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Development of the theory of root crop head cleaner movement
in the longitudinal-vertical plane mounted behind a wheeled tractor

Abstract. The relevance of developing analytical methods for studying the stability of root crop cleaners on tractors
is determined by the need to improve the efficiency and quality of root crop head cleaning, as this affects the quality of
the final product and its marketable properties. The research aims to increase the stability of the cleaner movement by
constructing a mathematical model of its oscillatory motion in the longitudinal-vertical plane and its numerical solution
to determine the influence of parameters in response to external disturbances. To achieve this goal, a new theory of
the movement of a root crop head cleaner in the longitudinal-vertical plane, mounted behind a wheeled tractor, under the
influence of the disturbing effect of irregularities in the longitudinal profile of the soil surface on the amplitude and phase
frequency characteristics of its angular oscillations was developed. Using numerical calculations carried out on a personal
computer, the conditions were found under which the stability of the cleaner’s movement in the specified plane will
increase when the stiffness coefficient of the pneumatic tyres of the doubler wheels is 315 kN-m~'.- This result is achieved
when the pressure in the pneumatic wheel tyres is 135 kPa. As for the damping characteristics of the doubler wheel tyres,
which are determined by the coefficient y, it was found that when it changes from 350 N-s-m~! to 1350 N-s-m~}, there is an
invariance of the delay in the reaction of the cleaner to the disturbing effect when its frequencies change from 0 to 24 s~'.
It was also found that the influence of the geometric dimensions of the cleaner is insignificant in the range of frequencies
of oscillations of the ordinates of the longitudinal profile of soil surface irregularities from 0 to 24 s-!. This follows from
the nature of changes in the obtained amplitude-frequency and phase-frequency characteristics. The methodology for
constructing a mathematical model of the plane-parallel oscillatory motion of the cleaner can be used in similar analytical
studies of other agricultural machines mounted on a wheeled aggregating tractor

Keywords: ground irregularities; equivalent circuit; oscillations; differential equations; amplitude-frequency; phase-
frequency characteristics

INTRODUCTION

In the cultivation of most root crops, the most common
technology is separate harvesting, which involves cleaning
the heads from the remains of the tops on the root. Most
heads contain both short green and strong petioles (uncut
parts of the green stalks of the tops), which are located on
the top, and dry and lying residues in the form of threads
of a certain length, which are firmly connected to the side
parts of the heads and are located between the rows of crops
or between the roots in the row itself, their high-quality
removal is a difficult technical task. The conditions for a

successful solution to this problem include not damaging
the spherical surfaces of the heads and not knocking the
root bodies out of the soil. It is possible to guarantee the
separation of such residues by applying forces to the sur-
face of each head to separate these types of residues.

The use of rubber cleaning pairs of blades, which cov-
er the row of root crops on both sides, allows you to suc-
cessfully perform this task. However, when the operating
speeds of the cleaners increase, certain difficulties arise,
one of the main ones being the oscillations that necessar-
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ily occur for the cleaning tines in the longitudinal-verti-
cal plane. These oscillations cause the ends of the rubber
blades to lose contact with the spherical surfaces of the
root crop heads, which can lead to a deterioration in the
quality of the cleaning process.

According to V. Bulgakov et al. (2023), these oscilla-
tions are caused by uneven soil surfaces, which in itself is
an external disturbance for the cleaner if it is considered a
complex dynamic system. Furthermore, the source of such
oscillations can be the pneumatic doubler wheels that the
cleaners are equipped with.

R.Hevko et al. (2014; 2018) and M. Budzanivskyi (2022)
studied bunchers, cleaners, and root harvesters under
modelling conditions that involve the use of significantly
simplified equivalent circuits. This, in turn, leads to the
use of initial equations based on the basic law of dynamics.
This does not provide the appropriate accuracy of the built
mathematical models. The issues of potato tops removal
are discussed by H. Kainuma et al. (2013). Theoretical stud-
ies are given only conditionally and do not reflect the actual
technological process of potato tops removal. Some results
of solving this problem are presented by F. Wang (2021)
and K.P. Titiwa et al. (2019). Attempts to solve this problem
were made by Ye. Thnatiev (2017). However, when building
the computational mathematical model, an extra general-
ised coordinate was introduced here, which distorted the
accuracy of the final result. These studies do not contain a
modern representation of oscillatory processes carried out
by complex dynamic systems. Namely, they do not contain
either amplitude-frequency or phase-frequency character-
istics, which in no way confirms the approximation of the
modelled process to the real process.

Analytical studies of the oscillatory movements of agri-
cultural machines rear-mounted on tractor units equipped
with support wheels with pneumatic tyres were investi-
gated by V. Nadykto et al. (2020). The theoretical models
were based on a method that is based on the representation
of support and doubler wheels that have elastic-damping
properties characterised by stiffness and damping coeffi-
cients. In general, these studies do not consider the exact
configuration of the oscillating system under study. Name-
ly, the closest location to the tractor’s rear hitch mech-
anism of the machine is aggregated doubler wheels, and

behind them are the cleaning working bodies that form the
working loads. In general, the point of contact of the dou-
bler wheel with the soil can be the point around which this
oscillatory system can rotate.

Although a detailed consideration of solving similar
problems has been carried out in the study of car oscil-
lations (Deng et al., 2016; Friedl & Mangerig, 2017) and
wheeled tractors (Zheng et al., 2019; Yoo et al., 2021), the
study of oscillatory movements of root crop head cleaners
requires new approaches related primarily to the specifics
of the operating conditions associated with the applica-
tion of combing forces directed downwards (to the row of
root crops located on the soil surface) by external forces,
that have different physical characteristics and directions,
which will largely determine the nature of these oscilla-
tions, as well as the configuration of the location of the
suspension points to the aggregating wheeled tractor, the
installation of the doubler wheels, and the places where
the working forces are formed. Therefore, the research
aims to determine the conditions of stable movement of
the cleaner based on the constructed mathematical mod-
el of its oscillatory movement in the longitudinal-vertical
plane and the numerical solution of this model to deter-
mine the influence of parameters in response to an exter-
nal disturbance.

MATERIALS AND METHODS

In 2021, at the National University of Life and Environmen-
tal Sciences of Ukraine, the Department of Mechanics of
the Faculty of Construction and Design, under the leader-
ship of Prof. V. Bulgakov, developed a new root crop head
cleaner, in which each row of root crops was cleaned of the
residues of tops on the heads at once using two cleaning
shafts, on which pairs of rubber blades are hinged on hubs.

The design feature of the developed cleaner, which is
shown in Figure 1, is that it is mounted on the rear hitch 2
of the wheeled aggregating tractor 1, has two drive cleaning
shafts 6 mounted on the frame 3 and is located horizontal-
ly at an acute angle to each other in the transverse plane,
covering the row with root crops from both sides. The rows
of rubber cleaning blades 7 are fixed on them with the help
of clips 8 with an appropriate spacing. Drive shafts 6 have
counter-rotating movements provided by the drive 4 (Fig. 1).

Figure 1. Design and technological scheme of a twin-shaft root crop head cleaner for removing tops from the root
Note: 1 - wheeled aggregating tractor; 2 — rear tractor hitch; 3 - frame; 4 — elements of the cleaning shaft drive; 5 — doubler
wheels; 6 — cleaning shafts; 7 — rubber cleaning blades; 8 — blade clips

Source: compiled by the author
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The installation of the drive cleaning shafts 6 in the
horizontal plane at an angle creates a so-called capture
zone for all root crop heads in case they deviate from the row
axis. This ensures that they are guaranteed to fall into the
cleaning channel formed by the drive cleaning shafts 6 and
that they are in contact with the ends of the rubber blades 7.

At the same time, the efficiency of cleaning the heads of
root crops from the remains of tops on the root depends on
the height of the drive cleaning shafts 6 above the soil sur-
face.For setting and adjusting this parameter, frame 3 of the
root crop cleaner is equipped with two doubler wheels 5 lo-
cated on both sides of frame 3, which have pneumatic tyres.

At the same time, the doubler wheels 5 can be installed
in different places on the side parts of frame 3, thanks to
the screw mechanisms for their movement and fixation on
the specified side parts of frame 3. The doubler wheels 5
move in the rows of root crops, copying the unevenness
of the soil surface. This causes oscillations of frame 3 and
cleaning shafts 6 in the longitudinal-vertical plane, which
can significantly reduce the quality of cleaning the heads
of root crops, especially at a sufficiently high speed of the
forward movement of the cleaner. In addition, the copying
wheels 5 are made in the form of pneumatic tyres, which,
with a significant mass of the cleaner, causes oscillato-
ry movements of its frame 3 in the longitudinal-vertical
plane. To develop the theory of the movement of the clean-
er for cleaning root crop heads from the remains of tops on
the root in the longitudinal-vertical plane, considering that
it is hitched to the rear of a wheeled aggregating tractor,
it is necessary to develop a mathematical model, the first
stage of which was to draw up its equivalent scheme.

On this basis, it is necessary to consider the cleaner
mounted behind the tractor as a dynamic system consist-
ing of specific elements and moving under the influence
of external forces. In this case, as a first approximation, it
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can be assumed that the aggregating wheeled tractor with
which the cleaner is connected moves in a straight line and
uniformly (i.e., moves forward at a constant speed V) and
its influence on the movement of the cleaner itself is min-
imal. It is also important that the movement of the cleaner
as a dynamic system must be considered in one plane, i.e.,
in this case, it is the longitudinal-vertical plane.

The main assumptions in the development of this
theory, and, accordingly, the equivalent diagram, are that,
based on the specified conditions, the rear-mounted root
crop header is an oscillating system that can be represent-
ed as independent of the aggregating tractor, which, in the
course of its operation, oscillates in the specified plane rel-
ative to the elements of the tractor’s rear hitch. In terms of
construction, the cleaner consists of a frame, two doubler
wheels and cleaning tines, and therefore all these elements
should be shown in an equivalent diagram.

Given the above, the cleaner was presented in the form
of a frame BE, which, with the help of the two lower AB and
one upper TD joints is attached with its hitch BD to the rear
hitch of the tractor. Points A and T belong to the tractor
and as shown above, move in a straight line and uniformly
in the direction shown by the arrow with a constant forward
speed V. Cleaner’s frame BE relies on two copying pneu-
matic wheels, which, in the case of considering this dynam-
ic system in the longitudinal-vertical plane, can be shown
in the equivalent diagram as one common wheel with the
centre marked by the point O,. Point U Fixing the doubler
wheel brackets to the frame BE can be located anywhere on
the machine. The cleaning parts (horizontal cleaning shafts
with rubber blades) can be mounted on the frame BE, are
located mainly in the rear part of the machine and are rep-
resented in the equivalent diagram as one common work-
ing body. Point E may be closer to point U. These elements
of the cleaner as a dynamic system are shown in Figure 2.
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Figure 2. Equivalent scheme of the root crop head cleaner
Note: s — angle of rotation of the cleaner in the longitudinal-vertical plane (generalised coordinate); ¢ - stiffness factor
of the pneumatic tyres of the doubler wheels; 1 — damping coefficient of the pneumatic tyres of the doubler wheels; N —
normal reaction at the point of contact between the doubler wheel and the uneven ground surface; F, - the force of resistance
to the movement of the cleaning working body on the heads of root crops; f — rolling resistance coefficient of the doubler
wheel; o — angle of inclination to the horizon of the unevenness of the soil surface passing through the contact point

Source: compiled by the author
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All external forces acting on this dynamic system in
the process of its movement were identified. If the centre
of gravity of the cleaner is C, the force of gravity is applied
to it G, which is directed vertically downwards. The clean-
ing elements in the form of two horizontal shafts form the
total force of the working resistance, which is determined
by F. In the first approximation, it was assumed that this
force is parallel to the frame BE and is directed backwards.
Furthermore, assuming that the two pneumatic doubler
wheels move between the rows of root crops over uneven
soil surfaces, the unevenness itself can be approximated
by a harmonic function. An equivalent wheel relies on this
inequality at the contact point K (the equivalent diagram
shows that this is a point contact and occurs at any posi-
tion on the harmonic curve itself). Then at this point of
contact, K two forces will be applied, one of which is the
normal reaction N the ground on the doubler wheel, which
passes through the centre of the wheel, i.e., the point O,
and tangent fN of soil reaction. Shown reactions N and
fN are mutually perpendicular, and the tangential reaction
fN is a frictional force equal to the product of the normal
reaction N and friction coefficient f.

Furthermore, since the cleaner’s doubler wheels
(one equivalent wheel in Fig. 2) are pneumatic, they can
be represented as elastic-damping models. Specifically,
they should have the appropriate elasticity coefficients ¢
and damping coefficients u. Since Figure 2 shows a single
equivalent wheel, the coefficients should be double.

The rear hitch of the implement, which has two lower
AB and central 7D rods in the operating (floating) position
allows free angular rotation of the frame BE cleaner, but it
occurs around point O, a conditional point, located at the
intersection of the lines drawn through the specified lower
and upper links of the tractor hitch (i.e. lines that are an
extension of the specified links).

The next step in constructing an equivalent diagram
was to select and designate a coordinate system. Consider-
ing that this theory considers the movement of the cleaner
in only one plane (longitudinal-vertical), a flat Cartesian
coordinate system was chosen. If using point O as a coor-
dinate centre, the following coordinate plane will be true:
XOY. Then, axis OX is horizontal and passes through the
frame BE of the cleaner backwards, and the axis OY is di-
rected vertically upwards.

The linear and angular dimensions were then marked
on an equivalent diagram. First of all, if, as mentioned
above, the cleaner can make free angular turns relative to
the reference point O, then this point can be the axis of
the instantaneous centre of rotation of the central 7D and
lower AB The linkage of the rear linkage of the implement.
If the angle is presented as 3, by which the frame BE de-
flects, then it will characterise the oscillatory movements
of the cleaner as a dynamic system under consideration
relative to the centre O. Next, the distance from the point
O to centre C The weight of the cleaner is indicated by L.
And the corresponding distance from the point O to the
vertical axis of the doubler wheel (i.e., to the point U) is de-
termined as . The radius of the equivalent doubler wheel is

denoted by r, The height of the centre of the doubler wheel
relative to the frame BE (thus distance UO,) to b, while the
distance from frame BE to the ends of the rubber blades of
the cleaner (where the total force of working resistance is
applied) through h. Tangential reaction fN deviated from
the horizontal by an angle a.

Given the accepted designations and dimensions of
a normal N and tangential fN reactions of the soil to the
doubler wheel applied at the point K can be immediately
presented in the form of vertical and horizontal compo-
nents. The next stage in the development of the theory of
the cleaner’s motion in the longitudinal-vertical plane was
the selection of the dynamics law, which will be used to
describe the motion. The most suitable for this purpose is
the initial general equation in the form of Lagrange of the
second kind of the following form:

a (TN _9T _, 9P R
E(ﬁ)_ﬁ_% g op @)

where T - kinetic energy of the system; Q, — generalised
force; P — potential energy of the system; R - dissipative
function; - generalised coordinate; /- generalised velocity.

Using the original equation (1), it will be possible to
compile a differential equation of motion of the root crop
head cleaner in the longitudinal-vertical plane. Since, un-
der the influence of external forces acting on the elements
of this dynamic system, it can perform only angular oscil-
latory movements relative to the point O, one generalised
coordinate, i.e., the angle of rotation g, is true. Thus, the
theory of motion of the cleaner in the longitudinal-verti-
cal plane will consist of a single differential equation of its
motion in this plane.

The next step is to determine the conditions of the
doubler wheel movement when considering the angular os-
cillatory movements of the cleaner. In general, each of the
two tracing wheels of the cleaner moves in the row spacing
of root crops, where, at the time of harvesting, the soil has
sufficient density and hardness. However, due to the weight
of the entire cleaner, its doubler wheels slightly deform the
surface layers of the soil and move over uneven surfaces
that can be identified by a harmonic function, such as a co-
sine function. Then the current ordinate y of this harmonic
function can be an equation of the following form:

y=y, (1 - coszf—lx) =9, (1 - cosznl—rt), 2)
where y - amplitude of inequality fluctuations; I, - period
of fluctuations in soil surface roughness; x — current coor-
dinate of the bump.

In this case, the current coordinate x unevenness of
the soil surface is defined as:

x=V-t, 3)

where V - translational speed; t — current time. Subse-
quently, all the components included in the general initial
equation (1) were determined for the considered dynamic
system.
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Following the equivalent scheme (Fig. 2) kinetic energy
T of this dynamic system should be determined under the
condition of rotational movement of the cleaner around
the point O. Therefore, given that the angle of rotation of
the cleaner is marked g, the expression for kinetic energy T
was presented as follows:

IOZ' R2
et @
where I - moment of inertia of the cleaner relative to the
axis passing through the point O, perpendicular to the lon-
gitudinal-vertical plane.

The potential energy P of the dynamic system under
consideration is determined by the work of elastic forces
of the doubler wheels, which in this case are pneumatic.
As is well known, this elasticity force work is a function of
the deflections of the pneumatic wheel tyres. These deflec-
tions can be analytically determined as follows. Consider-
ing the smallness of the angle a These deflections can be
represented as the difference between the amplitudes of
vertical vibrations y, the centres of the doubler wheels, i.e.,
the point O, and the longitudinal profile of the soil surface
itself, which is determined by the current ordinate y. And
the determined difference (y, -y) identifies deflections of
the pneumatic wheel.

Considering the above expression for determining the
potential energy P of the oscillatory motions of this dy-
namic system was as follows:

P = M =c- — )2
=———=c(n-y" ©)

Next, the components of expression (5) were iden-
tified. As such, amplitude y, of vertical oscillations of the
centre of the doubler wheel (point O,) related to the rota-
tion angle S as follows:

v, =1B, ©)

where [ - constructional dimensions are shown in the
equivalent diagram.

Then, considering (6), expression (5) takes the follow-
ing form:

P=c-(lp-yp=cE-F-21py+y). (D)
To determine the dissipative function R the following

expression was used:

R =220 (5 - 92 ®)

Given that the first derivative of expression (6) is

equal to y =1I- / then the dissipative function R will have
the final form:

R=y-(lz-ﬁ'2—2-l-ﬂ-)'ll+y2), )

Thus, all the values on the left side of equation (1) and
most of the values on the right side have been determined.
Based on this, it was possible to transform them accord-
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ing to the requirements of the general equation (1). So
partial derivatives, as well as derivatives from the results
obtained in time t, that are related to kinetic energy T, were
as follows:
ar _
B

%(Z_;) =1lp;- ﬁ

Next, similar transformations were performed for the
potential energy P by the requirements of expression (1).
The partial derivative of the function (7) by the parameter
B (i.e., the generalised coordinate) was as follows:

0, (10)

and

(11

P —2c-12-f—2c-1-B-y.

= (12)

Following the conditions stipulated by expression (1),
the partial derivative of the dissipative function R by pa-
rameter £ (i.e., the generalised speed) will be determined
as follows:

aR

S=2u % B—2u-l-y.

% (13)

The next step was to find an expression that would
define the generalised force Q, at the generalised coordi-
nate f. For this purpose, an expression was first drawn up,
according to which the basic operation was defined JA, of
all active forces on the possible displacement of a given dy-
namic system. In this case, these possible displacements
will be on the possible angular displacement JB. First, a ba-
sic operation JA, of active forces on the possible movement
0p. Using the equivalent scheme (Fig. 2), it is possible to
calculate:

0A,=G-L-0f-N-cosa-(I-r-sina)-9-N-
-sina- (b+r-cosa) -5 -f-N-cosa(b+r-cosa)-5p+f-N-
-sina- (I-r-sina) - 9p-F.- h- 5p. (14)

Since:

0A,=Q, 8, (15)

where Q, - generalised force by angular coordinate f, then
based on (14), the expression of the generalised force Q, is

as follows:
Qp = %

- (b+r-cosa)-f-N-cosa(b+r-cosa)+

+f-N-sina-(I-r-sino)-F -h, (16)
where L, 1, b, h and « — the corresponding linear and angular
dimensions, which are indicated on the equivalent diagram
(Fig. 2). Expression (16) shows that the generalised force Q,
is the algebraic sum of the moments of all active forces act-
ing on a given dynamic system. Assuming that the angle o
is small enough, the following is true: cosa ~ 1, and sina = a.
The expression (16) may be presented in a simplified form:

=G-L-N-cosa-(l-r-sina)-N-sina-

Q,=G-L-N-(I-r-a)-N-a-(b+r)f-N-(b+r)+

+f-N-a(l-r'0!)'F,'h- (17)
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After several transformations, the following was
obtained:

Qﬁ=G-L-N~[-f-r-a2—(b-f-l)~
ca~f-b-f-r-11-F.-h. (18)
Assuming that the doubler wheel is close enough to

the frame, and therefore b = r, the final generalised power

of the Q, will be as follows:

Qﬁ=G-L-N~[-f-r-a2—(b-f-l)~
-a-2f-r-1]-F -h. (19)
Next, it was necessary to determine the angle «, which
is included in expressions (14)-(19). The angle a is related
to the function y, i.e., with the function of vertical ordi-
nates of a cosine function that reflects the longitudinal
profile of the soil surface roughness given by expression
(2). After differentiating expression (2) by the coordinate
x the following expression is obtained, the value of which
is equal to tan a:
day 2mh, . 2wVt

= ——"5sIn = tana.
dx 1y 1y

(20)

From expression (20), the value of the desired angle «
is found:

2mh, . 2wVt
a = arctan *Sin .
b b

Finally, based on the use of the obtained expressions
(10)-(13) and (21), their substitution in the original equa-
tion (1) and the necessary general transformations, the
following differential equation of movement of the root
crop head cleaner in the longitudinal-vertical plane was
obtained:

@1

az.’g+al.ﬁ+ao.ﬂ=
=b,-y+b,-y+C, (22)

where a,=1 ; a =2u-P a,=2c-P b =2u-1; b =2c-1;

C=G-L+N-[f-r-a*-(b+f-I)-a+2r-f-1]-F - h.

Equation (22) is a second-degree linear differential
equation and is a mathematical model of the movement
of a root crop head cleaner in the longitudinal-vertical
plane mounted behind a wheeled aggregating tractor. The
output parameter of this dynamic system is the angle ,
i.e., the angle of rotation of the cleaner in the longitudi-
nal-vertical plane.

The next step was to solve the differential equation
(22). For this purpose, the most suitable method is the
transformation of the differential equation (22) into an al-
gebraic equation. In this case, the method of operational
calculus, in particular the Laplace transform method, was
applied. According to this method, an operator of the fol-
lowing form was introduced (Bulgakov, 2023):

S =\

" (23)

Using the operator (23) and transforming the differen-
tial equation (22), an algebraic equation is obtained, which
has the following form:

(a,-s*+a;-s+a)-p(s)=(b,-s+b)-y(s)+C-1(s). (24)

Analysing expression (24), its components reflect the
input external disturbances y(s), in the form of oscilla-
tions of the ordinates y profile of soil surface irregularities,
which are transferred to the output parameter A(s), and
also reflect discrete changes in the values of the parame-
ters included in the coefficient C on the same output pa-
rameter (s).

This circumstance allowed us to create two transfer
functions W,(s) and W,(s), which reflect the nature of the
oscillatory movements of the cleaner in the longitudi-
nal-vertical plane. The values of these transfer functions
are respectively equal:

by's+b,
a,'s?+aqs+a,’

Wi(s) = (25)

and
C

ays?+aqs+a,”

W,(s) = (26)

It should be noted that, due to the linearity of the al-
gebraic equation (24), any parameter determined by the co-
efficient C can be chosen in the numerator of the transfer
function (26) using the principle of superposition. The next
stage was the numerical solution of the obtained mathe-
matical model of the oscillatory movements of the cleaner
according to the developed theory.

To carry out numerical modelling, first of all, it was de-
termined what the values of the parameters and quantities
included in equations (21) and (22) could be. It concerns
the force N, the effect of which is transmitted to the wheel
from the ground and drag forces F movement of the clean-
ing working body along the head of the root crop during the
technological process of cleaningit from the remains of tops.

In general, the unknown normal reaction of the soil
N can be determined by directly measuring it in the field.
In this study, its value was determined by the calculation
method at the static equilibrium of the root crop head
cleaner. For this purpose, equation (19) was considered
since Qﬁ= 0.

Resistance force F, of the movement of the cleaning
operating element along the head of the root crop was de-
termined under the condition of its equality in size to the
combing force Q of tops remains from the head of the root
crop (Pogorely & Tatyanko, 2004). For the analytical ex-
pression of this combing force Q, the following steps were
followed. For example, it is well known that the taproot
stems of many root crops (e.g., sugar beet), located close to
the head, have a cross-sectional shape close to a triangular
shape. At the same time, it has a similarly triangular de-
pression on one side. A conditional graphical model of the
cross-section of a sugar beet tops petiole was developed
(Fig. 3). The geometric dimensions of the section are shown
on the graphical model itself. They were used to calculate
the cross-sectional area of the petiole stalk.
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Figure 3. Graphical model
of the cross-section of the petiole of a root crop
Source: compiled by the author

Further, it was assumed that the process of combing
off the residual tops is carried out directly on the root crop
head itself, in the place of conditional fixation of the peti-
ole due to deformation of the mechanical shear (combing)
of the petiole. Then the process of combing the tops from
the head of the root crop will be possible if the following
ratio is met (Pogorely & Tatyanko, 2004):

= 1 @7
where Q - the force required to comb the tops off, N; [t] -
permissible tangential shear stresses for the stalk, N-mm?;
F - cross-sectional area of one petiole, mm?; n — number of
cuttings to be combed at the same time.

Using expression (27), the force Q, The number of tops
necessary for combing the petioles from the root crop head
was determined as follows:

Q=n-F-[t]. (28)

Next, the necessary values included in expression (28)
were determined. Thus, using the graphical model of the
petiole (Fig. 3), the area of its cross-section was equal to:

1

F=>-2a-h—=2a,"h,, (29)

or

F=a-h-a -h,. (30)

Using expressions (28) and (30), the final force found is

Q combing the petiole of the tops. It is equal to:

Q=(a-h-a,-h)-n-[t]. (31)

Considering the aforesaid, a specific numerical val-

ue of the force was determined as Q, which is required to

comb one stalk of sugar beet tops. The values that can be

used in the calculations were suggested by L. Pogorely and

N. Tatyanko (2004). Specifically, the following linear di-

mensions of the cuttings were used: a=5 mm; a, =2 mm;

h=5 mm; h =2 mm. Permissible tangential stress val-

ues [t] for this plant material were also used according to

L. Pogorely & N. Tatyanko (2004) and were deemed equal:

[t]=1.14-10° Pa.

Applying the expression (31) and the specified dimen-

sions of the force Q of combing for 1 petiole stalk was:
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Q=(5-5-2-2)-10°-1.14-10°=23.9, N. (32)
Considering that the combing of green and strong
petioles in this cleaner occurs on both sides and that each
head of the root crop will contain on average 4 petioles that
need to be separated (combed), then, based on the value
obtained in (32), it was assumed that F =Q=~100 N.

The prototype of the root crop head cleaner was
equipped with tracing wheels with pneumatic tyres
7.50R16, which are widely used in various agricultural ma-
chines. For them, the values of the stiffness coefficients ¢
and damping u were selected from the reference literature.

Radius r of a doubler wheel with a pneumatic tyre of
this brand in an undeformed state was also selected from
the reference literature. The force of gravity G of the clean-
er was determined by weighing the improved design of the
cleaner, considering some of the adhering soil. The moment
of inertia I  of the root crop head cleaner was determined
analytically. Parameters of the soil surface unevenness
profile (h, I, and f), as well as the design parameters of this
device (I, L, b and h), were set and changed during numer-
ical calculations on a personal computer (PC). The speed
of translational movement V of the cleaner was adopted
according to its field tests.

The PTC Mathcad 15 software was used to perform nu-
merical calculations. Using the obtained analytical depend-
encies, as well as design and kinematic parameters, the am-
plitude-frequency, and phase-frequency characteristics of
the oscillatory movements of the cleaner, which was mod-
elled as an oscillatory dynamic system, were calculated on
a PC and plotted in the form of graphical dependencies.

RESULTS AND DISCUSSION
The nature of the curves reflected in the constructed de-
pendencies precisely indicates the response of the speci-
fied dynamic system to external perturbations provided to
it and changes in specific structural, kinematic, and opera-
tional parameters of the cleaner when it performs the tech-
nological cleaning process.

Numerical calculations of the obtained mathematical
model are impossible without the use of constant values
included in the final expression. The values of structural
and force parameters (with an indication of their ranges of
variation) used in the calculations are given in Table 1.

The graphical dependences obtained in the calcu-
lations make it possible to evaluate the behaviour of the
cleaner as an oscillatory system under the action of a dis-
turbing influence at the appropriate frequency, i.e. when
the ordinates y change, due to the unevenness of the soil
surface and the elastic-damping properties of the doubler
wheels (stiffness coefficients ¢ and damping u), as well as
some design parameters of the cleaner (e.g.length [ and L).

It should be emphasised at once that the external dis-
turbance, determined by the fluctuations of the ordinates y,
given by expression (2), provides the frequency of oscilla-
tions of the main range, which varies from 0 to 24 s’'. This
is determined by the fact that the main tillage in the fields
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where root crops are grown forms zones of greater and less-
er compaction, which alternate periodically. This is caused
by the formation of soil layers that are laid down during
ploughing. And although the high-frequency components
of the bumps are levelled out later, their low-frequency
components remain. Therefore, the representation of soil
surface irregularities identified by harmonic functions is
quite natural. Based on repeated measurements, it was
found that in many cases, soil surface irregularities provide

fluctuations in the longitudinal profile ordinates that reach
12 m. If we assume that the translational movement of the
cleaner will be carried out with a translational speed not
exceeding 2.0 ms, then the maximum frequency of oscil-
lations of soil surface irregularities, based on which, in this
theory,an external disturbance is formed,will bein the range
of up to 24 s’ At the same time, if the behaviour of the dy-
namic system under consideration is not fully determined
by the specified basic frequency range, it will be increased.

Table 1. Structural and kinematic parameters of the root crop head cleaner of improved design

Unit

Parameter Determinant P S —— Value
Distance from the suspension axis to the centre of mass L m 3.0...4.0
Distance from the suspension axis to the vertical axis of the doubler wheel l m 2.8...3.8
Distance from the ends of the rubber blades to the frame h m 0.685
Stiffness coefficient of pneumatic tyres for doubler wheels c kN-m! 115...515
Damping coefficient of pneumatic tyres for doubler wheels u N-s'm! 350...1350
Half the height of uneven ground h, m 0.01...0.03
Step unevenness of the soil surface [ m 0.70
Gravitation force G N 9100
Moment of inertia relative to the axis of rotation I, N-m-s? 3000...3500
Rolling resistance coefficient of the doubler wheel f - 0.12...0.16
Resistance force for moving the cleaning implement on root crop heads F N 100
Normal reaction at the point of contact between the doubler wheel and
uneven ground surface N N 4100
The radius of the doubler wheel in the undeformed state r m 0.370
Distance from frame to centre of doubler wheel b m 0.420
Translational speed \%4 m-s! 1.5...2.5

Source: compiled by the author

The amplitude-frequency characteristics of the dy-
namic system’s working out of the oscillations of the soil
surface unevenness profile at different values of the stiff-
ness coefficient ¢ of the pneumatic tyres of the doubler
wheels were considered. As follows from the curves shown
in Figure 4, the amplitude-frequency characteristics tend
to increase. At the same time, the increase in the ratio c,
for example, from 115 kN-m* to 315 kN-m'}, and then to
515 kN-m! makes this increase slower. In all cases, this in-
crease is a negative development. Using pneumatic tyres
for doubler wheels with the lowest values c, in our case
¢=115kN-m'}; the increase in the amplitude-frequency re-
sponse occurs at a disturbance frequency from 0 to 28 s1. At
a frequency of 28 s}, the peak value of this increase occurs,
after which there is a sharp decrease in the amplitude-fre-
quency response. It is known from the theory of automatic
control that this is the so-called resonant peak, which cor-
responds to 1.54 rad-m!, which is characterised by chang-
es in the height of soil surface irregularities not exceeding
0.03 m. However, to match the resonance peak, the cleaner
has to be rotated by an angle f no more than 3°. Then, when
the frequency of oscillations of the disturbing effect on this
dynamic system is increased by more than 28 s'! and to val-
ues of 40 s! doubler wheels with the following coefficient
values ¢, have a sharply decreasing amplitude-frequency
response that is close to its desired value.

Amplitude frequency characteristic (rad m?)

0.2 T T

T T T T T T T 1
0 4 8§ 12 16 20 24 28 32 36 40

Frequency (s™)

Figure 4. Dependence of the amplitude-frequency
response of the cleaner’s processing of oscillations
of the soil surface unevenness profile
on different values of the stiffness coefficient ¢
pneumatic tyres of the doubler wheels
Note: 1 — 115 kN-m; 2 - 315 kN'-m™; 3 - 515 kN-m"!
Source: compiled by the author
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Analysis of the amplitude-frequency characteristics of
the dynamic system’s working out of the soil surface irregu-
larities profile at different values of the stiffness coefficient
c at higher values, namely 315 kN-m and 515 kKN-m' shows
that there are no longer any peak values, but only a corre-
sponding slow increase, which makes it possible to recom-
mend them as preferred. In addition, based on the graphs
in Figure 4, even with a disturbance frequency of 24 s'! an
increase of coefficient ¢ from 115 kN-m to 515 kN-m™! pro-
vides the required reduction of the amplitude-frequency
characteristics, starting from 1.00 rad-m™ (curve 1), then
0.42 rad-m™! (curve 2) and 0.38 rad-m! (curve 3) respective-
ly, a 42% reduction in the first case and a 10% reduction in
the second case.

The phase-frequency characteristics were also plot-
ted, which indicate a delay in the reaction of the dynamic
system under consideration to the action of a disturbing
influence (Fig. 5). As shown by the above phase-frequency
characteristics at different values of the stiffness coeffi-
cient c of the pneumatic doubler wheels of the cleaner, an
increase in this indicator leads to an improvement in the
actual phase-frequency characteristics. At the same time, it
is at the disturbance frequencies at the level of up to 12 s!
that various coefficient values ¢ do not significantly affect
the delayed reaction time of the cleaner.

0

-40
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-160

-200

Phase frequency characteristic (grad)

-240

T 1T/ 1T/— 1T 1T/ /"T 1
0 4 8 12 16 20 24 28 32 36 40

Frequency (s™)

Figure 5. Dependence of the phase-frequency response
of the cleaner’s processing of oscillations
of the soil surface unevenness profile on different values
of the stiffness coefficient ¢ pneumatic tyres
of the doubler wheels
Note: 1 - 115kN-m; 2 - 315 kN-m!; 3 — 515 kN-m'!
Source: compiled by the author

As can be seen from the changes in the phase-frequen-
cy characteristics shown in Figure 5, with an increase in
the frequency of the disturbing effect from 12 s to 32's |
at ¢, which equals 315 kN-m! (curve 2) and ¢, which equals
515 kN-m™* (curve 3) The values of these indicators in
both cases are close to zero. From the theory of automatic

M. Budzanivskyi

control, it is known that this indicates that the reaction
of the cleaner, as a dynamic system under consideration,
is too late. This is the case that should not be considered
desirable. At the value of the coefficient ¢, which equals
115 kN-m™ at frequency y 32 s! the phase-frequency re-
sponse increases, up to the value of 2300 (4 rad), that, on
the contrary, there is a possibility to consider this phenom-
enon positive.

Thus, the phase-frequency characteristics that charac-
terize the delay in the response of the root crop head clean-
er to the disturbing effect as shown by the calculations, are
almost independent of the coefficient c of the stiffness of
the tyres of its doubler wheels. As a result, if we assess the
impact of the c cleare’s functionality as a dynamic system
under consideration, based on the obtained amplitude-fre-
quency and phase-frequency characteristics, the optimal
value c is an indicator whose value equals 315 kN-m!, pro-
vided that the fluctuations of the ordinates of the longi-
tudinal profile of soil surface irregularities do not exceed
the mark in 12 s''. To implement this numerical value of
the coefficient c. The stiffness of the pneumatic tyres of its
doubler wheels requires the calculation of specific indica-
tors that will ensure it, provided that the doubler wheels of
the previously mentioned brand are used. Coefficient c for a
doubler wheel is almost entirely determined by air pressure
p, inits pneumatic tyre.

To perform this calculation, the normal strain h , of the
pneumatic tyre was first determined following the known
formula:

h, =— G

pt 2 peTe 7

where G, - normal load of doubler wheel, N; p, - pneumatic

tyre air pressure, Pa; r, — wheel radius in the unloaded state,
m; r_ - radius of curvature of the pneumatic tyre tread, m.

Using Hooke’s linear law for elastic deformations, the
elasticity coefficient was found to be c for the pneumatic
tyre of the doubler wheel using the following expression:

G
C—_——_ZTI'p',H “Te.
Rt t o ‘c

Finally, the air pressure p, was determined in a pneu-
matic tyre, depending on the elasticity coefficient ¢ and
design parameters of the doubler wheel:

(33)

(34)

c

Pt =

270\ [Ty 1"

(35)

Since for the root crop head cleaner under considera-
tion, the main parameter has the value r, ~rc=r=0.37 m, of
doubler wheels, the calculation showed that the air pres-
sure inside its pneumatic tyres p, should be approximate-
ly 135 kPa. It is quite possible to achieve this parameter
for the specified pneumatic tyre. Also, the correspond-
ing calculations were carried out on a PC and the ampli-
tude-frequency and phase-frequency characteristics were
obtained, showing their influence on the oscillations of
the rear-mounted cleaner depending on another indica-
tor of the pneumatic tyres of its doubler wheels, i.e., the
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damping coefficient u. Thus, the amplitude-frequency and
phase-frequency characteristics shown in Figure 6 and Fig-
ure 7 show that an increase in the external disturbance, i.e.,

1.2

1.1

0.9 -
0.8 .
0.7 -
0.6 -
0.5 -

0.4

Amplitude frequency characteristic (rad m?)

0-3 T T T T T T T T T 1
0 4 8 12 16 20 24 28 32 36 40
Frequency (s™)

Figure 6. Dependence of the amplitude-frequency
characteristics of the cleaner’s response to vibrations
of the soil surface unevenness profile on different values
of the damping coefficient u
Note: 1 - 350 N-s\m'!; 2 — 1350 N-s‘m!
Source: compiled by the author

fluctuations in the ordinates y longitudinal profile of soil
surface irregularities, depending on the values of the coef-
ficient u have an upward trend.

However, the form of the obtained dependences shown
in Figure 6 indicates that the nature of the change in these
amplitude-frequency characteristics has little dependence
on the value of the damping coefficient u of of the pneu-
matic tyres of the cleaner’s doubler wheels. At oscillation
frequencies of the disturbing influence, which are in the
range from 0 to 24 s'!, this dependence is negligible, despite
a significant increase in the coefficient p.

Although outside this frequency range (higher than
24 s1) there is a difference between the obtained ampli-
tude-frequency characteristics, but it is also insignificant.
As follows from the curves shown in Figure 6, at the fre-
quency of the disturbing effect from 30 s! to 40 s of lower
coefficient values u, the higher value of the amplitude-fre-
quency response corresponds to (curve 1). That is the low-
er the scattering (dissipative) potential of the purifier as a
dynamic system, the more sensitive it is to the action of
external disturbing influences and vice versa.

In the selected frequency range of the external dis-
turbance from 0 to 24 s! the difference between the ob-
tained phase-frequency characteristics shown in Figure 7
(curves 1 and 2) is insignificant since it does not exceed
1.5°. In general, the analysis of these indicators shows that
the higher the value of the coefficient u damping of a giv-
en dynamic system, which is shown by curve 2, the later

this dynamic system reacts to the action of an external dis-
turbance. If the frequency of the latter is only at the level
of 40 s’!. The difference in this delay is approximately 17°
(meaning 0.3 rad) or 0.0075 s by time.
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Figure 7. Dependence of the phase-frequency
characteristics of the cleaner’s response to vibrations
of the soil surface unevenness profile on different values
of the damping coefficient u
Note: 1 - 350 N:ssm™'; 2 — 1350 N-s:m!
Source: compiled by the author

Based on the assessment of the impact of the damping
characteristics of the wiper’s doubler wheels, there are two
important cases:

O the invariance of the response of the cleaner to the
disturbing effect when the coefficient is changed was es-
tablished u in the range 350 N-s:m™! to 1350 N-s:m™!;

O the qualitative regularity of the growth of the
phase-frequency characteristic of a given dynamic system
is observed, provided that the value of its damping coeffi-
cient uincreases.

Next, amplitude and frequency characteristics of the
cleaner, as a dynamic system, working out the disturbing
effect associated with fluctuations in the profile of soil sur-
face irregularities at different values I of the length were
considered, i.e., the distance from the suspension axis of
the cleaner to the vertical axis of its doubler wheel. As can
be seen from the curves in Figure 8, the amplitude-fre-
quency characteristics tend to increase at given lengths I.
However, with a shorter length I, which equals 2.8 m the
growth is the most intensive.

A significant improvement in the amplitude-frequency
characteristics of the disturbance working out by the clean-
er can be achieved by increasing the length of the I. That is,
an increase in length [ from 2.8 to 3.8 m ensures a decrease
in the amplitude-frequency characteristics of the cleaner
as a dynamic system. Analysis of the change in the ampli-
tude-frequency characteristics of the cleaner’s processing
of oscillations of the soil surface roughness profile from
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different values of the length I, shown in Figure 9, shows
that at oscillations in frequencies from 0 to 24 s! the dif-
ference in these characteristics can reach 0.22 rad-m.
3.6
3.2 -
2.8 -
2.4 '
) I
1.6 -

1.2

0.8

Amplitude frequency characteristic (rad m?)

—
O T T T T T T T T T 1

0 4 8 12 16 20 24 28 32 36 40
Frequency (s™)

0.4

Figure 8. Dependence of the amplitude-frequency
characteristics of the cleaner’s response to vibrations
of the soil surface unevenness profile
on different values of the length [
Note: 1 -2.8m;2-3.8m
Source: compiled by the author

The graphical dependences of the phase-frequency
characteristics of the cleaner’s processing of oscillations of
the soil surface roughness profile at different values of the
length [ were constructed, which show that increasing the
length of the I leads to a decrease in the phase-frequency
response. This is undesirable for the cleaner as an oscillat-
ing system. This shows that at the oscillation frequency of
the disturbing influence, which is equal to 40 s! The de-
crease is 1 rad. Considering the time over which this de-
crease occurs, it is only 0.025 s, which indicates the high
sensitivity of the cleaner to this disturbance. Considering
the frequency changes from 0 to 24 s, length [ changes
do not cause corresponding changes in phase-frequency
characteristics.

It can be argued that the oscillation of the cleaner is
not affected by changes in length I. The installation loca-
tion of the doubler wheels on the cleaner frame should be
considered close to the cleaning working bodies, which will
certainly create conditions for accurate copying of root
crop heads from the remains of tops on the root. Ampli-
tude and frequency characteristics of the cleaner, as a dy-
namic system, working out the disturbing effect associated
with fluctuations in the profile of soil surface irregularities
at different length values L, thus distance from point O of
the cleaner suspension to the centre of mass of the cleaner,
i.e., the point C. These changes in the amplitude-frequency
characteristics are shown in Figure 10.

M. Budzanivskyi

At the same time, since the height of soil surface irregular-
ities varies from 0.01 m to 0.03 m, this difference is from
0.13t0 0.39°.
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Figure 9. Dependence of the phase-frequency
characteristics of the cleaner’s response to vibrations
of the soil surface unevenness profile
on different length values [
Note: 1-2.8m;2-3.8m
Source: compiled by the author
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Figure 10. Dependence of the amplitude-frequency
characteristics of the cleaner’s processing of oscillations
of the soil surface unevenness profile from different
length values L
Note:1-2.5m;2-3.0m;3-3.5m
Source: compiled by the author

As the view of the above amplitude-frequency charac-
teristics shows, it is necessary to strive to ensure that the
centre of mass of the cleaner (point C, Fig. 2) was as close as
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possible to the pole of the instantaneous centre of rotation
of the rear linkage of the implement (point O). In this case,
the amplitude-frequency characteristics of the cleaner in
terms of its working out of vibrations of the ordinates of the
longitudinal profile of soil surface irregularities are reduced.

It should be noted that the maximum values of these
amplitude-frequency characteristics occur at the frequen-
cy of the disturbance, which is 28 s’'. Two significant cas-
es follow from this. First, the frequency value is outside
the accepted range of 0 to 24 s'. Secondly, the resonance
peaks occurring at this frequency (however, as in Fig. 4) are
far from those that may be undesirable for the design of
a root crop head cleaner from the remains of tops on the
root. Moreover, the lower the frequency of oscillations of
the disturbing influence, the closer the obtained ampli-
tude-frequency characteristics are to the zero mark, which
is certainly desirable. A lower frequency corresponds to a
longer period of oscillations of the ordinates of the profile
of soil surface irregularities. This indicates the need to im-
prove the quality of basic tillage in the process of growing
both root crops and any other crops, which are known to
form a harmonious appearance of surface irregularities.

Dependence of the phase-frequency characteristics
of the cleaner’s processing of oscillations of the soil sur-
face unevenness profile on different values of the length
L, which was established by computer calculations, showed
the complete invariance of changes in this constructive
index concerning the phase shift. Therefore, these graph-
ical dependencies are not presented here. Analysing the
results of the study and comparing them with previously
published works, it should be noted that the closest earli-
er cited studies of M. Khelemendyk (2011); V. Bulgakov et
al. (2017; 2023), while aimed to obtain qualitative indica-
tors of oscillatory movements of the cleaner attached to
the aggregating tractor, do not cover studies of all possi-
ble options for the influence of the design, kinematic and
operational characteristics of the cleaners themselves on
the stability of their movements in the longitudinal-verti-
cal plane. In addition, the study by V. Bulgakov et al. (2017)
does not perform a qualitative analysis of the oscillatory
movement of the cleaner itself, but only provides a detailed
mathematical formalisation of the cleaner’s movement
over uneven soil surfaces.

In addition, although the influence of the elas-
tic-damping properties of the caster wheels on the stability
of the wiper as a dynamic system, in particular, the elastic-
ity coefficient ¢ and the damping coefficient p is certainly
important, considering several other design parameters
of the wiper as a whole can cause even better conditions
for stable movement. In addition, increasing the stability
of the cleaner frame in the longitudinal-vertical plane by
changing only the elastic-damping properties of the dou-
bler wheels and finding a place for their placement on the
mainframe can cause controversial situations related not
only to the accuracy of doubler soil surface irregularities
in the row spacing but also directly in the row itself. For

example, for a certain set of parameters, their influence, i.e.,
even greater sensitivity to external disturbances, can be so
intense that other indicators that ensure the accuracy of
copying each head of the root crop will deteriorate. In this
case, the most suitable conditions are compromise solu-
tions that will allow the prevailing factors to be the main
ones. These factors take place only in the case of movement
of root crop head cleaners from the remains of tops on the
root when both the stability of movement and the accuracy
of copying each root crop head are extremely important.

The search for the accuracy of copying the rows of sugar
beet root crops during the harvesting of tops, and, accord-
ingly, the quality indicators of this technological process
were considered by I. Storozhuk & V. Pankiv, (2015) and
E. Berezhenko (2020). However, theoretical studies in this
particular formulation are not considered here and the
amplitude-frequency and phase-frequency characteristics
were not provided. Some results of solving a similar prob-
lem were considered in the works of V. Nadykto et al. (2020),
but they consider agricultural machines hitched to the rear
of the aggregating tractor or frontally mounted ploughing
and chopping machines. Moreover, all these works consider
the stability of the movement of the aggregated agricultural
machines in the longitudinal-vertical plane. However, the
specifics of the functioning of tractor-mounted machines
and the studies in the known works differ significantly from
the operation of the cleaner, where the conditions of sta-
ble movement under the influence of external disturbanc-
es, such as uneven soil surface in the rows of crops, must
be combined with external disturbances in the row itself.

Fundamental studies of the stability of agricultural ma-
chines mounted on tractor-mounted aggregates were pre-
sented by H. Beloev et al. (2021). However, the study consid-
ered various effects of external disturbances on the forced
oscillations of ploughs in the longitudinal-vertical plane,
which, although generally important, are not required to be
sensitive to the copying of soil surface irregularities, as is
the case when considering the oscillations of cleaners. The
main focus is on the vertical oscillations of the front and rear
axles of the power vehicle itself, i.e., the wheeled tractor. In
this study, the amplitude-frequency and phase-frequency
characteristics of the tractor are also plotted following the
oscillations of the unevenness of the soil surface. Howev-
er, the energy vehicle is essentially a symmetric dynamic
system, and the vibrations of its front and rear axles are in-
terconnected. Consideration of the oscillatory movements
of the rear-mounted implement as a dynamic system that
represents a “physical pendulum” is not presented here.

Thus, using the constructed new mathematical model,
which is the theory of oscillatory movements in the pro-
cess of plane-parallel oscillatory motion in the longitudi-
nal-vertical plane, it was possible to determine the design,
kinematic and operational parameters of the rear-mount-
ed peeler that ensures the stability of its movement using
a computer. This, in turn, will contribute to a significant
improvement in the quality of the technological process
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performed by the root crop head cleaner to remove the re-
mains of tops on the roots. A comparative analysis of the
numerical values of the obtained parameters with the re-
sults of similar studies by other authors indicates the relia-
bility of the developed theory.

CONCLUSIONS

The basic principles of the theory of oscillatory motion of
theroot crop head cleaner in the longitudinal-vertical plane,
mounted behind a wheeled aggregating tractor, have been
developed, which allow numerical modelling on a PC to de-
termine its dynamic properties depending on the action of
the disturbing influence caused by changes in the ordinates
of soil surface irregularities at the appropriate frequency.

The influence of the stiffness of pneumatic doubler
wheels, characterised by the coefficient ¢ on the func-
tioning of the cleaner as a dynamic system under consid-
eration, based on the obtained amplitude-frequency and
phase-frequency characteristics, and it is established that
the optimal value of this indicator is 315 kN-m!, provided
that the oscillations of the ordinates y of the longitudinal
profile of soil surface irregularities will not exceed 12 s
The implementation of this condition can be ensured by
the formation of air pressure in the pneumatic tyres of the
wiper’s doubler wheels, which should be 135 kPa.

Based on the evaluation of the influence of the damp-
ing characteristics of the pneumatic doubler wheels of the
cleaner, it was found that when the coefficient u changes
from 350 N-s-m! to 1350 N-s‘m! an invariance of the delay
in the response of the cleaner to the disturbance in the fre-
quency range from 0 to 24 s'! is present. At the same time,
there is a regularity of growth of the phase-frequency char-
acteristic of this dynamic system under the condition of in-
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sidered frequency range from 0 to 24 s! of oscillations of
the ordinates of the longitudinal profile of soil surface
irregularities is insignificant. This follows from the na-
ture of changes in the obtained amplitude-frequency and
phase-frequency characteristics. However, to ensure more
accurate copying of root crop heads, which will generally
improve the quality of this technological process, the place
of installation of the doubler wheels on the cleaner frame
should be considered their close location to the cleaning
working bodies. To improve the dynamics of oscillatory
movements of the rear-mounted cleaner in the longitudi-
nal-vertical plane, its centre of mass should be located as
close as possible to the pole of the instantaneous centre of
rotation of the rear hitch of the aggregating tractor.

The subject of the next theoretical study should be the
construction of a mathematical model in which the irregu-
larities of the soil surface are approximated by a non-har-
monic curve, and the external disturbance is formed by a
random function. The next stage of the research should
include comprehensive experimental studies to deter-
mine the effect of angular oscillatory movements of the
rear-mounted cleaner on the quality of separation of the
residual tops from the heads of root crops on the root. In
conducting these field studies, a wide range of changes in
the design, kinematic and operational parameters of the
cleaner should be used when performing this technological
process. It is also necessary to find an opportunity to deter-
mine the qualitative indicators of cleaning by a variable in-
put parameter, namely different frequencies of oscillations
of the disturbing effect created by different types of soil
surface irregularities.

ACKNOWLEDGEMENTS

creasing the value of its damping coefficient p. None.
The influence of such a design parameter as the
distance from the suspension axis of the rear-mounted CONFLICT OF INTEREST
cleaner to the vertical axis of its doubler wheel in the con-  None.
REFERENCES

(1]
(2]
(3]
(4]

[5]

(6]

[7]
(8]
9]

Beloev, H., Adamchuk, V., Kaletnik, G., & Bulgakova, O. (2021). The basis of scientific research in the field of agricultural
engineering. Ruse: Academic Publishing House Ruse University.

Beloev, H., Kaletnik, H., Adamchuk, V., & Delikostov, T. (2022). Theoretical basis aggregation of plows. Sofia: Prof.
Marin Drinov Publishing House of Bulgarian Academy of Sciences.

Berezhenko, E. (2020). Analysis of methods for harvesting haulm root crops and designs of harvest modules. Innovative
Solutions in Modern Science, 38(2), 46-54. doi: 10.26886/2414-634X.2(38)2020.4.

Budzanivskyi, M. (2022). Mathematical modelling of oscillations of a machine for cutting tops of root crops. Machinery
& Energetics, 13(4), 16-27. doi: 10.31548/machenergy.13(4).2022.16-27.

Bulgakov, V., Adamchuk, V., Holovach, 1., & Ihnatiev, Ye. (2017). Mathematical model of the movement of a
towed machine for cleaning beet tops residues from root crop heads. Agricultural Science and Practice, 4(1), 3-10.
doi: 10.15407/agrisp4.01.003.

Bulgakov, V., Adamchuk, V., Nadykto, V., & Budzanivskyi, M. (2023). Fluctuations dynamics of the root crops
cleaner heads from the remnants of tops on the root. Bulletin of Agricultural Science, 101(2), 43-52. doi: 10.31073/
agrovisnyk202302-06.

Deng, L., Yan, W., & Zhu, Q. (2016). Vehicle impact on the deck slab of concrete box-girder bridges due to damaged
expansion. Journal of Bridge Engineering, 21(2). doi: 10.1061/(ASCE)BE.1943-5592.0000796.

Fried], R., & Mangerig, 1. (2017). Dynamic amplification of bridge-expansion-joints considering roughness induced
vehicle vibrations. Procedia Engineering, 199, 2651-2656. doi: 10.1016/j.proeng.2017.09.515.

Hevko, R., Brukhanskyi, R., Flonts, I., Synii, S., & Klendii, O. (2018). Advances in methods of cleaning root crops.
Bulletin of the Transilvania University of Brasov, 11(60)(1), 127-138.

Machinery & Energetics. Vol. 14, No. 4

N


http://socrates.vsau.org/repository/getfile.php/31242.pdf
https://doi.org/10.26886/2414-634X.2(38)2020.4
https://doi.org/10.26886/2414-634X.2(38)2020.4
https://doi.org/10.31548/machenergy.13(4).2022.16-27
https://doi.org/10.31548/machenergy.13(4).2022.16-27
https://agrisp.com/index.php/agrisp/article/view/95
https://agrisp.com/index.php/agrisp/article/view/95
https://agrovisnyk.com/index.php/agrovisnyk/article/view/2023_02_06
https://agrovisnyk.com/index.php/agrovisnyk/article/view/2023_02_06
https://agrovisnyk.com/index.php/agrovisnyk/article/view/2023_02_06
https://ascelibrary.org/doi/10.1061/%28ASCE%29BE.1943-5592.0000796
https://ascelibrary.org/doi/10.1061/%28ASCE%29BE.1943-5592.0000796
http://dx.doi.org/10.1016/j.proeng.2017.09.515
https://webbut.unitbv.ro/index.php/Series_II/article/view/714/649

Development of the theory of root crop head cleaner...

[10] Hevko, R.B., Synii, S.V., Pankiv, M.P., & Varholiak, M.A. (2014). Development and analysis of machine operation for
energy saving technologies of root crop harvesting. Bulletin of Engineering Academy of Ukraine, 3-4, 46-52.

[11] Thnatiev, Ye. (2017) Theoretical modelling of oscillating motion of root crops heads cleaning unit which is rear-
mounted on integral arable and row-crop tractor. Mechanization and Electrification of Agriculture, 103(4), 47-56.

[12] Kainuma, H., Aoki, J., Suzuki, T., Oonami, M., & Kamata, M. (2013). Development of potato haulm remover (Part 1) —
state of potatoes at harvest and the effects of different haulm removal methods on potato quality. Journal of the
Japanese Society of Agricultural Machinery, 75(6), 434-439. doi: 10.11357/jsam.75.434.

[13] Khelemendyk, M.M. (2011). Directions and methods of development of working bodies of agricultural machines. Kyiv:
Agrarian Science.

[14] Nadykto, V.T., Kyurchev, V.M., & Kuvachev, V.P. (2020). Use of equipment in the agro-industrial complex. Kherson:
OLDI-PLUS, 2020.

[15] Pogorely, L.V., & Tatyanko, N.V. (2004). Beet harvesters: History, design, theory, forecast. Kyiv: Phenix.

[16] Storozhuk, I.M., & Pankiv, V.R. (2015). Research results of harvesting haulm remnants of root crops. INVVATEH -
Agricultural Engineering, 46(2), 101-108.

[17] Titiwa K.P., Gavino, H.F., Gavino, R.B., & Malamug, V.U. (2019). Development of potato (Solanum Tuberosum L.)
haulm cutter. IOP Conference Series: Earth and Environmental Science, 301, article number 012009. doi: 10.1088/1755-
1315/301/1/012009.

[18] Wang, F. (2021). Optimization and field experiment of an adjustable device for sugar beet digger. International Journal
of Agricultural and Biological Engineering, 14(6), 68-74. doi 10.25165/].1TJABE.20211406.6667.

[19] Yoo, H.,Oh,].,Chung, W.-]., Han, H.-W., Kim, J.-T., Park, Y.-]., & Park, Y. (2021). Measurement of stiffness and damping
coefficient of rubber tractor tires using dynamic cleat test based on point contact model. International Journal of
Agricultural and Biological Engineering, 14(1), 157-164. doi: 10.25165/j.ijabe.20211401.5799.

[20] Zheng, E., Zhong, X., Zhu, R., Xue, J., Cui, S., Gao, H., & Lin, X. (2019). Investigation into the vibration characteristics
of agricultural wheeled tractor-implement system with hydro-pneumatic suspension on the front axle. Journal of
Terramechanics, 186, 14-33. doi: 10.1016/j.biosystemseng.2019.05.004.

Mwupociaas IropoBuu Bya3zaniBcbKuit
AcmipaHT
[HCTUTYT MeXaHiKM Ta aBTOMATUKY arpoIpOMMCIOBOTO BUPOOHUIITBA
HarioHanpHOI akajeMii arpapHMX HayK YKpaiHu
08631, Bys. BoksanbHa, 11/1, ctm. [meBaxa, KuiBcbka 06:1., Ykpaina
https://orcid.org/0000-0002-0508-3816

Po3po6Ka Teopii pyxy OUMCHUKaA FONTIOBOK KOpPeHensioA4iB Yy NOB3A0BXHbO-
BepPTUKaAJIbHIN NNOLWWMHI, HaBiLLEHOro No3aAy KoNMiCHOro TpakTopa

AHOTaLifA. AKTya/IbHICTh PO3PO6KM aHATITUYHMX METOIIB /IS BUBUEHHSI CTIKOCTI PyXy OUMCHMKIB KOPEHEIUTI IHUX
KYJbTYDP Ha TPAKTOPaX BMHMKAE 3 HEOOXiMHOCTi MOKpaleHHs e(eKTUBHOCTI i IKOCTi OUMITIEHHST TOJIOBOK KOPEHETIOIB,
OCKIJIbKY BiJl IIbOTO 3QJIEKUTD SIKiCTh KiHIIEBOTO IMMPOAYKTY Ta Or0 TOBAPHI BJIACTUBOCTi. MeTOI0 aHOTO JOCTiIKeHHS €
TMiIBUIIEHHS CTIIKOCTi PyXy OUMCHYKA, IIUITXOM ITOOYIOBY MaTeMATUYHOI MO 110r0 KOMMBAIBHOTO PYXY Y IOB3JOBXKHbO-
BepTUKaJbHIl IUIOLMHI, Ta {1 YMCIOBOrO PO3B’SI3yBaHHSI [J1 BU3HAUEHHsI BIUIMBY IIapaMeTpiB Y BiANOBib Ha 30BHIILIHI
30ypIOBaIbHMIT BILIMB. [IJIs1 BUKOHAHHS IMOCTABJIEHOI MeTu 6y/ia po3pob6ieHa HOBa TEOPisl pyXy OUMCHMKA TOJIOBOK
KOPEHEIUIONIB Y TIOB3L0BXXHbO-BePTMKAbHIli IUIOLIVHI, HABIIIIEHOTO 110331y KOJMICHOTO TPaKTOpa, Mif, 1i€i0 36ypIoBaJbHOTO
BIUIMBY HEPiBHOCTE MOB3/I0BKHBOTO MTPOdiio MOBepxHi I'PyHTY HA aMIUTITYIHi Ta Ga30Bi yacTOTHI XapaKTepUCTUKU
110T0 KyTOBMX KOJIMBaHb. IIIJISIXOM ITpOBeIeHMX Ha IepCOHATbHOMY KOMIT I0Tepi UMCIOBUX PO3PaXyHKIiB 3HaliIeHi YMOBH,
3a SIKMMM ITiABUIIEHHS CTifIKOCTi pyXy OUMCHMKA Yy 3a3HAYEHi IUIONMHI Oye B pasi, Komu KoedillieHT ¢ SKOPCTKOCTi
TMHEBMATUYHUX IIMH KO IOBAJIbHMX KOJTic 6yme MaTy 3HaueHHs 315 kN-m . Takuii pe3ynbraT 3a6e311e4yeTbCs TO/i, KOJIU
TUCK Y IIMHAX ITHEBMATUYHMX Komic 6yme 135 kPa. I1]o cTocyeTbest eMIbyBaIbHUX XapaKTEPUCTHUK IIMH ITHEBMATUIHUX
KOIIiI0BaJbHMX KOJIIC, SIKi BM3HAUAIOThCsT Koe(illieHTOM [, TO BCTAHOBJIEHO, 1[0 MPM #oro 3MiHi Big 350 N-s-m™ mo
1350 N-s'm! Mae micire iHBapiaHTHICTb 3aIi3HEHHSI peakilii OuMCHMKA Ha 30ypIOBaIbHUI BIUIMB IIPU 3MiHi 110T0 YacToT
Bim 0 mo 24 s''. TakOXX BCTAHOBJIEHO, 1110 BIUIMB reOMETPUYHMUX PO3MipiB OUMCHUKA, € HECYTTEBUM Y Jiara30Hi 4aCcTOT
KOJIMBAaHb OPIMHAT MOB3J0BKHBOTO MPodisio HepiBHOCTel oBepxHi IpyHTY Bix 0 1o 24 s'. e BUIIIMBAE 3 XapaKTepiB 3MiH
OTPUMAaHUX aMIUTITYTHO-4aCTOTHUX Ta ()a30BO-YaCTOTHUX XapaKTePUCTUK. MeTonMKa MoGyJoBY MaTeMaTUYHOI MOZeTi
TUIOCKOTAPaJIeNIbHOTO KOMMBAIBHOTO PYXY OUMCHYKA MOXKe GYTY BUKOPMCTAHOO NP aHATOTIUHMX aHAT TUYHUX JOC/TI IPKEHHSIX
iHIIMX 3aHbOHABIIIEHNX Ha KOJIiCHUII arperaTyounii TpPakTop CiIbCbKOTOCIIOaPChKMUX MallIH

Knio4oBi cnoBa: HepiBHOCTI I'PYHTY; eKBiBaJIEeHTHA CXeMa; KOJIMBAHHSI; OudepeHIiaNbHi PiBHIHHS ; aMIUIITYIHO-
YacTOTHi; (pa30BO-4aCTOTHI XapaKTePUCTUKNA

Machinery & Energetics. Vol. 14, No. 4

4


https://orcid.org/0000-0002-0508-3816
https://elartu.tntu.edu.ua/bitstream/lib/21958/1/ІАУ-МПК-3%20ст.%20(1).pdf
https://elartu.tntu.edu.ua/bitstream/lib/21958/1/ІАУ-МПК-3%20ст.%20(1).pdf
https://journal.imaap.org.ua/info/attach.php?id=68
https://journal.imaap.org.ua/info/attach.php?id=68
doi:%2010.11357/jsam.75.434
doi:%2010.11357/jsam.75.434
http://www.irbis-nbuv.gov.ua/cgi-bin/irbis_nbuv/cgiirbis_64.exe?C21COM=S&I21DBN=EC&P21DBN=EC&S21FMT=fullwebr&S21ALL=%28%3C.%3EU%3D%D0%9F072-1$%3C.%3E%29&Z21ID=&S21SRW=AVHEAD&S21SRD=DOWN&S21STN=1&S21REF=10&S21CNR=20&R21DBN=1&R21DBN=2
https://oldiplus.ua/files/catalog.pdf
http://irbis-nbuv.gov.ua/cgi-bin/irbis_nbuv/cgiirbis_64.exe
http://irbis-nbuv.gov.ua/cgi-bin/irbis_nbuv/cgiirbis_64.exe
https://inmateh.eu/volumes/pdfs/17.pdf
https://iopscience.iop.org/article/10.1088/1755-1315/301/1/012009
https://iopscience.iop.org/article/10.1088/1755-1315/301/1/012009
https://iopscience.iop.org/article/10.1088/1755-1315/301/1/012009
https://www.ijabe.org/index.php/ijabe/article/view/6667
http://dx.doi.org/10.25165/j.ijabe.20211401.5799
http://dx.doi.org/10.25165/j.ijabe.20211401.5799
https://www.sciencedirect.com/science/article/abs/pii/S1537511018311528?via%3Dihub

Machinery & Energetics Journal homepage:

Vol. 14, No. 4. 2023 https://technicalscience.com.ua/en

UDC 355.358.4:624.01
DOI: 10.31548/machinery/4.2023.23

Andrii Volkov®

Head of the Department
Ivan Kozhedub Kharkiv National Air Force University
61045, 228 Klochkivska Str., Kharkiv, Ukraine
https://orcid.org/0000-0003-1566-9893

Mykhailo Brechka

PhD in Technical Sciences, Senior Lecturer
Ivan Kozhedub Kharkiv National Air Force University
61045, 228 Klochkivska Str., Kharkiv, Ukraine
https://orcid.org/0000-0003-1566-9893

Volodymyr Stadnichenko

Deputy Head of the Department
Ivan Kozhedub Kharkiv National Air Force University
61045, 228 Klochkivska Str., Kharkiv, Ukraine
https://orcid.org/0000-0002-1780-9215

Vitalii Yaroshchuk

Lecturer
Ivan Kozhedub Kharkiv National Air Force University
61045, 228 Klochkivska Str., Kharkiv, Ukraine
https://orcid.org/0000-0001-5318-5692

Serhii Cherkashyn

Lecturer
Ivan Kozhedub Kharkiv National Air Force University
61045, 228 Klochkivska Str., Kharkiv, Ukraine
https://orcid.org/0009-0002-6940-3863

The protection of critical infrastructure facilities
from air strikes due to compatible use of various forces and means

Abstract. The relevance of the study is emphasised by the need to investigate and develop effective strategies for protecting
critical state infrastructure in the context of the Russian-Ukrainian war of 2022. The purpose of this study is to evaluate
the effectiveness of interaction between the means of physical and electronic influence in the context of protecting
critical infrastructure facilities of the energy sector from air strikes. The object of research is the system of protection of
critical facilities of the state’s energy sector. Research methods included the use of system analysis, the development of
strategies for determining the optimal locations of the means of physical influence, and the use of mathematical modelling.
Research in the field of interaction and simultaneous use of physical and radio-electronic means included a theoretical
analysis of abstract objects and their relationships. These objects were designed to create an idealised description and
investigate possible scenarios, as well as to determine optimal actions in specific situations. This study examined in detail

Article’s History: Received: 04.07.2023; Revised: 17.10.2023; Accepted: 22.11.2023.

Suggested Citation:

Volkov, A., Brechka, M., Stadnichenko, V., Yaroshchuk, V., & Cherkashyn, S. (2023). The protection of critical infrastructure
facilities from air strikes due to compatible use of various forces and means. Machinery & Energetics, 14(4), 23-32.
doi: 10.31548/machinery/4.2023.23.

*Corresponding author

Copyright © The Author(s). This is an open access article distributed under the terms of the
oY Creative Commons Attribution License 4.0 (https://creativecommons.org/licenses/by/4.0/)


https://orcid.org/0000-0003-1566-9893
https://orcid.org/0000-0003-1566-9893
https://orcid.org/0000-0002-1780-9215
https://orcid.org/0000-0001-5318-5692
https://orcid.org/0009-0002-6940-3863

The protection of critical infrastructure facilities...

the possibilities of improving the effectiveness of protecting important energy facilities from air strikes through the use
of combined strategies such as anti-aircraft fire and fire protection. Methods for determining the optimal locations of
the means of physical influence were analysed, which allowed predicting expected results when using them together. It
was developed evidence-based recommendations for the effective integration of these methods, which is an innovative
approach to the problem. The means of physical influence included small arms, which were part of the armament of the
Armed Forces, and interceptor drones. Electronic means of influence included technical means of radio frequency warfare
and electromagnetic guns. The practical significance of this study lies in the fact that it presents specific strategies and
technological solutions for comprehensive protection of critical infrastructure facilities from air strikes. This paper can
serve as a basis for developing effective security and protection policies in countries and regions, helping to improve overall
sustainability and security

Keywords: energy sector of the state; the Russian-Ukrainian war; means of physical influence; radio waves; air attack

INTRODUCTION

The need to investigate this topic is conditioned by modern
geopolitical realities and the evolution of security threats.
The results of terrorist attacks and examples of the use of
drones to attack critical energy facilities indicate an in-
crease in the vulnerability of states to new forms of aggres-
sion. The use of air strikes, in particular, through the use
of unmanned aircraft, is becoming an effective tool for ter-
rorist organisations and countries, and therefore, the study
and development of strategies for the protection of critical
facilities is an extremely urgent task for ensuring national
and international security, and protecting the economic in-
terests of states. A significant number of dangerous critical
facilities in the world are located in most countries. The
level of danger of a facility is set considering the percent-
age of the civilian population and the area of the territory
that may become part of the zone of possible impact in the
event of an accident at a facility. The results of terrorist
attacks during 2019-2022 in the world and the course of
the Russian-Ukrainian war show that the most dangerous
objects today are facilities of the energy sector. In just nine
months of 2022, more than 184 cruise missiles and more
than 95 unmanned aerial vehicles were fired at Ukrainian
cities where critical facilities of the state’s energy sector
are located, including more than 70 Iranian Shahed-136
kamikaze drones (Chronicle of the war..., 2022). According
to estimates of the world’s leading economists, the eco-
nomic damage caused by these blows to the state amounts
to more than 300 billion USD.

The problem of the study is that modern technologies,
in particular the use of drones, open up new opportunities
for attacks on critical facilities of the energy sector. The
global experience of terrorist attacks and examples of air
strikes during armed conflicts confirm that the energy sec-
tor is particularly vulnerable to such threats. However, pro-
viding comprehensive protection of critical facilities from
air strikes is a complex task, as it requires a combination of
means of physical and electronic influence, including new
technologies in the field of unmanned aviation, and devel-
oping effective security management strategies.

According to H. Dementiiuk et al. (2023a), modern
technologies allow effectively using methods of radio-elec-
tronic influence on energy sector facilities. The study does

not detail the consideration of possible defence options
during air strikes. I.Yu. Chaika & Ye.G. Tsokur (2022) em-
phasise the high vulnerability of critical facilities to air
strikes. The effectiveness of possible protection meas-
ures against such threats is not investigated. According to
V. Hurkovskyi et al. (2023), terrorist acts and examples of
the use of drones in armed conflicts emphasise the need
for a combination of means of physical and electronic in-
fluence to provide comprehensive protection. The analysis
did not address specific aspects of the development or use
of specific strategies for combining means of physical and
electronic influence.

S. Korsunov et al. (2021) note that new opportunities
for the use of unmanned aerial vehicles, in particular ka-
mikaze unmanned aerial vehicles (UAVs), are highlighted.
This paper does not address new security challenges. Re-
search conducted by V. Berezutskyi & N. Berezutska (2022)
emphasises the importance of developing security man-
agement strategies and determining optimal methods for
protecting critical facilities from air strikes. The study does
not analyse specific aspects of developing security man-
agement strategies and determining optimal methods for
protecting critical facilities from air strikes. The paper by
V. Dykha & V. Lukianova (2023) raises the question of pos-
sible economic losses as a result of attacks on energy facili-
ties. This study does not provide a specific detailed analysis
of possible measures to reduce economic losses as a result
of attacks on energy facilities.

The purpose of this study is to determine the effective-
ness of interaction between physical and radio-electronic
means in the context of protecting critical infrastructure
facilities of the energy sector from air strikes. Objectives
of the study:

1. onduct an analysis of the interaction of means of
physical and electronic influence to determine their com-
patibility.

2. Develop a methodology for determining the optimal
location of means of physical influence when protecting
critical facilities of the energy sector from air strikes.

3. Develop scientifically based recommendations for
the effective use and interaction of physical and electronic
means of influence.
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MATERIALS AND METHODS

The object of this study is a comprehensive system for pro-
tecting facilities of critical importance that are part of the
state’s energy complex. After evaluation, it was found that
this system includes various tools and technologies aimed
at protecting these facilities from potential air strikes
and other threats. The subject of this study is a detailed
review and optimisation of the combined use of physical
and electronic means of influence in the protection system.
This included investigating the interaction of these tools,
evaluating their effectiveness, and developing strategies
for optimal use in the context of protecting critical energy
facilities.

The use of the system analysis method identified key
elements of the system and assessed their importance and
relationships, which contributed to a deeper understand-
ing of the problem and the development of effective pro-
tection strategies. The system analysis also allowed iden-
tifying possible risks and predicted their consequences,
which is a key stage in the development of comprehensive
strategies for protecting critical facilities. This method has
created a theoretical and practical basis for further steps in
implementing innovative solutions and developing practi-
cal protection strategies in the face of modern threats and
challenges.

The method of mathematical modelling allowed con-
sidering various factors, such as geographical conditions,
characteristics of means of influence, possible attack paths,
and risk dynamics. By creating mathematical models, pos-
sible scenarios were evaluated and optimal parameters for
the location of means of physical influence were deter-
mined to maximise the effectiveness of facility protection.
The use of mathematical modelling contributed to a deep
understanding of the impact of various factors on security
and helped improve security strategies, making them more
accurate and adapted to specific conditions. This is a key

A. Volkov et al.

step in creating comprehensive protection strategies for
critical facilities that take into account all possible scenar-
ios and risks to ensure full protection.

The development of a methodology for choosing the
location of means of physical influence included a detailed
study of the topography and geographical features of the
facility. This process took into account various factors,
such as population density, environmental conditions, and
possible attack routes. Special attention was paid to aero-
dynamic characteristics and altitude parameters in order
to ensure the optimal location of means of physical influ-
ence to maximise their effectiveness in protecting facili-
ties. In the course of the study, an algorithm for determin-
ing the optimal location of an anti-aircraft missile system
when protecting a facility from an air strike was developed
and improved, and key aspects of their optimal use in re-
al-world protection conditions were identified.

RESULTS

Development of a methodology for determining the opti-
mal location of physical protection for energy sector facil-
ities against air strikes

To develop a methodology for determining the optimal
location of means of physical influence (MPI) in the pro-
tection of critical facilities of the energy complex (CFEC)
from air strikes, it is proposed to use an algorithm (Fig. 1),
which provides for the sequential execution of a number of
procedures and tasks. The initial data for calculating the
distance between MPI (Block 1) are the types of air-to-air
missiles (AAM) that can be applied to the protected facility,
the geographical coordinates and spatial dimensions of the
protected facility, the composition of MPI allocated for the
protected facility, the highest level of efficiency in the use
of MPI, and characteristics describing the effectiveness of
the use of MPI. Source data is selected from pre-created
data or generated during database preparation (Block 1).

-

Start of work

>

1

|_ Formation (correction) of initial data |

|—2

Calculation of the fall area debris of the AAM after its disposal |

3
|— Calculation of spatial area possible placement of means of physical influence |

Calculation of the required amount means of physicalinfluence |

|—4
5

|— Correction of the calculated placement coordinates MPI based on the topography of the area |

A
|_ l()Zalculation of the effectiveness of prote

cting a critical facility from an air strike |

8

Yes 7
|— Naami= 1+ Npani Edaf < Eneed
No

9
|_ Development of recommendations for the protection of a critical facility from an air strike |

-

Completion of works

>

Figure 1. Algorithm for selecting the location of an anti-aircraft missile system when protecting a facility from an air strike
Source: compiled by the authors based on P. Hou et al. (2023)
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In Block 2, the area of falling of fragments of an AAM
after their neutralisation is calculated using the existing
model (Park et al., 2021). This calculation is key to deter-
mining the required distance by which locations should be
removed from the perimeter of the protected facility. Anal-
ysis of the results of modelling the process of air defence
system neutralisation during flight at different speeds and
altitudes showed that the distance to the detection point
should be within 1-2 km from the protected facility. Among
the criteria that determine the effectiveness of MPI, the
range of destruction of AAM from the protected facility, on
which the task of their neutralisation is set, is of great im-
portance. This range is determined by the specific means of
physical influence, the flight altitude of the missile defence
system, the time of detection and neutralisation, and the
distance to which the defence zone extends from the fa-
cility. Setting the horizontal distance from the protected
facility to its border, where tasks for the disposal of AAM
are set, is carried out using the following equations:

dd.s.t = dd‘MPI + VAAM(td.p.MPI L) M
where: d, - horizontal distance from the protected facility
to the task setting line, d,, ,, — distance of the MPI location
from the protected facility, V,,,, - speed of air attack vehi-
cle, t,, , — time of direct preparation of MPI for neutrali-
sation of air attack vehicles, ¢, - time of neutralisation of
air attack vehicles at the borders of the neutralisation zone.

Block 3 defines the area where the device can be placed
for physical influence. Given the requirements for avoiding
debris entering the protected facility, it is recommended to
dispose of debris at an average distance of 2 km or more
from the protected facility (depending on the type of de-
bris). To do this, the location of anti-aircraft installations
should be removed from the territory of the protected fa-
cility at a distance of 1 km or more. Increasing the distance
of the MPI location increases the probability of saving the
protected facility. On the other hand, the more remote the
MPI is from the protected facility, the more tools need to
be used for effective protection. It is noted that in prac-
tice there is a limited number of available tools (Kumar et
al., 2022). Therefore, it is recommended to determine the
location of means of physical influence as close to the pro-
tected facility as possible, considering their characteristics
and the number of MPI intended to protect this facility.

After determining the distance required for the loca-
tion of the anti-aircraft system outside the protected facil-
ity, the required number of protection equipment is calcu-
lated in Block 4. The next step is to use the algorithm for
correcting the calculated coordinates of the MPI location,
based on the analysis of digital maps of the area (Block 5).
If the terrain or natural obstacles affect the location of the
MPI, its position can be adjusted. A programme is activated
that reproduces the MPI on an electronic map in accord-
ance with the proposed provision (Kasraei et al., 2021). For
a more detailed and high-quality assessment of the MPI lo-
cation, Block 6 implements an algorithm for assessing the

degree of protection of facility from physical influence. The
assessment of the degree of security of the facility is pre-
sented in the form of a table with calculations, which re-
flects the coefficients of neutralisation zones and the load
coefficients MPI. Based on this information (blocks 7-9),
MPI location issues are resolved. Regarding the placement
of electronic means of influence, it is advisable to note the
definition of such places where they can operate without
interfering with the operation of MPI. This is, for exam-
ple, considering the norms of frequency-territorial prop-
agation, the corresponding distance between MPI and ra-
dio-electronic influence (REI) when they work together.

Determination of the effectiveness of protection of critical
energy facilities from air strikes due to the combined use
of means of physical and electronic influence

To assess the impact of interaction between the means of
physical and radio-electronic influence on the effective-
ness of their joint action, it is important to analyse the
essence of the term “compatibility” and logically establish
the relationship of this concept with the terms related to
“interaction of physical and radio-electronic influence”
(Dementiiuk et al., 2023b).

The terminological system and its elements should
have interdependence, unambiguity in military-scientif-
ic and general scientific disciplines, context-independent
clarity, correlation with only one concept, brevity and lex-
icographic approach to term formation, flexibility for ex-
pansion, clarification and changes, and the possibility that
the term becomes a designation of a broader concept. Con-
sidering these requirements for terminology and analysing
the existing basic terms, the “zone of joint action of means
of physical influence and means of electronic influence”
refers to the area of their location and the airspace where
the neutralisation and suppression of means of air attack
is carried out.

Scientific challenges in the study of the combined ef-
fects of means physical and radio-electronic influence in
the protected areas of critical energy facilities are diverse,
and their solution may vary depending on the specific case.
Number of possible options (1) depends on the quanti-
ty and type, and can be determined using coefficients that
take these parameters into account:

n,=MN

+ (N, DN, DN, + Doy ()

MPJ; MPI;

where: Nypy, ~ number of means related to i-th type of
physical influence, NMPIi — number of physical means of in-
fluence of the j-th type, N - number of radio interference
stations that are in the noise state, N - number of pulse
response radio interference stations.

The composition and location of means of physical
and electronic influence are closely related and interde-
pendent. This interdependence is conditioned by method-
ological approaches to justifying the optimal number and
order of placement of funds. This is conditioned by the fact

that the effectiveness of a joint action depends both on its
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composition and on the order in which it is implemented
(d,,») and means of electronic influence (d, ) from the
boundaries of the protected facility and mutual distances
between the means of protection (D, ..). Consequently,
there is a complex interdependence of the efficiency of in-
teraction between MPI and REI, which can be expressed in
the form of a functional dependence:

E=f[N =const, (3)

MPI}lNREI: di.MP1, d1.REL DMPI;» DREIj, PMPI-REI

E=f{N =const. (4)

REI}lNREI: di.mPL d1.REL DMPT> DRET> DMPI-REI

The locations of systems are regulated by the require-
ments of the task, which means that the location of means
of physical influence must correspond to the distance from
the boundaries of the security facility, which guarantees
the removal of the disposal zone abroad, from which the
AAM task can be performed. To assess the impact of the
maximum efficiency of using MPI and REI on the effective-
ness of their joint operation, let us return to the essence of
the term “compatibility”. The result of the effectiveness of

1
KMPIineutmax[1_(1_Pprob.MPlineut) ] Ke.inf.provNMPIi _
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measures in the protection of critical facilities of the en-
ergy complex is an m-dimensional vector, including three
main groups of components: the achieved (expected) effect
(g), time expenditure (t), and resource expenditure (c). The
result of the effectiveness of measures to protect critical
energy facilities is (m) a measurable vector that includes
three main components: the result obtained (g), time (t),
and the cost of material or financial resources (c):

Ym=[gm, cm, tm], ©))

where: Y™ — effectiveness of actions, m — factors and condi-
tions that affect the effectiveness of events; g™ — received (or
expected) useful result, c™ — resource costs, t™ — time spent.

The most appropriate target task for means of physi-
cal influence when protecting facilities from air strikes is
a measured indicator — the number of saved air defence
equipment compared to their total number that were used
during the strike. As for the choice of indicators of the ratio
of opposing forces, the most complete confrontation be-
tween MPI and AAM can reflect the ratio:

KMPIic.p.Ke.inf.prcuv (6)

i

where: KMPIineutmax — maximum number of MPI of i-th types
that are simultaneously neutralised, P 0. ., — prob-
ability of neutralisation of MPI of i-th type, n - amount
of resources spent, K . -~ — efficiency coefficient of in-
formation support, Ny, = number of MPI of i-th type,
im __—limit parameter of the neutralisation zone of
im.par.MPI;zone
MPI of i-th type, N, ,,, — number of military personnel in-
volved in the attack on the security facility, K, . - combat

potential ratio of MPI of i-th type.

MPIjc.

Keoeff.pKmask (1+N2t_p) N5im
tsmpr (1-tic)

, N

Ke.inf.prOV =
where: K. — coefficient of similarity of false placements
with true ones, K, - facility masking coefficient, Ny, | -
total number of forces and means of protecting the facility
of air strikes that carry out disinformation measures, Ny, -
total number of intelligence tools that are part of the forces
and means of protecting facilities from air strikes includes
information flows that are involved in the process of col-
lecting information, t_,, — time of MPI stay at the location,
t, . — time to collect information.

Therefore, the process of neutralisation of air defence
systems during CFEC protection from air strikes is consid-
ered probabilistic, and its main characteristics are the re-
lationship of the forces of the parties (Dementiiuk et al.,
2023b). To assess the effectiveness of the use of electronic
warfare equipment to protect critical facilities, the math-
ematical expectation of the number of airs attacking sys-
tems exposed to REIM is used:

AAM sup.REI

M AP, 8)

AAM sup.REI NAAMsup ip’

Dlim.par.MPlizone Naam

Naam

where: M, ;. pe — NUMber of air defence systems that
have been subjected to electronic influence (suppres-
sion), AP, - increase in the probability of preserving a
facility equal to the probability of a conditionally neu-
tralised automated control system, which is determined
depending on the number of conditionally neutralised
automated control systems and is calculated using the
equation:

APi.p = Pg.rei - Pg.ajei’ (9)
where: P? . — probability of preserving protected facility
in case of resistance to electronic means of influence (ob-
struction of them), P? . - probability of preserving the
protected facility without taking measures to counteract
the means of electronic influence.

For a situation where facility protection is performed,
equation (9) can be rewritten as follows:

=1-e NREIAPp.s REVNAAM
PREI l-e P ’

(10)
where: P ... — probability of preserving a critical facility
only REI, N, — number of REI, N, ,,, — number of AAM.

The analysis indicates that when evaluating the ef-
fectiveness of actions, only the ability of physical or ra-
dio/electronic exposure to a certain amount of air defence
equipment to destroy the protected facility is considered
(Sowers et al., 2017). Thus, considering the above-men-
tioned disadvantage, it is proposed to formalise the de-
pendence in such a way as to determine the effectiveness
of interaction:
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Mm.e.destMPI + K
Naam

P = 1—e_(
where: M__, . — mathematical expectation of the num-
ber of destroyed AAMMPL K ~— MPI and REI compatibil-
ityratio,M__ . . ., — mathematical expectation of the num-
ber of AAM destroyed by REI, K - opportunity realisation
coefficient, M__, . - mathematical expectation of the
number of destroyed air defence systems at low altitudes.

Therefore, it can be determined that to evaluate the
effectiveness of joint actions of MPI and REI locations,
generalised indicators are used in the form of mathemat-
ical expectations of the number of AAM air attack vehicles
that are not able to perform their assigned tasks (P), and
calculated by equation (11). Based on the value of this indi-
cator, it is possible to estimate the expected results of MPI
and REI actions, the level of AAM losses, and the degree
to which they perform their task of hitting a critical ener-
gy facility. For the location of means of physical influence
on the site, the method of directed selection of possible
options for the composition of means within the existing
structure was used, while MPI was placed at fixed distances
from each other relative to the security facility. To apply
this methodology, coefficients were used:

D (12)

MPL-RELmin ~ &5
where: D, o0 i — Minimum range of MPI and REI from
the centre of the protected facility, at which their specified
number is evenly distributed at ] intervals, a — uniformity
coefficient.

For the relative location of MPI and REI, their relation-
ship and their location relative to the protected facility are
taken into account using the appropriate ratios:

Mm.e.dest.REI
comp. + Ko

Mm.e.dest.low.alt)

o NaaM

Naam

) (11

where: D, - detection range, D, -~ minimum supply of
ammunition.

Dr.a = VAAMTam.d.AAM min A+ VAAM TAAM dest? (14)
where: V,,, VVV — AAM speed, km/min, T,_, ,,\mn — time

of dropping ammunition from the air defence system, min,
A - lag of weapons (ammunition) using air defence sys-
tems, km, T,,, ,... — time of destruction of AAM.

For effective protection of the facility by means of
electronic influence, it is important to place the REI at a
certain distance , which should have less value , and at best
be zero. However, limiting the reduction in the distance of
the REI location is associated with the risk of hitting the
defence facility when using homing weapons with REI ra-
diation. The condition that sets the minimum and optimal
values has the following form:

D

>
REIZ Dr.d.am r.prot Ga.&error’ ( 1 5)

where: D_, - radius of destruction of protected facility
by ammunition, d - radius of protected facility, o
average square error of a homing weapon.

The problem of calculating the distance between the
locations of anti-aircraft missiles when protecting a facility
from air strikes is solved by selecting the locations of an-
ti-aircraft missiles (Ivanets et al., 2023). The results show
that it is strategically important to pre-place physical and
electronic warfare equipment throughout the protected
area or in key areas. The simulation performed in this study
allowed estimating the probability of holding a protected
target in the event of an air attack by a standard anti-air-

a.s.error

D, iorremin = Per € 0,65D (13)  craft missile, such as cruise missiles or unmanned aerial
vehicles, at different altitudes (Fig. 2).
0,8 7 a—
pum Eup to 100 m
0,75 7 ® 100-500 m
500-1000 m
0,7
more than 1000 m
0,65 -
The cruise UAV of the
missile “Shaheed” type

Figure 2. Diagram of the probability of preservation of critical facilities of the energy complex

Source: compiled by the authors

Analysis of the obtained data allows for the conclu-
sion that the implementation of the proposed solutions
can guarantee the safety of the protected facility during
air strikes with a probability from 0.7 to 0.8 (Kopczewski et

al., 2023). Thus, the use of these recommendations will
significantly increase the effectiveness of protecting both
critical facilities and the civilian population, and territories
from possible consequences of damage to energy facilities.
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DISCUSSION

Protecting critical infrastructure facilities from air strikes is
an extremely important task in the face of modern threats
and conflicts. The ability to ensure effective protection of
such facilities becomes strategically important not only for
ensuring national security, but also for maintaining the
stability and functioning of society. In the context of avia-
tion threats, the modern development of unmanned aerial
vehicles and cruise missiles creates new challenges for the
protection of critical facilities. The combined use of vari-
ous forces and means becomes a key aspect of the defence
strategy. On the one hand, it is important to have effective
means of physical influence, such as anti-aircraft systems,
anti-aircraft missiles, and air defence systems that can pro-
vide active protection against aircraft and missiles. On the
other hand, electronic means, such as early detection and
prevention systems, can make important contributions to
the prevention, detection, and neutralisation of threats.
The effectiveness of the joint use of these forces and means
is determined by their interaction and coordination. Re-
search in the field of protecting critical infrastructure from
air strikes can identify optimal strategies and technolog-
ical solutions for this joint use. Solving these problems
can serve as a basis for developing effective security and
protection policies aimed at ensuring the stability and se-
curity of critical facilities in modern conditions of threats.
This research can also contribute to the development of
integrated protection strategies, taking into account the
challenges of the modern military environment, and help
improve security policies to ensure the sustainability of
critical facilities.

Based on the results of recent study by M. Piekarski &
K. Wojtasik (2022), protecting critical infrastructure from
air threats in Poland is a high priority task in the context
of modern security challenges. Poland, as a member of
North Atlantic Treaty Organization (NATO) and the Eu-
ropean Union (EU), faces a variety of potential threats,
among which air attacks can be particularly serious. Giv-
en the country’s geopolitical position, the importance of
its economic infrastructure and energy facilities, effective
protection becomes a key component of national security.
Poland can use state-of-the-art technologies and strate-
gies to ensure the protection of critical facilities. The de-
velopment and improvement of early detection systems,
air defences, and modern technical solutions for neutral-
ising air threats can contribute to the creation of a reliable
security system. The ability to integrate various means of
physical and electronic influence, optimise their use and
ensure coordination in activities is of great importance.
Ukraine may also consider cooperation with other coun-
tries and international organisations to share experience
and develop joint strategies in the field of critical infra-
structure protection. This approach will ensure not only
national, but also collective security in the face of increas-
ing threats in the modern world.

Referring to the definition of T. Lovecek et al. (2021),
modelling and simulation are important tools for improving

A. Volkov et al.

the protection of critical infrastructure and ensuring the
sustainability of the basic needs of citizens. These ap-
proaches provide an opportunity to address complex chal-
lenges and identify optimal strategies for responding to
possible threats. By creating mathematical models of vul-
nerabilities and scenarios of possible attacks, it is possible
to effectively analyse the system and develop preventive
measures. Simulations, in turn, allow virtually reproduc-
ing different situations and test the effectiveness of differ-
ent protection strategies. These tools can be used to train
personnel, analyse the reality of the security system, and
improve infrastructure. Further development of simulation
and simulation technologies can significantly improve pre-
paredness and response to new threats, providing reliable
protection for both critical infrastructure and the basic
needs of citizens in today’s unpredictable environment.
A.B. Daricili & S. Celik (2022) determined that cyber-
security of critical infrastructure is a top priority in ensur-
ing the sustainability of society in the face of an increasing
number of cyber threats. Critical infrastructure, such as
energy facilities, transportation systems, and communi-
cations, is being targeted by attempted cyber-attacks that
can have serious consequences for national security. It is
important to identify and implement measures to prevent
cyber threats using advanced technologies and strategies.
The development of effective systems for detecting and
responding to cyber-attacks, and training personnel in the
field of cybersecurity plays a key role in ensuring the integ-
rity and operability of critical infrastructure. The analysis
of the results and conclusions shows the relevance of us-
ing artificial intelligence and machine learning to predict
and prevent cyber threats in the field of cybersecurity of
critical infrastructure. Strengthening cooperation between
government agencies, the private sector, and cybersecurity
experts is becoming an important prerequisite for success-
fully countering cyber threats in critical infrastructure.
Researcher M. Borocz (2021) determined that the poli-
cy of protecting critical infrastructure in the European Un-
ion is a key element of the strategy for ensuring national
security and sustainability. This policy is developed and im-
plemented to prevent and counter threats that may affect
important sectors such as energy, transport, and telecom-
munications. One of the key initiatives is the creation of the
European Union Agency for Cybersecurity (ENISA), which
acts as a cybersecurity coordinator and consultant for EU
member states. The centre promotes the exchange of infor-
mation, provides recommendations and develops strate-
gies to improve the protection of critical infrastructures in
Europe. It can be agreed that considerable attention is also
paid to the development of cyber defence standards and
regulations that take into account the specifics of different
critical infrastructure sectors. The introduction of innova-
tive technologies such as artificial intelligence and block-
chain into security systems is also becoming an important
stage in the EU’s critical infrastructure protection strategy.
As noted by . Roman & K. Cyganczuk (2022), the le-
gal dimension of protecting critical infrastructure is an
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important component of a national and international
security strategy. Many countries are actively developing
and improving legal frameworks for the effective protec-
tion of facilities of strategic importance for national se-
curity and sustainability. In most cases, these laws and
regulations define the list of critical facilities, establish
requirements for their protection, and also provide for li-
ability for violation of these requirements. They can also
define incident response procedures and interactions be-
tween public and private actors in protecting critical infra-
structure. The findings of researchers confirm the results
obtained. It is important to keep in mind that such a legal
framework should be flexible and consider the rapid devel-
opment of technologies and changing threats. Ensuring the
effectiveness of these legal mechanisms requires constant
updating and adaptation to new challenges, in particular,
in the field of cybersecurity.

R. Cantelmi et al. (2021) showed by their work that
in the context of the sustainability of critical infrastruc-
ture, the key element is the use of qualitative research ap-
proaches for comprehensive analysis and the development
of effective protection strategies. One of these approach-
es — a system analysis method that allows considering a
critical infrastructure as a complex system, considering the
relationships and dependencies between its components.
Researchers also actively use mathematical modelling to
analyse the vulnerability and effectiveness of sustainabili-
ty measures. This allows conducting scenario and strategic
analyses, identifying weaknesses, and developing optimal
protection methods. Modelling is also used to simulate a
variety of scenarios, including natural disasters and cy-
ber-attacks, which helps improve response and recovery
strategies. However, it is important to note that the appli-
cation of qualitative research methods also includes the
analysis of modern technologies, considering socio-eco-
nomic aspects and interaction between security actors.
This approach allows viewing critical infrastructure in its
full context, providing more effective sustainability and se-

that require reliable protection from air strikes. Such fa-
cilities may include power plants, substations, gas pipe-
lines, and infrastructure that is important for the normal
functioning of the country and its economy. According to
the above method, the means of physical and electronic
influence are located at a certain distance from security
facilities in order to prevent unmanned aerial vehicles
and cruise missiles from entering the zone of critical en-
ergy facilities.

It is proposed to use physical means to protect crit-
ical energy facilities from air attacks, included in the in-
tegrated model for evaluating the effectiveness of using
these means, provide an opportunity to confidently assert
that their use in protecting critical energy facilities from
air strikes will ensure its safety with a probability from 0.7
to 0.8. To assess the effectiveness of interaction between
physical and electronic means, it is a generalised indicator
in the form of mathematical expectation of the number of
missiles that have not completed their mission, and is de-
termined in relative terms. By the value of this indicator,
it is possible to estimate the expected results of interac-
tion between physical and electronic means of influence,
the level of losses from air attack means and the degree of
their performance of tasks.

The research shows the expediency of taking measures
to improve the effectiveness of protecting critical facilities
of the state’s energy complex from air strikes due to the
joint use of various forces and means, which is conditioned
by the need to ensure the survival of the state, preserve th
e environmental situation in the region of the location of a
particular critical facility due to catastrophic consequences
in case of damage.

It is advisable to further investigate the mechanisms
of interaction and integration of innovative technologies
in critical infrastructure protection systems to ensure the
sustainability and effectiveness of countering modern avi-
ation threats.
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3axmucT 06’eKTIiB KPUTUUHOI iHppaCTPyKTypu Bia NOBITPSHUX yaapiB
3aBASAKM CYMICHOMY 3aCTOCYBaHHIO Pi3HUX cus i 3aco6iB

AHoOTAaUifA. AKTYalTbHICTh DOCTiAKEHHS MMiJKPECTIOETHCS HEOOXiJHICTIO BUBYEHHS Ta PO3POOKM e(eKTUBHUX CTPATETI i
3aXMCTY KPUTUYHO BAKIUBUX 00 €KTIB iHGOPaCTPYKTypu AepskaBy, B KOHTEKCTi pociiicbKoO-yKpaiHchKoi BiftHM 2022 POKYy.
MeTo10 JaHOTO TOCTisKeHHS € OI[iHKa e(eKTUBHOCTI B3aeMogii MiX Qi3uuHMMY Ta pazfioeeKTPOHHUMM 3ac06aMi BILIUBY Y
KOHTEKCTi 3aXUCTy 00’ €KTiB KpUTUUHOI iHDPACTPYKTypU eHepreTMUHOTO KOMILIEKCY Bill aTak MoBiTPsIHMX yaapiB. O6’eKToM
IOCITiIKEHHST € CUCTeMA 3aXMUCTY KPUTUYHO BAKIMBUX 00’EKTIB eHEPreTMYHOTO KOMIUIEKCY AepyKaBu. JocaigHuITbKi
MeTOAM BKIIOUAIN B cebe BUKOPUCTAHHS CUCTEMHOTO aHasli3y, pO3pO0OKyY CTpaTerTiil 71 BU3HAYEHHST ONITUMaJIbHUX
MiCIIb pO3TallyBaHHS 3ac06iB (pi3MUYHOrO BIUIMBY Ta BUKOPUCTAHHS MAaTEeMaTUIHOTO MOJE/NI0BaHHS. [TOCTiIKeHHS B
obmacTi B3aeMogii Ta 0IHOYACHOTO BUKOPUCTAHHS (Qi3UUHMX Ta PaSioeIeKTPOHHMX 3aC06iB BK/IIOUAIO TeOPeTUUHMIA
aHasii3 abCTpaKTHMUX 06’eKTIiB Ta iX B3a€MO3B’s13KiB. Lli 06’€KTM KOHCTPYIOBAINCS IJ1s1 CTBOPEHHS i/1eaTi30BaHOr0 OMUCY
Ta BMBUYEHHS MOXIMBUX ClleHapiiB, a TaKOX [JI1 BU3HAYUEHHS ONTUMMAaJbHUX [ili Y KOHKPETHUX CUTYyalligX. Y LIbOMY
JIOCTiIKeHH] TeTalbHO PO3TVISIAAINCS MOKIMBOCTI MiABUILEHHS e(eKTUBHOCTI 3aXMUCTy BXKIMBYUX 00’ €KTiB eHepreTUIYHOTO
KOMIIJIEKCY Bij aBiaygapiB 3a JOMIOMOTOI0 BUKOPUCTAHHSI KOMOiHOBaHMUX CTPATETiil, TAKMUX SIK 3€HiTHUIT BOTOHb Ta
TIPOTUTIOKEKHMIA 3aXMCT. AHAi3yBaauCsl MeTOIM BU3HAUYEHHST ONITMMAaIbHMUX MICIIb PO3TAIlyBaHHS 3ac06iB (i3nuHOro
BIUTVBY, IO IO3BOJISLIY Tlepef6avyaTyi O4iKyBaHi pe3yibTaTy Mpy iXHbOMY CIiIbBHOMY BUKOpUCTaHHI. PO3po6i1eHo HayKOBO-
0OrpyHTOBaHi pekoMeHaallii 3 epeKTUBHOTO iHTerpyBaHHSI LIX METO/IiB, 10 € HOBATOPCHKMM ITiIXOL0M 0 ITpoGIeMu.
3acobu (i3MyHOro BIUIMBY BKIIIOYA/IM CTPIIEIbKY 36p010, SIKa CTAHOBWIIA YaCTUHY 036poeHHSsT 36poiinux Cyt Ta iHImmMx
MIPaBOOXOPOHHMX OPraHiB, a TAKOK 6e3MiIOTHMKM-TIepPeXoIuToBayi. 3acobu paJioeneKTpPOHHOTO BIUIMBY BKIIOUA/IN B cebe
TeXHiuHi 3ac06M pafiouacToTHOI 60pOTHOM Ta eeKTpoMarHiTHi rapmatu. [IpakTuyHe 3HAUEHHS 1€l pOOOTH TOJSTAE B
TOMY, 1[0 BOHA MPeJICTaBJIsIE KOHKPETHI CTpaTeTii Ta TeXHOMOTIuHi pillleHHsI /15T KOMIUIEKCHOTO 3aXMUCTY 00°€KTiB KPUTUIHOI
indpactpykrypu Big aBiaymapis. Lle mocimskeHHSI MOsKe CITY>KUTU OCHOBOIO JI7IsT pO3p06KM e(eKTUBHUX MOMITUK Ge3TeKn
Ta 3aXMCTy B KpaiHax Ta perioHax, CIPUSIIOYN MMiIBUILEHHIO 3arajJibHOTO PiBHS CTiliKOCTi Ta 6e3meKu

KniouoBi cnoBa: eHepreTMuHMiI KOMILIEKC AepskaBy; POCiiicbKO-yKpaiHchKa BifiHa; 3aco6u (isMuHOTO BIUIUBY;
panioxBwWIi; MOBITPSIHUIT HaMay,

Machinery & Energetics. Vol. 14, No. 4

4


https://orcid.org/0000-0003-1566-9893
https://orcid.org/0000-0002-0291-9665
https://orcid.org/0000-0002-1780-9215
https://orcid.org/0000-0001-5318-5692
https://orcid.org/0009-0002-6940-3863

Machinery & Energetics

Journal homepage:
https://technicalscience.com.ua/en

Vol. 14, No. 4. 2023

UDC 622.276
DOI: 10.31548/machinery/4.2023.33

Annaguly Deryaev’
Doctor of Technical Sciences, Principal Researcher
Scientific Research Institute of Natural Gas of the State Concern “Turkmengas”
744036, 58 Archabil Ave., Ashgabat, Turkmenistan
https://orcid.org/0009-0004-8569-6277

Dual completion operation technology for two gas condensate reservoirs
with production lifting by one column of pumping and compressor pipes

Abstract. In the context of the active development of gas condensate fields with several reservoirs in the Gogrendag-
Ekerem Upland (Korpedje, South Gamyshlja), the study of its technologies is an important area of work. The study aims to
optimise the technology of simultaneously separating two gas condensate reservoirs by lifting products with one tubing
string to increase hydrocarbon production efficiency. The methods used include the analytical method, functional method,
statistical method, synthesis method, and others. In the course of the study, an innovative methodology was developed
for the dual completion operation (DCO) of two gas condensate reservoirs, which involves lifting products with a single
tubing string. The key element is the refinement of the calculations made. A detailed analysis of the equipment used
in the Gogrendag-Ekerem area showed that it can also be effectively used in other regional fields, ensuring the proper
functioning of each element above the packer level. At the same time, it is necessary to pay attention to the various
individual characteristics of the field to achieve a truly effective configuration of this technology. The new technology
incorporates optimised pressure, flow, and control parameters for each reservoir, resulting in increased production
efficiency and reduced energy costs. A significant reduction in the negative impact on the environment and an increase in
the overall sustainability of the production process have been identified. These features make the proposed technology an
important contribution to the development of the oil and gas industry, contributing to more efficient and environmentally
sustainable hydrocarbon production and highlighting its potential for application in modern field development. The
practical significance of the research lies in the creation of a more efficient and sustainable hydrocarbon production
technology, which not only helps to optimise production processes and reduce environmental impact but also provides
the industry with a valuable tool to improve overall energy efficiency and sustainability in the face of ever-changing
energy requirements and challenges

Keywords: hydrocarbon production; resource efficiency; environmental impact; improved methodology; sustainability
of the production process

INTRODUCTION

The study of the technology of dual completion opera-
tion (DCO) of two gas condensate reservoirs using a single
tubing string is undeniably important in today’s energy
industry. This technology promises significant benefits,
including optimisation of hydrocarbon production pro-
cesses, improved resource efficiency and reduced environ-
mental impact. The development of an improved method-
ology incorporating optimised pressure, flow and control
parameters not only improves production performance but

also helps to reduce energy costs and enhance process sus-
tainability. This research provides a valuable contribution
to the oil and gas industry and its practical implications
emphasise the relevance of these improved technologies in
the pursuit of a more efficient and environmentally sus-
tainable energy future.

The research problem is the need to develop and opti-
mise a technology for the DCO of two gas condensate res-
ervoirs using a single tubing string. Current hydrocarbon
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production methods face the challenges of effective man-
agement of multilayer reservoirs, which emphasises the
need for a better understanding of the processes involved
in lifting production. Developing optimal pressure, flow
and control parameters for each reservoir is a key aspect,
and successfully addressing this issue can significantly im-
prove field stability and performance in today’s energy re-
source recovery environment.

According to D.S. Akyev & T.B. Arazov (2022), the prob-
lem in hydrocarbon production is the inefficient use of ex-
isting technologies, which requires a new approach to DCO
of gas condensate reservoirs. The study did not address
the issue of implementing modern monitoring and data
management systems. S.K. Veysov & G.0. Hamrayev (2023)
stressed the importance of considering the geological fea-
tures of the fields when developing improved extraction
techniques to ensure optimal efficiency and sustainabili-
ty of the processes. However, the impact of efficiency and
sustainability of hydrocarbon extraction processes on the
environment and environmental sustainability has not
been assessed. According to the study by N. Ozbekov et
al. (2023), DCO analysis is necessary for reducing the envi-
ronmental impact of the oil and gas industry and ensuring
the sustainability of the natural environment. The study is
limited to assessing technological aspects and does not pay
sufficient attention to social responsibility and interaction
with local communities.

O.K. Abramovich & H.B. Hadzhigeldyev (2022) note
that optimised pressure and flow parameters introduced
in the new technology can lead to a significant reduction
in energy consumption during hydrocarbon production.
However, the impact of this technology on the quality of
production and chemical composition of produced hydro-
carbons was not considered. According to F.E. Safarov et
al. (2022), the developed methodology of exploitation of
two gas condensate reservoirs represents a significant
step in the field of oil and gas technologies. However, the
paper does not discuss in detail the issues of optimising
the economic efficiency of this technique and its appli-
cability to different geological and climatic conditions.
E.A. Grinkova & G.I. Abaeva (2023) discuss the impor-
tance of optimised technologies for increasing resource
efficiency in the context of hydrocarbon production. How-
ever, the interaction between different industry partici-
pants and oil and gas companies in the implementation
of such technologies is not addressed.

The study aims to improve hydrocarbon recovery tech-
nology by optimising the DCO of two gas condensate res-
ervoirs using a single tubing string to increase efficiency.

MATERIALS AND METHODS
The analytical method was used to identify the key param-
eters and factors that determine the effectiveness of the
technology and to conduct a systematic analysis of the
data, which helped in pinpointing the optimal conditions
for implementing the improved technique. By applying a
synthesis method, various aspects of DCO technology were
combined to create an integrated approach to optimising

hydrocarbon production processes. This method enabled
the diverse elements of the system to be combined, provid-
ing synergy and overall efficiency in achieving the objec-
tives of the study.

The abstraction method was used in the study to iden-
tify the main general principles and concepts underlying
DCO technology. The abstraction simplified complex tech-
nical details by highlighting key aspects, which provided
a deeper understanding of the basic principles of system
operation and facilitated the development of generalised
models for more effective optimisation.

The concretisation method was used to elaborate in
detail the abstract ideas and concepts highlighted by the
abstraction method. This method was used to move from
generalised ideas to concrete technical solutions, defining
the exact parameters and characteristics of the DCO tech-
nology. Thus, the concretisation method ensured the prac-
tical applicability of the identified principles, which became
the basis for further successful implementation of the im-
proved methodology in hydrocarbon production conditions.

The deduction method was substantially used to sup-
port the formation of valid conclusions and logical impli-
cations from the data collected. By applying this method,
the general principles and laws underlying the effective-
ness of DCOs were deduced. The deductive approach was
used to clarify assumptions, conduct logical reasoning, and
formulate precise conclusions, contributing to a deeper
understanding of the mechanisms of system operation and
optimisation of hydrocarbon production processes.

The induction method in this study was used to sum-
marise specific results and experiences from practical
experiments and observations of DCO. By investigating
specific cases and data, the induction method was able to
identify general trends, patterns, and effective approaches
to improve hydrocarbon production processes. Thus, based
on inductive findings, generalised principles were formu-
lated that can be applied to optimise the technology in the
broad context of the oil and gas industry.

The statistical method was used to systematically ex-
amine large volumes of data from experiments and obser-
vations of DCOs. This method allowed the identification
of significant correlations, trends, and likely variations in
hydrocarbon production processes. The statistical study
provided an objective basis for decision-making and opti-
misation of the technology parameters, considering vari-
ous conditions and factors, which helped to improve its
efficiency and adapt it to a variety of application scenarios.

By applying the functional method, key functions and
interrelationships within DCO were identified. This meth-
od provided a structured examination of the role of each
element in the system, highlighting the essential compo-
nents and their impact on overall performance. The func-
tional approach provided an understanding of the internal
dynamics of the system, which played a key role in opti-
mising and improving each stage of the hydrocarbon pro-
duction process while reflecting the overall objective of the
study to improve the performance of this technology. The
formulae used in this study were (1-8):
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where: P - lower reservoir pressure; P, — upper reservoir
pressure; P, — lower reservoir wellbore pressure; P_, — up-
per reservoir wellbore pressure; P, — pre-packer pressure;
P, - after-packer pressure, P, - upper reservoir tubing pres-
sure: P - wellhead pressure. Q , Q, Q, - volume flow rate
of the gas-liquid mixture, liquid flow rate and gas flow rate,
thousand m?/day.

This multidisciplinary approach has contributed to an
integrated methodology that considers technical, environ-
mental and energy aspects and has been the basis for the
development of improved methodology in hydrocarbon
production in the oil and gas industry.

RESULTS
In recent years in the process of development of multilayer
horizons of gas-condensate fields of the Gogrendag-Ek-
erem zone of upland (Korpedje, South Gamyshlja) is ap-
plied development and design of technology of DCO of
two gas-condensate horizons, with leaving production in
the tubing string. Well depth and small diameter of pro-
duction strings significantly limit the possibility of using
downhole equipment that meets all the requirements of
DCO methods (Deryaev, 2022). The task of analysing the
set of equipment available for DCO was to determine the
real option of development of gas condensate fields of
the area under consideration. The detailed analysis of the
equipment set allows us to conclude that it can be used in
regional fields at the performance of the functions of each
element (above packer) of the equipment complex inde-
pendently from other elements. Calculations of parame-
ters of DCO of gas-condensate well separately are carried
out in the case when in one tubing string the production
corresponding to the set of equipment of CGS type is made.
The use of DCO technology reduces the number of drill-
ing wells, as well as material and technical costs associated
with drilling and development of the entire well in the field
under development. In recent years in the process of de-
velopment of gas condensate deposits at multilayer fields
of the Gogrendag-Ekerem zone of rises (Korpedje, Gunorta
Gamyshlydzha) design and application of DCO technology

A. Deryaev

of two reservoirs by the lifting of production by one tubing
string is practised.

The selection of sites for DCO considers a variety of
geological and technical characteristics of the fields (Kon-
gar-Syuryun et al., 2021). These factors include the coinci-
dence of the main components of the productive areas of
the horizons intended for DCO. The matching of the vol-
ume of gas recovered by an individual well and the absolute
values of current reserves is also considered. The distance
between the horizons intended for DCO technology and
the level of reserves development in these horizons were
investigated. Data on reservoir pressure, temperature, res-
ervoir drainage regimes and productive characteristics of
reservoirs were considered. In addition, the possibility of
reducing the number of wells drilled when implementing
this technology was assessed. All these factors were sys-
tematically considered to ensure the optimal selection of
sites for the successful implementation of the DCO tech-
nology following the individual geological and technical
characteristics of each field.

Calculation of the parameters of the gas condensate
well DCO technology is assumed in the case of lifting the
products of two reservoirs through a single tubing string,
which corresponds to the use of specialised downhole
equipment, such as a gas gathering complex (or gas collec-
tion complex, GCC). The sequence of calculations appears
to be as follows (Fig. 1).
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Figure 1. Calculated scheme of DCO technology
for lifting the production of two reservoirs through
a single tubing string

Note: P, - lower reservoir pressure; P, — upper reservoir
pressure; P_ — lower reservoir wellbore pressure; P_, — upper
reservoir wellbore pressure; P, — pre-packer pressure; P, —
after-packer pressure, P, — upper reservoir tubing pressure:
P _-wellhead pressure

Source: developed by the author
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It starts with a preliminary calculation of annual and
cumulative gas production, as well as a determination of
the average gas production rate (ql) of wells for the fu-
ture for the lower reservoir development scenario using
a stand-alone well grid. At known values of cumulative
production (Q1), the dynamics of reservoir pressure in the
lower reservoir are evaluated using the formula (1). By us-
ing filtration coefficients “A,” and “B,”, at known gas flow
rate q1 and reservoir pressure level P , wellbore pressure
P_ is determined (2). Due to the small size of the distance
from the lower reservoir to the packer and from the packer
to the upper reservoir, to simplify subsequent calculations,
we assume P, =P and P,=P,. In this case, the pressure P, is
calculated using (3) formula. Considering the pressure loss
during gas flow from the upper reservoir into the tubing in
the amount of 3 atmospheres, the wellbore pressure P, is
calculated according to the following formula (4). Pressure
change in the upper horizon formation is regulated accord-
ing to the dependence (5). At given values of formation and
wellbore pressure, the flow rate of the well from the upper
reservoir is determined using the formula (6). The total gas
flow rate is (7). Calculation of wellhead pressure in case of
gas-liquid mixture lifting from two formations through a
single tubing string is carried out by formula (8), where (9):
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It is necessary to experimentally determine the true
gas volume content as the ratio of the actual gas volume
V, in the well to the borehole volume . However, due to
the difficulty of such measurements, it can be estimated
based on the flowing gas content B according to formula
(9). Since ¢ is always less than B, using B instead of ¢ may
lead to underestimation of wellbore pressure, especially
when the difference between the volume of fluid in the
well and the volume of gas flowing out increases (Zou et
al., 2021). Differential condensation isotherms under res-
ervoir conditions were used in the calculations, which were
approximated in advance by polynomials for the conveni-
ence of computer calculations. The hydraulic resistance co-
efficient A should be determined based on studies of wells
under different regimes. If such data are not available, the
value A =0.025 for the pipe and Ap=0.0815 for the packer
can be used. All parameters (Z, p,, Q,, B), which depend on
wellhead pressure P_, can be determined by using the iter-
ation method. The parameter L included in formulas (9),
when using formulas (3) and (8), denotes packer length and
tubing length, respectively. The formation of proposals re-
garding the choice of DCO technology and optimal equip-
ment set corresponds to the general criteria for this meth-
od of multilayer reservoir development (Zhou et al., 2021).

According to general standards, DCO solutions should
provide optimum flow rates for each of the footings used in
the development project. The key factors are the ability to
control the total well production rate quickly and with an
acceptable ratio of individual footings, to conduct explo-
rations to characterise each formation, and to efficiently
perform development and killing operations for the foot-
ings and the entire well (Farsi et al., 2021). The ability to
perform remedial actions, the availability of devices to pre-
vent the uncontrolled release of fluids from the well, and
the ability to apply chemicals to both the fluid flow in the
tubing and the production footings, including the use of
hydrate inhibitors and other chemicals, are required. Engi-
neering and technology solutions for gas condensate fields
can vary considerably depending on the specific conditions
(Abad et al., 2022). Nevertheless, fully meeting all of these
requirements can be challenging in certain scenarios, es-
pecially when considering well depth and casing diameter.
Deep wells and small casing diameters can significantly
limit the use of downhole equipment that fully meets the
design requirements for DCO of gas reservoirs. The anal-
ysis of existing DCO equipment packages aimed to deter-
mine the best option for developing a gas condensate field
in the region under consideration when applying the DCO
method for two footings through one well. Different sets
of equipment for wells were compared with the character-
istics of the design of gas wells in the fields. The main pa-
rameters of the process equipment in the analysis were op-
erating pressure, maximum gas withdrawal, pipe and string
diameters, packer depth, media characteristics and packer
dimensions (Aghbashlo et al., 2021).

The analysis indicates the inapplicability of complexes
Fountain Complex Control (FCC), Universal Submersible
Gas Pump (USGP) and Gas Well Control (GWC) in the pre-
sented modifications for the equipment of gas wells of the
fields of this region. This is due to the requirement for a
larger diameter of the production string (more than 146-
168 mm) and the purpose of these complexes for operation
at much lower values of operating pressure. These parallel
tubing and concentric tubing packages from various man-
ufacturers available for the modifications under consider-
ation are designed to operate at lower operating pressures
and cannot be applied directly to the wells included in this
field analysis. A thorough analysis of the GCC equipment
suggests that its application to the fields in the region is
possible with certain modifications to the overall config-
uration of the components (Watanabe & Ogata, 2021).
This is acceptable as each element of the complex (above
the packer) fulfils its functions independently of the oth-
er components. This statement is based on the fact that in
a simplified implementation of the DCO technology, the
known GCC-type equipment complex can effectively per-
form all its standard functions of gas production from the
reservoir located in the sub-packer zone, with the possi-
bility of regulating its flow rate employing a “deep” choke.
Thus, the tubing string above the packer can be fed with
production from the upper reservoir, provided there is an
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appropriate structural input unit. In this case, it is neces-
sary to install a tubing string with one circulation valve in
the upper reservoir area (for simultaneous development
and killing of both reservoirs). Regulation of separate gas
extraction from the two reservoirs is performed by chang-
ing the pressure in the tubing in the upper reservoir con-
nection area, which provides flow rate control (Shingala et
al., 2022; Sargsyan et al., 2023).

If the cross-sectional area of the choke holes (nozzles)
at the upper horizon gas inlet to the tubing is known, the
gas flow rate from the upper reservoir can be calculated.
The lower reservoir flow rate is then calculated based on the
total well flow rate measured at the gas gathering station. A
key component of this equipment system is a check valve
installed in the gas injection chamber from the upper hori-
zon to the tubing string (Panov, 2023; Yazdani et al., 2023).
The use of a check valve is justified by the significant differ-
ences in reservoir pressures of facilities whose production is
integrated into a single tubing string. In this DCO configu-
ration, the ratio of predicted underpressures to active reser-
voirs becomes the defining technological aspect. Occasion-
ally, raising the products of two footings in a well through a
single tubing string can cause significant pressure changes
between the filter zone and the wellhead. This requires well
temperature calculations to identify possible conditions for
hydrate formation at the wellhead. In such cases, known
calculation methods can be applied, including the one de-
scribed by Aarushi et al. (2021). If the results of calculations
of the temperature regime of good operation indicate the
possibility of hydrate formation in the near-wellhead zone,
it is necessary to provide for the possibility of introducing
a hydrate formation inhibitor into the tubing string, espe-
cially in the zone of connection of the upper formation.

When reservoirs have high flow rates and flow rates
are highly dependent on small changes in reservoir pres-
sure, wellbore pressure losses in wellbore pressure equip-
ment must be considered. Packers and valves are the most
common elements of downhole complexes that affect
“additional” pressure losses compared to the total pres-
sure drop in the tubing string. Practical methods exist
for determining such wellbore pressure losses in wellbore
equipment, as described by H. Gamal et al. (2021). Calcula-
tions performed using the methodology from the paper by
A.R.Deryaev (2023) for the packer, which is part of the GCC
complex, showed that the pressure losses do not exceed
in the considered example. It was noted that the wellbore
pressure losses in the wellbore equipment, compared to
the reservoir underbalanced characteristic of the deep ho-
rizons of the lower red colour of Turkmenistan, are insig-
nificant. Failure to consider these losses will practically not
affect the adopted technical and technological decisions
when introducing the option of DCO with the use of GCC
complex. The introduction of DCO technology contributes
to a significant reduction in the required number of wells
drilling, which, in turn, leads to a reduction in material and
technical costs associated with the exploration and devel-
opment of the entire field.

A. Deryaev

DISCUSSION

DCO technology is a promising approach aimed at in-
creasing the efficiency of gas condensate field develop-
ment. Simultaneous production of two reservoirs through
a single tubing string allows for optimising the operation
process and using resources more efficiently. One of the
key advantages of this technology is the reduction in the
number of drilling wells, which entails a significant reduc-
tion in material and technical costs. This is especially rel-
evant in conditions of complex geological formations. In
selecting sites for the application of the EPR technology,
it is necessary to consider several geological and technical
conditions, such as the coincidence of productive areas of
formations, quantitative parameters of reserves, tempera-
ture, and pressure characteristics, as well as peculiarities of
reservoir drainage. Despite the significant advantages, the
application of DCO can face certain challenges, such as the
need to carefully control production parameters, adapt to
the geological characteristics of each field and ensure the
safety of operations. The experience of using DCO technol-
ogy in practical fields and additional research may help to
improve the methodology and expand the application of
this technology. Assessment of the environmental impacts
of the technology is also an important aspect, including
the impact on groundwater, greenhouse gas emissions and
other aspects that require close monitoring. DCO technol-
ogy is a promising tool for the efficient development of gas
condensate fields, and its implementation requires an inte-
grated approach, consideration of geological and technical
peculiarities, and constant monitoring to ensure safe and
efficient operation.

According to the results of recent studies by K. Nur-
galieva et al. (2021), improving the efficiency of oil and
gas wells facing the problem of asphalt-smothered par-
affin (ASP) deposits is an important issue in the oil and
gas industry. ASP deposits can significantly reduce reser-
voir capacity and well flow rates, which adversely affects
the overall productivity of the field. The use of chemicals
to prevent and remove deposits has been proposed to ad-
dress this problem. The development and application of
effective inhibitors and dispersants specifically tailored
to combat ASP formation play a key role in improving well
performance. These chemicals must not only be effective
in preventing deposits but also safe for the environment
and equipment. Developing technologies to clean wells of
already formed ASP deposits is also an important aspect.
Effective mechanical and chemical cleaning methods will
probably include the use of innovative reagents and tech-
niques, as well as the development of intelligent monitor-
ing systems to prevent future fouling. These findings are
consistent with the theses presented in the previous sec-
tion. The overall approach to solving the fouling problem
must include a combination of chemical, mechanical and
technological innovations, as well as strategies to keep
wells clean and efficient throughout their life cycle.

Referring to the definition of X. Zheng et al. (2022),
the development of oil and gas production technology in
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China is a strategic direction to meet the growing energy
demand in the country. As the largest energy consumer in
the world, China is actively adopting innovative approach-
es and advanced technologies to optimise production and
ensure energy security. Prospects for technological devel-
opment include the intensive use of digital technologies
and artificial intelligence to monitor and manage pro-
duction processes. The introduction of smart solutions in
drilling, equipment condition monitoring and predicting
changes in underground geological structures can improve
production efficiency and reduce costs. Overall, China’s oil
and gas technology development is aimed at balancing the
country’s growing energy needs, ensuring economic effi-
ciency, and meeting environmental sustainability stand-
ards. These efforts also affect the global energy landscape
as China plays a key role in the global energy system.

M.B. Sadr & A. Bozorgian (2021) determined that gas-
eous hydrates are crystalline structures formed under con-
ditions of high pressure and low temperature where gas
molecules are enclosed within a framework of water mol-
ecules. The study of gas flow in gaseous hydrates is key to
effectively managing their formation and preventing prob-
lems associated with their formation in pipelines and wells.
The intensity of gas transfer in gaseous hydrates varies
significantly with environmental parameters, particularly
temperature and pressure levels. Under conditions where
temperature rises or pressure decreases, hydrates can un-
dergo dehydration, releasing the trapped gas. The reverse
process, namely the formation of gaseous hydrates, occurs
when temperature is lowered, and pressure is increased.
These results support the above study because understand-
ing the mechanisms and parameters of gas flow in hydrates
is important for the development of technologies to prevent
their formation in pipelines and gas production infrastruc-
ture. It also has implications for the safety of operations in
environments where gaseous hydrates can pose a risk to
the stability and efficiency of gas pipelines and wells. Re-
search is underway to develop innovative hydrate manage-
ment techniques, such as the use of hydrate inhibitors and
heat exchange systems to maintain optimal conditions.

E.H. Al Munif et al. (2023) determined that downhole
gas-liquid separators are important equipment in the oil
and gas industry designed to efficiently separate and treat
the gas-liquid mixture produced from wells. In unconven-
tional formations, such as shale or high-viscosity hydro-
carbon formations, special solutions are required to ensure
optimal separator performance. One of the key challenges
in oil and gas production from unconventional reservoirs is
the presence of large amounts of impurities such as sand,
water, and other solids that can accompany high-viscosity
oil and gas flows. Well, separators in this context must be
designed to effectively remove such impurities to prevent
their deposit in pipelines and equipment. Analyses of re-
sults and conclusions indicate that technological innova-
tions in downhole separators for unconventional reservoirs
include the development of more efficient filtration sys-
tems adapted to handle highly viscous fluids, as well as the

application of advanced methods for controlling and moni-
toring separation processes. These improvements are aimed
at improving well performance and ensuring the long-term
sustainability of unconventional reservoir production.

As noted by C. Sahu et al. (2021), well operation com-
pletion, as well as mechanised gas extraction from natural
gas hydrate deposits, represent important milestones in the
development of methane extraction technology. Well com-
pletion operations are necessary to ensure safety, prevent
gas leakage and minimise environmental impacts. A com-
prehensive review of such operations includes a thorough
analysis of various well sealing and isolation techniques,
as well as strategies for abandoning oil and gas equipment
in the field. Mechanised gas production from hydrate res-
ervoirs is a current area of research and development in
the context of energy efficiency and environmental sus-
tainability. Methods based on the use of heat, pressure, or
chemicals to decompose hydrates and release methane are
discussed in detail in this context. However, an important
aspect is the optimisation of processes to improve extrac-
tion efficiency and reduce costs, which becomes key when
addressing the technological and economic challenges in
methane hydrate extraction.

T. Van et al. (2022) noted the formation of paraffin de-
posits in gas lift wells is a serious technological and opera-
tional challenge. To prevent this phenomenon, an integrat-
ed approach involving various technologies and chemicals
is required. One of the key methods to prevent wax forma-
tion is the use of specialised wax inhibitors. These chem-
ical additives prevent paraffins from crystallising at lower
temperatures, thus preventing their deposition in the well.
In addition, the use of enriched gases and the introduction
of heat transfer fluids into the system can also help reduce
the risk of fouling. Additional methods include the use of
ultrasound to prevent aggregation of paraffin particles and
regular mechanical cleaning of wellbores. An important as-
pect is to monitor the temperature regime and fluid char-
acteristics of the well to identify potential fouling threats
promptly. It is possible to agree with the opinion that the
combined approach to the problem of paraffin deposit for-
mation in gaslift wells allows the creation of an effective
system providing stable and reliable operation of wells
while minimising the risk of technological problems.

CONCLUSIONS

The technology of DCO of two gas condensate reservoirs
by lifting products through a single tubing string is an in-
novative method of developing multilayer fields, which
can significantly increase the efficiency of hydrocarbon
production. An important advantage of this technology is
the possibility of reducing the number of drilling wells and,
consequently, reducing overall operating costs. The basic
idea behind the DCO is to use a single string of tubing to
simultaneously lift production from two gas condensate
reservoirs. This is achieved through the use of specialised
downhole equipment, such as a GCC-type complex. This
approach makes it possible to optimise gas and condensate
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production, manage the flow rates of individual reservoirs
and carry out research work efficiently.

The benefits of this technology cover several key as-
pects. It reduces the ecological impact on the environment.
By reducing the number of drilling wells used for field de-
velopment, the overall footprint of the oil and gas industry
on natural ecosystems is reduced. This is in line with mod-
ern requirements for sustainable development and com-
pliance with environmental standards. The DCO technol-
ogy improves the manageability of the production process.
Specialised equipment used in this technology allows for
more efficient monitoring and regulation of gas and con-
densate flow rates from each reservoir. This makes it pos-

A. Deryaev

and diameters, geological and technical features require a
tailored approach to ensure the best results and efficient
use of the technology.

In general, ORE technology is a promising solution for
rational and efficient exploitation of gas condensate fields,
reducing operating costs and ensuring more efficient use of
resources. To better understand and optimise the technolo-
gy of DCO of gas condensate reservoirs by lifting production
through asingle string of tubing, additional research could be
aimed at analysing the influence of geological and technical
parameters of the field on the efficiency of this technique.
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TexHonoris ogHO4YaCcHO-pO3AiNbHOI eKcnlyaTauii
OBOX ra30KOHAEHCaTHUX MacTiB NigMoMOM nNpoaykKuii
OAHI€I0 KOJTOHOIO HAaCOCHO-KOMMPEeCOPHUX TPY6

AHoOTaUif. B yMoBax akKTMBHOIO PO3BUTKY ra30KOHEHCATHUX POAOBUIIL 3 KiTbKOMA IJIACTAMU B PaiiOHi BUCOUMHU
Torpenpar-Exkepem (Kopremske, ITiBmeHHMi ['aMUIILIIKA), TOCTiIKEHHS I0T0 TEXHOJIOTI € BaXKIMBMM HAIIPSIMOM POOOTH.
MeTo10 JaHOTO AOC/TiIKeHHS € ONITMMi3allisl TEXHOIOTii OHOUaCHO-PO3AiIbHOI eKCITyaTallii ABOX ra30KOHIeHCaTHUX
TJIACTiB MiAioMOM ITPOAYKILii OLHI€I0 KOJIOHOI0 HACOCHO-KOMITPECOPHUX TPYO 3 MiABUIIeHHSIM e(eKTUBHOCTI BULOOYTKY
ByI7eBOfHiB. Cepesi BUROPMUCTAHUX METOJIB CJ1if] 3a3HAUNUTH aHATITUUHMIT MeTO[, QYHKIIOHATIbHMIT METOZ, CTATUCTUIHMIA
METO[I, METOJI CMHTE3Y Ta iHIIi. Y X0fi TPOBeIeHOTO0 AOCTiIKEHHS Oy/I0 pO3p06/IeHO iIHHOBALi/IHY METOAMKY OJHOYACHO-
PO3IibHOI eKCIUTyaTallii ABOX ra30KOHAEHCATHUX TUIACTIB, 110 Mepeabdavac MmigiioM MpoayKIlii €IMHOI KOJIOHOK HaCOCHO-
KOMIIPeCOPHUX TPY6. KITI0uoBMM e/leMeHTOM € YTOUHEeHHSI 3[iliCHeHUX PO3PaxyHKiB. B pe3ynbTaTi feTaJbHOTO aHami3y
o6JiaHaHHS, 1110 BUKOPUCTOBYETHCS B 30Hi [orpenpar-Exepem, 6y10 3a3HaUeHO, 110 BOHO TaK0XK MOKe 6yTu eeKTUBHO
3aCTOCOBaHe i Ha iHIIMX perioHaJbHMUX POAOBUILAX, 3a6e31euyioun cripaBHe GYHKIIIOHYBAaHHS KOXKHOTO elleMeHTa BUIIle
piBHs makepa. [Ipu IbOMYy HeOOXiHO 3BepTaTH yBary Ha pisHOMaHiTHi iHAMBigyaabHi XapaKTepPUCTUKM POFOBUILA IS
3aJIydeHHs [ilicHO epekTMBHOI KOHirypaiiii miei TexHonorii. HoBa TeXHOIOTiSI BK/TIOUA€ ONTUMi30BaHi ITapaMeTpu TUCKY,
BUTPATU i KOHTPOJIIO 111 KOSKHOTO TIJIaCTa, [0 B Pe3y/abTaTi MPMU3BOAUTH 10 30i/blIeHHST eeKTUBHOCTI BULOOYTKY i
3HVKEHHSI eHeproBUTpar. byso BUSIB/I€HO 3HaYHE CKOPOUYEHHS HeraTMBHOTO BIUIMBY Ha JOBKIJUIS Ta MigBUILLEHHS
3arajapHOI CTiftKOCTi BUpo6GHMYOTro mpoiiecy. LIi 0co61mMBOCTi po6/IsTh 3aIPOIIOHOBAHY TEXHOJIOTII0 BasK/IMBUM BHECKOM Y
PO3BUTOK Ha(TOra30Boi MPOMMUCIOBOCTI, CIIPUSIIOUM 61TbII eheKTMBHOMY Ta €KOJIIOTIUHO CTiKOMY BUOOYTKY BYITIeBOLHIB
Ta MiJIKPECTI00Th i MOTeHLiaa AJIsT 3aCTOCYBaHHS Y CyYacHUX YMOBaX PO3pO6KM poLoBuil. [IpakTuUHe 3HAUYEHHS
IDOCITiIsKeHHSI TTOJISITAE Y CTBOPEeHHI 6iblil eeKTUBHOI Ta CTiiiKOi TeXHOJOTii BUL0OYTKY BYIJIEBOLHIB, IO HE TITbKM CIIPUSIE
OTITMMIi3allil BUPOOHMYMX IPOLIECiB Ta 3HMKEHHIO BIUIMBY Ha €KOJIOTIIO, ajlle TAKOX HaJa€ iHAyCcTpii LiHHMIT iHCTpYMeHT
IJ1s1 TIOKpAIlleHHST 3arajibHOi eHepreTMYHOi eeKTMBHOCTI Ta CTifIKOCTi B yMOBax MOCTiTHO MiH/IMBUX BMMOT Ta BUK/IVKIB
y rajry3i eHepreTuku

KniouoBi cnosa: Bi06yTOK BYITIeBOAHIB; e(heKTUBHICTb BUKOPMUCTAHHSI PECYpCiB; eKOJIOTriuHMii BIUIMB; MOKpalleHa
METOJIMKA; CTiMKiCTh BUPOOHMYOTO MTPOIeCY
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Application of machine learning and computer vision methods to determine
the size of NPP equipment elements in difficult measurement conditions

Abstract. The research relevance is determined by the need to improve the processes of measurement of objects size
in hard-to-reach conditions. In the modern industrial environment, where high measurement accuracy is critical for
ensuring safety and maximizing the efficiency of production processes, the study of this topic is relevant in the context
of rapid technological development and increased requirements for production quality. The study aims to evaluate the
possibilities of using modern computer vision methods for measuring and reconstructing objects in difficult technical
conditions, such as the enclosure of a water-water power reactor. The study employed 3D photogrammetry methods,
including Depth from Stereo and Multi-View Stereo, as well as Structure from Motion methods. The study determined
that modern computer vision methods, in particular machine learning methods, can be successfully used for measuring
and reconstructing objects in hard-to-reach conditions. The study showed that the measurement accuracy can reach
values close to 1 mm under ideal conditions and at a distance of 1.5 from the measuring device to the object. At the same
time, the Multi-View Stereo method revealed greater uniformity of the spatial distribution of errors compared to the
Depth from the Stereo method. In practice, in the conditions of real photos, the Multi-View Stereo method turned out to
be more demanding to accurately determine the position of the camera. Due to its low demand for the exact coordinates
of the cameras, the Depth from the Stereo method showed better results, showing less error in the measurements. The
study highlighted the possibility of using the proposed method to distinguish fluctuations in the height of the surface of
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the object, which is important for further applications in the field of reactor maintenance and other areas of industry. The
practical value of this research lies in the development and validation of methods for measuring and reconstructing objects
in conditions where traditional methods become limited or impractical

Keywords: water-water power type reactor; neutron fields; physical properties; binocular system; machine learning

INTRODUCTION

The research on the machine learning and computer vi-
sion methods for determining the dimensions of Nuclear
Power Plant (NPP) equipment elements under difficult
measurement conditions is important for the development
of new methods and technologies in the field of comput-
er vision and automated inspection, which can be used in
various industries, including nuclear power and industrial
automation. The study of this topic is critically important
in the context of the development of modern methods of
computer vision and automated inspection. The need for
accurate and reliable methods of surface measurement
in difficult conditions of high radiation background be-
comes especially relevant in nuclear power, where safety
and reliability are crucial. The use of automated systems
based on machine learning can reduce human involvement
in the measurement process, which can lead to increased
speed and efficiency of research. Accurate and efficient
measurement of equipment dimensions is an important
step in ensuring the safety and reliability of nuclear power
plants. The use of advanced technologies can help avoid
malfunctions and ensure optimal efficiency. The problem
with the study is that there is currently a lack of research
in the development and improvement of computer vision
and image analysis methods for precision measurement of
objects in difficult-to-access environments. In particular,
there are problems related to the accuracy and reliability of
measurements, especially in conditions of high radiation
background. In such conditions, traditional methods may
become unsuitable or unsafe for use, and this determines
the relevance of the study to develop new, more efficient,
and safer measurement approaches in this area.

With the innovative development of technology, a
range of new information technologies for image process-
ing is emerging, which opens up new opportunities for
further research. A.O. Zelinskyi & V.V. Lisovskyi (2023) are
confident that there are many areas for their application,
but many of them face the problem of using resources to
fully realise their potential. Thus, the development of a
system based on a cloud architecture for machine image
analysis using modern analytical processing technologies
is a relevant area of research. It is not specified how re-
sources affect the full realisation of the potential of im-
age-processing information technologies. It is important
to consider economic and technical limitations.

According to T.V. Mosagutova (2021) and V. Levchen-
ko et al. (2021), the long-term operation of nuclear pow-
er plants is largely determined by the choice of the right
structural materials. The development of new technologies
for the selection of materials and equipment in the energy

sector was based on the experience gained during the long
development of conventional thermal power plants. No
specific materials and technologies have been identified
that are used in new technologies for selecting materials
for nuclear power plants.

M.V. Kukhlenko (2023) states that for almost a centu-
ry of the existence of nuclear reactors, humanity has been
using them in various industries, and for Ukraine, they are
one of the main sources of electricity. The development of
nuclear energy is important because the need for energy in-
creases with the development of civilisation. Therefore, it is
important to work on improving and creating new nuclear
reactors to meet the needs. The study does not focus on spe-
cific aspects of nuclear reactor development and improve-
ment, such as new technologies or safety improvements.

S. Ageiev (2021) has developed an approach for as-
sessing the severity of pipeline erosion and corrosion wear
that considers various impacts and geometry. His approach
allows us to assess the degree of wear not only by depth
but also by considering the length and width of erosion
and corrosion wear, which is important for complex pipe-
line systems. There is no indication of how this approach
to assessing erosion and corrosion wear can be applied or
implemented in different industrial sectors, or how it can
be optimised for specific conditions.

P.O. Sunak et al. (2020) substantiate the prospects of
using laser scanning technology for the reconstruction
of engineering structures and networks, as well as the
landscape. This technology makes it possible to obtain
high-precision measurements of complex engineering ob-
jects, restore project documentation and create a three-di-
mensional model with sufficient detail for further process-
ing in various software systems. The active implementation
of laser scanning technology in construction is in line with
the Industry 4.0 concept and provides a modern technical
level of solving various problems of sustainable develop-
ment of cities and amalgamated territorial communities in
the context of urbanisation.

According to K. Sytnyk (2020), the formation of new ap-
proaches to the organisation of production, and the large-
scale implementation of quality management systems
significantly increase the requirements for ensuring metro-
logical activities in production. This necessitates the search
for ways to improve the quality and efficiency of measure-
ment processes at the stage of product manufacturing and
their integration into product quality assurance processes.

Based on the analysis of the scientific literature
mentioned above, the selected topic has not been studied
sufficiently. Therefore, the study aims to investigate and
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compare two computer vision methods, namely Depth
from Stereo (DFS) and Multi-View Stereo (MVS), for pre-
cision measurement of the reactor vessel surface in high
radiation background conditions.

MATERIALS AND METHODS

The study considered the BBEP-1000 water-water power
reactor (WWPR), namely the problem associated with the
swelling of the reactor’s internal lining. The subject of the
experimental study was a water-water reactor baffle made
of stainless steel 08X18H10T. The reconstructed surface
was compared with a reference three-dimensional model
of the vessel.

The following neural network architectures were se-
lected in the study: transMVSnet for the MVS approach
(Ding et al., 2021), and CREstereo for the DFS approach
(Li et al., 2022). These neural networks were chosen due
to their high efficiency, which they demonstrated during
testing on the Middlebury Benchmark (a system for inde-
pendent testing of various algorithms and neural network
architectures) among open-source neural networks. The
transMVSnet architecture was chosen because of its use
of transformers, which are now showing an advantage over
traditional convolutional neural networks, especially in
computer vision tasks. This architecture should ensure the
stability of the neural network even with low image quality.

There are differences between MVS and DFS that need
to be considered. For MVS, it is necessary to accurately
determine the position of the cameras for high-quality re-
sults, and this can be achieved by placing the camera on
a manipulator that can be controlled by encoders and/or
stepper motors. However, this poses an engineering chal-
lenge, as the long distance from the arm attachment point
to the baffle can make it very difficult to design the arm
for accurate positioning. As an alternative, the structure
from motion (SFM) method is used, which determines the
position of the cameras based on the images received. The
application of SFM to synthetic data generated in Blender
showed positioning accuracy of several centimetres.

For the DFS method, it is critical to accurately calibrate
the camera, as the slightest distortion of the camera image
will distort the results. Although DFS allows the depth map
to be constructed without knowing the camera positions (a
stereo camera is used where the relative positions of the
cameras are known), the camera position is still required to
determine the degree of deformation of the baffle by com-
paring it to the reference model. Thus, it was important
to determine the position of the cameras. This structure
was chosen to test neural networks under ideal conditions,
where there are no distortion artefacts on the cameras and
the exact parameters of their location are known.

The virtual environment for the research was created
using Blender software. It included a simplified model of a
baffle with no internal channels and Physically Based Ren-
dering (PBR) technology was used for texturing. The tex-
ture included a texture layer, a normal map, a height map,
and a roughness map. The texture layer was taken from

an open source and applied only to the inner surface of
the baffle using the UV mapping method. Then, using the
nodes Ul interface of the shading tab, the material for the
surface was configured.

The 4D Light Field Benchmark addon was used to sim-
ulate the movement and configure parameters of the vir-
tual camera. The trajectory of the camera was determined
using key points. The Cycles (physically based production
renderer) graphics engine was used to generate photos,
which uses a path-tracking method for realistic lighting
simulation (Choi et al., 2021). The add-on saved the cam-
era images to separate files, including a depth map in PFM
format and a configuration file (config.cfg) containing the
camera parameters and its spatial position. This data can
be used to train the neural network from scratch or to fine-
tune its parameters. The frames and configuration param-
eters extracted from the source file are converted by using
a script, part of which was applied according to (Meng &
Gribe, 2021), to convert them into a format compatible
with the transMVSnet neural network.

The images were processed based on the parameters
specified in the bash script, such as resolution, number of
images in the batch. The paths to the input data, the fu-
sion method (merging separate point clouds into one large
one), the path to the output file, and the path to the Py-
thon scripts were specified there either. When processing
50 images in a resolution of 960x704 using a GTX1070
graphics card (manufactured by NVidia, USA), the process
took about 10 minutes. The output was a ready-made point
cloud in .ply format.

The following methods and approaches were used in
the study, namely the Structured Light Method. This meth-
od was used for the modelled environment in the Blender
software. With the help of structured light, a texture was
created, which was used for accurate surface measure-
ments. This method provided accurate height and depth
data. For real photographs, the photogrammetry method
was used, which is based on the analysis of photographs
from different cameras to measure and reconstruct 3D
objects. The cameras were pre-calibrated and rectified to
obtain accurate results. For real-world photos, a stereo
imaging system was used to obtain duplicate images from
different cameras. These images were processed to deter-
mine the depth and structure of the objects. The research
involved the use of neural networks for image analysis and
processing. Neural networks were trained on large training
datasets and used to solve 3D object reconstruction tasks.
Python scripts and bash scripts were used to process the re-
sults. These scripts helped to process, analyse, and visual-
ise the data obtained from cameras and neural networks.

These methods were used to perform both virtual and
real measurements of surfaces and objects, compare the re-
sults and determine their accuracy and efficiency in differ-
ent conditions. The distance to the object in the study was
calculated using formula (1):

1=212 &)
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where [ — distance to a point, b — distance between camer-
as, Ad - offset between identical pixels, fp — focal length
of camera.

The synthesis method was used to create models of
the virtual environment in Blender. The results obtained
in the study were compared with a reference three-dimen-
sional model of the enclosure.

RESULTS

This study addresses the problem associated with the
swelling of the reactor baffle of the Water-Water Power
Reactor (WWER-1000). Specifically, the object of study
is the effect of powerful neutron fields on the physical
properties of stainless steel used for the manufacture of
the reactor pressure vessel. These physical properties, in-
cluding stiffness, ductility, density, and volume, are sub-
ject to significant changes under the influence of neutron
radiation intensity. This phenomenon is quite dangerous
in the context of nuclear reactor operation, since chang-
es in the physical properties of the material can lead to
disruption of the normal circulation of coolant in the first
reactor circuit or even destruction of fuel assemblies in
case of fuel reload. The transformation of material due to
neutron irradiation is a complex process, as it depends on
several variables in the environment, including tempera-
ture, pressure, and energy spectrum of emitting neutrons.
Important aspects of this study include the uncertainty of
mathematical modelling of material swelling under the
influence of neutron fields since existing mathematical
models do not always reliably predict material behaviour
in VVER-1000 reactor conditions (Qian & Liu, 2023).

Considering the aforementioned circumstances, solv-
ing this problem requires regular monitoring of the physi-
cal properties of the inner surface of the reactor vessel and
further study of the influence of various factors on the ma-
terial swelling process (Pylypchynets, 2022). These efforts
are important for ensuring the safety and efficient opera-
tion of VVER-1000 nuclear reactors. This study describes
an innovative method of applying 3D photogrammetry for
non-contact inspection of the baffle surface. The applica-
tion of this method involves the use of approaches based
on MVS and DFS to obtain depth maps and 3D point clouds
(Morgan et al., 2022).

The proposed approach introduces the possibility of
measuring the surface of the reactor baffle without the
need for physical contact with it. The use of 3D photo-
grammetry techniques in combination with MVS and DFS
methods allows obtaining accurate and objective data on
the depth and structure of the object’s surface. This ap-
proach is particularly useful when monitoring is to be car-
ried out on a shutdown reactor during maintenance when
high radiation conditions make traditional measurement
methods difficult. The DFS method is based on a binocu-
lar system that includes two cameras placed at a certain
distance from each other (base). This method is used to
determine the distance to an object using the information
obtained from both cameras. The basic principle of the
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method is to identify the same pixels in the images ob-
tained from the right and left cameras and determine the
displacement of these pixels. The distance to the object is
calculated using a simple formula (1).

Simple computer vision algorithms exist to determine
pixel shifts in images, such as the Boyer-Moore algorithm
(Faqgih et al., 2022). These algorithms work effectively
under relatively simple conditions, such as a flat sur-
face that is properly illuminated, no camera lens distor-
tion, and accurate stereo pair rectification. However, they
demonstrate limited effectiveness when processing tilted
surfaces and scenes that contain a lot of detail. Machine
learning methods have undergone significant transforma-
tions in recent years, particularly in the field of computer
vision. Neural networks trained on large data sets have
shown significant improvements in solving computer
vision problems. The use of neural networks is of great
advantage, but this advantage is only manifested if the
network has been trained on large training data sets. Typ-
ically, neural networks perform best when the training
and test data are of similar origin. However, recent years
have seen the development of new neural network archi-
tectures that perform well even when the data have dif-
ferent origins. For example, networks trained on synthet-
ic data perform well when applied to real data. Typically,
such architectures are based on transformers. However,
their main disadvantage is the large number of weighting
factors, which requires special approaches to the training
process. One of the important differences between algo-
rithms and neural networks is the high resource intensity
of the latter. This feature has led to the excellent use of
algorithms in robotics, especially in conditions where it
is necessary to operate with limited computing resourc-
es. However, with the advent of microcomputers equipped
with graphics accelerators and supporting parallel com-
puting, it has become possible to use complex neural net-
works in real-time in robotics.

Unlike DFS, MVS is not self-sufficient and requires
accurate information about the relative position of the
cameras in a series of measurements to build a depth map.
The MVS method is similar to DFS, namely, analysing the
source images, identifying the same details, triangulat-
ing them, and building a depth map. However, the MVS
method has its advantages, including the use of only one
camera and the ability to correct occlusions (dead zones)
using a series of images, unlike DFS, which uses only two
rectified images. Depth maps obtained by DFS or MVS and
known camera parameters can be used to build three-di-
mensional point clouds and further reconstruct a three-di-
mensional scene in the form of a mesh. For this purpose,
ready-made implementations exist, such as in S. Galli-
ani et al. (2015) and C. Griwodz et al. (2021), which can be
used to reconstruct a scene using the MVS method. They
are characterised by open source and modular structure,
which allows the use of individual components of these
programs to create the final three-dimensional scene in
combination with other neural networks.
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The DFS method requires fewer computing resources
and uses only two cameras, so it is suitable for real-time
surface research, provided that the appropriate comput-
ing hardware is available. The general idea is to 3D recon-
struct the visible surface of a piece of equipment from a
set of images using machine learning methods. In the case
of NPP applications, it is assumed that a radiation-re-
sistant camera is lowered into the area of the shaft in a
shutdown reactor with fuel elements removed and pho-
tographic data of the selected part of the surface under
study is collected from different angles. The water-water
reactor baffle is made of stainless steel 08Kh18N10T, so
it is possible to reflect a significant part of the light flux
energy. Reconstructing reflective surfaces is an extremely
difficult task for traditional MVS systems, and new meth-
ods such as NeRf or Gaussian splatting have come close to
solving this problem, although these methods were cre-
ated to generate new views from existing ones, research
is underway to extract the mesh from the reconstructed
scene, the results of which can be seen in projects such as
dreamgausian.

The swelling of the baffle metal under the influence of
neutron radiation is a long process. During this time, the
baffle is covered with oxides and deposits, which causes it
to lose its reflectivity, become cloudy and develop textural
irregularities that allow the convolutional neural network
to better distinguish features and thus improve the accu-
racy of depth map prediction. Lighting is also an impor-
tant consideration. As shown by the Blender environment
simulation, a point light source near the camera is highly
undesirable as it causes flares in the images. The best op-
tion is an extended light source placed perpendicular to the
camera normal plane. Noise in the image caused by the in-
teraction of ionising radiation with the camera’s light-sen-
sitive sensor should also be considered. Moreover, broken
pixels can quickly appear. It is also possible that the optics
may become cloudy due to high-powered radiation. All of
this requires scanning the baffle in a short period (on the
order of minutes).

After obtaining satisfactory quality images of the
surface, the surface is reconstructed using DFS or MVS
algorithms based on neural networks. The resulting

reconstructed surface is compared to a reference three-di-
mensional model of the baffle. For this purpose, an align-
ment procedure is first performed, which involves the
alignment of the model and the resulting point cloud in
three-dimensional space. The part of the reactor shaft visi-
ble above the baffle from the middle of the core can be used
as an undeformed surface against which the alignment is
performed. Alignment parameters, such as displacement,
rotation, and scale, are selected by approximation methods
until the error function reaches an extremum. This proce-
dure requires the definition of seven degrees of freedom.
There are other possible variants of the alignment proce-
dure, which will be discussed later.

After the alignment, it is possible to study the devi-
ations of the cloud points from the reference model and
estimate the surface deformation. The photographs were
taken with a real camera using a lens with minimal distor-
tion (almost zero distortion). The camera was previously
calibrated and rectified to create a stereo pair. For the MVS
method, the images from the left camera of the stereo pair
were used. The photos were taken in bright light during the
daytime to obtain high-quality images. The test object was
a calibration plate with known geometric characteristics.

To determine the camera positions, the Structure from
Motion (SfM) method was used, which was implement-
ed using the COLMAP software package (Schonberger &
Frahm, 2016). After that, the point cloud was cropped to
the area of the verification plate and a plane was construct-
ed using the least squares method. This plane served as the
ground truth for calculating measurement errors for both
MVS and DFS approaches (Jin et al., 2023).

The main features of these studies are the absence of
image distortion by the camera and the known absolute
values of the camera positions, which makes it possible
to compare the accuracy of the results for both methods.
DFS approach: the results of measurements on a synthetic
dataset using a virtual stereo camera for the specified pa-
rameters at a distance of 1.5 m from the baffle surface are
shown below (Table 1).

To capture the scene, the camera moves in a circular
path around a certain point on the surface of the enclosure
at a distance of 1.5 m (Fig. 1-3).

Table 1. Camera parameters

Camera parameters

Resolution: 1280%720
Fp: 1372 (fov 50 degrees)
Baseline: 20 cm

Acquired results

Avgerror: 0.7 mm
RMS: 1 mm
FWHM: 1 mm

Source: compiled by the authors
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sigma: 0.0004, mu: 0.0004, FWHM: 0.0010
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Figure 1. Error distribution histogram
Source: compiled by the authors
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Figure 3. Two-dimensional spatial distribution of error
Source: compiled by the authors

To capture the picture, the camera moves in a circular MVS approach. Research on real data: To verify the re-
path around a certain point on the surface of the enclosure  sults, several images of the test plate were taken at a dis-
at a distance of 1.5 m (Fig. 4) tance of 0.4%0.1 m in 960x720 resolution (Fig. 5-7).
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Figure 4. One-dimensional spatial distribution of the error
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Figure 5. Test plate
Source: compiled by the authors
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Figure 7. Two-dimensional spatial distribution of error
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An experimental measurement was carried out to
thoroughly analyse the sensitivity of the plane distance
method. To accomplish this, a computer numerical-
ly controlled machine (CNC) was used to fabricate a test
sample, as shown in Figure 8. A given 150x150 mm plate
was divided into 9 50x50 mm squares, each of which was

recessed into the plate to a variable depth of 2.5 to 0.25 mm.
Additionally, two flat surfaces were fitted on both sides of
the 150x150 mm square, which were defined as reference
surfaces. These surfaces were used to orientate the recon-
structed model in space. The depth map shown in Figure 9
was constructed using the acquired images.
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Figure 8. Test sample
Source: compiled by the authors

Next, a point cloud was collected using the obtained
depth map, similar to the previous experiments. The main
goal was to manually measure the depth values in the cen-
tres of the 5x5 squares and compare them with the true
depth values. To ensure the possibility of measurements,
it was decided to place the reconstructed surface in the XY
plane. This process is possible both with the help of the
built-in tools of MeshLab and with the help of a Python
script, as it was implemented in this case.
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Figure 9. Predicted depth map
by DFS method from the tested sample
Source: compiled by the authors

From the resulting point cloud, only those points that
corresponded to zero surfaces were selected. These points
were then approximated by a plane using the least squares
method. Knowing the equations of the plane, the neces-
sary spatial displacement and rotation transformations
were found, which reflect the original point cloud in the
XY plane. The obtained measurement results (GT — deter-
mined by experts, and DFS measurement results) were sys-
tematised and presented in Table 2.

Table 2. Measurement results

GT (true value), mm 1.5 1.25 1

1.75 2 2.5

0.75 0.5 0.25

Measured value, mm 1.3 1.2 1.1

1.6 2 2.2

0.88

Source: compiled by the authors

The data obtained were visualised in a bar chart
shown in Figure 10. To determine the error due to meas-
urement fluctuations, the following approach was used:
the reference side surfaces were approximated by a plane
using the least squares method.

GT and result
0.0025

0.0020

0.0015

0.0010

0.0005

0.0000

The average deviation of the points of the side sur-
faces from this plane was taken as the value of the error
caused by fluctuations. This value was 0.23 mm. The re-
sulting value was displayed on the diagram in the form
of an error bars.

B GT B result

Figure 10. Measurement results

Source: compiled by the authors
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The graph shows that the depth of the steps deter-
mined by the DFS method generally does not exceed the
error value compared to the true value. This indicates that
the method can determine the difference between points
with an accuracy of 0.5 mm, provided that these points are
more than 5 cm apart in the horizontal plane.

DISCUSSION

The study results demonstrate the importance and poten-
tial of using modern computer vision systems and neu-
ral networks for measurements in difficult conditions, in
particular, in conditions of high radiation background,
as may occur in nuclear power. Y. Xu et al. (2023) focus
on the importance of assessing the condition of nuclear
power plant (NPP) equipment and points out its signifi-
cance for improving the safety and efficiency of NPPs. The
paper is notable for offering a detailed literature review
and highlighting issues that require further research in
this area. The researchers emphasise the importance of
using machine learning methods to assess the condition
of NPP equipment, as this can help improve decisions on
their operation and maintenance. The authors assure that
this approach can help to detect anomalies in time, pre-
dict the remaining service life and diagnose faults. The
study includes an analysis of the main types of failures,
data sources, maintenance strategies, and their interre-
lationships. The study places a special emphasis on the
use of deep learning methods to assess the condition of
NPP equipment. It also highlights current challenges
and future research directions in this area. This study is
important for the community because it reviews current
methods for assessing the condition of NPP equipment
and indicates that there are significant opportunities for
applying machine learning methods and improving main-
tenance in this area. Both studies have a common fea-
ture - the object of research in both is the use of modern
technologies and methods to improve the accuracy and
efficiency of measurements and assessments of the con-
dition of objects. In both cases, the importance of choos-
ing the right method and taking into account the specific
conditions of measurement or assessment is emphasised.
However, they differ in terms of the subject matter and
methodology. The study described above is more focused
on measuring and controlling surfaces in hard-to-reach
environments. It looks at two methods (DFS and MVS) for
this purpose and compares their performance. The results
emphasise the importance of choosing the right method
depending on the conditions and the need for accurate
measurements. On the other hand, Y. Xu et al. (2023) fo-
cus on monitoring the condition of NPP equipment and
use machine learning methods for this purpose. Both
studies have practical applications in various technology
areas, but their subjects and methods differ. The research
reported in the results is more focused on surface meas-
urement and control, while the researchers focus on mon-
itoring the condition of NPP equipment using machine
learning methods.

The study by Z. Sun et al. (2020) proposes a new ap-
proach to predicting downtime at nuclear power plants
(NPPs) using computer vision and data-driven modelling.
The main goal of their research is to automatically detect
abnormal behaviour of people or teams during field op-
eration processes and predict possible delays during NPP
downtime. The researchers use computer vision algorithms
to track people in a video to detect abnormal behaviour.
They then create a simulation model of field operation and
training processes based on the data. This model uses the
anomalies detected in the video to adjust parameters and
predict possible delays in the workflow. The results of their
research show that delays in task completion often occur in
the initial phase of the workflow, and waiting queues build
up due to the over-allocation of resources during mid-stage
maintenance. Modelling shows that tasks on the critical
path are more sensitive to these anomalies and can lead
to delays in the workflow. In both cases, the research uses
modern technology to improve efficiency and accuracy in
a variety of industries, but their goals and methods differ.
The research described above focuses on surface measure-
ment and control. It looks at two methods (DFS and MVS)
for measurements and compares their performance. On
the other hand, the study by Y. Xu et al. (2023) focuses on
monitoring the condition of NPP equipment and uses ma-
chine learning methods for this purpose. The third study
by Z. Sun et al. (2020) proposes a new approach to predict-
ing outages at NPPs. All these studies are important and
have the potential to improve the respective industries.

Y. Yao et al. (2020) propose a new approach for fault
diagnosis in nuclear power plants (NPPs) using a full-scale
state image-based simulator (FDFSSII). The main idea is to
create a series of grey images that represent the transient
process, including the normal state and the fault state,
based on real-time monitoring data. Machine learning
(ML) technology is used to extract and classify image fea-
tures from the analysis of a large amount of historical and
synthetic grey image data. The main steps include kernel
principal component analysis (KPCA) and classification
of image features using developed classifiers in different
learning methods. The diagnostic effect is evaluated using
the F1 score. The simulation results show that the FDFSSII
approach is successfully used for fault diagnosis at NPPs.
It simplifies the process of nuclear reactor operation due
to a large amount of monitoring data and provides use-
ful auxiliary information to operators. This approach can
improve the safety and efficiency of NPPs by facilitating
timely fault detection and diagnosis. Although both stud-
ies have a common factor in common - the use of modern
technology to achieve their goals - their approaches and
subjects differ. The study on computer vision systems fo-
cuses on improving the accuracy of measurements in hard-
to-reach environments by comparing the performance of
two methods (DFS and MVS) in different conditions. On
the other hand, the researchers diagnosed faults in nucle-
ar power plants by using machine learning to analyse con-
dition images and detect anomalies.
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The researchers X. Zhong & H. Ban (2022) consider the
problem of classification and diagnosis of faults in the nu-
clear industry in one of their studies. In their opinion, the
main problem is that data on faults and accidents at nuclear
power plants are usually limited or difficult to obtain. The
researcher proposes a transfer learning method based on a
convolutional neural network (CNN) to solve this problem.
The method uses a two-level network. The first, shallower
level of the network is based on a pre-trained CNN based
on the ImageNet database and is designed to automatically
extract features. The second, deeper layer of the network
is configured for a specific classification problem. Using
data on rotating machine faults, the proposed method only
requires limited training data but achieves high accuracy.
This means that the method can be an effective tool for
fault diagnosis and classification in data-constrained en-
vironments at nuclear power plants, which can improve
their safety and efficiency. Both studies are concerned with
the use of advanced technologies to improve efficiency and
safety in various industries.

The research described above focuses on the use of
computer vision systems for precision measurements in
hard-to-reach environments. Two methods (DFS and MVS)
are investigated and their accuracy in virtual and real envi-
ronments. The possibility of distinguishing surface height
fluctuations is also investigated. The study by the research-
ers focuses on the use of convolutional neural networks
for the classification and diagnosis of faults in nuclear
power plants. The problem of limited fault data is inves-
tigated, and a transfer learning method is proposed that
allows achieving high diagnostic accuracy with a minimum
amount of data. Both studies use modern technologies, in-
cluding neural networks and computer vision. These stud-
ies are helping to improve accuracy and safety in a variety
of fields, such as surface measurement and nuclear power
plant diagnostics. The research described above focuses on
surface measurement and control, particularly in hard-to-
reach environments. The study by the researchers focuses
on fault diagnosis in nuclear power plants and is used for
accident classification and image-based anomaly detection.
Both studies can make significant contributions in their re-
spective fields and help to improve processes and safety.

CONCLUSIONS

In this study, the possibility of using modern computer vi-
sion systems for precision measurements in hard-to-reach
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environments was carefully considered. The results of this
study provide an important contribution to the develop-
ment of new methods of measurement and control of sur-
faces in various fields of science and technology. Experi-
ments conducted in a simulated virtual environment show
that the desired level of accuracy is achieved, which is on
average 1 mm. It is noticeable that the DFS method shows a
significant increase in error on surfaces located at an angle
to the camera. In contrast, the MVS method shows a more
homogeneous spatial distribution of error. This observa-
tion highlights the importance of selecting the appropriate
method depending on the specific conditions and the need
for accurate measurements.

In real-world conditions, the key limitation of the MVS
method was the accurate determination of the camera po-
sition. Using the SFM method to determine the position of
the camera at a distance of about 1.5 m from the surface al-
lowed us to achieve an accuracy of positioning about 2 cm.
On the other hand, the DFS method, which does not require
precise camera parameters, demonstrated greater accura-
cy. The average error over the surface was 0.6 mm for DFS
compared to 1.2 mm for MVS. Additionally, a study was
conducted to investigate the ability of the proposed meth-
od to distinguish between surface height fluctuations. The
results show that this approach is promising, as it can sim-
plify the tasks of reactor maintenance and accurate meas-
urements in conditions of high radiation background. Such
possibilities open up a wide range of possible applications
of this method in various fields of science and technology.

Based on the results of this study, two possible areas
for further research can be suggested. Firstly, improving
MVS and DFS algorithms can increase their accuracy and
speed. Research into new neural network architectures that
would be more efficient for 3D reconstruction tasks is one
of the possible directions. Secondly, further research is re-
quired to investigate the impact of physical conditions on
the accuracy and reliability of the methods. Radiation back-
ground, lighting and other environmental parameters can
affect the results. It is important to determine how these
factors affect measurements and how they can be corrected.
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Asynchronous generator replacement scheme
with internal capacitive reactive power compensation

Abstract. The relevance of using compensated induction machines in the generator mode of autonomous power
supply systems is determined by their ability to provide a stable and reliable power supply even in the absence of an
external grid. The research aims to develop a procedure for determining the characteristics of an equivalent circuit of
compensated induction generators that considers the mutual influence between the main and additional phase windings
of the armature. The theory of an idealised induction machine with the representation of electromechanical energy
conversion processes and basic physical parameters in the form of equations of electrical equilibrium and drive motion
was used to obtain the calculated characteristics of the generator’s operating modes of this class. The generalised system of
differential equations made it possible to calculate dynamic and static processes for symmetrical and asymmetrical modes
at given machine parameters under different methods of excitation and voltage stabilisation under variable load. For
the practical implementation of modelling the parameters of an induction generator, the equations of electrical
equilibrium of the stator and rotor circuits for the symmetrical steady-state mode are used, which is a special case of
the generalised mathematical model of the machine for both transient and steady-state processes with constant parameters
of the substitution scheme. Consideration of the structural and functional features of compensated induction generators
was made possible by using a mathematical model with the armature winding divided into two coaxial or spatially
offset half-windings. In this case, the number of calculation equations doubles. The use of an autotransformer scheme for
switching on the stator phase half-windings to capacitors required the introduction of an additional differential equation
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for the electrical equilibrium of the stator phases. This made it possible to substantiate the values of active and inductive
resistances used in the replacement circuit of an induction generator with internal capacitive reactive power compensation.
The mutual inductive coupling of the main and additional half-windings of the generator stator phase windings due to
both the operating magnetic flux and the magnetic fluxes of dissipation was considered. The practical significance of the
obtained results is to increase the efficiency and stability of the power supply, which helps to reduce losses and improve

the operation of electric power systems

Keywords: asynchronous machine; internal capacitive compensation; reactive power; active resistance; inductive

resistance; mutually inductive coupling

INTRODUCTION

The study and calculation of the characteristics of induc-
tion machines (IMs) is an important task, as it helps to de-
velop and improve the electrical industry, contributing to
the conservation of energy resources and the creation of
more stable and efficient power supply systems. With the
development of new materials and production technolo-
gies, the design of induction machines needs to be adapt-
ed to new designs and functional properties. This helps
to create more powerful, efficient, and stable machines.
C.A.C. Wengerkievicz et al. (2017), the characteristics of an
induction machine are calculated using a system of design
equations for the electrical equilibrium of the stator and
rotor windings, compiled according to Kirchhoff’s second
law. This system of equations is based on the generally ac-
cepted assumptions of the classical theory of electric ma-
chines at constant values of stator and rotor resistances
and is a special case of the general mathematical model of
an induction machine for both steady-state and transient
operating modes.

To calculate the characteristics of compensated in-
duction generators (CIG), S.V. Kumar et al. (2023) used a
mathematical model that considers its new design and
functional properties. The manufacture of stator phase
windings consisting of two parts that are coaxially or spa-
tially offset by an arbitrary angle necessitates a twofold in-
crease in the electrical equilibrium equations. In addition,
H. Terzioglu & M. Selek (2017) described that the use of an
autotransformer scheme for switching on additional stator
phase windings to capacitors leads to the need to write an
additional differential equation of electrical equilibrium of
the stator phases.

An important problem that arises when using a com-
pensated induction generator (CIG) in autonomous power
supply systems is voltage stabilisation under variable load.
V.I. Mishin et al. (2022) established the quantitative and
qualitative dependencies of an induction machine analyti-
cally, which was carried out considering the classical theory
of an idealised induction machine, where the main physical
parameters and electromechanical energy conversion pro-
cesses are represented in the form of equations of electrical
equilibrium and drive motion. The presented generalised
equation system in differential form in M. Popp et al. (2017)
makes it possible to calculate dynamic and static processes
for symmetrical and asymmetrical modes under given ma-
chine parameters and excitation conditions. Physical pro-
cesses and features of CIG design solutions, caused by the

presence of additional spatially displaced electromagnet-
ic circuits with capacitance, complicate the mathematical
model and increase the order of the system of differential
equations. According to M.M. Tezcan et al. (2018), this re-
quires the adoption of additional special conditions and
approaches for calculating physical processes in machines
of this class.

It is commonly used to calculate the characteristics of
induction machines in the L-shaped substitution scheme
and to bring them to the equivalent parameters of the
T-shaped scheme. The L-shaped scheme is simple, and the
magnetisation current is assumed to be constant, inde-
pendent of the AM load. However, to ensure greater accura-
cy in reflecting physical processes in an induction machine,
the T-shaped substitution scheme should be preferred in
our case. According to M. Liu et al. (2023), the design of
a compensated induction generator differs from the basic
asynchronous machine, so the parameters of the replace-
ment scheme of the basic asynchronous machine cannot be
used to calculate its characteristics.

O.M. Popovych & M.O. Smahliuk (2014) considered
a variant of an induction machine with a compensation
winding. The use of such a winding when the machine op-
erates in motor mode allows for controlling its energy ef-
ficiency. However, the compensation winding carries only
reactive power and does not carry an active load. The study
proposes variants of the stator windings of a compensated
asynchronous generator, where both the main and addi-
tional stator phase windings are carriers of both reactive
and active powers.

The study aims to develop a methodology for calculat-
ing the parameters of the replacement circuit of compen-
sated asynchronous generators, considering their design
features and the mutually inductive connection between
the main and additional phase windings of the armature.

MATERIALS AND METHODS
Experimental studies of the compensated asynchronous
generator were carried out at the Department of Electrical
Engineering, Electromechanics and Electrical Technolo-
gies of the Educational and Research Institute of Energy,
Automation and Energy Saving of the National Universi-
ty of Life and Environmental Sciences of Ukraine. A Me-
trix-3252 digital oscilloscope (manufactured by Chauvin
Arnoux, France) was used to obtain the waveforms. The fol-
lowing methods were used to substantiate the parameters
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of the compensated asynchronous generator replacement
circuit, considering its design features, and to verify the
results obtained: analytical using the theory of a gener-
alised electromechanical energy converter; mathematical
and electrical modelling; and experimental. A compensat-
ed asynchronous generator manufactured on a serial asyn-
chronous motor AIR71V2 (AIP71B2, Ukraine) was selected
as the object of computational and experimental studies.

Studies of A.E. Kravchik et al. (1982), ]J. Rolek &
G. Utrata (2018), and A.R. Helonde & M.M. Mankar (2019),
which contain information on the parameters of induction
machines, were used. At the same time, either an L-shaped
replacement scheme (Fig. 1a) or a T-shaped replacement
scheme for an induction machine (Fig. 1b) was used. For
the L-shaped substitution scheme, the active resistance of
the stator phase winding R/ and the inductive resistance
of the stator phase winding X/, as well as the active re-
sistance of the rotor phase winding R/, and the inductive
resistance of the rotor phase winding X’, were considered.
In addition, the inductive resistance due to the mutually
inductive coupling between the armature and rotor phase
windings in the case of their axes coincidence and the total
main inductive resistance of the armature phase winding
X at the rated load of the combined induction machine
was considered.

b) o

Figure 1. Asynchronous generator replacement scheme
Note: a - L-shaped; b - T-shaped; R/ — active resistance
of the stator phase winding, X - inductive resistance of
the stator phase winding, R/, - active resistance of the
rotor phase winding, and X’/ inductive resistance of the
rotor phase winding, X - main inductive resistance of the
armature phase winding, s — sliding
Source: R. Chuenko & O. Kryvoshey (2014)

To calculate the characteristics of the AG under a
steady-state symmetrical load, a T-shaped substitution
scheme was used (Fig. 1b), which describes the physical pro-
cesses occurring in the generator with high accuracy (Mish-
inetal.,2022). The transition from the active and inductive
resistances of the L-shaped substitution scheme to the
resistances of the T-shaped substitution scheme was car-
ried out using the following formulas (Mishin et al., 2011):

/ /!
_ 2XiXm _ p/ X, _ Ry,
Xj=—F———=R =R SR =7
Xt | X2 44X Xy 1 0
sz_z//cz1+ﬁj =c-I
2 c2’ X 2 2°

To express parameters in a system of relative units
R, (ru), X, (r.u.), and R, (r.u.) it is necessary to have the
values of the corresponding resistances in named units and
use the following formulas:

_ Ry(Ohm) , . _ X1 (0hm),
Ry(ru) = Zn(Ohm)A' Xi(ru) = Z,(0hm)’ (2)
_ Ry(0hm)
Ry(ru) = Zy(0hm) "’

where Z,, = % — total resistance of the armature phase
winding of an induction machine at rated mode operation
in case of star connection of the armature winding, Ohm;
I, = m — current of the armature phase winding
at rated operation, A; U, - phase voltage at rated load, B,
n, — asynchronous machine efficiency, cos - asynchro-
nous machine power factor, P, - rated asynchronous power
output.

RESULTS AND DISCUSSION
Unlike a basic induction machine, each phase winding of a
compensated induction generator armature consists of two
half-windings: the main winding and the auxiliary wind-
ing. The main and auxiliary windings can be connected ei-
ther in series (Fig. 2a) or in parallel (Fig. 2b).

Depending on the connection scheme of the main and
auxiliary windings, the number of turns of the main and
auxiliary windings will also change, as well as the possi-
ble voltage on the armature terminals of the compensated
generator. Accordingly, to conduct numerical studies of the
characteristics of the CIG, the corresponding parameters of
its substitution scheme should be used. The phase winding
of the armature of the base machine contains w turns. In
the case of using internal capacitive reactive power com-
pensation with a series connection of the main and auxil-
iary windings, the winding of the base machine is divided
into two equal parts with the number of turns w/2 each,
which are switched on in series. In this case, the resistance
of the main and auxiliary windings of the generator arma-
ture phases will be equal to R /2. The inductive resistance
due to the presence of magnetic fluxes of the main and
auxiliary windings will also be halved compared to the ba-
sic machine - X /2. Similarly, the total main resistance of
the main and auxiliary windings of the armature phase of
the CIG - X /2 - will be halved. In this case, the phase re-
placement scheme of an induction generator with a series
connection of half-windings is as shown in Figure 3a.
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Figure 2. Schematic diagrams of the phase winding of the armature CIG
Note: a — when the main and auxiliary windings of the armature phase are switched on sequentially; b — when the main
and auxiliary windings are switched on in parallel; ¢ - for switching the winding of the base machine to a circuit with two
parallel windings, where R , R, - resistance of the main and auxiliary windings of the generator armature phases, X , X, -
inductive resistance of the main and auxiliary windings, w — number of coils, S - sliding, X - main resistance of the main
and auxiliary windings of the CIG armature phase
Source: compiled by the authors based on R. Chuenko & O. Kryvoshey (2014)
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Figure 3. Phase replacement schemes for compensated induction generators
Note: a - the main and additional windings of the armature phase are switched on in series; b — the main and auxiliary
windings of the armature phase are switched on in parallel; ¢ — for switching the series winding to two parallel windings,
where R , R, - resistance of the main and auxiliary windings of the generator armature phases, X , X, - inductive resistance
of the main and auxiliary windings, w — number of coils, S - sliding, X - main resistance of the main and auxiliary windings
of the CIG armature phase
Source: compiled by the authors

The total inductive reactance of the phase winding of an
induction machine armature consists of its inductive reac-
tance, the value of which depends directly on the square of
the number of windings, and the inductive reactance due to
the mutual inductive coupling with neighbouring magnet-
ically coupled windings, which depends on the product of

the number of turns of these windings. At the same time, the
mutually inductive coupling between the windings by mag-
netic fluxes is not considered. When the main and auxiliary
windings of the armature phases of the CIG are connected
in series, their inductive reactance will depend on w? and
will be determined by the inductive dissipation resistance:
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X 2
Xu=%= (%)’ ®
and the main resistance:
Xm (W 2
Xne="2=(5)" )

The discrepancy between the total resistance of con-
secutive half—windings %, XTm and their values X;. =)i,
Xme = 22 is caused by the mutually inductive connection
between the main and auxiliary windings of the armature
phases of the CIG as in terms of operating magnetic flux,
and terms of magnetic flux dissipation. As a result, the to-
tal inductive reactances of the main and auxiliary windings
increase by x,, =% = (%) due to the action of the magnetic
flux scattering and on the value of X,,, =m = (%) due to
the action of the main magnetic flux.

Thus, the inductive dissipation resistance of the main
and auxiliary windings of the phase winding of the arma-
ture of the CIG, which are located without spatial displace-
ment of their axes, will be determined by the following
formula: 2 =X +X1p= X1 +3 X1 .The maln inductive resist-
ance is equal to Xz = Xmi + me— In 4 Xm =, and the mutual
induction resistance of the stator half windings with the
rotor winding, respectively — 7 =5-w.

In a basic induction machine, there is a mutually in-
ductive connection in terms of operating magnetic flux
between all armature and rotor windings of different
phases (Rolek & Utrata, 2017; Tezcan et al., 2018). In its
turn, the magnetic flux is closed only between the arma-
ture half-windings of the same phase. Considering a CIG
with sequential switching on of the main and auxiliary
windings, which do not have spatial displacement of the
axes, the mutually inductive coupling by the magnetic flux
should be considered as a component of the inductive re-
sistance X;, = %. If there is a spatial offset between the
axes of the main and auxiliary windings by an angle 0, then
the inductive resistance component due to the magnetic
flux scattering will be equal to % - cos 6.

In the case of using the variant of internal capacitive
reactive power compensation with a parallel connection
of the main and additional windings of the generator
armature phase (Fig. 2b), each of these windings will be
under the same voltage. Accordingly, if the base machine
had the armature winding parameters R , X,, X , then the
resistances of each of the two parallel branches of the
phase winding of the CIG will be equal to 2R, 2X,, 2X ,
respectively, and at the total rated current I, the rated
current of the main and auxiliary windings will be half the
total rated current - I /2.

If the main and auxiliary windings of the armature
phase of the CIG have the same number of turns as the ar-
mature phase winding of the base machine w, then the in-
herent inductive resistance of the scattering and the main
inductive resistance, as well as the inductive resistance due
to the mutually inductive coupling by the scattering mag-
netic flux and the operating magnetic flux, will be equal

to the corresponding inductive resistances of the base ma-
chine winding X, =X, =X ,X =X =X .In this case, the
inductive resistances of the main and additional windings
will be X, +X,=2X,X +X =2X .The rotor parameters
remain unchanged R,, X,, X (Fig. 3b)

In practice, it may be necessary to change the switch
scheme of the main and auxiliary windings of the arma-
ture phase of an induction generator from series to paral-
lel (Fig. 2c). In this case, the number of turns of the gen-
erator armature phase winding will remain unchanged,
and the main and auxiliary windings will have w/2 coils
each. For the generator energy characteristics to remain
unchanged under different schemes of switching on the
main and auxiliary windings (Fig. 2b) and (Fig. 2c), it is
necessary to reduce the generator output voltage (U/2)
by half and to increase the rated armature current and
the rated rotor current by 2 times. The inductive dissi-
pation resistance of the main and additional armature
windings will be equal to %1 = X“ + %, standard resist-
ance XT’” —Xf+%, and the general parameters of the
entire stator winding are respectively 3 4 X’" Rl . When
switching from a real CIG to a reduced CIG, the number
of turns of the rotor winding must be reduced by a factor
of 2. Accordingly, the inductive dissipation resistance of
the rotor of the combined CIG will be equal to XZ/ =% In
turn, the active rotor impedance of the combined gas tur-
bine will also be halved R,” =22 as its current has dou-
bled (Fig. 3c¢).

When a compensated induction machine operates in
the motor mode, it consumes active and reactive power
from the power supply network and converts electrical
energy into mechanical energy (Fig. 4a). When operating
in the generator mode as part of an autonomous power
supply system, the compensated induction machine it-
self is a source of active and reactive power for the con-
sumer and converts mechanical energy into electrical
energy (Fig. 4b):

l)U E Iz jxcos@I IZ

2) U U U Iz, ]X c0sO - I +jx 1,
3) U =E,-1 z, ]x 050 I ==X Iy ©)
40-E,~ Iz,

The design equations of the CIG phase when operating
on a static load in a steady-state process of the symmetri-
cal mode by the schematic diagram of its phase (Fig. 5) are
as follows (Mishin et al., 2011):

One of the most common characteristic variants of an
autonomous power supply system is the operation of an
autonomous generator for an induction motor. In particu-
lar, the external characteristics of a compensated induction
generator were calculated, from which an induction motor
AIR71V2 with a capacity of 0.75 kW is started and powered.
The values of the compensating capacitances were equal:
external capacity C=30 pF, internal capacitance C, =28 pF
and additional internal capacity C, =10 pF.
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Figure 4. Vector diagrams of a compensated induction motor (a) and a compensated induction generator (b)
Note: U - power supply voltage; U, - voltage on the additional stator winding; U,, - voltage on the internal capacity; E, -
electromotive force of the main stator winding; E, - electromotive force of the additional stator winding; E, - electromotive
force of the rotor winding; I - stator current of an induction machine; Z - load resistance; I, - load current; I . - external
capacitance current; I, — current of additional internal capacitance; I - stator current of a compensated induction generator;
I, - internal capacitance current; I, — current of the additional stator winding; I, — stator main winding current; I, -
magnetising current of an induction machine; 6 — angle of spatial displacement of the main and auxiliary stator phase
windings; I, - rotor current of an induction machine; r, - active stator resistance of an induction machine; X, - inductive
resistance of the stator of an induction machine; ¢ — angle between the stator current and voltage vectors at the stator
of an induction machine; ¢, — angle between the voltage vectors on the stator and the current of the main stator winding
of the induction machine; ¢, — angle between the voltage vectors on the stator and the current of the additional stator
winding of an induction machine; ¢, — angle between the rotor electromotive force vectors and the rotor current of an
induction machine;

Source: compiled by the authors

Figure 5. Wiring diagram of CIG phases
Note: U, - load voltage; Z, - load resistance; I, — load current; C - external capacity; I. —external capacity current;
C, - additional internal capacity; I, — additional internal capacity current; I - stator current of a compensated
induction generator; C, — internal capacity; I, - internal capacity current; I, — additional stator winding current;

CA
I, - stator main winding current; 6 - angle of spatial displacement of the main and auxiliary stator phase windings;

I, - generator rotor current; X, — inductive resistance of the rotor; R, - active rotor resistance; s - sliding
Source: compiled by the authors based on V.I. Mishin et al. (2022)

The external characteristic of the compensated in- the voltage recovery (Fig. 6b) after starting the motor
duction generator obtained by calculation when oper- from a compensated induction generator occurs with-
ating in conjunction with an induction motor (Fig. 6a), in 0.5 s. The stator current (Fig. 7) of the compensated
where the voltage drops to 165 V, is confirmed by the induction generator when the motor is powered in a
experimental oscillogram (Fig. 6b). It was found that steady state is 2 A.

Machinery & Energetics. Vol. 14, No. 4

N



Asynchronous generator replacement scheme...

260
U v
945

230
215
200
185
170
155
140
125

110
0 04 038

1.2 16 2 24 28 32 3.6

a) 11./\

b)

uv
400

300
200
100

0
-100

-200

-300 & 4 X

-400 -
0 01 02 1.3 04 05 06 07 08 0.9

B

Figure 6. Calculated external compensated asynchronous generator in a joint operation with an induction motor (a)
and experimental voltage waveform on the stator of a compensated asynchronous generator (b)
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Figure 7. Oscillogram of the stator current
of a compensated induction generator
when supplying an induction motor
Source: compiled by the authors

The data obtained as a result of calculating the char-
acteristics of compensated induction generators are con-
firmed with sufficient accuracy by experimental studies. In
particular, Figure 8 shows the external characteristics of the
compensated induction generator when using the external
capacitance C and the internal capacitance C, (curves 1)
and when using the external capacitance C, the internal
capacitance C,, and the additional internal capacitance C,
(curves 2), based on the calculated and experimental data.

The system of equations for the electrical equilibri-
um of the stator and rotor circuits of a CIG (Al-Jufout et
al., 2018) used the parameters of the substitution scheme
(r,,x,,1,,x,) calculated according to the above methodology.
The introduced parameters were the capacitive resistances
x,x,,x, and load resistance Z =k Z atZ =r +jx =80+
+j60=100/* Ohm. Z =var with a variable load factor k , the
resistance of the main and auxiliary stator windings was
assumed to be the same z, =r, +jx,=z,.

The use of internal capacitive reactive power compen-
sation to improve the characteristics of an induction gen-
erator causes changes in the basic electrical circuit of its
stator winding. Accordingly, the active and inductive resist-
ances of the stator winding of the compensated induction
generator change compared to the basic induction gen-
erator, which should be considered in numerical studies.

The parameters of the L-shaped and T-shaped replace-
ment schemes for an induction machine can be found in
reference books or the manufacturer’s documentation.
However, the use of these parameters without considering
the operating mode and conditions of the induction ma-
chine may be unacceptable or lead to unacceptably large
errors in the calculations.

In particular, E.R. Ferrucho-Alvarez et al. (2021) con-
sidered an induction welding generator with valve excita-
tion. While an L-shaped substitution scheme is used for a
conventional induction generator operating in voltage sta-
bilisation mode, it is unacceptable for an induction genera-
tor with valve excitation operating on a welding arc. In this
case, as in the case of a compensated induction generator,
a T-shaped substitution scheme for the basic induction
generator is used. The distinctive feature is that the valve
excitation system in the replacement circuit is represented
by an additional variable capacitive resistance.
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Figure 5. External characteristics
of a compensated asynchronous generator obtained
by calculation and experiment

Note: curve 1 — when using an external container C and
internal container C,; curve 2 — and when using an external
container C, internal container C, and additional internal
container C,

Source: compiled by the authors

Machinery & Energetics. Vol. 14, No. 4

4



L.A. Lopes & R.G. Almeida (2006), I. Boldea & S.A. Na-
sar (2009) noted that the T-shaped replacement scheme for
an induction machine is also used to calculate the charac-
teristics of an induction motor with a squirrel-cage rotor
that has rotor eccentricity or rotor winding defects. In this
case, the T-shaped substitution scheme is supplemented
with additional elements that characterise the increase in
losses in the damaged motor. The obtained characteristics
are used to monitor and predict the condition of motors
during their operation, as well as for their diagnosis.

If an induction machine is operated in the motor mode
using various speed control devices, the parameters of
the L-shaped and T-shaped substitution schemes change,
as shown in L. Mazurenko et al. (2011), O.M. Popovych &
M.O. Smahliuk (2014). This should be considered when cal-
culating the characteristics of an induction motor with a
certain method of speed control.

A single-phase substitution scheme for a three-phase
induction machine is used to calculate its characteristics in
steady-state symmetrical modes with sinusoidal voltages.
Depending on the task at hand, the substitution scheme
can consider steel losses in the stator cores and rotor, the
presence of a double cage in the rotor, changes in machine
parameters, such as the surface effect and saturation of
the stator and rotor cores. L. Mazurenko et al. (2011), and
J. Rolek & G. Utrata (2017) considered methods for deter-
mining the parameters of an induction machine substitu-
tion scheme by alternative methods other than the stand-
ard ones (based on the data of no-load and short-circuit
experiments). The developed methods for determining the
parameters of the induction machine substitution scheme
can be used to refine the parameters of the substitution
scheme of a compensated induction generator when cal-
culating its characteristics in transient modes. M. Va-
zifehdan et al. (2020) described in detail a complex and
high-level control strategy used in the field of electrical
engineering and industrial automation. It combines sever-
al control methodologies to achieve accurate and efficient
control of induction machines, particularly in situations
where sensor data is limited or unavailable. They explored
sliding control, which helps to make the system state con-
verge to a given sliding surface. This is especially useful in
systems with uncertainty and external influences. In this
context, sliding control helps maintain precise control of
an induction machine.

The determination of the parameters of the induction
machine replacement scheme based on the data of no-load
and short-circuit experiments carried out using induction
machine models implemented in MATAB/Simulink and
ETAR environments is the subject of the work by M. Popp et
al. (2017) Using MATLAB/Simulink models, S. Al-Jufout et
al. (2018) also proposed a two-step optimisation of the pa-
rameters of the induction machine replacement scheme,
which ensures the minimum error of the results obtained.
The above approaches can also be used to determine the
parameters of a compensated induction generator replace-
ment scheme, but for this purpose, it is necessary to devel-
op appropriate MATLAB/Simulink or ETAR models.

R. Chuienko et al.

CONCLUSIONS

The basic electrical circuit of the stator winding of a com-
pensated induction generator differs from the stator wind-
ing circuit of a basic induction machine. It has been shown
that the main and additional windings of the stator phase
windings of a compensated induction generator can be con-
nected in series or parallel, and their axes can be shifted
in space by an arbitrary angle. As a result, the degree of
mutual inductive coupling between the windings in terms
of operating magnetic flux and dissipation magnetic flux
changes. Accordingly, to conduct correct numerical studies
of the characteristics of compensated induction genera-
tors, the appropriate parameters of the substitution scheme
should be used. It has been established that the active and
inductive resistances of the stator and rotor windings of a
compensated induction generator should be determined
by recalculating the parameters of the basic induction ma-
chine according to the developed methodology, depending
on the connection scheme of the stator phase windings and
the generator output voltage. In particular, when the main
and auxiliary stator windings of a compensated induction
generator are connected in series, their active and inductive
impedances must be halved compared to the basic induc-
tion machine. If the main and auxiliary stator windings are
connected in parallel, the corresponding resistances must
be doubled compared to the basic induction machine. The
parameters of the rotor winding and the magnetising wind-
ing remain unchanged. In the case of using the scheme of
parallel connection of the stator phase windings at a halved
voltage at the output of the compensated induction gener-
ator, the active and inductive resistances of the main and
additional stator phase windings, as well as the rotor wind-
ing and the magnetisation winding, should be reduced by
a factor of 4 compared to the parameters of the basic in-
duction machine. The calculated characteristics of the com-
pensated induction generator, obtained using the appropri-
ately calculated parameters of the substitution scheme, are
confirmed with sufficient accuracy by experimental data.

Further research will aim to improve the energy effi-
ciency of induction generators with internal capacitive re-
active power compensation as part of autonomous power
supply systems. They will focus on analysing the stability
and reliability of an autonomous power supply system with
a compensated induction generator under different oper-
ating conditions and variable load parameters. Particular
attention will be paid to the justification of the algorithm
for changing the compensating capacities of the generator
and to the study of the possibilities of using new switching
devices for their switching.
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CxeMa 3aMillleHHSl aCMHXPOHHOIo reHepaTopa
3 BHYTPILWHbOIO EMHICHOIO KOMMNEHCaLU i€ peaKTUBHOI NOTY)XHOCTI

AHoOTAaUiA. AKTya/lbHICTh 3aCTOCYBaHHS KOMIIEHCOBAHMX aCMHXPOHHMX MAIVH Y PEXMMi reHepaTopa aBTOHOMHUX CUCTEM
eJIeKTPOKMBIIEHHS TIOJISATAE B iX 3[aTHOCTI 3abe3meuyBaTy cTabisbHe Ta HaliliHe eJIeKTPONIOCTauYaHHS HaBiTh Y BiICYTHICTh
30BHIIIHBOI Mepexi. MeTolo 11iei po60TH € CTBOPEHHSI IPOLeAypPH ISl BU3HAUEHHS XapaKTePUCTUK eKBiBaJIeHTHOI CXeMu
KOMITEHCOBAaHMX aCMHXPOHHMX reHepaTopiB, sIka BPAXOBYE B3a€MHMII BIUTMB MiXX TOJIOBHMMM Ta AOAATKOBUMM (Ha3HUMMU
06MOTKaMM SIKOPSL. [J1s1 ofepskaHHS pO3PaxXyHKOBUX XapaKTepUCTUK PeXKMMiB GYHKIIIOHYBaHHS reHepaTopa TaKoro Kiaacy
AHATITUYHUM OYJI0 BUKOPUCTAHO TeOPilo ijeani3oBaHOi aCMHXPOHHOI MAIllMHU 3 TIPeICTABIEHHSIM eJIeKTPOMeXaHiuHMUX
TpolLieciB IepeTBOPEHHS eHeprii Ta OCHOBHUX (Pi3MuHMX mapamMeTpiB y BUIVISIAI PiBHSIHb €JIEKTPUYHOI piBHOBAru i
pyXy npuBofa. Y3araabHeHa cuctema audepeHIiiiHMX PiBHSIHb Jala MOK/IMBICTb PO3paxyBaTy JMHAMIUHI i CTATUYHI
MpOLeCH JJIsl CUMETPUUHMX | HeCMMEeTPUUHMX PeXXUMIiB IIpY 3aJaHuX MapaMeTpax MaIlyHM MPU Pi3HUX criocobax ii
30yIskeHHs Ta cTabinisanii Hampyry mpyu 3MiHHOMY HaBaHTaskeHHi. [[Jisi MpakTUYHOI peasti3allii MoeII0BaHHSI TapameTpiB
aCYHXPOHHOIO reHepaTopa BUKOPUCTaHi PiBHSIHHS eleKTPUYHOI piBHOBAru Kij ctatopa i poTopa Ijsi CMMeTPUYHOI 0
YCTa/eHOI0 PEeXNMY, SIKa € YaCTKOBMM BUIIAJKOM y3araJbHeHOI MaTeMaTUYHOI MOJe/li MalllMHMU SIK JJ1s TIepexiTHuX, TaK i
yCTaleHUX MPOIIeCiB 3 MOCTiIHUMM IMapaMeTpaMy CXeMU 3aMillleHHs. YpaxXyBaHHSI KOHCTPYKTUBHUX Ta QYHKLiOHATbHUX
0COBIMBOCTEN KOMITEHCOBAaHMUX aCMHXPOHHMX TeHepaTopiB CTAJI0 MOK/IMBUM Ha OCHOBiI BUKOPUCTaHHSI MaTeMaTUYHO1
MogeJi 3 TIOA{JIoM 06MOTKM SIKOPSI Ha [Bi CiBBiCHI a60 3MillleHi y TPOCTOPi HAMliBOOMOTKM. Y TAKOMY BUTIAJKY KiJTbKiCTh
PO3PaxXyHKOBMX PiBHSHb 301/bIIYEThCS YIBiUi. BUKOpMCTaHHS aBTOTPaHCHOPMATOPHOI CXeMM YBiIMKHEHHSI HaIlliBOOMOTOK
a3 craTopa Ha KOHAEHCATOPY BMMATajao BBeIeHHs JOLATKOBOro NudepeH1iifHOTO PiBHSIHHS e/IeKTPUUHOI piBHOBATK
das3 crartopa. Lle gano 3MoTy OGIPYHTYBATH BEJIMYMHY aKTUBHUX Ta iIHAYKTUBHUX OTMOPIB, SIKi BUKOPUCTOBYIOTHCS Y
cxeMi 3aMillleHHSI aCMHXPOHHOI'O TeHepaTopa i3 BHYTPIllIHbOIO EMHICHOIO KOMITEHCAlli€l0 peakKTUBHOI IOTYKHOCTI. [1pu
[IbOMY BPaxOBYBaBCsI B3a€MHMIT IHAYKTUBHMI 3B'S130K OCHOBHUX i JOZATKOBUX HAMiBOOMOTOK a3HMX 0OMOTOK CTaTOpa
reHepatopa 06yMOBJIeHMI IK POOOYMM MarHiTHMM MTOTOKOM, TaK i MarHITHMMM TIOTOKaMM PO3CisiHHSL. [IpakTUYHe 3HaUeHHS
OTPUMAaHMX Pe3y/bTaTiB MOSITAE B MiABUILEHHI e)eKTUBHOCTI Ta CTabiIbHOCTI e7IeKTPOKUBIIEHHSI, 1[0 CIIPUSIE 3MeHIIeHHIO
BTpAT Ta MOKPAIleHHIO POOOTH eIeKTPOeHePreTUUHMX CUCTEM

Knio4yoBi cnoBa: acMHXpOHHA MallliHa; BHYTPIllIHSI €MHICHA KOMITEHCAIIisl; pPeaKTMBHA MOTYKHICTh; aKTUBHUIA OIIip;
IHOYKTMBHMI OITip; B3a€MOIHOYKTUBHMI 3B’SI30K
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The gradual removal of Hertz pressure
from the surface of elastic half-space

Abstract. Contact stress determination in non-stationary dynamic loading of elastic bodies is crucial for modelling
structures at high speeds, but it presents mathematical challenges due to the time-dependent and often unknown contact
area size and shape. The study aims to obtain an energy remainder estimation that forms waves during the contact
interaction of elastic bodies, based on the exact solutions of non-stationary problems for an elastic half-space. For this
purpose, the problem of the instantaneous loading half-space as an additional research problem was reconstructed using
the Hankel transform concerning a radial coordinate and the Laplace transform concerning a time variable. The method of
derivation of the displacements at an elastic half-space loaded (unloaded) gradually by Hertz's contact pressure has been
proposed. Its availability made it possible to pass to the solution of the main problem - the problem of gradual loading
of the half-space surface by Hertz pressure. The possibility of changing of the order of differentiation and integration
operations in the obtained representation is substantiated based on the integrand properties. The cases when the speed
of the indenter was constant when its motion was uniformly accelerated and when the motion corresponded to the law
of the first quarter of the cosine period in the time were considered. It was concluded that the distribution of dynamic
contact stresses is similar to the Hertz distribution. An estimation of the part of the energy spent on the formation of
elastic waves was made for various laws of unloading. The practical significance of this study lies in its development of
an effective method for calculating normal displacements on a loading area in dynamic contact interactions of elastic
bodies, which can be valuable for modelling structures at high speeds

Keywords: dynamic contact interaction; refinement of the contact distribution; wave energy; Laplace transform;
indenter; Hankel transform

INTRODUCTION

The determination of contact stresses, caused by non-sta-  is necessary for adequate simulation of the operation of a
tionary dynamic loading of elastic bodies, is one of the structure or mechanisms, in which components interact
practically important problems in the theory of elasticity. in a significant way at significant speeds. Microwave (ul-
The correct consideration of the influence of inertial forces  trasonic) motors are typical examples of such mechanical
on local deformations in the vicinity of the contact region  systems. X. Tian et al. (2020) concluded that the principle
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of operation of some types of these devices is based on the
transfer of kinetic energy from the stator to the rotor by
contact forces arising in the process of their periodic colli-
sions. Based on S.P. Wankhede & T.-B. Xu (2021), ultrason-
ic motors have been widely used in a variety of electronic
devices due to their compactness, load torque at moderate
rotation speeds and high positioning accuracy. They are
widely used in the double-quick development of robotics
(Toyama & Nishizawa, 2017). The simultaneous influence
of surface and couple stresses on the non-symmetrical fric-
tionless indentation of a linearly elastic, homogenous, and
isotropic half-plane under a tilted, rigid, flat-ended indent-
er with sharp, square corners was investigated by T.M. Le et
al. (2021) by adopting existing continuum-based models.

B. An et al. (2023) broadened the applicability of the
vehicle-track dynamics model to account for 3D short-
wave irregularities on rail surfaces. The key is developing
a meshing grid approach combined with the accurate con-
jugate gradient (CG) method for contact mechanics under
arbitrary 3D contact geometry. Therefore, both the glob-
al dynamics and local contact solutions can be provided.
In this study, short-pitch rail corrugation is employed for
investigating the role of 3D contact geometry in model-
ling dynamic wheel-rail interaction. The traditional vehi-
cle-track coupled dynamics model using Hertzian spring is
used for comparison. The results show that short-pitch rail
corrugation contributes two different aspects, i.e., wheel
centre trajectory and time-varying contact stiffness. These
two aspects are found to be the root causes for explaining
the influence of the varying 3D geometry irregularity size
on dynamic wheel-rail contact force.

Accounting for the processes that occur during the
dynamic contact interaction of solids is also important in
the development and design of “classical” machinery. An
example is the operation of various crushing machines
which were described by B. Doroszuk & R. Krdl (2022), and
Z. Chen et al. (2021). In particular, for processing agricul-
tural products, the mechanisms, such as grinding mills, are
used. To describe the operation of the crusher more accu-
rately, X. Lv et al. (2021), I. Kupchuk et al. (2022) addressed
the wave processes that occur when parts of the mecha-
nism interact with the crushed material. Many scientists
considered similar problems in Ukraine. In particular, the
study of V.A. Bazhenov & M.O. Vabishchevich (2020) is rel-
evant to the branch of construction. Similar studies were
conducted by V.G. Popov & A.L Kirillova (2020) in the field
of mechanical engineering.

H. Xie et al. (2022) noted that the dynamic interaction
of a rigid sphere with an elastic half-space should be con-
sidered using recently developed particle dynamics. From
the provisions of this theory, J. Zhao et al. (2021) estab-
lished that the problem was reduced to a wave equation
concerning one of the components of the displacement
vector. Based on the mentioned solution, a plausible con-
clusion was made on the similarity at any time of the distri-
bution of contact stresses to Hertz’s distribution. However,
the conclusion that the maximum pressure according to
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Hertz’s theory is much less than the calculated holds un-
resolved issues. According to the given relations, their cor-
relation depends only on Poisson’s ratio of the material of
the half-space and does not depend on the initial velocity
of the sphere. When Poisson’s ratio changes from 0 to 0.5,
this relation changes from 0.74 to 0.

Thus, it can be concluded that the presented results of
previous studies contain several contradictions. Therefore,
with the solution to this sort of issue, various numerical
methods were used, the finite element method being used
most often (Lee & Komvopoulos, 2018; Habchi, 2018). This
is also facilitated by the fact that in modern finite element
packages, both commercial and freely available, the various
algorithms of the contact interaction of finite elements are
implemented. However, based on numerical solutions, it is
difficult to restore the analytical dependence of the pro-
cess characteristics on the values of the input parameters.
Despite the already fairly long history of research, the im-
portant problem of estimation of the contact interaction of
the surface of the body under study with measure sensors
is open still. Hence, the study aims to determine the en-
ergy remainder that causes waves in the case of a contact
problem.

MATERIALS AND METHODS

The distribution of normal displacements of surface points
under gradual loading of a half-space with a load, according
to Heasrtz’s law was obtained by using the solution to the
corresponding problem of instantaneous loading. There-
fore, to present the solution to the problem of gradual
loading in a closed form and simplify the perception of the
material, the main results of a study by A.G. Kutzenko et
al. (2001) were employed, which addressed the loading of
a half-space by the Hertz’s pressure. The elastic half-space
z<0 was considered, which at time t<0 had been in static
equilibrium, and its surface was not loaded. At the moment
of time t=0, the pressure, that was given by Hertz’s con-
tact theory, was instantly applied to the surface of the half-
space in a circular domain 0<r<a (Fig. 1).

bo |\ 2

Figure 1. Loading of the elastic half-space
by Hertz’s pressure
Note: a - load area radius; z, r — spatial coordinates;
p,— pressure magnitude
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This pressure was considered a constant variable in the
study. It was used to determine the normal displacements
of the surface points of the half-space, as a function of time
t and radial coordinate r. This was an additional task. The
corresponding initial and boundary conditions were for-
mulated as follows:

ow du
and
— /1 — 712 2
Trzlz=0 = 0, Oplz=0 = H(t){ Po 10 r/a?, :;Z' (2)

where w, u - thickness (normal) and radial (tangential)
displacements of the points of the half-space; ¢, 7, -
normal and shear stresses on the surface of a half-space;
H(t) - Heaviside function.

The maximum contact pressure was an independ-
ent parameter in the boundary conditions (2). However,
considering the further extension of the results to cases
of gradual loading of a half-space, it was expressed ac-
cording to Hertz’s theory in terms of the radius of the
load area a and the radius of curvature of the equivalent
indenter R:

4Ga

Po = o 3)

where G - shear modulus, v — Poisson’s ratio of the half-
space material. All three parameters p,, a, and R were con-
sidered as constant variables in the study. Only one pa-
rameter R was considered as a constant in the gradual load
issue, as parameters p, and a were changed with time.

If the Laplace transform L with was applied concern-
ing time and the Hankel transform H to the spatial coor-
dinate r to Lamé equations of motion respectively, dis-
placements can be represented as multiple integrals of the
Riemann-Mellin inversion:

w(r, z,t) = ﬁfowjo (Ar)AdA ff_t.go W (4,z,5) exp(st)ds,
u(r,z,t) = ﬁfomjl (Ar)AdA f;fizo U (4,2,5) exp(st)ds. @)

In this case, the images W(4, z, s) and U(/, z, s) satisfied
the system of differential equations:
d (dw au s?
aw d (du _s? ©)
—id (52 + 20+ (S5 + aw) =50,

K=2

1-v
where 5

2 —_
= v=z—:2> 1,¢ = ,2%%&2 =\/§ - the
velocities of propagation of tension-compression waves
and shear waves, respectively.

The zero initial conditions (1) were considered when
equation (5) was deriving. To satisfy the boundary condi-
tions (2), the Laplace and Hankel transformations were
also applied:

(1—v aw va
1-2v dz 1-2v

U)L:n = =1y (43), (Z—IZ]— AW)L:O =0, (6)

where

My(A,s) = NMi(A,5) = —L(H(0,,=0)) =
_ 2 sinal—-alAcosal
~ m(1-v)R sA? ’ (7)

The general solution of system (4), which satisfies the
conditions of boundedness at infinity, was represented as:

2
W, z,s)=2 (Cs—z) [—xy,Aexp(Ay,S) + Bexp(Ay,s)],
2
UAz,s)=2 (CS—Z) [kAexp(Ay,s) — v, B exp(Ay,s)].

Submitting it to conditions (6), the expression for the
image of normal displacement of boundary points was ob-
tained:

Wis,a) = Wi, 0,5) = ~11(2,5) Y =

1 }’1(}’22—1) sinal—alcosai
n(1-v)R 24 sA2 ’

where y; = /1 +52/(c )32, 7, =1+ 52/(c;1)?,

2
A=A(s/A) = @ —¥1Y2 — Rayleigh determinant. Its sin-
gle-valued branch was distinguished on the complex plane

s by cutting, as shown in Figure 2.

)

Ims

i, @

i/\Cz
MCR
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—MCR
—I.ACZ

—Z.ACl

Figure 2. Integration contour
in the inverse Laplace transform
Note: ¢, - the Rayleigh wave velocity; s =*ilc, are poles of
the function W

The radical branches y, and vy, were chosen so that
their values on the real axis s coincided with the values
of the corresponding arithmetic roots. Such selection was
used to obtain a representation of the solution in the form
of a superposition of waves propagating from the surface
into the depths of the half-space, and to ensure that the
stress and displacement were clamped at z—-. The in-
dex “i” in expressions (7) and (9) indicated that the char-
acteristic marked by it corresponded to the problem of

instantaneous loading.
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Since the points of the surface corresponded to a cer-
tain (zero) value of the coordinate z, i.e., normal displace-
ments depended only on the variables r and t, this fact in
(9) and below was denoted by the symbol “~”. In addition,
functions, containing the symbol “~” in their designation,
were also considered as functions of the parameter a, nec-
essary in the case of gradual loading of the half-space.

Further transformation (9) involved the inversions of
the Laplace and Hankel transformations by (4). It was easy
to verify that all singular points of expression (9) in the
complex plane s stayed within the imaginary axis. Accord-
ing to the selection of branches of the radicals y, and y,,
the poles corresponded only to the points s=0 and s=*i\c,,
where ¢, was the Rayleigh wave velocity. Therefore, func-
tion (9) was an analytic function of a variable parameter s
in the right half-plane Re s >0, which was used to shift the
Laplace inversion contour to the imaginary axis.

Going around the poles of the function W, it was nec-
essary to explicitly select the semi-residues equal to the
integrals over the arcs of circles (Fig. 2). Performing this
operation and introducing a new integration variable
x=-s, /(c,})?, after the pairwise union of the integrals cor-
responding to the upper and lower parts of the axis Im s,
the normal displacements of points on the surface of the
half-space was represented in a form that does not contain
complex variables:
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where:

— 1 A (__(-a/2%1-q/rlc@2r) _
Fo.0) = (L= I(p) + 1 f LoD maeltn

1 \/1_—"/“5(,0:27\/%)
"o oG
oo w/mlc(P,ZTM)
o aSzrfaene-n X T (1D
[ (-x/10)*/1=x/kls(p,21x/q) p
1 (1-x/2)*-(1-x/Kx)(1-x)
fK (1—x/K)mlc(PrZTM)
1 (1-x/2)*-(1-x/K)(1-x)

The dimensionless independent variables p = r/a and
1= (c,t) /a were introduced in the expressions (10)-(11), as
well as a parameter q=c2 /c2 - the square of the ratio of the
Rayleigh wave velocity to the shear wave velocity, which
was a simple pole of the integrand of the first integral in
(11). The index “i” at windicated, as before, that this dis-
tribution of normal displacements corresponded to the
problem of instantaneous loading. After relocation of the
contour of the inverse Laplace transform to the imaginary
axis, the integrals of the inverse Hankel transform I, I, and
I.were as follows:

10) = (1-Z) () +22,
1509 = (1-8 ~2) I (1,6 + 242

(12)
2 18 = (1- 8 =) e (1) + 1282,
vT/i(r,t,a)=—n(la_v)R f(p, 1), (10)  where:
n/2,p <1,
Il(p)z{arcsiilpfl,pZL
m(1+¢+/A+D2=p2) - (11— ¢l + /A -7 =p%), 11-¢l=p,
Isi(p.) =3 m(1+§+A+7=p2) —lnp, 11-¢l<p<1+¢, (13)
0, 1+&<p,
) _ﬂH(l—f), [1-¢l=p,
Ien(p.§) =54 m/2+arcsin((1-8)/p), 11-¢l<sp=<1+§
arcsin((1 +&)/p) + arcsin((1—-&)/p), 1+&<p
and
. B 0,p<1,
2(P)—{m’p21’
0, [1-¢l=p
Iz (p,§) = 1+39)yp?2—(1-972 1-¢§l<p=<1+ (14)
A+3D)Yp? (1 -2+ (1 -3p? —(1+§?% 1+{<p,
) sign(1- (1 +3)y(A—-?—p* - (1-3)JA+8?—p?, [1-¢l=p,
ls2(p8) =3 —(1-30JA+ D2 =p%, [1-¢lsps1+§

The plots of displacements found based on (10) for
various values of the dimensionless time are shown in
Figure 3. The analysis highlighted the reason for the se-
lection of Rayleigh as the characteristic velocity in the
nondimensionalization of time. This velocity determined
the dynamics of transient processes under instantaneous

1+&<p.

loading of the half-space. After the propagation of the
Rayleigh wave excited at the point of the loading area,
which is the most distant from the given point of the half-
space surface, the static value of the normal displacement
was instantly set in the latter one. This important property
was used in further transformations.
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Figure 3. Dimensionless function f{p, 7) for v=0.3
at moments of dimensionless time r=n/10,
where n is the number of the curve
Source: developed by the authors

An elastic half-space that was at the initial moment
t=0 in an unloaded state of static equilibrium was used.
At the given moment an area arises on its surface and then
continues to grow, on which the pressure is distributed ac-
cording to the law:

p(r,t) = po(O)yJ1—1r2/a?(t), r < a(t),t >0,

where a = a(t) is the radius of the loading area. It was the
time-respecting variable parameter. In this case, as before,
the relation (3) determined the dependence of the maxi-
mum pressure p (t) on the radius of the loading area. It was
required to determine the time evolution of normal dis-
placements on the surface of a half-space.

Since the initial conditions (1) and the first of the
boundary conditions (2) were still true, the course of the
solution to the given problem did not differ from the afore-
mentioned, until the rest of the boundary conditions were
satisfied. The main difference between the boundary con-
ditions concerning the normal component of the stress
vector in the problem of instantaneous and in the problem
of gradual loading of a half-space was its significant time
dependence in the second case. In this case, it was impos-
sible to explicitly run the direct Laplace transform without
the specification of the loading area radii dependence con-
cerning time. Therefore, in the general case, instead of (7)
and (9), the following was true:

(15)

My(4,5) = 8 (A,5) = —L(H(0,1,=0)) =

= ;fom(sina (B)A— a(B)Acos a (B)N)exp( — st)dE,(16)

- n(1-v)RA3

and
2 Y1 (V22 - 1)

w(1-v)R A34

Wa(A,s) =—

o sina(f)A-— o
<f0 (—a(f)ﬂ cosa (f)l) exp( — st)dt.

The index “g” implied that the images of surface pres-
sure and normal displacement correspond to the gradual
loading of the half-space. It was necessary to apply the
inverse Laplace and Hankel transformations to (17)

17

following the first relation in (4) to find the expression of
normal displacements. In the general case, it was impos-
sible to run the corresponding integration since the form
of the function W itself was unknown. However, since only
one of these integrals was singular, they could be intro-
duced under the sign of the integral contained on the right
side of (17), i.e., the order of integration could be changed
(Gakhov, 2014). Hence, such a permutation could be used to
reduce the procedure of taking the internal integrals of the
Riemann-Mellin inversion to the calculations made above.
It should be remembered that the radius a(t) acts as an in-
dependent parameter in internal integrals. Therefore, the
inversion integrals were obtained from the product of the
function Wi, s, a) and the parameters. The last multiplier
is explained by the absence of the Heaviside function in the
boundary conditions under gradual loading. In addition,
the exponent of the Laplace inversion kernel contained the
difference t - t instead of t, which was derived as a result
of a rearrangement of the order of integration. Thus, the
following was true:
WI(r,t) = Zim [ di [ Jo(Ar)AdA
f__izo Wi(4,s,a(@))sexp(s(t — 1)) ds. (1%
The theorem on differentiation of the Laplace trans-
formation original to (18) was applied and wi(r, t, a)=0 was
implied for t<0, to derive the following:

W9 (r,¢) = [ 2a®) g,

(19)
It expressed the normal displacements under gradual
loading of the half-space in terms of the normal velocities
of the surface points under its instantaneous loading. The
relationship (19) could be obtained from simpler consid-
erations, based on the incremental approach. Therefore,
the process of continuous loading was replaced by a step
change in surface pressure at discrete moments separat-
ed from each other by a small time interval At. A loading
area with radius a, = a(t,) was assumed to have arisen on
the surface of the half-space at the moment of time ¢, = At.
The normal displacements of points on the surface of the
half-space were described until the next moment of load
change by the expression:
wi(r, )y =wi(r,t-t,a),t <t<t, (20)
where the index “s” denoted stepwise load change. At the
moment of time t,=t, +At, the radius of the loading area
changed abruptly from a, to a, = a(t,). It corresponded to
instantaneous load removal along the area with the radius
a, and instantaneous application along the area with radi-
usa,att=t,:
wi(r, )y=wi(r, t-t,, a)-w'(r, t-t,,a") +Ww'(r, t- t,, a,),
t,<t<t.. (21)

The following obtained expression for normal
displacements at the N-th step is as follows:
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WS(r, t) = Wi(r,t — tyyq, AQuer) +

+Z[Wi(r, t =t ap) —Wr, t — typ, ap)| =
k=1 (22)

N OWi(rt—tgay)
tner Aner) Zk:l—at Aat,

ty <t <ty

~ Wit —

When the parameter At was zero in expression (22), the
expression (19) was used instead. In the case when a static
load was applied along the radius a, to the surface of the
half-space, two more terms would be added to the integral
on the right side of (19):

wh(r, a)-wir, t, a). (23)

The first of them described the field of normal dis-

placements in the Hertz contact problem:

W (r,a0) = =241 (L), 24)

TR ay
The second term corresponded to the removal of this
load at the initial moment. Therefore, the expressions for
normal displacements during gradual loading of the half-
space due to normal velocities of surface points during its
instantaneous loading and normal displacements in con-
tact interaction were obtained.

RESULTS AND DISCUSSION

The relationship (19), addressing (23), was utilised to con-
sider the evolution of normal displacements for different
laws of change in the radius of the loading area a = a(t).
However, this study only focused on the case when the
dependence of the radius of the loading area on time is a
monotonically decreasing function, which corresponds to
the process of unloading the half-space (Fig. 4).

Figure 4. The gradual unloading
of the elastic half-space
Note: a=a(t) is the radius of the loading area; §=5(t) — the
law of change in the penetration depth of an equivalent
indenter; §, - the initial value of the depth of the
penetration
Source: developed by the authors
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In this case, to achieve the goals formulated in the in-
troduction, it is sufficient to determine the function (11)
and its partial derivative only at p< 1, since only the normal
displacements of points that currently belong to the load-
ing area are considered in this study. In practice, it is better
to set not the law of change in the radius of the contact
area, but the law of change in the penetration depth of an
equivalent indenter 8, which, following the Hertz’s theory,
is related to the radius by the relation:

5=a%R. (25)

Three partial dependencies § =§(t) will be considered,
namely 8 =3,(1-t/T) - uniform unloading, 5 =5,(1-(t/T)*) -
uniformly accelerated unloading and & = § cos(mmt/((2T))).
The last expression accurately approximates the depend-
ence, which follows from Hertz’s quasi-static contact the-
ory, of the penetration depth as a function of time during
the collision of two elastic balls moving by inertia (John-
son, 2012). Here, 3, is the initial value of the depth of the
penetration, and T is the period of unloading. In the case
of unloading, relation (19) can be represented in a dimen-
sionless form considering (23):

w (r t) _
2 = =21(0) + 15 [0 = [y 4@, (3555 4]
T < Toges (26)
where
r__r_ = CrRt _ _CRC ’
ag R60 2a0 R60
,6(t 6(21 R60
(27)

af(p 7) CRT
fe(p,1) =——, o,
During the calculation of the function value, the order
of the integration and derivation operations in (11) can be
changed and performed analytically. Thus, the determina-
tion of f values is reduced to simple (not multiple) inte-
grations, similar to those that arise when calculating the
antiderivative of function f. A three-dimensional plot of
-f(p, ) on the square [0,1]x[0,1] is shown in Figure 5.

Figure 5. Surface -f (p, 7) for v=0.3
Source: developed by the authors
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Figure 6 shows a plot of the same function but in the
form of isolines. As can be seen, this function is bound-
ed and continuous everywhere, except for the point p =0,
t=1/2, where a finite gap is present along the axis 1. The
advantage of representation (26) in comparison with other
possible methods for the solution of the problem of gradual
loading/unloading of a half-space is explained by the fact
that, in addition to dimensionless variables, the function f,
depends only on the Poisson ratio as a parameter and can be
easily tabulated. Thus, the calculation following (26) is re-
duced to the integration of a bounded, continuous function.

T 0
1
08}
i 2
0.6k
0.4 3
4
6
5
1 1 (C

0.6 0.8 P

Figure 6. The isolines
of a dimensionless function -f, (p, 7)
Note: the values of the function are indicated near the
isoline
Source: developed by the authors

The representation (26) also shows that the only pa-
rameter significant for the process, in addition to the
Poisson ratio, is the dimensionless period of unloading
7 .» which is equal to the number of diameters of the in-
itial loading area that the Rayleigh wave travels during
the unloading time. In addition, based on (26), for random
dependence d = d(zr), which is monotonically decreasing
to zero, it can be proved that in the limiting case, when
7., the distribution of normal displacements tends to the
distribution given by Hertz’s theory for the current val-
ue of the penetration depth. The depth of penetration (
d =./1—1/Tpa,) When > 1 is demonstrated in the exam-
ple of the linear law of decreasing. In this case, the first
two terms on the right side of (26) on the loading area
completely compensate for each other. However, f(p, 7) #0
at p< 1, when r< 1. Considering the dependence d=d(7), it
is possible to conclude that the integrand in the remain-
ing term is nonzero on a narrow interval 7, <7 <z, where

1 T 1
T, =T— 1- t+——=71— [1—
2Tmax Tmax  4Tmax Tmax

Hence, d(7) ~ d(r) and:

g . .
ke I ot Lol S

Running the integration in (28), the required results
are obtained. It also follows from the above reasons that
the magnitude of the deviation of the displacements caused
by the gradual removal of the load from Hertz quasi-static
displacements is of the order of 7! .

Figures 7-10 show the distributions of the displace-
ments “under the indenter”, which were calculated using
linear (26) (Fig. 7 and 8) and quadratic (Fig. 9 and 10) un-
loading laws corresponding to different speeds. For com-
parison analysis, the dashed lines indicate the surface
profiles of the loading area given by Hertz’s theory for the
corresponding penetration depth of the indenter.

Each pair of solid and dashed curves corresponds to a
fixed time O<z<z . For example, in Figure 7, which cor-
responds to constant indent speed and r,_the five such
pairs for time points t=1,7=3,7=5,7=7 and 5 —> =9 are
represented. The lengths of curves decrease with time as
the size of the load area also decreases. This fact is indicat-
ed by the upper dashed outline. The lower dashed contour
corresponds to the distribution of displacements in Hertz’s
static contact problem. The curves in each pair are similar,
only slightly shifted relative to each other in the vertical
direction. In other words, there is an almost constant ver-
tical gap between them. This gap means that the dynamic
distribution of normal displacements lags behind the qua-
si-static Hertzian distribution. Moreover, for a constant
speed of removing the indentor, this lag decreases until the
end of the unloading process.

A comparison of Figures 7 and 8 (the latter also shows
data for a constant indenter speed but with ¢,_) indicates
that with an increase in the indenter speed, the difference
between the dynamic and quasi-static distributions in-
creases.

r/ag

0.2

0.4

0.6

0.8

W/ 50

Figure 7. The normal displacements of points of loading
area for the law §=§, (1-7/10)
Note: 1 —»1=1,2—1=3,3—>1=5,4—>1=7,5—1=9
Source: developed by the authors
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W/ 60

Figure 8. The normal displacements of points
of loading area for the law §=35 (1-7/5)
Note: 1 -»1=0.5,2—11.5,3—>1=2.5,4—1=3.5,5—>1=4.5
Source: developed by the authors

This conclusion remains valid even with uniformly
accelerated movement of the indenter (see Fig. 9 and 10).
Only in this case, the gap between the distributions in-
creases until the end of the unloading process. A similar
behaviour of the deviations of normal displacements is also
characteristic of the dependence &= 5 cos(mt/(27, ), except
that in the last case in the second half of the unloading pe-
riod, there is a noticeable tendency to their decrease.

0

.2 0.4 0.6 0.8 r/ag
=T

T T T T T T
> ]

4 — ~
:_:‘/ ~ J0.2

0.4

T
~

0.6

0.8

W/ 60

Figure 9. The normal displacements of points
of loading area for the law §=§ (1-7/10)?
Note: 1 »1=2,2—1=5,3—>1=7,4—1=9
Source: developed by the authors

0.2 0.4 0.6 0.8 r/ay
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Figure 10. The normal displacements
of points of loading area for the law §=3§, (1-7/5)*
Note: 1 »1=1,2—1=3.5,3—1=45
Source: developed by the authors
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As expected, the deviations between quasi-static
movements and movements caused by the gradual removal
of the load increase with a decrease in the period of un-
loading. However, another regularity is noteworthy: at any
fixed moment, these deviations are practically independ-
ent of the radial coordinate, i.e., the surface profile upon
gradual removal of the load repeats the profile of an imag-
inary stamp, but at a slightly greater depth, depending on
time. The latter suggests that by reducing the amplitude of
surface forces, but leaving their distribution along the ra-
dial coordinate unchanged, it is possible to achieve a match
between quasi-static and dynamic displacements. Setting
instead of (15) the pressure in the form:

p(r,t) = kpo(t)yy1—1r2/a?(t),r < a(t), t >0,

It is necessary to select a coefficient from the condition
of the least deviation of the displacement of the points of
the surface of the half-space from the profile of the indenter.

Since the magnitude of the deviation varies with time,
the coefficient k, in general, should be considered as a func-
tion of time. But for sufficiently long periods of unloading,
a reasonable solution to the problem can be obtained, as-
suming that k is constant. In this case, this coefficient is
the recovery coefficient during unloading of the half-space.
The difference of 1-kis the ratio of the energy carried away
by elastic waves from the contact zone during unloading to
the total initially accumulated energy of elastic deforma-
tion of the half-space.

The calculations were carried out for all three types of
half-space unloading according to the proposed scheme. As
a criterion for determination of the value of the coefficient
k, the coincidence of the normal displacements of the half-
space surface points and the corresponding indenter points
averaged over the radius and over the complete unloading
time was chosen, i.e.:

29)

[T de [7O (wg () =@ (r,a(t)) ) rdr = 0. (30)

As such, the value depends not only on the dimension-
less period of unloading , _but also on its nature. For the
linear law of change in the depth of penetration the coef-
ficient k is equal:

ko~ 25 (31)

Tmax
for the other two laws, it is equal:

ko~ 22 (32)

5
Tmax

(in the case of uniformly accelerated unloading, the value
is slightly less than in the case of inertial movement of the
indenter). It should be noted that expressions (31)-(32)
make sense only for sufficiently large periods of unloading
(z,.,> 10). Otherwise, even for the optimal value, the devia-
tions at certain points in time become comparable with the
magnitudes of the displacements themselves.

However, the dimensionless contact period 7, is in-
versely proportional to the ratio of the speed of insertion/
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removal of an imaginary indenter and the speed of elastic
waves in elastic space c,. Therefore, the results obtained
qualitatively coincide with those known from the litera-
ture, for example, those obtained by I.I. Argatov (2012),
stating that the part of the energy spent on the formation
of elastic waves increases with increasing this ratio. L.I. Ar-
gatov (2012) carried out an asymptotic analysis of the in-
teraction of an elastic half-space with a slowly moving rigid
spherical indenter. The superseismic and subsonic phases
of interaction were considered separately. For each of them,
the expressions for maximum penetration, contact time,
and contact force dependence on time are derived. Based
on the obtained relations, the above statement on the neg-
ligence of the superseismic phase can be questioned.

Therefore, the conclusion reached by H. Xie et
al. (2022) on the independence of the maximum pressure
from the indenter speed could be derived from the method
used. At the same time, calculations of this study confirm
the conclusion of K.L. Johnson (2012) on the insignificance
of the contribution of the superseismic phase to the overall
picture of contact interaction. Attempts of rectification of
Hertz’s theory for the case of dynamic contact were made
repeatedly. An analysis of earlier studies was conducted by
K.L.Johnson (2012). In particular, the time of the so-called
super seismic phase, when the boundary of the contact area
moves faster than elastic waves, was determined as negli-
gible. In addition, it is noted that for indenter velocities of
an order of magnitude lower than the elastic wave veloci-
ties in the half-space, the quasi-static Hertz theory gives
a good approximation. The applicability criterion for such
an approach, which is called Love's criterion, is given in the
fundamental paper of K.L. Johnson (2012). According to
this criterion, it has the following formulation: Hertz's the-
ory approximates the real distribution of contact pressure
more accurately, that the smaller the ratio of the approach
(retreat) velocity of the bodies V to the characteristic value
of the elastic wave velocities inside the bodies themselves
¢, The physical implication of this criterion determines
that the more times the elastic waves return to the point
of impact during the contact time (it is reflected from the
distant boundaries of the bodies) the more the deforma-
tion process can be like static deformation. As K.L. John-
son (2012) pointed out, this criterion is true even if the di-
mensions of one of the bodies are so large that during the
time of contact, the waves do not have time to return to the
point of impact.

C. Zhao (2011), Y. Shen & V. Giurgiutiu (2014) proved
that an example of the practical application of the results
of dynamic contact mechanics was non-destructive ultra-
sonic testing and monitoring. However, the determination
of contact stresses in the case of the exact formulation of
the corresponding boundary value problems of the dynam-
ic theory of elasticity is accompanied by overcoming some
mathematical difficulties. H. Jalali & P. Rizzo (2021) con-
cluded that one of the characteristic features of non-sta-
tionary contact problems is the dependence of the size, and
sometimes the shape of the contact area concerning time,
which cannot be deducted in advance. Y. Yang et al. (2019)

and Q. Peng et al. (2021) determined that the absence of
relatively simple analytical expressions for contact stress-
es that consider local dynamic effects is the reason for the
practically uncontested use of Hertz’s quasi-static theory
of impact in applied problems.

Thus, the obtained results of calculations and
graphical dependencies obtained on their basis indicate
that the gradual removal of the load from the surface of
the elastic half-space has been achieved and the Hertz-
ian pressure can be determined sufficiently accurately
by the proposed method.

CONCLUSIONS

In the course of the research, an efficient method for calcu-
lating normal displacements in the area of loading during
dynamic contact interaction of elastic bodies was devel-
oped. This method is based on exact solutions to non-sta-
tionary problems and holds practical significance for mod-
elling structures operating at high velocities. The only
significant parameter in the problem of gradual loading
(unloading) of an elastic half-space, excluding the Poisson
ratio of the material of the half-space, is the dimensionless
loading (unloading) period z, , which is equal to the char-
acteristic diameter of the loading area, which the Rayleigh
wave travels during the loading (unloading) time. With a
gradual removal of pressure, the normal displacements of
the points of the loading area always lag behind the cor-
responding quasi-static values given by Hertz’s theory,
and this lag is proportional to 7} for large values of the
dimensionless period of unloading. This phenomenon of
inertia of points on the surface of the half-space leads to
a decrease in the contact pressure compared to the Hertz
pressure when the indenter is removed (it is logical to as-
sume that when the indenter is deepened, the inertia of
the surface of the half-space leads to an increasing in pres-
sure). For sufficiently long periods of unloading (z, > 10),
the deviation of normal displacements from its quasi-static
value is practically independent of the radial coordinate,
i.e., uniform over the loading area, independently of the
unloading law. For long periods of unloading, the ratio of
the energy spent on the formation of elastic waves to the
total energy of the initial elastic deformation is described
by the expression Cz}! , where the constant value of C is
different for different laws of unloading.

Considering the rapid development of computing
tools, it seems promising to study this problem using the
finite element method. This approach will not only allow
us to compare numerical results but also suggest the time
dependence of the penetration depth of a real, rather than
imaginary, stamp. The latter, in turn, will make it possible
to perform a more accurate assessment of the energy of
elastic waves using the proposed analytical method.
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MocTynoBe 3HATTA 3 NOBEPXHi NPY)>XHOro NiBnpocTopy TUCKY lepua

AHoTaUiA. BusHaueHHS KOHTAKTHUX HAIMIPYKeHb IIPY HECTAlliOHAPHOMY IMHAMiYHOMY HaBaHTasKeHHi MPY>KHUX TiJl Ma€e
BUpIIIaJbHe 3HAUEHHS )i MOJIeMIOBAaHHST KOHCTPYKIIil TPY BUCOKUX IIBUIKOCTSIX, aJie e MOB’S13aH0 3 MaTeMaTUYHUMMU
TPYIHOIAMM Yepe3 3a/IeXKHICTh Bif yacy i yacto HeBimomi po3mipu Ta Gopmy KOHTaKTHOI obmacti. OCHOBHA MeTa po6oTH
ToJIsiTasa B TOMY, 1106 Ha OCHOBI TOUHMX PO3B’SI3KiB HeCTal[iOHapHUX 3a4,a4 JJIsI TPYKHOTO MiBIIPOCTOPY OTPUMATH OL[iHKY
BeJIMYMHY YaCTMHY eHeprii, 1Ka BUTPaua€ThCs Ha yTBOPEHHS XBWJIb ITiJ] YaC KOHTAKTHOI B3a€EMOJii IPY>KHMUX Tis. 17151 IbOTO
3a JI0IIOMOTOI0 IlepeTBOPeHHs XaHKeJs 3a pafiabHOI0 KOOPAMHATOIO Ta IlepeTBOpeHHs Jlamiaca 3a 4acOBOIO 3MiHHOIO
PEKOHCTPYIOBAHO PO3B’SI30K IONATKOBOI 3a7aui — 3a7a4i PO MUTTEBE HAaBAHTasKeHHS MiBIIPOCTOPY. 3aITPOIIOHOBAHO METOT,
3HAxXO/KeHHS IlepeMillleHb y IIPY>KHOMY IiBIIPOCTOPI, SIKMIi TIOCTYIIOBO HABAHTAXKYEThCS (DO3BAHTAXKYETHCS) KOHTAKTHUM
tuckoM 'epuia. Mloro HasBHiCTb J03BO/MIA IEPEITH N0 PO3B’SI3aHHS OCHOBHOI 3aayi — 3ajaui HOCTYIOBOrO HaBaHTaKeHHs
noBepxHi miBnpoctopy TuckoMm epiia. OGIrpyHTOBAHO MOSKJIMBICTh 3MiHUM MOPSIAKY oTepailiii qudepeHIitoBaHHS Ta
iHTerpyBaHHS B OTPMMaHOMY IIpe/ICTaBIeHHi Ha OCHOBI BJIaCTMBOCTeI MifiHTerpasa. Po3misiHyTO BUnaiku, KOy MBUIKICTb
iHIeHTOpAa MOCTiiiHa, KOJIM J10TO pPyX PiIBHOMIPHO NMPUCKOPEHMI i KO PyX BiATIOBila€ 3aKOHY IeplIoi YBepTi rnepiony
KOCMHYca B Yaci. 3p061eH0 BUCHOBOK, 1110 PO3IOLiI AMHAMIYHMX KOHTaKTHUX HaMpPYKeHb MOAiI6HMIT 10 po3mofiny Iepiia.
3po6sIeHO OLIiHKY YaCTMHY €Heprii, [0 BUTpayaeThCst Ha GOPMYBaHHSI IPYKHUX XBUJIb, IJIST Pi3HMUX 3aKOHIB PO3BAaHTasKeHHS.
ITpakTHYHe 3HAYEHHSI pOOOTH IMOJISITa€ B pO3po61li eeKTUBHOIO METOAY PO3PAXyHKy HOPMaIbHUX MepeMillieHb Ha
IiJISTHIII HABaHTa)KEeHHS TIPY JMHAMiUHiii KOHTaKTHii B3a€MOIii IIPY>KHUX TiJI, 110 MOKe OYTM I[iHHUM JIJIs1 MOZ€TI0BaHHS
KOHCTPYKIIili, IKi IPAIIOI0Th 3 BUCOKMMU HIBUAKOCTSIMMU
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Dynamic analysis of the joint movement
of the hoisting and slewing mechanisms
of a boom crane

Abstract. To increase the productivity of boom cranes, the operation of individual mechanisms is combined. At the same
time, dynamic loads on structural elements, drive mechanisms and loads on a flexible suspension increase, which reduces
the reliability of crane operation and increases energy losses. Therefore, the research aims to consider the problem of
the dynamics of the joint movement of the mechanisms for load slewing and hoisting of a boom crane. To study the
dynamics of the joint movement of the mechanisms, the boom system was represented by a mechanical system with
6DOF, where the basic movement of the mechanisms and the oscillatory movement of the structural links with elastic
and dissipative properties, as well as the load on a flexible suspension in the plane of crane slewing and hoisting were
considered. For such a mechanical system of a crane, the differential equations of the joint motion of the crane slewing
and hoisting mechanisms were developed. The obtained equations are a system of the second order nonlinear differential
equations, for solving which a numerical method in the form of a computer program was used. Using the developed
program, the dynamics of the joint movement of the mechanisms of a jib crane with specific numerical parameters
were calculated. Based on the calculations, a dynamic analysis of the joint movement of the mechanisms for slewing
and hoisting the load of a jib crane with a hoisting boom was carried out, which revealed high-frequency vibrations of
links with elastic and dissipative properties, as well as low-frequency oscillations of the load on a flexible suspension.
The greatest impact of oscillations is observed during the start-up of mechanisms, where high-frequency oscillations
dampen during the transient process, and low-frequency oscillations dampen over a fairly significant period. To improve
the dynamic properties of the mechanisms for turning and hoisting a load during their joint movement, it is proposed to
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Dynamic analysis of the joint movement...

optimise the mode of movement in the areas of transient processes (start-up, braking). The research results can be used
in the development and operation of cranes in mechanical engineering, construction, and other industries

Keywords: tower; drive; slewing; load; flexible suspension; oscillation; amplitude

INTRODUCTION

Heavy loads are moved by various types of cranes: over-
head, container, rotary and tower cranes. They are used in
industry and construction. To increase the productivity of
boom cranes, the combined operation of several mecha-
nisms is often used. T. Yang et al. (2019) found that, in par-
ticular, it is quite common to combine the operation of the
load hoisting mechanism and the crane’s slewing mecha-
nism. At the same time, with such operation of crane mech-
anisms, dynamic loads increase in their drive elements
and structures. These loads have a significant impact on
the reliability of the structure and energy consumption.

M. Ambrosino et al. (2020) traced the relationship be-
tween performance and dynamic loads in a crane system.
O. Podolyak et al. (2022) investigated the dependence of
the dynamic load on the crane on the swing movement
of the load. Mathematical methods were used to build a
mathematical model of motion dynamics describing the
transient processes of the DEK-251 diesel-electric crawl-
er crane (Soviet Union). The dynamic loads are estimated
according to the design schemes. V. Lovejkin et al. (2020)
focused on the dynamic analysis of flexible crane systems
with programmable constraints. It is established that dur-
ing the start-up process, oscillations occur that can affect
the capacity and reliability of the crane. It is proposed to
optimise start-up modes to reduce oscillations and im-
prove performance. Q. Wu et al. (2020) considered the dy-
namic analysis of a crane with a double pendulum and a
distributed mass beam.

Therefore, the need to study the dynamics of boom
cranes when the mechanisms for hoisting and slewing the
crane are in operation is determined. It is necessary to
consider the low-frequency oscillations of the load on a
flexible suspension and the high-frequency vibrations of
links with elastic and dissipative elements.

To improve the efficiency of a crane system (speed and
positioning accuracy, etc.), the angular oscillations of the
load must be kept within small limits, which is achieved
by using a controller (Zhang, 2019). Research on the con-
trol of crane systems is widespread and long-term. Howev-
er, most control methods have been proposed mainly for
overhead or container cranes (Jaafar et al. 2019), and the
number of control methods for tower cranes is much small-
er than for overhead cranes. The strength and wear of the
crane and its parts: body, jib, and boom, can be assessed
by numerical analysis (Buczkowski & Zyliriski, 2021).

A. Mohammed et al. (2019) suggested a method for
controlling the input signal alongside a logic algorithm
strategy for tuning the acceleration of a trolley. The pol-
ynomial function is defined as an input to accelerate the
trolley to move the load along a certain trajectory that

meets the system constraints while achieving the desired
end conditions. X. Wang et al. (2019) proposed a unified
symplectic pseudospectral method for motion planning
and control of 3D-guided overhead cranes. I. Umaru et
al. (2021) showed a hybrid control system for oscillation
damping and precise positioning of the trolley in gantry
crane systems. The hybrid control system combines the
formation of an input signal with zero oscillations and
the zero derivative of oscillations to suppress oscillations.
A. Mohammed et al. (2023) demonstrated an optimised
controller using a multi-objective genetic algorithmic op-
timisation strategy. The purpose of the proposed method
is to minimise the residual oscillations of the crane load
that occur when the load is moved from one position to
another, starting from non-zero initial conditions.

Thus, the problem of determining the actual dynamic
loads that arise during the joint operation of the crane
hoisting and slewing mechanisms is quite relevant, as it
reflects the real conditions of boom cranes during oper-
ation. Therefore, the research aims to determine the dy-
namic loads in the elements of boom cranes during the
joint operation of the mechanisms of the hoisting and
crane slewing.

MATERIALS AND METHODS

The boom system of the crane was represented by a me-
chanical system consisting of absolutely rigid links of the
crane slewing and hoisting mechanisms. At the same time,
the traction rope of the hoisting mechanism has elastic and
dissipative properties, and the flexible load suspension os-
cillates in the crane outreach and slewing plane and has
dissipative properties. In addition, the slewing mechanism
drive has elastic and dissipative properties. All the ele-
ments of the drive of the hoisting mechanism were con-
nected to the axis of the drive drum, and the drive of the
slewing mechanism to the crane’s rotation part (column).
The hoist rope forms a poly-sling system in which the load
is suspended.

Based on the aforementioned, Figure 1 shows a dy-
namic model of the boom system with the combined move-
ment of the slewing and hoisting mechanisms, which has
6 degrees of freedom. The generalised coordinates of this
system are the angular coordinates of the rotation drive a,
the drive of the hoisting mechanism }, the crane rotation
part ¢, the load slewing y and the linear coordinates of the
load centre of mass when moving in the plane, where coor-
dinate x changes and hoisting in the vertical plane u.

The boom system is subject to the driving forces of
the crane’s slewing drive mechanisms M, and load hoisting
M,, as well as the torque of the resistance forces in the

Machinery & Energetics. Vol. 14, No. 4

4



V. Loveikin et al.

swivel part of the crane M, and the mass of the load with
the gripper and the bock-and-tackle system. In addition,

elastic and dissipative forces act in the elastic elements of
the drive mechanisms and the flexible load suspension.

Figure 1. Dynamic model of a boom system
with simultaneous movement of the turning and hoisting mechanisms
Note: generalised angular coordinates of the drive of the slewing mechanism ¢, drive of the load hoisting mechanism g, the
rotation part of the crane ¢, rotation the load y and the linear coordinates of the centre of mass of the load when moving in the
plane of starting position change x and hoisting in the vertical plane u; driving forces of the crane slewing drive mechanisms
M, and load hoisting M,, moment of resistance forces in the rotation part of the crane M;; I,, I, — the moments of inertia of the
drives of the crane’s rotation part and the drive drum of the hoisting mechanism, respectively, are reduced to the axes of the
slewing and hoisting mechanisms; I, - moment of inertia of the crane slewing part relative to its rotational axis; y - vertical
coordinate of the load’s centre of mass; z — initial value of the load starting position; v — angular coordinate of deviation from
the vertical of the poly-sling system of the load hoisting mechanism; C,, C, - the stiffness coefficients of the drive mechanisms
for rotation and hoisting the load are reduced in accordance with the axes of rotation of the crane and the drive drum of the

hoisting mechanism; A, B, C - initial, intermediate and final positions of the load during movement

Source: compiled by the authors

To build a mathematical model of the joint movement
of the load hoisting and crane slewing mechanisms, repre-
sented by the dynamic model in Figure 1, the second order
Lagrange equations were applied:

40T o _ .. 9P _OR
dtga da 1 oa oa’
daT 9T _ P dR
deop op 2 op op’
dar  or P 9R
dag a9 0 ag  o¢
doT 9T _ 9P OR 1)
deoy oy oy oy’
49T 9T _ 9P 4R
dtox  ox  ox  0x’
daT 9T _ 9P R
atgu ou  ou  ou’

where T, P, R — are the kinetic and potential energy of the
system, respectively, and the Rayleigh dissipative function;
M,, M, - driving torques of the drive mechanisms for crane
slewing and hoisting, summed up according to the rota-
tion part of the crane and the drive drum of the hoisting
mechanism (torques M, M, are determined from the me-
chanical characteristics of electric motors according to the
Kloss formula (Lovejkin et al., 2020)); M, — the moment of
resistance forces in the rotary part of the crane, reduced to
the rotation axis.

The kinetic energy of the boom system during the joint
movement of the mechanisms for rotation and hoisting the
load was expressed through generalised coordinates and is
represented by the following dependence:

1, . 1 5 1 H 1 . . H
T=-La®+, L%+ ¢+ m(¥* + 5% +9%x), (2)

where I, I, - the moments of inertia of the drives of the
crane’s rotation part and the drive drum of the hoisting
mechanism, respectively, are reduced to the axes of the
slewing and hoisting mechanisms; m - load mass; I, — mo-
ment of inertia of the crane slewing part relative to its rota-
tion axis; y — vertical coordinate of the centre of load mass.

The potential energy function of the joint movement

system of the slewing and hoisting mechanisms:

P=:
2

Ci(p—a)®+ % C,(nu-pr)? —mgucosv, (3)
where C,, C, - the stiffness coefficients of the drive mech-
anisms for rotation and hoisting the load are reduced fol-
lowing the axes of rotation of the crane and the drive drum
of the hoisting mechanism; r - radius of the drive drum of
the load hoisting mechanism; n — multiplicity of the load
hoisting mechanism; g — free fall acceleration; v — angular
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coordinate of deviation from the vertical of the block-and-
tackle system of the load hoisting mechanism.

The Rayleigh dissipative function is expressed by the
following relationship:

=1by(p—a) +ib(nu=pr) +1bv2 (4

where b, b,, b - Dissipation coefficients of elastic ele-
ments, respectively, of the drives of the mechanisms for
slewing and hoisting the load, as well as the flexible load
suspension.

To find the coordinate of the deviation from the verti-
cal of the load rope (block-and-tackle system) (Fig. 1), the
following geometric relationships are used:

AB =x-7; BC = x(¢ —¥); 2ABC =2 -2, (5)

AC =VAB? + BC?
= [G-22 +x2 @ - 9 20— Dx@ - ) sin Y

Since during the operation of cranes, the deviation of
the load rope from the vertical does not exceed 12°, then
it is possible to assume sin £=* w =2 w which will result in:

—2AB-BC-cos £ABC =

AC = J(x =2 +x2(§ —P)* = x*($ — ) + 2x(p — ¥)? =
=/ =2 + zx($ — )*. (M)

Given the latter expression, the angular coordinate of
the deviation of the block-and-tackle system from the ver-
tical was determined by the dependence:

N e LR ) o) ®

where z — initial load starting position.

Dependencies were used to determine the vertical co-
ordinate and velocity of the centre of mass of the load dur-
ing the joint operation of the mechanisms for hoisting the
load and the crane slewing:

Y=Uucosv; y =1 cosy - vusinv. 9)

The derivatives of the kinetic energy required for the
system of equations (1) are found:

ar _or _or _

oa 0B 0 a¢ 0__m1p26 —myau (10)
§—Z=11a —Izﬁ —I3¢;g—£=mx21/}; (11)
=mi; o =my s =my (12)

e e (13)
%Z—; = mx2) + 2mxxy; :t ZT mi; (14)
g = Mt M (1)

Several derivatives included in expressions (9)...(15)
were found:

dy .0V . . vy . e
2= 4 sinv — o+ ua) SinV —uv——cosv;

u u u
dy v . (16)
—— = COSV —UuU_—Sinv.
u u

y=ticosv - uvsiny - vusiny - tvsiny -v2ucosy = ficosy -

- 2uvsiny -vucosy - vusinv. a7

Partial derivatives of the potential energy of the sys-
tem were taken, which was expressed by dependence (3):

aP

= =9 a); 2 aﬁ = —C,r(nu— Br); (18)
Z_Z = Cyn(nu — Br) —mg(cosv — uZ—Zsinv); (19)
%_ C1(¢—a)+mgusmvg¢ (20)
:—;—mguﬁsmv a—P—mgug—;sinv. (21)

Expressions (18), and (21) contain partial derivatives
of the function of the load rope deviation from the vertical
by generalised coordinates. These derivatives were deter-
mined:

1
= = —2)* + 2x(d — )% (22)
ov _ 1 zx(¢—¥) .
¢~ uJx—2)2+zx(p-P)2’ (23)
o _ 1 zx(¢-Y) . (24)
P uJ(x=2)2+zx(p—-9)%’
v _ 1 (x-2)+z(-)2/2 25)

ax ~ uJ(x-2)2+zx(P—P)Z

Partial derivatives of the Rayleigh dissipative function:

Z—Z = —by (¢ — @); Z—; = —b,r(ni — Br); (26)
oo = byn(nit— fr) + bv 3, @7)
g—g=b1(¢—d)+bv:—; (28)
=V s = 29)

Angular rate of deviation of the load rope from the
vertical:

v=— {(x—z)-x+z[Je(¢—w)Z/2+x(¢—w)(<i>—fp)] _
v V=27 +zx(p—)?
‘U= (x = 2)% + zx(¢ — P)? } (30)

The partial derivatives of function (30) are taken, and
the result is:

v

a 1
rink iR CRRI L (Rl D €2
ap 8¢ u (x—2)+zx(p-9)?’
ov _ov _ 1 z@-Y) .
oy~ oy uJ(x=2)2+zx(p-P)?’ (33)
v _ v _ 1 x+z[(p-)?/2-1] (34)

9% o9x u (x—2)2+zx(p—P)2
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After substituting expressions (9), (10), (14), (15),
(18)..., (21), (26), ... (29) into system (1), a system of dif-
ferential equations of motion of the joint movement of the
mechanisms for slewing and hoisting the load of a boom
crane is obtained:

11‘? =M; +Ci(p—a)+ b (¢ —a); )
LB =M, + Cyr(nu — fr) + by(nit — fr);
I;p = =My — C,(¢p — ) — mgu%sinv -
i . . 0v
—bi(¢p— ) — bvﬁ,

- i v . .0
mx% + 2mxxy = —mgu#smv - bvé; (35)
mi — mxp? = —mgu%sinv - bv%;
m(iicos v — 2uv sinv — v2ucos v — u sinv) cosv =

= —Cyn(nu — Br) + mg(cosv — uZ—Zsinv) -

—byn(nit — fr) — bv 2.

The resulting system of second-order differential
equations is nonlinear and cannot be solved by analytical
methods, so a numerical method is used to solve it, which
is presented in the form of a developed computer program
in the Wolfram Mathematica software. The following initial
conditions for the joint movement of the mechanisms for
slewing and hoisting the load are used:

Ug-4

t=0,a=24=0p=2%p=0p="2
Cy r

T

. . (36)
U=0,x=z=40mx=0,¢p=0,¢ =0, =0, =0.

The calculations of the dynamics of the joint move-
ment of the mechanisms for slewing and hoisting the
load of a boom crane were performed for the following

&, rad/s

"Il

tc
"'5 0 15 20 25
-0.05

-0.10
a)

b) 01 02 03 04 05

V. Loveikin et al.

initial data: I, = 71626.115 kg:m?* I, = 1249.93 kg:m?
I, = 4920738.85 kg'm? C, = 6626669.045 (N-m)/rad;
C,=150796 (N-m)/rad; m = 2000 kg; z=40 m; u=20 m;
r,=0.25m;n=4;M_,=85N-m;M_,=487.5N-m; M  =36.8N-m;
M_,=195 N'm; u, =1355.2; u,=116.56; n,=0.86; 1,=0.85;
w,, = 104.67 rad/c; o, = 157 rad/c; o, = 95.04 rad/c;
o, =153.86 rad/c; A, =2.8; 1,=2.5; b=21-10° %ng;
b1=1-105%"§; b2=1.5-105%"§;g=9.81 m/c?.

RESULTS AND DISCUSSION

As a result of numerically solving the system of differential
equations (35) under the initial conditions of movement of
the mechanisms (36) using the developed computer pro-
gram for a specific hoisting boom crane, graphical depend-
ences of kinematic, dynamic, and energy characteristics
were built. Figure 2 shows the graphical dependences of
the angular velocities of the drive mechanisms for crane
slewing and hoisting, plotted following the axes of rotation
of the crane and the drive drum of the hoisting mechanism.
The angular velocity graph of the slewing mechanism drive
(Fig. 2a) shows that during the 5-second start-up period,
there are alternating speed oscillations with an amplitude
of -0.09 to +0.07 rad/s and a frequency of 1.4 s!, followed
by reaching a steady-state value within 15 s. This mode of
starting the slewing mechanism leads to significant dy-
namic loads in the drive elements and the rotary column.
Since this study considers lowering the load, the drive
mechanism for hoisting the load almost instantly (with-
in 0.1 s) acquires the steady-state angular velocity of the
drive drum (Fig. 2b). In this case, significant dynamic loads
also act, but they take on an instantaneous value and in the
steady-state movement section, the angular velocity of the
drive drum takes on a constant value.

B, rad/s
1.4

1.2
1.0}
0.8
0.6
0.4
0.2

Figure 2. Angular speeds of drive mechanisms

Note: a) slewing; b) hoisting
Source: compiled by the authors

The graphical dependences of the angular accelerations
of the drive mechanisms for crane slewing and hoisting
(Fig. 3) confirm the results of the analysis of the angular ve-
locities of these mechanisms. From Figure 3a, it can be seen
that at the start-up section of the slewing mechanism, the
drive elements exhibit alternating oscillations of angular ac-
celerations with a maximum oscillation amplitude of 1.5 rad/
s2. After the start-up process, the acceleration oscillations of
the slewing mechanism drive dampen and are practically

zero in the steady-state motion area. When the load hoisting
mechanism is started, the angular acceleration of the drive
almost instantly increases to a maximum value of 40 rad/
s? and then instantly decreases to zero. The instantaneous
maximum acceleration of the hoisting actuator is an order
of magnitude greater than the instantaneous maximum ac-
celeration of the slewing actuator, but this action is instan-
taneous without further oscillations, which is not the case
with the slewing actuator, which has damped oscillations.
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Figure 3. Angular accelerations of drive mechanisms

Note: a) crane slewing; b) load hoisting
Source: compiled by the authors

Figure 4 shows the angular velocity and accelera-
tion of a crane slewing column. Figure 4a shows that the
steady-state value of the column’s angular velocity is
reached after approximately 13 seconds of movement. At
the same time, at the beginning of the start-up, within 5
seconds of movement, high-frequency speed oscillations
with a small amplitude are observed. Subsequently, dur-
ing the steady-state movement, there are slight low-fre-
quency fluctuations in the column speed caused by the

¢, rad/s

0.07
0.06
0.06
0.04
0.03
0.02
0.01

t,
5 10 15 20 25°°¢
a)

oscillations of the load on the flexible suspension. At the
start-up section, high-frequency alternating oscillations
of the column’s angular acceleration are observed for 5
seconds of motion (Fig. 4b). Such a change in accelera-
tion leads to the appearance of alternating dynamic loads
in the column during the first seconds of start-up. Sub-
sequently, the acceleration of the column decreases with
minor low-frequency oscillations and tends to zero by the
25% second of movement.

@, rad/s?

0.020
0.015
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0.005

-0.005 5 10 15 20 25
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Figure 4. Angular velocity (a) and acceleration (b) of the crane column

Source: compiled by the authors

The linear velocity and acceleration of the axial
movement of the load (Fig. 5) have a familiar oscilla-
tory character caused by the centrifugal force when the
crane is turning and the action of the horizontal com-
ponent of the load’s gravity when the load rope devi-
ates from the vertical. As can be seen from Figures 5a

x, m/s?
0.15
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0.05

/\

L
0 25

-0.05 5 10 1

-0.10
-0.15

a)

and 5b, these oscillations require a significant duration
of movement to dampen, which is not often enough for
cranes to operate. Therefore, at the end of the crane’s
movement cycle, it is necessary to cease the load oscil-
lations, which takes time and leads to a decrease in the
crane’s productivity.

X, m/s?
0.05 /\
/\ v/ t,c
5 0 15 0 25
-0.05
b) -0.10

Figure 5. Linear velocity (a) and acceleration (b) of the load in the plane of starting position change

Source: compiled by the authors

Figure 6 shows the graphs of angular displacement,
speed, and acceleration of the deviation from the vertical

of the block-and-tackle system of the load hoisting mech-
anism. From Figure 6a, it can be seen that the deviation of
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the load chain from the vertical initially (during the first
five seconds of movement) increases, and then low-fre-
quency oscillations are observed with a decrease in the val-
ue of the deviation. At the same time, the deviation of the
load hoist from the vertical does not change its sign, which
indicates the dominant role of the centrifugal force of the
load when the crane is turning. The rate of change of the
deviation of the hoist from the vertical (Fig. 6b) consists of
low-frequency and high-frequency components of oscilla-
tions in a section lasting up to 5 seconds, and then only the

V. Loveikin et al.

low-frequency component of oscillations remains, which
fading over time. The angular acceleration of the deviation
from the vertical of the load sling (Fig. 6¢) also has a familiar
high-frequency component of oscillations up to 5 seconds
of movement, and after that, insignificant low-frequency
oscillations of acceleration are observed, which practically
dampen by 25 seconds of movement. Moreover, the ampli-
tude of high-frequency oscillations significantly exceeds
the amplitude of low-frequency oscillations of the angular
acceleration of the load sling deviation from the vertical.

v, rad/s? v, rad/s 7, rad/s?
0.04 0.020 0.04
0.03
0.03 0.015 0.02
0.010 :
0.01
0.02 0.005 i V/\ te
0.01 AN\ LN e 001 5~ 1015 20 25
' \/0 19 20 257 002
t,c -0.005 20.03
a) 5 10 15 20 25 b) o

Figure 6. Poly-harness system deviation from the vertical

Note: a) angular changes, b) speed, c) velocity
Source: compiled by the authors

The driving torque of the electric motor (Fig. 7a) and
the elastic torque in the transmission mechanism (Fig. 7b)
of the rotation drive during the start-up phase change in
an oscillatory mode with a high oscillation frequency for
up to 6 seconds. Then, these moments decrease and take
on steady-state values by the 25" second of movement.
The maximum value of the driving torque is 100 kNm,
and the elastic torque in the transmission mechanism
is 120 kNm. Such a change in the driving torque leads to
a significant increase in dynamic loads of an oscillatory

M, N'm
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80000
60000
40000
20000

I t,c
5 10 15 20 25

nature in the structural elements and the drive, as evi-
denced by the graph of the elastic moment in the trans-
mission mechanism, where the maximum value of the
elastic moment is 20% higher than the maximum value
of the driving torque. To reduce the dynamic loads in the
elements of the boom system during the joint movement
of the mechanisms for turning and hoisting the load,
there is a need to eliminate oscillations and increase the
smoothness of the change in the driving torques of the
drive mechanisms.
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120000
100000
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60000
40000
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t,c

—ZOOOOU' 5 10 15 20 25

Figure 7. Crane rotational torques

Note: a) driving, b) elastic
Source: compiled by the authors

Figure 8 shows a graph of the power change of the
slewing mechanism drive, which shows that at the begin-
ning of the start-up, up to 5 seconds of movement, there
is a familiar oscillating character of power change with
its maximum value of 4.0 kW. Subsequently, the power
changes smoothly and by the 25™ second of movement,
its steady-state value is established. The reason for the

oscillations in the power change of the slewing drive
mechanism is the oscillatory nature of the drive torque
change, which depends on electromagnetic transients
in the electric motor. Therefore, to eliminate oscillatory
processes in the boom crane mechanisms, it is necessary
to optimally control electromagnetic transients in the
drive motors.
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Figure 8. Diagram of power variation
of the drive of the turning mechanism
Source: compiled by the authors

The research results obtained were compared with
those of other authors. O. Podolyak et al. (2022) presented
the construction of a mathematical model of the dynamics
of the boom crane movement when three mechanisms work
jointly: trolley movement, slewing, and load hoisting. Dif-
ferential equations of motion are presented that describe
the joint movement of the mechanisms without consider-
ing the elasticity of the links, but no numerical calculations
are used in the constructed model. The study considers the
elastic-dissipative properties of the drive mechanisms for
crane hoisting and turning with the calculation of kinemat-
ic, dynamic, and energy numerical characteristics. At the
same time, a significant influence of oscillatory processes
on the dynamics of movement of the mechanisms for slew-
ing and hoisting loads is shown. V. Lovejkin et al. (2020)
considered a dynamic model of the motion of two mech-
anisms for the trolley movement and crane slewing, which
considers the oscillations of the load on a flexible suspen-
sion, but all other links of the mechanisms are assumed to
be rigid bodies. As a result of the calculation, the maximum
rotation and acceleration speeds were obtained, which are
0.1 rad/s and 0.03 rad/s?, respectively, while in the pres-
ent article, the maximum speed in the slewing mechanism
is 0.07 rad/s and the acceleration is 0.022 rad/s%. N. Sun et
al. (2019) built a mathematical model of the dynamics of
load movement on a flexible suspension. They developed
the differential equations of motion and conducted exper-
imental studies, which showed that the maximum devia-
tion of the load from the vertical is 0.11 rad. In the pre-
sented study, a similar result is 0.041 rad, which is almost
2.5 times less compared to the result obtained by N. Sun et
al. (2019). M. Ambrosino et al. (2020) developed a mathe-
matical model of the dynamics of movement of crane slew-
ing and boom hoisting mechanisms with load oscillations
on a flexible suspension in the plane of the trolley move-
ment and crane slewing. As a result of the calculations, the
maximum values of the load rope deviations from the ver-
tical were obtained, which are 0.047 rad, In the proposed
article, a similar result is 0.041 rad, which is almost the

same as the result obtained by M. Ambrosino et al. (2020).
R. Miranda-Colorado (2021) presents a new robust con-
troller to dampen the oscillation of the deflection angle
of a crane load suspension with a variable cable length.
E. Jarzebowska et al. (2020) investigated the vibrations of
flexible systems with programmable constraints. The auto-
mated procedure allows the analysis of both rigid and flex-
ible systems. An example of a crane with a flexible boom
and programmable constraints is demonstrated. S. Wang et
al. (2019) studied an anti-error device with a triple cable
mechanism for cranes that eliminates the disadvantages
of existing methods of reducing oscillations. J. Wang et
al. (2022) analysed a three-degree-of-freedom anti-er-
ror method for damping crane load oscillations on a ship.
I.A. Martin et al. (2021) developed an anti-error control sys-
tem for a crane on a ship with multiple degrees of freedom.

M. Zhang et al. (2019) developed a dynamic model of
the movement of an overhead crane and simulated the dy-
namics of the movement of a load on a flexible suspension.
The maximum deviation of the load from the vertical was
determined to be 0.094 rad, while in the proposed study
this value reaches 0.041 rad, which is 2.29 times higher
than the result obtained. H. Ouyang et al. (2019) present-
ed a dynamic model of an overhead crane, however, which
is presented in the form of a double pendulum, and equa-
tions of motion describing transient processes (start-up,
steady-state motion, and braking) were developed. The
motion analysis was performed, and the method proposed
by H. Ouyang et al. (2019) and the method of continuous
sliding mode control (CSMC). The method proposed by
H. Ouyang et al. (2019) proved to be better than the CSMC
method, reducing the maximum values of load oscillations
by almost 3.5 times. Comparing the method proposed by
H. Ouyang et al. (2019) with the results obtained in the
proposed study, which are 0.024 rad and 0.041 rad, respec-
tively, it has a 1.7 times lower maximum amplitude of load
oscillations, in contrast to the results obtained in the pro-
posed article. However, it should be noted that the meth-
od proposed by H. Ouyang et al. (2019) is an optimization,
while the proposed article was based on the mechanical
characteristics of the engine (without optimization).

Considering the results obtained in the research and
studies of other authors, it can be stated that the study of
the dynamics of movement of crane mechanisms is rele-
vant, and the results obtained in this article are close to
those obtained by other authors.

CONCLUSIONS

Based on the results of the study of the dynamics of the
joint movement of the mechanisms for boom crane slew-
ing and hoisting, a mathematical model of the dynamics
of the joint movement of the mechanisms for slewing and
hoisting of the load of a boom crane with a hoisting boom
was built, which is a system of six nonlinear second order
differential equations. The developed model considers
the main motion of the drive mechanisms for the crane
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slewing and hoisting the load, as well as high-frequency
vibrations of the links of these mechanisms with elastic
and dissipative properties, as well as low-frequency oscil-
lations of the load on a flexible suspension. The solution
of the system of nonlinear differential equations for the
joint motion of the crane slewing and hoisting mecha-
nisms was found by the numerical method using a spe-
cially developed computer program.

Based on the results of the calculations, a dynamic
analysis of the joint movement of the mechanisms for
turning and hoisting the load of a boom crane was car-
ried out. The dynamic analysis of the joint movement
of the hoisting and slewing mechanisms revealed sig-
nificant dynamic loads in the elements of the drives
and the crane structure during the process of starting
the drive mechanisms. In the slewing mechanism ele-
ments, which have elastic and dissipative properties,
the authors found familiar high-frequency oscillatory
processes of kinematic, power, and energy characteris-
tics that dampen rather quickly. At the same time, the
low-frequency oscillations of the mechanism links and
the load on a flexible suspension decay rather slow-
ly or practically do not decay during the movement cy-
cle. This primarily applies to the load on the flexible
suspension, whose oscillations need to be dampened,
which takes time and reduces crane productivity. When
lowering the load during the start-up process, the hoisting
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mechanism is subject to instantaneous significant over-
loads that do not cause oscillations of the mechanism links.

It has been established that one of the reasons for the
oscillatory processes in the crane slewing mechanism is
the abrupt nature of the change in the drive torque. To
reduce oscillatory processes in the crane elements, it is
necessary to increase the smoothness of the change in the
driving torque of the drive mechanisms. Low-frequency
oscillations of crane structural elements, drive mecha-
nisms, and load on a flexible suspension are recommended
to be calmed by introducing boundary conditions of move-
ment after the passage of transient processes (start-up,
braking). The prospect for further research is to optimise
the modes of movement of drive mechanisms to minimise
dynamic loads on structural elements and eliminate oscil-
lations of the load on a flexible suspension.
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OnHaMiyHM aHani3s cyMicHoro pyxy
MeXaHi3MiB NigioMy Ta NOBOPOTY CTPIZIOBOro KpaHa

AHoTaUiq. 3a/11s TiABUIIEHHS TPOAYKTUBHOCTI CTPITOBUX KPaHiB 3[1i/iCHIOIOTh CyMillleHHS POGOTV OKPEMIX MEXaHi3MiB.
[py 1bOMY 3pOCTalOTh IMHAMIUHI HaBaHTasKEeHHS Ha elleMeHTH KOHCTPYKIIil, IPUBOAHMX MeXaHi3MiB i BAHTa)Ky Ha THYUKOMY
mizaBici, ki 3HMKYIOTh Hai/iHICTh POGOTH KPaHiB i MiABUIIYIOTh eHepreTyuHi BUTpaT. TOMy METOIO CTaTTi 6Y/10 PO3MISTHYTU
3a7javy IMHAMIKM CITIJIBHOTO PyXy MeXaHi3MiB ITIOBOPOTY Ta MiJjioMy BaHTa)Xy CTPiJIOBOTO KpaHy 3 MiZJIOMHOI0 CTPi/IOl0.
JInst mOoC/iAsKeHHS AMHAMIKY CITITBHOTO PyXy MeXaHi3MiB CcTpijioBa cucTeMa 6ysa rnpefcraBieHa MeXaHiuYHO CUCTEMOIO
3 IIiCTbOMa CTYIIeHSIMM BiJIbHOCTI, e BpaXxOBaHO OCHOBHMI PyX MeXaHi3MiB Ta KOIMBaJIbHMI PyX TAHOK KOHCTPYKIIii 3
NPYKHUMM Ta AVUCUIIATUBHUMM BJIaCTMBOCTSIMM, a TAaKOX BAHTa)XKy Ha THYYKOMY ITi/IBiCi B IJIOIIMHI IOBOPOTY KpaHa Ta
migiiomMy BaHTaxXy. 17151 TaKOi MeXaHiqYHO1 CHMCTeMM BaHTKOMIAOMHOTO KpaHa CKIageHo audepeHIiaqbHi piBHIHHS
CYMiCHOTO pyXy MexaHi3MiB IIOBOPOTY Ta MiAiiomMy BaHTaxy. OTpUMaHi piBHSHHS SIBJ/ISIIOTh COO0I0 CUCTEMY HeMiHiITHUX
IudepeHLiadbHUX PiBHSIHD IPYTOTr0O MOPSIAKY, AJIST PO3B’SI3yBaHHSI SIKMX BUKOPUCTAHO UMCETbHUI MeTO, Y BUTSAL
KOMIT'IOTepHOI Iporpamu. 3a JOIMOMOTr0I0 pO3po6ieHO1 ITporpaMu MpoBeieHi PO3paxyHK IMHAMIKM CITIJIBHOTO PyXy
MeXaHi3MiB CTPiJIOBOro KpaHa 3 KOHKPETHMMM YMCI0BMMM ITapaMeTpaMy. Ha 0CHOBI ITpoBeieHOr0 pO3paxyHKy 3/1i/iCHEHO
JOVHaMiuHMI1 aHai3 CIIIJIbHOTO PyXy MeXaHi3MiB IOBOPOTY Ta MiI/ioMy BaHTa)XXy CTPiJIOBOTO KpaHa 3 IMiJjJfiOMHOI0 CTPi/Olo, B
pe3y/bTarTi IKOT0 BCTAaHOBJIEHI BUCOKOUACTOTHI KOMBAHHS JIAHOK 3 IIPY>KHMUMM Ta JUCUIIATUBHUMMU BJIACTUBOCTSIMMU, & TAKOX
HM3bKOYACTOTHI KOJIMBAHHS BAHTaXy Ha THYYKOMY TiaBici. Haii6inbimii BIVIMB KOJMMBaHb CIIOCTEPIraeThCsl B MPOLIEC] ITyCKY
MeXaHi3MiB, [le BCOKOYaCTOTHI KOJIMBAaHHS 3aTyXaloTh [IPOTSTOM II€pexiHOTO MPOLIECY, @ HU3bKOUACTOTHI KOIMBaHHS
3aTyXalTh IIPOTITOM JOCTATHHO 3HAUHOTO MPOMIXKY 4acy. [I/ig MoKpaleHHs AMHAMiIUHMX BJIaCTUBOCTEN MeXaHi3MiB
IIOBOPOTY Ta MiJI/iOMYy BaHTaXYy IiJi 4ac iX CHiJIbHOTO PyXy 3alIPOIIOHOBAHO 3/1i/ICHIOBATY ONTMMi3allil0 PEXXUMY PyXy Ha
IiNSTHKAX TepexigHNX MPOoIieciB (ITyCK, ralbMyBaHHsI). Pe3yabTaT BOCITiIKeHb MOKYTb OyTH BUKOPUCTaHI ITPYU PO3POOIeHH]
Ta eKCIuTyaTallii BAaHTaXOIiI/IOMHMX KpaHiB B MalIMHOOYIyBaHHi, OYIiBHUIITBI Ta iHIINMX raay3six BUPOOHUIITBA
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Research and analysis
of new generation nuclear reactors in the world

Abstract. The research of new nuclear reactors is gaining urgent importance worldwide due to the need for continuous
improvement of technologies to ensure safety, efficiency, and emissions reduction. This is crucial in the context of climate
change and rapid technological development, which demand constant updating and improvement of nuclear energy. The
objective of the study was to analyse next-generation reactors worldwide and identify their advantages and potential
prospects for the future. The research utilized statistical, comparative, and analytical methods. The results of the analysis
considered contemporary technological and safety parameters related to the operation of such reactors, including their
ability to optimize fuel usage, enhance operational safety, and effectively manage radioactive waste. As a result of the study,
fourth-generation nuclear reactors were analysed, including fast neutron reactors using gas cooling, very high-temperature
reactors, reactors using sodium as a coolant, fast neutron reactors with lead cooling, reactors where the reaction occurs
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in molten salt, and supercritical water-cooled reactors. Each of these reactors has its unique features that make them
distinctive in their application. For example, gas-cooled reactors have high productivity due to their ability to achieve
high temperatures without significant pressure. On the other hand, molten salt reactors offer flexibility in using different
types of fuel, including spent fuel, and can help reduce the level of radioactive waste through the use of special materials.
During the analysis, it was noted that fourth-generation reactors, using various cooling and reaction-slowing technologies,
are characterized by high efficiency, low accident risk, and the ability to produce stable electricity. Improved methods of
reaction control open up new possibilities for the efficient production of electricity and increased safety in nuclear energy.
The practical significance of the research lies in the opportunity to enhance modern electricity production technologies
and ensure greater safety and efficiency in the field of nuclear energy

Keywords: nuclear energy; electricity generation; optimization of fuel use; cooling technologies; retarder; reactions

INTRODUCTION

Research on next-generation nuclear reactors plays a
critical role in the development of the energy sector and
ensuring stable and secure energy supply. The increasing
interest in this topic is driven by the constant need for
excellent, environmentally friendly, and efficient energy
sources in the context of global challenges related to cli-
mate change, energy security, and sustainable develop-
ment. In the modern world, urgent questions arise con-
cerning the search for a sustainable and environmentally
clean energy source. The development of nuclear energy
and next-generation nuclear reactors plays a key role in
addressing these issues. The study and exploration of this
topic aim to ensure the safety and efficiency of nuclear en-
ergy use in the future. The accelerated development of new
technologies in this field can open up new opportunities
for energy development, reduce CO, emissions, and create
a more resilient energy supply system. However, alongside
the potential of next-generation nuclear reactors, there
are serious challenges that require comprehensive con-
sideration. In particular, safety issues arise concerning the
effective management of nuclear materials and reactions.
The development of new safety and monitoring systems,
the search for optimal materials for reactor construction,
and effective management of radioactive waste all require
in-depth research and innovative solutions. It is important
to address these aspects to create reliable and safe nuclear
energy systems capable of meeting the energy needs of the
modern world while caring for the environment.
According to the findings of I. Korduba & Zh. Pat-
lashenko (2023), a promising type of next-generation nu-
clear reactor is a sodium-cooled reactor, due to its poten-
tial to provide a high level of energy production efficiency.
The researchers note that this system has significant ad-
vantages in terms of nuclear fuel usage and ensures a more
efficient energy generation process compared to other al-
ternatives. The sodium-cooled reactor is known for its rel-
atively high safety, a key aspect in considering new nuclear
reactor technologies. Its ability to operate at high temper-
atures and maintain reaction stability reflects its potential
as a long-term solution for efficient electricity generation.
In the studies of O. Yefimov et al. (2023), it was also
emphasized that the sodium-cooled reactor demonstrates
high efficiency in using recycled fuel and reducing the

amount of waste. Its high degree of heat utilization and the
ability to use spent nuclear fuel highlight its advantages
in terms of sustainable and environmentally friendly solu-
tions in nuclear energy. This type of reactor has the poten-
tial to enhance safety and reliability due to the specificity
of its technical characteristics and operating principles.

In the work of E.M. Pysmennyi (2018), the importance
of improving technological aspects of the supercritical wa-
ter-cooled reactor was noted. He focuses on the necessity
of developing and implementing innovative approaches
aimed at increasing the efficiency, safety, and reliability of
this type of reactor. The researcher emphasizes that this
plays a crucial role in ensuring the stability and efficiency
of nuclear energy, contributing to the development of more
resilient and safe energy production technologies.

As noted by M. Ladan et al. (2023), a lead-cooled re-
actor based on fast neutron reactions is distinguished by
an increased neutron slowing-down coefficient, contribut-
ing to higher spent fuel yield and reduced risks of reaction
temperature escalation. According to statements, such a
characteristic influences the overall safety of the reactor
and extends its operational lifespan. The study also high-
lighted that the use of lead cooling contributes to the re-
duction of corrosion impact and enhances the reactor’s re-
sistance to external factors.

V.D. Polyakov & T.V. Donyk (2019) assert that a lead-
cooled reactor utilizing the supercritical Rankine steam
cycle demonstrates significant potential for efficient elec-
tricity generation. This approach creates conditions for the
optimal utilization of the reactor’s thermal energy poten-
tial, leading to an overall increase in efficiency. It was noted
that the use of the Rankine cycle in combination with lead
cooling contributes to the elevation of the working fluid
temperature and ensures stability in the reactor’s operation
at high temperatures. These factors contribute to increased
energy output and enhanced overall reactor productivity.

According to N.R. Kostyak (2022), another important
aspect in the context of researching the new generation of
nuclear reactors is not only the development of technolog-
ical solutions but also the consideration of social and en-
vironmental requirements. The emphasis is placed on the
need to implement strategies aimed at reducing environ-
mental impact and increasing societal acceptability. Such
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an approach will promote not only the development of the
energy sector but also the creation of more sustainable and
acceptable energy solutions in the future.

Since the mentioned works did not conduct a detailed
investigation into the specifics of all types of next-gener-
ation nuclear reactors, the aim of this research is to an-
alyse all characteristics that determine the efficiency and
safety of such reactors. Considering the wide range of fac-
tors influencing the operation of nuclear installations, this
work aims to examine each reactor type to identify their
distinctive features. A thorough analysis of specific details
of different constructions will help determine the optimal
direction for the further development of nuclear reactors.
This approach will systematically evaluate the impact of
each reactor type on meeting energy needs and ensuring
environmental safety in the future.

MATERIALS AND METHODS

Within the conducted research, six main types of
fourth-generation nuclear reactors were considered. These
variations include:

1. Fast neutron reactor using gas cooling (GFR).

2. Reactor with very high temperatures (VHTR).

3. Reactor using sodium as a coolant (SFR).

4. Reactor with lead cooling (LFR).

5. Reactor with reactions occurring in molten salt (MSR).

6. Supercritical water-cooled reactor (SCWR).

The methods employed in the research encompassed
statistical analysis, comparative analysis, as well as sys-
tem-functional approach. These methods were applied to
process and interpret data, providing deeper insights into
the characteristics and operational features of next-gener-
ation nuclear reactors. The analysis of the obtained data
allowed the identification of key aspects influencing their
efficiency and safety, determining optimal directions for
further refinement and optimization of reactor operations.
The statistical method was utilized to assess data obtained
during the investigation of nuclear reactors. This facilitat-
ed the identification of relationships between various reac-
tor parameters and their functioning, as well as the deter-
mination of statistically significant dependencies among
factors affecting their performance and safety. This method
enabled the identification of potential and critical points
in reactor operation, defining their operational character-
istics and efficiency.

The comparative method allowed the extraction and
identification of fundamental distinctions between differ-
ent types of next-generation nuclear reactors. This method
unveiled the advantages and disadvantages of each type,
highlighting key characteristics influencing their efficiency
and safety. The results of the comparative assessment can
serve as a basis for selecting the most promising solutions
for further advancements in new reactors. Additionally,
this method emphasized important aspects that aided in
a better understanding of the specific features and poten-
tial capabilities of each reactor, guiding directions for fur-
ther research for maximizing the effectiveness of nuclear

systems. System-functional approach, in turn, facilitated
a deeper exploration of the specifics of each reactor type,
including their main technical characteristics and parame-
ters such as average power density, coolant mass flow rate,
pressure inside the reactor, maximum coolant temper-
ature, and others. This method revealed the dynamics of
each reactor’s operation, indicating their capabilities and
limitations under specific operating conditions. It also al-
lowed attention to be focused on critical aspects affecting
the safety and reliability of reactor operations, as well as
their overall efficiency.

Through the analysis, it was also determined that dif-
ferent types of reactors have their advantages and limi-
tations. For example, high-temperature reactors with gas
cooling may be more efficient in electricity and hydrogen
production, while water-cooled reactors may offer great-
er versatility and have a smaller environmental impact.
The obtained data formed the foundation for conducting
further research and identified the main directions for im-
proving reactor parameters to maximize their productivi-
ty and ensure the highest level of safety. Thus, statistical
and comparative methods, along with system-functional
approach, underscore the significance of further research
and refinement in the field of next-generation nuclear re-
actors. These aspects reveal key factors influencing their
efficiency and safety, emphasizing the need for exploring
new solutions to ensure stability and enhance their func-
tional characteristics.

RESULTS

The growing demand for clean and sustainable energy in
the modern world stimulates continuous efforts to develop
new technologies. The development of a new generation of
nuclear reactors has become a priority to ensure efficient
electricity production. One key aspect of this process is to
increase the thermal efficiency of reactors, contributing to
the optimization of converting nuclear energy into elec-
tricity. This is essential for expanding electricity produc-
tion with minimal impact on the environment and natural
resources (Sahin & Sahin, 2021).

Innovative development in nuclear energy aims to
create a new generation of reactors with improved energy
output while simultaneously minimizing negative envi-
ronmental impact. Modern advanced technologies and re-
actor designs focus on increasing their thermal efficiency.
This means that the efficiency of converting nuclear energy
into electricity will be higher, making nuclear energy more
competitive and suitable for widespread use. Such develop-
ment opens perspectives for an energy system that demon-
strates high stability and environmental preservation. This
form of energy could be a significant step towards reducing
carbon emissions and other pollutants, contributing to the
preservation of environmental cleanliness.

Currently, the efforts of leading countries (such as the
United States, Canada, Japan, and others) in the field of nu-
clear energy are directed towards creating the next genera-
tion of reactors within the framework of international initi-
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atives. The main goal of this project is a significant increase
in the thermal efficiency of nuclear power plants. Modern
reactors have an efficiency of ~30%, while new Generation
IV reactors have the potential to achieve rates of 45% and
higher. This step could have immense significance for fu-
ture energy consumption, providing a more sustainable
and productive use of nuclear energy (Pioro et al., 2019).

This significant collaboration between countries aims
not only to expand electricity production, but also to trans-
form this process into a more efficient and environmental-
ly sustainable one. In particular, the initiative to develop
new systems involves creating and implementing innova-
tive systems aimed at increasing the utilization of nuclear
fuel. It is expected that with the increase in the thermal
efficiency of reactors, electricity production will be more
efficient using the same amount of fuel.

It is worth noting that the creation of a new generation
of Generation IV reactors has a broad spectrum of goals,
including improving the safety and reliability of reactor
systems. In addition to increasing energy production, these

Fast neutron reactor
with gas cooling

Helium

Generator

Turbine
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reactors are oriented towards using advanced technologies
to minimize potential risks of nuclear accidents. Their in-
novative approaches cover not only technical aspects, but
also the creation of comprehensive control and protection
systems aimed at preventing potential problems. This fun-
damental development has significant potential to improve
safety and reliability standards, contributing to stable and
safe electricity production worldwide.

The International Generation IV Forum program has
consolidated possible design concepts for nuclear reactors
into six main types (Kamide et al., 2021). These variations
of nuclear reactors differ from each other in design, neu-
tron type, reagents used, coolant, operating temperatures,
and pressures, providing them with unique characteristics.

Gas-cooled fast reactor. GFR (HTR) is a complex system
based on the use of fast neutrons to generate electricity.
The power of this system lies not only in the generation of
electricity, but also in the possibility of using it to produce
hydrogen (Fig. 1).
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Figure 1. The concept of a nuclear power plant based on GFR

Source: W. Jung (2023)

Helium is the primary coolant in this concept. The
net thermal efficiency of this system is approximately
48%. The main characteristics and parameters of this
concept are provided in Table 1. It is also noteworthy
that due to the challenges associated with implement-
ing the direct Brayton gas turbine cycle with helium used

in this system, alternative options using indirect cycles
and other technological solutions are being considered.
Transitioning to indirect cycles means moving from the
direct use of helium gas, which operates directly in the
turbine system, to the use of heat exchangers that fa-
cilitate interaction between the reactor and the working
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fluid of the gas turbine systems. This implies that the
heat generated in the reactor is first transferred through

aheat exchanger, where it is used to heat another working

fluid, and only after that is this working fluid utilized to
increase steam pressure in turbines that generate elec-
tricity (CiZek et al., 2021).

Table 1. The main design parameters of the GFR concept

Reactor parameters

Unit of measurement

Reference value

Reactor power MW 600
Coolant inlet/outlet temperature °C 490/850
Pressure MPa 9
Mass consumption of the coolant kg/s 320

Standard fuel mixture

- Uranium-plutonium ceramics (70/30%)

The net efficiency of the installation

% 48

Source: W. Jung (2023)

This allows for improved heat exchange and heat ex-
changer performance, allowing more efficient use of the
heat generated in the reactor to produce electricity. Such
a transition may be more difficult to implement due to the
need to create an additional heat exchange system and
process optimization, but it can provide an opportunity to

Control rods

Pump

Graphite
reactor core
Graphite
reflector

Reactor Helium coolant

Heat exchanger

Heat sink

improve the working process and increase the overall effi-
ciency of the reactor.

Very-high-temperature reactor. VHTR is a reactor used
to generate electricity and produce hydrogen through
high-temperature electrolysis (Fig. 2).

Water

Oxygen

} Hydrogen

Installation for the production of hydrogen

Figure 2. Concept of a facility with a VHTR combined with hydrogen production

Source: G. Baccaglini et al. (2003)

The foundation of this design is the use of a graphite
moderator and helium as the coolant. During reactor op-
eration, helium is heated to a temperature of 640°C at the
inlet and 1000°C at the outlet at a pressure of 7 MPa. This
ensures a high level of thermal efficiency exceeding 50%.
More detailed parameters and structural characteristics of
the VHTR are provided in Table 2.

SFR, which is like the GFR in certain aspects, is an-
other unique reactor operating with fast neutrons. The
primary objectives of this reactor type include electricity

generation and the management of high-level radioactive
waste. However, the distinctive feature of the SFR lies in
its ability to use liquid sodium as a coolant, maintaining
a temperature range from 530°C to 550°C at atmospheric
pressure. The uniqueness of this approach lies in the reac-
tor’s capability to work with various types of fuels, includ-
ing both oxide and metal fuels, making it more versatile
in application and operation (Ohshima & Kubo, 2023). It
is worth noting that Japan has been utilizing SFR at the
Monju Nuclear Power Plant for an extended period (Fig. 3).
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Table 2. The main design parameters of the concept of a VHTR

Reactor parameters

Unit of measurement

Reference value

Power MW 600

Inlet coolant temperature 640

Outlet coolant temperature 1000
Heat carrier consumption/mass ke/s Helium,/320

consumption

Reference fuel composition

ZrC-coated particles

The net efficiency of the installation

More than 50

Source: G. Baccaglini et al. (2003)

Figure 3. Photo of the SFR reactor housing at the Monju NPP (Japan)

Source: 1. Pioro & P. Kirillov (2013)

In the aforementioned systems, electricity generation
occurs through heat exchange within the system. Utilizing
heat exchangers, high-temperature SFRs interact with so-
dium as a coolant. This process takes place at low pressure,
generating thermal energy used to produce steam. Subse-
quently, the steam is employed in the Rankine steam cycle,

Cold collector

Hot collector *
Control rods Heat *
L exchanger|

where it expands, performs work, and adds energy to steam
generators. The aim of such a system is to optimize the ef-
ficiency of converting the thermal energy resulting from
the reaction in SFR into usable electricity by utilizing the
Rankine steam cycle under low pressure (Fig.4). The key pa-
rameters of the overall SFR concept are outlined in Table 3.

Steam generator

Heat sink

—~—

Pump

Basic sodium (cold)

Figure 4. The concept of a nuclear power plant based on fast neutrons (SFR)

Source: R.M. Meyer et al. (2013), M. Wang et al. (2020)
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Table 3. Key design parameters of the overall SFR concept

Reactor parameters

Unit of measurement

Reference value

Reactor power MW 500-1000
Thermal efficiency % 40-42

Coolant - Sodium
Melting temperature of the coolant 98
Boiling temperature of the coolant °C 883

The maximum temperature of the coolant e 530-550

at the outlet
Reference fuel composition - Metal alloy(oxide)

Facing

- Ferritic with oxide particles

Source: R.M. Meyer et al. (2013)

Sodium, as a highly reactive metal, has the property
of reacting with water, which leads to the release of hy-
drogen and heat. This reaction can cause spontaneous
combustion when sodium comes into contact with water.
In addition, at high temperatures, sodium can ignite in
some conditions. Thus, the operation of reactors of this
type requires taking special safety and caution measures.
One such measure is the use of a three-flow circuit with
an intermediate sodium loop between the reactor cool-
ant system (primary sodium) and water, which acts as the
working fluid in the power cycle.

Lead-cooled fast reactor, molten salt reactor and super-
critical water-cooled reactor. LFR is a type of fast neutron
reactor that uses lead as a coolant to transfer heat from nu-
clear reactions (Fig. 5). This technology uses lead for cool-
ing and simultaneously shielding against radiation, which
ensures stable and safe operation of the reactor. An alloy of
lead and bismuth can also be used as a coolant. It operates
at an outlet coolant temperature of approximately 550°C,
but it can reach up to 800°C under atmospheric pressure.
The primary fuel type for this reactor is nitride fuel, uti-
lized for its optimal performance (Sargsyan et al., 2023).

Control rods
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Figure 5. The concept of a nuclear power plant based on LFR

Source: M. Tarantino et al. (2021)

In the United States, for example, the supercriti-

cal carbon dioxide Brayton gas turbine cycle has been

chosen as the primary for this type of reactor. At the same
time, in some countries, the supercritical Rankine steam
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cycle is considered as the main option (Table 4). The ingtechnologies for LFR and emphasizes the importance
difference in the choice of power cycle in different coun-  of finding optimal solutions for its improvement and
tries reflects the diversity of approaches in implement-  safety in various contexts.

Table 4. Main design parameters of LFR

Reactor parameters Unit of measurement Brest-300 Brest-1200
Thermal power MW 700 2800
Electrical power MW 300 1200
Thermal efficiency % 43
Melting temperature of the coolant °C 328
Boiling temperature of the coolant °C 1743
Coolant inlet temperature °C 420
Coolant outlet temperature °C 540
Mass consumption of the coolant t/s 40 158
The maximum speed of the coolant m/s 1.8 1.7
Fuel - Uranium nitride + plutonium nitride
Fuel loading t 16 64
Fuel residence time in the reactor years 5 5-6
The maximum facing temperature °C 650
Temperature at the inlet/outlet of oC 340/520
the steam generator
Power of the steam generator t/s 0.43 1.72
The term of operation of the reactor years 30 60

Source: 1. Pioro & P. Kirillov (2013)

MSR is a thermal neutron facility that utilizes liquid option of hydrogen cogeneration, the temperature of the
fluoride salt with dissolved uranium, and graphite serves as  fuel-salt mixture at the outlet may even rise to 850°C. The
the moderator. Upon introducing the fuel-salt mixture, the  efficiency of the facility, measured by the thermal efficiency,
temperature at the inlet is approximately 565°C, but upon ranges from 45 to 50%. The installation scheme is detailed
exiting the reactor, it can reach 700°C. Considering the in Figure 6, and key parameters are provided in Table 5.

Coolant sal(\
Generator
> (©)
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Reactor Electricity

Turbine

0

00000 Fuel salt Ny = Recuperator
Pump Heat
Chemical lexchanger|
\installation - * — ’
Freezer éHe at
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Figure 6. Concept of a nuclear power plant with a MSR
Source: M.P. Dion et al. (2020), V. Levchenko et al. (2023)
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Table 5. Key design parameters of the MSR concept

Reactor parameter

Unit of measurement

Reference value

Reactor power MW, 1000
Net thermal efficiency 44-50
Average power density MW,/m? 22
The temperg?ifeoifl ilelte/ éﬁi:lle:alt solution 565/700 (800)
Retarder Graphite
Burner of the neutron spectrum Thermoactinide

Source: M.P. Dion et al. (2020)

SCWR is considered an evolution of modern wa-
ter-cooled nuclear reactor systems. In comparison to tra-
ditional nuclear reactors, the SCWR offers a new approach,
utilizing water under supercritical pressure and high tem-
peratures. The SCWR aims to surpass limitations PWR
faced by achieving even higher pressures and temperatures
(Krykova et al., 2021).

In the case of BWR, steam is directly supplied from
the nuclear reactor to the turbine. The SCWR, on the oth-
er hand, is designed to operate at supercritical pressure
and high temperatures, enabling more efficient and opti-
mal energy utilization. This technology employs the con-
cept of nuclear superheating of steam, providing an outlet
temperature exceeding the critical temperature but at a
pressure lower than the critical pressure. Modern super-
critical pressure turbines used in coal-fired power plants
have demonstrated successful results for over fifty years,

Control rods

T Water with supercritical

/ parameters

Reactor

Pump

Turbine

operating at pressures around 25 MPa and high inlet tem-
peratures approaching 600°C. However, in the context of
the SCWR, the use of water under supercritical conditions
defines a new frontier of efficiency, potentially allowing for
even more effective energy utilization and higher produc-
tivity (Novotny & Guzonas, 2020).

The classification of SCWR can be considered from
various perspectives, such as the maximum pressure, neu-
tron spectrum, and moderator material. One classification
method based on maximum pressure divides PWR into two
main categories: Pressurized Vessel (PV) and Pressurized
Tube (PT) or Pressurized Channel (PCh). To ensure optimal
operation of pressurized heavy-water underwater reactors,
pressurized tubes of approximately 50 cm thickness are re-
quired, capable of withstanding supercritical pressure. The
diagram of a nuclear power plant with a PV-type SCWR re-
actor is presented in Figure 7.

Generator

Electricity

Heat sink

—

Figure 7. Concept of a nuclear power plant with a PV SCWR

Source: M. Krykova et al. (2021)
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The active zone of reactors with pressurized tubes
consists of channels with distributed pressure, which
can be placed vertically (or horizontally). This approach
is similar to the construction principles of reactors such
as the Canada Deuterium Uranium (CANDU) and the

Sustainable
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fuel
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High-Power Channel-type Reactor (HCCR or RBMK). For
instance, the SCWR-CANDU reactor comprises 300 fuel
channels that placed horizontally (Fig. 8). The option
with a vertically oriented active zone should also not be
ruled out (Fig. 9).

Electricity

Hydrogen
and process heat Drinking
water

/

erator,

Industrial isotopes

Figure 8. Concept of a nuclear power plant with a SCWR-CANDU type reactor with PT under pressure

Source: 1. Pioro & P. Kirillov (2013)

Figure 9. Variant of the vertical configuration of the
active zone of the PT SCWR-CANDU reactor
Source: 1. Pioro & P. Kirillov (2013)

The specifications of SCWR reactor designs indicate
that the majority of these systems belong to the thermal
neutron spectrum category. This means they operate in
a neutron spectrum where thermal neutrons predomi-
nate, which is a typical choice for many modern SCWRs.
However, variations also allow for the use of fast neutron
spectrum designs, providing greater flexibility and diver-
sity (Yamaji et al., 2023). In SCWR designs with a thermal
neutron spectrum, various types of moderators — liquid or
solid - can be employed. Options include light or heavy

water, graphite, among others. This diversity enables the
exploration and implementation of various concepts, con-
sidering the specificity of each material and its interaction
with the reactor’s energy processes. A crucial aspect is that
the concept of a liquid moderator can be applied in both
pressurized and gas-water variations of the reactor, offer-
ing versatility in the operation of these systems.

In pressurized water reactors, the moderator and the
coolant are isolated, creating many variations to select the
optimal moderator depending on the specific needs of the
reactor. The diversity of moderator options in pressurized
water reactors creates a broad spectrum for experimenta-
tion and innovation in nuclear power, allowing for the ex-
ploration of different methods and approaches to improve
the efficiency and safety of reactor installations.

Considering options for improving safety in PT SCWRs
is the use of a liquid moderator, as this approach can have
a number of advantages. This liquid moderator plays an
important role in improving reactor safety and provides
an additional layer of protection in emergency situations.
However, significant drawbacks of this approach include
increased heat losses resulting from heat transfers. This
is relevant in SCWR systems, where high temperature and
pressure present certain challenges in managing thermal
processes and heat dissipation. These aspects require fur-
ther research and technology refinement to mitigate the
negative impact of increased heat losses and improve the
efficiency of this reactor type (Ibrahim et al., 2019).

It’s worth noting that the use of a solid moderator is
also a possibility. In RBMK, HTR, and other type reactors,
graphite is currently used. This approach may have some
peculiarities, as it is important to take into account that
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graphite can explode under certain conditions. Therefore,
alternative variants are being considered as alternatives.
The use of such materials can help reduce heat losses.
However, it’s essential to consider that these moderators
do not provide a passive safety system that automatically
reacts in emergency situations. While these materials have
their advantages in terms of efficiency, they require sys-
tematic control and management to ensure the safety and
efficiency of the reactor system.

In SCWR-type reactors, the high operating tempera-
tures impose significant thermal loads on fuel elements.
This is particularly relevant in Light Water Reactors (LWR)
and Pressurized Heavy Water Reactors (PHWR), where
uranium dioxide (UO,) is used as the primary fuel. Howev-
er, UO, has limited thermal conductivity, and overheating
may occur in the central regions of the reactor core. There-
fore, various alternative fuel types with higher thermal
conductivity are being studied. One approach is the use
of compounds such as UO,-BeO, UO,-SiC and others. The
notable feature of these materials is their thermal con-
ductivity properties, which can contribute to better heat
distribution in the reactor system and prevent overheating
(Peiman et al., 2023).

The use of alternative fuel materials allows for tem-
perature control in the reactor, minimizes the risks of over-
heating in areas with high heat flux, and ensures a more
efficient operation of the reactor system.

DISCUSSION

Researching and analysing next-generation nuclear re-
actors is a crucial step in the development of modern
nuclear energy. This underscores the need for efficient
energy resource utilization and ensuring environmental-
ly sustainable electricity production. Fourth-generation
nuclear reactors represent a transition from old reactor
models to new, innovative systems aimed at improving
efficiency and safety. A detailed analysis of these reactors
is essential for understanding their operation, efficiency,
and environmental impact. Each reactor type is expected
to increase the thermal efficiency, reduce the risk of acci-
dents, and minimize radioactive releases. Research helps
identify the advantages and disadvantages of each type
and determines directions for further improvement. An
important feature is that each type of nuclear reactor
has unique characteristics defining its efficiency, safety,
and environmental sustainability. Different technologies
are used for energy production, with variations in heat
conversion methods, construction materials, and nucle-
ar process control. These differences determine not only
reactor performance but also potential risks and opportu-
nities for further development. Each reactor type requires
a unique approach to management, waste storage, and
safety measures, necessitating further scientific research
and analysis for optimal nuclear facility functioning.

According to F. Osusky et al. (2020), a significant fea-
ture of gas-cooled reactors is their thermodynamic and
thermophysical characteristics, ensuring highly efficient

and safe nuclear facility operation. One key advantage of
using gas is its resistance to ionizing radiation generated
during nuclear reactions. This means that the reactor’s
gas system has high resilience to damage resulting from
radiation exposure. Additionally, gas-cooled reactors may
achieve higher efficiency compared to other types due to
the gas’s high heat transfer and mass exchange character-
istics, enabling the conversion of nuclear reaction energy
into useful electricity. The work by the researchers indi-
cates the efficiency advantage of gas-cooled reactors, mak-
ing them attractive for increasing nuclear energy produc-
tivity. This study further expands the knowledge presented
by the authors by delving deeper into complex influences
that can impact the choice of reactor type, providing a
more comprehensive comparative analysis and additional
crucial aspects to consider in selecting the optimal reactor
type for specific conditions and needs.

According to M. Singh et al. (2022), a supercritical wa-
ter-cooled reactor also has defining features and advan-
tages, making it appealing in the field of nuclear energy.
The use of water as a coolant reflects its high heat capacity,
allowing effective heat dissipation from nuclear reactions.
This makes it efficient in controlling the reactor’s tempera-
ture. Safety is another notable advantage of such a reactor,
as the research indicates its potential for high-speed heat
removal even in the event of cooling system failure, making
it less vulnerable to accidents. This study complements the
conclusions mentioned earlier by providing a more in-depth
understanding of various aspects compared to other types
of nuclear reactors. Since this study reveals not only ther-
mophysical and thermodynamic characteristics but also
other aspects, this analysis allows for a broader spectrum
of the impact of different reactor types on nuclear energy,
facilitating a more thorough comparative analysis and pro-
viding additional important considerations when choosing
the optimal reactor type for specific conditions and needs.

Research by Z. Zhao et al. (2022) reveals important as-
pects of a supercritical water-cooled reactor equipped with
different types of moderators. Since moderators in reac-
tors, such as graphite, beryllium, heavy water, or others, are
key components in controlling nuclear reactions, the study
emphasizes that using liquid moderators in supercritical
water-cooled reactors has the potential to enhance nuclear
technology. This improvement can result in efficient use of
nuclear fuel and reduce the risks of accidents. The authors’
research sheds light on the significance of various modera-
tor types in supercritical water-cooled reactors. By examin-
ing liquid moderators like graphite, beryllium, heavy water,
and others as crucial components for nuclear reaction con-
trol, the author identifies their importance in advancing
nuclear technology. This approach may contribute to in-
creased resource utilization efficiency in nuclear facilities
and reduce environmental impact, promoting the adoption
of safer and more stable technologies in nuclear energy.

According to S.A. Alameri & A.K. Alkaabi (2020), wa-
ter-graphite reactors with supercritical coolant parameters
represent an interesting direction in nuclear technology
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where water and graphite serve as key components for reg-
ulation and control of nuclear reactions. The researchers
note that such reactors have the potential to provide high
efficiency in nuclear fuel utilization. The combination of
water and graphite allows achieving optimal reaction pa-
rameters, reducing losses of nuclear materials, and ensur-
ing efficient energy utilization. Comparing the results of
research by the authors with the present study, it is note-
worthy that the latter examines various aspects of nuclear
reactors, including not only water-graphite but also other
reactor types. The study comprehensively analyses diverse
technologies, materials, and constructions used in nuclear
facilities to understand their advantages and limitations.
This approach focuses on the specificity of water-graphite
reactors with supercritical coolant parameters and their
potential contribution to increasing the efficiency of nu-
clear fuel utilization. Simultaneously, this research aims
to provide a general overview and comparison of different
reactor types, considering their advantages and potential
limitations in the context of efficiency and safety.

As per the research by Y. Wang et al. (2021), sodi-
um-cooled reactors, despite several advantages, also pres-
ent challenges and peculiarities requiring attention and
management for optimizing their efficiency and safety.
One primary characteristic is the chemical activity of so-
dium. Since sodium, used as a coolant, is highly chemically
active, its interaction with water or air can create reactions
with high energy and speed, posing a potential threat to
reactor safety in case of accidents. The aspects mentioned
in the researchers’ research underscore the need for con-
tinuous work and improvement in sodium-cooled reactor
technology. This highlights the importance of significant
efforts in developing new technologies and control meth-
ods to ensure the safety and efficiency of such reactors.
High attention to these aspects is necessary for continually
reducing potential risks arising during operation and en-
suring the reliability and stability of these systems.

Further research in the field of nuclear energy is cru-
cial for the gradual development of this technology. It will
allow a deeper understanding of various reactor types,
their advantages, and limitations, contribute to the devel-
opment of new control methods that enhance the safety
and efficiency of nuclear energy utilization. Moreover, re-
search can focus on reducing environmental impact and
optimizing resource utilization, which are key aspects in

J. Malogulko et al.

CONCLUSIONS

Summarizing the results of the conducted research, it
should be emphasized that the development of nuclear
technologies is of great significance for the present and
future energy landscape. Nuclear energy is considered a
substantial source due to its potential to provide electricity
over extended periods, even considering its non-renewa-
bility. However, it is important to bear in mind that modern
nuclear power plants generate radioactive waste, requiring
careful control and storage. In this context, fourth-gener-
ation reactors can not only reduce the amount of generat-
ed radioactive waste but also optimize fuel utilization and
decrease the risks of accidents. Their key advantage lies in
the use of advanced technologies allowing the processing
of waste, reducing their radioactivity and storage duration.
Additionally, new reactors may feature improved cooling
systems and automated control mechanisms, enhancing
their safety and reliability.

During this study, six main types of nuclear installa-
tions were thoroughly analysed, including: GFR (HTR),
VHTR, SFR, LFR, MSR and SCWR. Among the critical as-
pects, the study also delved into various types of reactor
cooling, analysing possibilities for reducing radioactive
waste and addressing safety risks associated with nucle-
ar installations. Furthermore, attention was given to ex-
ploring promising directions in the development of new
reactors, aiming for more efficient nuclear fuel utilization
and reduced radioactivity of waste. These aspects were in-
vestigated to identify key trends and opportunities for the
further development of nuclear technologies to ensure a
sustainable and secure energy future.

Major directions for further research into next-genera-
tion reactors may include the optimization of cooling sys-
tems to enhance heat exchange efficiency and ensure bet-
ter temperature control, the development of monitoring
systems for constant control of reactor parameters, and the
improvement of emergency systems to minimize potential
adverse consequences. Equally important is the advance-
ment of methods for managing radioactive waste, includ-
ing reduction and further processing. All these research
directions have the potential to reshape the paradigm in
nuclear energy, directing its development toward a more
sustainable, secure, and efficient future.
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OocnipxeHHa Ta aHani3
AAepPHUX peaKTopiB HOBOIO NMOKOJIIHHA Y CBITi

AHoTauiq. [JoctiikeHHST HOBUX SIIEPHMX PeaKTOPiB HabyBae HEBIAK/IAAHOTO 3HAUEHHS Y CBiTi uepes morpely MocCTiitHOTOo
BIOCKOHAJIEHHSI TEXHOJIOTii1 [i71s 3a6e3mevueHHsI 6e31eky, epeKTUBHOCTI Ta 3MeHIIeHHST BUKMIB. Lle BaKIMBO B KOHTEKCTI
KJIIMaTUYHUX 3MiH 1 LIBUJKOTO TEXHOJOTiYHOIO PO3BUTKY, 10 BUMAararTh IIOCTi/iHOTO OHOBJIEHHS 11 yIOCKOHATEeHHS
simepHOi eHepreTuku. MeTow po6oTu 6y/10 MpoaHa/li3yBaTy peakTopy HOBOT'O ITOKOJIiHHS Y CBiTi, @ TAKOX BUSHAUUTU
iXHi MmepeBaryu Ta MOK/IMBI MepCIeKTUBM B Mait6yTHbOMY. MeTomamu, 1110 BUKOPUCTOBYBAJIMCS IIiJ, Yac TOCTiIKeHHS,
6y/IM CTATUCTUYHUIT METO], TOPiBHSUIbHUIT METO[I, & TaKOX aHali3. Pe3ynbTaTy TPOBeNeHOT0 aHali3y BpaxyBajay CyJ4acHi
TeXHOJIOTiUHi Ta 6e3MeyHi mapaMeTpHu, [0 CTOCYIOTbCSI POOOTH TAaKMX PeakTOPiB, 30KpeMa iIXHIO 34ATHICTb 40 ONTMUMi3allii
BUKOPMCTAHHS MaIUBa, MiJBUIIeHHS 6e31eKu eKCIuTyaTailii, Ta eeKTUBHOTO YIIPaBIiHHS PaliOaKTUBHMMM BiIXOIaMMu.
B pesynbrari po6oTy 6y/10 ITpoaHaxi3oBaHoO sIepHi peakTopy IV MOKOMTiHHS, 10 BKJIIOYAIM B cebe: peakTop i3 IBUAKUMU
HeMTpOHaMMU, 1110 BUKOPUCTOBYE ra3oBe OXOJI0/KEHHS ; Ly>)Ke BUCOKOTeMIIepaTypHUIL peakTop; pPeakTop, e HaTpiii
BMKODPUCTOBYETHCS SIK TEIVIOHOCIH; peakTop Ha IBUAKMUX HEIITPOHAX 3i CBMHLIEBMM OXOJIOI)KEHHSIM; peaKToD, [ie peaKlis
BiZIOYBAETHCS B PO3IUIABIIEHIN COJi; TA HANKPUTUYHMIA BOLSIHUI peakTop. KokeH 3 11X peakTopiB Ma€e CBOi 0COBIMBOCTI,
1110 POOISITH IX YHIKAJIBHUMU B CBOIiii cepi 3acTocyBaHHs. Hanmpukiiaz, peakTopy 3 ra30BUM OXOJIOIKEeHHSIM MalOTh BUCOKY
MIPOAYKTUBHICTb 3aBASIKM 3[aTHOCTI JOCSITAaTU BUCOKUX TeMIlepaTyp 6e3 3HaUHOTrO THUCKY. B CBOIO uepry peakTopu Ha
pO3IUIaBIIeHili Coli BOJIOAIIOTh THYUKICTIO Yy BUKOPUCTaHHI Pi3HUX BU[IB MaJIMBa, BK/IIOYAI0UM BiAIpalibOBaHe, Ta MOXKYThb
JIOTIOMOTTU 3HMU3UTYU PiBeHb pafioOaKTUBHUX BiAXOiB 3aBASKM BUKOPUCTAHHIO CriellialbHUX MaTepianiB. B mpoueci
aHasti3y 6yJI0 BiI3HAUEHO, 1110 peakTopy IV IMOKOJiHHS, BUKOPUCTOBYIOUM Pi3Hi TEXHOJIOTii OXOJIO/IKEHHS Ta CIIOBiTbHEHHS
peaxiiiit, M03HAYaI0ThCsI BUCOKOIO e(heKTMBHICTIO, HU3bKMM PU3MKOM aBapiii Ta 3GATHICTIO 4,0 BUPOOHUIITBA CTa6inbHOI
eJIeKTpOoeHeprii, a TAaKOK BIOCKOHAIeHiI MeTOAM KOHTPOJIIO peakiliii, BIAKpMUBAIOTh HOBi MOXKIMBOCTI J71s1 e(heKTUBHOTO
BMPOOHMIITBA eJIeKTPOeHepTii Ta MigBUIIeHHs 6e31eKM B siepHiii eHepreTulli. [[pakTMuHe 3HAUEHHS TOCTiIKeHHS MOMISITae
B MOSKJIMBOCTI YIOCKOHaJIEHHS Cy4yaCHMX TeXHOJOTii BUPOOHMIITBA eleKTpoeHeprii Ta 3abe3meveHHi 6i1bI01 6e3meKn Ta
edeKTUBHOCTI y rajny3i siiepHoi eHepreTUKu

KniouoBi cnoBa: aToMHa eHepreTyka; reHepallis eJIeKTpOoeHeprii; onTMMisallis BUKOPMUCTAHHS TalnBa; TEXHOJOTIi
OXOJIOMKEeHHSI ; CTTIOBIJIbHIOBAY; peaKilii
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A study of mixer-feeder equipment operational reliability

Abstract. Modern livestock development trends in the agricultural production structure include the use of feed mixers and
distribution equipment. However, a stream of malfunctions and failures is reported for mixer-feeders due to factors that
are specific to agricultural enterprises in Ukraine, which reduce the operational reliability of feed mixers and distributors.
The study aims to evaluate the quantitative indicators of the in-service reliability of mixer-feeders and develop methods
to improve them. The reliability test plan [NMT] was used, which implies a certain number of research objects (), objects
undergoing repair in case of performance loss (M), and tests terminated when the operating time (T) is reached. Initial
information was collected and processed, and empirical data on the time between failures of KUHN PROFILE 12.2 DS and
PROFILE 14.2 DS mixer-feeders in Ukraine were analysed. The analysis established that the faulty condition of mixers-
feeders in the initial operation period is caused by the second complexity group failures. Failures related to the loss of
the grinding and mixing mechanism, which limits the average time between failures of the feed mixture and distribution
equipment, were identified among the second complexity malfunction group. A statistical analysis of the mixer-feeder failure
occurrence was carried out. The failure probability of the grinding-mixing mechanism of the feed mixer was determined
to be within the normal distribution law. The main parameters of the given theoretical distribution law were determined
by calculation results. The calculations determined that the average time between failures is 3152.0 motor-hours; the
standard deviation is 902.6 motor-hours; and the coefficient of variation is 0.40. An average time between failures of the
study objects was proved to be consistent with the normal distribution law following Kolmogorov’s agreement criterion.
Calculations determined that the average reliability index value, according to the normal distribution law, is within the
confidence intervals: 1964.2 motor-hours — lower confidence limit; 4339.8 motor-hours — upper confidence limit. The
obtained results may be used to improve the mixer-feeder operational reliability
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A study of mixer-feeder equipment operational reliability

INTRODUCTION

One of the main branches of agriculture is livestock farm-
ing. Preparation and distribution of feed is one of the most
important tasks in livestock production. At all stages of the
task, efforts should be focused on reducing feed consump-
tion, improving its physical and mechanical properties,
enhancing its quality and ensuring that it meets zootech-
nical requirements. Y. Chen et al. (2017) suggest using a
nutrient-balanced diet based on the physiological needs of
ruminants, including cattle, goats and sheep, at different
stages of growth. The rationale for these diets by animal
nutrition experts includes roughage, chopped to appro-
priate lengths, concentrates and various additives that are
fully mixed in specific proportions. S. Morrone et al. (2022)
noted that the use of balanced ration technologies is an
effective methodology for cattle and sheep farming, and
the implementation of the transition from traditional to
modern feeding. The justification of feeding technologies
and the development of appropriate feed preparation and
distribution equipment are key to its effective application.

In many countries with developed livestock produc-
tion, research has been conducted on the technological
processes of preparing feed mixtures, improving existing
ones and developing modern feed preparation machines
(Astanakulov et al., 2020). Studies of the operating char-
acteristics of feed preparation and distribution equipment
have shown that, along with the increased load on each
feed mixer, many factors cause a significant dispersion of
technical and economic use indicators (Khmelovskyi et
al., 2020), machine reliability parameters (Ruzhylo et
al., 2022), and the durability of working bodies. In this re-
gard, one of the most important criteria for the quality of
the operation of feed preparation and distribution equip-
ment is its reliability. The scientific and technical literature
emphasises the importance of using feed preparation and
distribution equipment on cattle farms (Lo et al., 2019).

O. Voinalovych et al. (2019) presented a methodology
for assessing the residual life of tractors and their units.
The metrics covered in the paper reflect the results of the
long-term operation of objects based on the data of flaw
detection. The presented methodology is based on the
use of Markov random processes in the study of a complex
man-machine-environment system. To implement the
model, the values of failure intensities and recovery inten-
sities are required, which are calculated based on the use of
the values of time between failure and recovery recorded
during operation. The methodological approaches imple-
mented in the article can be used to study the operation-
al reliability of trailed and self-propelled vehicles for feed
preparation and distribution.

The presented problematic issues of ensuring relia-
bility need to be studied and implemented based on the
analysis of guidelines for the use of feed preparation and
distribution equipment. Foreign and Ukrainian feed mix-
ers have recommended operating instructions, but they
often differ in the range of such mechanical parameters of
feed mixtures as the sequence of loading feed components;
mixing time; and feeding speed. Z. Ruzhylo et al. (2022)

argued that most guidelines for the use of feed preparation
and distribution equipment lack information on the level
of machine reliability, limit state criteria, and recommen-
dations for maintaining performance. Alongside stationary
feed preparation machines and trailed feed dispensers,
cattle farms in Ukraine use self-propelled foreign-made
feed preparation and distribution equipment. The analysis
shows that some manufacturers of these machines do not
provide consumers with values of qualitative and quantita-
tive reliability indicators. An important component of the
assessment of the operational reliability of feed mixers that
requires detailed study is the study of the impact of the hu-
man operator as a component of the complex technical sys-
tem “Man-Machine-Environment” (Novitskyi et al., 2016).

I.L. Rogovskii et al. (2022) presented a methodology for
determining the patterns of change in the technical con-
dition of Slavutych KZTs-9F combine harvesters (self-pro-
pelled combine harvester, Ukraine) during operation. The
research paper presents the results of operational studies
of combined harvesters’ performance and identifies mech-
anisms and systems that limit reliability. A list of working
bodies and parts whose technical condition requires con-
stant monitoring and, if necessary, restoration in case of loss
of performance is substantiated. T. Yezekyan et al. (2020)
reflected the technical parameters of grain harvesters and
forage harvesters and developed reference models for de-
termining technical and economic parameters. The authors
put forward a variant of linear models, which are reference
models for determining the size of equipment and key pa-
rameters, and are the basis for development or modernisa-
tion. The proposed solution made it possible to justify the
choice of machine design and ensure the rational use of
economic and environmental resources. The use of mod-
elling will provide a forecasting capability for determin-
ing the technical and economic parameters of machines.

To ensure the serviceability or operability of feed mix-
ers, it is necessary to perform a set of maintenance and
repair measures. Therefore, researching assessing and en-
suring the operational reliability of feed mixers is a rather
urgent problem. The study aims to evaluate the quantita-
tive indicators of the reliability of feed mixers in operation
and develop measures to improve it.

LITERATURE REVIEW
The tendency is towards the widespread use of feed mix-
ers with horizontal and vertical grinding-mixing designs.
In most countries with developed livestock production
on cattle farms, considerable attention has been focused
on the development of stationary or trailed vertical sin-
gle-screw and horizontal twin-screw feed mixers-feed dis-
pensers of feed mixtures (Li et al., 2017; Norton et al., 2019;
Yezekyan et al., 2020). T. Fuyang et al. (2020) argued that
the hopper of these devices can be either horizontal trape-
zoidal or vertical in the shape of a cut cone. Mixer-feeders
may also include auxiliary mechanical equipment in their
design, including mills for loading and chopping feed or
grabs only for loading it and weighing devices for weighing
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components. T. Yezekyan et al. (2020) noted that the de-
sign of milling drums of farm combines makes it possible
to load and grind silage, haylage from storage, hay in rolls,
concentrated feed in film sleeves, etc. It should be noted
that, according to P. Ma et al. (2020), the working bodies
of feed mixers mounted on horizontal augers provide bet-
ter feed chopping quality than vertical augers. At the same
time, machines with vertical grinding and mixing mecha-
nisms are characterised by a higher level of reliability and
efficiency. In recent years, research has mainly focused on
improving the design of stationary and trailed feed mixers.

Because the livestock industry in many countries
of Europe and Asia is developing effective, scientific and
practical research on the processes of preparation, trans-
portation, distribution and dosing of feed mixtures by
self-propelled and trailed vehicles, stationary equipment
is becoming crucial in the technologies of feeding cattle
and poultry. U. Moallem et al. (2020) noted that mixed diets
are used on livestock farms in Israel and the United States.
The quality of the overall mixed diet depends on the lev-
el and cost of feed, the appropriate diet formulation, and
the specifics of preparation. Through practical research,
the authors of the scientific article determine the impact
on the quality of the feed mixture of the parameters of the
equipment used for mixing and dispensing, the profession-
alism of the operator, control systems, and the sequence
of loading of feed components. The issues of testing feed
preparation machines need to be clarified.

L. Li et. al. (2017) noted that in China, for the most
part, stationary or trailed vertical single-screw and hori-
zontal twin-screw mixers are used for feed preparation.
Separate studies have been conducted on silage loaders
and belt conveyors. At the same time, practical issues of
processing information on the efficiency and reliability of
these objects need to be clarified. G. Bekele (2020) present-
ed a stationary poultry feed mixer developed, tested, and
evaluated by the author. The results of experimental stud-
ies indicate that the coefficient of variation has decreased,
the degree of mixing has improved, and, accordingly, the
mixer shaft speed and mixing time have increased. These
indicators minimise the cost of preparing the feed mixture.

S. Morrone et al. (2022) noted the relevance and impor-
tance of research in precision animal husbandry, which has
spread around the world since its formation in 2003, us-
ing the achievements of Industry 4.0 and IoT technologies.
This modern technological approach to livestock farming
covers ethical, economic and logistical aspects. The au-
thors of this paper note that the successful and sustainable
development of the livestock industry requires the use of
modern feeding technologies and the development of new
and improvement of existing means for the preparation
and distribution of feed. Among the main resources that
ensure high-quality preparation and dosed distribution of
feed mixtures are the following: computerisation of the
technological process; and on-demand service.

P. Najafi et al. (2015) pointed out that the performance
of a sugarcane harvester as a complex system depends
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on the reliability of its component subsystems or mecha-
nisms. When calculating reliability, the authors considered
the possible impact of the environment, the effectiveness
of maintenance, the specifics of the work process, and the
experience of farmers. Therefore, to identify bottlenecks in
the harvester system and search for components or sub-
systems, an analysis of mechanisms with low reliability is
necessary. G. Jia et al. (2017) proposed a general stochastic
formula for analysing the life cycle of wearing engineering
systems. The authors note that parametric and emergency
failures of an engineering system can be caused by operat-
ing conditions, extreme loads, or the influence of environ-
mental conditions. These methodological approaches can
be used to restore the parameters of technical mixer-feed-
ers. C. Leangsuksun et al. (2022) pointed out that there is
a gap between the design process and the modelling of the
research objects, which can be compensated by using an-
alytical methods for reliability assessment and assurance.
At the same time, additional theoretical and experimental
studies are needed to make it possible to realise the property
of using these methods and methodologies for forming the
reliability of feed mixers at certain stages of the life cycle.

MATERIALS AND METHODS

The study was carried out at the National University of Life
and Environmental Sciences of Ukraine (NULES). The ob-
jects of the study were mixer-feeders PROFILE 12.2 DS and
PROFILE 14.2 DS (Auduro S.A. plant, KUHN Group, France)
of KUNH Ukraine LLC (Operator’s manual..., 2018; Oper-
ator’s manual. Mixer feeder wagon. PROFILE. 2DS, 2019)
(Fig. 1a) and the grinding-mixing mechanism (Fig. 1b).

=~ PROFILE

b)

Figure 1. PROFILE 14.2 DS feed mixer (a)
and chopping and mixing mechanism (b)
Source: compiled by the authors
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The reliability of 25 PROFILE 12.2-14.2 feed mixers,
which were operated in agricultural enterprises of Ukraine
during2015-2022,wasmonitoredduringtheresearch.During
the test, PROFILE feed mixers were distributed by region as
follows: Khmelnytsky — 9 machines; Zhytomyr — 3 machines;
Cherkasy — 3 machines, Vinnytsia - 6 machines; Volyn - 1
machine; Chernihiv - 2 machines; Poltava — 1 machine.

Failures of the PROFILE 12.2 DS and PROFILE 14.2 DS
feed mixers are distributed by subsystems of the feed mixer:
chopping and mixing mechanism; feed mixture unloading
mechanism; running system; frame; and control system.
The test mode at the site was set as operational. The reli-
ability test plan [NMT] (DSTU 3004-95..., 1995) was adopt-
ed, which provides for the presence of a certain number of
research objects N, objects are restored in case of loss of
efficiency M, tests are terminated when the corresponding
operating time T. That is, for the presented test plan [NMT],
the initial parameters are: number of observation objects N,
pieces; property of objects to be restored in case of loss of
efficiency M; duration of observations T, motor-hours. To
determine the minimum number of observations, the ini-
tial data that indicates the accuracy of the research results
is set. The initial data include the confidence probability,
which is assumed to be y=0.9, and the maximum relative
error 5=0.15. The distribution of failures of feeder mixers
according to a priori data follows the law of normal distri-
bution (DSTU 3004-95..., 1995). Using reference tables, the
minimum number of objects to be set up for testing was
determined to be N . =21 (DSTU 3004-95..., 1995). N=25
feed mixers were accepted. The established duration or time
of observation is 4880 motor-hours. This value was deter-
mined under the assumption that the distribution of fail-
ures follows a normal distribution law, with y=0.9 and 6=15.

The methodology included checking the corre-
spondence between the theoretical law and the empirical

8%

distribution of the time between failures of the mixer-feed-
er according to the agreement criterion A by O.M. Kolmogo-
rov (Chornovil et al., 2010) The number of objects required
for reliability testing was calculated using the following
formula by M.I. Chornovil et al. (2010):

%t
n="1Ck
Az’ M

where n — required number of parts for inspection, pieces;
o’ — statistical variance, motor hour.; tj — a tabular coeffi-
cient that depends on the accepted confidence level, g; A? -
the magnitude of the permissible error (when studying the
wear failures of parts, assume A=0.8 of the interval value).

The results obtained on the occurrence of failures of
the PROFILE 12.2 DS and PROFILE 14.2 DS feed mixers
were taken from the reporting regulatory and technical
documentation of the official dealer of KUHN equipment
in different regions of Ukraine. Statistical analysis methods
and experimental data processing techniques were used to
obtain the following indicators: mean time between fail-
ures; standard deviation; coefficient of variation; theoreti-
cal distribution law; and scattering intervals.

RESULTS AND DISCUSSION
Based on the results of the analysis of regulatory and tech-
nical documentation, failures were recorded for 25 ma-
chines and the time between failures was determined. The
results of the failure distribution are shown in the diagram
(Fig. 2). Analysis of the diagram shows that most of the fail-
ures relate to the grinding and mixing mechanism: wear
and damage to the knives; loss of efficiency of the work-
ing auger with knives; wear of the hopper body; oil leak-
age from the gearbox; short circuit of electrical equipment.
Failures were distributed as follows: auger, auger with
knives — 48%; hopper — 44%; other reasons — 8%.

M Screw with feet
48%
M Bunker

Other failures

Figure 2. Failure distribution of PROFILE 12.2 DS and PROFILE 14.2 DS feed mixers

Source: compiled by the authors

Failures that limit the reliability of feed mixers were
identified. For systematisation, finding ways to analyse
and eliminate them, the failures were divided into com-
plexity groups. The analysis of the diagram (Fig. 2) shows
that 92% of failures of PROFILE 12.2 DS and PROFILE 14.2
DS feed mixers belong to the second group of complexity.

These failures can be eliminated by replacing or repairing
easily accessible components and assemblies. To eliminate
these failures, it is necessary to open the internal cavities
of the units without disassembling them or to perform ex-
traordinary maintenance operations. The diagram shown
in Figure 2 also confirms that the most typical failures that
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limit the reliability of the research objects are failures of
the grinding and mixing mechanism.

Statistical data of the tests of the PROFILE 12.2 DS and
PROFILE 14.2 DS feed mixers were obtained in the course
of the research. A table of statistical information was com-
piled to process the experimental data on the time between

A. Novytskyi et al.

failures of the feed mixers. After grouping the test results by
intervals, the failure rate was specified and the accumulated
experimental probability was determined. The results of the
empirical distribution of the time between failures of feed
mixers are presented in Table 1 in the form of a statistical
series of information and are graphically shown in Figure 3.

Table 1. Statistical series of time between failures of feed mixers

I;I); o Boil::;(::\l;e]: of Interval median  Occurrence rate, m, Probability, P, o?g)c(;g;lrl::ﬁ?all):‘zzsﬂlsl,lgﬂ
1 1250-1976 1613 0.16 0.16
2 1976-2702 2339 2 0.08 0.24
3 2702-3428 3065 7 0.28 0.52
4 3428-4154 3791 10 0.4 0.92
5 4154-4880 4517 2 0.08 1.0

Source: compiled by the authors

The histogram analysis shown in Figure 3 demon-
strates that in the initial period of operation of the feed
preparation and distribution equipment, which corre-
sponds to the operating time in the range of 1250-1976
motor-hours, knife failures were recorded, and in the range
of 2702-3428 motor-hours - failures of augers with knives.
Failures of feed mixers, which were recorded in the range of
3428-4154 motor-hours, correspond to the loss of efficien-
cy of the feed mixer hopper.

After processing the information, the obtained array of
experimental data is characterised by the following indi-
cators:

O average wear per failure, f =3152.0 motor-hours;

O average square deviation, ¢=902.6 motor-hours;

O variation coefficient, » = 0.40.

The occurrence of failures of the grinding and mixing
mechanism of the PROFILE 12.2 DS and PROFILE 14.2 DS
feed mixersissubject tothelawofnormal distribution (DSTU
3004-95...,1995). The correspondence between the theoret-
ical law and the empirical distribution of the time between
failures of the mixer-feeder was checked by Kolmogorov’s
criterion of agreement A. Since P(1) =0.9972 is greater than
the accepted significance level for the law of normal distri-
bution, the accepted condition of the possibility of match-
ing the Weibull-Gnedenko law with the empirical distribu-
tion of operating time is rejected (DSTU 3004-95..., 1995).

0.5 1 g
. . =
0.45 I Distribution histogram 09 &
[«
£ 04 Polygon 08 &
E 0.35 —#— Graph of the accumulated probability ‘ o7 %
S z
2 03 — 0.6 =
= e
= 0.25 05 8
= =
E 02 04 &
g T
£ 0.15 =
= =]
0.1 g
g
0.05 g

0

1976
1250

2702
1976

3428
2702

4154
3428

4880
4154

Intervals, motor-hours

Figure 3. Histogram of distribution, distribution polygon, the graph of the accumulated
experimental probability of time between failures of PROFILE 12.2 DS and PROFILE 14.2 DS feed mixers

Source: compiled by the authors

The boundaries of confidence intervals and the size
of the scattering interval of the mean time between fail-
ures of PROFILE feed mixers for the normal distribution
law were calculated using the formulas (DSTU 3004-95...,
1995; Chornovil et al., 2023). The results of these values
were respectively:

1., =1964.2 motor-hours — lower acceptable limit;

2. t4,=4339.8 motor-hours - upper acceptable limit;

3.1,,=2375.6 motor-hours - interval value.

The number of objects required for the tests was calcu-
lated. The results of the calculations showed that 9 objects
were sufficient for the research according to the test plan
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[NMT]. The operational reliability of 25 feed mixers was in-
vestigated.

The reliability of the chopping and mixing mechanism
(Fig. 4) is limited by the knives, auger sets with knives and
the hopper body. The PROFILE 12.2 DS and PROFILE 14.2
DS feed mixers are equipped with two A5336551 augers
(Auduro S.A., KUHN Group, France). Each auger is fitted
with a corresponding number of knives, according to the
design of the PROFILE 12.2 DS or PROFILE 14.2 DS. The

knives of the chopping and mixing mechanism can be in-
stalled in two ways (Fig. 4). The small knife A5362450 (Au-
duro S.A., KUHN Group, France), shown in Figure 4a, con-
tains 7 teeth and is installed on the lower turns, and the
large knife A5303620 (Auduro S.A., KUHN Group, France),
shown in Figure 4b, contains 9 teeth and is fixed on the
upper turns of the grinding and mixing mechanism screw.
The number of knives mounted on one screw is 6 for small
ones and 2 for large ones.

Figure 4. Knives of the PROFILE 12.2 DS and PROFILE 14.2 DS feed mixers
in operation and assessment of their technical condition

Note: a — small blade A5362450; b — large blade A5303620
Source: compiled by the authors

Based on this, to prevent the occurrence of mixer-feed-
er failures during operation, it is necessary to provide for
the possibility or include in the list of maintenance activ-
ities for the elements of the grinding and mixing mecha-
nism the operation of assessing the technical condition
and restoring the hopper’s performance at 3000-3100 mo-
tor-hours. The inclusion of this operation in the complex
maintenance and repair works will increase the availabil-
ity of the mixer-feeder, reduce the downtime of the vehi-
cle and reduce the cost of restoring performance in case of
failure of the grinding and mixing mechanism.

From the analysis of theoretical materials and the re-
sults of experimental studies of the operational reliability
of feed preparation and distribution equipment, it can be
concluded that most authors conducted a scientific search
to establish the design parameters and functional and op-
erational parameters of feed mixers. V. Loveikin et al. (2022)
note that the process of preparing a feed mixture by a feed
preparation device is carried out in a single-stream way by
a cone-shaped screw working body. The functioning of the
device is carried out due to the simultaneous movement
and operation of the screw mechanism of grinding and
mixing. In this case, dynamic forces arise that lead to the
movement of the feed preparation device in the transverse
and longitudinal directions, relative to its axis and wear of
the elements of the specified mechanism and the chassis.
The authors of the article substantiate a rational design of

the grinding-mixing mechanism in the form of a two-stroke
conical screw. These proposals for changes in the design
of the mechanism will intensify the technological process
of feed preparation by a mobile feed preparation unit, and
improve the balance of the mechanism and the durability
of tyres. It would also be advisable to clarify how changes
in design parameters will affect the quantitative and qual-
itative indicators of the reliability of the grinding and mix-
ing mechanism and the durability of the working bodies.

The tendency towards the widespread use of feed mix-
ers with horizontal and vertical grinding-mixing designs is
evident. In most countries with developed livestock pro-
duction on cattle farms, considerable attention is focused
on the development of stationary or trailed vertical sin-
gle-screw and horizontal twin-screw feed mixers-feed dis-
pensers of feed mixtures (Norton et al., 2019). The hopper
of these machines can be either horizontal trapezoidal or
vertical in the form of a cut cone. Mixer-feeders may also
include auxiliary mechanical equipment in their design,
including cutters for loading and chopping feed or grabs
only for loading it and weighing devices for weighing com-
ponents. T. Yezekyan et al. (2020) found that the design of
milling drums of farm combines makes it possible to load
and grind silage, haylage from storage, hay in rolls, con-
centrated feed in film sleeves, etc. It should be noted that
the working bodies of feed mixers mounted on horizontal
augers provide better feed-chopping quality than vertical
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augers (Ma et al., 2020). At the same time, machines with
vertical grinding and mixing mechanisms are characterised
by a higher level of reliability and efficiency of use.

The following combine harvesters have been tested in
livestock production in Western European countries and
China: Sam 5 490/95 by Seko (Italy), Solomix 2 12VL3 by
TRIOLIET (Netherlands), Roto-mix 354-12 by Roto-mix
(USA), and 12 St by De Laval (Sweden). However, the scien-
tific and technical literature still lacks information on the
performance characteristics of the presented equipment,
and research on the technological processes of loading feed
components, mixing, transporting and distributing both
farm combines and trailed vehicles.

Due to the increase in the volume of foreign agricultur-
al machinery, there is an urgent need to ensure its efficient
use in Ukrainian farms, to study the impact of technical and
operational parameters of agricultural machinery on the
efficiency of its operation, to assess its operational reliabil-
ity (Najafi et al., 2015), and to use a systematic approach to
ensure its performance (Leangsuksun et al., 2022). Strate-
gies for repairing and restoring the operability of machines
to increase the reliability and functionality of a complex
technical system during operation are proposed in an arti-
cle by G. Jia et al. (2017).

In this aspect of research, the materials provided in the
test report of the German testing organisation DLG (DLG
Test Report 6418, 2016) for the Siloking Self Line 4.0 Pre-
mium 2215 self-propelled mixer-dispenser (Germany) are
worthy of attention. This manual opens up the prospects
for its use not only to ensure its operational efficiency but
also to formulate and develop test plans for similar feed
preparation and distribution equipment.

The absence of uniform technical requirements and rec-
ommendations for the use of feed mixers leads to a decrease
in the quality of mixing feed components and the uniform-
ity of feed distribution to animals. This problem is partially
reflected in some scientific articles. However, these studies
do not fully reflect the reliability indicators and recom-
mendations for their improvement for feed mixers, includ-
ing KUHN (France), Seko (Italy), Roto-mix (USA), Trioliet
(Netherlands), Siloking and Strautmann (Germany), Delaval
(Sweden), which are used in Ukraine. This is because these
products are used in different regions, on livestock farms
with different livestock, for the preparation of feed mix-
tures for different groups of livestock and different rations.

V. Khmelovskyi et al. (2020) substantiate that for the
preparation and distribution of feed mixtures for 51-400
cattle heads, mobile feed preparation equipment should be
used with the mixture being fed to feed tables. The paper
presents a study of the process of self-cleaning of screw
turns at different rotational speeds. The analytical stud-
ies and several experiments made it possible to determine
the optimal angle of inclination of the turns and the speed
of rotation of the screw, which should be at least 25 min™.
The importance of the results for improving the function-
ing of the grinding-mixing mechanism is confirmed by the
possibility of intensifying the process of the feed mixture
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descent from the screw turns. At the same time, it would
be interesting to conduct research aimed at establishing
the relationship between these recommendations on the
modes of use of the feed preparation agent and its reliabil-
ity in operation.

The results of studies of feed mixers and self-propelled
feed mixers presented in a paper by D. Wang et al. (2017)
can be useful for the optimal design and optimisation of
machines for the preparation and distribution of feed. The
researchers presented a justification for the parameters of
the auger with the angle of the coils, and the design of the
hopper body and determined their impact on the effective
preparation of the mixture. The article recommends main-
taining the speed of rotation of the auger of the grinding
and mixing mechanism close to 32.5 min’!, which will make
it possible to prepare a high-quality feed mixture in 4.7 min-
utes. At the same time, operators need to know how these
changes in the design and operation of the grinding and mix-
ing mechanism will affect the performance and reliability of
feed mixers. T. Fuyang et al. (2020) recommend improving
the design and technological parameters of self-propelled
feed mixers using the methodology and results of optimis-
ing the vertical auger of the grinding and mixing mecha-
nism. The authors of the research paper note that to ensure
the quality of preparation and uniformity of the dosed feed
mixture, the screw rotation speed should be 22...26 min™'.

The recommended time for mixing feed components
with self-propelled mixers should be within 6...8 minutes.

S. Postelga et al. (2021) presented the results of a com-
prehensive evaluation of the Siloking SelfLine 4.0 Premi-
um 2215 self-propelled mixer-distributor (Germany) in the
process of using it in operation. According to the results of
the research, the author found that during the mixing of
5 types of feed, a high-quality homogeneous feed mixture
was obtained, with a moisture content of 59.5%, bulk den-
sity of 405 kg/m?3, and an average particle size of 17.4 mm.
The tests confirmed the effectiveness of the self-propelled
mixer-feeder, which ensured 94.3% uniformity of feed mix-
ing and 95.5% uniformity of feed distribution. The test re-
sults show that the mixer-dispenser satisfactorily and ef-
ficiently performs the technological process of preparing
and distributing the feed mixture. However, as the analysis
of the test results of Siloking SelfLine 4.0 Premium 2215
(Germany) shows, the article does not sufficiently reflect
the reliability of the mixer-dispenser in operation.

V. Bulgakov et al. (2017) presented theoretical studies
of the parameters of auger working bodies of agricultural
machinery and equipment. The authors investigated the
movement of a material particle along the working body
of an agricultural machine in the form of a vertical auger
limited by a coaxial fixed cylinder and proposed for use in
the development and improvement of mixer-feeders the
dependencies of changes in the speed of transport of a
material particle under the influence of the coefficient of
friction of the particle on the surface of the auger and the
surface of the limiting vertical cylinder. V.M. Baranovsky et
al. (2018) presented the results of a study of technological
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operations for transporting agricultural production mate-
rials in closed fixed buildings. The study of the operations
of transporting these materials by screw conveyors de-
scribed in the article was not only highly appreciated and
efficient but also confirmed the possibility of using them
in the design of loading and unloading mechanisms for ag-
ricultural machinery. The research results obtained in the
articles can be used to substantiate the design parameters
and ensure the operational reliability of feed preparation
and distribution equipment.

The human factor as a component of the complex tech-
nical system “man-machine-environment” is of particular
importance in ensuring the operability of machines and
equipment. H--W. Lo et al. (2019) and R.M. Amaya-Toral et
al. (2022) pointed out that increasing the operational re-
liability of machines and reducing the possible risks of
failures during the production process also depends on
the reliability of the human operator. It is also necessary
to take advantage of the experience of using analytical
methods and methods of expert assessment of specialists
in calculating and ensuring the reliability of technical sys-
tems “man-machine-environment”. The results of scientif-
ic work have confirmed the possibility of using analytical
methods and test results to ensure the reliability of not
only feed preparation and distribution equipment but also
service and repair and technological equipment.

During the study of the operational reliability of feed
mixers, it was found that some failures were caused by
the lack of information in the regulatory documentation
on the criteria for the limited state of the working bodies
of the grinding and mixing mechanism, including knives
and auger elements. The practice of using PROFILE 12.2
DS and PROFILE 14.2 DS has established that one of the
first causes of failures of the grinding and mixing mech-
anism is a deviation from the frequency of assessment of
the technical condition of working bodies and parts. Other
reasons for mechanism failures are a decrease in the relia-
bility of the human-operator system and insufficient con-
trol over the parameters of the technical condition of the
mixer-feeder as a complex technical system. Most of the
analysed articles are aimed at the design improvement of
units and machines in general to ensure efficient operation
and reliability. At the same time, the analysed sources do
not reflect the level of reliability of mixer feeders both at
the stage of manufacture and during operation. The meth-

CONCLUSIONS

Based on the research results, information was obtained
on the time between failures of 25 feed mixers under op-
erating conditions. The obtained data set of time between
failures of the PROFILE 12.2 DS and PROFILE 14.2 DS feed
mixers are characterised by the following indicators: aver-
age time between failures, t=3152.0 motor-hours; standard
deviation, o =902.6 motor-hours; coefficient of variation,
v=0.40; theoretical law of distribution — the law of normal
distribution. The correspondence between the theoretical
law and the empirical distribution of the time between fail-
ures of the mixer-feeder according to Kolmogorov’s criteri-
on of agreement was established. The calculations have es-
tablished that the values of the mean time between failures
of the objects of study, which are consistent with the law
of normal distribution, are within the confidence intervals:

4 =1964.2 motor-hours - lower acceptable limit; t/ =433.8
motor-hours - upper acceptable limit.

According to the KUHN recommended frequency of
scheduled maintenance and repairs of the PROFILE 12.2
DS and PROFILE 14.2 DS feed mixers, it was found that in
the initial period of operation of the machine, which cor-
responds to an operating time of 1250-1976 hours, knife
failures were recorded, and in the range of 2702-3428 hours
— failures of augers with knives. Failures of feed mixers,
which were recorded within the operating time between
failures of 3428-4154 motor-hours, are associated with the
loss of efficiency of the hopper. It is proposed to include
in the complex of works on maintenance and repair of the
operation an assessment of the technical condition and
restoration of the hopper’s operability, which will ensure
an increase in the availability of the mixer-feeder.

Further research will consider analytical methods for
assessing the reliability of the grinding-mixing mechanism
of feed mixers as complex technical systems “man-ma-
chine-environment” and develop measures to reduce the
likelihood of failures depending on the influence of the
human factor. Another promising area for further research
is the formation of feedback from machine manufacturers
and technical service representatives on the development
and implementation of a programme to ensure the reliabil-
ity of feed preparation and distribution equipment at the
stage of operation.
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JocnipkeHHA eKcrlyaTauiHoi HaginHocTi 3acob6iB
A9 NPUroTyBaHHSA i po3aaBaHHS KOPMIB

AHoTauia. TeHgeHIii po3BUTKY Cy4aCHOTO TBAPMHHUIITBA B CTPYKTYPi arpapHOTO BUPOOGHUIITBA Tlepen6avyaoTh
BUKOPUCTAHHS 3aC06iB JJIs1 TPUTOTYBAHHS i pO3IaBaHHS KOPMiB. Ajie 3aBISIKM aKTOpaM, sIKi XxapaKTepHi arpapHUM
nignpueMcrsaM YKpainy, Ijisd 3MilllyBadyiB-KOPMOpPO3aBauiB BigMiua€eThbcs MosiBa MOTOKY HECIIpaBHOCTEN i BiiMOB,
SIKi 3HVDKYIOTD ITOKAa3HUKYM eKCIUTyaTalliiiHoi HaiiiHOCTi 3aco6iB JIsI MPUTOTYBAaHHS i po3IaBaHHS KOPMiB. MeToI0
JaHoi cTaTTi 6y/a OlliHKa KiJTbKiCHMUX ITOKA3HMKIB HaIiifHOCTi 3MilllyBauiB-KOPMOPO3/1aBaviB B yMOBaxX eKCIutyaTallii Ta
po3pobKa 3axofiB oo ii migBuieHHs. 115 1bOro 6y/10 BUKOPYUCTAHO IIaH BUIIPOOYBaHb Ha HailiHicTh [NMT), skuii
repea6ayvae HassBHICTb MEBHOI KiIbKOCTi 06’€KTiB gocimkeHHs (N), 06’€KTM Py BTpaTi Mpale3gaTHOCTi BiTHOBIIOIOThCS
(M), BUTIpOOYBaHHS TIPUITMHSIIOTHCS ITPU JOCSITHEHHI BifmoBigHoro HanpaioBaHHs (T). BukoHaHo 36upaHHs, 06pOOKY
BUXimHOI iHGopMaIlii Ta aHaIi3 eMIipMUHUX JAaHUX HapOOiTKYy HA BiAMOBY 3MinryBauiB-kKopmopo3aaBauiB PROFILE
12.2 DS ta PROFILE 14.2 DS kommnanii KUHN B VkpaiHi. ITig uac aHanizy 6y/10 BCTAHOBJIEHO, 1[0 B TTOYATKOBMUIA TIEpiof,
eKkCIUTyaTalii 3MilryBauiB-KOpMOpO31aBayviB, iX HeCIIpaBHMI CTaH BUKJIMKAHUIi BiIMOBaMM OPYTOi Py CKIaLHOCTI.
Cepep, BimMOB Apyroi rpymm CKIagHOCTi Oy/ia BUIijieHa HeCIIPaBHICTb, 110 TIOB’sI3aHa 3 BTPATO0 IPale31aTHOCTI MeXaHi3My
Mo piOHEeHHSI-3MIIIyBaHHS, SIKMI1 TIMITYe cepe[lHe HaMpall0oBaHHs Ha BiAMOBY 3aco6y 11l IPUIOTYBAHHS i po3JaBaHHs
KopMiB. [IpoBeieHO CTaTUCTUYHMIL aHATi3 BUHMKHEHHS 3a3Ha4eHNX BiIMOB 3MilllyBauiB-KOpMOpo31aBauiB. BctaHOB/IEHO,
1110 IMOBipHOCTI BUHMKHEHHSI BiIMOBM MeXaHi3My MMoApi6GHeHHSI-3MillTyBaHHSI 3ac00Y IJ1sI IPUTOTYBAHHS i pO3iaBaHHs
KOPMIiB ITiITOPSIIKOBaHN 3aKOHY HOPMAaJIBHOTO PO3TIOAITY. 3a pe3y/bTaTamMy MpoBeleHNX PO3PAXyHKiB BU3HAUEHI OCHOBHI
rapaMeTpy MpefCcTaBIeHOr0 TEOPEeTUYHOI0 3aKOHY PO3I0AiTy. Po3paxyHkaMy BCTAHOBJIEHO, 10 CEPeIHE HallpallloBaHHS
Ha BiAMOBY cTaHOBUTH 3152,0 MOTO-TO[I.; CepelHE KBaApaTudHe BigxuiaeHHs — 902,6 MOTO-TOf,. ; KoedilieHT Bapiarii —
0,40. loBenieHoO, 10 cepelHE HAMPAI[IOBAHHS HA BiIMOBY 00 €KTIiB TOCTiIKEHHS Y3TOKYETHCS i3 3aKOHOM HOPMaIbHOTO
posnoniny 3a kputepiem 3rogu Konmoroposa. PozpaxyHkaMu BCTAaHOBJIEHO, 0 CepeiHE 3HaUeHHS MOKa3HMKaA Ha[iifHOCTi
3Ti[THO 3aKOHY HOPMaJIbHOTO PO3IIOAITY 3HAXOAUTUCS B JOBipHMX iHTepBanax: 1964,2 MOTO-rofi. — HUKHSI IOBipHA MeXa;
4339,8 MOTO-TO[I. — BepXHsI fOBipHa Mexka. OTpuMaHi pe3yabTaT Jaau MOKIUBICTb MiABUIIATY eKCILTyaTalliitHy HailiHiCTh
3MilllyBaviB-KOPMOPO34aBayiB

Knio4yoBi cnoBa: 3MilllyBau-KOPMOpPO3JaBay; MexaHi3M MOApPiOHeHHS-3MilllyBaHHS; TOKA3HMKM HaJifHOCTi;
HampaloBaHHs Ha BiIMOBY; eKCILTyaTallis
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Mobile system for monitoring plant environment parameters
for biogas production

Abstract. The main sources of biomass for biogas units can be organic waste, grain, hay, manure, various plant materials,
etc. Anaerobic digestion, which consists of a series of complex biological reactions, is a challenging process that requires
detailed parameter control to prevent possible losses and to make best use of the material. Therefore, the purpose of this
study was to consider the possibility of developing a mobile unit for monitoring the parameters of the plant environment
during biogas production with the possibility of storing data and using them in the construction of a mathematical model for
predicting gas yield. The algorithm was created based on the principles of fuzzy logic and the structure of neural networks.
The architecture of a mobile system for monitoring plant environment parameters for biogas production was proposed. The
developed circuit diagram of such a system was presented. The system’s operation was presented in the form of a created
algorithm for searching and identifying connected devices on the 1-Wire bus. This bus is used to poll sensors and measure
process parameters. Software was developed for interfacing several types of sensors, transferring and saving data to the
cloud storage with the subsequent possibility of processing it. The biomass can be photographed using the built-in camera.
Using the principle of Internet of Things technology, remote access to measured data is provided. The measured process
parameters and photos are transferred to the control system server for further analysis, which will allow for a more accurate
assessment of the biomass preparation process for fermentation. The obtained results allow improving the control and
decision support systems for biomass loading into a biogas unit
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INTRODUCTION

Considering the growing interest in environmentally
friendly energy sources and the need to conserve resourc-
es, a mobile plant monitoring system is becoming a val-
uable tool for modern agriculture. Biogas production is a
vital component of renewable energy that helps reduce
dependence on hydrocarbon fuels. Monitoring of the plant
environment contributes to increasing the productivity
and efficiency of biogas production, which is important for
sustainable energy development and energy conservation,
as reported in V.O. Ferreira et al. (2023) and K. Giouloun-
ta et al. (2023). Biogas production is becoming increasingly
popular in today’s environment, both in Ukraine and the
European Union. 2021 was a record year for the annual
increase in biomethane production (almost 6.1 TWh or
0.6 m® more than in 2020). In total, the volume of biometh-
ane produced in Europe in 2021 was 37 TWh or 3.5 m® (EBA
Statistical Report, 2022). The methods of monitoring op-
erating parameters and finding links between them used
in biogas plants are insufficiently effective. For instance,
0.0. Olakanmi et al. (2021) discusses a smart biogas unit
that includes a controlled biophysical system that uses
both thermofluidic devices and IoT devices to acquire data
and control electromechanical subsystems. However, the
above study does not include systems for monitoring the
condition of biomass undergoing preparation before being
loaded into a biogas unit.

Systems based on neural networks (NNs) and Big
Data are widely used to find best solutions in various
types of production. A.H. Abdurrahman et al. (2020) found
that such systems make it possible to collect data for
everything that creates the conditions for using propor-
tions and operating modes for maximum biogas produc-
tion. However, this study does not make provision for the
use of a camera for external analysis of biomass, which
will allow its contactless assessment, since it involves
the processing of large amounts of data using comput-
er-integrated technologies. At the same time, L. Zemite
et al. (2022), A.A. Siyal et al. (2023) proved that modern
installations, including the one described in this paper,
cannot provide the ability to collect data on system pa-
rameters at each stage online.

It should also be borne in mind that scientists are look-
ing for ways to increase biogas production using different
approaches. For instance, V.M. Polishchuk et al. (2021) dis-
cusses the issue of increasing the productivity of biogas
production through combined fermentation of raw mate-
rials. However, in this paper, the authors evaluate the fer-
mentation process by means of laboratory measurements
in separate phases of research. Considering the continuity
of the fermentation process, it is necessary to constantly
monitor technological parameters for a qualitative as-
sessment of the development of new approaches to in-
crease the productivity of biogas production. Approaches
to their solution are considered in the studies of M. Zhou
& Z.Zou (2018), M. Silwadi et al. (2023), where it is argued

that this requires obtaining accurate and high-quality
data for a long time. As a result, in the future, it is planned
to process large amounts of data and train the system on
correctly formed models with correctly set goals. At the
same time, modern biogas units do not have the ability to
collect information on process parameters online at every
stage of production. It is proposed to improve the existing
control systems of biogas units by monitoring the param-
eters of the plant environment before they are loaded into
the plant.

The purpose of this study was to develop software and
hardware for a system for monitoring plant environment
parameters for biogas production.

MATERIALS AND METHODS

The production technology was analysed during 2023 based
on the Bioenergy Complex of the Astarta-Kyiv agricultural
holding, which is characterised by the following indicators:
the complex processes 1,200 tonnes of beet pulp per day,
225 tonnes of sugar beet leaf silage and pig manure, and
produces about 150,000 m® of biogas per day, the equiva-
lent of 75,000 m? of natural gas. The design of the plant
environment monitoring system was based on the design
features of the process equipment and the biomass pre-
treatment process. Based on the design results, a model of
the monitoring system was created. The theoretical stage
of the study included an analysis of the works of H. Rahad-
ian et al. (2015), V.M. Reshetiuk et al. (2016), T. Lendiel et
al. (2021). Thanks to the review of these studies, the best
methods and techniques for the practical stage of the re-
search were selected.

The algorithm was based on fuzzy logic rules and
neural network models. The creation of a system for col-
lecting and storing data for long-term storage for further
processing and predicting the quality of the plant envi-
ronment to be fermented began with the architecture of
such a system. This architecture included a control device
with temperature, air and soil humidity sensors, a camera,
and a cloud-based platform for uninterrupted data acqui-
sition and storage.

The NodeMCU v3 module (Espressif Systems, Chi-
na) was chosen as the control device, built based on the
ESP8266 microcontroller (Espressif Systems, China) with
the Xtensa L106 processor (Tensilica Inc, USA), which is
based on the RISC architecture, uses a frequency of 80 to
160 MHz, which allows for computing and data processing,
and is suitable for battery power. One of the key features
of the ESP8266 microcontroller was the built-in Wi-Fi
module. It supports 802.11 b/g/n standards, which allows
devices to connect to wireless networks and share data
over the Internet. The ESP8266 features digital and ana-
logue general-purpose input (GPIO) pins that can be used
to connect to a variety of devices such as sensors, LEDs,
etc. The ESP8266 microcontroller has a Universal Asyn-
chronous Receiver and Transmitter (UART) and a Serial
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Peripheral Interface (SPI), which allows it to interact with
other devices and microcontrollers when it is necessary to
synchronise the operation of devices with each other. The
built-in micro-USB port allows connecting the microcon-
troller to a computer to download the program code.

Temperature measurements on the platform were im-
plemented by several types of sensors:

1) DS18B20 (Analog Devices, USA) is a digital tem-
perature sensor in a waterproof, insulated housing (IP67),
which makes it suitable for temperature measurement in
various environments. The DS18B20 can measure tem-
peratures from -55°C to +125°C with an accuracy grade of
0.0625°C. The DS18B20 digital interface is based on the
1-Wire protocol, which allows data to be read from the sen-
sor using only one wire.

2) DHT 22 (Aosong Electronics Co Ltd, China) is a uni-
versal temperature and humidity sensor. The humidity
measurement range is from 0% to 100% with a resolution
of 0.1%, and the temperature range is from -40°C to +125°C
with a resolution of 0.1°C.

The moisture content of the raw materials will be
measured by a moisture sensor combined with a two-chan-
nel comparator LM393 (Texas Instruments, USA). The
module has both digital and analogue outputs and a po-
tentiometer for threshold adjustment. The moisture sen-
sor consists of two probes that are used to determine the
moisture content of the soil. The moisture sensor probes
are coated with immersion gold, which protects the nickel
from oxidation. These two probes are used to pass current
through the soil, which creates the conditions for deter-
mining moisture content.

V. Lysenko et al.

The state of the incoming biomaterial was recorded by
the OV2640 camera module (ArduCam China) mounted on
the ESP32 microcontroller (Espressif Systems, China). The
maximum resolution of the video module’s matrix is 1600
by 1200 pixels at 15 frames per second. The colour depth is
8 bits, i.e., the maximum number of colours that can be dis-
played simultaneously is 256, and the supported formats
include 8/10-bit Raw RGB, YUV (422/420), RGB565/555.

The proposed device allowed storing information from
sensors with address binding, which makes it possible to
accurately monitor changes in parameters in real time. All
data is stored in the cloud and can be further processed and
used to develop a forecasting model. The code was created
and debugged in the Arduino environment.

RESULTS AND DISCUSSION

Systems for monitoring plant environment parameters for
biogas production will open opportunities to create effec-
tive control solutions for best biogas unit utilisation us-
ing advanced IoT technologies. This approach allows for
reliable monitoring of plant environment parameters in
real time, which helps to optimise and increase the pro-
ductivity of biogas production. It will be able to introduce
innovative approaches to the control and management of
biogas processes, ensuring efficient use of resources and
increasing the degree of automation of these processes.
The component diagram of the system (architecture) is
presented in Figure 1.

A part of the code and a fragment of the data flow are
presented in Figure 2. In the console, one can see the tem-
perature and humidity data in real time.

Cloud
storage

Temperature Micro-
sensor »{ controller |« camera
(DHT22) ESP8266 (OV2640)
Temperature Moisture
sensor sensor
(DS18B20)

Figure 1. Component diagram (architecture) of the system

Source: compiled by the authors of this study
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Onelire ds(D1);l
#define DHTPIN D2
#define DHTTYPE DHT22
DHT dht(DHTPIN, DHTTYPE);
void setup(void) {
Serial.begin(9600);
pinMode(D5, OUTPUT);
pinMode(D4, OUTPUT);
digitalWrite(DS, HIGH);

01:60:02.108 -> Temperature = 27.6 Celsius, 80.68 Fohrenheit
01:60:02.150 -> Humidity: 49.68% Temperature: 26.68°C °F Heat index
01:60:02.227 ->

£1:69:03.125 -> ROM = 28 FF (4 6A BS 16 5 E

01:00:03.161 -> Chip = DS18820

01:69:19.750 -> Data = 1 BO 1 48 46 1F FF 1F 10 B2 (R(=B2
Temperature = 27.00 Celsius, 80.68 Fohrenheit
01:09:19.750 -> Humidity: 49.68% Temperature: 26.68°C °F Heat index

: 27.03°C No rore addresses.

: 27.03°C No rore addresses.

dht.begin(); 01:69:19.750 ->
}
01:60:19.750 ->
void loop(void) {
pvke &5 21:60:19.750 ->

byte present = 0;

byte type_s;

byte data[12];

byte addr[8];

float celsius, fahrenheit;

01:09:19.750 ->
01:09:19.750 ->

01:69:19.750 ->

£1:09:19.750 -> ROM = 28 FF (4 6A BS 16 5 E

Chip = DS18B29

Data = 1 B0 1 48 46 1F FF 1F 10 B2 (R(=B2

Temperature = 27.69 Celsius, 80.68 Fohrenheit

01:60:19.750 -> Humidity: 49.68% Temperature: 26.56°C °F Heat index: 26.95°C No rore addresses.

01:60:19.750 -> ROM = 28 FF (4 6A B5 16 5 E

if ( !ds.search(addr)) {
Serial.println("No more addresses.");
digitalWrite(D4, HIGH);

01:09:19.750 ->
01:60:19.750 ->
01:09:19.750 ->

Chip = DS18B20
Data = 1 BO 1 4B 46 1F FF 1F 10 B2 (R(=B2
Temperature = 27.69 Celsius, 80.68 Fohrenheit

01:00:19.750 -> Humidity: 49.60% Temperature: 26.56°C °F Heat index: 26.95°C No rore addresses.

Serial.printlnQ);
ds.reset_search();

delay(1000); -
return; 01:60:19.750 ->

} 01:09:19.750 ->
01:09:19.750 ->

01:60:19.750 ->

Serial.print("ROM =");
for(i=0; i< 8; i++) {
Serial.write(" ");

b)

£1:60:19.750 -> ROM = 28 FF (4 6A B5S 16 5 E

Chip = DS18B20

Data = 1 BO 1 4B 46 1F FF 1F 10 B2 (R(=B2

Temperature = 27.69 Celsius, 80.68 Fohrenheit

01:09:19.750 -> Humidity: 49.50% Temperature: 26.58°C °F Heat index: 26.94°C No rore addresses.

Figure 2. Software of the measuring system for monitoring the parameters
of the plant environment for biogas production
Note: a - a fragment of the programme code; b — a fragment of the data obtained

Source: compiled by the authors of this study

The 1-Wire protocol used for DS18B20 sensors is a
data communication protocol developed by Maxim Inte-
grated that uses a single physical wire for data and power,
which substantially saves wiring on an extensive sensor
network. All data transfer operations start with bit syn-
chronisation between the transmitter and receiver. At the
beginning, a short pause is generated, followed by the
“START” bit, after which the factual data is transmitted.
Notably, several detectors can be connected to one de-
vice, creating a parallel network of consumers. A unique
64-bit code is used to identify each sensor. It creates the
conditions for determining the address of the device. To

transmit bits, time pulses are used, where a short pulse
represents a logical “0” and a long pulse represents a “1”.
This method allows transmitting information without us-
ing additional conductors. After a bit or byte is transmit-
ted, the receiver sends an ACK or NACK signal, depending
on the success of the transmission.

The search and identification of devices connected to
the same bus takes place in several stages and using a bi-
nary tree is an efficient approach to searching, especially
when there are many connected devices. The binary tree
helps to reduce the number of checks and operations on
the bus, reducing detection time (Fig. 3).

Figure 3. Queries in a binary tree

Source: compiled by the authors of this study
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At the first stage of the binary tree functioning, ini-
tialisation takes place, and a reset signal (Reset Pulse) is
sent to the bus. In response, the device sends a signal con-
firming its presence. The binary tree algorithm (Zhuang et
al., 2009) with options for possible device addresses is di-
vided into two parts from the range of possible addresses.
The simplest binary tree can be represented as nodes. Each
node includes two children (branches) and a parent (root
key). The distribution of node elements can be described
as follows: x is a node in the binary search tree, and node
y is in the left branch of node x, then the key y is smaller
than the key x. If node y is in the right branch of node x,
then the key x is smaller than the key y. The binary tree can
be displayed as presented in Fig. 3, where 15 is the parent
element and branches from it are 2, 3, 4, 6, 7, 13, 9 on the
left, which do not exceed the parent element, and 17, 18, 20
on the right, which are larger values.

The first step of the tree check sends a search signal
(OF -Search ROM), when the device responds, the algo-
rithm moves to the branch where it occurred and starts
dividing again. Thus, the identification will move until it
finds all the addresses of the connected devices (Zhuang et
al., 2009). Subsequently, one can associate device addresses
and physical locations for further monitoring. The OV2640
camera module is configured and calibrated through the
module’s software interface (Fig. 4).

The camera was set to the parameters presented in
Table 1.

V. Lysenko et al.

= Toggle OV2640 settings

Set
VGA(640x480) ~

XCLK MHz
Resolution
Quality
Brightness
Contrast

BEE (]
Special Effect
AWB

AWB Gain

WB Mode

AEC SENSOR
AEC DSP

AE Level

AGC

Gain Ceiling
BPC

WPC

Raw GMA

Lens Correction
H-Mirror

V-Flip

DCW (Downsize EN)
Color Bar

LED Intensity
Face Detection
Face Recognition

Get Still Stop Stream Enroll Face

Advanced Settings
= Register Get/Set
CLK
= Window

Figure 4. OV2640 camera module configuration
software interface
Source: compiled by the authors of this study

Table 1. Calibration options for the OV2640

Parameter name Designation Value

XCLK frequency xclk 20
Pixel format pixformat 4
Frame size framesize 8
Quality quality 38
Brightness brightness 0
Contrast contrast 0
Saturation saturation 1
Sharpness sharpness 0
Special effect special_effect 0
White balance mode wb_mode 0
Automatic white balance awb 1
White balance gain awb_gain 1
Automatic exposure 1
Exposure level ae_level 0

Exposure value aec_value 168
Automatic gain 1
Gain ratio agc_gain 0
Maximum gain gainceiling 4
Correction of black pixels 0
White pixel correction wpc 1
GMA settings for RAW raw_gma 1
Lens correction lenc 1

Source: compiled by the authors of this study

The photos are synchronised with the temperature,
humidity, and soil parameters, and stored in the cloud.

Data is transferred via Wi-Fi to the AWS S3 Bucket storage
service. Further forecasting of biogas yields will be based
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on the Weighted Ensemble algorithm. Two separate mod-
els are being built for this purpose:

O forecasting based on the results of parameter meas-
urements;

O prediction based on photo analysis of the input ma-
terial.

After that, the weights of the influence of each of the
parameters in the models are distributed, combined in the
Weighted Ensemble algorithm, and the model training be-
gins (Dang et al., 2021). The algorithm of the system is pre-
sented in Figure 5.

Opening the power
supply transistor

Yes

No
v

Connection to
Wi-Fi network
v
Measurement
of biogas unit
parameters

v
| Photographing |

Transfer of data
to the server

No—

Yes
End

Figure 5. Algorithm for measuring parameters
of biomaterial for fermentation
Source: compiled by the authors of this study

The algorithm starts with power supply to the con-
troller and its output contacts. The presence of voltage (U)
on the controller is checked, and if there is no voltage, the
device is switched on again. According to the algorithm,
measurements of Ni (where i=1..z) are carried out, includ-
ing measurement of technological parameters and creation

of photographs, after which the information is transmitted
to the cloud environment to the appropriate address. To
ensure the integrity of data transmission, a data synchroni-
sation subroutine is used. Ni measurements are performed
until the set number of measurements Nz is reached. Af-
ter that, the algorithm is completed. A circuit diagram was
developed for the interaction and layout of the device, a
fragment of which is presented in Figure 6.
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S12309_C5148659
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SV Il 11 115
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Figure 6. A fragment of the schematic diagram
of the mobile monitoring system
Source: compiled by the authors of this study

In the above diagram, the cascade of transistors Q1
and Q2 is required to control the opening of the current to
the sensor unit. Elements R9 and R3 are reference resistors
that create a low signal level at the logic input to which
the wire is connected. Pairs of capacitors C14, C1; C15, C2;
C4, C3; C17, Cl16; C24, C22; C23, C20; C28, C21 are shunt
capacitors for current filtering and reducing the influence
of some circuit elements on those that ensure correctness
of sensor measurements. Mounting connectors U1, U3, U5,
U7,U9, U13, Ul5 are used for quick connection of informa-
tion sensors for bolted connection.
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The data is stored and further processed on the Am-
azon Web Services Internet of Things (AWS IoT Core)
platform (Kianijaya & Hasanuddin, 2022). This platform
is used to connect devices to the AWS cloud infrastructure
to collect, process, analyse, and manage data generated in
real time from various devices operating in the IoT. The
device connection begins in the Device Gateway, which is
the entry point for connecting IoT devices to AWS. The
Device Gateway manages all active device connections
and implements semantics for multiple protocols to en-
sure that devices can securely and efficiently communi-
cate with AWS IoT Core. Devices can be connected using
the Message Queue Telemetry Transport (MQTT), Web-
Sockets, and HyperText Transfer Protocol Secure (HTTPS)
protocols. The MQTT connection protocol was selected
for the device (system). The MQTT protocol recognises
two types of network objects: MQTT broker and MQTT
client. An MQTT broker is a server that receives all mes-
sages from clients and then routes these messages to the
respective designated clients or services for further pro-
cessing. An MQTT client can be any device that uses the
MQTT library and connects to an MQTT broker via a net-
work. The information is organised in a hierarchy of top-
ics. When the sender has a new set of data to distribute,
it sends a control message with the data to the connected
broker. The broker sends information to all clients who
have subscribed to this topic. The sender does not need
to know the number or location of subscriptions, and vice
versa, customers do not have to configure any sender data.
If a broker receives a message on a topic for which there
are no active clients, the broker discards the message un-
less the sender has marked it as saved. A saved message is
a regular MQTT message with the save flag set to 1. The
broker saves the last saved message and the correspond-
ing quality of service (QoS) level for the selected topic.
Every customer who subscribes to a topic with saved mes-
sages receives them immediately after subscribing. The
broker stores only one saved message for each topic. This
allows newly subscribed customers to receive the most
up-to-date incoming information without waiting for the
next update from the sender. If it is the first time a data
publishing lead client connects with a broker, they can set
up a standard incoming message. In the event of an un-
foreseen disconnection of the lead client from the broker,
the broker will send this message to other clients. Clients
interact only with a broker, but the system can include
several brokers that exchange data based on the topics
to which their current clients subscribe. The minimum
MQTT control message contains only two bytes of data,
and if necessary, control messages can carry up to 256
megabytes of data. MQTT is based on the TCP protocol
for data transmission, and it transmits data for connectiv-
ity in plain text format, which allows for convenient data
processing after it is stored (Yassein et al., 2017).

The problems of building a qualitative model for the
formation of a management decision for biogas production
include the following:

V. Lysenko et al.

1) Insufficient data — machine learning models often
require a large amount of data to train. If the amount of
data is insufficient, the model may be under-trained and
have a high error on the test data;

2) data unevenness — data may be uneven, i.e., some
values may be represented much more frequently than
others. This can lead to the model being over-trained on
some values and under-trained on others;

3) Data faultiness — the data may contain errors, omis-
sions, or incorrect values; this can lead to the model being
trained on erroneous data, resulting in a result with low
accuracy when tested;

4) Incorrect data placement — data placement can af-
fect the model results; e.g., if the data contains multiple
sets from different sources, there may be an issue with in-
compatibility;

5) incorrect choice of features - it is important to
choose the right features to train the model; if the features
are not selected correctly, the model may be under-trained;

6) overfitting — a problem when a model overlearns on
training data and cannot generalise to new data; overfit-
ting can occur if the model is too complex or if there is not
enough data to train;

7) Underfitting is a problem when a model is not
trained enough to predict new data accurately enough; un-
derfitting can occur if the model is too simple or if insuffi-
cient data is used for training;

8) Noise — data can contain noise, i.e., additional de-
tails or random deviations that can prevent the model from
learning from the data correctly;

9) Outliers — some values in the data may be outliers,
i.e., values that are significantly different from other val-
ues; this can affect model training and lead to inaccurate
results.

There are studies that suggest different approaches
to developing a storage platform. For instance, in M.R. Ki-
anijaya & M.O. Hasanuddin (2022), a web-based IoT solu-
tion aimed at monitoring and analysing data in the agri-
cultural sector. The purpose of the presented solution is
to simplify the monitoring of production processes in this
industry using IoT technologies. Real time is achieved
based on the MQTT protocol using a brokered publish/
subscribe, which is described in detail. This avoids the
limitations that arise from the use of networks in rural
areas. The information from the sensors is displayed and
stored in the web part of the information system. The ar-
chitecture of a web application is described as a three-
tier client-server architecture in which the graphical user
interface (presentation tier), application functions and
logic (application tier), and computer data storage (data-
base tier) are developed and maintained as independent
modules on separate platforms. This solution is based on
a platform that is fully managed in-house.

Otherwise, K. Grgi¢ et al. (2016) propose a solution
for storing such data using both local and online storage.
The system has several subsystems, including data trans-
mission, data storage, and power management. It will use
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a real-time clock to keep track of time, the Internet for
data transmission based on the MQTT protocol, both lo-
cal storage and a cloud database for data storage, and a
power supply system with automatic switching between
the main power supply and the backup power supply in
the event of an unforeseen event such as a power out-
age. The cloud database will be available through the
AWS cloud service. Using cloud services allows for more
flexibility when choosing technologies, as all services are
ready to use immediately and do not require additional
settings and work on data backup. Data security and ac-
cessibility stay important. AWS guarantees a high level of
data availability and reliability, and since it will be rep-
licated across multiple regions, it ensures fault tolerance
and data security.

The advantages of the MQTT protocol in comparison
with other protocols, such as HTTPS, as indicated in the
studies of A. Al-Fuqaha et al. (2015) and allow opting for it
when choosing a data transmission protocol. Most of the
protocols used in Internet of Things (IoT) networks are
based on data transmission via TCP (Transmission Control
Protocol) or UDP (User Datagram Protocol). These proto-
cols include XMPP (Extensible Messaging and Presence
Protocol), CoAP (Constrained Application Protocol), DDS
(Data Distribution Service, MQTT and AMQP (Advanced
Message Queuing Protocol), which are widespread and
used in various fields. Each of these protocols has its own
concrete functional characteristics and is used to solve
specific problems.

This overview will focus on one of the most common
application layer protocols, MQTT. The aspects covered in-
clude the architecture, message format, scope, and Quality
of Service (QoS) for MQTT layers. MQTT is used primarily
as a channel for transmitting binary data and provides flex-
ibility in communication patterns. The main goal of MQTT
is to provide a publisher-subscriber messaging protocol
with minimal bandwidth requirements. Data is transported
using the Transmission Control Protocol (TCP). According
to M.B. Yassein et al. (2017), the advantages of MQTT are as
follows: no additional parameters, which makes the proto-
col less bulky and more efficient for data transmission with
a low quality Internet connection; asynchronous data ex-
change makes it possible to send data regardless of the re-
cipient’s state; scalability — the transmission channel does
not limit the number of connections, all sent messages are
processed in turn; long connection duration without the
need to spend resources on reconnection.

The proposed approach will make it possible to form a
control decision on the loading of the plant medium into the
biogas unit. This uses Internet of Things technologies that
provide real-time monitoring of parameters in the system.

CONCLUSIONS

This study proposed the architecture of a system for mon-
itoring the parameters of the plant environment for biogas
production. This will contribute to a more accurate assess-
ment of the future biomass fermentation process; and the
development of effective management solutions to in-
crease biogas production. Based on the results of this study,
a schematic diagram of the mobile monitoring system was
developed; an algorithm for searching and identifying con-
nected devices on the 1-Wire bus; software for interacting
with different types of sensors, transferring and storing
data in the cloud storage with the subsequent possibility
of processing them. The data is transferred via Wi-Fi to the
AWS S3 Bucket for storage, and further prediction of the
biogas yield will be carried out using the Ensemble algo-
rithm, using two separate models: one based on the results
of parameter measurements and the other based on the
analysis of the input material photo. The developed sys-
tem of remote monitoring of biomass parameters before its
fermentation creates conditions for modernisation of the
biogas production process control system in biogas units.

Further research will focus on the development of
monitoring technologies, including the development of
more accurate and sensitive sensors for measuring plant
environment parameters such as methane levels, tem-
perature, soil moisture, and other important parameters.
A significant area for further research is to optimise the
system for collecting and transmitting data from sensors
to central processing and monitoring. It will explore data
transmission technologies, including wireless networks
and the Internet of Things (IoT), which provide reliable
and fast real-time data collection. An essential component
of the research is the development of a predictive model of
plant environment parameters based on the collected data,
which will help optimise the biogas production process and
increase its productivity.
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Mo6inbHa cucTeMa MOHITOPUHIY NapaMeTpiB POC/IMHHOIO cepeaAoBULLIA
Anga BUpo6HuuTBa 6iorasy

AHoTauia. OcHOBHUMU IKepenamu Giomacy st 6i0ra3oBuX yCTAaHOBOK MOXKYTb GYTY OpraHiuHi Bigxomu, 3epHO, CiHO,
THil, pi3SHOMaHiTHI poCIMHHI MaTepianu Ta iHIe. [Tpoliec aHaepo6GHOTO 30POIKYBAHHS, SIKVIT CKJIaJA€ThCST 3 TTOC/TiTIOBHUX
CKJIaIHMX GiONOTiYHMX peakKiliii, € akTyaJIbHMUM i TOTpe6ye AeTaTbHOTO KOHTPOJTIO TIapaMeTpiB, 106 3armobirTu MOsKIMBUM
BTpaTaM i ONTUMAaIbHO BUKOPUCTATHU 3aKIafeHnit MaTepiaa. ToMy MeTOI0 TOCTiIKeHHS OYyJI0 PO3IITHYTY MOK/IUBICTh
PO3p0o6KM MO6IIBHOT YCTAHOBKY JIJISI MOHITOPUHTY ITapaMeTpiB pPOCJIMHHOTO CepeloBUIIa Ipy BUPOOHUIITBI Giorasy 3
MOXKIMBICTIO 36epeskeHHSI AaHMX i OJAIbIIOr0 BUKOPUCTAHHS IX Py MOOYO0Bi MaTeMaTUYHOI MOJIEJ /ISl IPOTHO3YBAaHHSI
BUX0ny rasy. CTBOpeHHS aJropmuTMy 6a3yBasocst Ha IPUHIMIAX HEUiTKOI JIOTiKM Ta CTPYKTYpPi HEMIPOHHUX Mepex.
3arpoIIOHOBAHO apXiTeKTYPy MOOIIbHOI CMCTEMY MOHITOPUHTY ITapaMeTpPiB POCIMHHOTO CepeaoBUIIA IJISI OTPUMAaHHSI
6iorasy. HaBeeHO po3p06ieHy NPUHIIUIIOBY €IeKTPUUHY CXeMY Takoi cuctreMu. PO60Ty cucTeMu MpeCcTaBAeHO Y
BUIVISIZIi CTBOPEHOTO JITOPUTMY TOUIYKY Ta imeHTHdiKkanii minkmoueHnX IpUCTPOiB Ha mMHI 1-Wire. 3a Ha3BaHOIO MIMHOIO
BUKOHYETbCS ONMTYBAHHS JaBayiB Ta BiTIOBiIHO BMMipIOBaHHS TEXHOJOTIUHMX MapaMeTpiB. Po3po6ieHo mporpamMmHe
3abe3neueHHs /151 B3a€MOZIi JaBauiB pi3HMX TUIIIB, epetaui Ta 36epeskeHHS JAHMUX B XMapHe CXOBUIIE 3 MOJAIbIIOI0
MOXJIMBICTIO iX 06po6Kku. ITepenb6aueHo ¢pororpadyBaHHst 6iomacy 3aBasSKy BOymIoBaHiii orokamepi. BukopucTapiim
TIPUHIIUII TEXHOJIOTIT iIHTEpPHET peyveii mepenbavyeHo QUCTAHIIHNWI JOCTYT A0 BUMIipSIHUX JaHUX. BUMipsHi TexHomorivuni
napameTpu Ta ¢pororpadii nepenaiThCs HA CepBep CUCTEMM KepyBaHHS Iisl IOAAIBIIOTO aHali3y, 10 A03BOIUTh TOUHIIIIe
OLIiHUTY TIPOIIEC MiATOTOBKM Giomacu st 36pomskyBaHHs. OTpUMaHi pesysbTaTy Jal0Th MOXK/IMUBICTh YIOCKOHAJIUTU
CUCTEMM KepyBaHHS Ta MiATPUMKM IIPUITHSITTS pillleHb IIPY 3aBaHTaKeHHi 6iomMacy B 6iora3oBy yCTaHOBKY
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Optimisation of energy solutions: Alternative energy,
reactive power compensation, and energy efficiency management

Abstract. The relevance of the problem under study is determined by the need to create a sustainable, efficient and
environmentally safe energy complex. The growth of the world population, industrial development, and overall energy
demand endanger the provision of society’s energy needs, making the need for research urgent at the present time. The
purpose of the study is to examine optimal energy optimisation strategies, including alternative energy, compensation of
reactive power, and energy efficiency management, to ensure the stable and efficient functioning of the energy complex.
Among the methods used, analytical, classification, functional, statistical, and synthesis methods were applied. In
investigating the optimisation of energy solutions, a thorough analysis of various aspects of alternative energy, reactive
power compensation, and energy efficiency management was conducted. This analysis encompassed various aspects and
parameters related to these areas, including technical, economic, and environmental indicators. As a result of the study,
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it was established that alternative energy has significant potential for ensuring sustainable development of the energy
system. It can serve as a reliable source of energy that does not harm the environment and is not dependent on limited
resources. In addition, reactive power compensation was recognised as an effective way to avoid energy losses in the system.
This strategy helps to ensure more efficient energy use and reduce losses during transmission and distribution. Energy
efficiency management also proved to be a key aspect in achieving energy supply sustainability. This allows optimising
resource utilisation, reducing energy costs, and mitigating the negative impact on the environment. The practical value
of the study lies in the development of innovative recommendations and strategies for energy optimisation, which will
contribute to the creation of a stable, efficient, and environmentally safe energy complex and enhance its compliance with
current and future challenges, making a considerable contribution to the development of science and the energy sector

Keywords: sustainable development; environmental safety; minimisation of losses; resource conservation; reduction of

negative impact

INTRODUCTION

The examination of optimisation of energy solutions, in
particular alternative energy, reactive power compensa-
tion and energy efficiency management, is critical in the
modern world. The increase in population, rapid industri-
alisation, and continuous growth in energy demands pose
significant challenges for effective and sustainable energy
supply. Transitioning to alternative energy sources be-
comes imperative to reduce dependence on depleting nat-
ural resources, mitigate environmental pollution, and ad-
dress climate change issues. Exploring alternative energy
sources such as solar, wind, geothermal, and hydroelectric
power aids in developing new technologies and approaches
for creating a stable and environmentally friendly energy
infrastructure. Reactive power compensation and energy
efficiency management are vital aspects of energy optimi-
sation. Implementing efficient compensation methods re-
duces energy losses, enhances supply quality, and ensures
the stability of electrical networks. Energy efficiency man-
agement facilitates optimal resource use and reduces en-
ergy consumption, positively impacting the economy and
the environment. Research in this area significantly con-
tributes to science and technology, fostering innovative
approaches in the energy sector and ensuring society’s
sustainable development amidst the growing challenges
of the modern world. The investigation of energy solution
optimisation is a crucial component in shaping the future,
where efficient and sustainable energy supply underpins
successful societal development.

The problem under study lies in resolving complex
challenges related to effective and sustainable energy pro-
vision for contemporary society. One key issue is finding a
balance between high energy demand and limited natural
resources. The increasing population, industrial develop-
ment, and widespread use of energy-dependent technolo-
gies jeopardise the stability of energy systems, necessitat-
ing the exploration of new and efficient solutions. Another
problem involves transitioning to alternative energy
sources and establishing a robust infrastructure for their
integration. The adoption of alternative sources such as
solar, wind, and hydroelectric power necessitates the de-
velopment of new technologies and storage/transmission
systems, along with investments in their advancement.
Addressing the technical and economic aspects to ensure

the effectiveness and stability of alternative sources is
exceptionally crucial. Furthermore, the research problem
encompasses energy security and the resilience of the
energy system. The implementation of new technologies
and the enhanced role of alternative sources must guar-
antee a reliable and stable energy supply, which is criti-
cal for the functioning and development of contemporary
society. Reducing the negative environmental impact is a
complex challenge in energy optimisation research. Find-
ing solutions to minimise environmental pollution and
reduce emissions of harmful substances into the atmos-
phere during energy production and consumption is cru-
cial. The problem under study requires an integrated ap-
proach, considering technical, economic, environmental,
and social aspects to ensure a sustainable, efficient, and
environmentally friendly energy complex for present and
future generations.

According to a study by M.L. Lysychenko et al. (2021),
the effective compensation of reactive power can lead to
reduced energy losses and improved operation of power
systems, especially in industrial and commercial enter-
prises. This promotes more rational use of electric power
and reduces energy resource consumption, contributing to
sustainable development and enhanced energy efficiency.
O. Salavor et al. (2022) emphasise that the development of
solar and wind energy is vital for achieving sustainable de-
velopment and mitigating the negative impact on climate
change since these alternative energy sources are environ-
mentally safe and do not emit harmful gases contributing
to global warming. Encouraging the use of solar and wind
energy can bring significant positive changes in the energy
sector and environmental conservation, fostering sustain-
able economic and ecological development.

S.P. Denisyuk et al. (2022) highlight that implementing
energy-efficient technologies can reduce energy costs and
ensure a stable and reliable energy future. This can enhance
economic efficiency, reduce dependence on exhaustible
resources, and decrease the environmental impact of the
energy sector. G. Kostenko & C. Zgurovets (2023) illumi-
nate that integrating solar panels, wind turbines, and other
alternative energy sources into the power grid is a critical
step toward ensuring reliable and stable energy supply.
This expansion of the resource base reduces dependence
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on conventional raw materials, contributing to a more re-
silient and environmentally balanced energy system.

Yu.A. Veremiychuk et al. (2020) emphasise the sig-
nificance of developing intelligent energy management
systems and their implementation in construction and
industry to ensure more efficient use of energy resources
and reduce energy consumption. This enhances energy ef-
ficiency and competitiveness of enterprises, reduces envi-
ronmental impact, and promotes sustainable development.
Results by N. Gelich et al. (2020) confirm that alternative
energy sources, especially solar and wind, are becoming in-
creasingly competitive compared to conventional sources
like coal or gas. This has led to their increased utilisation,
fostering the development of sustainable and environmen-
tally friendly energy, ensuring a more efficient and stable
energy supply.

The purpose of the study is to explore specific chal-
lenges such as ensuring an effective and sustainable energy
supply, developing alternative energy sources, and reduc-
ing the negative environmental impact for further optimi-
sation of energy solutions.

MATERIALS AND METHODS

The analytical method facilitates in-depth analysis of com-
plex data in the context of alternative energy efficiency.
With the use of this method, it was possible to identify the
relationship between energy sources, analyse the influence
of factors on the efficiency of solar and wind installations,
and put forward recommendations for the further devel-
opment of sustainable energy. The analytical method also
assisted in evaluating the economic benefits of using al-
ternative energy sources and determining their influence
on reducing dependence on coal and other finite resources.
Comparing data on production costs and investments with
expected economic benefits allowed understanding the
prospects of alternative energy development and transi-
tioning towards amoreresilient and efficient energy system.

Using the statistical method, key performance indica-
tors of alternative energy sources, such as solar and wind
energy, were determined in comparison with conventional
sources. The statistical method also enabled identifying de-
pendencies between factors affecting the efficiency of alter-
native energy sources and isolating key factors influencing
their productivity. Analysing statistical data facilitated the
development of optimisation strategies aimed at enhancing
the efficiency and stability of alternative energy sources,
thereby improving their reliability and economic feasibility.

By employing the functional method, crucial aspects
of alternative energy efficiency were elucidated concern-
ing their functionality and interaction with the energy
infrastructure. The study disclosed optimal ways to inte-
grate solar and wind installations within existing electri-
cal systems, ensuring reliable and uninterrupted energy
transmission. This method allowed focusing on analysing
the impact of alternative sources on network capacity, peak
load support efficiency, and backup power capabilities. It
facilitated the identification of potential advantages of
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employing alternative sources in local and global energy
systems, emphasising optimal planning for the develop-
ment of modern, sustainable energy networks. The struc-
tural-functional method aided in the detailed analysis of
the interaction between alternative energy sources and
the existing energy system, delineating functional blocks,
and assessing the influence of each element on the overall
system’s efficiency. This study enabled the development
of optimal integration strategies for alternative sources,
aimed at ensuring the stability and balance of the energy
infrastructure.

The deduction method played a pivotal role in formu-
lating general principles and theoretical models, providing
the basis for analysing the efficiency of alternative energy
sources. This method unveiled fundamental dependencies
and regularities defining the functioning and advantages
of solar and wind installations. It established a systematic
theoretical framework for further research on the efficien-
cy of alternative energy sources, isolating critical factors
and influential variables contributing to their enhance-
ment. The analysis of deductive research results can serve
as a foundation for developing innovative technologies and
effective strategies in the field of alternative energy, foster-
ing a more sustainable and resilient energy future.

By employing the synthesis method, innovative solu-
tions and comprehensive strategies were developed for the
integration of solar and wind energy into the power sys-
tem. This method facilitated the amalgamation of diverse
components and technologies, ensuring optimal direction
for the development of alternative energy sources to guar-
antee a sustainable and efficient energy future. The syn-
thesis method also aided in identifying optimal locations
for solar and wind installations, considering landscape,
climatic conditions, and electricity consumers. Integrating
data from the synthesis method enabled the development
of global and local projects for the advancement of alterna-
tive sources, contributing to climate change mitigation and
ensuring stable and sustainable energy supply.

RESULTS AND DISCUSSION

Advancements in alternative energy technologies

and strategies for sustainable development

Alternative energy represents a concept in the energy sec-
tor’s development based on utilising energy sources dis-
tinct from conventional coal, oil, and gas resources. This
form of energy includes solar, wind, hydro, biomass, geo-
thermal energy, and other sources that occur naturally or
are inexhaustible. The advancement of alternative energy
holds significant importance in the context of sustainable
development and the preservation of natural resources. It
plays a crucial role in ensuring energy security, reducing
greenhouse gas emissions, and mitigating the adverse ef-
fects of climate change. Furthermore, it aids in diversify-
ing the energy mix and reducing dependence on the im-
port of precious energy resources. The implementation
of alternative energy necessitates continuous innovation,
technological development, and encourages investment
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in the energy sector. Alternative energy stands as a prom-
ising industry, gaining increasing popularity and support
from governments and society. The introduction and de-
velopment of alternative energy sources contribute to the
creation of new jobs, the development of technologies, the
improvement of energy efficiency, and energy cost reduc-
tion. An important aspect is the integration of alternative
energy sources into the existing energy infrastructure and
the development of effective management mechanisms
for energy systems. However, it is necessary to address the
technical, economic, and socio-cultural challenges associ-
ated with changing the conventional energy approach and
promoting awareness of the importance of alternative en-
ergy for ensuring sustainable development and a sustaina-
ble future energy system.

Referring to the definition of U. Sorimsokov (2022), the
use of alternative energy to reduce electricity losses and
increase voltage is a relevant and promising strategy in the
modern energy sector. This trend is geared towards mini-
mising the adverse environmental impacts of conventional
methods of electricity production and consumption while
improving the quality of the electrical system. One of the
key advantages of utilising alternative energy lies in its re-
newability and continuity. Solar, wind, hydrothermal, and
geothermal energy sources provide reliable energy supply
over extended periods with minimal fluctuations. This di-
minishes dependence on conventional sources such as coal
or gas and reduces energy consumption for their operation
and transportation. An important advantage is the abili-
ty to produce alternative energy on-site Solar panels on
building rooftops, wind turbines in rural areas, or hydro
generators in rivers contribute to reducing electrical losses
during transportation and distribution, a common factor in
overall loss reduction. However, there are some challenges
and limitations to consider when using alternative energy.
For instance, solar and wind energy are weather-dependent
and may be unstable sources in specific regions. Hydroe-
lectricity can impact river and waterbody ecosystems, ne-
cessitating careful planning. Furthermore, infrastructure
for alternative energy production and distribution requires
investments and technological advancements. Energy
consumption is a vital aspect of various human activities,
including heating and lighting homes, cooking, providing
transportation, and supporting industrial and agricultural
sectors. While developed countries transition from thermal
power plants to innovative energy extraction technologies,
other nations, such as Ukraine, continue to actively use
coal to power thermal power plants.

The combustion of coal and oil resources releases hy-
drogen sulphide, CO,, toxic gases, nitrogen oxides, particu-
lates, and so on, leading to significant environmental pol-
lution. Mining coal in quarries and extracting peat lead to
the degradation of natural landscapes and, in specific cas-
es, their complete destruction. Spills of oil and petroleum
products during their extraction and transportation can
cause massive environmental damage, including the pollu-
tion of large territories and water bodies (Singh et al., 2020).

Current energy trends emphasise the developed countries’
focus on reducing their dependence on expensive organic
energy sources and increasing the use of alternative energy
sources in their energy balances. The main driving factors
for alternative energy development include the high cost of
energy obtained, which is due to the equipment cost such
as photovoltaic cells and wind turbines, as well as a rela-
tively long payback period. The service life of photovolta-
ic cells is about 5 years, while for wind turbines, it ranges
from 2 to 3 years, depending on local natural conditions.

Researchers U. Mirzayev & ].T. Tulakov (2019) identi-
fied that modern methods of utilising alternative energy
sources represent a key area aimed at ensuring a sustain-
able and environmentally friendly energy future. These
methods allow the efficient utilisation of natural resources,
reduce dependence on depleting fuels, and contribute to
reducing greenhouse gas emissions, a crucial aspect given
the increasing awareness of climate change. Solar energy,
using solar panels to convert sunlight into electrical energy,
provides an accessible and efficient alternative. Wind tur-
bines installed in wind farms harness wind energy to gen-
erate electricity, offering a stable source of electrical pow-
er. Hydroelectricity utilises water flow to rotate turbines,
while geothermal energy uses the Earth’s underground
heat for heating and electricity. Biomass utilisation, such
as wood and agricultural waste, transforms waste into val-
uable energy, making strides in waste management. Tidal
energy, using tidal forces from seas and oceans, provides
an additional avenue for clean energy production. These
modern methods of using alternative energy sources are
aimed at reducing the negative impact of the energy sector
on the environment, increasing energy independence, and
ensuring sustainable energy supply for future generations.

Most European countries are successfully developing
the field of alternative energy with active support from
the state. European Union countries, both at internation-
al and national levels, are implementing programmes and
strategies for the development of renewable energy and
providing financial and organisational support to compa-
nies operating in this sector. Growing challenges such as
the depletion of global hydrocarbon reserves, rising energy
prices, and worsening environmental conditions compel
many developed countries to actively develop their energy
strategies focused on alternative energy sources. According
to the International Energy Agency, Ukraine is expected to
double its electricity production from alternative sourc-
es by 2030 compared to current figures, which currently
account for approximately 16% of the total production
(Watowski, 2021).

There are a significant number of innovative technolo-
gies that use renewable energy sources. These technologies
are constantly improving, and new ones are being devel-
oped to enhance efficiency. Special solar collectors and so-
lar batteries are used to store solar energy. The operation of
solar collectors is based on the concept of focusing solar ra-
diation on a transparent tube through which a liquid pass-
es and is heated. On the other hand, solar batteries operate
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based on the photovoltaic effect, where semiconductor com-
ponents, photovoltaic converters, generate electric current
when exposed to solar radiation. These photovoltaic com-
ponents are grouped into batteries of various sizes, which
are then installed on solar panels (Kilgo et al., 2022). These
solar collectors and batteries are typically applied to obtain
thermal energy in individual buildings and as additional
sources in combined heating and water heating systems.

Various technologies are used for the production of
energy from biomass and biogas, such as composting, pro-
cessing in bioreactors, and forming briquettes from dry
residues. In places with a large accumulation of biomass,
powerful biogas reactors are often constructed. The ob-
tained biogas can be used by direct combustion to obtain
thermal energy or in gas generators to produce electricity.
For instance, in Poland, there are currently 21 power plants
generating energy from biomass with a total capacity of
485.5 MW and 178 power plants using biogas with a capac-
ity of 111.8 MW. The placement of wind energy facilities
depends on the presence of “wind corridors,” which have
uneven seasonal characteristics. Before the construction of
wind stations, extensive studies of wind flows at heights
ranging from 90 to 100 m were conducted, and the results
of these studies influenced the adoption of appropriate
techno-economic decisions. Wind turbines with capacities
ranging from 500 to 2000 kW are grouped in specific areas,
and the generated electric power is supplied to centralised
electrical grids (Weiss et al., 2021).

Small hydropower utilises the potential energy of
small rivers and water bodies. Generating turbines of small
hydropower plants are located near the base of the dam or
at the outlet of the derivation channel to maximise water
flow utilisation and efficient conversion into electric ener-
gy. The use of alternative energy sources proves to be very
effective in many countries, significantly improving their
economic and environmental situations. However, despite
the evident advantages, these sources can have a negative
impact on the environment. The operation of stations us-
ing renewable energy sources is associated with the acqui-
sition of significant land plots and can cause changes in
landscapes. Some of these power plants can create noise
and pollute the environment.

According to the results of recent studies by M.G. Pri-
na et al. (2020), one of the key aspects of multi-objective
investment optimisation is considering various goals and
constraints in decision-making. This may include min-
imising costs, maximising energy production, ensuring
stability and efficiency, reducing environmental impact,
and ensuring supply reliability. Considering these diverse
objectives allows for a more comprehensive and balanced
approach to the development of the energy system. Due to
high temporal and spatial resolution, it is possible to more
accurately account for the dynamics of energy demand and
production in different geographic areas and time inter-
vals. This enables optimal allocation of resources, the use
of different energy sources based on their availability and
demand, and efficient utilisation of energy storage systems
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to compensate for variations in demand. This issue also
involves the application of advanced modelling and data
analysis technologies. High resolution requires the use
of precise and detailed data on production, consumption,
energy distribution, and the interaction of various sources
and system components. Modern data analysis and infor-
mation processing tools allow considering these parame-
ters for more accurate and well-founded decision-making.

Multi-objective investment optimisation for high-
temporal and high-spatial-resolution energy system mod-
els opens up new opportunities for the development of
sustainable, efficient, and environmentally friendly ener-
gy. This approach helps balance different goals and con-
straints, allowing the creation of an optimal and long-term
sustainable energy system. For example, wind power sta-
tions are efficient during strong winds but can be vulner-
able to hurricanes. Solar boiler plants require large areas,
and solar panels can pose environmental issues as waste.
Power plants using geothermal energy can be profitable
only if thermal sources are close to the surface, considering
the potential impact of construction on seismic activity.
Biomass can be used to generate energy by burning plant
material, but this method is also accompanied by the emis-
sion of carbon dioxide and soot, which can have a negative
impact on the environment. Therefore, the effective uti-
lisation of renewable energy sources requires careful bal-
ancing between the benefits and negative consequences for
the environment.

V. Suresh et al. (2020) demonstrated through their re-
search that modelling and optimising autonomous hybrid
renewable energy systems for rural electrification are im-
portant areas in modern energy research. This opens up
possibilities to ensure a sustainable and reliable power
supply in rural areas where access to conventional energy
sources may be limited or costly. Hybrid renewable ener-
gy systems combine different sources, such as solar pan-
els, wind turbines, hydro generators, batteries, to ensure
continuous and stable electricity supply. Modelling such
systems allows determining the optimal combination of
sources and their parameters, ensuring maximum effi-
ciency and minimum costs. The optimisation process of a
hybrid system includes analysing energy consumption in
rural areas, forecasting renewable energy production based
on weather conditions and other factors, and determining
optimal energy storage and distribution parameters. It is
also crucial to consider economic feasibility factors, includ-
ing equipment cost, maintenance, and system operation.

One of the key challenges in modelling and optimis-
ing hybrid systems is the uncertainty of weather condi-
tions and the variability of renewable energy production.
This can lead to energy shortages or excess, requiring the
development of control and storage algorithms to ensure
system stability. In addition, the efficiency of bioturbines
is relatively low, leading to high implementation costs, and
the use of biomass is often not cost-effective. An excellent
alternative solution is the conversion of plant mass into
gas, such as methane. Methane can then be burned using

Machinery & Energetics. Vol. 14, No. 4

N



Optimisation of energy solutions...

gas turbines, which operate much more efficiently. This
method holds promise where a large amount of agricultur-
al waste is available. Methanol and ethanol obtained dur-
ing biomass fermentation can also be used as alternative
fuels for vehicles. Recent years have seen increasing con-
cerns among policymakers and the general population due
to the worsening global environmental issues such as acid
rain and climate change, and the consequences of these
phenomena on the environment. Despite existing more
environmentally friendly methods of energy production,
such as using renewable sources like solar, wind, thermal
energy, wood, and agricultural waste, it is crucial to under-
stand that there is no perfect energy production method
that does not negatively impact the environment.

O.A. Al-Shahri et al. (2021) identified that solar pho-
tovoltaic energy is one of the most promising sources of
alternative energy; however, its optimisation poses certain

Table 1. Energy potential of renewable energy sources in Ukraine

challenges and issues. One optimisation method involves
improving the manufacturing technology of solar panels
to increase their efficiency and reduce production costs.
The development of new materials and designs can con-
tribute to capturing more solar energy and enhancing its
utilisation. However, this can be associated with high costs
for research and development. Another problem is the de-
pendency on weather conditions; solar panels achieve high
efficiency only in sunny weather. This issue is related to
the lack of a constant energy supply, necessitating the de-
velopment of storage systems to provide electricity during
cloudy days or at night.

Infrastructure aspects can be an additional hurdle for
optimising solar photovoltaic energy. A developed grid
network is needed for the transmission and distribution
of generated electricity, as well as monitoring and control
systems for the efficient use of solar panels (Table 1).

Theoretical potential, Utilisation, Technical capacity,
Energy sources
8y MW x (h/year) MW x (h/year) MW x (h/year)
Solar energy 7.2*101" 8.1*10* 0.13*10°
Wind power 9.65%10" 0.8%10° 0.36%10°
Geothermal energy 5.13*10" 0.4*10° 1.4*10%°
Bioenergy 1.25*%107 0.14*10? 6.1%10°
Small hydroenergy 1.74*107 0.5*10° 6.4%10°

Source: 0.Yu. Niskhodovska & N.L. Korzhenivska (2023)

In Ukraine, there is a need and opportunity to develop
energy based on renewable sources, which is due to several
factors (Rabbi et al., 2022):

1. The presence of a shortage of conventional fuel and
energy resources in Ukraine.

2. Imbalance in the development of Ukraine’s energy
complex, with a significant focus on electricity production
at nuclear power plants (up to 25-30%).

3. Suitable climatic and meteorological conditions for
the efficient use of major renewable energy sources.

4. Ability to produce diverse equipment for renewable
energy on existing industrial infrastructure, despite signif-
icant damage due to the war with Russia.

Table 1 provides information on the resources of re-
newable energy sources in Ukraine, their potential energy
productivity, and utilisation volumes. An important legis-
lative step in the latest stage of alternative energy devel-
opment is providing tax incentives to energy companies
utilising alternative energy sources. As noted by M.]. May-
er et al. (2020), the eco-economic multicriteria optimisation
of household-level hybrid renewable energy systems using
genetic algorithms is a crucial step toward creating sus-
tainable and efficient energy solutions based on alternative
energy sources. Hybrid systems that combine multiple re-
newable energy sources such as solar panels, wind turbines,
and batteries can be an effective option for household

electrification. However, the optimal selection of param-
eters for such a system can be challenging, as it needs to
consider not only environmental but also economic factors.
Multicriteria optimisation considers various criteria, such
as cost, reliability, efficiency, and environmental impact,
allowing for a compromise between these factors. In this
context, genetic algorithms are powerful tools as they ena-
ble the search for optimal solutions in the space of possible
parameters for hybrid systems. One of the main challeng-
es in this approach is the complexity of determining the
weights of different criteria since they may have different
levels of importance for different users or situations. It is
also essential to consider the uncertainty of certain param-
eters, such as weather conditions and energy consumption.

Energy audit, efficiency management,

and reactive power compensation:

Insights into insulation technical condition

The compensation of reactive power is a technical process
aimed at reducing or eliminating undesirable reactive pow-
er in electrical systems. Reactive power arises due to in-
ductive or capacitive consumption of electrical energy in
distribution networks and electrical installations (Tazky et
al., 2021). This forces electrical systems to operate with ex-
cessive loads and increased electricity consumption, leading
to reduced energy efficiency and increased electrical losses.
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Reactive power compensation involves eliminating ex-
cess reactive power by implementing compensating devic-
es such as capacitors. These devices generate reactive pow-
er, compensating for excessive reactive power consumption
and ensuring a balance between active and reactive power.
The advantages of reactive power compensation include in-
creased energy efficiency, reduced electricity costs, and in-
creased power transmission capacity. In addition, reactive
power compensation helps maintain the stability of elec-
trical systems, reduce equipment overload, and increase
the technical lifespan of electrical installations. Successful
reactive power compensation requires accurate calculation
of reactive power, well-designed and installed compensat-
ing devices, and continuous monitoring of electrical sys-
tems. This process helps optimise the operation of elec-
trical power systems, enhance the reliability and stability
of electrical installations, and contribute to efficient and
stable power supply. The technical condition of insulation
relates to the assessment of the quality and effectiveness of
insulation materials used to protect electrical conductors
and electrical devices in electrical systems. This is a crucial
aspect in ensuring the safe and stable operation of electri-
cal installations. The assessment of the technical condition
of insulation involves the diagnosis and measurement of
the state of insulation materials to identify potential issues
(Frizzo Stefenon et al., 2020). This may include checking for
cracks, wear, contamination, or damage on the surface of
insulation materials. The technical condition of insulation
is measured by parameters such as insulation resistance,
indicating the effectiveness of insulation and its ability to
prevent current leakage.

It is worth noting that the technical condition of in-
sulation can change over time due to various factors such
as humidity, temperature, mechanical loads, and electrical
voltages. Regular inspections and maintenance of insula-
tion materials are critical to ensure effective and safe op-
eration of electrical systems. Preserving proper insulation
conditions helps prevent potential accidents, reduces re-
pair costs, and enhances the reliability of electrical instal-
lations. The technical condition of insulation is crucial for
electrical safety, efficiency, and the lifespan of electrical
devices and systems. Therefore, its regular monitoring and
maintenance are essential tasks for all energy systems and
industrial enterprises.

An energy audit is a comprehensive technical process
aimed at assessing and analysing the energy consumption
of enterprises, buildings, organisations, or other ener-
gy-dependent objects. The purpose of an energy audit is
to identify opportunities for reducing energy costs, im-
proving energy efficiency, and saving energy resources.
An energy audit involves collecting and analysing data on
electricity, thermal energy, gas, water, and other energy re-
sources consumption, and checking the operation of tech-
nical equipment and energy supply systems (Chakravar-
ty et al., 2022). Based on the obtained data, the energy
audit assesses the efficiency of systems and proposes rec-
ommendations for optimising energy consumption and
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implementing energy-efficient technologies. Conducting
an energy audit helps identify energy losses, inefficient
resource usage, technical deficiencies, and weaknesses in
energy supply systems. This allows for the development
of a strategy and action plan to ensure more efficient and
economical energy use. Energy audits help reduce ener-
gy costs, mitigate environmental impact, and enhance
the competitiveness of enterprises. This process may also
include calculating the economic efficiency of proposed
measures, assessing their impact on reducing energy con-
sumption, and determining the payback periods of invest-
ments. Energy audit is a vital tool in implementing energy
policies, resource-efficient utilisation, and ensuring sus-
tainable development.

Energy management is a comprehensive approach to
managing energy resources and energy efficiency aimed
at optimising energy consumption, reducing energy costs,
and improving the efficiency of energy processes. The goal
of energy management is to ensure the sustainable and
efficient operation of energy systems and reduce negative
environmental impact. Energy management includes plan-
ning, monitoring, analysis, and control of energy resource
usage, defining energy needs, developing effective energy
strategies and supply policies. This approach involves the
rational use of energy, implementation of energy-efficient
technologies and processes, and planning and implemen-
tation of energy-saving measures. Scientists T. Bauwens et
al. (2022) have found that Energy management is typically
performed at various levels, from individual enterprises or
organisations to city or national energy systems. Success-
ful implementation of energy management requires co-
operation among all departments and units within an or-
ganisation, including production, technical maintenance,
finance, and administration. The main objectives of energy
management include ensuring sustainable energy supply,
increasing the efficiency of energy resource utilization,
reducing energy costs, and minimising negative environ-
mental impact. Energy management also contributes to
ensuring energy security, reducing dependence on import-
ed energy resources, and developing domestic energy po-
tential. Successful implementation of energy management
helps businesses and organisations achieve effective, sta-
ble, and economically viable operation of energy systems
and positively contribute to addressing energy efficiency
and environmental issues.

In the current context of escalating environmental
and energy problems, rising costs of conventional energy
resources, and the need to reduce environmental impact,
optimising energy solutions becomes a key focus. One of
the most promising industries in this context is alterna-
tive energy. Alternative energy encompasses the use of re-
newable energy sources such as solar, wind, hydroelectric
power, and biomass. These sources are natural and renew-
able, reducing dependence on limited natural resources
and lowering the environmental footprint. Optimising
alternative energy involves selecting optimal solutions
for placing solar panels, wind turbines, and hydroelectric
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power stations, considering geographic and climatic con-
ditions, and developing efficient energy storage and dis-
tribution systems.

Reactive power compensation is a crucial component
of energy system optimisation. Reactive power arises from
the use of electrical equipment with capacitive and induc-
tive properties. Excessive reactive power can lead to in-
creased electricity consumption and decreased system ef-
ficiency. Reactive power compensation involves managing
its level, reducing energy losses, and improving the power
factor. Energy efficiency management is a key aspect of op-
timising energy solutions. It involves the implementation
of technologies and practices aimed at reducing energy
consumption while preserving or enhancing productivity.
Energy efficiency can be achieved through the deployment
of energy-efficient equipment, optimisation of system
operation modes, and the use of modern technologies in
construction and industry. However, it is essential to recog-
nise that achieving absolute energy efficiency is impossible
without compromise. The choice of optimal solutions must
consider economic, social, and environmental aspects. Op-
timising energy solutions is a complex task that requires
collaboration between government agencies, research in-
stitutions, businesses, and society. Overall, optimising en-
ergy solutions is an integral part of sustainable societal de-
velopment. The introduction of alternative energy sources,
reactive power compensation, and energy efficiency man-
agement can help reduce energy dependence, improve the
environment, and ensure sustainable economic growth.

CONCLUSIONS

Optimisation of energy solutions, focusing on the devel-
opment of alternative energy, reactive power compensa-
tion, and energy efficiency management, has become a
crucial component of modern energy strategy. The grow-
ing awareness of issues related to climate change and the
depletion of conventional energy resources stimulates the
implementation of innovative technologies and methods
based on alternative energy sources. The development of
alternative energy offers potential from various sources
such as solar, wind, hydro, and biomass. Research results
show that energy derived from these sources can become
a sustainable and reliable complement to conventional
sources like coal and oil. In addition, it is environmen-
tally friendly and has a low impact on the environment,
making it an attractive alternative for sustainable devel-
opment and reducing dependence on harmful sources.
Another important aspect is reactive power compensa-

of energy systems and a reduction in energy costs for
enterprises and consumers. Energy efficiency management
is also becoming a crucial factor in achieving sustainable
development. The introduction of intelligent management
and monitoring systems helps optimise energy resource
utilisation, identify potential energy expenditures, and
enhance the efficiency of energy infrastructure. This con-
tributes to supporting a stable and effective energy supply,
forming the basis for the development of modern society.
One of the most important aspects of optimising en-
ergy solutions is the development of alternative energy.
The high competitiveness and continuous supply of solar
and wind installations demonstrate their significance in
ensuring a stable and effective energy system. Integrating
alternative sources allows expanding the resource base
and reducing dependence on conventional sources, con-
tributing to climate change mitigation and environmen-
tal preservation. Reactive power compensation issues are
becoming increasingly relevant in the context of growing
electricity consumption. The application of modern com-
pensation technologies allows reducing energy losses, im-
proving supply quality, and enhancing the efficiency of en-
ergy systems. The implementation of automated reactive
power compensation tools will help maintain a stable and
consistent voltage level, providing optimal conditions for
all consumers’ operations. Energy efficiency management
is a necessary component to ensure energy stability and
economic efficiency. The use of intelligent management
systems enables optimising energy consumption, identi-
fying energy losses, and more effectively distributing en-
ergy resources. Increasing energy efficiency can contribute
to reducing energy costs, enhancing the competitiveness
of businesses, and mitigating environmental impact. All
these aspects of optimising energy solutions interact and
are interconnected, forming a comprehensive system that
promotes sustainable development and stability in the en-
ergy sector. Ensuring a reliable and stable energy supply,
reducing negative environmental impact, and ensuring
economic efficiency are crucial for modern society.
Further studies in the field of optimising energy solu-
tions require an innovative approach and collaboration
between scientists, industry enterprises, and government
bodies. The development of new technologies and the im-
plementation of advanced practices will enable an effec-
tive and stable energy supply, fostering sustainable devel-
opment and resource conservation for future generations.
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OnTuUMi3auia eHepreTUYHUX pillleHb: ANibTepHaTUBHA eHepreTUKa,
KOMMeHcalis peaKTUBHOI NOTY)XHOCTi Ta ynpaBniHHA eHeproedeKTUBHICTIO

AHoOTAaUifA. AKTYa/lIbHICTh LOC/TIIKYBaHOI TPOGIEeMY BU3HAYAETHCS HEOOXITHICTIO CTBOPEHHST CTAIOT0, e(heKTUBHOIO Ta
€KOJIOTiYHO 6e31eYHOT0 eHepPreTUYHOT0 KOMILIEKCY. 3pOCTaHHS UMCeNIbHOCTI HaceeHHsI IVIaHeTH, PO3BUTOK ITPOMMUCIOBOCTI
Ta 3araJbHNUI TOTIUT Ha €HePropecypCy CTaBISITh ITiJ, 3arpo3y 3abe3reyeHHs eHepreTMUHMX IMOTPe6 CYCITiIbCTBA, [0 POOUTD
HeoOXiAHICTb MPOBeIeHHS NOCTiIKeHb aKTYaIbHOIO Ha CYJacCHOMY eTarti. MeTOo JOC/iIsKeHHST € BUBUEHHSI OTITUMATbHUX
CTpaTeriit onTuMisallii eHepreTuky, BKAOYa0UM aJbTepHaTUBHY eHEepPreTUKY, KOMIIeHCallil0 peaKTUBHOI MOTYXHOCTI Ta
yIpaBiiHHS eHeproedeKTUBHICTIO, 111 3a6e3MeueHHsI CTabiIbHOTO Ta e(eKTUBHOTO QYHKI[IOHYBaHHS €HepreTMYHOTO
KoMmIuiekcy. Cepe[ BUKOPUCTAHMX METO/IiB — aHATITUYHII, QYHKI[IOHATBHWI, CTATUCTUYHMIA Ta CMHTe3Y. [Ipu ocTigsKeHH]
OTTMMi3allii eHepreTMUHMX pillleHb 6Y/I0 MPOBeNeHO peTelbHNIT aHasi3 Pi3HMX acleKTiB aJibTepHATUBHOI eHepTeTHKH,
KOMIIeHcallil peakKTMBHOI MOTYKHOCTI Ta yrpaBiHHS eHeproedeKTUBHicTIO. Lleii aHali3 OXOITIIOBAaB Pi3Hi acekTu Ta
rapamMeTpu, MOB’sI3aHi 3 UMMM chepamu, BKIIOUAKOUM TEXHIUHI, EKOHOMIUHi Ta eKOJIOTiYHi MOKa3HUKN. B pe3ynabraTi
IOCTiIKeHHS 6YJI0 BCTAaHOBJIEHO, 1[0 aJbTepHATMBHA eHepreTuKa Ma€e 3HaUYHMIi TOTeHias 7151 3a6e3MeueHHsI CTaaoro
PO3BUTKY eHeprocucremMu. BoHa Moke c/IyryBaTy HaJiiiHMM [I)K€pPeJIOM eHeprii, 1[0 He 3aBJa€ KO HaBKOIMITHbOMY
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Robotic manipulator motion planning method development
using neural network-based intelligent system

Abstract. The research relevance is determined by the constant development of industry and the use of
robotic manipulators in production processes. The study aims to develop an approach to planning the trajectory of
a manipulator robot using an intelligent system based on neural networks. An analysis method, as well as special methods
such as design, machine learning, integration strategies, and optimisation techniques, were used to achieve this goal.
The main results of the study cover a wide range of achievements in the development of methods for planning the motion
of robotic manipulators and their integration into real production conditions. The analysis of existing methods for planning
the motion of robotic manipulators and a review of intelligent control systems provided a comprehensive picture of the
current state of the art. The developed methods of robot manipulator trajectory identified effective control strategies
that consider both dynamic and static scenarios. Training a neural network to plan the optimal path of movement made
it possible to detect, track and avoid obstacles in real-time. Hierarchical path planning, adaptive neural network control,
genetic algorithms for path optimisation, and dynamic prediction for obstacle avoidance were used to integrate the
developed methods into a real production environment. The optimisation and improvement of the created approaches have
shown positive results in improving the safety and performance of robotic manipulators, reducing the risk of collisions,
and avoiding damage to robots. In addition, the implementation of hierarchical trajectory planning and adaptive
neural network control contributed to a significant increase in the accuracy and stability of manipulator movements in
various production process scenarios. The practical significance of the study is to develop an intelligent control system
and methods for planning the movement of robotic manipulators, which contributes to the efficiency and safety of their
operation in real production conditions

Keywords: motion trajectory; industrial automation; mechatronic structures; smart technologies; deep learning
models

INTRODUCTION
With the growing use of robotic manipulators in manu- is growing. The relevance is determined by the existing
facturing, a need for improved methods of planning their = approaches that often have limitations and are unable
movement to ensure the efficiency and accuracy of tasks  to provide flexibility in dealing with dynamic production
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scenarios. The development of an intelligent system based
on neural networks opens up prospects for adaptive and
autonomous robot motion planning, which is key to in-
creasing productivity and reducing costs in modern pro-
duction environments.

The research problem is the need to improve planning
methods for the robotic manipulator movement in produc-
tion conditions. Existing approaches often do not provide
optimality and adaptability to changing conditions, which
can lead to conflicts and unforeseen situations when ro-
bots interact in common areas or with dynamic obstacles.
The problem also lies in the limited ability of existing robot
control systems to respond to changes in the production
environment, such as physical deformations of robot com-
ponents or dynamic changes in the working environment.

Other studies on this topic should be considered for a
more thorough analysis. As such, O. Nalobina et al. (2022)
emphasised that the low robot adoption rate is due to a
lack of research on the feasibility and efficiency of their use
compared to traditional technologies. The absence of theo-
retical design frameworks, efficiency assessment methods,
and insufficient training emphasises the need for further
research in this area, aimed at developing methods for de-
termining the feasibility and training of personnel for the
introduction of robotics in agriculture. The authors also an-
alysed the turning movement of the robot and determined
its centre of mass speed and the turning radius. V. Khot-
syanivskyi and V. Sineglazov (2023) discussed the use of ma-
chine learning for the autocalibration of moving elements
of robotic systems, in particular, for the control of stepper
motors. The described auto-calibration algorithm uses ma-
chine learning to improve the accuracy of stepper motors.
The authors emphasised that the use of machine learning
methods in solving the tasks of calibrating the moving
elements of robotic systems can improve their accuracy
and efficiency, ensuring more efficient system operation.

M.V. Bogdanovsky (2020) examined the key technical
parameters of industrial robots, such as movement speed,
load capacity, degrees of mobility, positioning errors, and
working area. The author analysed the classification dis-
tribution of robots by speed and accuracy to determine
their characteristics. He also investigated the impact of the
manipulation system’s movement on the accuracy of an
industrial robot and analysed the types of errors, consider-
ing their design features and factors that affect the robot’s
functioning. The analysis of the study conducted by O. Lit-
vin and S. Pankov (2021) showed limitations of the study
on special-purpose robotic manipulators and, as such, this
study contributes to the improvement of their systems. De-
termination of special-purpose robotics and specification
of the parameters of new robots are the main tasks for fur-
ther research and development. As a result of the study, a
concept for improving existing and developing new proto-
types of robotic mechanisms was set.

P. Koruniak et al. (2023) focused on the improvement
of equipment, technological processes, and mechanisation,
which comprehensively affects product quality and reduces

labour costs. The use of industrial robots, including those
with remote and automatic control, in flexible automated
systems and automation of assembly processes is a prom-
ising area. The development of industrial robots equipped
with additional coordinate degrees of mobility expands
their versatility and technological capabilities but raises
new challenges in terms of simplifying structural elements
and maintenance systems. In turn, V. Zalypka (2023) devel-
oped a new approach to improving the performance of mul-
tifunctional manipulators on the platform of multipurpose
robotic platforms using Abenics technology. The proposed
method allowed the manipulators to perform the functions
of both predefined and walking or wheeled propulsion. The
author also conducted a three-dimensional modelling and
analysis of structural features.

The above studies did not address the issues related to
the use of intelligent systems and neural networks for the
movement of robotic manipulators. The absence of these
aspects requires additional research to develop methods
that will effectively use intelligent systems based on neural
networks in motion planning for such robots. To solve the
stated problem, this study developed methods for planning
robot movement using neural networks.

MATERIALS AND METHODS
The study used analytical methods and special techniques:
design, machine learning, integration strategies and opti-
misation methods. To conduct the analysis, a systematic re-
view of scientific publications related to robot manipulator
trajectory planning and intelligent control was conducted.
The analysis was based on the identification of the advan-
tages and disadvantages of existing approaches, which
forms the basis for the development of new methods. In par-
ticular, the study included an analysis of the design of algo-
rithms and system architecture to develop effective trajec-
tory planning methods. These trajectory planning methods
are aimed at improving the accuracy and speed of manipu-
lators in production environments, providing optimal and
efficient solutions to meet the challenges of the industry.

The design method was used to develop proprietary
robot trajectory methods for the manipulator. It included
careful design of algorithms, development of the optimal
system architecture, and creation of highly efficient tra-
jectory planning solutions. It is necessary to note that this
method covers not only the technical aspects of the algo-
rithms but also an integrated system that determines the
optimal path for the robot to follow. This ensures a high
level of productivity and the avoidance of conflicts in the
production environment through intelligent motion plan-
ning and the selection of optimal paths.

To train the neural network, machine learning meth-
ods were used, where the optimal trajectories were used
as input data. The main technical aspects of this method
include a detailed study of various types of neural network
training, such as supervised learning, unsupervised learn-
ing, and deep reinforcement learning (DRL) subtasks. In
this context, a neural network can predict optimal solutions
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for manipulator movement, opening up prospects for im-
proving machine learning-based trajectory planning meth-
ods and ensuring high efficiency in manipulator control.
Integration strategies were used to effectively combine
the developed methods into a single system. The main tech-
nical component of this method involves the careful inte-
gration of trajectory planning algorithms and the control
system. This process is aimed at ensuring their interaction,
which leads to the stability and optimal functioning of ro-
botic manipulators in a real production environment. This
approach solves the problem of coordination and synchroni-
sation between different stages of the system, increasing the
overall productivity and reliability of automated processes.
Optimisation methods were used to systematically im-
prove the efficiency and accuracy of the developed meth-
ods. System parameters and algorithms were optimised to
achieve optimal results. These approaches have contributed
toasignificantimprovement in the quality of robot trajectory
planning and minimisation of the risk of collisions, which is
particularly important in production processes. As a result of
this optimisation approach, the functionality of the system
has been improved, and its suitability for successful applica-
tion in real-world production conditions has been increased.
The study included a table with a comparative analysis
of existing approaches to planning the robotic manipula-
tor motion, namely geometric trajectory planning, inverse
kinematics, dynamic programming, random positions,
and optimisation methods. Unity3D was chosen to model
the movements of the robot manipulator, and Movelt and
UnityRoboticsHub were used for controls. The robot move-
ments via Selective Compliance Articulated Robot Arm
(SCARA) were considered. The Rapidly Exploring Random
Trees (RRT) interpolation algorithm was used to compare
the variables of the joint angle, velocity, and acceleration.
Additionally, tables of obstacles in static and dynamic en-
vironments, relative errors of the trained model in predict-
ing movement and the time of real movement were used. In
addition, the study included the development of our ways
to move robotic manipulators, analysis, and description of
the architectures of various neural networks, schemes of
neural networks for manipulators, recurrent neural net-
works and long-term memory layers, a schematic diagram
of the network for determining controlled influences, and a
formula for the space of locally feasible solutions.
The space of locally feasible solutions was calculated
using the formula:

focar @i ¢k|xgoa1 | U, 1)

V. Khotsianivskyi and V. Sineglazov

where: f,_ - the space of locally possible solutions; x, -
current robot state; ¢, — environment state; x_, — target
state; u, — control command.

RESULTS

Analysis of existing and custom robotic manipulator
motion planning methods and review of intelligent
control systemscustom
The analysis of traditional methods of manipulator motion
planning involves key techniques such as geometric trajec-
tory planning, inverse kinematics, dynamic programming,
as well as random positions and optimisation methods. Ge-
ometric path planning determines the robot’s movement
based on the geometric characteristics of the workspace.
This method can be used to set the exact position and ori-
entation of the manipulator but can be limited by the com-
plexity of solving problems for complex configurations.
In addition, geometric trajectory planning is one of the
commonly used methods for industrial robot control. It is
typically based on the assignment of high-level commands,
such as moving from point to point. While this approach
provides user-friendliness, it has its limitations, particular-
ly in the area of adaptation to changing conditions.

The inverse kinematics method is used to determine
the input angles or positions of a manipulator to reach a
specific position or trajectory. This method is effective in
solving problems for specific points in space but can lose
accuracy in complex problems due to the large number of
possible solutions. It is also used in most industrial robot
control systems. The inverse kinematics method can be
used to determine the kinematic parameters of a robot
based on its position and orientation. Dynamic program-
ming considers the movement of the manipulator as a se-
quence of actions to minimise criteria. This method is ef-
fective for optimisation problems and trajectory planning,
particularly in cases where the dynamic constraints of the
robot are important. However, it is possible to be compu-
tationally expensive for real-time applications in complex
environments, especially when there are many dimensions
of the solution space and complex problems. Regarding
random positions and optimisation methods, these ap-
proaches often use random points to reduce the number
of intermediate points in trajectories or optimisation tech-
niques to achieve optimal solutions.

To perform a comparative analysis of the above ap-
proaches, a table showing their main characteristics and
differences was compiled (Table 1).

Table 1. Comparative analysis of existing approaches

Peculiarities

Appro ach

Advantages Limitations

Provides accurate position and

Geometric trajectory ~ Determines robot movement by

Difficult to use for complex

orientation data configurations

planning workspace parameters

Easy user-manipulation

Limited adaptation to variable
conditions
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Appro ach

Inverse kinematics

Peculiarities

Determines input angles or
manipulator position to change to
target state

Advantages

Effective in determining specific
points

Continued Table 2.

Limitations

Loss of accuracy in complex tasks

Used in most movement control
systems

High number of possible solutions
in complex tasks

Dynamic
programming

Implies manipulator movement
as a sequence of actions with
minimized criteria

Effective for trajectory
optimization and planning

Computational-heavy for real-time
processing

Can be used to address robot
dynamic restrictions

Hard to use in real-time operation

Random positions

Random-point

Reducing the number of
intermediate points in trajectories

Dependency on initial random-
point selection

and optimization

methods Optimization methods employment

Achievement of optimal solutions

Need for computing resources,
especially for complex tasks

Source: compiled by the authors

Intelligent control systems play a key role in improv-
ing and optimising the motion of manipulators. One of the
most advanced technologies is the use of neural networks
to solve trajectory planning and motion control tasks.
Neural networks prove to be effective in solving complex
control problems, providing flexibility and adaptability to
changing conditions. Deep learning models allow neural
networks to automatically learn complex relationships
and solve motion planning problems that may be difficult
to solve using traditional methods. One of the main ad-
vantages of intelligent control systems is their ability to
learn and adapt to new conditions. This makes it possible
to optimise the operation of manipulators in real-time and
increase their productivity. Other types of intelligent sys-
tems used to control the motion of manipulators include
expert systems, genetic algorithms, and fuzzy logic con-
trol systems. Each of these approaches has its advantages
and peculiarities when applied to robotics. The integration
of intelligent control systems into the motion of manip-
ulators opens up new opportunities for autonomous and
adaptive robotic systems. Such systems can effectively
adapt to changes in the working environment and perform
a variety of tasks with high accuracy.

To achieve the goal of developing an intelligent sys-
tem based on neural networks for planning the trajecto-
ry of a manipulator, it is worth proposing a new approach
that considers the key aspects of motion optimisation and
control. This approach can include such methods as a hier-
archical trajectory planning method, a neural network for
adaptive control, a genetic algorithm for trajectory opti-
misation, and dynamic prediction for obstacle avoidance.
The hierarchical trajectory planning method operates on
the principle of dividing the original task into successive
stages, at each of which the corresponding trajectory is
determined and planned. This allows us to divide complex
tasks into smaller, more manageable subtasks, which con-
tributes to the effective control of the manipulator’s move-
ment in real-time. A neural network for adaptive control is

a method that uses a neural network to adaptively control
the motion of a manipulator depending on changing envi-
ronmental conditions. The neural network receives input
about the state of the workspace and maintains the optimal
path of movement, considering dynamic constraints.

The genetic algorithm for trajectory optimisation
creates a population of potential trajectories that evolve
to achieve optimal solutions. This allows for a variety of
factors to be considered and improves the quality of traffic
planning. Dynamic Obstacle Avoidance predicts future en-
vironmental conditions and uses this information to adjust
the trajectory in real-time. Thus, the developed methods
aim to improve the accuracy and speed of planning the tra-
jectory of the manipulator, providing an optimal and adap-
tive approach to control.

Training a neural network to plan

the optimal movement path

When considering the use of neural networks for robot
manipulator motion planning systems, it is important to
focus on analysing and describing architectures that op-
timally address the characteristics of these systems. For
robot manipulator motion planning systems, the most
suitable neural networks are convolutional neural net-
works, recurrent neural networks, deep neural networks,
and autoencoders (Fig. 1).

Neural networks for motion planning
systems for robotic manipulators

o

RNN DNN

CNN Autocoders

Figure 1. Neural networks for robotic manipulators
Note: CNN - Convolutional neural network; RNN -
Recurrent neural network; DNN — Deep neural network
Source: compiled by the authors
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CNN is suitable for object recognition. The use of
CNNs allows for efficient real-time object recognition,
which is key to planning the safe movement of the manip-
ulator around objects in the workspace. The CNN architec-
ture can be modified to include additional layers to accu-
rately determine the position and shape of objects. RNNs
are used to model motion dynamics. RNNs are suitable for
considering time dependencies and modelling the dynam-
ics of the manipulator’s motion, which allows for predict-
ing future states of the system. By applying RNNs to input
data that includes previous and current states, the optimal
control can be determined accurately. In turn, DNN is best
used for trajectory optimisation. The use of DNNs allows
optimising the manipulator’s trajectories, considering ge-
ometric and dynamic constraints. Deep perceptrons can be
used to solve complex path-planning problems involving
a large number of parameters. For efficient feature extrac-
tion, autoencoders can be used. They can help in the effi-
cient extraction of important features from the input data
about the manipulator’s working environment. The use of
autoencoders helps to obtain a latent representation that
is useful for analysing objects and obstacles in space.

The functionality of the neural network for determin-
ing the trajectory of the manipulator is focused on avoid-
ing collisions and ensuring safe movement. Input data,
such as the position and speed of each of the robot’s axes
and information about obstacles, are processed through
the layers of the neural network to identify patterns. The
network generates an optimal trajectory, avoiding colli-
sions, by considering geometric constraints and safety
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limits. The output data, which includes new values for
positions and velocities, is used to control the manipu-
lator’s motion. The neural network is trained on training
data that includes various motion and obstacle scenari-
os to detect patterns and make the right decisions for a
safe trajectory. In addition, it is important to emphasise
the advantages of using a neural network to determine a
collision avoidance path. These advantages include the
ability to consider geometric constraints and the working
area of the manipulator, automatic planning of collision
avoidance paths, and the ability to adapt to changing en-
vironments and different motion scenarios. This ensures
the safe and efficient operation of the manipulator in con-
ditions where unpredictable dynamics of changes in its
environment are observed.

In general, the analysis and description of these archi-
tectures provide an understanding of how neural networks
can be adapted to solve specific challenges related to robot
motion planning in manufacturing and industrial environ-
ments. Although all of these networks are suitable for ro-
bot manipulator motion planning, the best is the recurrent
neural network. It is used to identify, process, and under-
stand a large amount of visual information, such as ana-
lysing dynamic and static scenes. Moreover, RNNs can be
used to solve the problem of determining the trajectory to
avoid collisions in a manipulator (Fig. 2). The basic concept
is that it will be used to model the dynamics of the manipu-
lator’s motion, capable of predicting future positions of the
robot’s axes based on the current state, which is achieved
using long short-term memory (LSTM) layers.

Figure 2. RNN architecture

Source: D. Lazar (2021)

The structure of an RNN consists of repeating blocks
that allow information to be transmitted through succes-
sive time steps. Each such block contains components such
as an input layer, a hidden layer, an output layer, and feed-
back. Input data, such as the current state of the robot, is
entered through the input layer. In the case of trajectory
determination, it can be a vector containing information
about the positions and velocities of each axis of the ma-
nipulator. The hidden layer consists of neurons that per-
form calculations and transmit information in time steps.
This layer can model the dynamics of the manipulator’s
movement and consider dependencies on previous states.
The information from the hidden layer is transmitted to
the output layer, which generates the predicted values of

the positions of each axis of the manipulator at the next
time step. The RNN also includes feedback loops that al-
low information to be passed back along the time axis. This
allows the model to use the information from previous
time steps to make more accurate predictions.

As for the LSTM, its structure of manipulator movement
consists of an input layer, a repeating block, an output lay-
er, feedback, and trajectory parameterisation (Fig. 3). The
input layer accepts a vector containing the current state
of the manipulator, including the positions and velocities
of each axis. The repetitive block contains an LSTM layer
that models the dynamics of the manipulator’s movement
and transmits information in time steps. The output layer
generates the predicted values of the positions of each axis
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of the manipulator at the next time step. Feedback allows
information to be passed from the output layer back to the
repeating block to consider the context from previous time

LSTM unit

steps. Trajectory parameterisation means that the initial
values of the positions of each axis can be expressed as tra-
jectory parameters in the form of integer values.

Figure 3. LSTM architecture

Source: M. Zulgarnain et al. (2021)

The movements planned via this approach cor-
respond to standard motion commands. After gener-
ating the trajectory, it is important to determine the
control influence and transform it into the commands
required to execute the movement of the robot ma-
nipulator. Thus, the actuator control network plays a
key role in the motion control system by converting
high-level commands into specific control signals. The
structure of the controlled action network includes
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an input layer that receives high-level commands
to determine the desired movement; hidden layers that
perform calculations and information processing; an
output layer that generates controlled actions to imple-
ment the movement; feedbacks that adapt the network
parameters based on the output signal and movement re-
sults; and action parameterisation, where output values
can be adapted to meet the requirements of the actua-
tors, such as force or controlled signals (Fig. 4).
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Figure 4. Schematic diagram of the managed impacts identification network

Source: compiled by the authors

The use of a neural network to determine the trajecto-
ry of the manipulator helps to increase the safety and effi-
ciency of its operation, minimise the risk of collisions and
avoid possible damage to both obstacles and the robot itself.

Ways to integrate the developed methods into

a real production environment

The system described above requires a significant amount
of data for training and realistic robot movements per-
formed by the control system. However, simulating
such movements in a real environment is resource and
time-consuming. Thus, the Unity3D environment devel-
oped by Unity Software in the United States of America is
used to achieve this goal (Fig. 5).

Figure 5. Using the Unity3D environment to model
the movements of a robot arm
Source: compiled by the authors
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Movelt and UnityRoboticsHub motion planners were
used to control the robot. Some robot movements were
generated using high-level motion commands that were
programmed manually. To evaluate the proposed approach,
two robots will perform the task of picking up and placing

V. Khotsianivskyi and V. Sineglazov

objects in different environments that include static and
dynamic obstacles (Table 2). It is important to note that,
despite the presence of two SCARA robots, motion plan-
ning is performed for only one robot, while the other robot
is treated as a static or dynamic obstacle.

Table 2. Static and dynamic interference in four environments

Environment type

Simple static environments

Static interference

Dynamic interference

Robot and a cube

None

Complex static environments

Robot and 3 cubes

Simple dynamic environments

Cube

Movable robot

Complex dynamic environments

3 cubes

Source: compiled by the authors

Table 2 shows the static and dynamic interference in
the four different categories of environments. To evaluate
the proposed approach, 100 environments were created
that were not used during training. In each environment,
20 pairs of start and target coordinates were randomly
generated. The performance of the proposed approach was
evaluated in terms of validity, trajectory execution time,

4%’ » < |0
.

and computation time. In an application where the move-
ments of SCARA robots are planned by different planners
in an offline mode, the validation was performed only in
visual aspects.

The robot can move along an incorrectly generated
trajectory, or it can follow the planned trajectory exactly

(Fig. 6).

Figure 6. An example of the correct trajectory of the SCARA robot

Source: compiled by the authors

Figure 6 shows that when a robot accurately follows a
given trajectory, the other robot moving from the right side
crosses the common area earlier than the one moving from
the left. Since exploring the full solution space is a com-
plex and scalable task for other challenges, the proposed
approach is to start with exploring the local solution space.
The locally feasible solution space is the set of all possible
control strategies that are constrained only by the state of
the local system and guide the robot from the current state
to the target area with the help of a specific control com-
mand at a certain stage of the search. The task of analysing
the environment to determine its characteristics should
also be considered, and it is advisable to use a convolu-
tional neural network to solve this problem. In a dynam-
ic scene, objects move or change their state over time. A
neural network can be used to detect, track, and determine

the speed and direction of movement of these objects. A
static scene, on the other hand, describes the state of ob-
jects without their movement. The use of a convolutional
neural network can be effective for object segmentation in
an image, which means highlighting individual objects or
regions in a scene.

The YOLOV7 neural network can be used to analyse
dynamic and static scenes (Fig. 7). The YOLOv?7 object de-
tection algorithm is based on the use of neural networks
to recognise objects in images and videos. This algorithm
is widely used in the field of computer vision and image
processing due to its speed and accuracy in detecting ob-
jects. It is safe to assume that YOLO is one of the most
popular architectures for object detection and localisa-
tion, and YOLOV7 represents a modern modification of
this architecture.
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Figure 7. Structure of the YOLOV7 neural network

Source: W. Zhu et al. (2022)

YOLOV7 effectively detects objects in images, working
with both dynamic and static scenes. Its main advantage is
the high speed and accuracy of object detection, allowing
it to be used in real-time. To analyse dynamic scenes us-
ing YOLOvV7, the neural network can be trained on a wide
range of videos with moving objects. Once trained, the
model can automatically detect and track moving objects
in the video, which is useful in video surveillance systems,
transport systems, or autonomous vehicles where it is
important to analyse moving objects in real-time. As for
static scene analysis, YOLOV7 is used to segment and clas-
sify objects in an image. Thus, its architecture enables the
network to efficiently detect and localise various objects,

regardless of their degree of blur or shape, such as cars,
people, animals, furniture.

In general, the integration of the developed methods
into a real production environment requires a careful ap-
proach to ensure the efficiency and reliability of the ma-
nipulator. The integrated use of the obtained methods can
ensure optimal and reliable planning of the manipulator’s
trajectory in real production conditions.

Comparison and optimisation of created approaches
After testing in 100 created environments, only 5 trajec-
tories generated by the proposed approach contain errors
(Table 3).

Table 3. Relative errors of the trained model when predicting
the movement and the execution time of the actual movement

Average time error

b Aver raj rediction error
when performing a movement REIEE BRG] U NI D

The values of the
minimum and maximum
possible robot speed, %

Point-to-point
movement, %

Point-to-point

Linear movement, % o
movement, %

Linear movement, %

0-25 2.71 4.4 0.232 0.574
25-50 2.89 5.78 0.473 0.789
50-75 4.38 6.65 0.481 0.862
75-100 6.11 7.17 0.653 0.912

Source: compiled by the authors

Thus, in all scenarios of the experiment, the average
discrepancy between the actual and predicted execution
time of high-level movement commands is approximate-
ly 5%. It is also worth comparing the interpolation algo-
rithm used to convert the planned robot movement into
high-level commands, including RRT, with the trajectory
generated by the developed system (Fig. 8). It is important

to note that the runtime of the robot’s trajectory varies sig-
nificantly depending on the distance between the start and
end points of the movement. Thus, for the test cases, it is
necessary to classify distances into three categories: small
distance (less than 30% of the robot’s manipulator range);
medium distance (more than 30% but less than 60%); and
large distance (more than 60%).
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Figure 8. Joint movement at short, medium, and long distances
Note: blue line - joint movement planned via the existing approach; orange line — joint movement performed by the
proposed approach
Source: compiled by the authors

Figure 8: “angle of joint 1, 2, 3” — change the angle of  the acceleration of the joint. Thus, it is possible to calculate
rotation of the joint; “velocity of joint 1, 2, 3” - change the  the execution time of the trajectories generated by the ap-
velocity of the joint; “acceleration of joint 1, 2, 3” — change  proach when using YOLOv7 and RRT (Table 4).

Table 4. Comparative table of the execution time of trajectories generated by the approach using YOLOv7 and RRT
Distance between start- Average runtime, ms

Environment

point and end-point Proposed approach RRT Improved RRT
N Low 221 212 213
Simple static Average 422 543 515
environments :

High 659 836 694

c ) . Low 291 372 304

omplex static Average 603 797 663
environments

High 732 904 756

g Low 244 272 277

Simple dynamic Average 496 581 558
environments

High 734 958 826

lex d . Low 419 462 465

Complex dynamic Average 765 975 829
environments

High 1071 1294 1113

Source: compiled by the authors
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Therefore, the robot motion planned by the existing
system is significantly different from the motion proposed
by the trajectory planning system. This is because the RRT
control algorithm used in the planning phase is different
from the control algorithm described in this paper. In the
planning phase, RRT assumes that the joints can reach
their maximum acceleration, while the actual robot control
system uses only 60% and 45% of the maximum acceler-
ation for the respective robot axes. In general, the devel-
oped methods for planning the motion of manipulators
already demonstrate significant advantages in solving the
problems of obstacle avoidance and trajectory optimisa-
tion. However, to achieve an even higher level of efficiency
and flexibility, it is worth suggesting several optimisation
directions. For example, tuning the hyperparameters of
neural networks. Further research and tuning of model pa-
rameters will help to achieve an optimal balance between
speed and accuracy. Optimising the weights and architec-
ture of the networks can help improve training results and
prediction accuracy.

It is necessary to use deep reinforcement learning
or DRL. The use of DRL will allow the robot manipulator
to learn in real-time, adapting its strategies to new con-
ditions. This can improve the robot’s ability to quickly
adapt to unpredictable scenarios in a production environ-
ment. There is also the integration of additional sensors
and real-world data. Incorporating additional sources of
information, such as additional cameras or sensors, can
improve the robot’s perception of its surroundings and
provide a more accurate model of the work environment.
It is worth paying attention to the improvement of genet-
ic algorithms. Exploring different variants of genetic al-
gorithms and adapting them to the specific requirements
of the production process will allow for a better balance
between speed and trajectory optimisation capability.
Additionally, defining and using clear metrics to evaluate
system performance will help to accurately measure the
improvements achieved. Metrics can include robot speed,
prediction accuracy, and reaction time to changes in the
environment. Identifying opportunities includes the use
of quantum computing to optimise the large amounts of
computation involved in training deep networks and op-
timising trajectories. These areas of improvement are
aimed at expanding the capabilities and improving the mo-
tion planning system of manipulators, ensuring that they
can effectively adapt to a variety of production process

Based on the study results, several recommendations
for practical application in the field of motion planning for
manipulative robots emerge. First of all, it is recommend-
ed to implement the developed approach in modern pro-
duction processes that require autonomy and adaptability
in the operation of manipulators. It is important to focus
on staff training in the use of this technology to optimise
workflows. Additionally, it is recommended to conduct oth-
er experiments and research aimed at improving the effi-
ciency and speed of manipulative robots in real production
conditions. This will expand the scope of the technology

and increase its competitiveness. For practical implemen-
tation, it is recommended to cooperate with manufacturers
of robotic equipment to integrate the proposed approach
into new and existing manipulators. This will increase the
availability and speed of implementation of this technolo-
gy on production lines.

DISCUSSION

The study results demonstrate the success of the developed
approach to motion planning for manipulative robots. This
approachusesanintelligentsystemand neural networksand
is highly accurate and flexible in performing various tasks.
Foradeeperunderstanding ofthis topic,itisworth analysing
similar studies conducted by other researchers in this field.

For instance, W. Si et al. (2021) investigated compos-
ite dynamic movement primitives (DMPs) based on neu-
ral networks with radial basis functions for teaching robot
skills through human demonstrations. These DMPs can
simultaneously encode skills for manipulating position
and orientation for transfer from human to robot. Since a
robotic manipulator needs to perform tasks under uncer-
tainty, Adaptability to new situations is a requirement.
DMPs have been successfully used for various tasks, such
as trajectory planning and obstacle avoidance, due to
their adaptability to uncertainties and the ability to scale
in space and time. In this study, the authors presented a
composite DMP framework for simultaneously modelling
pose and orientation for robot skill training using neural
network techniques. The proposed approach was success-
fully validated through simulation and experiments. Thus,
the common aspects between the present study and the
above-mentioned one include the use of neural networks
to teach robots movements and manipulation skills. In
both cases, the authors aim to achieve robot adaptability
in uncertain environments and to train them to perform
a variety of tasks. On the other hand, the differences lie in
the focus of this study on the use of neural networks for
real-time robot manipulator trajectory planning, while the
other study focuses more on modelling pose and orienta-
tion for teaching specific skills.

In the work of T. Rakhimov et al. (2023) emphasised
that robots and robotic systems with innovative intelligent
control are widely used in industrial production, but their
diversity and complexity of control negatively affect work-
ing time and productivity. The authors considered a meth-
od of position-speed control of a manipulator based on
an intelligent mechatronic module. They have developed
a block diagram of the control system that calculates the
relative speeds of the manipulator’s links. They proposed
requirements for the control system and methods for elim-
inating transients during control. They also showed the ad-
vantages of time saved and the method of position-speed
control of the manipulator by the operator. Common as-
pects of both studies include an emphasis on the use of in-
novative technologies in production to improve efficiency.
They examine the use of robots and intelligent control sys-
tems in industrial production. However, this study focuses
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on the development of a motion planning method using an
intelligent system based on neural networks. Secondly, it
focuses on improving the methods of controlling robotic
systems in the context of a particular industry.

H. Kalani et al. (2017) developed the kinematics of a
parallel robot and presented an improved hybrid method
for more accurate and faster analysis of the forward kin-
ematics problem (FKP) of parallel manipulators. Artificial
neural networks and a 3rd order numerical algorithm are
combined to obtain an approximate solution to the FKP
problem, which is used as a starting point for the New-
ton-Raphson numerical technique. Applying this approach
to a parallel Stewart-Gough manipulator shows a reduction
in the number of iterations to achieve the desired accuracy
and a corresponding reduction in FKP analysis time. The
result is an innovative algorithm suitable for any rectangu-
lar kinematics of serial or parallel robots. Both studies de-
scribe innovative technologies to improve the performance
of robotic manipulators. However, the research on rectan-
gular kinematics of parallel robots is aimed at optimis-
ing motion analysis, in particular, rectangular kinematics
analysis. This research focuses on developing ways to move
robotic manipulators using an intelligent system based on
neural networks.

W.F. Latorre et al. (2023) highlighted that a robot ma-
nipulator can learn from its environment using the meth-
od of reinforcement learning. Each movement of the robot
is recorded and compared with past data to determine the
best way to achieve the goal in the future. This makes ro-
bots more efficient, as they are constantly looking for the
best path to follow. At the same time, a trajectory plan-
ning method is implemented to control the various move-
ments of the three-stage manipulator in the workspace.
The resulting trajectories are stored and used to train the
movements, which allows the robot to analyse and com-
pare them to determine the optimal performance of pro-
grammed tasks. Both studies aim to improve the move-
ments of robotic manipulators but use different methods
to achieve this goal.

Researchers Z. Zhang et al. (2023) proposed a new
fuzzy recurrent neural network (FRNN) to overcome the
internal spurious noise of robots that arises when per-
forming effector tasks, which was developed and imple-
mented on the programmable field of the studied arrays.
The pipeline implementation guarantees the sequence of
operations, and data processing based on the interaction
between clock domains contributes to the acceleration of
computing blocks. Compared to traditional gradient neural
networks and null neural networks, the proposed FRNN is
characterised by a faster convergence rate and more correct
operation. In other words, both studies point to the use of
innovative approaches in the field of robotics and neural
networks to solve important problems. The common as-
pects include the use of neural networks in robotics to op-
timise and improve performance. The differences lie in the
specifics of the tasks being solved: the above study focus-
es on improving the robot’s internal stability by applying
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FRNNs to optimise control and overcome spurious noise,
while this study aims to develop a method for planning
the movement of robotic manipulators using an intelligent
system and neural networks.

J. Mezyk (2016) emphasised that industrial manipula-
tors have been replacing humans in production for many
years, increasing productivity and product quality. Howev-
er, the introduction of robotics is often complicated by high
costs. The concept of an intelligent tool exchange system
offers a solution to this problem. The system enables rapid
tool changesbyusingadecision-making module to self-con-
figure the manipulator, which assesses the situation, iden-
tifies the product, and makes decisions about operations
and tools. This solution is suitable for variable production
and short runs, particularly for small businesses that can-
not afford multiple robots. Hence, both studies relate to
industrial manipulators and focus on improving produc-
tion efficiency. However, this study is concerned with the
development of a motion planning approach using an in-
telligent system based on neural networks, while the other
focuses on the development of the intelligent system itself
for tool exchange and self-configuration of manipulators.

H.S. Kumhar and V. Kukshal (2022) recorded that in-
dustrial manipulators play an important role in intelligent
manufacturing systems, ensuring high productivity and
quality of manufactured products. However, the complex
problems of inverse kinematics of industrial robotic ma-
nipulators with multiple degrees of freedom require new
methods. In this study, a 6-degree-of-freedom manipula-
tor is modelled, and its kinematic parameters are analysed.
A CNN is used to solve the inverse kinematics problem,
and the network is trained and tested, and performance
and training graphs are examined. The results obtained
indicate the high efficiency of the method in solving the
inverse kinematics problem for a robot with 6 degrees of
freedom. Thus, both papers discuss robotic manipulators
and intelligent systems, as well as convolutional neural
networks. However, this study uses different neural net-
works. In addition, unlike the other study, there are no spe-
cific kinematic parameters.

The archive management robot studied by J. Cui et
al. (2021) can effectively increase productivity by provid-
ing autonomous access to different levels of archives with-
out the need to change their structure or install addition-
al devices. The robot uses a mobile navigation platform
a motion algorithm based on laser sensing and a map to
move independently. The bionic manipulator simulates
the movement of manual access to archives and is attached
to the robot’s working arm to access different layers of ar-
chives. The robot can identify and access files at different
levels using an industrial camera to read barcodes. Also,
the developed robot was tested in an archival repository,
demonstrating efficiency and cost-effectiveness compared
to existing solutions for robotic access to archives. In other
words, both studies are aimed at improving the movements
of robotic manipulators. However, the aforementioned
study focuses on the ability of the robot to perform tasks
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without modifying the structure of the archives, while this
study focuses on creating ways to plan the movement of
robotic manipulators.

Scientists D. Galvan-Perez et al. (2022) worked on the
problem of controlling the trajectories of anthropomor-
phic manipulators in a disturbed environment using out-
put feedback and artificial neural networks. The proposed
adaptive robust control scheme uses three-layer artificial
neural networks and time-series modelling to improve
the efficiency of anthropomorphic manipulator trajectory
tracking in high-precision applications such as laser cut-
ting or welding. The system allows the robotic system to
autonomously navigate, identify and access archives at
different levels without the need to modify the storage or
use additional devices. This approach uses neural networks
to reduce the dependence on detailed modelling of robot-
ic systems and does not require real-time estimation of
uncertain dynamic interference. Both studies address the
problems of robotic motion control and neural networks.
However, this study focuses on robotic manipulators, while
the other study focuses on anthropomorphic manipulators.

Furthermore, X. Wang et al. (2023) pointed out that
the robotics industry and its applications are playing an
important role in modern manufacturing. With the intel-
ligent development of the manufacturing industry, the use
of collaborative robots and human-robot cooperation tech-
nology is gaining popularity. In a collaborative scenario, in
particular, interaction with a human upper limb, the tech-
nology of manipulator route planning requires high accu-
racy. The advanced velocity potential field algorithm pro-
posed in this paper allows for effective collision avoidance
and reduces the problem of local oscillations of manipula-
tors near obstacles. The implementation of this algorithm
can improve the safety and feasibility of the human-robot
collaboration process, making collaborative robots safer
and smoother in the work environment. A common aspect
between this study and the present one is the active use
of robots and robotic solutions to improve manufacturing
processes and production efficiency. Both studies discuss
technological developments in robotics, addressing the
challenges of improving manipulator motion control and
developing intelligent systems for robot motion plan-
ning. The differences lie in specific aspects of the research,
such as the use of neural networks to analyse manipulator
movements in this paper and the improvement of velocity
potential field algorithms to avoid collisions in human in-
teraction with the other.

J. Yu et al. (2023) applied a neural network-based
adaptive control strategy for a flexible robot manipulator
to track areas in the presence of constraints in the zone.
The developed strategy can be used to globally stabilise the
robot manipulator and manage model uncertainties and
external unknown constraints. However, unlike previous
approaches, the use of sliding mode technology and sin-
gular perturbation theory in this strategy does not require
high-order derivatives of the chain state, which facilitates
its implementation and provides greater stability in re-

al-world conditions. Both studies are aimed at developing
strategies for controlling robotic manipulators using in-
telligent technologies such as neural networks. However,
while the aforementioned study focuses on adaptive con-
trol using neural networks to track areas with zone con-
straints, this study focuses on developing ways to move
robotic manipulators based on an intelligent system based
on neural networks.

W. Quan et al. (2023) analysed high voltage lines, which
are a key element for electricity transmission. They empha-
sised that the use of electric robots for transmission line
maintenance is essential to improve efficiency and safety.
They also presented a configuration of a two-armed robot
for optimal coordination of movement in various main-
tenance tasks. It employs polynomial interpolation and
matrix laboratory (MATLAB) trajectory simulation tech-
niques, improving the robot’s efficiency and performance
compared to the one-arm mode. Thus, the common aspects
of the research include the use of robots and their move-
ment. At the same time, the main focus of the aforemen-
tioned research is on the physical aspects of robot main-
tenance and coordination. In contrast, this study defines
the planning of manipulator movement using intelligent
systems, in particular, neural networks.

Scholars M. Suguitan et al. (2023) used a method to
personalise human-robot interaction by using emotion-
al facial expressions to create affective robot movements.
Motion is a key means of expressing the affective states of
robots, and using autoencoders to compress motion data
and emotional images allows new movements to be gen-
erated according to the input. The use of reproduction loss
and triplet loss to equalise emotional embeddings allows
for affective robot movements. The evaluation was car-
ried out using a user survey, confirming that the generated
movements can match the original emotional face images.
Both studies employ neural networks, but the difference
lies in the use of neural networks for motion planning and
interaction for this study and for generating affective ex-
pressions in the robot in the other study.

K. Takahashi (2021) considered high-dimensional neu-
ral networks based on hypercomplex numbers, such as qua-
ternions, co-quaternions, and others that form a four-di-
mensional algebra over real numbers. Such networks are
investigated for their applicability in the control system of
a robotic manipulator. The control system uses the output
of a high-dimensional neural network to control the move-
ment of the robot’s end-effector in three dimensions. Com-
putational experiments on a long-lasting robotic arm show
that the quaternion neural network performsbetterinlearn-
ing and control than other networks. Both studies explore
the use of neural networks in robotics. The aforementioned
study focuses on high-dimensional neural networks based
on hypercomplex numbers for controlling a robotic manip-
ulator. This study focuses on an intelligent motion planning
system for robotic manipulators using neural networks.

In general, innovative approaches such as the use of
high-dimensional neural networks and intelligent motion
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planning systems play a key role in improving the efficien-
cy and accuracy of robotic manipulator control. All of the
above studies, including this one, contribute to the further
development of robotic technologies and their implemen-
tation in various industries.

CONCLUSIONS

As aresult of the study, an approach to planning the move-
ment of manipulative robots using an intelligent system
and neural networks was developed. To achieve this goal,
analysis methods were used, as well as a special approach
that included design methods, machine learning, integra-
tion strategies, and optimisation methods. Analysis meth-
ods were used to summarise and systematise existing data
and approaches in the field of traffic planning. The design
aims to create adaptive integrated systems that can effec-
tively interact with the environment. Machine learning
was used to train neural networks to ensure their ability
to self-regulate and adapt to new conditions. Integration
strategies and optimisation methods were applied to im-
prove the efficiency and accuracy of robot motion planning
in various scenarios. In other words, this integrated ap-
proach allowed us to achieve high autonomy and flexibility
in manipulative robot control.

The evaluation of existing methods for planning the
motion of manipulators and the analysis of intelligent
control systems included the results of a comparative re-
view of geometric path planning, dynamic programming,
inverse kinematics, random positions, and optimisation.

V. Khotsianivskyi and V. Sineglazov

control, dynamic prediction for obstacle avoidance, and
genetic algorithms for trajectory optimisation. The process
of training a neural network for optimal route planning has
shown the advantages of using networks and architectures
such as CNN, RNN, DNN, autoencoders and LSTM, as well
as a network diagram to determine the controlled influenc-
es. As for the implementation of the developed methods
in a real production environment, the use of the Unity3D
tool was demonstrated, and static and dynamic interfer-
ence was considered. An example of the correct trajectory
of the SCARA robot is shown and the YOLOv7 structure is
presented. The analysis and optimisation of the developed
approaches determined the relative errors of the trained
model, the average errors of the execution time of real
movement, the extreme values of possible robot speeds,
as well as the universal table of trajectory execution times,
which was conducted using YOLOv7 and RRT.

In general, the developed approach to planning the
motion of manipulative robots offers a promising way to
achieve high efficiency and flexibility in their use in vari-
ous production conditions. For further development in the
field of motion planning for manipulative robots, it is rec-
ommended to study methods for optimising the system’s
operating parameters, improving machine learning algo-
rithms, and expanding the application of the technology
in the field of variable production and robotic systems for
various tasks.
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Po3po6ka MeToay nsiaHyBaHHA pyXy po6oTiB MaHinynaTopiB
3 BUKOPUCTAHHAM iHTe/lIeKTyaNlbHOi CUCTEMM
3aCHOBaHOI HA HEMPOHHUX MepeXXax

AHoTaUif. AKTyalbHiCTb JOCTiIKYBaHOI TPOGIEMY BUIUIMBAE 3 TIOCTITHOTO PO3BUTKY MPOMMCIOBOCTI T BUKOPUCTAHHS
pO6OTIB MaHIMy/ISITOPiB Y BUPOOHMUMX ITpoLiecax. MeToI JOCTiIskKeHHS € po3po6Ka MigXoLy 10 TIaHyBaHHS TPAEKTOPIl
poboTa MaHimyasiTopa 3a JOIMOMOI0I0 iHTeNeKTyaaAbHOI CMCTEeMM Ha OCHOBI HEipOHHUX Mepexk. [IJIsl JOCSTHEHHS
IIOCTaBJIEHOI MeTU BUKOPUCTAHO METO/J, aHasli3y, a TAaKOX CliellialbHi METOAU, TaKi SIK MPOEeKTyBaHHS, MalllMHHEe
HaBUaHHS, iHTerpalliliHi cTpaTerii Ta onTuMisalilitii metonyu. OCHOBHi pe3yabTaTu AOCTisKeHHS OXOITIOI0Th IMPOKUIA
CIIeKTP JIOCSTHEeHb Y PO3BUTKY MEeTO/iB IVIAHYBaHHS Pyxy po60TiB MaHimynsiTOpiB Ta ixHbOI iHTerpauii B peanbHi
BUPOOHNYI YMOBM. AHATI3 iCHYIOUMX METO[IiB TUIAHYBAaHHS PyXy POOOTIB MaHIMy/asTOPIB Ta OIJISH, iHTEIeKTYaJIbHUX
CUCTEM YIIPaBJIiHHS HAJAIu BUYEPIIHY KAPTUHY CYyYaCHOTO CTaHy Liiei mpobiemaTuku. Po3pobieHi meTony TpaekTopii
poboTa MaHinyasITOpa BU3HAUMAM eeKTUBHI CTpaTerii yrmpaBliHHS, SKi BpaXxOBYIOTb SIK AMHAMIUHI, TaK i CTaTUYHI
cueHapii. HaBuaHHSI He/ipOHHOI Mepexi I TJIaHyBaHHS ONTUMAaJIbHOTO LUISIXY TIepeMillleHHST 3pD06MI0 MOKIVBUM
BUSIBJIEHHSI, BiICTEXXE@HHSI T YHUKHEHHS IePeLIKo], B peaqbHOMY vaci. [I71s1 croco6iB iHTerpailii po3pobaeHnx MeTO/iB B
peanbHe BUPOOHMUE cepeloBUIle BUKOPUCTAHO iepapXiuHe TUIAHYBAHHS TPAEKTOPIi, afanTMBHe KepyBaHHS HePOHHOIO
Mepexelo, FeHeTUUHI aITOPUTMM AJ11 ONITUMi3allil TpaeKTopii Ta JMHaAMiuHe IPOTHO3YBaHHS /1151 yHUKHEHHS MePeIlKOof,.
OnTuMisalisi Ta BLOCKOHaJeHHS CTBOPEHUX MigXOMiB MTOKa3aau MO3UTUBHI pe3y/lbTaTu y OKpallleHHi 6e3meku Ta
MPOLYKTUBHOCTI POOGOTIB MaHIIy/SITOPiB, 3HMKEHHI PM3UKY 3iTKHEHb Ta YHUKHEHHI MOMKOIkeHb po6oTiB. Kpim Toro,
peaJtizallis iepapxiuHOro IIaHyBaHHS TPAEKTOPii Ta afallTMBHOTO KePYBaHHS HEJIPOHHOIO MepeXelo CIIpusijia 3HAYHOMY
TMiJIBUIIEHHIO TOYHOCTI Ta CTabiIbHOCTI PyXiB MaHIiMyJASITOPiB B Pi3HUX CII@HAPisIX BUPOOHMYOTO Mpoliecy. [IpakTuuHe
3HAUEHHSI JOCTiIPKeHHS TIOMSITae y po3po6Ili iHTeeKTyalbHOI CUCTeMM YIIPABIiHHS Ta METOLM TUIAHYBAHHS PyXy POOOTiB
MaHiMmy/IsITOPiB, IO CIIPUSIE MiABUITEHHIO e(eKTUBHOCTI Ta 6e3reky iXHbOI pO6OTH B peaIbHUX BUPOOHUUMX YMOBAX
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