process to create the 
image dataset is in need to handle this issue. 

CONCLUSION 

In this paper, we discussed the necessity of allowing the SMEs to leverage the latest 
technologies in order to be able to compete with larger corporations. In this context, we ex-
plained that affordable robotic vision systems could contribute to SMEs’ productivity im-
provement significantly and help them to stay in the market. Moreover, we studied the state-
of-the-art technologies and tools in computer vision domain and their usage in robotics. We 
proposed an affordable solution using Raspberry Pi as a cheap and flexible computer, capable 
of handling the computational requirements of moderate deep learning applications, which is 
sufficient for SMEs manufacturing processes. The application was tested and results proved 
that RP is able to perform adequately for deep learning-based vision system. The proposed 
application is scalable, created for different use cases so that the pick and place task of various 
parts with different shapes and sizes can be handled. For the future phase of the research, we 
plan to implement the solution on other available affordable computers in the market and 
study the performance benchmarks of each device. Moreover, the implementation of the au-
tomated process to create image dataset for training the image classifier model will be taken 
into consideration. 
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Abstract. The paper presents the results of an experimental study of the effect of tensile stresses in the 
elastic and plastic regions on the velocities of longitudinal and transverse waves and the Poisson's ra-
tio for cylindrical samples of steel 40X with different heat treatment. A multiple mirror-shadow meth-
od with the use of specialized electromagnetic-acoustic transducers, which provides high accuracy and 
reliability of measurements due to detuning from the quality of the acoustic contact and the geometry 
of the sample, as well as the possibility of registering a series of multiple reflections across the sample 
section, is used. It is shown that the velocities of acoustic waves is minimal, and the Poisson's ratio is 
maximal for the sample obtained by quenching. The behavior of the curve of the transverse wave ve-
locity change is identical to the transverse deformation of the sample, while the sensitivity of the 
transverse waves to mechanical stresses is maximal due to the matching with the direction of the ap-
plied load. The greatest sensitivity to stress is characteristic of the samples after tempering and nor-
malization. After removal of the load and subsequent «recovery», there is an uneven distribution of 
the Poisson's ratio along the length of the sample. 

Keywords: ultrasound, transverse wave, longitudinal wave, tensile stresses 

INTRODUCTION 

During the exploitation, many products made of rolled bars, for example, pumping rods 
experience tensile loads, are affected by tensile stresses, the occurrence of which leads to the 
accumulation of damage and critically affects the life service of the product and its character-
istics. For testing the stress there are used strain state of products, as a rule, magnetic struc-
turoscopy [1-4] and ultrasonic methods based on the measurement of the characteristics of 
elastic waves in a tested environment [5-13]. The advantages of acoustic methods based on 
the measurement of the characteristics of elastic waves in a testing environment include the 
ability to determine surface and internal stresses, accumulation of micro-damage in the vol-
ume of the material; multiparameter of testing in favor of the variety of types of waves used 
and recorded parameters; efficiency of testing, high resolution capability and the ability to 
measure directly on the tested objects during operation. Due to the use of elastic waves, it is 
possible to obtain the most reliable connections with the structural and mechanical parameters 
of the materials of the products. The method of estimating tensile stresses is based on the 
phenomenon of acoustoelasticity, which is the quotient between the velocities of ultrasonic 
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waves and mechanical stresses. The method of acoustoelasticity is standardized as a method 
of testing of internal mechanical stresses and therefore differs significantly from diagnostic 
methods that use electromagnetic properties of metals. Also, the exploitation and technologi-
cal characteristics and deformation behavior of materials are influenced by the Poisson's ratio 
which associated with the strength and crack resistance and anisotropy of the mechanical 
properties of the rolled products [14–21]. 

The aim of the work is to study the effect of the tensile uniaxial load in the elastic and 
plastic areas, as well as study the effect on the velocity of longitudinal and transverse acoustic 
waves after loading cylindrical samples of steel 40KH and study Poisson's ratio. 

PROPOSED APPROACH 

As an object of research, there were used samples of 40KH-steel bars according to GOST 
4543-71, which used for the manufacture of critical parts of oil-producing equipment – rods-
billets of pumping rods and shafts of centrifugal pumps. To evaluate the effect of tensile 
stresses on the measured characteristics of acoustic waves, samples with a diameter of 14 mm 
in the state of delivery and subjected to additional heat treatment and mechanical properties of 
the studied samples are presented in the Table 1. The hardness of the samples was determined 
using the hardness tester Novotest T-UDZ. The chemical composition of 40KH steel samples 
was determined by using a portable analyzer of metals and alloys – XMET – 5000: C – 0.4, 
Cr – 0.8, Si – 0.2, Mn – 0.5. 

 
Table 1. Heat treatment and reference mechanical properties of samples of 40KH-steel 

No Type of the heat treatment 
Stress limit,

σS, MPa  
Yield stress, 

σ0.2, MPa  
Elongation,  

δ, %  
Hardness

HB 

#1 Delivery condition: heat quenching 860°С, oil, 
tempering 650°С (improvment) 

850  730 19.0  306 

#2 Heat quenching, 850°С, oil 1400  1320  8.0  441 
#3 Heat quenching, tempering, 570°С  1050 960 17.0  335 

 
To determine the velocities of elastic waves, there was used multiple echo-pulse method 

with using electromagnetic acoustic (EMA) principle of launching-receiving of acoustic 
waves which provides high accuracy and reliability of measurements by detuning from the 
quality of the acoustic contact and the possibility of registering a series of multiple reflections 
across the sample section [22–24]. 

 

 
Figure 1. Sample form for investigations and marking for measurement after tensioning 

The samples were stretched progressively at intervals of 10 kN until the yield strength 
was reached by the Instron 300DX test machine. To study the velocities of volume waves, an 
electromagnetic-acoustic structurescope (SEMA) was used [23-25], which implements the 
mirror-shadow method on multiple reflections, the functional scheme of which is shown in 
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Figure 2,a. Polarization of the wave types which was used in the carried coordinate system is 
shown in Figure 2,b. The axial polarization of the transverse waves Uz corresponds to the di-
rection of loading, the radial polarization of the longitudinal waves Ur is oriented across the 
tensile load. Launching and receiving of longitudinal and transverse waves were produced in 
all radial directions along the cross section of the sample there were used specially developed 
EMA-converters of longitudinal and transverse waves of the split type presented in Figure 3 
[26]. For registration and further processing of the received series of multiple reflections the 
specialized software Prince [27] was used. Typical waveforms of a series of multiple reflec-
tions of the transverse wave along the rod diameter and selected fragments of pulses at 7 re-
flection without load and at a load of 1600 MPa, the fraction of the sample #2 are shown in 
Figure 4. 
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Figure 2. Sample loading and registration scheme (a), carried coordinate system  
and polarization of the waves used (b) 

 

 

Figure 3. Photo of detachable EMAT of longitudinal waves which is set in the centre of the sample  
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Figure 4. Typical oscillograms of a series of multiple reflections of a transverse wave  

along the rod diameter and pulses at 7 reflection without load and at a load of 1600 MPa 

The velocities of transverse and longitudinal waves were calculated using the following 
formulas: 

 , ,l t
n

d nC
t
⋅

=
Δ

 (1) 

where d is the average diameter of the sample at each loading step, Δtn is the time of the n-th 
reflected pulse in the transverse t and longitudinal l waveforms. 

The influence of the number of recorded reflections n on the difference of received tense 
Δtn is illustrated in Figure 5. There is a close to linear dependence, in fact the minimum devia-
tions are in the zone of large values n. Significant deviations in the region of small n are due 
to the influence of a powerful probing pulse on the measurement accuracy. 
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Figure 5. Graph of the dependence between the number of reflections  
and the time difference between them 

Due to the high sampling rate of the used equipment (100 MHz), the subsequent interpo-
lation of the signal is produced by using specialized software, as well as due to the possibility 
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of measurements on long-range reflections, high accuracy of determining the speed of propa-
gation of acoustic waves (0.5 m/s or 0.01%) with the accuracy of determining the diameter of 
the sample 50 microns. 

The degree of influence of mechanical tensile stresses on the speed of transverse and lon-
gitudinal waves can be estimated by the coefficients of acoustoelastic coupling, calculated by 
the formulas: 

 
0

,c t
zz

t zz

C
C

Δ
β =

⋅σ
 (2) 

 
0

,c l
zr

l zz

C
C

Δ
β =

⋅σ
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where ΔCl,t/Cl,t(0) is the relative velocity change under loading, σzz is the applied load. 
In the evaluation of the elastic modulus (Poisson’s ratio ν) its functional connection is 

used with the propagation velocity of volumetric (longitudinal and transverse) waves. When 
a sample is emitted in one section using longitudinal and transverse waves, it is possible to 
determine the Poisson's ratio regardless of the sample diameter [19]: 
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γ = =

Δ
 – is the ratio of the velocities of the transverse and longitudinal 

waves, proportional to the ratio of their time propagation. 
The proposed method of determining the Poisson's ratio by measuring the difference be-

tween the travel times of two types of waves in one section allows to adjust from a number of 
interfering factors that occur when measuring the absolute values of velocities. Calculations 
show that the indirect error of the absolute value of the Poisson's ratio does not exceed 0.01 % 
(that is, up to the fifth significant digit after the decimal point). 

RESULTS AND DISCUSSION 

The values of longitudinal and transverse wave velocities and Poisson's ratio in 40KH 
steel samples with different heat treatment options are presented in Table 2. For the sample #2 
obtained by quenching, having a martensite structure with a maximum degree of distortion of 
the crystal lattice, the propagation velocity of longitudinal and transverse waves is minimal, 
and the Poisson's ratio describing the resistance to transverse deformations is maximal. Sub-
sequent tempering (sample #3), and especially softening treatments such as normalization 
(sample #1), leading to the most equilibrium ferrite-pearlite structures lead to an increase in 
the velocity of ultrasonic waves and a decrease in the Poisson's ratio. 
 

Table 2. Longitudinal and transverse wave velocities and Poisson's ratio in the samples under study  
before loading 

Sample number Cl, m/s Ct, m/s ν 
#1 5940 3251 0.286 
#2 5881 3193 0.291 
#3 5918 3232 0.287 
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It should be noted that the mechanical properties - hardness, strength and yield strength, 
elongation (Table 1) also correspond to the structural state of the samples and satisfactorily 
correlate with the propagation velocities of transverse and longitudinal waves. The wave 
speed decreases with increasing strength and fluidity, hardness of the bars and increases with 
increasing plasticity, elongation.  

The effect of axial tensile stresses on the change in the mean diameter and the relative 
value of the transverse wave velocities for the samples are illustrated in Figure 6. With in-
creasing tensile load there is a significant linear decrease in the velocity of transverse waves 
with axial polarization (along the direction of the load). The behavior of the transverse wave 
velocity change curve is identical to the transverse deformation of the sample. At the same 
time, the sensitivity of transverse waves to mechanical stresses is maximal due to the coinci-
dence with the direction of the applied load. The greatest sensitivity to stress is characteristic 
of samples #1 and #3. It should be noted that in the transition from the elastic deformation 
zone to the plastic deformation zone there is nonlinearity in the behavior of the curve, while 
the acoustoelasticity coefficients increase. The change in the velocity of radially polarized 
longitudinal waves is practically unchanged (within the measurement error). The values of 
acoustoelastic coefficients of transverse waves for the studied samples in the elastic and plas-
tic regions are summarized in Table 3. 
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Figure 6. Dependence of diameter of samples (a) and also their relative change of speed  

of a transverse wave (b) on loading 

Table 3. Acoustoelastic velocity coefficients for transverse wave β,1/TPa 
For 

Sample number 
Elastic deformation area Yield area 

#1 –6.2 –7.6 
#2 –2.2 –6 
#3 –5.8 –10,6 

 
Table 4 presents the results of measuring the diameters and velocities of the volume 

waves at the time of full unloading and some time after the tensile experiment (the process of 
“recovery” of the sample). There is a slight increase in the diameter for the samples #1 and #2 
(within 0.07 %) with an unexpressed yield point in the region. For the sample #3 with a 
strongly marked yield point, the largest increase in diameter (within 0.5 %) is observed due to 
stress relief during the “recovery”. Note that the velocities of the longitudinal waves do not 
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change significantly (0.05–0.1%), while the change in the velocity of the transverse waves 
reaches 0.5 %, and the Poisson’s ratio is 1 % for the sample #2. 

The curves illustrating the change in the Poisson's ratio with increasing load and its de-
crease during unloading, as well as its distribution along the length of the studied samples af-
ter the process of “recovery” of the sample are shown in Figure 7. There is a linear increase in 
the Poisson's ratio with an increase in the tensile load, which is least expressed for the #2 
sample obtained by quenching, and more expressed for the #1 and #3 samples after normali-
zation and high tempering. 

It should be noted that the distribution of the Poisson’s ratio along the length of the sam-
ple after removal of the load and subsequent “recovery” is sufficiently uneven and reaches 
0.5 % for the hardened sample #2 and 0.35 % for samples #1 and #3. The latter indicates a 
significant uneven distribution of the stress-strain state, especially under plastic deformation. 

 
Table 4. Diameters, velocities of volume waves and Poisson’s ratios of the studied samples  

after load removal and after “recovery” 
at the end of tensioning after “recovery” 

Sample number 
d, mm Cl, m/s Ct, m/s ν d, mm Cl, m/s Ct, m/s ν 

#1 14.01 5934 3250 0.286 14.02 5937 3251 0.286 
#2 14.00 5880 3183 0.293 14.01 5885 3200 0.290 
#3 13.88 5904 3224 0.287 13.95 5910 3235 0.286 

 

0.285
0.286
0.287
0.288
0.289

0.29
0.291
0.292
0.293
0.294
0.295
0.296

0 200 400 600 800 1000 1200 1400 1600 1800

1 , MPa

#1
#2
#3 

�

 

0.284

0.285

0.286

0.287

0.288

0.289

0.29

0.291

0.292

0 1 2 3 4 5 6 7 8

Point of measurment

#1
#2
#3 

#

 
а b 

Figure 7. The dependence of the Poisson’s ratio on the load (a) and its distribution  
along the length of the test sample after loading (b) 

RESULTS 

Thus, the developed non-contact EMAT-technology is a thin tool in evaluating the struc-
tural and stress-strain state of the bar. The conducted studies have shown the possibility of 
using the following structural-sensitive factors for the structuroscopy and evaluation of the 
stress-strain state of steel bars: absolute values of longitudinal and transverse velocities and 
Poisson's ratio, their change in the process of mechanical loading, and uneven distribution 
along the length of the sample and acoustoelastic velocity coefficients. 

Due to the detuning from the quality of the acoustic contact and the possibility of obtain-
ing a series of multiple reflections, high accuracy, reproducibility and reliability of acoustic 
structure detection methods are ensured. 

It is shown that depending on the type of heat treatment, the velocities of transverse 
waves vary in the range of 1 %, longitudinal waves – 2 %, and the Poisson’s ratio – 1.7 %. 
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The acoustoelasticity coefficients for transverse wave velocity for the sample in the quenched 
state were −5.8 1/TPa in the elastic deformation region and −10.6 1/TPa in the yield region. 

This work was carried out under the State Task of the Ministry of Education and Science of Russian Fed-
eration for Kalashnikov Izhevsk State Technical University in 2017–2019 “Organization of Scientific Investiga-
tions”(Project No. 5705.2017/VU), and under the project implemented with funding from FSBEI of Higher Edu-
cation Kalashnikov ISTU (Project No. 12.06.01.18 MOV), using Universal Scientific Unit “Information-
measuring complex for evaluation acoustic properties of materials and products” (reg. No. 586308). 
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Abstract. The article presents studies of the propagation velocity of the symmetric Lamb wave in 
a pipe with a diameter of 247 mm and a wall thickness of 8.4 mm. Studies include finite element 
modeling of the wave propagation process and an experiment using piezoelectric transducers with dry 
point contact based on sounding 600 mm of pipe at a frequency of 50 kHz. Plots of displacement 
components at wave propagation in the axial and circumferential directions are obtained, which show 
the prevalence of the longitudinal component over the vertical shear component from 6 to 30 times. 
The difference in the wave velocity at its propagation in the axial and circumferential directions was 
established, which amounted to 290 m/s. The simulation results are in satisfactory agreement with the 
experimental data. 

Keywords: Lamb wave, hollow cylinder, wave velocity, finite element method, dry point contact, 
guided wave testing, geometric dispersion. 

INTRODUCTION 

In acoustic waveguide testing, guided waves propagating along the products are used: 
Pochhammer, Lamb, SH-waves [1–9]. Typically, these types of waves used in the low fre-
quency range, are capable of traveling up to 200 m from the point of excitation, and do not 
require scanning [5, 9]. Linearly extended objects (rails, rods, pipes, etc.) [1–6] and flat prod-
ucts limited by the environment (plates, sheets, films, etc.) [9–13] can be used as testing 
products. 

From literary sources [5, 8, 9] it is known that from the fundamental modes of guided 
waves, the symmetric Lamb wave has one and a half times less attenuation compared to the 
SH wave and three times as compared to the antisymmetric Lamb wave. In addition, the use 
of the symmetric Lamb wave makes it possible to detect longitudinally oriented defects whose 
dimensions are comparable to the wavelength, and in the case of using the multiple reflection 
method, with dimensions by an order of magnitude less than the wavelength. Nevertheless, 
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the symmetrical Lamb wave is less sensitive to defects in comparison with other types of 
waves at a given frequency [1–5, 8]. 

As a rule, Lamb waves are used in the frequency range with a low dispersion of the ex-
cited mode. For this, dispersion curves are calculated for the modes of the desired wave types 
using specialized software [5, 9, 11, 13–15]. Accounting for velocity dispersion allows to de-
cipher the patterns of received signals, conduct thickness measurement of the studied products 
and limit the frequency range at nondestructive testing. The most commonly used modes for 
flaw detection of pipelines and plates, S0 and L(0,2) in the region of minimal dispersion, al-
low detecting corrosion defects, cracks, dents, etc. [10–14, 16, 17] 

It is known that the main quantities that determine the dispersion of velocity are the geo-
metric dimensions of the product, properties and parameters of the material structure [9]. Giv-
en the uniformity of these properties, the velocity can be calculated quite accurately using 
dispersion curves. Inhomogeneity in the geometry and properties of the material [18–19] as 
well as defects lead to an additional change in the propagation velocity of guided waves. As 
such an inhomogeneity, the cylindrical surface of a hollow cylinder can be considered as a 
special case of a plate with a curved surface, and the phenomenon of a change in velocity on 
geometric inhomogeneities is called geometric dispersion. 

The main studies in the field of guided wave propagation are related to the influence of 
bends and complex pipe geometry [15, 20], alternative methods of wave excitation and recep-
tion [16, 21–23], their use in tomography systems [17, 24], development of systems for exci-
tation and receiving waves in circumferential direction of the pipe [16, 22–23, 25–28], the 
possibilities of increasing sensitivity due to wave focusing technique [7, 29], the influence of 
defects on mode conversion [14, 23, 27], the possibilities of implementing excitation and re-
ception of various modes and types of waves [29–33]. In most works, with the exception of 
Viktorov's works for a surface wave [34], there is no information on the difference in the 
propagation velocity of guided waves in the axial and circumferential directions on a cylindri-
cal surface, which can be significant for a small diameter and a large wall thickness of pipe. 

The article presents studies of the geometric dispersion of the propagation velocity of the 
symmetric Lamb wave in a hollow steel cylinder with an external diameter of 247 mm and 
a wall thickness of 8.4 mm at a frequency of 200 kHz and a sounding base of 300 mm. 

DISPERSION CURVES 

The main characteristic of guided waves is the velocity dispersion, which can be calcu-
lated using the Pochhammer-Chree dispersion equations. Figure 1 shows the dispersion 
curves calculated for a plate and a hollow cylinder in the Elastic Waveguide Tracer software 
product. As input parameters for the calculation, the geometric dimensions of the products 
(plate and pipe), its elastic and physical properties, presented in table 1, were used. 

From the presented dependences, one can establish the existence of lower symmetric S0, 
S1 and antisymmetric A0, A1 modes of the Lamb wave and the horizontally polarized shear 
wave SH0 in the frequency range up to 300 kHz. In the hollow cylinder at the same frequen-
cies, there must exist longitudinal L(0,1), L(0,2), flexural F(1,m), F(n,1) and torsional T(0,1) 
waves. 

At the operating frequency of 50 kHz of the transducer used in this work, fundamental 
symmetric S0, antisymmetric A0 Lamb wave, and the horizontally polarized shear wave SH0 
are excited. In this case, longitudinal L(0,1), L(0,2), flexural F(1,m), F(n,1) and torsional 
T(0,1) waves are excited in the pipe, the velocity of which is comparable to the velocity of the 
Lamb waves and the SH-wave. The calculated velocities for these modes are presented in ta-
ble 2. 
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To excite the symmetric Lamb wave, one main component of the displacements is re-
quired, which is directed along the wave propagation, while a horizontally polarized shear 
wave will propagate in the perpendicular direction and possessing all three components of the 
antisymmetric Lamb wave will propagate in all directions. 
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Figure 1. Dispersion curves of group velocities in a steel plate (a) and an steel hollow cylinder (b): S – 
symmetrical mode of Lamb wave, A – antisymmetrical mode of Lamb wave, SH – horizontally polarized shear 
wave, L – longitudinal wave, F – flexural wave, T – torsional wave  

Table 1. Geometric and material properties 
Parameter Value Dimension Parameter Value Dimension 

External radius 123.5 mm Shear modulus, G 82 GPa 
Wall thickness 8.4 mm Poisson’s ratio, η 0.28 – 
Internal radius 115.1 mm Shear wave velocity, С 3232 m/s 
Young’s modulus, E 210 GPa Density, ρ 7850 kg/m3 
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Table 2. Group velocities at the frequency of 50 kHz 
Mode in plate Group velocity (m/s) Mode in pipe Group velocity (m/s) 

A0 2825 F(1,1), F(1,2), F(1,3) 2778, 5300, 3218 
S0 5365 L(0,1), L(0,2) 2785, 5362 

SH0 3242 T(0,1) 3232 

FINITE ELEMENT PREDICTION 

The model for studying the propagation of the symmetric Lamb wave (Figure 2) included 
a pipe section with length of 1 m, an external diameter of 246.7 mm and an average wall 
thickness of 8.4 mm. The geometric parameters, as well as the elastic and physical properties 
of the pipe material are presented in table 3. 

 

 

Figure 2. 3D model of the pipe (a), finite element mesh (b) and locations of registrations points (c): 
pipe length 1.0 m, point of application of tangential force is located at a distance of 0.2 m from the 
pipe end 

Table 3. Model parameters and properties 
Parameter Value Dimension Parameter Value Dimension

Poisson’s ratio, η 0.281 – External diameter  
of cylinder, Dext 

246.7 mm 

Shear wave velocity, С 3250 m/s Internal diameter  
of cylinder, Dint 

229.9 mm 

Density, ρ 7850 kg/m3 Cylinder length, L 1000 mm 
Shear modulus, G ρC2 = 82.9 GPa Frequency, f 50 kHz 
Young’s modulus, E 2G(1 + η) = 212.4 GPa Time step, Δt 100 ns 

 
The boundary condition Point Load was applied at a distance of 200 mm from the pipe 

end at a point on the external cylindrical surface in the form of a tangential force action, the 
direction of which was specified in two ways: in the axial and circumferential directions. The 
shape of tangential force is shown in Figure 3. 

Elastic oscillations were recorded at a distance of 600 mm from the point of excitation at 
angles of 0-360 degrees in increments of 1 degree relative to the generatrix of the pipe, taking 
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into account displacements corresponding to the wave oscillation plot. As an example, Figure 4 
shows the recorded oscillations when the wave propagation path deviates from the generatrix 
of the pipe by 20 degrees. The result shows the signals of the direct symmetric Lamb wave 
and reflected from the pipe end, merging with the through signal of the symmetric Lamb 
wave, and the through signal of the horizontally polarized shear wave. 
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Figure 3. Pulse of the tangential force action and the shape of the elastic displacements pulse  

(calculated in the program): arrows indicate the correspondence of the graphs to the axes 
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Figure 4. The signal received at a point at a distance of 600 mm from the excitation point  

when the wave propagation path deviates from the generatrix of the pipe by 20 degrees 

The model was divided into finite elements based on the criterion of the minimum num-
ber of elements per wavelength necessary to obtain a satisfactory simulation result, which 
should be at least 4. Thus, taking into account the calculated value of the propagation velocity 
of the symmetric Lamb wave, the maximum size of the finite elements was 4 mm, and their 
total number according to the results of meshing is 966 589. 

The time step was selected based on the Courant-Friedrichs-Levy criterion with a pa-
rameter for solving the wave equations of 0.1 and amounted to 20 ns. Thus, taking into ac-
count the distance traveled by the wave, the total number of iteration steps in time was 
3076. 

The simulation results in the form of a distribution of the axial component of displace-
ments at a time of 50 μs and then with a step of 50 μs are presented in Figure 5. The distribu-
tions also show a symmetric Lamb wave and the SH wave propagating in mutually perpen-
dicular directions. 
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The directions of displacements in the symmetric Lamb wave at its propagation in the 
axial and circumferential directions are presented in Figure 6 and Figure 7, respectively. In 
addition to the main axial component, the wave has a radial component that reaches its max-
imum at the moment of the change of the oscillation phase. A similar character of the oscil-
lations is observed on the displacement diagrams (Figure 8) obtained at the moment of max-
imum displacements in the wave, at the moment of the phase change of the oscillations, and 
the average value of the displacements over the wave period. In this case, the ratio of the 
longitudinal component of the displacements to the vertical shear component is the greater, 
the closer the wave propagation path to the generatrix of the pipe, which varies from 6 to 
30. 
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Figure 5. Distribution of displacements on the surface of the pipe at different points in time, t = 50 μs 
(a), t = 100 μs (b), t = 150 μs (c), t = 200 μs (d), t = 250 μs (e), t = 300 μs (f): light wave graduation is 
used, the dark blue color corresponds to the maximum negative displacements, the dark red corre-
sponds to the maximum positive displacements (approximately 50 pm) 
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Figure 6. Longitudinal sectional distribution of displacements near the registration point at different 
points in time, t = 141.5 μs (corresponds to the beginning of the pulse), t = 154.7 μs (a half period of 
the pulse), t = 164.8 μs (the whole period of the pulse): light wave graduation is used, the dark blue 
color corresponds to the maximum negative displacements, the dark red corresponds to the maximum 
positive displacements (approximately 50 pm)  

 
Figure 7. Cross sectional distribution of displacements near the left side of the pipe at different points 
in time, t = 66.3 μs (corresponds to the beginning of the pulse), t = 76.2 μs (a half period of the pulse), 
t = 88.6 μs (the whole period of the pulse): light wave graduation is used, the dark blue color corre-
sponds to the maximum negative displacements, the dark red corresponds to the maximum positive 
displacements (approximately 50 pm) 
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Figure 8. Displacement diagrams in cross section (a, b, c) and longitudinal section (d, e, f) at maxi-
mum displacements (a, d) at changing the phase of the oscillations (b,e) and at average displacements 
(c, f) 

EXPERIMENTAL SETUP 

To confirm the simulation results, an experiment was performed and conducted. The ex-
perimental setup is similar to that described in [35] and is shown in Figure 9. The setup in-
cludes a pipe, two low-frequency piezoelectric transducers with a dry point contact for study-
ing the wave propagation velocity, a high-frequency piezoelectric transducer for thickness 
measurement, and a DIO-1000 ultrasonic flaw detector. The symmetric Lamb wave was ex-
cited at a frequency of 50 kHz by a piezoelectric transducer with a dry point contact at a dis-
tance of 200 mm from the pipe end from the outer cylindrical surface of the pipe and was re-
ceived by a second similar transducer at a distance of 600 mm from the excitation point at an-
gles of deviation of the wave propagation path from the pipe generatrix 0-180 degrees in 
increments of 1 degree. The wave was excited and received mainly due to shear stresses di-
rected along its propagation and provided by the orientation of the transducers. Excitation was 
carried out on both sides of the pipe ends. 

In addition to the wave propagation velocity, the pipe wall thickness was measured ac-
cording to the scheme shown in Figure 9b. To do this, it is used a transducer at a frequency of 
5 MHz, which was installed on the outer cylindrical surface of the pipe at 234 points with 
a step along the generatrix of 50 mm and an envelope of 20 degrees (approximately 43 mm). 
For increased accuracy, the pipe wall thickness was calculated from the fifth bottom echo 
pulse. 
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Figure 9. The experimental setup: for measuring the propagation velocity  

of the symmetric Lamb wave (a), for measuring the wall thickness (b) 

RESULTS AND DISCUSSION 

The results of measuring the wall thickness of the pipe are presented in Figure 10. In the 
presented distribution there is a section of heterogeneity along the wall thickness, indicating 
the presence of a longitudinal weld. The remaining values have small deviations within 0.15 
mm from the average value of the pipe wall thickness, which amounted to 8.43 mm. The total 
measurement error of the pipe wall thickness was 0.02 mm. 

Figure 11 shows the dependences of the propagation velocity of the symmetric Lamb 
wave on the angle of deviation of the wave propagation path in the polar coordinate system. 
For clarity, the influence on the wave propagation velocity in the figures also shows maps of 
the distribution of the pipe wall thickness. The dependency graphs are characterized by an in-
crease in values in the circumferential direction (90 and 270 degrees), reaching 5615 m/s, 
which is 250 m/s more than the calculated theoretical velocity values without taking into ac-
count geometric anisotropy. In the direction along the generatrix, the average value of the ve-
locity within 20 degrees does not differ from the theoretical one and is equal to the propaga-
tion velocity in the plate. Further, with an increase in the angle by 1 degree, the velocity in-
creases by 2.5 m/s to 80 degrees. Thus, the velocity of the symmetric Lamb wave varies from 
5325 to 5615 m/s with a total range of 290 m/s. 

The spikes in the graph in velocity are related to the inaccurate arrangement of the trans-
ducer, the quality of the acoustic contact, the unevenness in the wall thickness and the hetero-
geneity of the properties of the pipe material. Taking these factors into account, the total ve-
locity calculation error was 20 m/s. 

In the range of angles of deviation of the wave propagation path from the generatrix of 
the pipe by 20 degrees, a maximum in wave propagation velocity is observed, which exceeds 
the average velocity by 20 m/s and is associated with the presence of bulge in the studied sec-
tion of the pipe. 
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in axial direction 13 points
in total 234 points

Direction of wave propagationWave excitation Wave receiving

Direction of
tangential stresses
excited and 
received by 
transducers

Frequency 50 kHz

Distance step for
each degree 
≈10.5 mm

a 
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Figure 10. Results of thickness measurement: solid lines indicate the lines of the contour with the 
same value of the wall thickness; the dashed line corresponds to the location of the transducer for 
measuring the propagation velocity of the symmetric Lamb wave 

CONCLUSIONS 

Thus, according to the results of studies of the propagation of the symmetric Lamb wave 
in a hollow cylinder, the following conclusions can be drawn. 

• The velocity of the wave depends on the direction of its propagation (the phenomenon 
of geometric dispersion): in the circumferential direction, the velocity is greater than in the 
direction along the generatrix and for a pipe with a diameter of 247 mm, the velocity differ-
ence is 290 m/s. 

• The pipe wall thickness affects the wave propagation velocity: the smaller the wall 
thickness, the lower the velocity. 

• The ratio of the longitudinal displacement component to the vertical shear is greater, 
the closer the wave propagation path to the pipe generatrix, which can increase up to 5 times. 

• Simulation results are in satisfactory agreement with experimental data. 
The study results can be used to create and develop methods for monitoring the residual 

thickness of the pipe wall, taking into account the phenomenon of geometric dispersion in fo-
cusing algorithms, and analyzing and calculating the coordinates of a defect at guided wave 
testing. 
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Figure 11. Dependence of symmetric Lamb wave on direction of the propagation in the hollow steel 
cylinder: left black scale (wave velocity) refers to experimental result, finite element prediction, and 
theoretical value; right gray scale (propagation distance) refers to wall thickness 
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Abstract. The article presents a description of a general approach to solving a class of design for net-
work tasks supporting the activities of small and medium-sized companies based on modeling their 
business processes. Optimization of the infocommunication platform is formulated as a linear pro-
gramming problem. The interpretation of the parameters of the optimization model and their relation-
ship with the company's business processes and the characteristics of the infocommunication platform 
are given. An interpretation of the linear programming problem of the infocommunication platform is 
given as an optimization task in predicting changes in the input factors of the constructed model. 

Keywords: business process, business function, infocommunication platform, linear programming, de-
sign for network, network optimization 

INTRODUCTION 

Network design to support the activities of small and medium-sized companies has prob-
lem with finding the optimal ratio of attracted resources of computing and telecommunication 
networks and systems, software and applied cloud services. The problem is the need to deter-
mine a large number of basic properties and functionalities, such as the architecture and struc-
ture of the network, the list of supported services, the procedure for collecting, storing and 
processing user data, bandwidth of communication channels, methods of operation and man-
agement, economic indicators, etc. [1, 11-20]. It is also necessary to consider business devel-
opment forecasts and trends in changing information and communication technologies used to 
solve the company's daily tasks. At present, expert assessments are mainly used for designing 
networks of small and medium-sized companies. The fact is that the task of designing info-
communications does not have a strict formalization, and this does not allow using the 
mathematical techniques to optimize systems and processes. This paper presents an approach 
to formalizing the problem of infocommunication designing to support the activities of small 
and medium-sized companies based on a linear programming mathematical techniques. 
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OPTIMIZATION PROBLEM 

The task of selecting the above basic properties and functionality of infocommunication 
platforms can be solved as a result of multiparameter optimization by the criterion of the ef-
fective implementation of the company's business processes by the designed platform taking 
into account business development  and telecommunication technologies forecast. 

Correct formulation of a common optimization problem needs the definition of the fol-
lowing elements: [6-10]. 

- input factor set: 
 1 2, , , ,mx x x= …X  (1) 

their values can be measured, but cannot be changed for management and optimization pur-
poses; 

- set of disturbing factors: 
 1 2, , , ,s= ξ ξ … ξΞ  (2) 

they randomly change over time and affect the state of a system or process, but cannot be 
measured directly; 

- driving factor set: 
 1 2, , , ,nu u u= …U  (4) 

they change during the optimization process, which is why the optimization goal is achieved; 
- set of output parameters (state parameters): 

 1 2, , , ,ny y y= …Y  (5) 

they characterize the state of the system or process under consideration with the cumulative 
effect of input, disturbing and driving factors; 

- optimality criterion (objective function): 

 ( ), , , ,R f= X Y UΞ  (6) 

finding its extremum with varying driving factors U  is the ultimate goal of solving the opti-
mization task; 

- allowable set of driving factors 

 ( ){ }, 1, , ,n
i ig x i m= ≤ = … ∈G U U  (7) 

it is given by a set of limiting inequalities ( ).ig U  
Determining the composition and setting these elements for a specific infocommunication 

platform is a problem of formalizing the optimization task. For its successful solution, it is 
necessary to find an acceptable interpretation of the factors, parameters and objective function 
of the optimization task on the basis the information and communication platform is opti-
mized by the criterion of the effective implementation of the company's business processes by 
the designed platform taking into account business development and telecommunication tech-
nologies forecast. 

NETWORK OPTIMIZATION 

The infocommunication platform of a small or medium-sized enterprise is designed to 
support the following basic functions: [2, 3]. 
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- customer management; 
- management of activities; 
- resource management; 
- management of financial flows. 
They are user-oriented infocommunication platform services. To implement them, it is 

necessary to develop business processes that determine the order of implementation and inter-
action of basic functions, and to design a support these business processes infocommunication 
platform. 

Because the purpose of any infocommunication platform is to support the company’s 
business processes, the solution of the network design task should begin with a description of 
the organization’s business processes. [4]. 

The activities of a small or medium-sized company can often be described by a single 
business process, which is a set of business process structure business functions. The business 
functions and the relations between them determine the set of input factors ,X  and the results 
of the implementation of the business process, that are the set of output parameters ,Y  for the 
problem of optimal design of the infocommunication platform. 

Must be define the following elements for designing business processes: [3]. 
1) Business functions that describe the actions of a business process. They are the input 

factors of the optimization model. It is necessary to take into account those business functions 
that require information and communication support for their implementation. Input factors 
for business functions is the data value that must be processed by the infocommunication plat-
form during the implementation of these business functions, in the formation of limiting ine-
qualities ( ).ig U  Arguments of inequalities ( )ig U  are the intensity of use of information and 
communication platform technologies in the implementation of relevant business functions, 
and the inequality coefficients are the norms of using company resources in the implementa-
tion of business functions. 

2) The defining moments of the launch and the results of business functions inbound and 
outbound events. They are the input factors of the optimization model. Since define the call 
flows and the intensity of the use of business functions it suffices to take into account only 
incoming events. To describe the incoming flows in the compilation of limiting inequalities 

( ) ,ig U  we will use the intensity of the call flow ψ [5], defined as the mathematical expecta-
tion of the number of calls of the corresponding business function arriving per unit time. Each 
input factor is determined by its value of flow rate. It is necessary to take into account only 
independent flows of incoming calls when describing incoming factors of this type. Flows 
that arise as a result of the occurrence of other events are not independent and are not used in 
building an optimization model of the infocommunication platform. 

3) Representing input and output data Input and output documents are also the optimiza-
tion model input factors. The formation of each of the documents is accompanied by the gen-
eration of a certain amount of traffic that is not included in the final document. Therefore, 
when describing inequalities ( ) ,ig U  it is necessary to determine the average data volume of 
each document instance generated in the infocommunication platform, for each of the docu-
ment type optimization parameter that represents the input parameter. 

4) Representing the functional responsibilities of enterprise role employees. They are the 
input factors of the optimization model. The roles of employees are determined by the scope 
of the company. Roles are included in inequalities ( )ig U  as the number of employees of the 
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respective roles, and the coefficients of these inequalities determine the intensity of use by 
employees of infocommunication technologies. 

5) Resources that are used to complete the business process. Are the input factors of the 
optimization model as well. The input factors of this type include various types of material 
and financial resources that are used to implement the business process. In inequalities ( )ig U  
in the allowable amount of attraction of these resources are limited. 

6) Used to quantify the metrics of the implementation of a business process metrics, for 
example, the required number of customers, annual turnover, etc. Represent a set of output 
parameters of the optimization model .Y  Output parameters are used to take into account the 
development trends of the company when solving the task of planning the development of the 
infocommunication platform. It is necessary to use only a set of independent metrics when 
determining output parameters, i.e. have no functional or statistical relationships between the 
metrics. 

An introduction to the model of disturbing factors Ξ  is possible when specifying the op-
timization task of the information and communication platform. Their use makes sense only 
with relatively large variations of the input factors and output parameters of the optimization 
model and the stochastic processes used to build the model. 

The infocommunication platform for supporting small and medium-sized companies in 
general can contain the following components - office cloud and local services, network 
printers and scanners, e-mail, telephony and IP-telephony, video conferencing, data storage, 
information security subsystems, wireless and wired access networks , personal computers, 
cloud and local client management services, content management, video surveillance and se-
curity, accounting support, etc. 

Different combinations of these components can give different options for building an in-
focommunication platform, each of which represents its own controlling factor iu  from the 
set .U  Each of the driving factors iu  is a set of infocommunication platform components nec-
essary to obtain the corresponding metric from the set of output parameters .Y  It is necessary 
to determine the elements and technologies that should be used to obtain the target value of 
the metric iy  when building an optimization model. Numerical value iu  means the intensity 
of use of the corresponding set of infocommunication platform components. Variable factors 

iu  are set by a combination of components of the information and communication platform, 
providing a single intensity of their use, i.e. it is necessary to determine the used volume of 
technologies group iu  of the infocommunication platform that corresponds to a unit value of 
its metric .iy  

For the same output parameter ,iy  various combinations of components of the informa-
tion and communication platform can be used, i.e. different driving factors iu  may correspond 
to the same metric, which should be included in the general optimization model as independ-
ent elements representing independent options for building an infocommunication platform to 
achieve a given value of the corresponding metric 

Since for small and medium-sized companies the total effect from their activities is most 
interesting, the objective function R can be a linear weighted sum of the intensities of using 
sets of technologies ,iu  that ensure the achievement of the required values of the correspond-
ing metrics .iy  
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RESULTS 

The above procedure for formalizing the task of designing an infocommunication plat-
form to support the activities of small and medium-sized companies makes it possible to pre-
sent the task of finding the best option design for network as a linear programming task: 

It is required to find the values 1 2, , , nu u u…  delivering the minimum of the linear function: 

 ( ) 1 1 2 2, ,n nR f y u y u y u= = ⋅ + ⋅ +…+ ⋅Y U  (8) 

on a set of values 1 2, , , nu u u…  satisfying the constraints given by inequalities of the form:  

 
11 1 1 1

1 1

,

,

n n

m mn n m

a u a u x

a u a u x

⋅ +…+ ⋅ ≤
… … …

⋅ +…+ ⋅ ≤
 (9) 

iy  – means a set of company performance targets; ix  – resource support of the company's ac-
tivities for the implementation of business processes with given target indicators ;Y  iu  are 
the intensity of use of the set of components of the infocommunication platform to achieve the 
corresponding target indicators ;iy  ija  is the utilization rate of the resource ix  when imple-
menting the set of components of the infocommunication platform iu  of unit intensity; the 
objective function R shows the total intensity of the use of infocommunication resources used 
to achieve the specified target indicators .Y  

Minimization of the objective function R will provide an optimal supporting infocommu-
nication platform minimized by the intensity of its use. In turn, this will allow to determine 
the required amount of attracted resources of computing and telecommunication networks and 
systems, software and applied cloud services. 

The definition of the necessary resource support for the company, expressed by the set of 
input factors ,X  is carried out by rationing the performance of individual business functions 
when it is necessary to achieve the target indicators .Y  

Planning the development of a company’s business processes ultimately leads to setting 
target values for Y  target indicators and solving an optimization problem for these indicators.  

Accounting technological trends through the forecast for changing norms .ija  

CONCLUSIONS 

The proposed optimization model can be used to build an optimal infocommunication 
platform to support the activities of small and medium-sized companies, whose activities can 
be described by a single end-to-end business process, taking into account the company's de-
velopment plan and trends in changing infocommunication technologies. The application of 
the proposed model involves the localization of tasks for a particular company and the defini-
tion of specific indicators of the model. As a result of solving the optimization task, an info-
communication network will be obtained with the minimum amount of hardware and software 
required for achieving the planned performance of the company, necessary for the implemen-
tation of the infocommunication platform with the required set of infocommunication re-
sources. 
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Abstract. The paper discusses robot drives diagnostics and optimal decision-making algorithm accord-
ing to the identifiability criterion based on discrete digital control model. We consider discrete control 
algorithm for quality criterion that minimizes the energy of control and displacement. The optimal 
control algorithm is based on the Riccati equation solving for control system with modified state and 
control matrices. The criteria of observability, controllability and identifiability of robot drives are 
considered as rank function of the extended matrix with measurement matrix. An algorithm is pro-
posed for calculating the criterion for identifiability of nonlinear control system in discrete lineariza-
tion variant is proposed. Decision theory is applied for the robot drives diagnosis. It is suggested or we 
suggest to use identification in terms of mathematical model compliance to object operation results. 
A robot drives control using discrete vector-matrix algorithm involves calculating the state matrix at 
each step. Consequently, the expanded matrix determinant is calculated at each step and is compared 
with some constant that numerically divides the space of state matrices. Therefore, robot drives opera-
tion allows its identification. As the identification algorithm optimality criterion was chosen the opti-
mal decision making criterion in combination with the identifiability criterion for the optimal control 
algorithm by the quadratic form criterion minimum. The vector-matrix model of robot drives in the 
state space is presented, taking into relative account state measuring accuracy of the information-
measuring subsystem of robot drives. The drive model was developed in the Russian software pack-
age “Dynamic Simulation of Technical Systems SimInTech”. It proposed to determine the identifi-
ability criterion for practical tasks. The criterion of optimal decision making (threshold) can be chosen 
depending on the a priori data on the loss matrix and the probabilities of the hypothesis about the ob-
ject mathematical model correspondence to the results of operation and the alternative - not about the 
correspondence of the model and experiment. In this paper, the identifiability conditions are consid-
ered not only in relation to the rank of the extended matrix [C, AC, ...], but also as a condition for en-
suring the accuracy of the model with respect to the object. It is proposed to model the identifiability 
threshold by exhaustive search of the object states for this model. 

Keywords: identification, diagnostics, robot drives, state space, discrete model, optimal algorithm, 
Riccati equation, Cauchy matrix, Bayes criterion 

INTRODUCTION 

A robot drives work in extreme conditions. An effective diagnostic system is required to 
provide for high reliability robot drives. An optimal algorithm is proposed for deciding on ro-
bot drives identifiability, based on discrete digital control model. The diagnostic process de-
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termines the adequacy of the model applicability to the object. The algorithm is based on cal-
culating the value of the identifiability criterion for discrete non-linear model of robot drives 
in the state space. 

The identification method in the state space has been actively developing over the past 
two decades. P. Eykhoff is one of the first who performed the theoretical identification justifi-
cation, as well as developed algorithms and methods of identification [1, 2]. The works of the 
following authors are devoted to the dynamic systems identification research: D. Graupe [3], 
L. Ljung [4], E. P. Sage and J. L. Melsa [5, 6], and among Russian authors – Ya. Z. Tsypkin 
[7], N. S. Rybman [8], S. E. Steinberg [9] and others. 

R. V. Beard developed a scheme for detecting defects based on observers [10]. 
H. L. Jones continued these studies and developed the Beard-Jones Fault Detection Filter 
[11]. In the 1980s and early 1990s, the main approaches of quantitative diagnostics were de-
veloped: an observer-based approach, a parameter estimation method, etc. Some important 
study in this direction are works of P. M. Frank [12], R. Isermann [13, 14]. Theoretically 
well-substantiated developed techniques are classic diagnostic methods. These techniques are 
based on analytical redundancy, which is a model describing the diagnosed technical system. 

SETTING THE RESEARCH TASK 

A robot drives are represented by nonlinear differential control and observation equations 
in the state space. 
 ( ) ( ) ( ) ( ) ,t t t t= +x A x B u  (1) 

,k k k=y C x  

where ( )tA  is a functional matrix of size n×n, called the matrix of the system (object) state; 

( )tB  is a functional matrix of size n×r, called the control (input) matrix; ( )tC  is a functional 
matrix of size m×n, called the state exit matrix or measurement matrix. 

In general, when at least one of the matrix ( ) ,tA  ( ) ,tB  ( )tC  is time dependent, the task 
is nonlinear and has only particular solutions. 

To find the state equation, we represent equations (1) in a discrete form, the discretization 
time Δt tends to zero, and the trajectory on each discrete segment is linear. We write equations 
(1) in the form 

1 ,k k
k k k kt

+ −
= +

Δ
x x A x B u  

 ,k k k=y C x  (2) 

Multiply the left and right sides of the first equation (2) by Δt, we get 

 1 ,k k k k k+ = +x A x B u  (3) 

where ,k t= Δ +A A E  .k kt= ΔB B  
This equation relates the transition of the system from the state kx  to the state 1.k +x  On 

the segment Δt, we take the values of the matrices ,kA  ,kB  and kC  to be constant. Find the 
solution to equation (3). For convenience, we will remove the “wavy line” sign in subsequent 
entries. 



 
S. A. Trefilov, Yu. R. Nikitin 

“Robot drives diagnostics by identifiability criterion based on state matrix” 

107 

The quadratic quality functional determining the control and displacement energy is ex-
pressed as follows 

 ( )
0

T T1 ,
2

ft

t

I dt= +∫ x Qx u Gu  (4) 

where Q ≥ 0 and G > 0 are arbitrarily defined matrices. 
The equation solution (1) for the quality criterion (4), which minimizes the energy of con-

trol and displacement. It is determined by the following expression [15, 16]. 

 1 T ,−= −u G B Kx   

 1 ,−= −x C y  (5) 

where K is the Cauchy matrix, K = KT, which can be found by solving the Riccati equation 
[15]. 

 T T T 1 T ,−− = + + −K Q A K K A K BG B K   (6) 

where K(tf) = 0. 
Cauchy Matrix: 

 ,

...

...
...............

...

...

)1(21

)1()1)(1(2)1(1)1(

2)1(22221

1)1(11211

⎥
⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢
⎢

⎣

⎡

=

−

−−−−−

−

−

nnnnnn

nnnnnn

nn

nn

kkkk
kkkk

kkkk
kkkk

K  (7) 

where kij = kji, should be positively defined, since as positive definite matrices Q and G is 
used in the quadratic quality functional (4), which is also positive. 

Matrices Q and G are chosen arbitrary. Matrices Q and G are selected by the assortment 
method, since they are not always possible to obtain a satisfactory solution of equation (5), 
when calculating the control vector u. In [15, 16], it is proposed to select these matrices by 
assortment or simulation. 

Thus, the driver control is carried out by solving (6) according to the model (5) by calcu-
lating at each step the state matrix Ak and the control matrix Bk (3). 

We assume that the matrix 1 1
k

− −=C C  at each step k does not change, is determined by the 
information-measuring system, can be represented as 

 

1

21

1 0 0
0 1 0

,

0 0 1 n

−

+ ξ …⎡ ⎤
⎢ ⎥+ ξ …⎢ ⎥=
⎢ ⎥… … … …
⎢ ⎥… + ξ⎣ ⎦

C  (8) 

where [ ]T
1 2n n= ξ ξ … ξξ  is random vector, that reflects the random nature of measure-

ments by the information-measuring system, that is part of the drives [17, 18]. 



 
“Instrumentation Engineering, Electronics and Telecommunications – 2019” 

Proceedings of the V International Forum (Izhevsk, Russia, November 20–22, 2019) 

108 

DRIVE IDENTIFICATION 

Consider the issue of identifying drives in terms of analyzing expression (9), where at 
each step of linearization the criterion of identifiability and observability is the rank of the ex-
tended matrix. 

 ( ) ( )2 1T T T T T T Trank .
n

k k k k k k k n
−⎡ ⎤… =⎢ ⎥⎣ ⎦

C A C A C A C  (9) 

The matrix T
kC  is completely determined by the information-measuring system, that is, 

by relative measurement error or accuracy class. We write the model of information-
measuring system in the form 
 ,k k k=y C x  (10) 

or 

 

1 1 1 1

2 2 2 2

1 0 0
0 1 0

,

0 0 1n n n n

y h x
y h x

y h x

+ ξ …⎡ ⎤ ⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎢ ⎥ ⎢ ⎥+ ξ …⎢ ⎥ ⎢ ⎥ ⎢ ⎥=
⎢ ⎥ ⎢ ⎥ ⎢ ⎥… … … … … …
⎢ ⎥ ⎢ ⎥ ⎢ ⎥… + ξ⎣ ⎦ ⎣ ⎦ ⎣ ⎦

 (11) 

where ih  is the relative measurement error, iξ  is implementation of a normally distributed 

random variable with standard deviation ,
3

i
i

h
σ =  1, .i n=  

Then for the maximum downward errors in the worst case for all measuring channels, 
given the continuous and infinite nature of the implementation of a normally distributed ran-
dom variable, assuming that most of the values fall within the interval 3 3 ,i i i− σ ≤ ξ ≤ σ  

1, ,i n=  we can write approximately 

1

2

1 0 ... 0
0 1 ... 0

.
... ... ... ...
0 0 ... 1

n

n

h
h

h

−⎡ ⎤
⎢ ⎥−⎢ ⎥=
⎢ ⎥
⎢ ⎥−⎣ ⎦

C  

In our case, the measurement channels are independent and the determinant of the matrix 
will be equal to 
 ( )( ) ( )1 2det 1 1 1 .T

n nh h h= − − … −C  (12) 

Open the brackets in (12), exclude the terms of the second and higher order of smallness, 
we get 

 T
1 2

1
det 1 1 .

n

n n i
i

h h h h
=

= − − −…− = − ∑C  (13) 

If the relative accuracy of all measuring channels is the same ,ih h=  1, ,i n=  then from 
(13), we get 
 Tdet 1 .n nh= −C   

Similarly, for maximum errors in a big way in the worst case for all measuring channels 
we can write 
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 T
1 2

1

det 1 1 .
n

n n i
i

h h h h
=

= + + +…+ = + ∑C  (14) 

 Tdet 1 .n nh= +C  (15) 

The value of the determinant in (14) and (15) is always greater than one, since the value 
of relative accuracy is always positive, 

0,ih >  1, .i n=  

Thus, the identifiability condition (10) in the case 

( )Tdet 0,i
k n >A  1,i n=  

will be the condition 
T

1

det 1 0
n

n i
i

h
=

= − >∑C  

or 

 
1

1.
n

i
i

h
=

<∑  (16) 

The following is DC motor model in the state space, depending on the accuracy of meas-
uring the state matrix under the assumption that the given path accuracy is no worse than 
10%. Going beyond this value will be considered a loss of identifiability, that is, the model 
does not match the object. 

Figure 1 shows the scheme for calculating the model output parameters at different accu-
racy of measuring the state vector of the DC motor in a vector-matrix form with the “State 
variables” block in the dynamic modeling environment of technical systems SimInTech. 

 

 
Figure 1. DC motor model with a reference and variable measuring matrix 

The simulation results at torque M = 1.91 N, a relative measurement error h1 = 0 (refer-
ence measuring matrix without measurement errors), h2 = 0.1 (measuring matrix in the pres-
ence of a relative measurement error of 0.1) are presented in Fig. 2. 
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Figure 2. Simulation results at torque M = 1.91 N, h1 = 0 (reference measuring matrix),  

h2 = 0.1 (variable measuring matrix) 

Fig. 3 shows the dependence of the relative difference in the angular velocities of the ref-
erence model and the model with a modified measurement matrix. 
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Figure 3. Dependence of the relative difference in the angular velocities 
of the reference model and the model with modified observation matrix 

(the abscissa axis is h, the ordinate axis is the relative difference of angular velocities) 

Considering that in many practical problems of managing tasks, the dimensions of prob-
lems do not exceed ten, and the relative accuracy of measurement is equal to units of percent, 
it can be concluded that only the state matrices affect the identifiability 

T ,kA  1, ,k n=  

which will ultimately determine the rank of the matrix (9). 
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It is proposed for practical tasks to determine identifiability in the form 

 Tmin(det ( ) det ( )) γi T
k kn n >A C . (17) 

where k is the step number in the nonlinear model; n is the dimension of the model; γ is the 
identifiability criterion chosen by modeling the state matrix for the cases when the parameters 
of matrix A are exited from the space of realizable values of a serviceable system. 

DRIVE DIAGNOSTICS 

Apply the decision theory [19, 20] to the choice of the threshold in (17). Let's write the 
source data for this task: 

– 0S  is system state corresponding to identifiability; 
– 1S  is system state corresponding to non-identifiability; 
– 0X  is the space of samples corresponding to condition (17) of the identifiability of the 

system with probability { }0 0| ;P x X S∈  
– 1X  is the sample space corresponding to condition (17) of the system’s non-

identifiability with probability { }1 1| ;P x X S∈  
– q is the probability that the state of the system corresponds to the state 0;S  
– p is an alternative, i.e. p = 1 – q is the probability that the state of the system corre-

sponds to the state 1;S  

– 0H  is hypothesis about the belonging of the observed vector ( )T
1 2, , , nx x x= …x  to the 

state 0;S  

– 1H  is hypothesis about the belonging of the observed vector ( )T
1 2, , , nx x x= …x  to the 

state 1;S  
– 0γ  is the decision to accept the true hypothesis 0H  with probability { }0 0| ;P X S∈x  

– 1γ  is the decision to accept the true hypothesis 1H  with probability { }1 1| ;P X S∈x  

– ( )0|nW Sx  is conditional density function for samples corresponding to the state 0;S  

– ( )1|nW Sx  is conditional density function for samples corresponding to the state 1;S  

– ( ) ( )
( )

0

1

|
|

n

n

W S
l x

W S
=

x
x

 is likelihood statistics. 

Then if the likelihood statistics 

 ( ) ( )
( )

0

1

|
,

|
n

n

W S
l x c

W S
= >

x
x

 (18) 

then we decide 0γ  on the correctness of the hypothesis 0 ,H  that the observed vector (sample) 

( )T
1 2, , , nx x x= …x  belongs to the state 0 ,S  i.e. the robot drive is identifiable. Otherwise, the 

likelihood statistics 

 ( ) ( )
( )

0

1

|
,

|
n

n

W S
l x c

W S
= ≤

x
x

 (19) 
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then we decide 1γ  on the correctness of the hypothesis 1,H  that the observed vector (sample) 

( )T
1 2, , , nx x x= …x  belongs to the state 1S  – the decision on the system’s non-identifiability. 

Optimal decision-making on the selected criterion implies errors: { }1 0|P x X Sα = ∈  - deci-
sion making 1,γ  although the state was true 0S  (error of the first kind) and { }0 1|P x X Sβ = ∈  - 
decision-making 0 ,γ  although the state was true 0S  (error of the second kind). 

The threshold c is selected as one of the decision methods. For example, for the Bayes 
method [19, 20], we can record the statistics of the correct decision on the identifiability of 
drives in the form 

( ) ( )
( )

01 000

1 10 11

|
,

|
n

n

W S ql x
W S p

−
= >

−
∏ ∏
∏ ∏

x
x

 

where 00 ,∏  11,∏  01,∏  10∏  – elements of the loss matrix, and 00 ,∏  11∏  are weights 

for correct decisions, and 01,∏  10∏  – for erroneous ones. For a simple loss matrix of iden-
tical probabilities p and q [19, 20], we obtain the statistics of the correct decision on the iden-
tifiability of the system in a simpler form 

( ) ( )
( )

0

1

|
1,

|
n

n

W S
l x

W S
= >

x
x

 

which meets the maximum likelihood criterion. 
Thus, solving together (17, 18, 19) for a given threshold c, going through all possible 

values ( )T
1 2, , , nx x x= …x  from the space 0 1X X+  for all states 0S  and 1,S  we obtain the 

value γ. Note that solution (17) presupposes the dependence of the matrix T ,kA  1,k n=  on the 

state ( )T
1 2, , , nx x x= …x  and, therefore, it has greater computational complexity of the nu-

merical solution. Considering the universality of the likelihood statistics (18, 19), the criterion 
of optimal decision making (threshold c) can be chosen depending on a priori data on the loss 
matrix and the probabilities of the hypothesis and alternative [19, 20]. 

CONCLUSION 

Currently the development of control algorithms based on discrete models is a very im-
portant task, because almost all tasks of controlling practice of robots drives cannot be accu-
rately represented by linear models and the solution of nonlinear models is generally absent. 
Discrete models of nonlinear systems of the form (3) presuppose variable matrices of state, 
control, and measurement. Matrices are defining an infinite number of the model variants. 
Therefore, some tools are needed to calculate of adequacy degree of mathematical models and 
real objects. This paper presents the optimal algorithm for identifying nonlinear complex sys-
tems based on a discrete digital control model. As the criterion for the optimality of the identi-
fication algorithm was chosen the criterion of optimal decision making in combination with 
the identifiability criterion for the optimal control algorithm by the minimum criterion of the 
quadratic form.  

The paper investigates the influence of the parameters of the measurement matrix on the 
identifiability of the robot drive model based on the DC motor for control and diagnostic 
tasks. 
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It is shown that at a threshold value h>0.2 of the measurement matrix, the difference in 
the angular velocities of the reference model and the model with the modified observation 
matrix is more than 10%, the drive model becomes unidentifiable, which leads to a loss of 
controllability and the inability to diagnose. To study the influence of the measurement matrix 
on the identifiability of the model, a vector-matrix model of the drive in the state space is de-
veloped taking into account viscous friction. 

Identification criteria (16) and (17) allow to determine the models conformity degree to 
the control object by the model of the measuring matrix or by the models combination of the 
state matrix and the measuring matrix.  

The threshold γ in (17) is optimal and is calculated numerically by solving the system of 
inequalities (17, 18, 19). It is possible to require, though it is not necessary, in the criterion 
(16) for the measurement matrix, that the sum of the relative errors be substantially less than 
one. The criterion of optimal decision making (threshold c) can be chosen depending on the 
apriori data by the loss matrix and the probabilities of the hypothesis and the alternative. 

In this paper are new: 
1) the conditions of identifiability are considered not only with respect to the rank of the 

extended matrix [C, AC, …], but also as a condition for ensuring the accuracy of the model 
with respect to the object; 

2) it is proposed to model the identifiability threshold by exhaustive search of the state of 
an object for this model. 
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Abstract. Tank batteries for storage of crude oil and refined products are hazardous industrial facili-
ties. Almost half of the accidents (including fires) occurs at the tank batteries at oil and gas industry. 
The most effective way to improve safety of facilities operation is to introduce additional functions to 
the existing automated control systems of technological processes. In this article it is proposed to add 
to automated control systems of technological processes of tank batteries two new subsystems. First 
one is the subsystem of bottom water drainage from an oil tank by installing on a siphon crane an ana-
lyzer of oil concentration in water. The other one is the subsystem of remote leak detection with re-
ceiving information from the gas monitoring sensors installed in the leak detection wells and in the ar-
ea around the tank. Implementation of this additional subsystems to automated control systems of 
technological processes will allow to receive timely and reliable information about the status of 
equipment, to increase the efficiency of control and to ensure trouble-free operation which will sig-
nificantly enhance the safety and efficiency of tank batteries for storage of crude oil and refined prod-
ucts. 

Keywords: vertical tank, automated system, technological process, operation safety, bottom water, 
leak detection 

INTRODUCTION 

Tank battery (TB) is an essential part of the oil transportation and storage process and al-
lows to maintain pumping cycle. At the same time, tanks have several specific features.  

When such a complex product as a crude oil is taken into the tank it starts to stratify and 
bottom water (BW) appears during the process of water precipitation. Since crude oil contains 
sulphur, its compounds and other salts, BW is a dilute solution of sulphuric acid and other 
compounds that accelerate tank’s lower ring corrosion and bottom corrosion.  

Precipitation of mechanical impurities and bottom water drainage (BWD) reduces the 
weight of ballast which results in improving crude oil quality and in increasing net weight 
percent and profitability of crude oil pipeline transportation because payment between suppli-
ers and recipients of oil are made by net weight. 

 In the Tank Operation Rules it is stated that after taking oil into the tank it is settled for 
at least two hours, then BWD is performed, and only after that oil is sampled and quality con-
trolled in metrological laboratory.  
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In addition, TB for crude oil and refined products are facilities that present potential envi-
ronmental hazards. The main source of contamination is steam-and-gas mixture displaced 
from the tanks when they have been filled and when the product volume increases due to 
temperature rise from night to day. [1]. Product leakage is also a serious risk, therefore tanks 
for oil and oil products with a volume of more than 2000 m3 are equipped with a primary leak 
detection system. LDS consists of a polyethylene film 1 mm thick, laid under the bottom of 
the tank at a depth of 70 cm and a drainage pipe connected to the leak detection well (Fig. 1) 
[2–3]. 

 

 
Figure 1. Cross section of the tank: 1 – storage tank; 2 – ring foundation of the tank; 3 – basement of the 
tank; 4 – sand and gravel mixture; 5 – impervious film; 6 – long anode grounding; 7 – bottom of the tank; 8 – 
hydrophobic layer; 9 – leak detection well; 10 – industrial sewage; 11 – siphon crane; 12 – pontoon guide (pon-
toon is not shown); 13 – product level measurement system; 14 – lightning protection; 15 – passage of ECP ca-
bles through the foundation; 16 – technological pipelines; 17 – pipeline valve 

During the operation of TB emissions and leakages are released into the air, waste water 
and soil. The size of these leaks can be great. This is primarily represented by the fact that 
they are not detected immediately and it is extremely difficult to prevent them. Therefore, re-
ducing emissions and timely detecting leaks is one of the most important environmental and 
tank safety operation concerns. [4, 5] 

AUTOMATED SYSTEM OF BOTTOM WATER DRAINAGE 

These days BW drainage is carried out manually through a siphon crane installed on the 
tank wall, technical inspection of which should be performed before each process of drainage. 
The manual method of BWD has following drawbacks: higher labor costs and relatively high 
losses during a visual control of BWD process. As a result of the search, several patents of 
automated system of BWD (AS BWD) were found. For instance, the following design was 
proposed by colleagues of Omsk State Technical University (Fig. 2). 

Its peculiarity is that the bottom 2 of the tank 1 is proposed to be made in the form of 
outward cone. The amount of BW is determined by the position sensor of an interface level 
“oil-water” 3, then water is pumped through the pipeline 4 by the pump unit (PU) 6 through 
the analyzer 5 which determines presence of an oil in a water. When oil appears analyzer 
sends a signal to the control unit 8 to close the regulator 7. [6] 
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Figure 2. AS BWD of the invention patent number RU 151321 U1 

In the design of automatic BWD offered by Saudi company for automation SAFIA de-
termination of oil presence in water is carried out with the help of a device installed on 
a drainage pipeline. Its operating principal is based on measuring of difference in ultrasound 
speed in different substances. [7] 

In this article it is proposed to use an automated system that reduces crude oil losses dur-
ing BWD process. The design of AS BWD is similar to that proposed in the patent number 
RU 151321 U1 and includes a siphon to which a ball valve with electric drive and an oil pres-
ence alarm are connected. All devices are made in an explosion-proof design. 

 

 
Figure 3. Drain sump on the bottom of the tank 

In the design of AS BWD there is no need in using a pump unit since the duration of 
BWD process is determined by a diameter of syphon cranes and their number which increases 
proportionally to the increase in a tank volume. The proposal to construct bottom of the tank 
in the form of outward cone will lead to an increase in stresses and bending moment that oc-
curs when filling the tank in the T-bar welded connection of the wall and bottom which in 
turn will lead to a decrease in the reliability of the tank. To prevent the inlet of BW into oil 
a manifold it is enough to provide a small pit (drain sump) on the bottom of the tank with 
a diameter of 0.5–1.5 m and to increase the length of siphon crane offset by 3–6 cm towards 
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the tank bottom. For example, in API 650 a water collection pit is proposed to be constructed 
as shown on Fig. 3. [8] 

Selected as an example alarm CH-1T is designed for continuous monitoring of water 
quality at explosive facilities, signalization of oil concentration over-limit in water and con-
trolling of executive mechanisms of TP. CH-1T is a device operating principle of which is 
based on the effect of fluorescence of oil under ultraviolet irradiation (Fig. 4). 

 

 
Figure 4. Alarm device CH-1T 

BWD is carried out by automatic opening of the ball valve after the time required for wa-
ter precipitation after taking the crude oil into the tank. During the process of BWD alarm de-
vice continuously monitors the concentration of oil in the drainage pipe. When the specified 
concentration is reached the alarm device will notify about this and send a signal to close the 
ball valve and stop drainage. The difference of the proposed design lies in its simplicity and in 
the algorithm of iterative drainage termination when relatively small concentration of oil in 
water appears, which will lead to a reduction of oil losses.  

Since the proposed design is not provided with manual rotation mechanism of a siphon 
crane as on the tank with manual BWD, it is proposed to heat external part of the system to 
prevent water freezing at a negative temperature. 

The implementation of AS BWD will lead to a reduction in labor costs and elimination of 
the influence of “human factor” not only during the process of BWD but also during the proc-
ess of level gaging. It will be required for TB operators to carry out the additional start-up of 
the system before taking any measurements and sample drawing. 

AUTOMATED SYSTEM OF REMOTE LEAK DETECTION 

Standard ACS TP designed to provide centralized monitor and control of TB consists of 
the following subsystems: 

• system of tank gaging; 
• bottom sediments erosion system; 
• fire extinguisher system; 
• system of gate valves control. 
The following parameters are remotely measured and transmitted to local control room: 
• oil level in tanks; 
• average oil temperature (measured by product layers); 
• air temperature in TB. 
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At the local control room following parameters are monitored: 
• reliability of measured parameters by intervals of allowed values; 
• volume of product oil and free capacity; 
• position of gate valves of TB process pipelines; 
• status of local automatics and communication channels. 
ACS TP provides automatic protection against fire and crude oil over fill in tanks. In case 

of emergency situations automatic light and sound alarming is provided. [9, 10, 11]. 
In this article it is proposed to install additional sensors and systems to the existing 

ACS TP to provide following features: 
• continuous control of gas-air environment in leak detection wells and in the area 

around the tank (Fig. 5) [12]; 
• monitoring of tank cathode protection system (CPS) operation using the potentials ob-

tained from the reference electrodes and signals from corrosion rate sensors located under the 
tank bottom (Fig. 6) [13, 14, 15]. 

 

 
Figure 5. Mnemonic scheme of gas monitoring sensors location at TB 

 
Figure 6. Mnemonic scheme location of reference electrodes and corrosion rate sensors in TB 

Information obtained from tank gaging system and additional sensors and systems will 
provide the development and implementation of combined automated system of remote leak 
detection (AS RLD) at TB [16, 17]. 
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For the development of the AS RLD it is proposed to use the existing certified software 
package of ACS TP to which subsystems with following features will be added: 

• receiving signals from sensors installed in leak detection wells; 
• receiving signals from gas pollution sensors in the area around the tank; 
• receiving signals from reference electrodes measuring electric potentials of cathodic 

protection and corrosion rate sensors installed under the bottom of the tank; 
• display of received sporadically arising information on the operator’s workstation 

screen. 
In addition to the above mentioned functions AS RLD should perform the analysis of the 

received information and necessary calculations and separate unreliable data and notify about 
the approaching accident. 

CONCLUSION 

Implementation of AS BWD will lead to a reduction of labor costs, elimination of the 
“human factor” influence and minimization of oil losses during the process of BWD. 

Equipping TB with a system of continuous monitoring of the gas-air environment using 
sensors installed in the area around the tank and leak detection wells at TB facilities will re-
sult in ensuring safe working conditions as well as preventing fires and explosions. [18, 19]. 

Using the method of adding new functions to existing ACS TP will allow to develop and 
implement AS RLD for a relatively short period of time and at low cost. Such indicators of 
AS RLD development can be obtained in the process of technical, informational, mathemati-
cal and software development by analogy with the corresponding sections of the current ACS 
TP [20]. 

Introduction of additional subsystems of ACS TP will allow to receive timely and reli-
able information about the status of equipment, to increase the efficiency of control and to 
ensure trouble-free operation which will significantly enhance the safety and efficiency of 
TB operation. 
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