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Methodology for experimental study of soil microrelief
on ruts in bridge farming

Abstract. The study of issues related to the research of the soil’s state on the surface of the most constant technological
track is relevant, since the movement of running wheels along narrow tracks determines the traction and coupling properties
of the machine-tractor units, their vibrations, the stability of movement and the controllability of movement. The purpose
of this study was to increase the efficiency of the process of profiling the microroughnesses of the soil surface located
in areas that form a track along which the running wheels of machine-tractor units will move, by substantiating a new
scheme of an automated profilograph and developing methods for its use. For this study, modern methods of experimental
researches based on IT technologies were used. In particular, an automated complex has been developed for measuring and
evaluating the microprofile of soil surface irregularities on the very track of the tramline. The results of experimental studies
in this matter have shown that the standard deviation of the soil surface irregularities reaches *0.84 cm. This gives reason
to consider the harmonic components of these functions as damped, having normalized correlation functions. The graphs
constructed using PC have showed that most of the dispersions of soil surface irregularities on the ruts are concentrated
in the range of 0...0.3 cm™. It has been established that the generator of the formation of irregularities in the longitudinal
profile of traces of a permanent technological track acts as parameters of the treads of the wheels of machines moving
along it. The obtained results of the study can be used when selecting the protectors of pneumatic tires of the running
wheels of machine-tractor units moving on two tracks

Keywords: track vehicle; irregularities; oscillations; correlation function; spectral density
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INTRODUCTION

The traditional farming system has reached the limits of its
ability regarding the increase in the crop yields, energy costs
of the growing and harvesting process and overall efficiency,
as a result of excessive compaction of the topsoil. A wide vari-
ety of technical means, their significant weight, the inten-
sive impact of their running systems (propulsion) on the
soil, the repeated passes through the fields lead to soil com-
paction, a decrease in the soil fertility and biodegradation.
Restoring the natural state of the soil is very problematic.

Therefore, the so-called bridge farming system is
becoming more and more widespread in the world; its main
basis lies in the movement of energy resources along two

Suggested Citation:

rather narrow tracks, which are used repeatedly and are actu-
ally taken out of the usable area on which crops are grown.

For this purpose, new designs of bridge power facili-
ties were developed in researches [1-3], and their theo-
retical and experimental studies were carried out. Accord-
ing to them, the same transport and technological tracks
for the movement of vehicles and energy vehicles are
used for tillage, sowing of plants, spraying and harvest-
ing [4-6]. In the works [7-9], it is described the process
of formation of compacted and aligned traces of a con-
stant technological track that consists in its laying on the
field area with a given step, either as a result of repeated

Beloev, H. (2022). Methodology for experimental study of soil microrelief on ruts in bridge farming. Machinery &
Energetics, 13(4), 9-15. doi: 10.31548/machenergy.13(4).2022.9-15.
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passes of agricultural machinery, or with the help of special
tools [7-9]. The microrelief (irregularities of the longitudinal
profile) of the constant technological track formed in this
way is an important characteristic, which has been analized
in the articles [10; 11]. Because the intensity of external dis-
turbances acting on the power and transport vehicles mov-
ing along it significantly depends on it (microrelief) and
largely determines their operational and technological
parameters, reliability, smoothness of movement, vibration
conditions of the operators’ work.

Back in the day [7; 8], it was developed and tested a pro-
totype of an agricultural tool for laying a permanent techno-
logical track. The basis of this tool is the middle section of
the spring harrow BP-8, which is equipped with additional
support wheels, two plow bodies with a width of 0.35 cm each
and hydrogenated markers. S-shaped tools of the instrument
are turned 180° and are equipped with lancet tines with
a working width of 150 mm for better loosening of the soil.
After laying the specified tool a constant tramline, the main
share of dispersion of its longitudinal profile oscillations
was concentrated in the frequency range of 0...2.5 m!, and
the dispersion value of these vibrations was 3.8 cm? [8].

It should be noted [12-14] that the methodology of pro-
filing of soil-road backgrounds is well developed based many
years of practice. However, in most cases, scientists use either
direct discrete measurement of the heights of irregulari-
ties of the path micro-profile, or mechanical profilographs
with recording the ordinates of irregularities on a paper
tape. Thus, traditional methods of measuring track profile
irregularities by rails or mechanical self-recording profilo-
graphs due to their high labor intensity, as well as due to the
lack of automation of measurements are already obsolete.

The modern scientific and technical level of experi-
mental research allows directly and remotely recording the
implementation of processes on a PC using analog-to-dig-
ital converters with simultaneous automatic processing
of results, adjusting the process of experimental research,
which significantly increases the accuracy of measurements.

Automated profilographs and profilometers are a prom-
ising direction of creation of such devices of new genera-
tion, which allow measuring directly the surface micro-pro-
file of the longitudinal profile of the track. These devices can
be mounted on a transport or energy vehicle. Such measur-
ing equipment can be equipped with laser, optical, ultrasonic
non-contact and other sensors together with the accelerom-
eter and gyroscopes, as well as sensors of angular displace-
ments, etc. However, not enough attention is paid to the issue
of creating such devices in the popular science literature.

The purpose of this study is to develop an improved tech-
nique for laboratory study of soil irregularities on the tracks
along which the running wheels of bridge agricultural vehi-
cles move, which increases the efficiency of profiling through
the use of a new design of an automated profilograph.

MATERIALS AND METHODS

Obtaining the reliable information about the unevenness
of soil surface is possible in case of using a device-profiler,

i.e. a device that is used to assess the irregularities along
the length of the distance traversed by any scoring section.
Under the guidance of Volodymyr Bulgakov (National Uni-
versity of Bioresources and Nature Management of Ukraine),
it has been designed such a profiler, which makes it possible
to automate the process of taking information about irreg-
ularities, the soil surface, which are present on the traces
of track, on which the bridge agricultural vehicle moves.
The Figure 1 shows a general view of this profiler, which
is a mechanical part in the form of main body 1, which has
the ability to freely slide along the guide 2 or fix its loca-
tion anywhere on the guide 2. The main body 1 contains
a mechanism for fixing the unevenness of soil surface on
the track in the form of roller 4 freely mounted on the axis,
which is located at the end of the arcuate lever 6. The main
body 1 moves along the guide 2, while the roller 4 freely
rolls along the uneven surface of the soil 5 without crushing
the surface soil layer and without deforming it. The arcuate
lever 6 is made in the form of a two-arm lever and it is rotat-
ably mounted in a cylindrical hinge. In this case, the sec-
ond end of the lever 6 is connected to the reohing sensor 3
(the sensor is manufactured industrially and has the brand
SP-3A), which rotates when the second (short) part of the
arcuate lever 6 is turned as a two-arm lever. When the sensor
3 is rotated, its electrical resistance changes and an alter-
nating electrical signal is transmitted to the electrical part
of this device, i.e. to analog-to-digital converter 7 (also pro-
duced by the industry and has the PK-9 brand). Converter 7
is connected to a personal computer 9, which (according
to the developed program) processes the signal, captures it
and transforms the signal in the form of graphs. This meas-
uring system receives electrical power from battery 8.
The mechanical and electrical parts of this measuring device
were preliminarily configured. The proposed measurements
of the unevenness of soil surface were calibrated and the
programs of personal computer were adjusted. The measure-
ment and fixation of soil surface irregularities on the tracks
of a bridge agricultural vehicle of constant size were carried
out when the main body 1 moved at a translational speed
of 0.5 m-s'! along the guide 2 from the one end to another.

The signal from the profilograph was processed using
Power Graph 2.1, both in analog and digital forms.

The profiler was calibrated (see Fig. 1) on a flat sur-
face, placing plates of different thicknesses under its wheel.
Roller 4, freely mounted on the axis and placed at the end
of the arcuate lever 6, slid along these plates, turning the
SP-3A sensor at fixed angles. In this case, these angles were
recorded by a PK-9 transducer and an electrical signal was
transmitted to a personal computer. The calibration depend-
ence of the output signal readings (v) in the Power Graph 2.1
environment on the actual ordinates (h, cm) of the profiler
irregularities looked like:

h=38.8-v-5.52. )

Comparing the results of multiple measurements during
calibration and similar measurements of fixed heights of soil
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surface irregularities, their registration and computer process-
ing by this profiler design (see Fig. 1), it has been found that

9
/
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the relative measurement error is no more than 3% (2.5%),
which indicates a sufficiently high measurement accuracy.

Figure 1. Automated profilograph (a) and hardware-measuring complex (b) for assessing the unevenness of the
longitudinal profile of the traces of a permanent technological track and: 1 - profilograph body; 2 - rail;
3 —rheochord sensor; 4 - profiler wheel; 5 — unevenness of the longitudinal profile of the track; 6 — profilograph lever;
7 — analog-digital converter; 8 — battery; 9 - PC

Then, with the help of specially developed program for
calculating and constructing the correlation-spectral char-
acteristics of the inequalities of microprofile of soil and road
backgrounds in Microsoft Office Excel, it was carried out
the mathematical analysis of the data obtained.

The normalized correlation function p(l) of the fluctu-
ations of microtrack irregularities of the constant process
track was calculated as the ratio of the correlation function
to the variance [14]:

1
Dy (n-m)

p() =

Z?z_lm(hi - mh) (hi+m - mh)f (2)

where n - the number of measurements; m — the number of
points of correlation function, m=0, 1, 2, ...; h, - ordinate of
inequality, cm, i =1, 2,..., m; m, - mathematical expectation
of ordinates of inequalities, cm; D, — dispersion profile back-
ground, cm?. The normalized spectral density s(w) of the
oscillations of micro-profile irregularities of the traces of
a constant technological track was determined by the ratio of
spectral density to the variance of the random function [14]:

s(@)=Z[1+232, pi() cos(m;- dw)], ()

where Al - profile measurement measurement interval, cm;
Aw = # - step frequency of profile inequalities, cm™.

In the theories of probability, the equations (2) and (3)
that relate a cross-correlation function to a spectral den-
sity function, are called “cosine-Fourier transforms”. Thus,
the normalized correlation function and spectral density are
expressed one by one via the “Fourier transform”.

Experimental studies were conducted in a greenhouse
complex (Fig. 2), on the basis of which the laboratory was
specially equipped for testing a bridge agricultural tool, spe-
cially designed for its use in the track agriculture. Under
the conditions of this laboratory, a permanent technological
track was artificially created on the soil. The longitudinal
profile of its irregularities was finally formed by means of
repeated passes of the engines of the newly constructed
axle-driven agricultural machine over it.

Figure 2. Laboratory for testing a new construction bridge agricultural machine with a permanent technological track

Thus, it was reproduced an actual production situa-
tion under the laboratory conditions, when a bridge power

tool, repeatedly moving its running wheels along the nar-
row tracks (on both sides) in both directions of movement
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and performing a real technological process of harrowing
the soil, formed the surface layer of soil with the treads
of pneumatic tires of its wheels right on the tracks. It was
under the influence of real soil resistance during harrowing
by this bridge power tool that the pneumatic tire treads of
its wheels realized epy real traction properties and thereby
formed a structure and corresponding surface irregularities
in the surface soil layer.

After 5-6 passes of the bridge power tool, the corre-
sponding surface profile remained on the ruts during the
process of harrowing the soil, which was later measured
using the developed profiler, and further processed and
studied using a personal computer.

It is quite obvious that when performing another tech-
nological process (for example, plowing), the bridge power
tool, overcoming significant traction resistance, will form
irregularities on the surface soil layer in each track with its
pneumatic tire treads, which will have different statistical
indicators. In this case, the irregularities can be sufficiently
smoothed (due to the slipping of the propellers), and their
ordinates will be small; the surface layer of the soil can be
significantly crushed, and so on.

However, in this experimental study, the statistical
characteristics of unevenness of the soil surface were stud-
ied precisely during the harrowing of the soil by a bridge
power tool.

RESULTS AND DISCUSSION

To study the statistical characteristics of the longitudi-
nal microrelief of soil surface irregularities in the system
of track farming, a new method was developed for auto-
mated obtaining of the statistical characteristics of these
irregularities using the developed profilograph of a new
design, consisting of mechanical and electrical parts and
a personal computer.

The developed method of experimental study of
soil microrelief on tracks in bridge farming makes it pos-
sible to obtain reliable values of statistical characteristics
with minimal cost and with a high degree of accuracy, which
can later be successfully used in studying the dynamics
of movement of bridge agricultural machine units equipped
with various agricultural machines and implements.

According to the steps of this methodology, i.e. to
obtain such results, it is planned to simulate a section of
the track technology of tillage in the laboratory and prepare
technological tracks along which the running wheels of the
bridge power vehicle under study will move. This is a prereq-
uisite: the formation of track by the running wheels when
the bridge power tool performs a real technological process,
which corresponds to the actual tillage or a particular used
agricultural implement. In this case, the studies were car-
ried out during the technological operation of harrowing
the soil in the inter-track space. The fulfillment of this con-
dition according to the developed methodology is manda-
tory, since the running wheels of the bridge power tool are
capable of forming the surface layers of track, because the
real transmitted torques, real traction forces, real traction

properties of the pneumatic tires of the running wheels, as
well as the shapes and sizes of the treads of these pneu-
matic tires will form the external view, geometric dimen-
sions and properties of the longitudinal profile of the une-
venness of soil surface on two tracks along which the bridge
power vehicle will move.

The repeated movement of running wheels of the bridge
power tool makes it possible to form a surface layer of ruts
and irregularities as a result of the passage when the tech-
nological process is performed in two directions. This is pre-
cisely due to the fact that the primary pass will only con-
tribute to the formation of tramline on both sides, and the
second pass will form the properties of track. Thus, the
passage of bridge power tool in the opposite direction will
reflect the real state of unevenness of the soil surface dur-
ing their subsequent longitudinal measurement. Movements
in these directions are carried out under the same external
conditions, i.e. the same temperature, air humidity and soil.

Subsequent passes of the experimental bridge energy
facility in excess of those indicated will contribute to
a strong smoothing of the microrelief precisely on the tram-
lines. There will be rolling and compaction of the soil sur-
face on the ruts, which will eventually give a distorted pic-
ture of unevenness of the soil surface on the ruts. At the
same time, it is not mandatory the removal of high-fre-
quency irregularities of the soil surface on the tracks for
a bridge power tool for agricultural purposes due to a fairly
soft and loose surface layer.

After the passage of this bridge power unit along the
tracks, the bridge power tool was stopped according to
the specified methodology; using the developed profilom-
eter, it was assessed the state of unevenness of the soil
surface located on both sides of the tracks; the measure-
ments were made in the test areas; computer processing of
the measurement results was carried out.

Thus, the main results obtained with the help of a new
design profiler on the assessment of statistical characteris-
tics of the soil surface irregularities on the tracks along which
the running wheels of the bridge agricultural vehicle move,
refer only to the data obtained when the bridge power tool
performs the technological process of harrowing the soil in
the inter-track space. In the case of performing other agri-
cultural work with this bridge power tool, the pattern of
unevenness of the soil surface on the tracks will be different.

It should be noted that the running wheels of the
bridge power tool during laboratory experimental stud-
ies were equipped with pneumatic tires brand 9.5R32 (two
wheels on each side), and the harrowing of the field surface
in the inter-track space was carried out by three tine har-
rows brand BZSS-1.0, overlapping the entire width of the
inter-track space.

According to the results of experimental studies and
their processing on a personal computer, it has been con-
structed the graphs that should be attributed precisely to
this type of agricultural work and this type of wheels and
pneumatic tires, which amounted to 2 unites on each side
on the studied bridge power facility.
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The conducted laboratory experimental studies made it
possible to obtain such data. As a result of profiling the irreg-
ularities of longitudinal profile of the soil traces of a constant
tramline, it has been found that the main statistical indicator
(as a standard deviation) in this case reaches +0.82...0.84 cm.
In essence, these are the damped periodic oscillations, as
it is shown in the form of a curve of the normalized cor-
relation function (Fig. 3). It should be noted that the form

H. Beloev

of normalized correlation function shows that the length of
correlation connection of the heights of unevenness of the
soil surface on the tracks reaches 0.18 m, which is due to the
distance between the protrusions of treads of pneumatic tires
of the running wheels of the bridge power vehicle. In this
case, the bridge power vehicle is equipped with 9.5R32 pneu-
matic tires, in which the distance between the lugs of tread
reaches exactly 0.175 m at normal air pressure inside the tire.
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Figure 3. Dependence of the normalized correlation function p,(I) of the roughness of the soil surface of track along
which the power tool moves on the length of traveled path

The normalized spectral density of the oscillatory pro-
cess is the second most important statistical characteristic.
After processing the results of experimental study, a new fre-
quency spectrum has been obtained, which characterizes the
random function of unevenness of the soil surface in the ruts
along which the running wheels of the bridge power vehi-
cle move. The dependence of normalized spectral density of
the ordinates of roughness of the soil surface on the oscil-
lation frequency is shown in the Figure 4. As it can be seen
on this graph, the cutoff frequency of the oscillatory process

1.75
1.50

under consideration reaches 0.3 cm, provided that the main
scattering fraction is precisely in the range from 0 to 0.3 cm™'.
This is confirmed by the size of depressions in the tread of
pneumatic tires of the running wheels of the bridge power
tool. It has also been found that the standard deviation of the
ordinates of roughness of the soil surface on the tracks is also
consistent with the height of tread of the pneumatic tires
of the running wheels of the bridge power vehicle. Namely,
the dimensions of tread protrusions of a 9.5R32 pneumatic
tire are 0.03 m at an average air pressure inside the tires.
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Figure 4. Normalized spectral functions s,(w) of the profiles of bumps in the traces of a constant technological track

The above-mentioned analysis of characteristics of the
profile irregularities of traces of the permanent tramlines
indicates that the parameters of tire treads of the axle agri-
cultural machine of new construction are the generator of
formation of these irregularities.

Thus, the indicated statistical characteristics of the soil
surface irregularities on the tracks along which the running
wheels of bridge power vehicles move have been obtained
and calculated in accordance with the recommendations [14;
15]. The use of such statistical characteristics has been

successfully used in the study of movement and the dynam-
ics of other agricultural machines and machine units, which
is confirmed in the previously published works [16-18].

It should be emphasized that the formation of une-
venness of the soil surface on the tracks along which the
running wheels of bridge power vehicles move (due to the
passages precisely during the technological process of har-
rowing the soil) is very important. This is due to the fact
that it is the early spring harrowing of the soil (which will
form the longitudinal relief of the ruts) that will continue to
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exist without significant changes until the autumn tillage.
This means that the data obtained in the spring on the une-
venness of soil surface on the tracks can be successfully used
throughout the entire period of growing crops (spring har-
rowing, sowing, care, harvesting, autumn tillage), which is
very important when using a precision farming system.

Thus, the results obtained are confirmed by not only
the similar findings from other authors [15; 17; 18]; this
fact confirms their reliability and also indicate their signif-
icance in the introduction of “High Technologies” into agri-
cultural production. The obtained results of laboratory field
studies, in particular, the normalized correlation and spec-
tral functions, their graphical representation, also coincide
with similar results presented in the works accompanying
this research topic [19; 20]. This also gives grounds to con-
sider the results of the study as reliable.

Obtaining statistical information on the unevenness of
soil surface on the tracks along which the running wheels
of the bridge power tool move, and the vibrations of agri-
cultural machines, which are used in this case, will make it
possible (using the methods of theory of automatic control)
to study the dynamics of machine-tractor units more deeply,
such as the study of the object behavior in the presence of
“input” and “output” signals. This will ultimately make it
possible to improve the dynamic characteristics of agricul-
tural machine-tractor units, including bridge units. In gen-
eral, this will make it possible to significantly improve the
quality of products grown in the fields, including the use of
bridge farming technologies.

CONCLUSIONS

Devices and methods have been developed for the experimen-
tal study of the microrelief of unevenness of the soil surface in
the traces of a constant technological track in the bridge farm-
ing, which make it possible to immediately obtain its statistical
characteristics. This is achieved by the following fact: with the
help of a new profiler of the developed design, a statistical cal-
culation program and a personal computer, it is possible to
take reliable information, process it and immediately obtain
the necessary experimental data to assess the vibrational
processes of machines and tools used in such agriculture.

According to the data of multiple experimental stud-
ies conducted to determine the statistical characteristics of
traces of a constant gauge of a bridge power tool, when repro-
ducing real conditions of the soil harrowing (i.e. after passing
along the tracks of the running wheels), the standard devia-
tion of soil surface irregularities is within 0.82...0.84 cm. At
the same time, the analysis of obtained graphs has shown
that the internal structure of the track surface irregulari-
ties, recorded by a profiler and processed on a personal
computer, can be characterized as a function contain-
ing harmonic damped periodic oscillations, in the presence
of random components. The graph of the normalized corre-
lation function has shown that the length of correlation con-
nection of the ordinates of roughness of the soil surface on
the traces of a constant technological track, approximately
corresponds to the dimensions of height of the treads of the
pneumatic tires of the running wheels of the power vehicle.

As a result of profiling the irregularities of the longi-
tudinal profile of the soil surface during laboratory exper-
imental studies according to the program of a multifacto-
rial experiment, it was found that the energy and vehicles
of a bridge agricultural machine of a new design moving
along it, the running wheels of which move along the traces
of the track, the main part of the dispersion is in the range
from 0 to 0.3 cm’. This is confirmed by the size of depres-
sions in the tread of pneumatic tires of the running wheels
of the power vehicle.

Further research should be focused on the development
of technical means and methods for recording the vibrations
of the working bodies of agricultural machines using the
similar measuring equipment, which will make it possible to
simultaneously evaluate the statistical characteristics of the
roughness of soil surface (as an input action) and the char-
acteristics of vibrations of the working bodies, which will
act as the reactions to this input. The use of results of the
real oscillatory processes at the input in the form of irregu-
larities of the soil surface on narrow tracks along which the
bridge vehicle moves, and at the output in the form of vibra-
tions of aggregated agricultural machines, will make it pos-
sible to design complex dynamic systems (machine-tractor
units) and bridge farming with optimal parameters.
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MeToanka eKCrepuMeHTaNnbHOro AocnigXeHHs Mikpopenbedy FpyHTY
Ha KoniaX Npy MOCTOBOMY 3eMJiepo6CTBi

AHoTAaUiA. BUBUEHHS MUTaHb, TOB’SI3aHNUX 3 JOCTIIPKEHHSIM CTaHy IPYHTY Ha MIOBEPXHi HaitGi/IbIII MOCTiiHOT TEXHOMOTIYHOT
KOJii € aKTyaJbHMM, OCKIJIbKM PyX XOJOBMX KOJIC IO BY3bKMX KOJIiSIX BU3HAUa€ TATOBO-3UillHi BJIaCTUMBOCTI MaIIMHHO-
TPAKTOPHMX arperariB, iX Bibpalii, cTiiikicTb pyxy i KepoBaHiCTh pyxoM. MeTO0 JaHOTO TOC/TiIsKeHHS 610 MiABUILeHHS
edekTUBHOCTI mpolecy MpodiaoBaHHS MiKpOHepiBHOCTE TOBEPXHi IPYHTY, PO3TAIIOBAHNX Ha JiISTHKAX, 10 YTBOPIOIOTH
KOJTi10, TIO SIKiii pyXaTUMMYyThCSI XOOBI Kojleca MalllMHHO-TPAKTOPHMX arperartis, HUISIXOM OGIPYHTYBaHHSI HOBOI cxeMMu
aBTOMaTM30BaHoro npodizorpada ta po3podka METOLMKM OTO BUKOPUCTAHHSL. ISl TAaHOTO LOCTiAsKeHHST 6y BUKOPUCTAHI
Cy4yacHi METOAY eKCIIePUMEHTAIbHUX TOCTiIKeHb Ha OCHOBI IT-TexHostoriii. 30KpemMa, po3po6eHO aBTOMAaTU30BaHMIA
KOMIUIEKC JI/IS1 BUMipIOBaHHSI Ta OLiHKM MiKpOIpodiiio HepiBHOCTe TOBepXHi I'PYHTY Ha caMiii Kosii TeXHOIoTiYHO1
KoJtii. Pe3ysibTaTy eKcriepyMMeHTaabHUX TOC/IiIKEHb Y IIbOMY ITUTaHHi [T0Ka3ajy, 1[0 CTaHAapTHe BiAXMUIeHHs HepiBHOCTel
TOBEPXHi I'PYHTY mocsrae £0,84 cm. Lle mae migcraBy po3misigaTyi TApMOHIUHI CKIamoBi yxX QyHKIi SK 3aTyXawoui, o
MalTh HOpMOBaHi KopeJsiiliHi ¢pyHKiii. [To6ymoBani 3a goromororo ITK rpadiku mokasanm, mo 6iIbIicTh AMCIIepCii
HepiBHOCTeJ MOBEePXHi I'PYHTY HA CaMMX KOJIisIX 30cepeykeHo B HiamasoHi 0...0,3 cm™!. BcTaHOBIEHO, 1110 TeHEePaTOpOM
YTBOPEHHSI HepiBHOCTeI 03 4,0BKHBOTO MPOGIIO CTiIiB MOCTiMtHOT TEXHOMOTIYHOI KOJii € TapaMeTpy MPOTEeKTOPiB KoJic
MalllMH, [0 PyXaloThCs 10 Hilt. OTpUMaHi pe3ynbTaTh LOCTiIKeHHSI MOKYTb 6yTI BUKOPUCTaHi TPy BUOOPi TPOTEKTOPIB
MMHeBMaTMYHMX UIMH XOJ0BMX KOJIiC MallMHHO-TPAKTOPHMX arperaris, 10 PyXalThCs 10 ABOX KOJisIX
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Mathematical modelling of oscillations of a machine
for cutting tops of root crops

Abstract. High-quality cutting of root crop tops at the root ensures both a high yield and determines the condition
of the root crops before they are extracted from the soil. Therefore, the search for conditions that will ensure this is an
important and urgent problem for the production of these crops. The purpose of this research was to determine, through
an analytical study, the optimal parameters of a new design of a machine for harvesting root crop tops, which is mounted
in front of an aggregating tractor and performs oscillatory movements in the longitudinal-vertical plane. Methods related
to the modelling of complex dynamic systems consisting of an aggregating tractor and a front-mounted machine, the
development and solution of the final form of differential equations of oscillatory motion and computer modelling of
the oscillatory process were used. According to the developed equivalent scheme, a new differential equation of angular
vibrations of the machine was solved in the final form. In addition, numerical modelling was performed on a PC, which
allowed constructing graphical dependencies of the machine’s turning angle ¢ at different speeds V of its forward movement
and values of the c stiffness coefficient and ¢ damping coefficient of the pneumatic tyres of the copying wheels, and at
different values of the unevenness of the soil surface and the main design parameters of the machine. It was established
that with an increase V from 1.5 m-s™! to 2.5 m-s’}, the amplitude of oscillations of the machine’s turning angle ¢ increased
from 0.88° to 1.18°. However, at V 1.5 m-s’!, the duration of the transient process is 0.22 s, and at a speed of 2.5 m-s!, this
figure is already 0.14 s, i.e., a decrease of 36%. The positive amplitude of oscillations ¢ of the machine’s steering angle
reaches 1.2°, and the negative amplitude does not exceed 0.3°, i.e., the oscillation range is insignificant. In the range of
values considered V, preference should be assigned to its higher value. The structural and kinematic parameters of the
system examined were determined using computer simulation. The presented method of mathematical modelling of the
oscillatory process can be used in the research of any machines that are hitched in front of the aggregating tractors
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INTRODUCTION

The tops of most root crops (sugar, fodder and table roots,
carrots, turnips, rutabagas, etc.), if produced in sufficient
quantities, can be of significant benefit both as organic
fertiliser and as livestock feed and raw material for bio-
gas production. Therefore, cutting, collecting and using
root crop tops is an urgent task in the field of agricul-
tural mechanisation.

Since many root crops are grown using modern technol-
ogies that involve harvesting the tops of these crops on the
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root, the machines that will perform these operations must
comply with the relevant requirements to prevent damage
and loss of root crop bodies and their damage, dislodging
the root crops themselves from the soil, complete harvest-
ing of the tops and preventing their contamination with soil
impurities. In addition, accurate and high-quality pruning
of tops from the heads of root crops reduces the loss of their
upper parts, which will significantly increase the full yield
of root crops per hectare of their crops [1].
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Thus, the most common multistage method of harvest-
ing root crop tops involves first making a continuous main
cut of the entire crop, followed by harvesting and unload-
ing into a vehicle or scattering it across the field. Next, the
heads of the root crops are cleaned or trimmed (or simulta-
neously cleaned and trimmed with different working tools)
from the remaining tops on the root.

Therefore, this sequence must be followed before
removing the root crops from the soil, and the tops harvest-
ing machines, either as independent agricultural machines
or as top harvesting modules of various combines, must be
attached to the front of the power vehicle (i.e., to the aggre-
gating tractor or the front of the frame of self-propelled
combines) [2].

Analysing the studies published on this subject [2-4], it
can be stated that the results of experimental studies indi-
cate that during operation, the machines for cutting tops
frontally attached to the aggregating tractor perform oscil-
latory movements, which are determined by the relief of une-
ven field surfaces, the forward speed of the aggregating trac-
tor, the location of the copy wheels relative to the machine
suspension system, etc. Using the latter causes oscilla-
tory movements of machines for harvesting root crops, which
significantly worsens the quality indicators of the process in
question. Namely, it is necessary to improve the quality of
cutting the tops from each head of root crops over the entire
working width of the machine and to collect and unload them
without significant losses. And this should be the case in any
condition of the location of the heads of root crops in terms
of their height. It requires precise and sensitive reproduction
of soil surface irregularities and the height of root crop heads.

Despite the widespread use of front-mounted machines
for harvesting root crop tops, there is virtually no funda-
mental analytical research into their oscillatory movements
over uneven soil surfaces. Works [1; 4; 5] present theoretical
studies of oscillations of a machine for cutting tops of root
crops frontally attached to an aggregating tractor using the
equations of dynamics of mechanical systems in generalised
coordinates. Therewith, these studies do not always consider
some important parameters. For example, the forces acting
on topsy-turvy machines are not always considered, oscilla-
tory movements are considered in the presence of unneces-
sary generalised coordinates, and unjustified simplifications
are made when solving the resulting differential equations.
In addition, when solving this problem, a dynamic system
consisting of two differential equations of oscillatory motion
is explored, i.e., in the presence of an extra generalised
coordinate. Having just one coordinate will be enough.

In studies [6-8], it was demonstrated that the issues of
high-quality sugar beet tops harvesting are solved based on
other conditions not related specifically to the oscillatory pro-
cesses of top harvesting machines and their working bodies.

The issues of exploring the energy performance of har-
vesting root crops and processing raw materials are dis-
cussed in [9-11]. However, they do not consider the dynam-
ics of harvesting machines. The study of the stability of
a ploughing unit mounted frontally on an aggregating
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tractor is devoted to [12-14], the methodology for con-
structing graphical dependencies of oscillatory processes
is given in [15-17], and the controllability of movement is
reflected in [18]. The issues of changes in soil properties that
affect the oscillations of harvesting machines are discussed
in [19; 20]. The studies presented in well-known works pro-
vide grounds for the development of a mathematical model
that would accurately describe the oscillatory process of
a machine for harvesting root crops mounted in front of an
aggregating tractor.

Based on the above and using the methodology dis-
cussed in [3], it is possible to build a more accurate mathe-
matical model of the movement of a machine for cutting root
crops in the longitudinal-vertical plane when it moves along
uneven soil surfaces. It will allow for a more accurate study
and determination of such kinematic and structural param-
eters, using which will contribute to a significant improve-
ment of the technological process under consideration.

The purpose of the study was to determine the optimal
structural and kinematic parameters of a machine for cut-
ting tops of various root crops, which is attached to the front
of a wheeled aggregating tractor, by analytically exploring
the dynamics of its oscillatory movements in the longitu-
dinal-vertical plane.

MATERIALS AND METHODS

The mathematical modelling was performed using the meth-
ods of constructing computational mathematical models
of agricultural machines and machine units. Theoretical
studies of the obtained differential equation of oscilla-
tory motion are conducted using the basic provisions
of the dynamics of complex dynamic systems based on
the methods of analytical mechanics, vibration theory and
higher mathematics (in particular, the method of uncertain
coefficients is used to solve the differential equation). The
numerical solution was performed using a personal com-
puter and PTC Mathcad 15 software.

At the Department of Mechanics of the National Uni-
versity of Life and Environmental Sciences of Ukraine, and
the Institute of Mechanics and Automation of Agricultural
Production of the National Academy of Agrarian Sciences of
Ukraine, under the guidance of Prof. V.M. Bulgakov, a new
design of a machine for cutting root crop tops was devel-
oped, which works like a mower and can be used to cut tops
of both many root crops on the root and perennial grasses,
as it is frontally attached to the aggregating tractor [1]. Sev-
eral prototypes of machines for harvesting root crop tops
were manufactured in industrial conditions and tested in
the field, with positive results. Comprehensive theoretical
and experimental studies are conducted to optimise its
structural and kinematic parameters.

This machine uses a rotary cutting unit that is posi-
tioned over the entire working width of the machine. The
rotary cutting machine has arc-shaped cutting blades that
are pivotally mounted on the drive drum in an appropriate
pitch. The drive drum rotates in the opposite rotation to the
forward motion of the entire machine. The sharp blades of
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the arcuate cutting knives cover the entire working width
of the cutter bar. The arc-shaped cutting knives rotating in
the longitudinal-vertical plane provide a free-flowing cut of
the main mass of the tops along the entire working width of
the machine and ensure that it is transferred to the screw
conveyor, which collects and transports it to the end part
of the machine. Here, using an unloading mechanism and
a spigot of the appropriate height, the cut tops are unloaded
into a vehicle moving alongside the harvested area of the
field [1; 4; 6]. If necessary, the discharge mechanism and the
nozzle can be detached from the machine, and the cut stub-
ble is then discharged onto the harvested area of the field
and used as fertiliser. The rotary cutter bar (i.e. the actual
sharp ends of its arc-shaped cutting blades) is positioned at
the appropriate cutting height relative to the surface estab-
lished by the root crops (in the crop rows) using two track-
ing wheels (with screw mechanisms for their installation

relative to the machine frame). The tracking wheels are
positioned in the row spacing of the root crops and roll over
uneven soil surfaces in the row spacing but track the general
unevenness in the machine’s working area. Considering the
fact that root crops are harvested at the root, and the heads
of these crops can be located at different heights relative to
the soil surface itself, the rotary cutter is set to a higher cut-
ting height using the screw mechanisms of the copy wheels.
It prevents the bodies of the root crops themselves from
being removed along with the tops, damaging them, which
is extremely undesirable and knocking the root crops out of
the soil. Therefore, the operations of complete and final har-
vesting of root crop tops are performed by other machines,
in particular, root crop head cleaners for removing tops from
the crops or passive (sometimes active) head trimmers.

Figure 1 presents a general overview of this machine for
cutting the tops of root crops at the root.

Figure 1. Root crop peeling machine with rotary cutting unit

The qualitative performance of the machine for cutting
the tops of root crops, namely the completeness of the cut,
the absence of damage and the dislodging of root crops from
the soil, will be determined by the stability of the movement
of its rotary cutting unit in the longitudinal-vertical plane.
And this will be positively influenced by the sensitivity of
the machine’s tracking system, which will be able to track
all the unevenness of the surface of the field with root crops,

and by the design parameters of the machine and the device
for connecting it to the wheeled tractor. Mathematical mod-
elling of the oscillations of a machine for cutting the tops of
root crops can be performed if differential equations of its
oscillatory movements in the corresponding plane are com-
piled. For this purpose, first of all, an equivalent diagram of
this machine for cutting the tops of root crops in the longitu-
dinal-vertical plane was built, which is presented in Figure 2.
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Figure 2. An equivalent diagram of a machine for cutting off the tops of root crops ¢ — generalised coordinate (the
angle of rotation by which the machine deviates in the longitudinal-vertical plane); o — the angle of deviation of the
friction force (F) from the horizontal, which changes its value in different areas of the uneven ground surface on which
the copy wheel moves; ¢ - coefficient of stiffness of the pneumatic tyre of the copy wheel; u — coefficient of damping of
the pneumatic tyre of the copy wheel
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The features of this equivalent arrangement are that
the root crop top dresser is connected to the aggregating
tractor at the front. For this purpose, two lower (PK) and
one upper (MD) linkages are used, i.e. the central linkage of
the tractor’s front linkage. When performing the techno-
logical process of harvesting tops with a root crop tops har-
vester, the connecting rods of the front linkage of the imple-
ment are unlocked. It is in this position that the root crop
top dresser uses its pneumatic tracking wheels, which are
positioned and move in the row spacing of the root crops,
to effectively follow the unevenness of the soil surface and
set its rotary cutter bar to the desired cutting height. The
equivalent diagram represents the movement of a root crop
topping machine in the longitudinal-vertical plane when
its front tracking wheel moves over an uneven soil surface
that has the form of a harmonic function. Figure 2 demon-
strates all the external forces acting on the pneumatic copy
wheels (two wheels combined into one and represented as
elastic-damping models) and the rotary cutter and provides
the main linear and angular dimensions.

RESULTS AND DISCUSSION
In the mathematical modelling of the movement of
the machine for cutting the tops of root crops, equations
in the Lagrange form of the 2" kind were used, all the nec-
essary transformations were performed, and the differen-
tial equation of its movement was obtained in the follow-
ing form [1; 3]:

A, ¢+A -g+A =B -h+B -h+C, 1)

where the coefficients A , A , A,, B , B, are constant values,
which are equal to each other:

A,=I - is the moment of inertia of the machine relative
to the axis O, (this axis is not presented in the diagram of
Fig. 2), which is perpendicular to the longitudinal-vertical
plane zOx and passes through the point O, kg-m?*; A =2p-L?,
(uis the damping coefficient of the pneumatic tyre of the
copying wheel); A =2c¢-L% (c is the stiffness coefficient of the
pneumatic tyre of the copying wheel); B,=2p-L; B =2c-L. ¢ is
the angle of rotation of the machine in the longitudinal-ver-
tical plane relative to the centre of rotation (point O); h - is
the ordinate of the unevenness of the soil surface.

Equation (1) belongs to the class of second-order dif-
ferential equations with constant coefficients and a right-
hand side.

In this case, the term C included in equation (1) is
determined from the following expression:

C=N-L-f(r+L-0)]-R, -G, )

where N - unknown normal reaction of the bunch (i.e. nor-
mal reaction of the soil to the tracking wheel at point A);
L - distance from the conditional point O of machine turn-
ing to the axis of the tracking wheels (point B); r — radius
of the tracking wheel; a — angle of deviation of the friction
force F from the horizontal, provided that sina=«a i.e. when

M. Budzanivskyi

the angle is small a; R, - the total force of cutting the tops
of root crops, reduced to point E, i.e. the end of the arcu-
ate knife of the rotary top cutter; [, - the height of the cut
of the tops of root crops (or the distance from the end of
the arcuate knife of the rotary top cutter to the lower base
of the machine); G — the weight of the machine for cutting
the tops of root crops; [ — the distance from the conditional
point O of rotation of the machine to its centre of mass.

Thus, equation (1) contains two unknowns, namely ¢
and N.

However, N can be determined to a first approximation
from the static equilibrium equation of the mechanical sys-
tem under consideration with sufficient accuracy for prac-

tice. Namely: LG
_ k'to 3
N= L-f(r+L-a)’ G)

It is easy to confirm that after substituting expression (3)
into expression (2), the value of C will turn to zero, i.e. C=0.

Thus, equation (1), with sufficient accuracy, is trans-
formed into the following equation:

A, ¢+A p+A =B -h+B -h. “4)

Since the harmonic function h, which is included in
the right-hand side of equation (4), determines the une-
venness of the soil surface over which the machine’s copy
wheel moves, it is determined according to the following
expression [6]:

h=h, (1 — cos 27;—1)() =h, (1 — cos znl'V't), (5)

1

along with its first derivative, whose value at time t will be

equal to:
h= —zn'lh"‘v - sin znllvlt, (6)

1 1

where h — the actual current ordinate of the unevenness of
the soil surface, m; h - the amplitude of the unevenness of
the facet surface; I, - the period of oscillation of the une-
venness of the soil surface, m; x=V-t — the current abscissa of
the unevenness of the soil surface, m; V - the forward speed
of the machine, m-s!, then after substituting (5) and (6) into
equation (4), the following differential equation is obtained:
2By -hy -V

— .

4By hy (7)
1

Ay tA - 9+4A,-p=

. 2wVt
- Sin

—B, - h, - cos

which can be converted to the following equation:

LA A, 2By -h, -V
[T Y A
2n-V-t B,-h, 2n-V-t B,-h,

sin I 4, Ccos I + 4, ®

Firstly, consider the general solution of the homogene-
ous differential equation of the following form:

Ay . A,

¢+A—2-(p+A—2-(p=0. (9)
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Its characteristic equation is as follows:

244 g fe
k +A2 k+A2 0, (10)
where k - roots of the characteristic equation.
Determine the roots of the quadratic equation (10).
Have:
Ay A2 4 Ay A%

ki=—"2+ . =41 _
1 24, 4AZ A, 2 24, 4A2

o (1)

Natural oscillations of the mechanical system examined
are possible when the roots k1 and k2 are complex numbers.
It will be the case if:

43 A
442 A,

<0. (12)

It can be demonstrated that within the real parame-
ters of the machine for cutting the tops of root crops under
consideration, inequality (12) is always performed. Indeed,
inequality (12):

M A Midyds (13)
442 A, 4-4%
is summarised in the following inequality:
Al-4A,A <0, (14)

or, considering the expressions for the coefficients included
in this inequality, obtain:
@pL?)*-41,;2¢L*<0, (15)
At 2pu=150 N-s-m%, on=30 kg:m?, 2c=4000 N-m}, L=1.8 m,
there are:
(150-1.8%?2-4-30-4000-1.8>=236196-1555200=-1319004<0.
Thus, the roots of the characteristic equation (10) are
always complex and equal:

Ay Ay Az k A A

ky=—"F4+ |[=2——Li =—
1 24, A, 442 7 2 24, A, 4A2

-1, (16)

where i — imaginary unit.
In this case, the general solution ¢ of the homogeneous
equation (9) will be as follows:

A, A
A, () sm( A——4Az-t>+

(ﬁ:e_ZAz . ,
/Aa_A_ﬁ.
+C, cos( 2, 1 t)J

where C, and C, - arbitrary constants that are obtained from
the initial conditions.

Next, determine the partial solution ¢" of the heteroge-
neous equation (8). Considering the right-hand side of the
differential equation (8), its partial solution ¢" is found in
the following form:

17

2V t 271:'V't

¢*=M-sin——+N - +R, (18)

1

where M, N and R — uncertain coefficients.

To find the coefficients M, N, and R, use the method of
uncertain coefficients. To do this, determine the first and
second derivatives of time t for expression (18).

2V 2 2V . 2Vt

@*=M-—-cos — N -—-sin , (19
51 11 51
4m2.y? 2Vt 4m2.y? 2Vt
¢ =-M-— — —N-—5—"cos . (20)
1 1 1

Substituting expressions (18) and (19) into the differ-
ential equation (8), obtain:

4m?-V?2  2m-V-t
-M - E . sin A
4m? V2 21T-V-t_I_A1
- cos —
2 I, A,
2.V 2n-V-t A 2V
2V _A Vo
L L A, L
csinZZYE p Ao gy gin Y L oy
ll AZ ll AZ
eVt Ay o 2By, V
o8 ly Ay - Azl
. 2wVt Byh 2mV-t | Byhy
n ———Co0Ss +—=
1y A, 1y A,

By equating the coefficients of the same trigonometric
functions and the free terms in the left and right sides of
expression (21), obtain the following system of linear alge-
braic equations with respect to the unknowns M, N, and R:

41r2-V2 _2A TV __2mBy-hy,V
(_ z T, ) AL T T A
PAIY 4 (0 4 )y = Bete (22)
Ayly 2 A, A,
Ao . p =Boho
A, A,

From the third equation of system (22), the unknown

R is determined:
Ba'ha

R = .
4o

23)

To reduce the cumbersomeness of the equations, the
following notation will be used:

_4AmtV? A,

7ot (24)
% =T, (25)
=, (26)
—% =K. 27)

Then the system of the first two equations of system

(22) will be written in the following form:

S-M—T-NzQ,} (28)
T-M+S-N=K.

Determine the principal determinant of the system (28):
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Therefore, to find the unknowns M and N from the sys-
tem of equations (28), the Kramer rule can be applied. Cal-
culate the necessary determinants:

au=19 “T=o-s+kT, (30)
K S
and S 0
4= K|=S-K—T-Q. (31)
Then:
_ Ay _ QS+KT
M = A S24T2 (32)
and A S':K-T
_ Ay _ SK- -Q
N = =% (33)

Substituting expressions (24)-(27) into expressions (32)
and (33), accordingly, obtain:

zn-Bl-ho-V( 4n? V2 Ao\ 2Bohg-ArmV
+
Agly 12 " 4;) Azl

= 4
M (_4712-V2+A_0)2 442.72y2 ’ (G4
2 T4 212
and
(4n2-V2 Ao\ Bo'ho 4A1-Bym%hoV?
2
N = 2 A;) A AZ.12 (35)
(_41‘[2-V2+@)2 442.72.V2
2 T4 AZ.2

Considering (34) and (35), the partial solution (18) of
the differential equation (8) will be as follows:

27r-Bl-ho-V( an?. V2  Ag\_ 2Bohg-AymV
- 7t 2
0" = Ayly 2 Ta) A2y
( 47[2-V2+Ao)2 4A§-7r2-V2
= 2 A, 22
2 T4 AZ.12

(47:2-V2 Ag\ Bo'ho _4A1-Bym?ho'V?
2Vt 2

. a3)" A, 4212
s (o o) 7
2 T4 Az12
2wVt | Byh,
cos L + a (36)

Then the total solution of the differential equation with
the right-hand side of (8), considering (17) and (36), will

be equal:
. 4, A .
A, (o sm< ,A—z v t>+C2

=@+ =e M. : +
A A
ccos| |[-2——%-t
A, 44
zn-Bl-hg-V( an? V2 Ao\ 2Bgho-AymV
Azly 12 4z) AZ1 2mV-t
+ T 7 s in +
(_4112-V2+ﬁ) 4A7 2V [N
2 T4y aZ.2
(4112-V2 Ao\ Boho _4Aq:B1m?ho'V?
+ 2 Ay) Ay %12 ) 2wVt | Boho
(_4n2-V2+A,,)2+4A§-n2-v2 cos 1, Ay
g 4] 7 a3y (37)

To determine the arbitrary constants C, and C,, the fol-
lowing initial conditions are set: since the motion starts
from a state of rest, i.e. at t=0, then:

9=0, 9=0.
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Next, find the first derivative of expression (37) in time
t. Have:

A1 2
. A -4 . A A
p=¢t¢ =—, 1 ZAZt'[Cl'SIIl( A_Z‘ﬁ't>+

A A? A A
C;- |[=2—-5-cos C——L.t]-—
A 442 A, 442
A A? A A?
—Cy+ |Z2——%-sin| [Z2——%-t ||+
A, 442 A, 4A
(38)
2n-Bl-ho-V( 4n? V2 Ao\ 2Boho-AymV
n Ayly Y Azl 2nV
(_4n2-v2+ﬂ)2 443-72.v2 Iy
2 T4 2.2

(4112-V2 Ao\ Boho 4A1-B1m%hoV?
2Vt 12

cos 4,) A, AZ.2
I, (_4n2-v2 +Ao)2 442.72.y2
2 T4 2.2
2nV . 2Vt
- Sl
Iy Iy

Considering the initial conditions, the following expres-
sion is obtained from (37):

(4nZ~VZ Ao\ Bo'ho 4A1-B1m?hoV?

2 Az) A A3-12 By'hy _
G+ am2v2  Ay\% 44222 + A, 0. (39
(__z+_) e °
Z A 22

Under the same initial conditions, the following is
obtained from (38):

40+,
22, 1 2
zn-Bl-ho-V( 4n? V2 Ao\ 2Bgho-AymV
4, A4 Aply 2 4p) A2l
4, 443 _anV2 do\* 44in2 2
712 72
l1 2 Az-l1
(40)
2n-V
. =0.
1

From expression (39), the value of the arbitrary con-
stant C, is obtained:

(4n2-V2 Ao\ Boho 4A1-Bym?hoV?

C, = 2 A) Az AZ.12 Byhy . (41)
2= = 2 42202 -
an2-v2Z Ap 4AT T2V A,
Tz ta, AZ12
1 2 21

Substituting (41) into (40), the value of the arbitrary
constant C, is obtained:

(4112-112 Ao\ Bo'ho 4A1-Bym?hoV?

_ {Al U Z ) 4 212 __Byhy
17 24, ( 4712-V2+Ag)2 443-m2-v2 A,
- 2 A, 22
Z T4y Az12

zn-Bl-hg-V( an? V2 Ag\ 2Bgho-ArmV
Aply 2 4p) A3y 2mV % (A_o_ Azl) 2
2 2.g2.y2 2 .

(_4712-V2+A_0) 4472V I A, 445 (42)

2 22
Z Ay Az12

Substituting expressions (41) and (42) into the general
solution (37) of equation (8), a partial solution of this equa-
tion satisfying the initial conditions is obtained:
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<4112-V2 Ao\ Boho 4A1:Bym?hoV?

2nByhoV [ an?V? Ag\ 2BghoAymV

A
_ e__zAlz't Ay 2 Az) Az AZ-12 By'hy Azly \ 12 43) Az, 2V
4 24, ( 4112-V2+A0)2 44%.72y2 A, ( 4112-V2+A0)2 14222 I
Y A, 22 ) A, 2.2
Z a4 22 2 Ay Az12
1 <4112-V2 Ao\ Boho 4A1:Bym?hoV?
2\ 75 2 2 2.2
.(ﬁ_i) Zogin [Ae—Ai.¢) = 4y A2 42 A3l Bool, cos [e—AL . 4|} 4
A, 4A% A,  4A% P L A, A, 442
7z 'n, A2
1 271
2mB1hoV ( 4m? V2 Ao\ 2BghoAymV <4n2-V2 Ao\ Bo'ho 4A1:BymhoV?
n Ayly \ & 43) A2 _Sin21r~V~t 2 Az) Az 4212 COSZn~V~t+Bo~ho
PR L l an2.v2 4o\% aAlm2y2 1 4, (43)
<— 7 +—°) i ' <——z+—°) i ' 0
Z a4 22 2 T4y Az12

And finally, substituting the expressions for the coefficients A , A , A,, B,, B, in (43), finally obtaining a partial solution

¢ of the differential equation (8):

wi? (MIZZ-V2 Zc-LZ\ 2¢:L-hg 16;42-L23-1t22-hg-V2 4m-p-L-hgV ( MIZZ-V2 , Zc-LZ\ 8£-L3-2hg-u-1t-V ) - 1
0= e_m. w2 | \U# loy ) loy 12,12 _he Toyly [ loy ) [ 2nv (ZC-L _pEL ) 2
oy ( am2.v2 ZE-LZ)2  16u2-L4-m2.v2 L ( am2.v2 ZE-LZ)2  16p2-L4-n2.v2 1y Ioy Igy
Z Tly) T 12,82 ] Z Ty ) T 13,0
(41t2-V2 Zc-LZ\ 2¢L-hy 16p%-L3-m2-hoV2 4m-p-L-hgV ( an2.y2 EZE-LZ\ 8c-L3-ho-p-mV
sin (\/ZC.LZ _pEL ) t) _ 2 loy ) loy 12,12 +ﬂ ) COS( 2012 plt ) t) + Toyly 2 loy ) 2,1
Ioy Igy ( am2.v2 ZE-LZ)2  16p2-L4-n2.v2 L Ioy Igy ( am2.v2 ZE-LZ)2  16p2-L4-n2.v2
Z 7 Ioy 12,12 Z 7 Ioy 12,12

an2.v2 Zc-LZ) 2¢L-hg 16p%-L3-m2-hoV2

2Vt (li loy

. Ioy 12,12 2nVt | h
sin + > oy 0S + =
A ( am2.v2 Zc-LZ)  16p2-L4-n2.v2 1y L
Z 7 Ioy 12,12

The amplitude of the free (natural) oscillations of
the dynamical system examined is determined from the
expression:

A=e o' [CTFCZ,Rad, (45)
where C, and C, can be determined from expressions (41)
and (42), respectively. In the final expression (44), C, and

2c-L? FZ'L4
- t) and
loy Ioy

C, - the coefficients of functions sin(

2c-12 u2-L4 )

Ccos ( 3
Ioy Ioy
_ 2c-L? HZ'LA’
k= T Tz
oy oy

Therewith:
is the circular frequency of natural oscillations of the
dynamic system considered, s

As can be seen from expression (45), these fluctuations
are damped with time t, since the factor before the square

(46)

wL?

root in this expression tends to zero, i.e: tlim e oy =0.
—00

The amplitude B of the forced oscillations arising from
the influence of soil surface irregularities on the movement
of the root crop tops cutter is equal to the root of the square
of the sum of the squared coefficients in expression (44) for
functions sin Zz—lw and cos 27;—;”, respectively. This amplitude

(44)

B of forced oscillations is measured in radians. Based on
the above, the analytical expression for determining B is
as follows:

2
4 wl-hoV ( an2v2 2cL?\ 8cL3-hg-pumV
- 2 ' 2
2 oy ) 13,1
( 4m2.y2 2c-L2>2 L 16p2-L4m2.v2
- 2 A 2 2
B= 2 Ioy [
an2V2 2012\ 2cL-ho 16p2-L3-m2-ho V2 2
lZ
+ 1
( 4m2.y2 2c-L2>2 L 16p2-L4m2.v2

2 2 2
Z oy 2,12

Toylh

loy ) loy 5y

\ (47)

The circular frequency of forced oscillations of the
dynamic system considered will be equal to:

_2nv

L s-1, (48)

Thus, finally, based on the analytical study, a closed-
form solution of the differential equation of motion of
the machine for cutting the tops of root crops in the longi-
tudinal-vertical plane was performed and specific expres-
sions were obtained to determine the main indicators of the
oscillatory process. Namely, the rotation angle ¢, the ampli-
tudes of natural A and forced B oscillations and the natural
frequency k and v — the forced frequency.

Using the final analytical expressions obtained with
a personal computer and the PTC Mathcad 15 software
developed for this purpose, numerical calculations were per-
formed, and new graphical dependencies were built based
on them, as presented in Figure 3-Figure 7.
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Figure 3. Dynamics of fluctuations in the angle ¢ of
rotation of a machine for cutting tops of root crops at
different speeds V of its working movement: 1 — 1.5 m-s;
2-2.0m-=s";3-2.5m:s"!

Thus, the analysis of the mathematical modelling data,
represented by the curves in Figure 3, demonstrates that
a change in the speed V of the working translational move-
ment of the machine for cutting the tops of root crops has
two consequences.

Thus, the essence of the first consequence is that when
the speed V of the translational movement of the machine
increases from 1.5 to 2.5 m-s™!, the amplitude of oscillations
of the angle ¢ of rotation of the machine for cutting the tops
of root crops in the examined plane undesirably increases
(Fig. 3). The first maximum of this process indicates that this
increase is 0.3°: from 0.88° at a travel speed of V=1.5 m-s’!
(curve 1 on the graph) to 1.180, when the forward speed V
of the machine for cutting the tops of root crops at the root
is already 2.5 m-s™! (curve 3 on the graph).

The second consequence is related to the dynamics of
changes in such an estimation parameter as the time when
the considered dynamic system reaches the first maximum
of the oscillations of angle ¢. In this case, this time can
be assumed to be the duration of the transitional process
of the system’s reaching a stable mode of operation. The

0.6
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analysis of the curves in Figure 3 demonstrates that when
the machine for cutting root crop tops moves with a trans-
lational speed of V, equal to 1.5 m-s’!, the duration of the
transient process is 0.22 s (curve 1 on the graph). During the
translational movement of the machine for cutting the tops
of root crops with a movement speed of V, equal to 2.5 m-s!,
the value of the estimated indicator decreases to 0.14 s, i.e.
by 36%, which is desirable.

As can be observed from the graphs of Figure 3, the pos-
itive amplitude of oscillations of the angle ¢ of rotation of
the machine for cutting the tops of root crops in the inves-
tigated plane is no more than 1.2°, and the negative ampli-
tude does not even reach 0.3°. As a result, the oscillation
range of the considered oscillatory process is insignificant
and does not exceed 1.4°.

It indicates that in the considered range of speeds of
the V machine for cutting the tops of root crops, equal to
1.5...2.5 m-s!, preference should be given to higher values
of this parameter. Therewith, consider that an increase in
the speed of movement V of this machine will ensure the
appropriate performance, albeit with a slight increase in the
amplitude of angular oscillations and a small (in absolute
value) reduction in the transient process, which will bring
this dynamic system to a stable mode of operation, which
will be extremely desirable.

Therewith, the negative amplitudes of the oscillations
of the angle ¢ (refer to the graphs in Fig. 3) are conditioned
upon the elastic properties of the copy wheels, which are
quantified by the value of the coefficient c of the stiffness
of their pneumatic tyres. Therewith, it is observed that the
smaller it is, the more noticeable the response of the root
crop cutting machine (through its support and copying
wheels) in response to fluctuations in the longitudinal profile
of field surface irregularities represented by dependence (5).

Further analysis of the mathematical modelling results
fully confirms this. Setting the stiffness coefficient of the ¢
pneumatic tyres of the copy wheels of the root crop tops
cutter at 550 kN-m causes its angular oscillatory move-
ments with smaller negative and larger positive amplitudes
(curve 2 in Fig. 4).
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Figure 4. Dynamics of fluctuations in the angle ¢ of rotation of a machine for cutting tops of root crops at different
values of the stiffness coefficient ¢ of its copy wheels: 1 — 115 kN-m; 2 — 550 kN-m
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In contrast, when the stiffness c of the pneumatic tyres
of the machine’s copy wheels is 115 kN-m, the part of the
amplitude curve in the positive zone of this graph (curve 1
of Fig. 4) decreases. The negative component of the ampli-
tude increases more significantly: by a factor of 7-8 com-
pared to the situation with a tyre stiffnessc of 550 kN-m.

The damping coefficient u of the tyres of the root crop
top dresser is as follows. Thus, increasing the value of this
parameter from 350 to 1350 kN-s-m! has very little effect on
the change in the negative component of the angle oscilla-
tion amplitude ¢, which for both values of the coefficient u
does not exceed 0.2° (see Fig. 5).
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Figure 5. Dynamics of oscillations of the angle ¢ of rotation of a machine for cutting tops of root crops at different
values of the damping coefficient u of its copy wheels:1 — 350 kN-s-m!; 2 — 1350 kN-s-m!

As for the positive component of the amplitude of the
process examined, it is 15...17% lower in the case of a larger
parameter value u (curve 2 in Fig. 5). Thus, the stiffer the
tyres of the root crop peelers, the smaller the angle ¢ (in
the positive zone of this graph) of deviation from the static
position. Therewith, considering the relatively small value
of this deviation, it can be stated that the machine for cut-
ting tops of root crops is invariant to changes in the values
of the damping coefficient u of the tyres of its support and
copying wheels.

Thus, there is every reason to consider this machine for
cutting the tops of root crops as a dynamic system that can
be represented by a physical pendulum that makes angu-
lar oscillations relative to the point O (Fig. 2). These angu-
lar oscillations are specifically determined by the ampli-
tude of the vertical movement of the machine’s copy wheels
(point B in the diagram in Fig. 2). However, point B, which
performs these oscillations, has an amplitude that depends

entirely on the length L. Thus, it is the length that connects
point B with the centre of instantaneous rotation (point O)
of the oscillatory system considered.

Therewith, a change in the design parameter L causes
a simultaneous change in the parameter [, which is the lon-
gitudinal coordinate of the centre of mass of the root crop
top cutter (point C in Fig. 2). Thus, it is necessary to con-
sider a mutually agreed change in the parameters L and I.

Finally, based on the calculations, it was found that
an increase in the distance L (and, therewith, [; denoted as
L(]) in the graphs) leads to a desirable and logical decrease
in the amplitude of angular oscillations of the root crop
tops machine (Fig. 6). Moreover, these changes mainly relate
to amplitude values that are in the positive range. From
the curves presented in these graphs, it can be seen that its
first maxima indicate that an increase in the values of the
parameters L and [ by 1 m causes a decrease in the angle ¢
from 0.72 to 0.44°, i.e. a decrease of almost 39%.
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Figure 6. Dynamics of oscillations of the angle ¢ of rotation of the machine for cutting the tops of root crops at
different values of parameters L(l): 1 - 3.8(2.8) m; 2 — 4.3(3.3) m; 3 —4.8(3.8) m
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This result indicates the necessity of designing
a machine for cutting the tops of root crops with the high-
est possible value of the L parameter. It can be accom-
plished by connecting the machine to the tractor in such
a way that £ MDP (see Fig. 2) of the central linkage MD of
the front hitch is as high as possible concerning the ver-
tical. It should be noted that the value of the DP parame-
ter must in any case be greater than the value of the MK
parameter, which is the shortest distance between the
attachment points of the centre and lower links of the
front hitch to the implement. With DP=MK, the lat-
ter becomes a parallelogram, thus lifting the mounted
front machine into the transport position without turn-
ing it in the longitudinal-vertical plane. From the stand-
point of aggregation, it is an undesirable outcome. The

M. Budzanivskyi

variant when DP<MK is completely unacceptable, since in
this case it becomes impossible to raise the frontal stub-
ble harvester (and other trailed agricultural machines) to
the transport position at all [7; 19].

In addition, the factors that affect the dynamics of the
angle ¢ of rotation of the machine for cutting the tops of
root crops include the period of fluctuations in the longitu-
dinal profile of unevenness of the field surface /,. The most
common values of this parameter for fields where root crops
are grown are 0.70 and 1.75 m.

The analysis of the calculations demonstrates that an
increase in the value of the period /,of disturbing oscilla-
tions from 0.70 to 1.75 m, although insignificant, reduces
the amplitude of angular oscillations of the machine for cut-
ting root crop tops (Fig. 7).
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Figure 7. Dynamics of oscillations of the angle ¢ of rotation of the machine for cutting tops of root crops at different
values of parameter [:1-0.70 m; 2 - 1.75m

It follows that this desired reduction will be greater
the larger the value of the parameter /.. It can be achieved
by carefully levelling the longitudinal profile of the field in
preparation for sowing root crops.

Other calculations using a personal computer demon-
strated that the influence of different values of the remaining
design parameters on the dynamics of angular vibrations of
the machine for cutting the tops of root crops is insignificant.

Thus, the results of the analytical study indicate
the achievement of the goal, which was related to deter-
mining the optimal kinematic and design parameters of
a new machine for cutting root crop tops on the root by
exploring the dynamics of its oscillatory movements in the
longitudinal-vertical plane.

The previously obtained results are thematically close
to the present study and published scientific works of other
researchers [1; 2; 4], which contain the constructed mathe-
matical models of frontally mounted stubble harvesters on
an aggregating tractor. What is common in this, and these
published works is that oscillations of soil surface irregular-
ities in the form of a harmonic function are used as an input
external forced disturbance. Another common feature is the
representation of the copy wheels of buncher machines in
the form of elastic-damping models.

If comparing the differences between the results
obtained in this research and the subject of the study and
the results of other authors [1; 2; 4], it can be observed that
the fundamental difference is related to the fact that the
dynamics of oscillatory motion is considered here only in
the presence of a single generalised coordinate ¢. Thus, the
absence of unnecessary generalised coordinates signifi-
cantly improves the accuracy of numerical calculations on
a personal computer. It is known that the study of oscilla-
tory movements, provided that they are added by two extra
coordinates related to each other, actually reflects the true
nature of the processes occurring with distortions. It sig-
nificantly reduces the accuracy of the results. In addition,
numerical calculations on a personal computer were per-
formed in previously published works under the assump-
tion of constant values of many parameters, which may be
of a statistical (probabilistic) nature.

None of the works [1; 2; 4], and works close to this sub-
ject [7-9], do not provide detailed transformations and the
final solution of the resulting differential equation in closed
form, i.e., obtaining the final solution in the form of new
ordinary linear dependencies, which allow for high accuracy
to conduct relatively simple numerical calculations in the
future and do it for a wide class of stubble harvesting and
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other agricultural machines (reapers, mowers, shredders of
plant residues, etc.), of various designs and rows, which are
hung in front of the aggregating tractor.

The subject of research contained in works [12; 14; 15; 21]
and concerning related issues presented in this research,
generally relate to the quality of technological processes
of mechanised harvesting of root crops, which confirms the
importance of this study, since the design and kinematic
parameters of the machine for harvesting root crop tops on
the root obtained here only improve the process.

In addition, the methodology presented in this
research for solving a differential equation that belongs to
the class of second-order differential equations with con-
stant coefficients and a right-hand side that is not availa-
ble in any previously published works can be widely used
to explore the dynamics of front- and rear-mounted mul-
tiple structures of various agricultural machines as part
of machine-tractor units.

CONCLUSIONS

If the machine for cutting root crop tops moves at a forward
speed of up to 2.5 m-s’, the time for this oscillatory system
to reach a stable mode of operation will be reduced to 0.14 s.
This circumstance will contribute both to an increase in the
productivity of the tops harvesting and to a slight increase
in the amplitude of its angular oscillations.

The coefficient c of stiffness of the tyres of the copy
wheels of a root crop peeling machine, if reduced, causes
angular vibrations of the machine with slightly higher pos-
itive and significantly lower negative amplitudes in the lon-
gitudinal-vertical plane.

It was established that the stiffer the pneumatic tyres
of the copying wheels of the machine for cutting the tops of
root crops, the smaller the angle ¢ of deviation from its static
position. However, the relative smallness of this deviation
allows stating that the machine for cutting tops of root crops
on the root is invariant to changes in the values of the coef-
ficient p of damping of pneumatic tyres of its copy wheels.

Reducing the amplitude of angular oscillations in the
longitudinal-vertical plane of the root crop tops cutter can
be achieved by increasing the distance L from the axles of the
tracing wheels (point B) to point O, which is the centre of rota-
tion of the front linkage of the aggregating tractor. Therewith,
the central linkage MD of the tractor’s front linkage should be
inclined at the greatest possible angle to the vertical position.

A more stable movement in the longitudinal-ver-
tical plane of the root crop top dresser can be achieved by
increasing the periods [, of oscillation of the longitudinal
profile of the uneven soil surface. And it is possible due to
a more thorough levelling of the field surface, with surface
tillage, where root crops will be grown.

Further research should be focused on determining the
parameters of oscillatory movements of the rotary cutting
unit of the machine for cutting root crop tops (possibly its
springing relative to the main frame of the machine), which
will increase the number of tops harvested and the quality
of cutting root crop heads. In addition, it is necessary to
further consider the automation of the copying process, the
accuracy and reliability of obtaining information on soil sur-
face irregularities in the rows of crops, with the possibility
of further obtaining and using the information on the loca-
tion of root crop heads relative to the soil surface in height.
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Mwupocias IropoBuu BynsaHiBcbKuit
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MaTteMaTUuyHe MoaenioBaHHA KOIMBaHb MalLUMHU
ana 3pi3a|-|H;| rMyKun KopeHenninHMx KynbTyp

AHoTAaUif. BICOKOSIKiCHE 3pi3aHHs I'MYKY KOPEHEIUTIIHMX Ky/IbTyp Ha KOPeHi 06YMOBITIOE He Ti/IbKY 30MpaHHs 1i BCOKOTO
BpOXXalo, a /i BU3HaUa€ KOHAMLIiIHI B1acCTUBOCTI KOPEHEeIIONiB Mepef; iX BUKOIyBaHHAM 3 I'pyHTY. TOMy MOLITYK YMOB, SIKi
6ynyTh 1ie 3a6e3MeuyBaTi € BasKIMBOIO i aKTyaJIbHOIO MPO6IeMOI0 BUPOOGHUIITBA LIMX KYJAbTYp. MeTo1o gaHoi cTaTTi 6yiio
BM3HAUEHHS IIISIXOM aHaJiTUIHOTO JOCTiIKeHHS OIITUMaIbHIMX MTapaMeTpPiB HOBO1 KOHCTPYKIii MaIlMHy AJis 36MpaHHs
IMYKY KOPeHeIUTiJHUX KYJIbTYD, SIKa HaBilIyeTbCS TIOIlepely arperaTyiouoro TpakTopa i 37iliCHIOE€ KOIMBaAbHI pyXu y
MOB3J0BKHbO-BePTUKAIbHI IIIOIMHI. By/iu BUKOpUCTaHi MeToau, sIKi MOB’sI3aHi 3 MOAETIOBAHHIM CKIaJHUX JUHAMIYHUX
CUCTEM, IO CKIAAI0ThCS 3 arperaTylouoro TpakTopa Ta nepegHbOHaBilIeHOT MaIlMHY, CKJIaJaHHS Ta PO3B’SI3yBaHHS
B KiHLIeBOMY BUIISIZi IudepeHIliiHMX PiBHSIHb KONMBAJIbHOTO PyXy Ta KOMIT IOTEPHOTO MOJIeTI0BaHHS KOIMBAIbHOTO
rpoiiecy. 3rigHo po3pobaeHoi eKBiBaJIeHTHOI cxeMu OYyJI0 PO3B’si3aHe y KiHIIeBOMY BUIVISIAI HOBe nudepeHIiiaabHe
PIiBHSIHHSI KYTOBMX KOMMBAHb MaIIMHM. 3[i/iCHEHO TaKOX UMcIoBe MopentoBaHHs Ha I1K, sike 1ao MOKIMBICTb TTOOYLyBaTU
rpadiuHi 3a/1Ie)KHOCTi KyTa ¢ MOBOPOTY MaIIMHY 3a Pi3HOI mBUAKOCTI V ii mocTynmanbHOTroO pyxy Ta 3HaueHb KoedillieHTa
€ JKOpCTKOCTI Ta KoedirieHTa u meMndipyBaHHS THEBMATUYHMX IIMH KOTiIOBAJbHMX KOJIiC, 8 TAKOK 3a Pi3HUX 3HAUEHb
HepiBHOCTe MoBepXHi I'PYHTY i OCHOBHMX KOHCTPYKTMBHUX ITapaMeTpiB MaIlMHU. By/0 BCTAaHOBIIEHO, 1110 MPpY 36iblIeHH]
V31,5 m-c! mo 2,5 m-c''1 amMmIutiTYyia KOMMBaHb KyTa ¢ IOBOPOTY MaliHu 3poctae 3 0,88° mo 1,18°. OgHak, ipu V' 1,5 m-c’!
TPUBAJICTD MepeXigHOro mpoiecy craHoBUTh 0,22 ¢, a 3a IBUAKICTIO 2.5 M-c! — 1 11e¥1 MOKa3HMK BXe cTaHOBUTH 0,14 ¢, TO6TO
3MEHIIYEThCS Ha 36 %. [I03UTHBHA aMIUTITya KOJIMBAaHb KyTa ¢ MMOBOPOTY MAIlMHM Jocsrae 1,2°, a Bin’eMHa aMILTITya He
niepeBuiye 0,3°, TO6TO po3Max KOJMMBaHb € He3HAUHMM. Y [liana3oHi po3mIsHYTUX V mepeBary CIiJi HagaBaTy ii 6ibmmm
3HaueHHsM. [lngxom mopentoBaHHS Ha [1K BM3HayeHi KOHCTPYKTUBHI J1 KiIHEMaTUUHi TapamMeTpy AOCIiIKyBaHOI CUCTEMM.
HaBeneHa MeTOAMKA MaTeMaTUYHOTO MOZETIOBAHHS KOIMBAIBHOTO MPOLIeCy MOXKe 6yTY BUKOPMUCTAHOIO MTPY AOC/TiIKeHH]
6yIb-IKMX MaIINH, SIKi HAUiITIOIOThCSI TIOTIepey arperaTylouoro TpakTopa

Knio4oBi cnoBa: 6ypsik IyKpOBMit; 36MpaHHs; KOMMBaHHS; qudepeHiiiaabHe piBHSIHHS; po3B’a3yBaHHs Ha I1K; rpadiku
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A methodical approach to determining the damage characteristics
of cyclically loaded samples of metal structures

Abstract. The article deals with an actual task of developing engineering methods for predicting the durability
of modern long-life machines should be based on the methodology for determining the degree of fatigue damage
to materials and structural elements. In the development of such a methodology, the work proposes to use modern
optical and computer tools that allow analyzing the parameters of the deformed surface of metal structure samples and,
on this basis, to estimate the residual resource of the metal structure. The purpose of the article was to substantiate
a methodical approach for determining the limit state of damage using photometric analysis of the topography of
the micro-deformed surface of cyclically loaded metal structure samples. To analyze the fatigue damage characteristics
of metals and alloys, an experimental information system was developed based on the method of coherent optical
scanning of the deformed surface of metal structure samples with a resolution of 0.2 pm/px. The obtained specklograms
of the photodiode matrix, corresponding to the two-dimensional image of the micro-deformed surface of the sample
in shades of gray 0-255, were computer analyzed. This made it possible to construct diagrams of the kinetics of the
process of accumulation of the amplitude of the deformation microrelief of the surface of the laboratory samples
for the studied steels St 45 and St 20. It is shown that the kinetics of speckle brightness obtained in the work by the
correlation method, which corresponds to the evolution of the accumulation of fatigue damage on the surface of
the studied structural steel samples, is characterized by a nonlinear function, which is consistent with the results of
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deformation microrelief studies obtained by other methods. The proposed methodology for analyzing the discrete
distribution of specklogram brightness can be used to predict the onset of the limit state of a metal structure before

failure due to fatigue

Keywords: fatigue of metals and alloys; correlational analysis;, microplastic deformation of the surface; deformation

microrelief; photometric scanning

INTRODUCTION
Modern requirements for the operational resource
of machines and equipment provide for their long-term
operation [1], which can reach 109 cycles based on the
declared duration of operation of machines based on cyclic
loading. It is also necessary to develop new approaches to
create a methodology for tracking fatigue damage of materi-
als and structural elements on large load bases, as a basis for
developing scientifically based engineering methods for pre-
dicting the durability of modern machines and equipment.

In the calculations of the residual resource of metal
structures, the kinetics of scattered fatigue damage accu-
mulation are analyzed depending on the model concept
of the material structure. Diffuse fatigue damage devel-
ops mainly in the surface layers of the material, so it is
important to study the changes in relief amplitudes under
the action of cyclic loading [2].

The majority of scientifically based approaches to
assessing the degree of damage to metal structures are
based on models that use the parameters of the limit sizes of
crack-like defects [3], the determination of which is a com-
plicated resource-consuming task in the case of the need to
predict the durability of materials and structural elements
under multi-cycle fatigue. There is a need to develop alter-
native methods of research that allow obtaining parame-
ters of the limit state of damage of highly stressed metal
structures regardless of the limit characteristics of local
centers of destruction. Such approaches include the meth-
odology of determining the parameters of inelastic defor-
mations, the kinetic characteristics of which contain infor-
mation about the stages of fatigue and the residual resource
of metal structures under multi-cycle fatigue in the range
of 107-109 cycles [4].

It was shown in [5] that the plastic deformation of
a metal from the microyield point to local destruction
develops as a result of its dynamic localization at the meso-
scopic level. In [6], it was established that in the case of
repeated impact periodic loading of metal samples, local
destruction occurs as a result of a certain limit accumulation
of microplastic deformations in the surface layer. According
to the results obtained in work [7], microplastic deforma-
tion is realized even under cyclic stresses that are somewhat
lower than the endurance limit of the material, determined
on the bases of loading recommended by fatigue standards.

This phenomenon is a prerequisite to substantiate the
criteria of the limit state of the integrity of the surface of
the metal structure based on the amplitude characteristics
of microdeformation. The accumulation of inelastic defor-
mations on the surface of the structural material allows the

use of optical computer tools for direct measurement of the
characteristics of the local deformation of the surface layer
of the metal structure [8]. Optical methods, in which remote
scanning of the metal structure surface is implemented, are
characterized by the appropriate selectivity of detecting
defects and their isolation.

Traces of microplastic deformation on the surface of
a material cyclically loaded at a stress level close to the
endurance limit in the initial stages of the accumulation of
fatigue damage can be determined by the methods of atomic
force or laser microscopy [9]. The analysis of damage kinet-
ics assessed by such methods is accompanied by method-
ological difficulties, therefore, in order to assess the accu-
mulated damage on the surface of a metal structure sample
in the stages of fatigue before its localization, it is advisa-
ble to use correlational statistical characteristics of defor-
mation surface defects. This will lead to a simplification of
the method of tracking the transition of the damaged state
of the metal structure to the limit with a satisfactory degree
of reliability of the forecast under multi-cycle fatigue.

The purpose of the research is to substantiate the
methodical approach to determining the characteristics of
the physico-mechanical limit state of damage of cyclically
loaded samples of metal structures, which precedes the
local destruction of the material, evaluated according to
the deformation criterion, using photometric analysis of
the topography of the deformed surface.

The objectives of the study were to obtain and analyze
the regularities of the effect of multicycle deformation on
the intensity of changes in the parameters of the microrelief
formed on the surface of the steel samples under fatigue.

LITERATURE REVIEW

In the study [10], it was found that the kinetics of propa-
gation of surface and subsurface damage in metal struc-
tures depends on the dissipative properties of the material
under multicycle loading at the level of 10-4-10-6 rela-
tive deformation, which causes the appearance and growth
of local microplastic deformations. The achievement of
their parameter limit values leads to the local destruction
of the metal structure under stresses that do not exceed
the elastic limits, i.e. in such places, the destruction is
preceded by local microplastic deformation of the metal,
as shown in [11].

In [12] it is stated that the limit state of a structural
element can be determined by the state of the surface
layer formed under external influence, when due to defor-
mation the state of the mesovolume is characterized by
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a certain parameter of physical and mechanical properties.
In multi-cycle fatigue, which is characterized by staged
process, diffuse fatigue damage in the form of microscopic
cells mainly accumulates in the first stage before the next
stage of localized damage formation.

The authors of the work [13] established that the
change in physical and mechanical properties under cyclic
loading causes the inhomogeneity of local deformation, as
a result of which different structural elements of the mate-
rial are at different stages of damage development, which
determines the discreteness of the characteristics of periods
of fatigue damage. Likewise, when analyzing the degree of
fatigue damage of an elastic-plastic polycrystal, it is neces-
sary to take into account the kinetics of changes in proper-
ties during cyclic loading.

The kinetics of microplastic deformations of the poly-
crystal, initiated by structural mechanisms that depend
on the nature of the material, determines the durability of
the metal structure. The authors of the work [14] pointed
out the importance of studying the structure of surface
discrete deformation defects on the metal surface during
cyclic deformation. The distribution function of deforma-
tion defects reveals the properties of a normal distribution
due to the random nature of the localization of shifts in the
sliding planes of the polycrystalline structure of the surface
of the deformed sample.

It was shown in [15] that slip bands form a deforma-
tion microrelief on the surface of a deformed sample as
a result of repeated sliding in the crystallographic planes
of the surface layer of the material. The amplitude of the
deformation relief, which accumulates on the surface of the
deformed metal structure sample, corresponds to the degree
of structural material damage. The density of deformation
defects depends on the parameters of cyclic loading: ampli-
tude and duration of action. Plastic deformation occurs
in a limited number of microvolumes, but their number
increases with an increase in the number of loading cycles,
that is, the specific density of slip bands increases. The
parameter of the accumulated damage of structural mate-
rial samples characterizes the exhaustion of the resource of
its plastic properties.

The application of scanning and transmission elec-
tron microscopy and methods of quantitative fractog-
raphy to determine the characteristics of the physical
and mechanical limit state of fatigue damage to the surface
of structural materials is demonstrated in works [16; 17]. It
was shown that the use of these methods allows to inves-
tigate certain stages of damage initiation and its develop-
ment to cracks of critical size, which can be used to esti-
mate the service life of metal structures. In particular, the
authors of [18] introduce a certain number of parameters
to describe the geometry of the surface microrelief cre-
ated during cyclic loading, which allows for a more accu-
rate description of the topography of the deformed surface.
According to the international standard [19], it is proposed
to introduce a system of normative parameters for meas-
uring roughness amplitudes in the case of measuring the

characteristics of vertical deviations of the geometric sur-
face of a metal. Taking into account the requirements of
this standard provides a summarized determination of the
durability indicators of the metal structure according to the
criterion of the surface roughness parameter of microplas-
tic deformations.

In published works [8; 20; 21] it is shown that the
use of such computerized methods as, respectively, wave-
let analysis, fractal parameterization, and the synergis-
tic approach allows to identify patterns of accumulation
of fatigue damage on the surface of structural materi-
als and to establish their correlation dependences with
fatigue characteristics. In particular, work [22] states that
the statistical kinetic characteristics of the accumulation
of damage in austenitic steels due to their cyclic loading
are correlated with certain parameters of the microstruc-
ture, and the revealed correlation depends on the sensi-
tivity of the method used to control the fatigue damage of
the material.

So, from the above analysis of publications, it can be
concluded that scientists are currently paying significant
attention to the issues of assessing the kinetics of fatigue
damage accumulation in structural materials, modern
computerized methods of measurement and analysis are
involved in the study, but research into the possibilities of
using engineering methods to control the deformed state
of the surface of structural the material is not enough now.

MATERIALS AND METHODS

In this work, the surfaces of flat samples of St 45 and St 20
steels (corset shape, length of the working part - 50 mm,
width of the narrowest cross-section of the working part
of the sample 10 mm, thickness 3 mm) cyclically loaded on
the Amsler testing machine under zero cycles were inves-
tigated tension-compression. For the indicated sizes of the
samples, fatigue tests were carried out at loading frequen-
cies of about 230 Hz, which made it possible to analyze the
kinetics of the formed fatigue microrelief based on cyclic
loading up to 5-107 cycles at stresses above and below the
endurance limit.

Changes in the microrelief of the surface layer of sam-
ples of St 45 and St 20 steels under study were analyzed
step by step during the termination of the fatigue tests by
the method of evaluating the diffuse scattering of a laser
beam reflected from the surface, the brightness of which
correlates with the characteristic of the distribution of
the spectral density of deformation defects, in particu-
lar slip bands [23]. Quantitative assessment of the degree
of brightness of the spectrograms, which corresponds to
changes in the deformation relief on the surface of the
studied samples, was used for calculation and experimental
control of changes in the deformed state, which can cause
the loss of integrity of the surface of the metal structure
due to cyclic loading [24].

The method of atomic force microscopy (AFM) was
used to obtain the deformation relief of the surface of the
steel sample (Fig. 1).
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Figure 1. Electronic photograms of the deformation topography of the sample surface:
a — slip bands on the surface; b - AFM image of the relief of microplastic deformations of the surface

Source: [14]

According to the method [25], in this work, the microre-
lief of developed sliding bands formed on the surface of lab-
oratory steel samples was illuminated by a coherent beam
during the intervals of stopping cyclic loading, and in the
direction of the beam reflected from the surface, a field of vir-
tual speckles (specklegram) appeared on the LED matrix with
discrete brightness distribution. The analysis of the structure
of the spectrograms makes it possible to quantitatively assess
the degree of accumulation of defects on the surface of the
sample. The resolution of the developed experimental infor-
mation system for the analysis of quantitative characteristics
of diffuse damage of elastic-plastic material by the method
of coherent optical scanning is up to 0.2 pm/px. [4].

The beam of a coherent light source reflected from
a heterogeneously deformed surface contains information
about the current state of the physical and mechanical prop-
erties of the material surface. The parameters of the two-di-
mensional image of the surface microrelief with a random
distribution of deformation amplitudes characterize the
damage of the material, and the brightness parameters of
the deformed surface planes of the samples are correlated
with discrete deformations, that is, they characterize the
deformed state of the surface layer of the material in the
case of cyclic loading according to a certain mode [26].

In this work, in order to evaluate the changes in
the microplastic deformations of the surface of elastic-plas-
tic materials, which include the studied steels, the metro-
logical characteristics of the angle of reflection of the laser
beam were used. Cyclic loading of a certain duration causes
a change in the current value of the spatial orientation
angle of some local zones of the deformed surface rela-
tive to the angle of inclination of the normal vector to the
plane of the local surface of the image and the optical axis of
the matrix, which leads to a decrease in the intensity of the
beam reflected from the surface. The angles of inclination of
the surfaces of the deformation relief of the sample, which
can be considered as light-reflecting microplates, correlate
with the brightness of the virtual speckles of the image on
the LED brightness matrix.

The results of determining brightness changes on the
photodiode matrix were processed using the PAST program
using mathematical statistics methods in accordance with
the requirements of the ISO 25178-1:2016 standard [27]
regarding the roughness of the engineering surface. In par-
ticular, for individual samples of the numerical matrix of
luminances corresponding to a certain duration of cyclic
loading, the average value of n measurements, dispersion,
kurtosis and other statistical characteristics of the sample
were calculated. The results of determining the statistical
characteristics of changes in the brightness of the deformed
surface of the samples made it possible to construct corre-
lational dependences of the degree of cyclic loading of the
studied samples with the amplitude of the relief of surface
deformation defects.

In order to reduce the dispersion of the analysis results,
in the developed photometric method of studying the cor-
relation dependence of the brightness of the speckle struc-
ture image with the amplitude spectrum of the relief of local
deformation, the correspondence of the correlation param-
eter within the correlation sample of the general popula-
tion of data is taken into account. This condition can be
fulfilled by stabilizing the homogeneity parameter of the
distribution of deformation amplitudes in the local area of
one measurement for each sample located within the cor-
relation zone of the general data set. Taking into account
the inherent structural heterogeneity of the studied steels,
this condition was implemented by reducing the area of the
active zone of scanning by a coherent beam to the same
average value of the size of the structural element of the
sample surface under investigation.

RESULTS AND DISCUSSION
In Figure 2 presents images of spectrograms of the sur-
face of the C 45 steel sample at individual stages of fatigue
loading and diagrams of the brightness distribution func-
tions of these spectrograms, constructed along the imag-
inary intersections of the numerical matrix of the spec-
trograms corresponding to the imaginary intersections of
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the sample surface. From the presented images of bright-
ness spectrograms and the corresponding spectral distri-
butions calculated from the data of the numerical bright-
ness matrix, it can be seen that an increase in the number
of load cycles is characterized by a significant decrease in
the degree of brightness of the images due to a decrease in

the number of extremely bright speckles on the spectro-
grams. That is, the deformation accumulation of damage
to the surface of the sample, estimated in this paper by the
correlation method, is characterized by a certain nonlinear
function, which is consistent with the results obtained by
other methods [28].

Figure 2. Image of spectrograms and corresponding spectra of speckle brightness in shades of gray 0-255
of the surface of the St 45 steel sample: a — initial state (before cyclic loading);
b - the number of loading cycles N=5-105; ¢ — the number of loading cycles N=5-107

Qualitative analysis of spectrograms presented in Figure 2,
was clarified by statistical analysis of the numerical matrix of
spectrogram brightness in the range of shades of gray 0-255
(Table 1). Presented in the Table 1, the descriptive statistical

characteristics of the brightness distribution of the spectro-
grams at different stages of fatigue are calculated for indi-
vidual columns of the numerical matrix corresponding to
the imaginary cross-sections of the surface of the samples.

Table 1. Statistical characteristics of the brightness distribution of the spectrograms of the micro-deformed surface
of the St 45 steel sample under stresses ca=120 MPA (below the endurance limit by 30%)

The number of sample loading cycles N

The maximum value of I 255 200 125 123 140

The average value of I 130.81 116.76 74.52 84.86 89.10
Standard error 7.958 6.065 4.350 5.247 4.501
Sampling variance 3526.26 1365.99 397.46 378.73 425.49
Standard deviation 59.38 36.96 19.94 19.46 20.63
Asymmetry 1.0133 0.6261 0.4065 0.3993 0.3062
Median 113 116 77 90 91

Kurtosis -0.1992 -0.3548 0.9067 -0.3132 0.4991

Note: N is the number of sample loading cycles; I — the brightness of speckles in shades of gray

Source: developed by the authors

In the Table 1 shows the generalized results of cal-
culating the statistical characteristics of the number of
speckles of the selected gradation of brightness I (in the
range of shades of gray 0-255), which correspond to the
formed microrelief of discrete deformations of the stud-
ied surface of St 45 steel samples under different num-
ber of loading cycles N. The analysis of these data shows
that in absolute terms, the kinetics of the degree of bright-
ness of the spectrograms (both with respect to the average
and maximum brightness values) is not monotonic in the
considered range of loading cycles up to 5-107 cycles. In the
case of reaching such a loading base, an increase in the aver-
age value of the spectrogram brightness by 5% is observed
in the case of an increase in the duration of cyclic loading

by almost an order of magnitude, which reflects a certain
enlargement of the microrelief of the sample surface at large
loading bases close to the endurance limit. At the same time,
the effect of cyclic loading was also found for other statis-
tical characteristics of brightness (sharpness and asymme-
try of the normal distribution function).

In Figure 3 shows how the shape of the brightness
histograms of spectrograms constructed for individual
stages of cyclic loading of the sample, specified in Table 1,
changes. The value of speckle brightness in shades of gray
(0-255) is plotted on the abscissa axis, and the number of
speckles n of the sample is plotted on the ordinate axis.
From Figure 3 shows how the sharp peaks of the histo-
grams increase, i.e. the number of brightly luminous
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speckles decreases. Therefore, the sequence of 1 2 3 bright-
ness histograms corresponds to an increase in the specific
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area of the accumulated deformation of the metal of the
surface layer of the sample.
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Figure 3. Histograms of the brightness of the spectrograms of the micro-deformed surface of the St 45 steel sample
at different stages of cyclic loading: 1 - initial state; 2 — 5-105 cycles; 3 — 5-107 cycles

Source: developed by the authors

Therefore, in order to identify the trends of changes
in the deformation microrelief parameters of the studied
samples during the stages of multi-cycle fatigue, the statis-
tical characteristics of the brightness distribution of spec-
trograms in the form of histograms are more informative in
contrast to the absolute brightness values.

The system of correlation diagrams that characterize
the effect of cyclic loading on changes in the brightness of
spectrograms, as a manifestation of the accumulation of the
amplitude of the deformation microrelief of the surface of
the studied St 45 samples, as well as their trend lines, is
shown in Figure 4.
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Figure 4. Correlation diagrams of changes in the degree of brightness of spectrograms based on the number of pixels of
the sample taken into account, as a manifestation of the accumulation of surface deformations during fatigue
of St 45 samples for different stages of cyclic loading: 1 - initial state; 2 - N=5-105; 3 - 5-107 cycles
(thin lines depict trend lines with corresponding exponential equations and R2 confidence level)

Source: developed by the authors

Constructed according to the principle of Pareto dia-
grams, the diagrams in fig. 4 show the monotony of the loca-
tion with an increase in the duration of cyclic loading and
a significant increase in the current state of the instanta-
neous value of the angle of inclination of the graph in the
coordinates of the diagram, as signs of the dynamics of the
process of non-localized destruction under multi-cyclic

loading. The obtained data are consistent with the results
of the study of the accumulation of fatigue damage of met-
als, which present the stages of the process and a signifi-
cant increase in damage parameters at the stage before the
formation of local macro damage [29; 30]. The peculiarities
of the results of the quantitative analysis of the correlation
diagrams revealed in this work indicate the expediency of
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determining the state of fatigue damage of the metal struc-
ture according to the criterion of the limit accumulation of
the parameter characterizing changes in the brightness of
certain (light and dark) elements of spectrograms.

Currently, in the thematic publications on the accumu-
lation of fatigue damage in metallic materials, in particular
those mentioned above in this article, insufficient atten-
tion is paid to the study of the correlation between the rate
of metal damage and the large-scale hierarchy of multi-level
damage at the stages of fatigue. The importance of the study
of correlation relations under fatigue loading of metal struc-
ture samples is indicated in [4], which describes a statis-
tical method for determining the degree of damage under
variable loading based on the data of profilometric measure-
ment of the fatigue topography of the sample surface in the
range of amplitudes up to 1.0 ym. Based on the calculation
and experimental results of the analysis of the morphol-
ogy of the fracture surface of samples of materials with iso-
tropic and anisotropic mechanical properties, it is proposed
to determine a certain constant as a spatial parameter of the
surface relief of a solid body characterized by scale invari-
ance. This makes it possible to monitor the general laws of
fatigue failure, since the constant relates the parameters
of the local and general profile of the surface to the kinetic
parameters of fatigue failure. The research results obtained
in this work correspond to these principles.

Zones of elastoplastic deformation appear on the sur-
face of the sample under fatigue, which are localized as dis-
crete manifestations of inelastic deformations. The fatigue
failure of the metal of the sample is preceded by the accu-
mulation of local macrodisplacements of the surface, that
is, local plastic deformation occurs, which leads to local
failure [31]. The comparison of microhardness at the frac-
ture sites after monotonic and cyclic loading of the metal
showed their close values, which indicates the uniformity
of the limit plastic deformations leading to fracture. These
deformations are characterized by a diagram of the spec-
trum of instantaneous values of scattered damage, which
relates the topogram of the surface (amplitude of the range
of local maxima of the relief) with the duration of cyclic
loading. It has been experimentally shown that such a dia-
gram reflects the current state of local strengthening and
weakening of metal under cyclic loading [28].

The information presented in Figure 3 and 4, as well
as in Table. 1, shows that the correlation method of digi-
tal analysis of the surface relief [11] provides experimen-
tal and computational means that allow to evaluate critical
changes in the deformation microrelief of the samples based
on the criterion of the brightness intensity of spectrograms.
The digital representation of the brightness spectrum of the
spectrogram is correlated with the amplitude spectrum of
discrete deformations of the surface microrelief, which create
the microrelief of slip bands on the surface of the polycrystal-
line structure sample. Therefore, the application of coherent
optical scanning of the deformed surface of metal structure
samples is an effective tool for studying the accumulation of
fatigue damage in metal structure samples, as stated in [32].

From Figure 4, it follows that an increase in the dura-
tion of cyclic loading leads to a monotonous increase in the
amplitude of the deformation relief, which can be repre-
sented by linear or exponential dependences, which is con-
sistent with the kinetic dependences of the characteristics
of the process of accumulation of microplastic deformation
under dynamic loading of elastic-plastic structural mate-
rials [23], as well as during the previous cyclic loading
of material samples [33], obtained using other methods
of metal surface research (acoustic emission).

In order to quantitatively track the state of damage to
the surface of structural metal materials, it is proposed to
determine the damage (microplasticity) coefficient kD as
a correlation characteristic of the deformation properties of
the surface of the structural material. This coefficient, which
is a quantitative measure of the deformation relief, surface,
is calculated according to the formula:

kD:(Ii_IO )/Ii’ 1)

where the difference (I-1)) characterizes the degree of
damage to the surface area of microplastic deformations
in the window area of the base matrix; I, - the value of the
damage area parameter before loading; I, is the current
value of the damage area parameter. In the case of digital
analysis of spectrograms, parameter I should be considered
as brightness values of spectrograms in the range of shades
of gray (0-255) for the investigated stages of cyclic loading.

In Figure 5 presents the kinetic diagrams of the coeffi-
cient of damage of St 45 and St 20 steel samples, constructed
based on the results of tests with cyclic stress levels above
and below the corresponding endurance limits, which led to
different durations of cyclic loading. Testing of St 45 steel
samples was carried out under cyclic stresses ca=120 MPa,
and St 20 samples under cyclic stresses ca=240 MPa (Fig. 5a)
and 6a=200 MPa (Fig. 5b).

The presented diagrams can be described by exponen-
tial dependencies. From Figure 5b shows that the equa-
tions of the diagrams for both studied steels are similar,
the slope depends on the magnitude of the cyclic stresses
in their considered range, which is consistent with the low
intensity of deformation microrelief accumulation on the
surface of the samples under stresses close to the endur-
ance limit. In particular, this applies to the laws obtained
in [22], which relate the amplitudes of microplastic
deformations of the surface of SUS316NG steel samples,
determined as a result of direct measurement by atomic
force microscopy methods, with the level of loading under
low-cycle fatigue.

The results obtained in this work contribute to the
creation of scientific and methodological foundations of
experimental and calculation methods for determining the
residual operational resource of metal structures under the
conditions of cyclic loading, as well as methods for track-
ing the accumulation of deformation defects on the surface
of the responsible elements of metal structures under the
action of multi-cycle fatigue.
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Source: developed by the authors

CONCLUSIONS

An experimental and informational system for analyzing the
quantitative characteristics of scattered damage of an elas-
tic-plastic material by the method of coherent optical scan-
ning of a deformed surface with a resolution of 0.2 pm/px
has been developed.

The correlation characteristics of the distribution
of speckles of the selected gradation of brightness I (in
the gray range 0-255) corresponding to the formed microre-
lief of discrete deformations of the studied surface of St 45
steel samples under different number of loading cycles were
calculated. It is shown that in absolute values, the kinetics
of the degree of brightness of the spectrograms (both with
respect to the average and maximum brightness values) is
not monotonic in the considered range of loading cycles up
to 5-107. The state of damage to the metal of the sample
upon reaching such a loading base corresponds to a change
in the average value of the amplitude of the spectrogram
brightness by 5.0% due to an increase in the duration of
cyclic loading by almost an order of magnitude, which cor-
relates with the state of non-localized damage, determined
by a controlled increase in the area of the microrelief of the

sample’s deformed surface under cyclic stresses close to to
the limit of endurance.

The kinetics of the metrological parameters of the geom-
etry of the deformation defects of the surface layer of the
sample, formed as a result of cyclic loading at stresses below
and above the endurance limit, were evaluated using scanning
laser imaging microscopy. The obtained results, which are
systematized in the form of correlation characteristics, con-
tain information about the statistical process of microplastic
deformation of the surface of St 45 and St 20 structural steels.

It was established that the components of the amplitude
spectrum of the microrelief of deformation defects under
fatigue, estimated by the parameters of spectrograms, are char-
acterized by the criterion features of the limit state of the sur-
face of the metal structure in the case of cyclic loading under
stresses close to the endurance limit. In further research, it
is necessary to consider the development of experimental
and computational methods that will allow to substantiate
the application of the optical-computer method presented in
the article for establishing the limit values of the accumula-
tion of fatigue damage on the surface of metal structures that
are subjected to long-term cyclic loading during operation.
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MeToanyHUM Nigxig Woao BU3HAYEeHHS XapaKTe PUCTUK MOLLUKOOKEHHS
LUMKIiYHO HaBaHTa)XXyBaHUX 3pa3KiB MeTaNlOKOHCTPYKLUin

AHoTaUif. B cTaTTi po3MIAgaEThCS aKTyalbHa 3aaua PO3po6IeHHS iHKeHepHUX METOIB TPOTHO3YBaHHSI JOBrOBiYHOCTI
CyYaCHMX MAIIMH TPUBAJIOTO PECYpCy, sika Mae 6a3yBaTICsI HA METOLOJIOT] BiZicTeKeHHSI CTYTIeHI0 BTOMHOTO MOIIKOIKEeHHS
MarepiaiB Ta KOHCTPYKIifHMX efleMeHTiB. MeTa CTaTTi — 06rpyHTYBaTH MeTOOVYHMIA TTiIXif A/1s1 BUSHAUEHHS TPAHNYHOTO
CTaHy MOIIKOIKEeHOCTI i3 3acTOCYyBaHHSIM (GOTOMETPUUHOTO aHaTi3y Tororpadii Mikpo3gedopmMoBaHOi TOBePXHi UKITIUHO
HaBaHTAKYBaHMX 3pa3KiB METAIOKOHCTPYKIi. Y po60Ti 6y/10 BUKOPUCTAHO PO3PO6IIeHY eKCIlepUMeHTalbHO-iHpOopMaLiiiHy
CUCTeMY Ha OCHOBi MeTOIly KOTepeHTHO-ONTUYHOI0 CKaHyBaHHs AedhOopMOBaHOI ITOBEPXHi 3pa3KiB MeTaT0KOHCTPYKIIii
3 BUoKpeMmiBHicTO0 0,2 MKM/TIKC. KOMIT'10T€pHO ITpoaHaji30BaHO OTpUMaHi criekjaorpamu GpoToaiogHoi MaTpulli, mo y
BifgTiHKax ciporo 0-255 BinMoBigaoTh JBOBMMipHMM 300pakeHHSIM Mikpo3aedopMoBaHoi MOBepxHi 3pa3Kka [IJisl OKpeMuX
eTariB IMKIIYHOTO 6araTOLMKIOBOTO HABAHTAKYBAHHS. JJIsT HOCTiIKyBaHMX KOHCTPYKIiiHMX cTaneit Ct 45 i Ct 20
BUSIBJIEHO BIUIMB TPMBAJIOCTi MK/IIYHOTO HAaBaHTa)KyBaHHS Ha CTaTUCTMUUHI XapaKTepPUCTUKU SICKPABOCTi CIIeKIorpam
(TOCTPOBEPUIMHHICTB TicTOrpam Ta acumeTpito GyHKIlii HopManbHOro po3mnoziny). [TobymoBaHo Aiarpamu 3MiH CTYIIEHIO
SICKPABOCTi CIeK/IoTpam, 10 BiAMOBiga0Th KiHeTUIi HAKOTIMUYBaHHS aMILUTiTYau gedopmariiiitHoro Mmikpopenbedy
TOBepxHi JIabopaTOpHMX 3pa3KiB 3a BTOMMU. [IoKa3aHo, 1[0 OTPMMaHa KOPeJSIiiiHMM MeTOA0M KiHeTHKa SICKpaBOCTi
CIIEeKJIiB, 1110 KOPEJIIOE 3 eBOJIIOIi€I0 HAKOTIMUEeHHS BTOMHOI MOIIKO/KYBaHOCTi Ha TTOBEePXHi 3pa3KiB AOCTiIKeHMX CTaJIeid,
XapaKTepM3yeThCs HeTiHifiHOI0 QYHKIIi€I0, 110 Y3TOIKYETHCS 3 Pe3yabTaTaMu JOCTiIKeHb fedopMaliiiHoro Mikpopenbedy,
OTPMMaHMX IHIIMMM MeTofaMMu. Pe3yiabTaTy JOCIiIKeHHS (MeTOA0/I0Tisl aHa/li3y IMCKPETHOIO PO3IOAiNY SICKPaBOCTi
CIeKIOrpaM) MOKYTb 6yTU BUKOPUCTAHI AJisI TPOrHO3YBaHHS HACTAHHS IPAHMYHOTO CTAHY METAJTOKOHCTPYKIIii mepef, ii
3pyiiHyBaHHSM BHAC/TiIOK BTOMU

Knio4yoBi cnoBa: BToMa MeTaliB i CIUIaBiB; KOpEALiliHMIT aHami3; MikpoIulacTuuyHe nehOpMyBaHHS TOBEPXHI,;
nedopmarniituuii Mikpopenbed; GoTomMmeTpruHe CKaHYBaHHS
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Forecasting the electricity pricing of energy islands with renewable sources

Abstract. The strategy for the development of local low-power systems involves the use of several sources. The efficiency
of functioning such systems depends on the purposeful reliability management and it is based on the rational hierarchical
connections of their structural components. Coordination of the structure of diversified sources and their participation in
the formation of energy balance of micro-energy systems in the conditions of dynamic development of renewable energy
is an actual research task. The purpose of research was to develop a method of reliability-cost optimization of structure
of micro-energy systems with dissimilar sources, which is based on the use of reliability indicators and cost of electricity. The
studies conducted are based on the modern methods of applied statistical analysis, the theory of reliability, the synthesis
of complex multi-aggregate systems. Through the implementation of the Markov model and simulation modeling of the
functioning of sources, it has been obtained the conditions for optimal formation of the energy balance of micro-energy
system with the lowest cost of electricity, considering the reliability indicators. Computational experiments made it possible
to obtain the regularities of cost evolution of electricity and to show its dependence on the structure and algorithms of the
sources’ functioning. Using a probabilistic modeling method, it has been proved for the first time that the cost of electricity
is sensitive to the ratio availability of renewable sources of primary energy. The practical application of results lies in the
increase in efficiency of energy islands through the structural and algorithmic optimization of diversified sources (traditional
and renewable) based on determining the cost of electricity

Keywords: diversified sources of electricity; reliability-cost analysis; the Markov model; simulation modeling;
efficiency of microgrids
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INTRODUCTION
Future low capacity energy systems depend on the devel- The study is devoted to the substantiation of need to
opment of systems with distributed generation capacity  use the renewable sources of electricity in energy islands
using multiple energy sources, primarily, the renewable ones. ~ with renewable sources (EIRS) with traditional sources, as
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well as considering the probabilistic nature of access to the
primary natural factors (power of solar insolation, wind
speed, etc.) for traditional and renewable sources. This
approaching is due the expected economic effect, namely,
a reduction in the primary fuel costs for internal combustion
engines. At the same time, the instability of operation of the
renewable sources (RES) over time (caused by seasonality,
natural factors, geographical location, etc.), the problem of
substantiating the installed capacity of sources (traditional
and renewable) is a rather difficult research issue. Provided
that the uninterrupted power supply in the EIRS is ensured.

The study is devoted to the development of power sys-
tems with small volumes of electricity consumption, hav-
ing an installed capacity of electricity consumers of up to
15 kVA. The island or autonomous operating mode of such
a micro-energy system is typical for the local facilities with
limited access to main grid (centralized power system).
The use of combined power supply with several dissimilar
sources is a feasible solution for such systems.

Forecasting the electricity prices of EIRS is the impor-
tant component for developing low capacity systems and
designing the hybrid systems combining multiple sources.
It is important to consider that the management of EIRS
efficiency is a relevant problem and it depends on the struc-
tures and algorithms of analyzing the prime electricity cost
of such systems.

In the study of complex multicomponent energy sys-
tems with a stochastic nature of the behavior of its ele-
ments, the mathematical modeling involves the description
of random processes that develop depending on a number of
random factors. Most models of discrete systems with a sto-
chastic nature of functioning are built on the basis of queu-
ing models, the processes of which are random, and in many
cases, the Markov ones. Therefore, to solve such problems, it
is expedient to use the mathematical apparatus of the the-
ory of the Markov processes. Mathematical description of
the Markov processes is usually represented as systems of
differential (in the case of non-stationary mode) or algebraic
(for stationary mode) equations, the solutions of which,
in general, cannot be obtained explicitly. This necessitates

V. Kaplun et al.

the application of numerical methods for solving systems
of differential or algebraic equations. In the power systems
with multiple sources, it is possible to apply the processes
of data transmission to the information network of dis-
patching systems of the corresponding levels, the perfor-
mance of tasks and data exchange with external devices in
the computer system, etc. for the analysis of reliability and
efficiency of the use of generating capacities.

Low-power supply systems with several sources are
created for the modernization of existing networks and
they require technical and economical justifications to
choose the composition of generating capacities [1; 2].
The hybrid micro-energy systems usually include solar and
wind generators to reduce the use of hydrocarbons as primary
fuel from traditional sources [3]. The research of hybrid power
system recently requires new approaches to intelligent man-
agement of this kind of local power supply and forms a sepa-
rate conceptual direction of microgrid development as a low-
er-level smart grid system. This is the feature of operation of
such microgrids: the coordination of their modes with the
load and possibility of parallel operation with the main net-
work [4]. The autonomy class of such systems is primarily
due to the insufficient reliability of the main network. The
creation of micro-energy systems of energy island is both
a solution of the problem of power supply reliability and
the creation of prerequisites for the introduction of RES [5].
Management of the efficiency of the combined power supply
system can be solved on the basis of optimal distribution of
share in the energy balance between traditional and renew-
able sources according to the specific cost criterion for elec-
tricity. The introduction of renewable sources creates cer-
tain restrictions for the needs of autonomous power supply
systems of industrial, residential or other objects. The com-
bined use of heterogeneous sources allows both managing
the reliability of power supply, and considering the stochas-
tic supply of natural resources to coordinate the current load
or using energy storage [6; 7]. Based on the well-known pub-
lications [2; 3; 6], it is possible to generalize the composi-
tion of local micro-energy systems (Fig. 1), which are built
on the basis of the use of several heterogeneous sources.
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Figure 1. The principles of energy islands with renewable sources design
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Publications [8-10] are devoted to the development
of models for the search for optimal structures of autono-
mous power supply systems, as well as to the study of pricing
of electricity in the energy islands with renewable sources.

The purpose of research was to increase the efficiency
of island microgrid systems by means of structural optimiza-
tion of traditional and renewable sources through the indi-
cators of reliability and probability of supply of wind and
solar energy with an assessment of the cost of electricity.

MATERIALS AND METHODS

For the analysis of EIRS, it is used the graph theory, which
is one of the most convenient mathematical modeling tools
to determine the reliability of complex systems. There are
two sets of graph: (a) set of vertices and (b) set of edges [11].

The theories of the Markov processes is an effec-
tive tool for the analysis of reliability characteristics. It is
used for estimating the probabilistic indicators of com-
plex multicomponent systems [12-14]. The peculiarity of
construction of the Markov models lies in the considera-
tion of microgrid in different states such as operational and
refusal ones. Each state is characterized by different oper-
ational efficiency and resources ensuring reliability. Tran-
sitions between system states occur at the times of refusal
or restoration of one or another element of the system. It
is described the process according to the models of discrete
states for the selected time of system operation. A random
process is called the Markov process, considering the fol-
lowing factors: if the probability of system transition during
the time >, t for any moment ¢, depends only on the state
at the moment t=t, and does not depend on the fact how
the system entered this state. There are several conditions.
Since the transitions statistically independent, the intensity
of failures and the intensity of recovery are constant in time
and different from state to state. The time intervals between
the adjacent transitions are distributed according to the
exponential law. Thus, for the Markov process, the probabil-
ities of transitions from the i-th to the j-th state during the
time At will be determined by the intensity of failure A, as:

P (At=1-exp(-) Ab). (1)
For short time intervals At:
P (AD=1)AL. 2)

A circle with the identification number can be repre-
sented for reliability graph of each EIRS state (vertex) of
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the system. The transition from one state to another will
be depicted as the the lines (edges) connecting the states.
For the numerical analysis of the EIRS reliability, the math-
ematical theory of graphs can be used [12; 15].

It is possible to perform the reliability analysis of
EIRS with graphs. Random failures of system elements can
be modeling with random graphs. The reliability character-
istics of individual elements (blocks) are used to quantify
the reliability of EIRS. It is assumed that the failures of ele-
ments are statistically independent.

The theories of the Markov and semi-Markov processes
are also used. In this case, the Markov chains with states are
considered, which can be represented in the form of matrix
of transition probabilities [13; 14]:

P11 P12 P1in
P=(p21 D22 DP2n
Pn1 Pn2 Pnn 1 (3)

The elements of transition matrix p; represents proba-
bility of the system transition to the state j from the state i
in one step. The diagonal element pij represents the prob-
ability that the system will be constant.

The transition from one state to another is described
according to the cumulative distribution function e, for
each state k for random variables. In case of the Markov pro-
cesses, all distributions F, | are exponential ones. Knowing
the transition probabilities such as: p;, parameters, 1, and dis-
tributions F , of the time during which the process remains
in state i, the weight of each edge is &, =p A, The semi-
Markov process is determined by the transition probabili-
ties of the embedded Markov chain p; and conditional distri-
bution F, , of the time duration; the system remains in state i
provided that the system moves into the pre-defined state j.

Thus, the graph representing the semi-Markov pro-
cess has to describe each edge transition probability p, and
conditional distribution F, , of time, so that the process
remains in the state corresponding to the state in transi-
tion of this edge.

Thus, one unreserved element can exist in three states:
s, — the element is in order, s, - the element is out of order,
it is not required the need to supply disconnection, and - s
the element is out of order (state of failure) (Fig. 2a). If the
failure stream has intensity A and restoration intensity p,
the system transits from state to state and back after a cer-
tain time [16]. The graph of state-to-state transitions of the

time dt) and p characteristics is shown in the Figure 2b.

1-Adt 1-podt 1- pdt

A u

e

Figure 2. The time diagram of a single element transitions: from one state to another (a) and the graph of states (b)

Source: developed by the authors based on [16]
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The graph of transitions of the Markov process allows
system of differential equations of states [14]:

Z—f = Yjec Mijpj () — pi(t) Tjec Aijs 4

where G, is the subset of states of the Markov process which
allows transition into state i, and G, is the subset of states
that may be achieved from state i, and %, is intensity of the
transitions.

The system (4) is linearly dependent, and therefore, it
is required to add another equation (normality equation)
to make the solution unique:

2Lpel ©)

Let’s consider the structure of EIRS that combines three
sources of electric power: R, is the supply from the network;
R, is a set with electric energy consisting of static convert-
ers with accumulative features and a set with renewable pri-
mary energy.

R, is a set with combustion engines (gas/diesel, gas/pet-
rol, diesel, biofuels, etc.). Automatization is a specific fea-
ture of these sources, enabling the required activation time
(namely, the time from transition of unloaded/cold reserve
to the operating mode).

S1 TFI
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Probably, the changing restoration process is a source,
represented by two independent one-by-one variables. These
variables are performed identically and are free as a set.

The research of EIRS reliability indicators should be
reduced to structural optimization of sources [17]. There
are two approaches to solving the optimization task. It is
based on achieving the maximum reliability indicators. It
will be adhere to the directivity of established resource
costs, or it will minimize the average specific losses in the
system according to the established limit indicators of reli-
ability. Solving the optimization task will be guided to min-
imize the cost function by a set of variables corresponding
to the selected constraints [18; 19]. The choice of the struc-
ture of EIIR sources has a significant impact on the reliabil -
ity indicators of microgrid system, primarily on the current
specific resource costs and system efficiency. It is obvious
that in case of using the renewable energy sources, their
share in the energy balance should be maximal, provided
that the reliability (continuity) of power supply is ensured.
This is exactly for achieving the maximum reduction in the
specific cost of electricity [20]. In terms of reliability, the
process of EIRS functioning is a stochastic recovery pro-
cess (Fig. 3) [13]: The quantities are random, independent
and have the same distribution.
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Figure 3. The alternating restoration process of EIRS operation

Source: developed by the authors based on [13]

If one source fails, another source out of the set ones
is available and can operate. In general, the sequence of
activation sources (if the source fails) is presented by
the general EIRS algorithm. Sources of the set are oper-
ating in unloaded reserve with time delay and they are
required for activation.

GPSS World (General Purpose Simulating System) sim-
ulation system [8] was used to build a simulation model of
the studied system. The choice of this software environment
is based on the availability of a specialized and object-ori-
ented language with the ability to display dynamic processes
in real systems, generate arbitrary laws of distribution of
stochastic values, diagnose errors during the execution of
a simulation program, etc.

RESULTS AND DISCUSSION
It is supposed that the time of failure, the time of system
elements restoration (sources D,, D,, D., as well as the con-
nection expiration time are distributed by an exponen-
tial law with parameters A, X,, A, 1, H,, H,, and 1, respec-
tively. In fact, these parameters depend on the choice of

a “candidate” among the selected sources from the sets
D;,...,D}and D},,... D! respectively.

That is A=A, (x), i=1,4; pi=p, (x), i=1,3, where x,, i=1,3 is
the integer value characterizing the selected model of the
source Di; and x, is the selected expiration time value to
activate the source D,.

Considering that all random variables of the model are
distributed according to the exponential laws, the mathe-
matical model of the process of EIRS operation with hetero-
geneous sources is presented as a semi-Markov process with
a set of system states. The system states are represented by
a vector with three components d=(d,, d,, d ), where

_ 1, when D; works
dy = {O, when D, is restored (6a)
d, = { 1, when Dll works (6b)
0, when D, is restored

0, when Dj is restored,
1, when D; operational and in unloaded mode, (6c)
2,when D5 operational and is in standby mode,
3,when D; works.

d3
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This is a set of possible states of system D:

D={(d,, d,, d,)}={(0,0,0); (0,0,2); (0,0,3); (0,1,0);(0,1,2);
(0,1,3); (1,0,0); (1,0,1); (1,1,0); (1,1,1)}.

After analyzing the peculiarities of the system function-
ing, it is proved that:

O the state (0,0,1) of the system is impossible as the
restoration of sources D,, D, and D, must be in the state (2),
in operating state (3), or in restoration state (0);

O the state (0,1,1) of the system is impossible during
the restoration of source D, the source D, is in operating

D:

state, and the source D, cannot be in unloaded mode (1):
the source D, must be prepared for activation (2), work (3),
or restoration (0);

O the states (1,0,2) and (1,0,3) of the system cannot be
considered when the source D, is in operating state and the
source D, is in restoration state (0), the source D, cannot be
prepared for activation (2) or work (3);

O system states (1,1,2), (1,1,3) are impossible, when the
sources D, and D, are operating, that is, they are in state (1),
the source D, cannot be prepared for activation (2) or work (3).

The graph of the system transitions from one state to
another is represented in the Figure 4.

Do

Figure 4. The graph of the system transitions from one state to another in one step

Continuing the analysis of the system function-
ing, it can be stated that some transitions from one state
to another are simply impossible. For instance, only one
source may fail at one point of time (therefore the transi-
tion is forbidden); the source D, may fail if it is activated
(therefore the transition is forbidden), etc.

In terms of system efficiency, the set of states of the
system D can be divided into two subsets D, and D,,

D=D,-u-D,, D, -n-D_0=(, (7)
where:

D ={(1,1,1);(0,1,2);(1,0,1);(0,1,3);(1,1,0);(0,0,3);(0,1,0);(1,0,0)}

is the set of the system operating states;
D={(0,0,2);(0,0,0)}

is the set of the system disabling states.

To calculate EIRS reliability indices (availability factor,
average failure rate, average recovery time), it is necessary
to determine:

O average time of the semi-Markov process in all pos-
sible states of the system;

O probabilities of transition from a state to the embed-
ded Markov chain;

The average system time in states is as follows:

m(1,1,1) ——,m(0,1,2) = — ®)
A1+, Aty

1
At tus

m(0,0,3) = ,m(0,1,0) =

Astpg+,

The matrix of probabilities of transitions in one step of
the embedded Markov chain is as follows:

P=IP((d, d,, d,); (k,, k, k,))I

To conclude, it is necessary to choose a source of elec-
tricity among a number of possible “candidates” in the struc-
ture of EIRS model. However, the types of sources must be
selected by the system structure. Generally, one of the two
approaches is considered in the formulation of optimization
problem (although the others are possible): the first task is
to maximize the reliability index; the second task is to min-
imize the average specific losses of the system operation.

The problem in such definition is considered below.

The problem of optimization is to find the minimum
prime cost with a few variables with several constraints. The
prime cost of electricity is the most important criterion for
evaluation EIRS effectiveness (which was generated by it).

This is the calculation of electricity generation cost:

Zy _(w1311+w2322 +w3333+...+wiBim)+E/q __ gB+E

€EIRs = )

WEiRrs WEiRrs WEiRrs

where: Z_ is the total discounted expenses; W, is the aver-

age amount of electricity generated by EIRS; B=w B, +w-

By tW.B.+..4wB. 1is a total cost of electricity generation
from the sources of the first year of project implementa-

tion; E is total operational expenses; q is a rate of return on
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capital investments; E/q — the operational expenses given
by the first year for n years.
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The stationary distribution of the embedded Markov
chain is found from the system of equations (10).

p(0.00) =% p(003) = m,p(010)+1+ L-p(1,0,0);
p(0,0,2) = -
p(0,0,3) = Mﬂ”u p(0.00) + - (002)+“A+ p(0,1,3);
p(01,0) = —"=—0(0,00) +3 p(013)+l+l+ p(1,1,0);
p(0,1,2) = ﬁ (002)+/11/1 p(1,1,1) a0
p(013) == p(003)+l+ =
p(10,0) =t (000)+“A+ (110)
p(L01) = —-p(0,0,2) + - p(0,03) + 52— p(1 00) —p(L1,1);
p(llO)—}H_ L -p(01,0) + i p(1,0,0)
p(1,1,1) = s P013) + 77 p(101)+l+l+ p(1,1,0).

Considering the above mentioned facts, it is important
to solve two simulation optimization problems [20]:

1. To find the structures and algorithms of EIRS allow-
ing the average specific costs of the EIRS electricity genera-
tion with the failure source R, attaining a minimum C—min,
under constraints imposed on system reliability. Herewith,
the availability factor K, (operative availability K ,) should
not be less than a normahzed value K, (K,>K).

2. To find such structures and algorithms of EIRS, allowing
the availability factor of the system to achieve the maximum
K,—max by limiting the average specific costs of the EIRS for
electricity generation. It should not be more than the preset value.

3. Further research will focus on the study of structures
and algorithms of EIRS with RES (Fig. 5).

The software algorithm consists of three stages, the pro-
cedure and the content represented graphically in the Figure 5.

Wind-driven electric
Primary power station
energy with
natura% factors 2 = ol g
(wind) e 2
172
=~ %]
g 8
w 1%}
st 2|
Photovoltaic system
Primary energy
with natural 2 g 2 =
factors (sunlight) 2 =
E E
= ) S
>

Static converters with
accumulative

General power grid

o
S|

to consumers

Workable

yes

Figure 5. The structure and algorithms of EIRS operation

Machinery & Energetics. Vol. 13, No. 4

&



Forecasting the electricity pricing of energy...

In the Figure 6, it is shown the algorithm of EIRS func-
tioning through the simulation modeling with GPSS [18].
The study was performed within the following stages:

O development of a conceptual model,

O design and implementation of a simulation model
software;

O checking the model adequacy;

O reliability evaluation of simulation results;

O planning and carrying out the experiment.

The adequacy of mathematical models of real system
depends on the reliability of probability of distribution
determination of random variables that describe the pro-
cess of EIRS elements [21].

From a mathematical perspective, two procedures are
important: solving the systems of linear algebraic equa-
tions and the procedure for generating the random varia-
bles (given in advance by the distribution functions of ran-
dom variables) [12]. The Gaussian method is used to solve
the systems of linear algebraic equations after eliminating
the linear dependence of the equations [12]. As for the ran-
dom variable generation procedure, the use of random var-
iables lies in the basis of simulation modeling method. It
is necessary to generate random variables with given dis-
tribution laws [12]. The inverse function method is used,
which is based on the following statement of probability
theory [12]. For example, F(x) — a distribution function, and
R - arandom variable uniformly distributed in the interval
[0, 1]. Then the random variable X=F — will have a distri-
bution function F(x):

P(X<x)=P(r<F(x))=[F0f(r)dr=F(x). (11)

The sequence of random numbers r, r,, r.... is con-
verted into a sequence x, X,, X...., which has a given law
F(x) (distribution density function f(x). The general algo-
rithm for modeling the random continuous variables with
a given probability distribution function follows from this:
a random number is generated r,€[0 1]; a random number
is calculated x=F"'(r).

FY(r)F*(-1) (r_i), it is used a piecewise linear approxi-
mation of the corresponding continuous functions [21]. To
obtain the function of normal distribution of a random vari-
able X with mathematical expectation m #0, the square devi-
ation ¢ #1 calculation is as follows:

X=m+c Z, (12)
Z - a random variable with a standard normal distribu-
tion function, for which the function has been approxi-
mated F!(z).

To specify other laws (non-exponential, non-uniform,
and non-normal), special programs are used. It is allowed
to perform the numerically tabulation of inverse functions,
that is, to calculate the necessary values of the points of
piecewise linear approximation functions.

This simulation does not impose restrictions on the
types of the used probability distributions of random
variables.

There is a problem of probabilistic description of the
random processes with an incomplete statistical informa-
tion (there are no reliable data of the energy potential of
wind and sun and the principles of their distribution). It
leads to significant errors in the simulation.

Creating a software module for the

© Identification of Definition Calculation of EIRS\

%’3 possible states of of stay parameters using

2 sources in the costs in the simulation
structure of EIRS states of modeling

( Implementation of )
statistical

experiment using

simulation modeling )

|

|
Data processing !
and analysis of the |
research results of | |

\ EIRSoperation J |

Figure 6. The operating algorithm of the software for researching EIRS using simulation modeling with GPSS

This is a solution to this problem: to determine the prob-
ability of a sufficient daily supply of wind or solar energy
potential for Wind-driven electric power station (WEPS) and

Photovoltaic station (PS), determined for a specific area. In the
Table 1, it is shown the results of analytical solution and simu-
lation modeling for some of 75 variants of the EIRS structures.
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Table 1. The results of analytical solution and simulation modeling for some of 75 variants of the EIRS structures

Serial number of source (model series

Specific cost of EIRS electricity, $

Serial number of of source)
variant The result of The result of
analytical solution simulation

1 1 1 4.3084 4.2528 1.29
16 2 1 3.4453 3.5126 1.95
46 4 1 2.1530 2.2074 2.52
61 5 1 1.4255 1.4569 2.20
75 5 15 1.4149 1.4256 0.76

The research result of this work is the development of
a method for the reliability management and functional
analysis of systems of this class at the stage of preliminary
design for solving the optimization problem, considering the
specific cost of electricity. Moreover, this approach allows
developing control algorithms for such systems, considering
the power consumption levels of a local object.

Thus, the description of these sources as a scheme of
reliability and functioning can be represented as a series of
connections of two hypothetical elements (the EIRS struc-
ture with a set of sources is shown in the Figure 5). Using
simulation results, it is shown that the system components
are characterized by the period between failures, resto-
ration time, cost of unit of electricity generation, specific
losses due to power failure. The probabilities of availabil-
ity of energy natural factors are added for WEPS and PS
(throughout the year, the source ones are supplemented
with delay time for activation). Every time, the parameters
are described by the distribution of random variables.

EIRS, as a stochastic system, cannot be described by
analytical mathematical models. In the further research, it is
suggested to apply the method of simulation modeling. The
simulation model and algorithms of functioning of autono-
mous systems with renewable energy sources are developed.
The proposed approach provides for the use of probabilis-
tic model of availability for renewable sources, which allows
evaluating the reliability and efficiency of the system, given
that it is impossible to obtain them analytically.

Based on the analysis of simulation results of 75 inves-
tigated variants of the system structure (Table 1), it has been
found that the use of renweable sourse leads to a reduction
in the cost of electricity. At the same time, the formation of
energy balance by increasing the share of renweable sourse
leads to an increase in the efficiency of EIRS by more than 13%.

Finally, it is important to emphasize that EIRS struc-
tures are characterized by a set of possible states of each
element of the system, the set of possible states of the sys-
tem and matrix of transition probabilities (transition graph).

The results obtained can be used to develop a meth-
odology for determining the economic efficiency with
implementation of local energy systems. Reliability-cost

indicators can be additional indicators of investment effi-
ciency of long-term projects, based on the projected total
volume of electricity generation, as shown in the figure [5].
The principles and approaches for evaluating the effective-
ness of investments and adapted for transitional market
economies are the basis of the development of technical
and economic indicators [20-22]. It is proved that the pro-
jection of island microgrid systems with renewable sources
is possible with two compromise approaches to determin-
ing investment efficiency indicators: deterministic levels
of power supply reliability and cost of electricity. The first
approach is based on the calculation of present value of
EIRS implementation, which includes all costs for n years
of project implementation; the second one — on obtain-
ing a specific indicator — the reduced cost of electricity
at the beginning of investment project, based on the pro-
jected total volume of electricity generation and analysis
of structural implementation in terms of its economic effi-
ciency — comparing NPV (Net Present Value) with possible
losses (loss of profits) in the interruptions in energy supply
during the project.

CONCLUSIONS

On the basis of Markov model and simulation model of EIRS
functioning with two dissimilar sources through the com-
putational experiments, the evolution of the prime cost of
electricity was developed and its dependence on the struc-
tural composition and algorithms for sources operation was
proved. To obtain these results, the probabilistic method was
used for modeling the availability energy potential of renew-
able sources. It is obvious that the prime cost of electricity
is sensitive to the availability factor, which depends on the
structure of EIRS. EIRS availability indexes (in particular
availability factor) can vary in all structural variants of EIRS.

The prime cost of electricity varies widely from $1.42 to
$4.31 per kWh throughout the simulation interval, and it is
particularly sensitive to the reliability of the main source.
The analysis of simulation results shows that the structur-
al-algorithmic implementation of the EIRS using RES allows
(at the pre-design stage) ensuring the given (directive-de-
fined) levels of power supply reliability with restrictions on
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capital costs, and reaching the economically advantageous
levels of cost of electricity, which will allow reducing the
payback period of such systems by 18-20 months.

reliability-cost analysis of microgrid system with the pos-
sibility of forecasting the generation levels of renewable
sources in real time.

Further research related to the justification of choice of
the model series, first of all, the installed generating capac-
ities of traditional and renewable sources in the structure
of EIRS and the improvement of analytical model of the
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MporHosyBaHHS LiHOYTBOPEHHSA Ha eNleKTpoeHeprilo
eHepreTUYHUX OCTPOBIB 3 BiAHOBNIOBAaHUMMU A)Kepenamm

AHoTauifa. CtpaTerist pO3BUTKY JIOK&JIbHUX €HEPrOCUCTEM MaJoi MMOTY)XKHOCTI repef6adae BUKOPUCTAHHS JEKiIbKOX
mxepest. EQekTMBHICTh QYHKIIIOHYBAHHSI TaKMX CUCTEM 3aJI€KUTH BiJl I1iJIeCIIPSIMOBAHOTO YIIPaBIiHHS HaIiMHICTIO i
6a3yeTbCsT Ha pal[ioOHaTbHMX iepapxXiuHMX B3a€MO3B’A3Kax X CTPYKTYPHMX CKIAL0BUX. Y3TOIKEeHHS CTPYKTYPU Pi3SHOPIZHUX
IoKepers Ta iX yyacTi y popMyBaHHI eHepreTMUHOTOo 6asaHCy MiKpOeHepreTUYHMUX CUCTEM B YMOBAX IMHAMiIUHOTO PO3BUTKY
BiIHOB/IIOBAHOI eHEePreTUKM € aKTyaTbHUM HAYKOBUM 3aBIaHHSIM. MeTO0 JOC/TigkeHHs 6y/10 pO3pOOIeHHSI METOLY
HaJiliHiCHO-BapTiCHOI ONTMMi3allil CTPYKTYp MiKpOEHeprocucTeM 3 pisHOPIIHUMU JyKepesiaMy, B OCHOBY SIKOTO TMOK/IaZeHO
BMKOPUCTaHHS TIOKAa3HUKIB HAAiHOCTI Ta co6iBapTOCTi efekTpoeHeprii. IIpoBeeHi LOCTiIKeHHSI IPYHTYIOTbCS HA CYyYacCHUX
MeToJax MPUKIALHOTO CTATUCTUYHOIO aHasli3y, Teopii HaAifHOCTI, CMHTe3y KOMIUIEKCHUX 6araToarperaTHuX CUCTEM.
IInsxom peanizaiii MapKOBCbKOI Mozeni Ta imMiTaliiiHoro MogenoBaHHs QyHKI[IOHYBAaHHS IKepes ofepskaHi yMOBU
ONTUMAaIbHOTO GOPMYBaHHS €HePreTUYHOTO 6aIaHCY MiKpOEHeproCcucTeMy 3 HaliMeHILOI0 BapTiCcTIO eJleKTpoeHeprii Ta
ypaxyBaHHSIM IMOKa3HUKIB HaAitHOCTI. O6UMCITIOBaIbHI eKCIIepMMeHTH JO3BOIUIN OflepyKaTy 3aKOHOMIPHOCTI eBOJIOLii
BapTOCTi efleKTpoeHeprii Ta mokasaTu ii 3aJIeXKHICTh BiJl CTPYKTYpH Ta aaropuTMiB GyHKIIOHYBaHHS Ikeper. [nsxom
BUKOPUCTaHHS IMOBipHICHOTO MeTO/ly MOZe/NI0BaHHS BIIeplilie TOBeJeHO, 0 CO6iBapTiCTh eleKTpoeHeprii 4y TimBa 1o
KoedilieHTa JOCTYITHOCTI BiZHOBIIOBAHMX Kepes 0 IIepBUHHOI eHeprii. [IpakTMuHe 3aCTOCYBaHHS Pe3y/IbTaTiB IOJSTaEe
B MigBUILEeHHS e()eKTUBHOCTI eHePreTMYHUX OCTPOBIB IIJISIXOM CTPYKTYPHO-aATOPUTMIUYHOI ONITMMIi3allii pi3HOpPiIHMX
IoKepest (TpaaMIIiiiHMX Ta BiHOBIIOBaHMX) HA OCHOBI BU3HAUEHHS COOiBapTOCTi efleKTpoeHeprii

KniouoBi cnoBa: pisHopiaHi Akepeia eleKTpoeHeprii; HailiHicCHO-BapTiCHUI aHasIi3; MapKiBChbKa MO/IeNb; imMiTalliiiHe
MOJIeTI0BaHHS; e(PeKTUBHICTh MiKPOHEPTIOCUCTEM
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Justification and calculation
of structural-power parametersof screw loaders

Abstract. Existing designs of screw working bodies of transport and processing machines cannot always provide the
required performance and avoid overloading, which causes deformation and damage to parts of the mechanisms. Thus,
it is necessary to establish new efficient screw working bodies that would ensure the execution of the technological
process. The purpose of the study was to substantiate and explore the design and methodology for calculating
the main structural-power parameters of the developed screw loader, to synthesise screw loaders using the method
of morphological analysis to obtain designs of mechanisms with better technical and economic characteristics.
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The methods of surface theory, analytical and differential geometry, computer graphics and mathematics were used
to conduct the research. As a result of theoretical and experimental studies, the designs of screw conveyors with
hopper loading and screw conveyors with nozzle loading are presented. In addition, a classification of loaders for
screw transport and technological mechanisms is presented. The dependencies for calculating the design of screw
conveyor loaders are determined. The synthesis of loaders and mixers by the method of morphological analysis was
performed to obtain designs of mechanisms with the best technical and economic characteristics and competitive
designs of mechanisms were established. A system of coding and synthesis of structural elements and mechanisms of
screw implements with improved technological properties is proposed, and competitive designs of screw implement
that perform technological processes efficiently and effectively are selected. A methodology for calculating the main
structural and power parameters of a screw loader has been developed, which allows for determining the parameters
of a screw loader. The materials of the research can be used in further studies of screw conveyors and, in particular,
screw loaders to determine their design, technological, energy and power parameters

Keywords: screw conveyor; nozzle; transport and technological mechanism; structural elements; structural

synthesis; morphological analysis; calculation method

INTRODUCTION

One of the most significant criteria for the operation of
screw conveyors is the productivity of the transport-tech-
nological machine, which must be ensured with minimal
energy consumption. Thus, to efficiently perform the tech-
nological process of reloading bulk materials using trans-
port-technological machines in the form of screw conveyors,
it is necessary to ensure their rational loading. In addition,
note that screw conveyors can be loaded with hoppers, noz-
zles and loading devices.

The issues of theoretical design of screw reload-
ing mechanisms with flexible lines and methods of design-
ing and calculating their parameters, development of
efficient designs of screw conveyors for transporting
bulk materials along curved routes are discussed in [1; 2],
and the issues of synthesis of machine structures by mor-
phological analysis are discussed in [3] etc. Particular atten-
tion should be paid to the coverage in the literature of the
issues of calculation and selection of parameters of screw
working bodies and transportation of grain materials, min-
eral fertilisers and other bulk agricultural materials by screw
conveyors [4; 5; 6] since the problem of injury to materials
during the transportation is open.

The design calculations of mechanisms with screw
working bodies are covered in many scientific works, in par-
ticular [7-9] and many others, but the presented calculations
of each mechanism or part have their specifics since each of
the given structures is characterised by the presence of cer-
tain structural details that affect the nature of their oper-
ation and operation. In addition, in [10; 11], studies were
conducted on the development of working bodies for flexi-
ble screw conveyor lines, which significantly increase their
length and expand technological capabilities.

The issues of exploring the functional, operational, and
resource characteristics of screw conveyors in their interac-
tion with agricultural materials are discussed in [12; 13]. The
study of the movement of particles of agricultural materi-
als by the screw surfaces of the working bodies of convey-
ors is devoted to [14; 15]. Works [16; 17] substantiate the
design, kinematic and technological parameters of screw

working bodies by considering their functional purpose. The
possibility of using a helical surface for the manufacture of
conveyor working bodies was considered in [18]. The theo-
retical foundations of the design and construction of lin-
ear screw surfaces are presented in [7; 19]. Research [20]
justify using a helical surface in conveyor working bod-
ies and reloading nozzles, and research [21] explored the
injury of grain material by a screw conveyor working body.
Works [22; 23] justify using elastic working bodies to min-
imise damage to grain material when it is overloaded by
SCrew Conveyors.

However, the known designs of the working bodies of
screw conveyors do not fully satisfy the operational require-
ments, and therefore the task of developing new designs of
working bodies of screw conveyors and justifying their com-
petitive design and technological parameters that could pro-
vide better performance while reducing material consump-
tion and simplifying the design is relevant.

The purpose of the research — justification, design of
elements of screw conveyors, development of a methodol-
ogy for calculating the main structural-power parameters of
a screw loader and synthesis of screw loaders.

MATERIALS AND METHODS
The mathematical modelling of the processes of movement
of bulk materials is described using the laws and postu-
lates of analytical geometry, differential mathematics, the-
oretical and applied mechanics, surface theory and com-
puter graphics systems. The study was conducted using
the method of morphological analysis, elements of the
theory of experiment, methods of mathematical statistics
and mathematical methods of optimal experiment plan-
ning. The analysis of the results of the presented research
was performed using applied computer programmes, in
particular Excel, Word, and SolidWorks, and was conducted
according to standard and developed methods, in particu-
lar, the methodology for systematisation and classification
of research results, their analysis, preparation of tables
and graphs reflecting the results of research, calculation of
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errors, literature analysis, modelling, experimentation, and
work experience that require research.

The methods of morphological analysis and syn-
thesis were used to effectively search for new construc-
tive solutions since they are the most common methods
for establishing new designs of mechanisms that use ele-
ments of classification and systematisation. Morphological
analysis means that a specific number of the most char-
acteristic functional or structural morphological features
are identified for a given product, which allows for spe-
cific search options for these characteristic features. In the
course of the analysis, a list of specific variants of particu-
lar designs is determined for each morphological feature.
All defined variants of morphological traits are compiled
in the form of a so-called morphological table or “matrix”.
The term “morphological” can be explained by the fact that
variants of constructive features are defined by the let-
ters of the Ukrainian alphabet. By designing random com-
binations of variants, new design options can be discov-
ered that might be missed by simple searching. The search
for the most appropriate variants of mechanism designs
should be conducted using computer software (electronic
computers). The method of morphological analysis uses
elements of combinatorics, i.e. a systematic study of all
theoretically possible variants of constructive schemes
that arise from the specific patterns of construction of
the mechanism considered. The synthesis of these mecha-
nisms involves both well-known and new, unusual design
options. The method of morphological analysis has several
varieties and is designed to overcome bias in existing opin-
ions about the possibility and ways of solving a problem.
It allows the task to be described and analysed using a set
of all possible structural (i.e. morphological) relationships

and relationships between its elements. Before conducting
a morphological analysis, morphological tables or graphs
should be developed and compiled. Using the method
of morphological analysis does not result in new or original
ideas, but it does provide an opportunity to find new combi-
nations of known structural parts. Therefore, it is advisable
to use it when a mechanism or product consists of several
structural parts. The classification of structures allows for
faster and more accurate orientation in a large number of
terms and factors, and therefore morphological analysis is
based on classification.

RESULTS AND DISCUSSION

The functional purpose of screw conveyor hoppers is to
accumulate, store and ship bulk material for a short period
to the discharge line of screw conveyors, provided that the
screw working body is not overloaded. The shape of the hop-
pers of screw conveyors can be square, rectangular, round,
etc. The purpose of the nozzles for screw conveyors is to
insert the screw spiral into the bulk material without defor-
mation and to perform productive loading of the screw con-
veyor casing while preventing the phenomenon of techno-
logical overload and breakage of the working bodies. Nozzles
for screw conveyors are available with adjustable openings
or with permanent openings. Loading mechanisms are used
to transfer bulk materials from flat surfaces and containers
to screw conveyors by delivering them to the working body.
The loading devices are divided into two types: for loading
the conveyor with materials that spill out of containers and
for picking up loose materials from flat surfaces and moving
them into the conveyor.

Figure 1 demonstrates a typical screw conveyor equipped
with a hopper load, which is described in detail in [24].

Figure 1. Hopper-fed screw conveyors: a) tractor PTO drive; b) and c¢) mobile screw conveyors

Figure 2 demonstrates screw conveyors with rigid
and flexible shafts, in which the loading is performed
using nozzles. All of them do not provide a process for

regulating the loading of the lines, which can result in
the overloading of the screw conveyors caused by the
process.

»

o

a) o b N O)

d)

Figure 2. Screw conveyors with nozzles for loading: a) manufactured by PJSC “Elevator Equipment Plant”; b) manufac-
tured by LLC “Promstroykomplekt”; ¢) manufactured by LLC “TechResource”; d) manufactured by LLC TD “BMZ”
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The transport-technological machines presented
in Figures 3a-3g, it is possible to load conveyors with

M. Klendii et al.

bulk materials from flat surfaces, and Figures 3e-3f pre-
sents wagon unloaders with screw working bodies.

Figure 3. Loading mechanisms: a) auger loader; b) scraper-screw conveyor; c) auger working body for picking up
bulk materials; d) auger pick-up trolley; e) screw wagon unloader; f) screw wagon unloader

To ensure the reliable and productive operation of
screw conveyors and prevent their damage, which can be
both accidental and as a result of the technological pro-
cess, it is, therefore, necessary to use regulatory and pro-
tective mechanisms. For example, in screw conveyors, which
are loaded through a hopper or nozzle, it is necessary to
use regulating mechanisms in addition to protective grids,
which can ensure that a specific volume of material enters
the main line per unit of time.

It will ensure optimum loading of the main lines
and maximum productivity when transporting various

materials. In addition, for screw conveyors that are loaded
with a nozzle, safety devices can be used to stop the load-
ing of the main line if foreign material enters the noz-
zle, which can cause damage to the screw working body.
It is difficult to ensure the optimum amount of material
loaded in conveyors that have loading devices, therefore,
their transport lines must be designed for maximum load-
ing. In addition, loading mechanisms must be equipped
with safety clutches. The classification of loaders of screw
transport and technological mechanisms by design fea-
tures is presented in Figure 4 [24].

| LOADERS FOR SCREW TRANSPORT-TECHNOLOGICAL MECHANISMS |

I I

I 1

’ HOPPERS ‘ ’ NOZZLES ‘ ’ LOADING DEVICES ‘ ’COMBINATION LOADERS ‘
l
| | | l | | |
- ga = -
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Figure 4. Classification of loaders of screw transport-technological mechanisms by design features

Source: developed by the authors based on [24]
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Based on the above and considering the fact that the
issue of material flow through the hopper gates has been
thoroughly explored [25], it is necessary to address the
problem of developing and researching screw conveyor
nozzles that will ensure a regulated process of loading
the main lines.

Loading and protective nozzles have been estab-
lished for screw conveyors, the designs of which are pre-
sented in Figure 5 [24]. The design of the self-loading noz-
zle, presented in Figure 5a, protects the working body from
deformation, and the presence of holes allows the trans-
ported material to penetrate it.

1 3489 1011712
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Figure 5. Designs of loading-protective nozzles for screw conveyors

Source: developed by the authors based on [24]

When the self-loading nozzle (Fig. 5b) is inserted into
the bulk material, only the coils of the cylindrical spring 2
are deformed, not the auger working body. At the end of the
injection process, spring 2 returns to its original position
and moves the bulk material into the nozzle.

In the self-loading nozzle of screw conveyors (Fig. 5c),
after insertion into the bulk material, the tip of the noz-
zle rests on the casing, and its petals open and allow the
bulk material to penetrate the casing.

Figure 5d demonstrates a nozzle that can adjust the size
of the material passage holes, which can ensure rational
loading and compliance with the established standards for
the transport process.

If foreign objects get into the nozzle presented in
Figure 5e, which can cause damage to the working body, the
western screw 5 of the nozzle stops and disconnects it from
the screw of the retracting line using the balls 2 exiting the
holes made on the line shaft 1 due to their axial displace-
ment and deformation of the springs 3.

When foreign objects enter the nozzle presented in
Figure 5f through the technological holes, which can cause
damage to the screw working body, the 3-way screw of the
safety nozzle stops and disconnects it from the working
body of the transport line due to the axial displacement of
the nozzle shaft and compression of the spring.

It has been established that to ensure the technological
process of transporting by screw conveyors with retracting
lines, it is necessary to determine the rational values of the
dimensions of the holes for the passage of bulk material of
nozzles. The capacity of a screw conveyor can be calculated
using the formula:

0=0,25-m¢-V «(D*-d), (1)

where D — diameter of the casing; d — diameter of the shaft of
the working body; V - axial speed of movement of the load
in the casing; ¢ — coefficient of filling the inter-turn space.

The reloading capacity must be equal to the bulk mate-
rial loading capacity. If the bulk material is loaded through
the nozzle, the capacity of the screw conveyor can be deter-
mined by the following equation:

Q=kFn-V, @)

where F - area of one hole; n — number of holes; V, -
the material filling rate; k — loading factor of the screw con-
veyor, k=0.7...0.5.

The rate of cargo spillage through the hole is deter-
mined by the formula [26]:

V=1-y/3.2-g-RR, 3)

where A — the coefficient of the passage of bulk material; R —
the reduced radius of the conveyor outlet (the ratio of the
outlet area to the perimeter of the outlet); g — the acceler-
ation of free fall.

If the appropriate transformations are made, the follow-
ing dependence is used to determine the size of the radius
of the loading hole:

_s fwz-Vrf-(DZ -d?)
k= 25,6-k? n2-22-g" )
In addition, the width of the rectangular loading open-
ing can be determined from the dependency:

~ al256k2n2zazg|”

| = T I:(pZ'V?%'(DZ _dz) 5 (5)

Using these dependencies, it is possible to determine
the required design dimensions of the loading holes of the
screw conveyor nozzles and obtain the maximum produc-
tivity of screw conveyors for the transport of bulk materials.

When developing progressive designs of screw con-
veyors with flexible working bodies, it is advisable to
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use the method of morphological analysis [27], which
allows for obtaining a solution to the problem: obtain-
ing the most rational and economical design solutions for
establishing new mechanisms and their working bodies.

M. Klendii et al.

Using the method of structural and schematic synthesis
and morphological analysis [24], the constituent elements
and the links between them were identified and a morpho-
logical matrix was compiled in the form of Table 1.

Table 1. Morphological table of features of structural elements of a flexible screw conveyor

Conveyor drive Screw working body Loading mechanism
Screw construction
1. 2. 3. 4. 5. 6. 7. 8. 9. 10. 11.
View Type of Quantity  |Spiral profile |Partial Solid Spiral Connection |Gutter Process Type
movement combination |design construction
1.1. 2.1. 3.1. 4.1. 5.1. 6.1. 7.1. 8.1. 9.1. 10.1. 11.1.
Electric drive |Continuous |One Narrowband |Gimbal Bulkhead Single-type  |Toothed Solid Gravitational Hopper
1.2 2.2 3.2 4.2. 5.2. 6.2. 7.2. 8.2. 9.2. 10.2. 11.2.
Pneumatic  |Cyclic Two Wideband Hinged With flexible |Combined Riveting Sectional orced Nozzle
drive 2.3. 3.3. 43. 5.3. simple shaft 8.3. 10.3. 11.3.
1.3. With Several Corrugated  |Sectional 6.3. Welded Separate Loading
Internal accelerations 4.4, With flexible 8.4. 10.4. device
combustion |and L-shaped or folding shaft Bolted With calibration
engine decelerations inclined 8.5. 10.5.
1.4. 4.5, Finger With shredding
Hydraulic Blade 8.6. 10.5.
drive 4.6. With internal With additional
With cut-outs section technical
or openings connection operations
4.7. 8.7. 10.6.
Spring With external Multilink
section
connection
8.8.
With internal
and external
section
connection
8.9.
Elliptic
8.10.
Ball

Source: developed by the authors based on [24]

The main morphological features of screw convey-
ors have presented: types of drive, types of screw work-
ing bodies, designs of loading mechanisms, types of
screw conveyor arrangement, and types of unload-
ing mechanisms. The morphological model of spiral con-

by a morphological matrix, which was established by
the method of designating the numbers of codes of the cor-
responding alternative designs, which are placed in the col-
umns of the developed morphological table:

veyors, which is presented in Table 1 [24], can be recorded N=KK,K;...K=[]\. K, (6)
8.1
8.2
ié 8.3 10.1
1% 21 31 43 51 6.1 71 gg 91 ig; 11.1
Nek = 1% 2232|044 52 62 [olnf>> [a]r|ali s 112 ©)
1.3 23 33 45 53 63 7.2 8.6 9.2 10.4 113
14 ~ ’ 4.6 ' ’ 8.7 10.5 '
4'7 8.8 10.6
) 8.9
8.10

The total number of design variants of flexible screw
conveyors that make up the morphological matrix (7) is
very significant, and therefore it is necessary to spend a lot
of time selecting productive solutions, and therefore it is
necessary to use the established variants by combinations
of the presented method to synthesise hierarchical groups
using the method of morphological analysis, which estab-
lishes conditions for dividing this system into a spe-
cific number of established hierarchical levels with their

decomposition in each of the various established designs
of this system [25].

For the presented variant, the combination of the first
hierarchical level and the model of the established system
“Flexible Screw Conveyor”, presented in Figure 6, [24], can
be divided into two subgroups.

The first presented subgroup includes designs of
elements that demonstrate special morphological fea-
tures of the design of the working body (5) and (7), and
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special morphological features of the design of the screw
working body connection (8), and the second includes struc-
tural elements of screw working bodies (6). When using
this method, the number of synthesised variants is deter-
mined by the formula:

N2 ZHITEK ®

I(1)51, I(1)52, I(1)55
I(1)71, I(1)72

11) || ey

1(2)31, 1(2)33, 1(2)3s

3) 1(3)21, 1(3) 22, 1(3)23

11(3)9:, 11(3)9:

where z - designation of the hierarchical level; [ - number of
levels; x — subgroup of a certain hierarchical level; g - num-
ber of subgroups of a certain hierarchical level; K, - selection
of a design feature of the mechanism of a subgroup of a cer-
tain hierarchical level; m — number of selections of design
features of mechanisms of a particular subgroup of a spe-
cific hierarchical level.

Nip = le=1 ZZ=1 [T, Ki= 646

1(1)81, 1(1)8s, 1(1)8s, 1(1)84, I(1)8s, 1(1)8s, 1(1)87, 1(1)8s, I(1)8s, 1(1)810
11(1)6:1, T1(1)62, I1(1)6s

2 T1(2)41, T1(2)4s, T1(2)4s, T1(2)4s, 11(2)4s, TI(2)4s, 11(2)47
I11(2)101, 111(2)105, I11(2)10s, I11(2) 104, 111(2)10s, I11(2)106
ITI(2)115, T1(2)115, ITI(2)115

1(3)11, 1(3)12, I(3)15, I(3) 14

Figure 6. Diagram of the model of the mechanical system “Screw loader”:
I - the first subgroup of the hierarchical level; IT — the second subgroup of the hierarchical level;
III - the third subgroup of the hierarchical level; (2) - the second hierarchical level; (3) — the third hierarchical level

If the method of morphological analysis is used to cal-
culate the number of alternative designs, the total num-
ber of generated variants of flexible spiral conveyors will
be 1632960 variants, and if the method of synthesis of hier-
archical groups with subsequent decomposition into sepa-
rate subgroups is used, using the method of morphological
analysis, the number of variants will be only 102, which
is much less than using the conventional method of synthesis.

The choice of the established design variant of the
screw working bodies of the reloader will depend on the
transportation process and the amount of force load on the
screw working body. If the main parameters in the design
of working bodies are productivity and geometric dimen-
sions and the quality indicators of the technological pro-
cess are neglected, then in such a model of a mechanical
system the number of coefficients will be reduced to two
values, and the selection task will be to find designs that
would ensure optimal strength and cost of screw working
bodies. It will result in the search for rational solutions
to establish equally strong structures of rigid and flexi-
ble screw working bodies, considering their technical and
economic indicators. It will result in the search for rational
solutions to establish equally strong structures of stiff and
flexible screw working bodies, considering their technical
and economic indicators.

As a result of the analysis of the design solutions of
the generated variants, workable designs of flexible screw
conveyors were obtained (Fig. 7) [27].

Since the design and kinematic parameters of these
devices are interrelated, it is necessary to set a specific value

of the loader’s capacity Q, i.e. a value that would reflect the
amount of material that will be periodically loaded into the
device. This parameter is the initial value for setting the
diameter of the spiral and its rotation frequency. Accord-
ing to the methodology for determining the performance
of screw conveyors:

Q,~Qp, t/h, ©

where Q, - volumetric capacity, m*%hour; p - bulk density of
the transported material, t/m?>.

The volumetric capacity is determined by the formula:

Q=47DZnyc,, (10)

where D - outer diameter of the working body, m; & - pitch
ratio of the working body; n_ - rotational speed of the work-
ing body, rpm; y - conveyor filling rate; ¢, - coefficient that
considers the angle of inclination of the working body.

The estimated capacity is determined by the formula:

Q472N e, p, (11)

whence the calculated value of the outer diameter of the

spiral is equal:
Q
D; = /7”.
¢ 47éncpcgp

The final value of the outer diameter of the helix is
determined according to DSTU 2763-94 [28], with the clos-
est value to the calculated one being the largest.

(12)
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Figure 7. Synthesised models of screw conveyors and loaders

The drive power can be calculated based on the follow-
ing considerations. The power of the drive motor is used
to overcome the frictional resistance when the material
is moved in the respective hose, for bearing losses and to lift
the material to a specific height (vertical conveying section).

The total drag force W caused by the friction of the
bulk material against the pipe walls and the inclination of
the device at an angle f to the horizon (Fig. 8) [27] is equal:

W=qgf L.cosa+qgf L -sina=qg(Lf,+h), (13)
where q - the distributed mass of the material, kg; g — free
fall acceleration; fp — coefficient of friction of the material

M. Klendii et al.

against the walls of the hopper pipe; L, L, h - length of the
spiral and its projections, m; a — the angle of inclination of
the highway to the horizon.

L=
Fafp
Fsfpcosp

Figure 8. Calculation scheme for determining
the critical speed of the helix
Note: m — mass of the material particle; f, - coefficient
of friction of the material against the walls of the hop-
per; R — radius of the spiral; 8 — angle of rise of the spiral;
F, - reaction force of the hopper

If the speed of material movement is expressed as:

v=t.n_/60, (14)
where t,. - the spiral pitch, and the distributed mass of mate-
rial g through the productivity Q:

Q=3,6qtn./60, (15)
the necessary power N, is obtained, which is required to
overcome the resistance force W:

_ Wv _Qg(pr+h)
17 1000 3600

(16)

If the drag force is considered to be the normal pres-
sure on the surface of the propeller blade, without consid-
ering the angle of elevation, the friction force of the mate-
rial against the helix can be calculated:

F=qgf (Lf,+h), (17)
where f, - the coefficient of friction of the material to the
helix.

Since the force acts in a cross-section approximately
equal to 0.25 D, the power N, consumed by friction against
the spiral is equal:

_ a9fc(Lfp+h) mdn¢

N, =F.v=—7——-—+
2 ¢ 1000 60 ’

(18)
where d — diameter of the spiral shaft, m. After the appropri-
ate transformations, the following will be obtained:

_ YeLfp+h) ma

N. .
2 367 tc

(19)
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However, in production conditions, it is difficult to
determine all the forces that oppose the movement of the
working body, thus a well-known dependence is used to
determine the drive power [2]:

— Qplc

= e (k £ sina),

(20)
where 5, — actuator efficiency; k — material resistance
coefficient.

Accordingly, the “+” ign is used when lifting the mate-
rial, and the “-” sign when lowering it. For horizontal posi-
tioning of the hopper section:

_ Qplck
= serm (21)

In addition to the appropriate diameter and shape

of the spiral blades, a certain spiral speed is required to

lift material with the vertical section. To determine the min-
imum required helix rotation frequency, consider the kine-
matics of the material movement using the example of the
scheme presented in Figure 8.

A particle of mass m on a helical surface is subject
to two forces, one of which is downward mg sing, and the
other - the frictional force of the particle against the sur-
face of the spiral mgf, cosp. During the rotational move-
ment of the particle along with the spiral at a certain speed
v along the radius R, a centrifugal force mv?/R arises, which
presses the material particle against the fixed wall of the
spiral sleeve, where the friction force of the particle against
the sleeve mv’f /R arises, which generates additional pres-
sure on the helical surface of the spiral blade. The vertical
component of this pressure is mo’f, cosf/R, and the normal
pressure on the helical surface is mv’f sinf/R.

n,rpm 310
'\\"\
200
7\,\\‘
I
210
4
160
1
110
-
B ———
60
0.1 0.12 0.14

.\

[
—~— \7\1

\n\\‘

2
3
——

0.16 0.18 0.20 0.22 R,m

Figure 9. Dependence of the change in the critical rotation frequency of the working body of the loader on its radius
n=f(R) at different values of the process line elevation angle and the coefficient of friction of the material against the
pipe walls: 1 - (6=16°, f,=0.15); 2 - ($=20°, {,=0,15); 3 - (=16°, f =0,18); 4 — (5=20°, f =0.18)

The critical velocity, i.e. the velocity on the circumfer-
ential surface of the spiral at which the material fraction is
in equilibrium, is found from the following condition:

2 ;. 2
mgsinf +mgfe cos B + M fplc oin B —mu“p’::’wsﬁ =0, (22)

R

where the critical velocity is equal:

_ |gRsinB+fccosB _ [gR
Ugp = \/fpcosﬁ—fcsinﬁ - \/fp tg(:B +pC)7

23)

where p_. - the angle of friction of the material particle to
the surface of the spiral.
Considering that the critical speed is equal:

R
Uiy =50 24)
the critical speed of the working body is equal:
—30 fﬂ
nkp ~ nR f tg(ﬁ +pC) (25)

To determine the influence of the screw radius R, the
angle of the rise of the process line 3, and the coefficient of
friction of the material against the pipe walls f on the value

of the working body rotation frequency, we determined the
dependence (25). According to the results obtained, which
are presented in Figure 9, it was found that the frequency
of rotation of the working body decreases with the growth
of the screw radius, and, accordingly, the greater the value
of the angle of the rise of the technological line and the
smaller the value of its radius, the lower the value of the
coefficient of friction of the material against the pipe walls.

The monograph [22] discusses new designs of mecha-
nisms with screw working bodies for the mechanisation of
labour-intensive processes of bulk materials handling. Pro-
gressive designs are presented, their technical characteris-
tics are defined, but the designs with the best technical and
economic indicators are not identified.

Work [24] is devoted to the design, manufacturing tech-
nology and experimental studies of flexible screw conveyors,
the main characteristics of which are mobility and the pos-
sibility of reloading bulk materials along curved routes. The
research provides a theoretical justification for the design of
flexible screw conveyors, explores the processes of their man-
ufacture, presents the results of experimental studies and
optimises the design parameters of screw working bodies,
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but it is necessary to improve the methodology for design-
ing the structures of working bodies of screw conveyors.

Research [25] describes the main methods of transport-
ing bulk agricultural materials along curved routes in the
closed elastic casing using nozzles. A theoretical substan-
tiation of the structural and kinematic parameters of the
proposed schemes of flexible screw conveyor nozzles has
been performed, but it is necessary to determine the opti-
mal parameters of these mechanisms.

Work [29] states that to ensure the growth of produc-
tivity and quality of technological processes using screw
transport and technological mechanisms of machines, it is
necessary to use progressive and efficient designs of screw
working bodies in their designs. In addition, the research
synthesises mechanisms with structures of screw working
bodies using morphological analysis and selects several
competitive designs. However, no designs with improved
technical and economic characteristics have been identified.

In addition, work [30] presents the design of screw con-
veyors with hopper loading and screw conveyors with load-
ing through nozzles. In addition, a classification of loaders
for screw transport and technological mechanisms is pre-
sented. However, there are no analytical dependencies for
determining the design parameters of screw loaders.

Work [31] presents the calculation of the structural and
power parameters of screw loaders, but the proposed meth-
odology does not fully provide opportunities to carry out
engineering and technological calculations of the structural
and energy parameters of screw loaders.

Thus, the research deals with the establishment of
structures of screw conveyors using structural and sche-
matic synthesis by using hierarchical groups and morpho-
logical analysis. The research analyses the influence of many
factors on the processes of moving bulk cargo by flexible
conveyors with screw working bodies and establishes the
structural elements of these conveyors that determine the
design features of these means of transport.

M. Klendii et al.

CONCLUSIONS

The designs of screw conveyors with hopper loading and
screw conveyors with nozzle loading are presented. In
addition, a classification of loaders for screw transport
and technological mechanisms is presented. The mathe-
matical dependencies for determining the geometric and
design parameters of loaders with screw working bodies are
presented.

Using the method of structural analysis, the synthesis
of screw loaders and mixers with screw working bodies was
performed, establishing designs with the best technical-eco-
nomic characteristics and selecting competitive designs.

The research presents a system for coding and synthesis
of structures of screw mechanisms, which allowed consist-
ently conducting engineering and technological calculations
to establish some relevant constraints and using computer
software to develop and select competitive structures of
screw working bodies that would ensure high-quality and
productive implementation of technological processes.

It has been established that the choice of design solu-
tions for screw implements will depend on the type of tech-
nological process and the magnitude and nature of the load
on the screw implements. For this purpose, based on the
necessity to ensure the strength of the screw working bodies
in the design, it is necessary to limit the number of variants
of mechanism designs and develop workable designs of the
sections of flexible screw mechanisms of screw conveyors
for the transport of bulk materials.

Engineering and technological calculations of the
structural and energy parameters of the presented screw
loader have been performed, which can be of practical use
in the design of similar mechanism designs.

The prospect for these studies will be to determine the
kinematic parameters of screw conveyors based on ensur-
ing maximum conveyor performance, damage to bulk mate-
rials, the size of curved routes and the rheological proper-
ties of bulk materials.

(1]
(2]
(3]

(4]

[5]

(6]
[7]
(8]

REFERENCES
Bulgakov, V., Nikolaenko, S., Holovach, I., Adamchuk, V., Kiurchev, S., Ivanovs, S., & Olt, J. (2020). Theory of grain
mixture particle motion during aspiration separation. Agronomy Research, 18(1), 18-37.
Loveikin, V.S., & Romasevych Yu.O. (2017). Dynamic optimization of a mine winder acceleration mode. Naukovyi
Visnyk Natsionalnoho Hirnychoho Universytetu, 4, 81-87.
Pylypaka, S.F., Klendii, M.B., & Klendii, O.M. (2017). Particle motion over the surface of a rotary vertical axis helicoid.
INMATEH - Agricultural Engineering, 51(1), 15-28.
Patent No. 67426A Ukraine, B65633/16. Screw conveyor. Klendiy M.B., Pavlova 1.0., Gevko R.B., Tkachenko .G.
No. 2003010046. Bull. No. 8. Retrieved from https://base.uipv.org/searchINV/search.php?action=viewdetails &
IdClaim=75911.
Liaposchenko, O., Pavlenko, I., & Nastenko, O. (2017). The model of crossed movement and gas-liquid flow
interaction with captured liquid film in the inertial-filtering separation channels. Separation and Purification
Technology, 173, 240-243.
Hevko, B.M., Hevko, R.B., Klendii, O.M., Buriak, M.V., Dzyadykevych, Y.V., & Rozum, R.I. (2018). Improvement of
machine safety devices. Acta Polytechnica, 58(1), 17-25.
Pylypaka, S., Kremets, T., & Klendii, O. (2018). Particle motion over the surface of a cylinder, which performs
translational oscillations in a vertical plane. Engineering Journal, 22(3), 83-92.
Adamchuk, V., & Kuvachev, V. (2021). Results of experimental studies of a block-modular agricultural unit. Herald of
Agrarian Science, 99(7), 49-58.

Machinery & Energetics. Vol. 13, No. 4

N



Justification and calculation of structural-power parameters...

[9] Rohatynskyi, R.M. (1997). Mechanical and technological basis of interaction of screw working bodies with raw materials
of agricultural production (Doctoral thesis, National University of Life and Environmental Sciences of Ukraine,
Kyiv, Ukraine).

[10] Bulgakov, V., Holovach, I., Nadykto, V., Parakhin, O., Kaletnik, H., Shymko, L., & Olt, J. (2020). Motion stability
estimation for modular traction vehicle-based combined unit. Agronomy Research, 18(4), 2340-2352. doi: 10.15159/
ar.20.183.

[11] Bulgakov, V., Pascuzzi, S., Ivanovs, S., Kaletnik, G., & Yanovich, V. (2018). Angular oscillation model to predict the
performance of a vibratory ball mill for the fine grinding of grain. Biosystems Engineering, 171, 155-164. doi: 10.1016/j.
biosystemseng.2018.04.021.

[12] Kresan, T., Pylypaka, S., Ruzhylo, Z., Rogovskii, I., & Trokhaniak, O. (2020). External rolling of a polygon on a closed
curvilinear profile. Acta Polytechnica, 61(1), 270-278. doi: 10.14311/AP.2020.60.0313.

[13] Hevko, B.M., Hevko, R.B., Klendii, O.M., Buriak, M.V., Dzyadykevych, Y.V., & Rozum, R.I. (2018). Improvement of
machine safety devices. Acta Polytechnica, 58(1), 17-25. doi: 10.14311/AP.2018.58.0017.

[14] Hevko, R., Rohatynskyi, R., Hevko, M., Lyashuk, O., & Trokhaniak, O. (2020). Investigation of sectional operating elements
for conveying agricultural materials. Research in Agricultural Engineering, 66(1),18-26. doi: 10.17221/25/2019-RAE.

[15] Hevko,R.B.,Lyashuk, O.L.,Dzyura, V.O., Dovbush T.A., Trokhaniak, O.M., & Liashko, A.P. (2021). Experimental studies
of the process of loose material transportation by a pneumatic-screw conveyor. INMATEH - Agricultural Engineering,
63(1),479-487.

[16] Tkachenko, I., Hevko, R., Gandziuk, M., Synii, S., & Trokhaniak, O. (2021). Substantiation of the parameters of a
horizontal conveyer-cleaner of root crops. Bulletin of the Transilvania University of Brasov, 1, 213-222. doi: 10.31926/
BUT.FWIAFE.2021.14.63.1.19.

[17] Hevko, R., Zalutskyi, S., Tkachenko, I., Lyashuk, O., & Trokhaniak, O. (2021). Design development and study of an
elastic sectional screw operating tool. Acta Polytechnica, 61(5), 624-632. doi: 10.14311/AP.2021.61.0624.

[18] Kuvachov, V., Bulgakov, V., Adamchuk, V., Kaminskiy, V., Melnik, V., & Olt, J. (2021). Experimental research into new
harrowing unit based on gantry agricultural implement. Agronomy Research, 19(1), 126-135. doi: 10.15159/ar.20.239.

[19] Bulgakov, V., Trokhaniak, O., Adamchuk, V., Olt, J., & Ivanovs, S. (2022). Experimental studies of flexible sectional
screw conveyor torque value. In Engineering for rural development: Contents of proceedings of the 21st international
scientific conference (pp. 472-477). Jelgava: Latvia University of Life Sciences and Technologies.

[20] Bulgakov, V., Olt, J., Ivanovs, S., Trokhaniak, O., Gadzalo, J., Adamchuk, V., Chernovol, M., Pascuzzi, S., Santoro, F., &
Arak, M. (2022). Research of a contact stresses in swivel elements of flexible shaft in screw conveyor for transportation
of agricultural materials. Estonian Academic Agricultural Society, 1, 1-7. doi: 10.15159/jas.22.12.

[21] Baryshev, A.I., Budishevsky, V.A., Sklyarov, N.A., Sulima, A.A., & Tkachuk, A.M. (2005). Calculation and design of
transport vehicles of continuous action. Donetsk: Nord-Press.

[22] Gevko, B.M., Danylchenko, M.G., Rohatynskyi, R.M., Pylypets, M.1., & Matviychuk, A.V. (1993). Mechanisms with screw
devices. Lviv: Svit.

[23] Rohatynskyi, R.M., Gevko, I.B., & Dyachun, A.E. (2014). Scientific and applied foundations of the creation of screw
transport and technological mechanisms. Ternopil: Ivan Pulyuy Technical University.

[24] Gevko, I.B., Leshchuk, R.Ya., Gud, V.Z., Dmytriv, O.R., Dubynyak, T.S., Navrotska, T.D., & Kruglyk, O.A. (2019). Flexible
screw conveyors: design, manufacturing technology, experimental. Research. Ternopil: PE V.A Palyanytsia.

[25] Gevko, 1. (2000). Structure analysis and calculation of the loading capacity of nozzles of screw conveyors. Collection of
Scientific Papers of NAU, 7, 160-163.

[26] Gevko, B.M., & Rogatynskyi, R.M. (1989). Screw feed mechanisms of agricultural machines. Lviv: Higher School.

[27] Kuznetsov, Yu.M., Lutsiv, I.V., & Dubynyak, S.A. (2007). Theory of technical systems. Kyiv: Ternopil.

[28] DSTU 2763-94 “Screw conveyors. Terms and definitions”. (1996). Derzhspozhyvstandart Ukrainy.

[29] Rohatynskyi, R.M. (1997). Mechanical and technological basis of interaction of screw working bodies with raw materials
of agricultural production (Doctoral thesis, National Agrarian University, Kyiv, Ukraine).

[30] Hevko, I. (2012). Structural synthesis of impulse safety couplings and screws by the method of morphological analysis.
Bulletin of TNTU, 67(3), 121-134.

[31] Gevko, L.B., Tarasyuk, Yu.M., & Klendius, V.M. (2014). Justification of parameters of screw loaders. Interuniversity
Collection “Scientific Notes”, 44, 57-63.

Machinery & Energetics. Vol. 13, No. 4

N



M. Klendii et al.

Mmuxona Bormanosuu Kienmiii

KaHanpat TexHiUHUX HayK, JOLEHT
BimokpemiieHu#t miIpo3i Hal[iOHATILHOTO YHiBepCUTETY GiopecypciB i MpUPOgOKOPUCTYBaHHS YKpaiHU
«bepe>xxaHCbKMIT arpOTeXHIYHUI IHCTUTYT»
47501, Byn. AkagemiuHa, 20, M. Bepeskanu, TepHOITiJIbCbKa 06/1aCcTh, YKpaiHa
https://orcid.org/0000-0001-8271-5381

IBaH Bonogumuposuy Jlorym

Kangmpat TeXHIiYHMX HAyK, TOIEHT
Bimokpemiiennit migposmis HaIliOHATBHOTO YHiBEPCUTETY 6iopecypciB i IPMPOJOKOPUCTYBAaHHS YKpaiHN
«bepeskaHChbKMIt arpOTeXHIYHUI IHCTUTYT»
47501, Byn. Akamemiuna, 20, M. Bepeskanu, TepHOITiIbChbKa 06/1aCTh, YRpaiHa
https://orcid.org/0000-0001-5075-1054

Aunppiii IlerpoBuu [Iparan

Kangupat TexHiuHMX HaAyK
BimokpemiieHuit migpo3in HaI[iOHATBHOTO YHiBepCUTETY 6iopecypciB i MPUPOIOKOPUCTYBAHHS YKpaiHu
«bepeskxaHCbKMIT arpOTeXHIYHUI IHCTUTYT»
47501, Byn. Akagemiuna, 20, M. Bepeskann, TepHOMiabcbka 06/1acThb, YKpaiHa
https://orcid.org/0000-0001-7195-1127

Irop IBaHOBMY UBapTanbKuii

Kanaupmat TexHiYHUX HAYK, JOLIEHT
BimokpemiieHnii migposia HaIliOHATBHOTO YHiBEPCUTETY 6iopecypciB i MPMPOIOKOPUCTYBaHHS YKpaiHU
«BepekaHChKMIT arpOTeXHIUYHUTT IHCTUTYT»
47501, Byn. AkagemiuHa, 20, M. Bepeskanu, TepHOITiJIbCbKa 06/1aCTh, YKpaiHa
https://orcid.org/0000-0001-5689-4603

Auppiit Bonogumuposuu I'pabap

AcmipaHT
Bimoxkpemiennit migpo3nin HalioHAJIbHOTO YHiBepCUTETY 6iopecypciB i MpMpPOSOKOPUCTYBAHHS YKpaiHu
«bepeskaHChKMIT arpOTeXHIYHMUI iHCTUTYT»
47501, Byn. AkagemiuHa, 20, M. Bepeskanu, TepHOMibchbKa 06J1aCTh, YKpaiHa
https://orcid.org/0000-0001-8208-6212

O6r'pyHTYBaHHS Ta pO3pPaxyHOK
KOHCTPYKTUBHO-CU/TIOBUX NapaMeTpiB rBUHTOBUX 3aBaHTa)KyBauiB

AHoTaUif. [cHyI04i KOHCTPYKIIii TBUHTOBMX POGOYMX OPTaHiB TPAHCIIOPTHO-TEXHOMOTIYHMX MAIIMH He 3aBXKAY MOKYThb
3a6e31eunT HeoOXiTHY MPOILYKTUBHICTb TA YHUKHEHHSI TepeBaHTakeHHS], 1110 Befie 0 Aedopmalliii i oKoIkeHb geTanei
MexaHi3MmiB. ToMy HeO6XiZHO CTBOPIOBATM HOBi epeKTUBHI I'BMHTOBI po60ouUi opraHu, siki 6 3a6e3mevuyBaay BUKOHAHHS
TEeXHOJIOTIYHOTO Mpoliecy. MeTo po60oTH 6ysI0 OGIPYHTYBAHHS i JOCTiAKeHHSI KOHCTPYKILi1 Ta METOAMKM PO3PAXYHKY
OCHOBHMX KOHCTPYKTMBHO-CWJIOBMX MTapaMeTpiB PO3p06/I€HOr0 TBMHTOBOTO 3aBaHTaKyBaya, IPOBeIeHHS CMHTEe3Yy ITBUHTOBUX
3aBaHTaKyBauiB 3 BUKOPUCTAHHSIM MeTOLy MOP(OJIOTiUHOTrO aHasli3y [IJis TOTO, 00 OfiepskaTy KOHCTPYKIIii MeXxaHi3MiB
3 Kpall¥MM TEXHIYHMMM | eEKOHOMIUHMMM XapaKTepucTukaMu. 1715t IpoBeJleHHs JOC/IiIKeHb BUKOPMCTaHO METOAM Teopii
TOBEPXOHb, aHATITUYHOI Ta audepeHIianbHOI reoMeTpii, cucTeM KOMIT I0TepHOI rpadiku i MaTemaTtuku. B pesynbrari
MIPOBeIeHMX TEOPETUIHMX Ta eKCTIePUMEeHTATbHYX TOCTiAKeHb MPUBENeHO KOHCTPYKIIii TBUHTOBMX KOHBEEPIB 3 6YHKEPHUM
3aBaHTaKeHHSIM Ta 'BUHTOBMX KOHBEEPIB i3 3aBaHTaskeHHSIM uepe3 Hacagku. Takok mpuBeeHa kiacubikalis 3aBaHTaKyBaviB
I'BUHTOBMX TPAHCIIOPTHO-TEXHOJIOTIUHMX MeXaHi3MiB. BusHaueHo 3a1eXXHOCTi 11 PO3paxyHKy KOHCTDPYKIIii 3aBaHTasKyBayiB
I'BUHTOBMX KOHBEEPIB. 3[1i/iCHEHO CMHTE3 3aBaHTaKyBayiB Ta 3MilllyBauiB METOIOM MOPQOIOTIYHOTO aHAaJTi3Y J/Isl OfePyKaHHSI
KOHCTPYKIIili MeXaHi3MiB 3 KpalllMMM TEXHIUHMMM i EKOHOMIYHMMM XapaKTepUCTUKAMU Ta CTBOPEHO KOHKYPEeHTO30aTHi
KOHCTPYKIIii MexaHi3MiB. 3alIpOIIOHOBAHO CYCTEeMY KOLYBaHHS Ta CMHTE3Y e/leMeHTiB KOHCTPYKIIiii i MexaHi3MiB FBUHTOBUX
pOo60UNX OPraHiB i3 MOKpaIeHVMY TeXHOMOTTYHMMM BIACTMBOCTSIMM Ta Bili6paHO KOHKYPEHTO34aTHI KOHCTPYKIIii IITHEKOBUX
PO6OUMX OPraHiB, sIKi SIKiCHO Ta MPOAYKTMBHO BUKOHYIOTh TEXHOIOTIYHI ITpotieck. PO3po61eHO METOOMKY PO3PaxyHKy OCHOBHUX
KOHCTPYKTMBHO-CWIOBMX [1apaMeTpiB TBMHTOBOrO 3aBaHTa)KyBaya, 3a J0IIOMOT0I0 SIKOi MO>K/IMBO BU3HAUUTHY ITapaMeTpu
TBMHTOBOTO 3aBaHTaXyBaya. MaTepiaiy CTaTTi MOKYTb 6TV BUKOPUCTaHI TPV TOSATBIINX AOCTIDKeHHSIX TBUHTOBMX KOHBEEDIB
i 30KpeMa rBMHTOBMX 3aBaHTaKyBayiB 3 BU3SHAYEHHSI iX KOHCTPYKTUBHMX, TEXHOJIOTIUHIX, EHEepreTUYHMX Ta CUIOBMX I1apaMeTpiB

Knio4yoBi cnoBa: 1HeKOBUi KOHBEEDP; HACAIKa; TPAHCIIOPTHO-TEXHOIOTIYHMI MeXaHi3M; KOHCTPYKTUBHI eJleMeHTH;
CTPYKTYPHMIA CMHTE3; MOPGOIOTiUHMIT aHATI3; METOAMKA PO3PaAXyHKY
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Abstract. The change in the impedance of biological tissue under the influence of voltage is used in the diagnosis and
treatment of various diseases. Mathematical models describing physical and biological processes in biological objects
are based on electrical substitution schemes. The subject of research of this work was the study of the change in the
impedance of biological tissue in the transient process of ionization under the action of DC voltage. An analysis of the
known substitution schemes was carried out, the shortcomings of their application were identified when the transient
processes of ionization in the tissue under the action of direct current voltage were studied, and the substitution scheme
with the introduction of additional resistance was substantiated, both analytically and experimentally. In the work, the
bioimpedance method is applied when direct current voltage is applied to biological tissue, taking into account the law
of commutation in transient ionization processes. An invasive measurement of the change in impedance with needle
electrodes was carried out, and it was proved that the active component proportionally depends on the distance between the
electrodes, while the capacitive component remains unchanged. It is shown that the ionization time constant is a criterion
parameter and can be used in the diagnosis of the development of ischemic disease of muscle tissue, the change in the state
of biological tissue when blood flow is stopped during the application of a tourniquet. It has been proven that the ionization
time constant does not change with an unchanged ionic composition of the tissue and can be used in the analysis of the
composition of the intercellular space. A simultaneous invasive measurement was performed in two identical places of
different limbs, on one of which a hemostatic tourniquet was applied. The obtained results made it possible to conclude
that a change in the constant time from 15% to 50% compared to two constant times allows for rapid diagnosis, within
2 minutes, of the state of biological tissue and can be used in the study of the development of diseases associated with
ischemia. The results of the study can be used for rapid diagnosis of the state of a biological object and the creation of an
inexpensive device for its use in surgery and research laboratories

Keywords: impedance; transient process; ionization process; cell resistance; capacitance; ionization time constant;
diagnostics; ischemia

Article’s History: Received: 08.07.2022; Revised: 12.10.2022; Accepted: 23.11.2022.

Suggested Citation:

Kryvonosov, V., Prudnikova, N., & Martyniuk, L. (2022). Justification of the electrical scheme of biological tissue
replacement under the action of DC voltage. Machinery & Energetics, 13(4), 60-71.

*Corresponding author

Machinery & Energetics. Vol. 13, No. 4

4



INTRODUCTION
In diagnostic and medical practice, the bioimped-
ance method - a change in the complex resistance (imped-
ance) of biological tissue under the action of voltage - has
found wide application [1-3]. The effect of direct and alternat-
ing electric current on the electrical conductivity of biological
tissue has been the subject of many scientific studies [4; 5].

The electrical resistance of biological tissue is one
of the criteria for studying the processes of state change
and detecting various diseases in a biological object [6; 7].
Resistance measurements are used to study limb ischaemia,
diagnose the affected skin surface with haemangioma, and
detect pathological changes in tissue in small volumes when
diagnosing cancer, otorhinolaryngological, gynaecological,
and other tumours [8-10].

The flow of direct current through living cells activates
the movement of electrolyte ions and other charged par-
ticles. The mobility of these particles is different, so their
redistribution occurs. Biological tissue for studying the
effects of voltage is represented by an electrical substitution
circuit. Depending on the object of study, different substitu-
tion circuits are used; simple ones consist of a capacitor and
a resistor, complex ones of several resistors and capacitors.
Depending on the objectives of the study, they are combined
into different substitution schemes [4; 5; 11].

Both in scientific research and in the design
of medical devices that use both direct and alternating
currents, it is important to build a mathematical model
that reliably describes the biophysical processes occur-
ring in biological tissues.

The reliability of the mathematical model and the
results obtained depends on the choice of the electrical
scheme for replacing biological tissue.

The influence and application of direct current on the
processes occurring in living organisms have been studied
in [4; 12; 13]. Direct current is more often used in treatment
as described in [7; 8; 13]. Current of variable frequency and
amplitude is more commonly used in research. Papers [14;
15] investigated the effect of alternating current and alter-
nating frequency from 10 to 44000 Hz on the change in bio-
logical tissue impedance using the frequencies of therapeutic
intensities of drug penetration into cells. In these works [16-
18], an electrical substitution circuit with a series connection
of capacitance and active resistance was used to study the
change in impedance under the action of alternating cur-
rent. Using such a substitution scheme to study the effect
of direct current on biological tissue would be incorrect. In
steady-state mode, at zero voltage frequency, the capaci-
tance is equal to infinity, and the current should be zero.

Papers [5; 8; 10] show the change in impedance under
the influence of a variable frequency voltage. This paper
also uses traditional substitution circuits with both series
connection of the capacitive and active elements and par-
allel connection, and the expression of Ohm’s law is given
for these circuits.

In [3; 14], the use of the bioimpedance method was
proved to study changes in the state of biological tissues and
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detect diseases. To build mathematical models that charac-
terise changes in the properties of biological tissue, in [5; 6],
various schemes applied to alternating current of different
frequencies and amplitudes were analysed.

It should be noted that the above-mentioned scientific
sources insufficiently investigated the impact of the choice
of electrical circuit for biological tissue replacement on the
study of the transient process of impedance change and the
change in the ionisation time constant as an information
and diagnostic criterion parameter in the diagnosis of vari-
ous diseases. For example, the imperfection of the choice of
electrical replacement circuits does not allow us to establish
patterns of changes in electrical resistance and changes in
tissue viability in partial and complete ischaemia. It should
also be noted that equipment using direct current is less
complex and cheaper.

The purpose of the study was to analyse existing elec-
trical schemes for biological tissue replacement.

To achieve this goal, the following tasks were formu-
lated: substantiation of a biological tissue replacement cir-
cuit with the introduction of an additional active resistance
to study transient ionisation processes in biological tissue;
development of a replacement circuit for a heterogeneous
ionic composition of biological tissue from one to n types
of ions; substantiation of changes in the time constant as
a criterion for studying the dynamics of limb ischaemia
and determining the time of ischaemia development when
a tourniquet is applied.

MATERIALS AND METHODS

To achieve this goal, the bioimpedance method was used,
which allows monitoring the change in the impedance
of biological tissue in the transition period using inva-
sive measurement of the electrical resistance of biological
tissue under the influence of direct current voltage.

In the course of the research work, theoretical meth-
ods of approximation of experimental studies, laws of bio-
physics of cells and intercellular space of biological tissue
were used to determine the change in biological impedance
in the transient process under the influence of DC voltage.

The study was conducted at the Photonics Laboratory
of Vinnytsia State Technical University. In Figure 1 shows
a laboratory setup for measuring the electrical conductivity
of biological tissue.

Materials: biological object (sexually mature guinea
pigs — males weighing 500-600 g). Studies were performed
under anaesthesia (composition: sodium thiopental 10 mg/
ml - 3-4 ml). Anaesthesia was administered 30 minutes
before the start of the study. Within 0.5 hours, premedica-
tion was performed with the following composition: dimed-
rol 1% - 0.3 ml and analgin 50% - 0.3 ml. When working
with animals, the provisions of Article 26 of the Law of
Ukraine No. 3447-VI of 16.10.2012 “On the Protection of
Animals from Cruelty” [19], the “General Ethical Principles
for Animal Experiments” approved at the First National
Congress on Bioethics [20], the requirements of the Euro-
pean Convention for the Protection of Vertebrate Animals
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Used for Research and Other Scientific Purposes [21], and
the Declaration on the Humane Treatment of Animals [22]
were followed.

Equipment: Figure 2 shows a block diagram of the
equipment for measuring the conductivity of biological
tissue.

5

Figure 2. Block diagram of connection of equipment for measuring the conductivity of biological tissue, where indi-
cated: 1 — DC voltage control unit; 2 — two-channel oscilloscope; 3 — biological object (guinea pig);
4 and 5 sensors for invasive conductivity measurement

DC power supply - voltage (0-50), current 10 A, voltage
adjustment step 0.5 V, measurement error 1%. The oscillo-
scope is a Sony-Tektronix 314 two-channel portable storage
oscilloscope with a bandwidth of 10 MHz. Medical needles
(5 mm?3 syringe) with stepwise adjustment of the distances
between them were used as sensors for invasive measure-
ment. The adjustment step is 1 cm. The needles are insu-
lated with varnish, except for the tips with an open part that
is inserted into the tissue, which is 5 mm.

To build mathematical models and analyse the impact
of extraneous factors on biological tissue, electrical substi-
tution schemes are used for both tissue sections and indi-
vidual organs [7]. The criterion for choosing an electrical
substitution scheme was to match the physical process in
the biological environment that it describes.

RESULTS AND DISCUSSION

It is known from studie [3; 8] that the applied DC voltage
to biological tissue causes the redistribution of free ions
and the appearance of an electromotive force (EMF). Fig-
ure 3 shows a physical model of the electrical conductivity
of biological tissue: the ionisation current directed against
the current caused by the applied voltage depends on the
number and types of ions.

Figure 3. A physical model of the electrical conductivity
of biological tissue

The heterogeneous structure of a biological object or
tissue part, with its structural and physical features, con-
stitutes the resistive characteristic of the object under
study when exposed to an electric current. The structure
of biological objects determines the total impedance (elec-
trical resistance or electrical conductivity), which can vary
depending on the current state of the object and the influ-
ence of an external factor, such as voltage, electromag-
netic fields, etc.

A constant voltage applied to a biological object dur-
ing the transient period causes electric currents, one of
which is the current caused by the polarisation properties
of the tissue. The total electrical resistance of a biological
tissue is defined as:

R=p, (1)
R, =—. (2)

Where indicated:
R - active component of tissue impedance; R_- the capac-
itive component of tissue impedance; p — the specific com-
ponent of biological tissue; L — the length of the current
path; S - cross-section for current flow; C — the capaci-
tance; o — current frequency.

The total resistance in a current circuit is the imped-
ance Z, which is defined by formula (3):

Z=VRZ+R> ©)

Electrical substitution circuits are constructed depend-
ing on the connection of active and capacitive resistances,
which correspond to their mathematical model, which
should reliably describe biophysical processes in biological
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tissue. Traditional circuits are used to study the effect of
voltage of different currents. Figure 4 shows the traditional

V. Kryvonosov et al.

electrical circuits for replacing biological tissue used in
the above works.

a)

H 15

) LN |

I

Figure 4. Traditional electrical circuits for biological tissue replacement, where R — active resistance in the intercellular
space, R, — active resistance of tissue cells, C - capacitive component of the cell

Scheme A (Fig. 4a) is the simplest fabric replacement
scheme. The input impedance - Z, , is given by formula (3).
This scheme is not practically used in DC studies because,
in the steady-state mode of the input current, I, tends to
0, since the impedance Z, | —e. This, when using this sub-
stitution scheme, gives significant deviations and errors
of experimental measurements from theoretically calcu-

lated ones. 1
RR. _ R

R+R;  R+—

Zian = (4)

Analysing expression (4), we see that at the initial time
t=0, R, = %—M,the input current I, tends to infinity
I, ,—, since the active component of the impedance R
is shunted. The use of this substitution scheme has sig-
nificant deviations and errors from experimental meas-
urements when studying the transient process of imped-
ance change.

For the substitution scheme (Fig. 4c), the input imped-
ance, Z, ., in the transient process has the form:

inp3’
cRZ4 (2
PO s )
in :
P e RE+()?

Replacement scheme (Fig. 4¢), is a common model
for AC voltage studies, but when studying the transient

a) ||

process under the action of DC voltage at the initial
switch-on (time point equal to zero t=0), given that the
active component of the tissue cell impedance is less than
the active component of the cell impedance R<R,, the input
current I, will be limited by the active component of the
impedance R;,3 = :+—F;11, since R, .<R<R,.The input cur-
rent I, should exceed the steady-state value by several
times, which is not observed in practice. In both schemes
(Fig. 4b) and (Fig. 4c), at the initial moment of current flow,
it causes the release of heat that can harm the tissue (local
overheating [23]), which is not observed in practice. The
use of a substitution scheme (Fig. 4c) also causes devia-
tions and errors in experimental measurements from the-
oretically calculated ones.

To create a mathematical model that allows analysing
transient ionisation processes under the action of DC volt-
age in tissues, the authors used the substitution scheme of
Figure 5. Study of transient ionisation processes in tissues
under the influence of DC voltage with different blood flow
and different amounts of ions in the same volume, a tour-
niquet was applied to one paw of a guinea pig. The substi-
tution scheme of Figure 5b corresponds to physicochemical
processes with a reduced amount of ions, the simula-
tion of ischemia is the scheme of Figure 5a, this scheme
corresponds to the study of healthy biological tissue.

b) [ 1

Figure 5. Electrical schemes of biological tissue replacement: a) without a tourniquet; b) with a tourniquet applied

In Figures 5a and 5b, R, is the active component of
the impedance in the intercellular space, R, and R, are the
active components of the impedance of tissue cells without
and with a tourniquet, C is the capacitive component of the
impedance of tissue cells without a tourniquet, which char-
acterises the process of ionisation in healthy biological

tissue, and C" is the capacitive component of the impedance
with a tourniquet. At the initial switching on (time point
t=0) (scheme of Fig. 5b), taking into account the switching
law [24], is replaced by the equivalent scheme of Figure 6.

Figure 6 shows an equivalent replacement circuit to
Figure 5a.
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=
a d

RZ
-
»r—
L m b
O
e -
Eian ion

Figure 6. Electrical substitution scheme that takes into account the ionisation process
Note: E,_ is an electromotive force caused by the ionisation process, caused by the movement of free charged ions under
the action of the source electric field. a, d, m, b are potential points. The voltage applied to the biological tissue is U =¢_-¢,.

¢, and ¢, are the potentials at points a and b. The directional vector E,  is opposite to the vector U,

» I, is the current flow-

ing in the area with the active impedance component R,, I, is the current flowing in the area with the capacitance

ion

According to the first Kirchhoff rule for the nodal
connection at point d, Figure 6, the current balance is as
follows:

Iinp+IZ_Iion=0' (6)

The voltage balance, according to Kirchhoff’s second
rule, looks like this:

U =AU +AU,. (7)

Where AU, AU, - voltage drop on the active impedance
components R iR,.

Equation (2), which characterises the change in E,_, taking
into account the boundary conditions, is written in the form:

dEion 4 (1 v,
e TG Eo ®

where E, - is the value of the electromotive force of ionisa-
tion in steady state and is equal to AU,=U,, .
E=IR,=I-R,, worthy of the replacement scheme
(Fig. 6), for the moment of time =0, I=I..
The solution with respect to E,  is known [24] and has
the form:

t
Eion = Eg (1 —e ma1), )
R

1

where 1, —is the time constant of the ionisation process for the
biological object under consideration and is equal to t, ,=C'R,.
Let us write equation (2) in the form:

t
Uap =AU, + Eo(1 — e 71). (10)

According to equations (1), (4), (5), the input current is
determined by the expression:

Uap Uap

[1=—=—

__t Zi
Ry+ Ry(1—e T41) inp4

(11)
where Z, , - is the input impedance of the biological tissue
and is defined as:

t

Zinpa = Ry + Ry(1—e ma) 12)

It was verified the correctness of the choice of the elec-
trical replacement circuit that describes the physical pro-
cesses in the tissue and the obtained dependencies (10),
(11), and (12) by transforming the diagram of Figure 6 for
each boundary condition.

The first boundary condition is time t= 0, and, according
to the law of switching in transients [25], E, =0, and I =I,.

The substitution scheme for this boundary condi-
tion t=0 (the initial moment of the transient) is shown in
Figure 7.

— ]

a
—>
Il

RZ
e
m b
—
IZ
-
I

inp

Figure 7. Scheme of biological tissue replacement for the first boundary condition
Note: ], is the current flowing in the active resistance R,, I,=0 since it is shunted, I,=I, is the input current for the first

boundary condition

Thus, expression (12) is a mathematical model of the
impedance change for the substitution Figure 5a). The input
current is determined by expression:

Ua
11 = Iinp = R_lb (13)

and has a maximum value and is limited by R, - the active
component of the impedance in the intercellular space. The
second boundary condition at time t— is the steady state,
with, according to the law of switching in transients [25],
I =0,E =AU=U, .
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Figure 8 shows the substitution scheme for the second
boundary condition.

R R

1 2

.

I

1

Figure 8. Scheme of biological tissue replacement for the

second boundary condition, where I,=I, |

The input current is defined by the expression:

Uap
R+ Ry’

11 = Iinp = (14)
Using the same calculation algorithm as for the
replacement circuit in Figure 5a, it was obtained mathe-
matical models of impedance change over time for the elec-
trical replacement circuits shown in Figures 4a, 4b, 4c.
For the replacement circuit shown in Figure 4a,
the mathematical model has the form:

t

Zinp1 = Re i, (15)
where R is the total component of the active impedance
resistance, which consists of the active impedances of cel-
lular and intercellular connections.

1,, — is the time constant determined by the formula
7,,=CR.

The performance of the mathematical model of expres-
sion (15) is checked for the boundary conditions:

The moment of time is zero t=0, Z. =R.

The moment of time is t—e, Z, | I?)p.l

The mathematical model meets the requirements of the
boundary conditions.

Due to such regularities of impedance changes, this

replacement scheme is not used in practice.

/

risistance R/kOm
N

0 10 20 30 40 50 60 70 80
time second
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For the substitution scheme shown in Figure 4b,

the mathematical model has the form:
t

Zinpz =R(1—e_a), (16)

where R is a component of the total active impedance resist-
ance, which consists of the active impedances of cellular and
intercellular connections.

1,, — time constant - determined by the formula 7, =C.R.

The performance of the mathematical model of expres-
sion (16) is checked for the boundary conditions:

the moment of time is zero t=0, Z, =0,

inp.1
the moment of time is equal to t—x, Z_ =R.

The mathematical model meets the requirements of the
boundary conditions.

To obtain the mathematical model, the substitution
scheme shown in Figure 4c, it is advisable to use the elec-
trical conductivity — Gyp3 = L

For the substitution sclﬁeme shown in Figure 4c,

the mathematical model is as follows:

1

t
Ginps = 5+ 7€ ™0 7

where 1, | - is the time constant determined by the formula
17,,=CR,. R and R, - correspond to the marks of the active
resistance diagram of the substitution circuit Figure 4c.

The mathematical model was tested for boundary
conditions:

the moment of time is zero t=0,

1 1 R'R
GZE R_l!Zinp3=FR11;

the moment of time is equal to t—, Z,_ =R.

The mathematical model meets the requirements of the
boundary conditions.

To analyse the correspondence of the experimentally
obtained results of the impedance change over time with the
results obtained using mathematical models, formulas (12),
(16), (17), and the substitution schemes shown in Figures 5a,
4a, 4b, 4c, we constructed graphs of the dependence R=f(t),
which are shown in Figure 9.

- the graph is
constructed for the
mathematical model,
formula (12), Figure 5a

the graph is based on
experimental data

— the graph was
constructed for the
mathematical model,
formula (16), Figure 4b

= the graph was
constructed for the
mathematical model,
formula (17), Figure 4c

90 100 120

Figure 9. The graphs of the dependence R=f(t) for substitution schemes
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To analyse the effect of the number of ions on changes
in the conductivity of biological tissue, the scheme under
consideration is shown in Figure 5b. The tourniquet applied
to the guinea pig’s paw stops blood flow in the tissue and
prevents the flow of free ions. Such a study is important for
determining the dynamics of ischaemia in the limbs and
determining the time of the tissue’s limiting state when
a tourniquet is applied during domestic, industrial and mil-
itary injuries

As is known from [8; 12], the main component of the
biological tissue environment is blood, which is a solution
of electrolytes. For example, blood plasma contains 0.32%
NaCa, where the concentration of Na+ ions is 142 mmol/I,
and K+ - 5 mmol/1. Current is a directed movement of pos-
itive and negative ions, which is defined for an electrolyte
solution according to [4] as follows:

j.=q-n-v; j=q-n-v, (18)

where g, is the positive charge of the carrier, q_is the nega-
tive charge of the carrier n_, n_are the number of positively
and negatively charged ions, v, v_are the concentration of
positively and negatively charged ions, respectively.

The total current will be equal to: The total current will
be equal:

G=j.tj =q-n-vtq-n-v. (19)

Expression (18) indicates that the electrical conductiv-
ity of biological tissue is proportional to n_, n_— the num-
ber of positively and negatively charged ions and v, v_-
the concentration of positively and negatively charged ions,
respectively.

The rate of orderly movement of ions is directly pro-
portional to Eion, which is caused by the movement of free

a 1

charged ions under the influence of the source electric field
and is defined:
V=gE

ion’

(20)

where g - coefficient of proportionality of media mobility.
The specific electrical conductivity 6 for an electrolyte
is written in the form:
6=§ =b, n, v,+b_-n_-v_+b-n-v. (21)
The input impedance of the biological tissue for the
scheme of Figure 5c with a limited number of ions, having
carried out similar calculations as for the scheme of Fig-
ure 5a, is determined by the expression:

t
Zips = Ri+ Ry(1—e ),

inp4 (22)
where T, | - is the time constant of the ionisation process
for a biological object with a reduced number of ions and
is equal to 7, =CR,.

The analysis of expressions (20), (21), (22) shows that
the ionisation process time constant t, =C-R, directly
depends on the number of charged ions, their concentra-
tion in the biological tissue, the level of intensity E, , the
composition of salts in the biological tissue and is a con-
stant value characterising the course of this process.

Biological tissue is complex and heterogeneous in com-
position and environment. Tissue contains not only sodium
and potassium, but also other ions. The introduction of new
elements (active resistances and unities) into the substitution
scheme will allow us to study biological tissue with any ion
composition. Figure 10 shows a substitution scheme for a bio-
logical tissue with a heterogeneous composition of n ions.

m_m b

Figure 10. Scheme of replacement of biological tissue containing n-ions

Note: R, R

1

R, - active components of impedance in the intercellular space, R, R

,» Ry, — active resistance of tissue cells

in a complex medium, C, C, C, - capacitive component of impedance of tissue cells in a complex medium

Using the device, Figure 2, for invasive imped-
ance measurement, data on changes in tissue impedance

Table 1. Results of studying the change in impedance over time depending on the distance between the needle electrodes

over time for different distances between needle electrodes
were obtained, which are presented in Table 1.

L=1cm  1.30 2.78 3.76 4.32 4.85 5.17 5.37 5.46 5.6 5.7 5.71 5.72 5.73
L=3cm 1.65 3.16 4.10 4.65 5.16 5.42 5.67 5.86 5.99 6.13 6.34 6.34 6.42
L=5cm  1.90 3.49 4.33 4.92 5.25 5.60 5.93 6.13 6.25 6.45 6.58 6.65 6.65

Machinery & Energetics. Vol. 13, No. 4




In Figure 11 shows the graphs of impedance changes in
the transient period depending on the distance L between
the needle electrodes, which were obtained experimentally.
The studied biological object was not damaged after the
completion of the research.

To investigate the use of the ionisation time con-
stant as a diagnostic criterion, impedance changes

risistance R/kOm
— [\ wl [N w (o)} ~3

o

0 10 20 30 40 50 60 70 80

time second
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were measured simultaneously invasively on two limbs in
identical locations. A tourniquet was applied to one limb.
Table 2 shows the results of the study.

In Figure 12 shows a graph of tissue impedance
changes as a function of time. The tourniquet was applied
to one paw, and the blood circulation was stopped for
30 minutes.

graph of resistance change
at a distance of 5 cm
between the electrodes

= graph of resistance change
at a distance of 3 cm
between the electrodes

- graph of resistance change
at a distance of 1 cm
between the electrodes

90 100 120

Figure 11. Dependence of the change in impedance R=f(t), depending on the distance between the electrodes
L=1 cm, L=3 cm and L=5 cm

Table 2. Impedance change measurement data over time

Time, sec

Limb without tourniquet 0.43  1.26 195 242 2.78 317 338 359 376 398 412  4.27 4.4
Limb from a tourniquet 1.1 289 382 453 512 565 6.06 650 679 717 746 769 798
9
8 .
=== graph of changes in tissue
= 7 impedance with a
S 6 tourniquet applied
= s
3]
g 4
g ==== graph of changes in tissue
5 3 impedance without
= 9 tourniquet application
1
0 0 10 20 30 40 50 60 70 80 90 100 120

time second

Figure 12. Graph of changes in tissue resistance depending on time,
the tourniquet is applied to one paw for 30 minutes

Thus, this paper considers the issue of obtaining pat-
terns of changes in the impedance of biological tissue under
the influence of DC voltage in the transient process as an
information parameter for the rapid diagnosis of limb muscle
ischaemia. The authors proposed the introduction of an addi-
tional active resistance into the known electrical substitu-
tion circuit, which is traditionally used in AC voltage studies.

DISCUSSION

In well-known works, the issue of the influence of voltage
of variable amplitudes and frequencies on biological tissue

and the application of the obtained results for the diagnosis
of a disease and its treatment is thoroughly studied. In [3;
9], the substitution scheme shown in Figure 4b. In [2; 6; 10],
the substitution scheme shown in Figure 4c.

To substantiate the introduction of an additional active
resistance in the proposed electrical substitution circuit,
mathematical models for known substitution circuits were
built and the change in R=f(t) was analysed. Analysis of the
results of the correspondence of the physiological process
for the substitution schemes, Figure 4b and Figure 4c, and
their corresponding mathematical models, expressions (15),
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Justification of the electrical scheme of biological tissue replacement...

(16), and (17), with the substitution scheme proposed by the
authors, Figure 5, and the mathematical model, expression
(12), for the transient mode under the action of a DC volt-
age, was carried out by comparing the compliance coeffi-
cient - q, which is determined by Eq:

q= (1 —j—) 100%,

inp i

23)

where S, - is the result of integration of the experimentally
obtained function Z=f(t), which is defined by the expression;
S =[%Z  dt;S. .- theresultof integration of the function

inpi inpi

Z=f(t) of each mathematical model. S, =[;"Z, dt.

The numerical values used in the integration were
obtained as a result of experiments, so the ionisation time con-
stant is 1=25 seconds, the active components are R =1,3 kOm,

R,=4.43 kOm. The calculation results are shown in Table 3.

Table 3. The results of calculating the compliance ratio

The proposed replacement

scheme is shown in Figure 5

The substitution scheme is

The substitution scheme is

shown in Figure 4b, shown in Figure 4c,

The value of the matching

0O,
coefficient. 2.8%

used in [5; 8; 10] used in [3; 6; 14]

13.8% 18.7%

The proposed electrical substitution scheme and
its mathematical model have a convergence with experimen-
tal data of up to 3%, depending on the traditional substitu-
tion schemes, which have a convergence of 13% and higher.

Thus, the introduction of an additional active resist-
ance in the electrical circuits of biological tissue replace-
ment, under the action of a DC voltage, allows to study the
transient ionisation process and increase the reliability of
the results obtained in determining the impedance compo-
nents with a reliability of £3%. The field measurements of
the impedance change during the transient process allowed
us to confirm that the ionisation time constant is equal to
T= %Tion with a probability (P=0.95), where T, is the tran-
sient time. This allows us to more reliably determine the
capacitive component of the tissue under study. The capac-
itive component for the proposed substitution scheme is
C= 4% =5,64-10-3F, for the traditional substitution
schemes C = % = 4,16 - 10-°F, and the difference is 35.5%.

An analysis of expressions (12), (15) and (16) and
the graphs in Figure 9, shows that traditional substitution
circuits should be used for studies under the action of volt-
age of variable frequencies and amplitudes, as well as in
steady-state modes under the action of DC voltage. To study
the transient process, it is necessary to use an adjusted elec-
trical substitution scheme.

In the reviewed and analysed results of well-known
works [5; 8; 10] and [3; 6; 14], the invasive method of meas-
uring the impedance of biological tissue is not considered.
The analysis of the obtained data of the impedance compo-
nents by the invasive method, shown in the graph (depend-
ence R=f(t) for different distances between electrodes in Fig-
ure 10), shows that the active component of the impedance,
both intercellular and cellular, varies according to a linear
law depending on the distance between the electrodes,
which corresponds to the pattern according to formula (1).
The capacitive component, formula (2), which leads to the
transient process caused by ionisation, does not change. The
sensitivity of the needle sensor increases by (8-9)% when
the distance between the electrodes is reduced by every
AL=1 cm. To study the change in impedance in an invasive
way, it is sufficient to have a distance of -1 cm between the

needle electrodes, which makes the sensor compact and less
traumatic.

The theoretically obtained dependence R=f(t) accord-
ing to expression (12) for the proposed replacement cir-
cuit shown in Figure 5 gives the right to assert that at the
initial time (t=0), the resistance of biological tissue is not
zero, which is confirmed by experimental data. The addi-
tional resistance of the replacement circuit corresponds to
the active resistance of the intercellular space, which limits
the initial input current, so the active resistance at the ini-
tial time (¢=0) is within 1-2.0 kQ.

The authors first proposed a method for diagnos-
ing changes in the properties of biological tissue in case
of blood flow disorders using a direct current voltage in
the transient ionisation process. Papers [6; 16; 17; 27; 28]
consider methods of using impedance changes to diagnose
and determine the composition of biological tissue with
subsequent treatment of deviations. Paper [26] presents
a method for diagnosing skin myeloma. All of these meth-
ods use AC voltage and frequency, which requires sophisti-
cated equipment and a certain amount of time for research.
The article proposes a method of rapid diagnosis - the
diagnostic period takes from 100s to 120s, which does not
require sophisticated equipment.

The proposed method is based on the comparison of
two simultaneously obtained integrated functions q of
healthy and diseased tissue and the analysis of the rela-
tivity coefficient -q, which is determined by the formula

q=(1 —i—) -100%:

Where S, - is the result of integrating the function
Z=f(t) without a tourniquet; S’ - is the result of integrating
the function Z=f(t) with a tourniquet applied.

If the relativity coefficient is g=0£0.05%, this indicates
unchanged properties of biological tissues in both limbs.

If the relativity coefficient varies — g=0.05% to 1, it indicates
changes in the properties of biological tissues in both limbs.

At a value of g=0.5 and below, it indicates the presence
of irreversible processes of ischaemia in muscle tissue.

The data presented in Table 2 and the graphs shown
in Figure 12 show that the comparison of two integral
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ionisation functions in biological tissue without a tourni-
quet and in tissue with a tourniquet is a criterion parameter
for diagnosing the development of ischaemia.

CONCLUSIONS

Traditional electrical substitution circuits and their cor-
responding mathematical models should be used to study
changes in biological tissue under the influence of alter-
nating frequency voltage or in steady-state mode under the
influence of direct current voltage. When using these sub-
stitution schemes to study the transient process under DC
voltage, the error of the results obtained is 13% and higher.
To study ionisation transients under DC voltage, it is nec-
essary to use a corrected electrical substitution circuit with
an additional active resistance. The introduction of an addi-
tional active resistance made it possible to obtain a conver-
gence of the experimentally obtained measurements with
the analytically obtained results up to +3%, which indi-
cates that the developed mathematical model is suitable
for describing the transient process occurring in biological
tissue under the action of a DC voltage.

It is analytically confirmed that the ionisation time con-
stant can be determined with confidence (P=0.95) from the
experimental data as T = %Tion, where T, is the time of the
transient process.

The mathematical model of the corrected electrical
substitution scheme allowed us to obtain numerical val-
ues of the capacitive components of the impedance. The
reliability of the determined capacitive component of the
impedance compared to traditional substitution circuits and
their corresponding mathematical models increased by 35%,
which made it possible to determine and control the compo-
sition of biological tissue. Based on the results obtained, an

V. Kryvonosov et al.

electrical substitution circuit was developed for the complex
composition of the biological environment.

Based on the results of the transient process study,
a method for detecting changes in the properties of biological
tissue in case of circulatory disorders was developed. The time
of the transient process is 100s-120s, which allows for rapid
diagnosis of ischemia of the patient’s limb muscle tissue.

The method is based on the comparison of two simul-
taneously obtained integrated functions of healthy and dis-
eased tissue and the analysis of the relativity coefficient -q,
which is determined by the formula q = (1 - iﬁ) -100% ,
where S, is the result of integrating the function Z=£(t) with-
out a tourniquet, S’ is the result of integrating the func-
tion Z=f(t) with a tourniquet. If the relativity coefficient is
q=0+0.05%, this indicates that the properties of biological
tissues in the two limbs are unchanged. If the relativity coef-
ficient varies from 0.05% to 1, it indicates changes in the
properties of biological tissues in both limbs. At the value
of g=0.5 and below, it indicates the presence of irreversible
processes of ischaemia development in muscle tissue. Thus,
it was established that when simultaneously measuring the
change in impedance in two identical limb areas, the ion-
isation time constant is a criterion parameter in the study
of ischaemia development.

The obtained results of experimental and analytical
studies have shown that, depending on the set tasks
and goals of studying changes in biological tissues, elec-
trical substitution schemes adequately describe the phys-
iological processes of a biological object when corrected.

The development of rapid diagnostic methods based on
data obtained in the transient processes of biological tis-
sue ionisation requires further research together with the
results of changes in tissue properties obtained by biopsy.
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O6Ir'pyHTYBaHHS eJIeKTPUYHOI cXxeMm
3aMilleHHs 6ionoriyHoi TKAaHUHM NpPU Aii Hanpyru NocTiMHOro CTpymy

AHoTaUiq. 3miHa iMmegaHcy 6i070TiYHOT TKAHWHM TTi[] i€10 HATIPYTY BUKOPUCTOBYETHCS B AiarHOCTUIII Ta JiKyBaHHI
pi3HMX 3aXBOpIOBaHb. MaTeMaTUYHi MOJIeIi, [0 OMMUCYIOTh (i3nKo-6i0M0TiuHI Iporieck B 6i0/0TiUHMX 06’€KTaX, 3aCHOBaHI
Ha eJIeKTPUIHUX cXxeMax 3amilleHHs. MeTolo 11iei po6oTu 6y/10 AOCTiIKeHHS 3MiHM iMIleaHCy 6i00riuHOl TKAHMHU B
nepexigHOMY ITpolieci ioHi3alii mif gi€lo Harmpyru MoCTiiitHOro cTpyMy. B po60Ti 3acTocoBaHO 6ioiMIIeHIaHTHIUIT METO[L
MpY BIUIMBi Ha 6iO/IOTiYHY TKAHMHY HAMPYTU MOCTiTHOTO CTPYMY 3 ypaxXyBaHHSIM 3aKOHY KOMYTallil y mepexigHux
npoliecax ioHisairii. Bysio mpoBegeHo aHami3 BifoMux cxeM 3aMillleHHS BUSIBJIeH] HeIOIiKY iX 3aCTOCYBaHHS MPU BUBUEHi
TepexigHMX MpoLleciB ioHi3alii B TKAaHMHI NP Aii HATIPYTM MOCTIHOTO CTPYMY Ta OOGIPYHTOBAHO, SIK aHAJITUYHO TaK
i excriepMMeHTa bHO, CXeMY 3aMillleHHS i3 3aIIpOBaJi’KeHHSIM I0JaTKOBOTO Omnopy. byso 3ailicHeHO iHBa3iitHNUI1 BUMIp
3MiHM iMITeaHCYy TOTYaCTVMMU eJIeKTPOLaMMU, I0BeJeHO, 10 aKTUBHA CK/Ia/l0Ba IPOINOPLIiiHO 3aIeXXUTD Bif, BiACTaHi MexX
eleKTPoJaMu, a EMKiCHa CKJIaJ0Ba 3a/IMILIAE€ThCsl He3MiHHOM0. [Toka3aHo, 1110 MOCTiliHa yacy ioHi3allii € KpiTepiaJbHUM
rapamMeTpoM Ta MOXXe BUKOPUCTOBYBATUCh B IiaTHOCTUIIi PO3BUTKY illIeMiuyHOi XBOpO6M M’SI30BOi TKAHWHM, 3MiHa CTAHY
6i0/IOriuHOI TKAHVHY MIPY 3YNMHIII KPOBOTOKY ITiJ] Yac HAK/IaJaHHS KPOBOCIIMHHOTO IKTyTa. loBeeHo, 10 MOCTiliHa yacy
ioHi3allii He 3MiHIOETHCS TP HE3MiIHHOMY iOHHOMY CKJIaly TKAHUHY i MOKe BUKOPUCTOBYBATHUCS TIPU aHAMi3y CKIaLy
MIDKKIITUHHOTO MPOCTOpPY. Bys0 MpoBegeHo ogHOUacHe iHBa3iliHe BMMipIOBaHHS Y ABOX iI€HTUYHUX MiCISIX Pi3HUX
KiHIIiBOK, Ha OfiHi€i 6y/I0 HaK/IaeHO KPOBOCIIMHHMIA IKTYT. OTpMMaHi pe3yJabTaTy JO3BOJIUIN 3pPOOUTM BUCHOBKM, 10 3MiHA
nocTiitHoi yacy Bif, 15 % mo 50 % y mopiBHSIHHI IBOX MOCTiHUX Yacy TO3BOJSIE POOUTH eKCIIpec AiaTHOCTUKY, IIPOTATOM 2
XBWIVH, CTaHy 6i0/I0TiYHOI TKAaHVHY i MOXKe BUKOPUCTOBYBATHCDH IIPY BUBUYEHHI PO3BUTKY XBOPOOM TIOB’SI3aHMX 3 illleMi€ro.
Pe3ynbTaT DOCTiIKeHHS] MOKYTb BUKOPMCTOBYBATHUCS ITPY €KCIIPeC AiarHOCTUIIi CTaHy 6i0/I0TiuHOTO 06’€KTY Ta CTBOPEHHI
He JOPOToTo MpuIafy Jijisl 0ro 3aCTOCYBAaHHS B Xipyprii Ta JOCTiIHUX 1ab0opaTopisx Mpy BUBYEHI PO3BUTKY ilemii
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JIiaTHOCTMKA; ireMist
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PID-controller tuning algorithm development
for a “crane-load” dynamical system

Abstract. One of the main problems in the operation of cranes is the oscillation of the load on a flexible suspension. One
of the ways to eliminate load oscillations on a flexible suspension is to use a proportional-integral-differential controller
that generates a control signal for the crane movement. However, for it to function properly, it must be properly tuned.
Standard approaches to tuning a PID controller, which is common in the practice of engineering calculations, do not
allow solving this problem, and that is why it can be considered as a scientific and applied one. The research aims to
develop an algorithm for tuning a proportional-integral-differential controller. For this purpose, a research issue was
defined, which includes a mathematical model of the dynamic system, constraints on the overload capacity of the crane
drive and the control function, conditions for achieving the steady-state speed of the crane and eliminating pendulum
oscillations of the load on a flexible suspension. Using the modified particle swarm method, ME-D-PSO, the coefficients
of the proportional-integral-differential controller were determined for a wide range of values of the load mass and the
length of the flexible suspension. Based on the obtained values of the coefficients, an algorithm is presented that allows
calculating the values of the coefficients for any values of the load mass and the length of the suspension. The dynamics
of the movement of the crane-load system are analyzed for the smallest and largest selected parameters and for the case
obtained by applying the developed algorithm. Practical application of the developed algorithm will allow obtaining optimal
values of the proportional-integral-differential controller, which in turn eliminates oscillations of the load on a flexible
suspension during crane operation, which in turn increases the safety of crane operation, structural durability, and increases
the crane’s capacity
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INTRODUCTION

It is difficult to overestimate the importance of cranes
in modern manufacturing, agriculture, or logistics. To
improve the quality of crane operation, it is necessary
to ensure the high capacity of hoisting machines. One
of the modern approaches to solving this problem is the
use of PID controllers (proportional-integral-differen-
tial controllers) to control the movement of crane mech-
anisms. This allows optimizing crane operation by reduc-
ing dynamic loads in the crane’s metal structure and drive,
ensuring energy efficiency, and reducing wear and tear on
crane components.

Many scientists worked on developing methods for
tuning PID controllers. For example, in [1], the author pro-
posed an algorithm for tuning the proportional, integral,
and differential coefficients of a PID controller using fuzzy
logic methods based on logical and linguistic models. The
structure of an automatic control system based on a fuzzy
PID controller was developed, the main components of
which are a fuzzy PID controller and the transfer function
of the plant.

The authors of [2] proposed an autotuning method that
consists in estimating the key points of transients in a relay
identification experiment and then applying the proposed
analytical dependencies to find the optimal set of PID con-
troller tuning parameters.

In [3], the authors proposed a method for reducing load
oscillations on a flexible suspension using proportional-dif-
ferential (PD) and PID controllers. The PD controller affects
the dynamics of crane movement, and the PID controller
affects the movement of the load. The criteria of the integral
of the absolute and quadratic error were used to tune the
PID controller. The particle swarm method (PSO) was used
to find the optimal coefficients of the controllers.

In [4], the authors gains the PSO method to tune the
PID-PD controller. The time criterion function was used for
control. The main task of the criterion used is to track the
time spent on lifting and lowering the load and re-regula-
tion. The PID controller is used for positioning the over-
shoot crane, and the PD controller is used to control the
oscillations of the load.

In [5], the authors developed a method for reducing load
fluctuations using a PID controller, which was tuned using
a oscillations PSO algorithm and a simulation annealing
algorithm (SA).

The authors of [6] proposed the Ziegler-Nich-
ols method to tune the PID controller. The PID control-
ler controls the position of a crane that transports load
with maximal speed.

In [7], the authors proposed a method of automatic PID
controller tuning using the method of differential evolution
to determine the optimal values of the controller gains that
satisfy the stability criterion of Kharitonov polynomials.

In [8], the authors proposed a method for tuning a PID
controller using fuzzy logic, genetic algorithms, and the bee
algorithm. The research proposes replacing the PID con-
troller with a fuzzy logic controller. PID controllers tuned
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using genetic and bee algorithms are used to control linear
horizontal motion.

In [9], the authors propose an intelligent hybrid struc-
ture used for the online tuning of a PID controller. It is based
on two adaptive neural networks, both with built-in Cheby-
shev and orthogonal polynomials. The first neural network
with an endocrine factor is used to approximate control sig-
nals that are introduced in the form of stimuli from the envi-
ronment. These, in turn, are used to adapt the second neu-
ral network, whose main task is to generate control signals.

The authors of [10] proposed an intelligent crane con-
trol system with communication delays that can learn from
past mistakes and use genetic algorithms to adjust the
PID controller. The new parameters of the PID controller
are memorized and if a similar delay occurs in the future,
the parameters are read from the memory.

In the analyzed sources, the authors concentrate on
solving a narrow range of problems of moving a crane with
a load with the elimination of load oscillations. However,
they did not consider the factors of the duration of elimi-
nation of pendulum oscillations of the load, the constraints
imposed on the crane drive mechanisms, the variability of
the parameters of the dynamic system, etc. In this work, all
these factors are addressed.

MATERIALS AND METHODS
To conduct the research, a two-axis dynamic model was
used, as shown in Figure 1. The model (Fig. 1) has been
tested for research tasks and for controlling pendulum oscil-
lations of a load on a flexible suspension [11-13].

X1
w mq F

B — | | e

-:- +

e KL

I

X2

my

Figure 1. A dynamic model
of the “crane-load” movement system
Source: compiled by the authors

The dynamic model shown in Figure 1, is described by
the mathematical model (1):

{F - W =my¥; + myX,;

X1 =X, +éjéz, 1)

where x, and x, - generalized coordinates of the com-
bined masses of the crane and the load respectively; m,
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and m, - total mass of the crane and load respectively;
F - total driving or braking force of the crane drive; W - the
force of static resistance to crane movement (W=(m +m,)
£:0,01); I - length of flexible load suspension; g — free-fall
acceleration.
Differentiating the second equation of system (1), the
following is true:
% =x2+§'x'2. 2)

Differentiating the resulting expression (2), the follow-
ing is true:
. . 11
x1=x2+gx2. 3)

Substituting (3) into the first equation of system (1), the
result is as follows:

w
F—W=m1(5c'2 +éx2)+m25c'2=m15c'2+

v ., ., v “)
+m1§ X, +my¥, = (my + my)i, + m1; Xy,
Simplify equation (4):
v
F-W = (m1+m2)5€2+miéx2. 5)
Dividing the result by m,, the output is:
F-Wg _my+myg .. v
—— = —m1 . X, + Xx;. (6)
Let introduce some denotions:
ﬂ_ m1+m2g= zgz 2 5
T e ()

where u - crane acceleration, v, - load velocity on flexible
suspension; Q and Q, - “crane-load” system for the mova-
ble and mathematical pendulum.

The following is true:

w2 = 9,0 + v, ®)

The 3"-order equation (8) is represented as three
first-order equations (9):

U, = ay;
ap = by; )
bs = uNZ —a, N2

where a, - load acceleration; b, — load jerk (rate of acceler-
ation change).

The constraints associated with the overload capacity
of the crane movement drive can be represented as follows:

u . <usu (10)

min max®

whereu, . and u - maximum and minimum possible val-
ues of crane acceleration.

To ensure the elimination of oscillations of the load on
a flexible suspension and the crane’s reaching a steady-state
speed, a PID controller will be used [14-16]. It’s generally
accepted mathematical model is as follows:

t de
{uozKPe+K,f0 edt +Kp—; (1)

e=V-—-v,,

where e - load velocity regulation error; K, K, and K, -
gains of the proportional, integral, and differential compo-
nents of the PID controller; V - constant movement speed
of the crane and load on a flexible suspension; u, — control
function (signal from the PID output). Given the constraints
imposed by (10), the following is obtained:

u()'if Umin sus Umax
U = Ul Ug = Upnays
umin,if Uy < Umin-

(12)

Thus, it is necessary to find the values K,,, K, and K ,,
that would ensure the meeting of the control problem,
namely, the output of the trolley to a steady-state speed at
which the acceleration and load jerk will be equal to zero.
As such, it is possible to note:

}im v, =V;
lima, = 0;
Lo (13)
glmb2 =0.

However, for practical purposes, the expression t—o
does not meet the conditions of crane operation. Therefore,
the expressions (13) are replaced by the following:

Uz (T) =V i Av;
az (T) =0 i Aa;
by(T) = 0 + b, (14)

where Av, Aa, Ab - permissible deviations of the speed,
acceleration, and load jerk from the set values (13) at
a given time T; T - duration of the controlled crane move-
ment mode.

For variables m, and [ coefficients K, K, and K, of the
PID controller will be different. Therefore, the problem of
tuning the PID controller for different combinations of m,
and [ was solved many times. In each such problem, con-
ditions (14) were set. The solution to each problem was
obtained using the ME-D-PSO particle swarm method [17].
A swarm of 30 particles was used for the solution and 200
calculation iterations were performed. In each problem,
the values of m, and [ were varied within certain limits that
correspond to the conditions of crane operation practice:
the mass of the load was varied from 500 kg to 20,000 kg
in increments of 500 kg; the length of the flexible load sus-
pension was varied from 2 to 12 meters in increments of
1 meter. From the data obtained as a result of the calcula-
tion, a data array is created that includes 451 sets of gains
K,, K, and K, of the PID controller.

RESULTS AND DISCUSSION

In the operation of cranes, such ratios are not common.
Therefore, the PID controller needs to be set in such a way
as to obtain results regardless of the load mass and the
length of the flexible suspension.

For example, the case of applying this methodology to
the parameters m,=18700 kg ang I=11.5 m was considered.

The algorithm diagram for finding the PID controller
coefficients is shown in Figure 2.

Machinery & Energetics. Vol. 13, No. 4

N



Yu. Romasevych et al.

Algorithm start

Variable Imin and Imax search

Variable mamin and Mamax search

Gains search limit determination:
KPmin, KPmax, KImin, KImax, KDmin, KDmax

Determining the initial approximation gains
Kp, Ki, Kp search

Start of optimal gains values search algorithm
Kp, K1, Kp

| Value output |

Figure 2. Diagram of searching for PID controller gains

Source: compiled by the authors

First, the tabulated values of the length of the flexible
suspension and the mass of the load are found, for which
the following inequalities are valid:

1 <I<l <m, <m
min r max 2r

mZmin\ (15)

2max’

where m, and I - the actual mass of the load and the

[ . andl - the minimum and maximum tabulated val-
ues of the length of the flexible suspension for which the
inequalities are valid (15); m, . and m, - the minimum
and maximum tabulated values of the cargo weight for
which the inequalities are valid (15).

Next, the coefficients K, K, K, are determined for four

length of the flexible suspension (certain values for the = parameter combinations:[ ., m, .1 . .m, 1 —m, -I |
crane movement cycle with a load on a flexible suspension); ~ m, _(Table 1).
Table 1. Values of the gains K,, K, K, for all possible combinations! ., m, -1 . -m, -1  —m, . -1 —m,
Coefficients
Parameters K, K K,
Loom, K, = 4.023 K, =6.491 K, =19.756
m K, = 3.854 K,=6.305 K,,=19.114
L,m, K,,=2.962 K =4.541 K= 14.899
Loom, K,,=3.815 K,=5.918 K,,= 19.365

Source: compiled by the authors

Next, using the created array of gains K, K, K, define
the boundaries of their search. Using the array, the already
calculated gains for the crane parameters are selected,
which are one step less and one step more than the desired
parameters.

For the example of calculation under consideration,
using Table 1, the following search boundaries are obtained:
KPmin:KPS’ KPmax:KPl’ KIminzKB’ Klmax:Kll’ KDmin:KDS’ KDmax:KDl'
For the option considered in this case: [ , =11m,[ =12m,
m, . =18500 kg, m, =19000 kg.

The next step is to calculate initial gains values for
K,, K, K, (first iteration) from which the search for val-
ues for the “crane-load” system parameter variant will

begin m,=m, , I=] . These initial values of the gains are

determined as an arithmetic average for all 4 options
(Table 1). For example, for the proportional component of
the K,, the following is true:

_ Kp1+Kpy+Kp3+Kpy

Kpo oyt

(16)
where K, | - initial gains value K, from which the search for
value K, is started. Initial values for gains K,  and K, j are
determined similarly.

The following algorithm is used to find the values
of the gains K, K, K, for set values m, and [, based on
the modified particle swarm method ME-D-PSO [10]. In this
case, the optimization criterion is the following expression
obtained based on conditions (14):
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argmin(V — v, (M) + (az(T))? + (b ().

Kp K1,Kp

7

The algorithm presented in the flowchart (Figure 2)
allows to quickly obtain the values of the coefficients K, K, K.
To analyze the dynamics of motion control of the

dynamic system, three options were chosen: at the lowest

values of the load mass and the length of the flexible sus-
pension (/=2 m, m,=500 kg) - the first option; at the high-
est values (I=11,5 m, m,=18700 kg) - the second option and
for (I=12 m, m,=20000 kg) - third variant. The values of
the gains used in the calculation of these parameters are
shown in Table 2.

Table 2. Gains value K, K, K, for three variants used to analyze the efficiency of the algorithm

Coefficients
Parameters 5 5 5
[=2m, m,=500 kg 2.027 5.706 12.449
[=11,5m, m,=18700 kg 3.348 5.250 16.707
[=12m, m,= 20000 kg 2.553 3.924 12.883

Source: compiled by the authors based on research

Figure 3 shows the phase profile of load oscillations
during crane acceleration to the steady-state speed V. As
can be seen from Figure 3a, the maximum load deflection
is 0.26 m, and in Figures 3b and 3c, it is 0.98 m, which is
explained by the longer length of the flexible suspension.
In addition, the shapes of the phase trajectories are also

different, as can be seen in Figure 4. They are caused by
the form of change in the driving force: for the first case, it
changes smoothly, not reaching the minimum limit (mini-
mum allowable control).

Figure 4 shows plots of changes in the driving and brak-
ing forces of the crane drive.

Figure 3. The phase profile of load pendulum oscillations during crane acceleration:
a) [=2 m, m,=500 kg, b) [=11.5 m, m,=18700 kg c) I=12 m, m,=20000 kg
Source: compiled by the authors
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Figure 4. Plots of changes in crane drive force:
a) [=2 m, m,=500 kg, b) [=11.5 m, m,=18700 kg c) I=12 m, m,=20000 kg

Source: compiled by the authors

As can be seen from Figure 4, the duration of the move-
ment of the dynamic system for the first variant is 2 s, and
for the second 3.5 s. This is since with an increase in the
length of the flexible suspension, the period of oscillation

of the load increases, so more time is needed to eliminate
oscillations in the second case.

Figure 4 demonstrates the force in both cases having
a familiar character. The decrease in force for the first case
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(Figure 4a) is smooth and starts at 0.4 s. The force reaches
its minimum value (-11000 N) at 1.1 s. Figure 4c shows that
the change in force occurs abruptly from 1.4 s to 2 s. The force
reaches its minimum value (-68000 N) from 1.3 s to 1.9 s.

Yu. Romasevych et al.

Figure 4b is similar to Figure 4c, but in the case of Figure 4c,
the change in force occurs from 1.2 s to 1.8 s. The minimum
value of the force, as in the case of Figure 4c (-68000 N).

Here are also plots of changes in crane speed (Figure 5).
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Figure 5. Plots of crane speed changes: a) /=2 m, m,=500 kg, b) I=11.5 m, m,=18700 kg c) /=12 m, m,=20000 kg

Source: compiled by the authors

For the second variant (Fig. 5¢), the maximum velocity
of 1.22 m/s is reached at 1.2 s, after reaching the peak, the
velocity decreases from 1.23 s to 3.4 s. Moreover, Figure 5c
shows that for a short period, the velocity becomes negative,
which is a negative factor that should be avoided. Figure 5a
shows a slight (from 0.6 m/s to 0.55 m/s) decrease in veloc-
ity in the period from 0.6 s to 1.4 s, the maximum veloc-
ity, in this case, reaches 1.21 m/s, which corresponds to the
numerical value of V'used in the calculations. As can be seen
from Figures 5c and b, they are very similar to each other,
the difference between them is that in Figure 5b the veloc-
ity value becomes negative for a shorter period from 1.9 s

to 2.3 s, and the maximum velocity of 1.21 m/s is reached
at 1.2 s. The graphs of the crane drive power change are
shown in Figure 6. The graph shown in Figure 6a shows
that the minimum power value is 8000 W, i.e., for a cer-
tain period, the crane drive motor will operate in genera-
tor mode. The maximum power value is 58000 W, which is
achieved at 1.98 s. The plot in Figure 6¢c shows that the min-
imum power value is much higher (-75000 W), it is reached
at 1.4 s, and the maximum value is the same as for the first
option and is reached at 1.25 s. The graph in Figure 6b
shows that the maximum power value is 58 kW, reached at
1.1 s, and the minimum value is -70 kW, reached at 1.35s.
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Figure 6. Crane drive power plot: a) I=2 m, m,=500 kg, b) [=11.5 m, m,=18700 kg c) /=12 m, m,=20000 kg

Source: compiled by the authors

Thus, to implement the obtained control laws, regen-
erative braking should be provided in the drive of the
crane movement mechanism. By comparing the meth-
ods and results of this research with well-known studies,
in particular [3; 4], a commonality of using modifications
of the PSO method [18-21] can be noted. Thus, it can be
considered an effective tool for solving similar problems.
These works also use mathematical models that consider

pendulum effects (oscillations of a load on a flexible suspen-
sion). However, this research considers the overload capac-
ity of the drive of the crane movement mechanism, which
corresponds to the consideration of a crane as an electro-
mechanical system. Consequently, the statement part of the
problem is wider than those presented in [3; 4].

The calculation of the controller parameters in [3; 4]
was performed for a limited set of system parameters
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(length of the flexible suspension, the mass of the load,
etc.). However, in this research, an algorithm for finding
the optimal PID controller gains for a wide range of sys-
tem parameters that correspond to those encountered in
crane operation practice was obtained. This is undoubt-
edly an advantage of this research over studies [3; 4]. Some
authors [9; 10] used artificial neural networks to tune PID
controllers, the obvious disadvantage of which is the need
to process a large amount of data, which significantly slows
down the process of tuning the PID controller and increases
the requirements for computing. In the case of [10], the tun-
ing process requires a constant connection to the Internet.
The use of such tuning methods increases the flexibility of
the parameters during tuning but reduces the autonomy. In
studies [6; 7], the authors proposed methods for autotuning
PID controllers; the models used in the works are based on
an analytical model derived from the transient character-
istics of the control object. In calculations, analytical mod-
els require the use of several assumptions, for example, the
nonlinearity of the object is not considered, and differen-
tiation errors are not considered. The calculations do not
address system constraints, which leads to an error in sys-
tem identification and a decrease in the quality of optimi-
zation. The research partially considers the features of this
system. In [2], the author used the fuzzy logic method to
tune the PID controller, which is based on several sets and
variables that are formed by a base (set) of rules formed by
a human expert. The rules used may be contradictory or
incomplete. The fuzzy logic method used in this research
is effective only for a narrow range of system parameters
(drive power of the crane movement mechanism, load mass,
and length of the flexible suspension). This does not involve
changing the microcontroller and other means (sensors,
controlled drives, etc.), so in terms of software and hard-
ware, such approaches can be equally effective for differ-
ent crane parameters. In this research, the author did not
consider changes in the parameters (load mass, suspension
length, etc.) of the dynamic system. In [8], the authors use
several different methods to tune PID controllers to realize
optimal control (genetic algorithm, bee algorithm, which
belongs to the class of swarm intelligence methods, and
fuzzy logic method). The genetic algorithm was used to
tune the PID controllers responsible for the crane move-
ment. The linear movement of the crane is provided by PID
controllers configured using the bee and genetic algorithms,

and the positioning of the load is provided by PID control-
lers configured using fuzzy logic. Using other parameters
requires recalculation of the controller settings each time.
This places stringent requirements on the computing capa-
bilities of the crane motion control system, which, of course,
makes it more expensive than similar systems. The algo-
rithm developed by the authors and presented in this arti-
cle makes it possible to find the optimal values of the PID
controller settings using insignificant computing resources.

CONCLUSIONS

The problem of tuning the gains of a PID controller that
contrals the movement of the crane-load system is formu-
lated. Using the ME-D-PSO method, solutions to the prob-
lem were obtained for sets of changes in system parame-
ters: load mass — from 500 kg to 20,000 kg in increments
of 500 kg; length of flexible load suspension from 2 to
12 meters in increments of 1 meter.

An algorithm for calculating the values of the coef-
ficients of the PID controller is developed. The first step
of the algorithm is to determine the upper and lower lim-
its of the parameters m, and I for which the PID-control-
ler gains K, K, K, are searched. Next, an initial approxi-
mation of the gains values is determined, and the values
of the gains are determined using the modified particle
swarm method ME-D-PSO.

The dynamics of movement of the crane-load sys-
tem are analyzed for two variants of the load mass and the
length of the flexible load suspension (I=2 m, m,=500 kg;
[=12 m, m,=20000 kg and [=11.5 m, m,=18700 kg). As can
be seen from the results of the study, the second and
third options are similar. The duration of the movement
at the minimum parameters is 2 s, and at the maximum -
3.5 s, which is caused by a longer period of pendulum oscil-
lations of the load. The maximum amplitude of load deflec-
tion for the first variant is 0.26 m, and for the second and
third — 0.98 m. The maximum power for all the considered
options is the same — 58 kW. In all the cases considered, the
pendulum oscillations of the load are eliminated during the
crane acceleration.

Further research in this area should address other con-
straints on the kinematic, energy, and dynamic characteris-
tics of the system’s motion, as well as other criteria for tun-
ing the PID controller (RMS value of the driving force, the
amplitude of pendulum oscillations, etc.).
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Po3po6Ka aniropmtMy HaJlaluTyBaHHS
NiA-perynartopa pyxy CUCTEMU «KpPaH-BaHTa)X»

AHoTauisa. OpHielo i3 0CHOBHUX MPO6/IEM IPK POOOTI BAHTAKOMIAIOMHMX KPAHiB € KOJMMBAHHS BAHTaXy Ha THYUKOMY
niaBici. OnHMM i3 c110c06iB yCyHeHHSI KOMMBAaHb BAaHTAXY Ha THYYKOMY ITiIBICi € 3aCTOCYBaHHSI TPOMOPIIifiHO-iHTerpajibHO-
IvdepeH1iaTbHOTO PEryIsaTopa, [0 BUKOHYE GOPMYBAHHS KePYIOUOTO CUTHATY pyxXy KpaHa. OfHaK, /sl BUKOHAHHS 1€l
3a7ayi BiH MOBMHEH OYTHM BiAIIOBIZHMM UMHOM HajamToBanuM. CTaHAAPTHI MiAX0Ay 00 HajamTyBaHHs [TI-peryasTopa,
SIKi IOUIMPEeH] y MpaKkTUlli iH)KeHepHUX PO3PpaxyHKiB, He N03BOJSIOTh BUPIIINTHU 1[I0 3a/a4y, i came TOMY ii MOXKHa
PO3MISIIATH SIK HAYKOBO-TIPUKIaAHY. OCHOBHOIO METOI0 PO60TH 6y/1a po3p0o0bKa aITOPUTMY HalIalITyBaHHS IIPOMOPIIiiHO-
iHTerpanpbHO-gMdepeHIiaTbHOTO peryasiTopa. st [boro BUKOHAHO MTOCTAHOBKY 3a/1avi, sika BKJII0Ya€: MaTeMaTUUHY
MOZeb AMHAMIYHOI cCTeMM, 0OMeKeHHSI Ha TlepeBaHTaXyBalbHY 3JaTHICTh TPUBOLY KpaHy Ta (QyHKIIiI0 perymoBaHHsI,
YMOBM JIOCSITHEHHSI yCTaJeHO1 IIBUIKOCTI pyXy KpaHa Ta YCyHeHHSI MassTHUKOBMX KOJIMBaHb BAHTa)XXy Ha THYYKOMY MiBiCi.
Kopucrytounch mogudikoBaHuM MmeTonom poto yactok ME-D-PSO Bu3HaueHO Koedil[ieHTM MPOMOPIIiiiHO-iHTerpaabHO-
IubepeHLiaTbHOTO PerysiTopa Jjis IIMPOKOro Aiana3oHy 3HaUeHb MacK BAHTaXKy Ta JOBXKMHM I'HYYKOTO mifgBicy. Ha ocHOBI
OTpPUMaHUX 3HaUeHb KoedillieHTiB MMpeJCTaBIeHO AITOPUTM, SIKMiT JO3BOJSIE PO3PAaXOBYyBaTH 3HAUEHHS KoedillieHTiB
IU1s1 OyIb-SIKMX 3HAUeHb Macy BaHTAXy Ta TOBXMHM MifBicy. [IpoBefeHO aHali3 JMHAMIKM PyXy CUCTeMM «KpaH-BaHTaK»
LI HaliMeHIIMX i HalibibImuX 06paHMx mapaMeTpiB Ta I/ BUIIALKY, SIKUIT OTPUMaHMi Ha OCHOBi 3aCTOCYBaHHS
pPO3po6sIeHOTO anropuTMy. IIpakTUUHe 3aCTOCYBaHHS PO3PO6IEHOTO AITOPUTMY AO3BOIUTH OTPUMATH ONTUMAIbHI
3HAUEeHHSI IPOTOPIIifiHO-iHTerpaabHO-AM(epeHIiabHOTO PEryIsaTopa, 0 B CBOIO YePry yCyBa€ KOIMBAHHS BaHTAKy Ha
THYYKOMY TIiJIBici Tpy pobOTi KpaHy, 10 B CBOIO Uepry MiABUILYe Oe31eKy eKCIuTyaTallii KpaHiB, JOBroBiuyHiCTbh KOHCTPYKIIII,
30i/bIIIYE TPONYKTUBHICT POOOTH KpaHa

Knio4yoBi cnoBa: maremMaTryHa MOZEIb; OOMEKEHHs; MasTHUKOBI KOJMMBAHHS BaHTaXy; METOH DO YacTOYOK;
MPOLYKTHUBHICTb
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Calculation of the bending parameters
of a flat workpiece into a twist of a helicoid torso

Abstract. Helical surfaces are deployable and non-deployable. The first is the surface of a helical conoid widely
used in technology, known as the screw. The second one is the surface of an unfolding helicoid or torso-helicoid. In
both cases, the surface is formed from a blank - a sweep in the form of a flat ring. If in the first case the sweep can be
calculated approximately, since the exact one does not exist due to the properties of non-expanded surfaces, then in
the second case it is calculated exactly. However, this does not mean that it is just as possible to form a ready-made
product from it - a twist of a helicoid torso. In contrast to non-expanded surfaces, during the manufacture of which the
workpiece is subjected to complex stretching and compression deformations, an expanded surface can be obtained by
bending with minimal plastic deformations, the magnitude of which depends on the thickness of the sheet. Bending
occurs along rectilinear generators, which are theoretically located on the workpiece. In the process of bending, the
location of these generators should not change. In the theory of differential geometry, such a process can be described

Article’s History: Received: 16.06.2022; Revised: 04.10.2022; Accepted: 23.11.2022.

Suggested Citation:
Pylypaka, S., Kresan, T., Hropost, V., Babka, V., & Hryshchenko, I. (2022). Calculation of the bending parameters of a flat
workpiece into a twist of a helicoid torso. Machinery & Energetics, 13(4), 81-88.

*Corresponding author
Machinery & Energetics. Vol. 13, No. 4 é



Calculation of the bending parameters of a flat workpiece...

analytically and is called continuous bending. With regard to the manufacture of the twist of the torso-helicoid,
this means a gradual increase in the step to the desired value. The work contains parametric equations that describe
this method of bending. At the same time, not only stretching of the workpiece along the axis of the coil occurs, but also
its twisting around the axis. A comparison of these two movements was made and it was found that the relationship
between them is not linear. The work gives a formula describing this dependence. According to it, when the workpiece
is uniformly stretched along the axis, the angle of its twist around the axis increases according to a dependence close
to quadratic. In the work, examples of the use of the torso-helicoid are given, the surface is visualized, and graphs
are constructed. Confirmation of the reliability of the obtained results is the first found quadratic form of the torso-

helicoid, which does not change when the surface is bent

Keywords: surface area; conveyor screw; continuous divination; parametric equation; traction; torsional twisting

INTRODUCTION

The production of these surfaces differs significantly from
one another. When forming a flat workpiece into the sur-
face of a helical conoid, significant plastic deformations
occur, stretching the inner part of the surface adjacent to
the shaft and compressing the outer part. During the for-
mation of the helicoid torso, bending occurs along straight
lines, and the plastic deformations are minimal and caused
by the thickness of the sheet material of a workpiece. If for
an unexpanded surface a conditional sweep can only be con-
structed approximately, then for an expanded surface it is
constructed exactly. To form a spreadable surface from a flat
workpiece by bending it, it is necessary to know the dynam-
ics of the process.

The scientific novelty is that an analytical description
of the continuous bending of the helicoid torso has been
obtained, which allows making recommendations for its
practical manufacture.

Screw surfaces are widely used in the tasks of trans-
portation of technological material. They can be station-
ary in gravity descents [1; 2]. In paper [3], it is carried out
on a stationary surface under the action of the force of the
particle’s own weight, which is used in gravity descents.
The productivity of helical surfaces for transporting tech-
nological material depending on the size of the pitch of the
turn is considered in the paper [7]. They are very common
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in agricultural production [8-10]. In paper [11], the sur-
face (torso-helicoid) is mobile. Papers [3; 11] show the
use of a helicoid torso for transporting particles of tech-
nological material, while this transportation can be of dif-
ferent nature. Therefore, a significant part of the papers is
devoted to improving the designs of screw devices and the
technology of manufacturing spiral turns [12-14]. It rotates
around its own axis and thereby sets the particle in motion.
The technical and economic justification of their production
is described in paper [15].

The research purpose was an analytical description of
the process of continuous bending of a flat ring in the form of
a sweep of a twist of a helicoid torso into a finished product.

MATERIALS AND METHODS
To achieve the research purpose, the methods of differen-
tial geometry, which relate to the internal theory of surfaces,
were used. According to the theory of the internal geometry
of the length of the lines on the surface, the angles between
them do not change when the surface is bent.

A flat blank in the form of a ring with a cutout can be
bent in different ways. If the straight lines along which the
bending occurs are located radially, i.e., towards the center
of the ring, then with gradual bending along them the ring
will turn into a truncated cone (Fig. 1).

N
\\\\

-0.5 9 0

Figure 1. Graphic illustrations of the gradual bending of a flat ring into a truncated cone: a) flat ring with a cutout; b)
intermediate stage during bending; c) truncated cone

In fact, bending is reduced to twisting the ring around
a vertical axis passing through its center until the moment
when the extreme limiting lines converge. Twisting can be
continued further. Then the surface of the cone will overlap,

and the angle of inclination of its rectilinear generators to
the base will increase. However, a flat ring can be bent in
another way, when the straight lines of the bend are located
at a certain angle to the radial direction (Fig. 2a).
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Figure 2. Graphical illustrations of the gradual bending of a flat ring into an expanding helicoid:
a) flat ring with a cutout; b) intermediate stage during bending; c) twist of a helicoid torso

When a flat ring is uniformly bent along such lines,
it is not only twisted around the vertical axis, but also
stretched along it (Fig. 2b, 2¢). Figure 4 shows the frontal
(Fig. 3a) and horizontal (Fig. 3b) projections of one turn

207

15

10 7

a)

of a helicoid torso. The limiting circles of the ring turned
into helical lines located on cylinders of radius r and R.
The value H, by which the ring was stretched, is the pitch
of a helicoid torso.

-107]

Figure 3. Twist of an unfolding helicoid, which turned into a flat ring: a) frontal projection; b) horizontal projection

In addition to the dimensions r, R and H, there is
another dimension p, which depends on the direction of
the straight lines, along which bending occurs. This is the
size of the radius of a cylinder, on which the helical line of
pitch H is located. If you extend the bend lines, then they
will all be tangent to this helical line, which is called the
turning edge. During the reverse deformation of the twist
of a helicoid torso into a flat ring, the edge of the return is
also deformed - its pitch decreases and turns into an arc of
a circle on a developed view.

It is known from differential geometry that the length
of the turning edge and its curvature do not change when
the unfolded surface is bent [16; 17], although the shape of
the turning edge itself changes and it becomes a flat curve
on a developed view. In our case, when the turning edge is
deformed by stretching, the arc of the circle will turn into
a spiral line with an increase in its pitch H. Since the length
of the deformed helical line does not change, it is clear that
the radius p, will also decrease during such deformation. It
was controlled the bending of a helicoid torso through the
deformation of its turning edge (helix line) in the described
way. The parametric equations of a helical line as a function
of the length s of its arc have the following form:

hs

= —S N = [ —S N =
Rx—pcosm,y pSLnW,Z (1)

where h is the helical parameter that is related to the pitch
H by the dependence H=27h, p is the radius of the cylinder,
on which the helical line is located.

The curvature of the helical line is constant and
depends on two parameters: p and h. After deformation, the
helical line will remain helical, but with other parameters
p; and h. On the basis of the well-known expression of the
curvature of a helical line [17], we equate it with each other
before and after deformation:

P Pi

[02+hZ
p pZ+hZ:

Equality (2) can be solved with respect to p, or h.. Let’s
solve it with respect to h,, since in this case the solution will

be simpler:
hi = /%(pz +h?—pp;) .

Let’s substitute into equation (1) the new notation p,
(new value of the radius) instead of p and expression (3), i.e.,
the new value of the screw parameter, instead of h,, and we
will obtain the following parametric equations:

[ . f P
X; = p; COS |————=5; L= p; —s;
i Pi pi(p2+h?) Vi pisin pi(p?+h?) S

__Ppi
L= )

@)

3

Z; =
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The resulting parametric equations (4) describe a set of
helical lines of the same curvature. Their parameters (pitch
and radius) depend on the value of the constant p. When
p=p, equation (4) turns into equation (1), i.e., describes
the original helical line. In the partial case, the spiral line
turns into a flat circle. This happens when h=0. Let’s equate
expression (3) to zero and solve it with respect to p;:

_ p*+h?
pi=""" (5)

The value of the radius p, is the maximum possible, oth-
erwise the radical expression in the last equation (4) will
take on a negative value. When reducing p, from the max-
imum value (5) to p, the line (4) will transform by increas-
ing the pitch from the circle to the original helical line.
With a further decrease in p, the pitch of the spiral line will
increase, but when p =0, the line according to equations (4)
cannot be obtained, since the root expressions in the first
two equations (4) become undefined. This is explained by
the fact that at p=0, the spiral line should turn into a ver-
tical straight line, which is impossible under the condition
of a given constant curvature, since the curvature of the
straight line is zero.

The helical line (4) is a guide for the formation of a hel-
icoid torso. Its surface is formed by a set of rectilinear gen-
erators tangent to the helical line. The directional vector of
these generators is the expression of the first derivatives of
equations (4). Since the helical line (4) is given by the equa-
tions as a function of the length s of its arc, the derivatives
will represent the projections of the unit direction vector.
The parametric equations of the surface will be written as
a set of tangent lines to the helical line (4), the direction of
which is specified by a unit vector:

= p. P _ . p [ p .
X1 = picos NN s up‘\/pi Qe \/pi\/(p2+h2) 5
= pD: Sl . p p .
Vi = pisin up‘\/pi Grenn 0 \/pi RO

— __PPi __Ppi
ZL—\/l p2+hzs+u\/1 Drn? ©

piy/ (p2+h?) s+

where u is the second variable of the surface - the length of
the rectilinear generator, the count of which starts from the
point of contact with the helical line.

The coefficients of the first quadratic form of the tor-
so-helicoid (6) have the following form:

_ (3X)\? | (avi\? | (9Z0)\? _ h*+pt+p?(2h?+p?)
0=(5) +G) +(5) = j

as as (h2+p2)2
_0X, 0X, | o¥, oY, 0z, 0z _ .
T as ou s ou  os ou '
_ axi)z (ayi)z (azi)z _
E= (au + ou + ou) L )

Thus, the quadratic form will be written as follows:

dS? = Gds? + 2dsdu + Edu? =
h4+p4+p2(2h2+p2)
= sz)z + 2dsdu + duz. (8)

The quadratic form (7) does not include the parameter
p.- Its value affects the shape of the surface (6), but does not
affect the quadratic form itself. This indicates that equa-
tion (6) is the equation of continuous bending of a heli-
coid torso by a uniform decrease of its pitch from the initial
value to zero when the helicoid torso turns into a sweep and
vice versa — from the sweep to the finished surface. When
p.=p, equation (6) describes the initial surface of the heli-
coid torso, and when p, is equal to the value given in (5) - its
sweep. In order to construct the required surface section, it
is necessary to know the limits of change of parameters s
and u. One turn of the surface corresponds to a 360° rota-
tion of the turning edge point (1). Let’s equate the expres-
sion that determines the current value of the angle to 360°,
and solve it with respect to s:

\/ﬁ = 2m from which s = 2m,/p? + h2. ©)

Therefore, the parameter s (independent variable)
should vary between zero and the value (9). The second
independent variable u is the distance of a point on the
rectilinear generator from the turning edge. Therefore, it
should vary from ur, which corresponds to the internal lim-
iting spiral line of radius r (Fig. 3b) to uR, which corresponds
to the external limiting spiral line of radius R. These spiral
lines on the horizontal projection are projected by circles of
radius r and R. Let us find the distance L from the axis heli-
coid torso to an arbitrary point of the initial surface accord-
ing to the well-known formula:

L= \/XE +Y7 = p\/pi (it £

P+

). (10)

Let us set the initial surface at p.=p, then substitute this
value into (10) and solve with respect to u:

u=" /@~ pH) (% + D). (11)

If we substitute the values of p and h into formula (11),
and the value of the radius r instead of L, we will get the
value of ur. Accordingly, by replacing L with R, we find the
value of uR. The difference between these uR-ur values is
the length of the rectilinear generators within the flat ring,
along which it is bent, so they are unchanged in the bend-
ing process. Let’s substitute (11) into (10), and after simpli-

fications we get:
L2
L= }Pi (_pz +pi— P)-

Formula (12) makes it possible to monitor the change
of the radii p, r and R in the process of bending the surface
depending on the value of p,. For example, when p=p (ini-
tial surface) we have: L=L. This means that when substitut-
ing the radii p, r and R instead of L, we get the same values.
To obtain the values of p , r, and R on the sweep (i.e., L),
we must substitute the corresponding value of p from (5)
into formula (12). After substitution, we get:

Lo = ~[(IZ + h2)(p? + h?).

)
The obtained values of the design parameters are suf-
ficient for the construction of the sweep.

(12)

(13)
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RESULTS AND DISCUSSION

Helical linear surfaces can be of two types — deployable and
non-deployable. An example can be a reinforced auger of
a grain harvester, which comprises two helical surfaces. Fig-
ure 4a shows a fragment of the auger, and Figure 4b shows

S. Pylypaka et al

a fragment of a twist constructed with the help of a computer
based on the equations of these surfaces. The active turn,
marked with the number 1, is unexpanded and represents
the surface of a helical conoid. Turn 2 serves to strengthen
the main one and is an expanding surface - a helicoid torso.

Figure 4. Graphic illustrations of the structure of the auger of a grain harvester: a) fragment of the auger of a natural
product; b) fragment of the auger, the surfaces of which are built with the help of computer software

Let’s consider an example. Let’s bend a helicoid torso
with the given dimensions H=10 (h=1.6), p=2, r=6, R=10.
Let’s find the extent, to which the independent variables s
and u. From expression (8), we find that s=16.09. Therefore,
5=0...16.09. The alternate substitution of r and R instead
of L in formula (10) gives the limits of the distance change
u=7.2...12.5. According to formula (5), we find the maxi-
mum possible value of p,, which corresponds to the sweep
of the twist of a helicoid torso: p,=3.28. Therefore, p,
can have values within p=2...3.28. When p =2, we have the
initial surface, the projections of which are shown in Fig-
ure 4. It was gradually increased the value of p,. In Fig-
ure 5, projections of the surface at different values of the

1597, m

O N B O

constant p, are constructed according to equations (6). It
should be noted that in equations (6), we change only p,,
while other parameters, including the limits of change of
independent variables s and u, remain preliminary. When
substituting L=r=6 and L=R=10 in (13) alternately, we
find the values of the radii of the bounding circles on the
sweep: 1,=7,95i R =12.97, as well as p =3.28, i.e., the ini-
tial values of the corresponding radii r, R, and p increased
from 6, 10, and 2 to 8, 13, and 3.3, respectively. It should be
noted that the obtained results are broader in comparison
with those known, for example, in paper [9]. In this paper,
the original surface and its sweep without intermediate
positions during bending are given.

—
o
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Figure 5. Helicoid torso projections constructed according to equations (6) at different values of p,
a) p=2.5; b) p=2.8; c) p=3.28 (sweep)

Analyzing the projections of the helicoid torsos as
a result of bending the original one (Fig. 3), its intermediate

positions during bending (Fig. 5a and Fig. 5b) and end-
ing with the sweep (Fig. 5¢), it is possible to draw certain
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Calculation of the bending parameters of a flat workpiece...

conclusions, namely: when reducing the pitch of the coil,
the angle ¢ appears, which was not present on the origi-
nal surface and which acquired the maximum value on the
sweep. In addition, the radii p, r, and R increase, which also
reach the maximum values of p , r, and R on the sweep. The
dimensions p , r, and R, determine the contours of the sweep
of the coil, and p, makes is possible to determine the direc-
tion of the straight lines, along which the bending occurs.
Let’s find an expression for the angle ¢. When the arc
length s changes from zero to the value (8), equation (1)
describes one turn of the helical line, i.e., the angle « in this
case will be equal to 271. The same will be the case for the
helical line (4) under the condition that p=p. In other cases,
when p#p the angle a will be smaller than 27, i.e., the angle
will appear as the difference 271-¢,. Taking into account this
and the value of s from (8), we can write the following:

— 9 — ’ p___ — |
¢, =2m—s pi(p2+h2)—2n(1 \/;)

When p=p, i.e., in the initial surface, the angle ¢=0. By
increasing p,, we will obtain certain values of the angle ¢..
At the maximum possible value of p, according to (5), we
will get the angle ¢_on the sweep. Let’s substitute p, from
(5) into (14) and get:

(14)

bo = 2n(1 - J’)”T) (15)

For the given h=1.6, p=2, using formula (15), we find
that ¢ =79°. The found values of p , r, R and ¢, are suffi-
cient to construct a flat ring — the sweep of one turn of a hel-
icoid torso — and determine the direction of the straight
lines, along which bending occurs. Therefore, when a flat
ring is bent into the surface of a helicoid torso, deformation
occurs with its simultaneous stretching along the axis and

360 ‘
¢, grad. A
340+
%o
3201
300+
H;
280 :
a) 0 5 10

twisting around the axis. Let’s find an analytical relation-
ship between these two movements.

Pitch H, can be found if we multiply the helical param-
eter h, (3) by the angle ¢.. It can also be found as the z, coor-
dinate in equations (4) at the value of s from (8). In both
cases, we get the following:

H; = 2m,/p? + h? — pp;.

When stretching the ring, it must simultaneously twist
around the axis from the angle 277-¢_ (Fig. 5c) to the angle
27 (Fig. 4b). Within these limits, the angle o, changes, the
expression of which according to (14) is written as follows:

a; = 2T ﬁ
Pi

Excluding p, from expressions (16) and (17), we find the
dependencies a=a,(H,) or H=H(a.):

(16)

(17)

2

.1 a'
47‘[2(p2+h2)—Hl-2 i

Figure 6a plots the dependence of a.=a,(H,) on the set
parameters of the loop. Pitch H, changes from zero to the
final value H=10. At the same time, the angle «, changes
from the initial value of 281° to the final value of 360°. The
difference between these values gives the angle ¢ , i.e., in
fact, it is a graph of the dependence p=¢(H)). It shows that
with uniform stretching of a workpiece, its twisting occurs
unevenly: at first the angle grows slowly, and then its growth
accelerates according to a dependence close to quadratic.
The workpiece could be stretched further with simultaneous
twisting. At the same time, the angle of rise of the helical
line (turning edge), which is the angle of inclination of the
rectilinear generators to the horizontal plane, increases.

a; = al(p? +h?) —4m?p? (1g)

10 T

¢, grad.

b)

Figure 6. Graphs characterizing the relationship between the two movements when bending a workpiece into a helicoid
torso turn: a) dependence of the angle of rotation ¢ with a linear increase in the pitch H;
b) dependence of the pitch H with a linear increase in the angle of rotation ¢

Figure 6b shows the graph of the dependence H=H(p),
which gives an idea of the regularity of the change of the
pitch H during uniform twisting of the workpiece. With

a linear increase in the angle ¢, the stretching of the work-
piece does not occur uniformly: at the initial stage, the step
increases rapidly and later this growth slows down.
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CONCLUSIONS

When forming a coil of a helicoid torso from a flat work-
piece, which is its sweep, it is necessary to correctly bend
it. The theoretical description of the process of continuous
bending makes it possible to identify the required ratio of
two movements during the production of a coil by the bend-
ing method. In the process of forming the coil, it is necessary
to ensure its stretching along the axis with simultaneous

S. Pylypaka et al

twisting around the axis, and the ratio of these two move-
ments is non-linear. This requires special equipment
to obtain the finished product. A theoretical result was
obtained, which indicates a non-linear dependence between
these movements. Prospects for further research consist in
the development of technological equipment for the imple-
mentation of the described method of bending a flat sweep
into a finished product.
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Po3paxyHOK napaMeTpiB 3ruHaHHA
NJIOCKOIi 3aroToBKM Yy BUTOK TOopca-renikoiga

AHoTaUiq. [BMHTOBI MOBEPXHi € PO3TOPTHI i HEPO3ropTHi. [0 MepIInX BiJTHOCUTHCS IIMPOKO BUKOPUCTOBYBaHA B TEXHIIT
TOBepPXHS 'BUHTOBOTO KOHOiIa Bigoma MiJi Ha3BoIo LIHeK. [Io IPYruX — MOBEPXHSI pO3TOPTHOTO Tefikoina abo Topca-
refikoiga. B 060x Bumagkax moBepxHio GOPMYIOTh i3 3aTOTOBKM — PO3TOPTKY Y BUIVISIAI TVIOCKOTO Ki/bLis. SIKIO B T€PIIOMY
BUITAJIKY PO3rOpTKa MOXKe OyTy po3paxoBaHa HAGIMKEeHO, OCKITbKM TOUHOI He iCHYE B CYITY BIaCTUMBOCTEl HEPO3TOPTHUX
IIOBEPXOHb, TO B IPYTOMY BMUIIaIKy BOHA PO3PaxX0OBYeThCSI TOUHO. OlHAK 1Lie He 03Hayae, 1110 TaK cCaMO TOYHO MOXKHa
chopMyBaTH i3 Hel TOTOBMIT BUPiO — BUTOK TOpca-reiikoiga. Bibiil geTanbHe BUBUEHHS 1€l Mpo6IeMaTUKM 3YMOBITIOE
aKTya/IbHiCTb AOCTiKeHb.MeTOI0 LOCTIiKEeHHS € ONMC IPOolieCcy HellepepBHOTO 3TMHAHHS IVIOCKOTO KibLs Y BUNTISIZ]
PO3rOpPTKM BUTKA TOpCa-TesIikoiga y roroBuit Bupi6. [Ijis 1iporo 6ysia 3a/isiHa Teopist i Mmetoau nudepeHIiiaabHOI reoMeTpii.
B po60Ti cki1ajiIeHO TapaMeTpUYHi PiBHSHHS, SIKi OIMCYIOTh TaKMii Criocio 3ruHaHHS. IIpy 1bOMY BiiOYBa€ThCS HE TiJIbKU
PO3TATyBaHHS 3arOTOBKM B30BX OCi BUTKA, a i 10r0 CKpy4YyBaHHSI HABKOJIO OCi. 37iliCHEHO MOPiBHSIHHS LMX JBOX PYXiB i
3’ICOBaHO, 1[0 3AJIEXKHICTh M)XK HUMU He € JIiHi/iHOI0. B po60Ti HaBemeHO hopMyITy, IO OTIUCYE 1110 3a1esKHICTb. OCHOBHUM
pe3yabTaTOM € OTPMMAHHS ITi€] 3a/IeXKHOCTI, sIKa CTY>)KUTh OCHOBOIO 11 TPaKTUYHOI peasisaliii popmMyBaHHS BUTKa Topca-
reJlikoiza i3 MmiIockoi 3aroToBKM CII0co060M 3rMHAaHHS. B po60Ti HaBeoeHOo NMPUKIIaAM 3aCTOCYBaHHS TOpCca-Tesikoiaa,
3po06iieHO Bi3yasisallilo moBepxHi, mobymosaHo rpadiku. ITinTBepAKeHHSIM TOCTOBIPHOCTI OTPUMMaHUX Pe3y/bTaTiB €
3HaliJeHa mepiia KBagpaTuyHa (popma Topca-Tesikoifa, ika He 3MiHIOE€ThCS TIPY 3TMHAHHI ITOBepXHi. MaTepias cTaTTi
6yIe KOPUCHUM CIleliaTicTam, o 3a/iMaiThCsT XOJIOIHUM IHYTTSIM TUIOCKUX JTUCTOBUX 3aTOTOBOK

Knio4oBi c/ioBa: I0BepXHS; ITHEK; HETTepepBHE 3TMHAHHSI; TapaMeTPUUHi PiBHSIHHS; PO3TITYBAaHHS ; CKPYIyBaHHS
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